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Abstract

The spectrum of water vapour is widely studied due to its significance in many areas of sci-
ence. Isotopically substituted water vapour such as Hy'7O and H,'80 are known to contribute
significantly to the absorption of solar radiation in the Earth’s atmosphere, yet they have been

less extensively studied.

Recent advances in the variational nuclear motion calculations, high quality potential en-
ergy surfaces (PES) and dipole moment surfaces (DMS) allow us to accurately calculate the
energy levels and spectra of water vapour. Using the DVR3D program suite developed at UCL,
the energy levels of D,O have been calculated in order to analyse the spectrum by the D,O

laser. The calculated band origins of D2O is given in this thesis.

New linelists for Hy'7O and H,'80 are also generated using the DVR program suite. Using
these linelists, several experimental spectra of isotopically substituted water vapour have been
studied. We analysed the Hy'7O and H,'8O spectra measured by Fourier transform spectrom-
eter at Kitt Peak National Solar Observatory (AZ, USA). Both spectra lie in 3v + 0 and 4v
polyad region where currently no data is publicly available. We also analysed the the Hy!7O
and H,'80 spectra in 5v polyad region recorded by cavity ring-down spectroscopy at the Vrije
Universiteit (Amsterdam, the Netherlands). The wavenumber region analysed in this work is
the highest to date for both water isotopologues. The results of analyses are presented in this

thesis.
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Chapter

Introduction

As we all know, water is essential for life. We drink, wash and cook with it — without water
our lives simply cannot continue. It has a high abundance in the universe, in fact it is believed
to be the third most abundant molecule after hydrogen and carbon monoxide. Water vapour is
the most important greenhouse gas [1] and provides some 30 K of heating to the Earth through
the greenhouse effect [2].

For decades water has been studied extensively in many different fields of science. In as-
tronomy, water studies have helped to further our understanding of the interstellar medium [3],
cool stars [4] and sunspots [5]. In combustion science, where water is the primary product of
burning hydrocarbons, water data is used for modelling fumes and exhausts [6]. This has re-
sulted in methods for the early detection of forest fires [7] and for tracking ships, aeroplanes etc.
by analysing the hot water emissions from their exhaust fumes [8]. Such demands have meant
that the need for accurate spectroscopic knowledge of water is increasing and will continue to

do so in the future.

1.1 Atmospheric Modelling and The Databases

Water plays an important role in atmospheric science. Currently, most models of the Earth’s at-
mosphere underestimate the solar energy absorbed in the atmosphere by 15 — 30 Wm~=2 [9-12]
out of 324 Wm~2 global average incoming solar energy. Various suggestions have been made

for the causes of this discrepancy. Water vapour is considered to be the prime suspect for this

17



Chapter 1: Introduction Sec. 1.1

420 nm 500 nm 600 nm 700 nm

Intensity (arbitrary units)
(=]
(42}

24000 22,000 20,000 18000 16000 14,000
Wavenumber (cm-)

Figure 1.1: The absorption spectrum of H,'%0 in the visible region, recorded with a
high-resolution Fourier transform spectrometer and a long-path absorption cell. The back-
ground distribution of the spectrum is by the light source used for the measurement (not
the actual solar radiation). The image was taken from reference [15]

“missing absorption problem”, although it already accounts for about 70 % of absorption of
incoming solar radiation in the Earth’s atmosphere [13]. Weak lines of water unobserved in the
laboratory in the near-infrared and visible regions are considered to be one of the causes [14]. It
is estimated the unaccounted weak water lines in the near infrared and visible regions contribute
more than 10 % additional opacity [14]. Weak lines of water vapour in this region are partic-
ularly important as the solar photon flux peaks at around 630 nm (yellow-red region) [15].
Figure 1.1 illustrates the water absorption spectrum in the visible region. In the figure, the
yellow-red region of the visible spectrum is dominated by a cluster of weak absorption lines
denoted as Sv + 4. Until recently, the weak lines in this region were not properly characterised

due to experimental and theoretical difficulties.

The measurement of weak water lines in a laboratory is a difficult task since the weak
absorption lines are observed only when long pathlengths are used. For solar radiation, the
long pathlengths are naturally achieved in the Earth’s atmosphere but it is difficult to recre-
ate this in the confines of a laboratory. The laser based experiments such as cavity ring-down
spectroscopy [16], intracavity absorption spectroscopy [17] and frequency modulation spec-

troscopy [18] are the most sensitive techniques to detect weak absorption by water. Another

18



Chapter 1: Introduction Sec. 1.1

commonly used technique is the high-resolution Fourier transform spectrometry coupled with
a White-type multipass absorption cell to create a long pathlength. Using this technique, sev-
eral researchers [19-22] successfully identified many of the previously unobserved weak lines

in the near-infrared and visible regions.

Another possible cause of discrepancy is the unaccounted absorption by trace isotopologues
of water, such as Hy170, H3'80 and HDO. Table 1.1 shows the natural abundance of water.
The second most abundant water isotopologue Ha'80 is thought to be the fifth biggest absorber
in the Earth’s atmosphere, yet the current available experimental data is very limited compared
to Hy'®0. The spectra of natural abundance water contain some strong transitions by water
isotopologues, usually dominated by Hy!80. Schermaul et al. [21], for example, found 42
transitions due to H2'20 and 6 due to H,'70 in their analysis of the natural abundance water
spectrum in the region of 13200 — 15000 cm ™! (near-infrared to red region). This is not the best
way to study those less abundant water isotopologues, however. In 1980, Chevillard et al. [23-
25] recorded the spectra of isotopically enhanced H,'80 and H,'70 using a Fourier transform
spectrometer for a wide range of wavenumbers. The far-infrared region of both spectra has been
studied in the past [23-32] but the near-infrared and visible portions of their spectra have been
unanalysed for more than 20 years, partly due to a lack of adequate theoretical models needed in
the analysis of these spectra. Fortunately, recent advances in computer and theoretical methods
now allow us to study those spectra to improve the data of trace isotopologues of water. In
this thesis, the above mentioned spectra of H3'30 and H,'70 in the near-infrared and visible
region are analysed. The success of this study has stimulated the recording of further spectra
of isotopically enhanced samples. The spectra of H3'20 and H2!7O in the visible (red) region
were recorded for us by W. Ubachs’ group (Vrije Universiteit) in Amsterdam using cavity ring-
down spectroscopy. The spectra lie near the peak of the solar spectrum and contain the highest
wavenumber to be studied to date for these isotopologues. The analysis of these spectra are

presented in this thesis.

The spectroscopic information on atmospheric molecules is compiled in databases which
can be used in model calculations. The widely used databases for atmospheric modelling
are HITRAN (High-resolution Transmission Molecular Absorption Database) [33] and GEISA
(Gestion et Etude des Informations Spectroscopiques Atmosphériques) [34]. The databases

contain the line positions, intensities and line parameters such as air and self broadening co-

19



Chapter 1: Introduction Sec. 1.1

Table 1.1: Natural abundance of water used in the HITRAN database [33]. Isotopic abun-
dances are given as mole fractions in percents (%). These abundances are used throughout
this thesis.

H,%0 H,180 H,1"0 HD!%0O HD®0O HD!’0
0.997317 0.00199983 0.000372 0.00031069 0.000000623 0.000000116

efficients that are important for atmospheric rmédelling. | HITRAN, for example, contains over
1080000 spectral lines for 36 different molecules [35] and is regularly updated. This well-
used database provides valuable information on the spectroscopic properties of molecules, but
it is known many of the transition intensities are unfortunately not very accurate. Belmiloud et
al. [36] recently showed the systematic underestimation of intensities of strong water lines in
the near-infrared and red region compiled in HITRAN96 [37] and those corrected by Giver et
al. [38]. The current version of HITRAN (HITRAN2000) [33] contains some revised intensi-
ties of water but many problems still remain. The incorrect transition intensities listed in the
databases are considered to be another contributor to the “missing absorption problem” in the

calculated atmospheric models.

Recently, several independent groups constructed new databases for water vapour in an at-
tempt to improve the quality of water data. Schermaul et al. [39, 40] measured the water vapour
spectrum in the spectral range 8600 — 15000 cm™! with a high-resolution Fourier transform
spectrometer under the auspices of the European Space Agency (ESA). The results of new
experimental measurements combined with the theoretically calculated lines are compiled in
the ESA-WVR (Water Vapour Red) linelist [41]. The theoretical lines from variational nuclear
motion calculations [42] are included to compensate for the very weak lines which are not ob-
served experimentally. Although this approach provides a complete list for the near-infrared
and visible region, the accuracy of the theoretical lines is still debatable, especially for the in-
tensities [43]. Coheur et al. [20] constructed a so-called “Brussels linelist” [44] in the range of
13000 — 26000 cm™! from the previous measurements with the high-resolution Fourier trans-
form spectrometer [19, 45]. The lower limit of spectral range covered in the linelist was later
stretched to 9250 cm ™! [46]. This linelist only contains the results of their new measurements.
More recently, spectra of pure water vapour were recorded by a collaboration of University

College London and Imperial College (UCL-IC). The new Fourier transform spectra, measured
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Figure 1.2: The spectral range covered by GOME and SCIAMACHY. White strips show
the spectral regions where each molecule can be detected. The image was taken from the
ESA website (http://envisat.esa.int/instruments/sciamachy).

with the same instrument as for the ESA-WVR, cover the range of 6500 — 16400 cm~!. So
far, detailed analysis of these spectra have been undertaken in the ranges 13200 —15000 cm ™!
[21] and 11787 — 13554 cm ™! [22]. The higher wavenumber region (15000 — 16400 cm™1)
is currently being analysed by R. Tolchenov (UCL) and co-workers (private communication).
These spectra were found to contain a large number of previously unobserved weak lines and
the thorough analysis of these spectra can provide an improved view of water absorption in the

near-infrared and visible region.

The water data — such as line positions, absolute intensities and line broadening parameters
—is very important for the retrieval of water vapour densities from the satellite-borne spectrom-
eters such as the European Space Agency’s Global Ozone Monitoring Experiment (GOME) on
ERS-2 satellite [47] and the Scanning Imaging Absorption Spectrometer for Atmospheric Char-
tography (SCIAMACHY) on ENVISAT-1 satellite [48]. Figure 1.2 shows the spectral range
covered by the two spectrometers. GOME covers the ultraviolet and visible range whereas

SCIAMACHY covers a much wider range including the far-infrared region. The retrieval of
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water vapour from these instruments has been demonstrated in several papers [49-51]. Mau-
rellis et al [51] interestingly compared the retrieval simulations for GOME and SCIAMACHY
based on four different data sources: UCL-IC, Brussels, ESA-WVR and HITRAN (1996 and

2000). In this study, disparity in the results suggests that these databases are still incomplete.

Another use of the water data for analysis of satellite-borne spectra is to eliminate the con-
taminations by water vapour. Because water predominantly absorbs solar radiation in a very
wide spectral range, satellite-borne spectra are heavily contaminated by water and the retrievals
of other atmospheric species are virtually impossible unless the water lines are effectively elim-

inated. Construction of the ESA-WVR linelist was indeed funded by ESA for this very reason.

1.2 Overview of Theoretical Calculation

Experimentally observed transitions of water need to be assigned in order to be used for atmo-
spheric modelling and other purposes as this yields their temperature dependence. Assignment
is a procedure which attributes quantum numbers for lower and upper levels in a transition. In
this work, the quantum numbers required are those for vibration and rotation. Water spectra are
very rich and complicated with many transitions, therefore we need highly accurate theoretical
predictions of the spectra for making assignments. Calculated theoretical spectra are useful not
only for making assignments but also for predicting unobserved transitions, if such predictions

are sufficiently accurate.

A starting point for calculating water spectra is the Born-Oppenheimer (BO) approxima-
tion [52] which separates the electronic and nuclear motion. The approximation is based on
the assumption that the light electrons instantaneously adjust their positions with respect to
the movements of heavy nuclei. The nuclear motion can be further separated into vibrational
and rotational motion by assuming the rigid rotor approximation for rotations and harmonic
approximation for vibrations. In this crude approximation of nuclear motion the interactions
between the vibrational and rotational motion, called Coriolis coupling, are ignored although
it is important in the case of water. Within these simple models, the vibrational wavefunctions
are the product of harmonic oscillators and the rotational wavefunctions are the solutions to the

rigid rotor model. These models, however, do not accurately represent the motions of nuclei
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but are widely used for the labelling schemes of transitions.

Traditionally, this harmonic oscillator-rigid rotor model is improved by the perturbation
theory. The commonly used Hamiltonian in perturbation theory is due to Watson [53, 54]
based on the Eckart conditions [55], which maximise the separation between the vibrational
and rotational motion of molecules. In this Hamiltonian, the harmonic oscillator-rigid rotor
model is used as a zeroth order and a perturbation expansion is made by including the cor-
rection terms such as Coriolis coupling, centrifugal distortion, anharmonic potential etc. The
constants related to these added terms are often derived by fitting to the experimental energy
levels. Perturbation methods have been widely used in vibration-rotation calculations of many
molecules, however for water the perturbation expansion is known to diverge at J as low as
7 [56]. It is now well known that the perturbation methods are not the best choice for high
accuracy water calculations for the following reasons. Firstly, the vibration is assumed to be
small in amplitude, which is clearly not the case for light molecules like water. Secondly, the
methods break down when water reaches linearity since the Hamiltonian is different for bent

and linear molecules [53]. And thirdly, the rotational expansions diverge at low J.

In recent years, variational methods have become a popular choice for high accuracy cal-
culations of water. The methods are based on the variational principle proposed by Rayleigh
and Ritz [57, 58] and solve for the exact nuclear kinetic energy operators within the BO ap-
proximation. In this approach, the energy levels are obtained by diagonalising the Hamiltonian
matrix constructed by sets of basis functions for rotational and vibrational motion. The finite
basis representation (FBR) uses a finite series of basis functions to construct a Hamiltonian
matrix. This method gives accurate predictions of low-lying states, however it is less suitable
for the high-lying states as a large number of functions are required to be converged. Alterna-
tively, the discrete variable representation (DVR) [59-61] can be used to transform the FBR
Hamiltonian matrix to a grid of internal coordinates determined by the appropriate Gaussian
quadrature scheme for each basis function. In the DVR method, the final Hamiltonian matrix
can be very compact with a high density of information. The variational methods are compu-
tationally demanding and expensive but the recent advances in computers made this type of

calculation almost routine.

Within the BO approximation, the solutions to the electronic motion problem are treated
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Figure 1.3: Schematic diagram showing how potential energy surfaces are constructed.
The left hand side shows the ab initio calculation and the right hand side shows the purely
empirical form. The figure was taken from the reference [62].

as the potential upon which nuclei move. The accuracy of potential energy surface (PES)
is the dominant feature which determines the accuracy of overall calculation. Therefore elec-
tronic structure calculations of water have been the centre of considerable attention by quantum
chemists for many years. There are three types of PES currently available: empirical, ab initio
and semi-empirical. An empirical PES is determined firstly by guessing a suitable potential
function. This function is used to calculate the vibration-rotation energy levels which are then
compared with the known experimental levels. The parameters in the potential function are

adjusted and the procedure is iterated until the calculations reproduce the experimental levels.

An ab initio PES for water is calculated by solving the electronic Schrodinger equation
for a series of molecular geometries, i.e. different bond lengths and bond angle, to define the
electronic energy at a grid of points [42, 63, 64]. These points are then interpolated analyti-
cally between the points to form a surface. This is usually done by least-squares fitting to the

parametrised potential function. Figure 1.3 summarises the construction of an ab initio and an
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empirical surface. Ab initio PESs usually give significantly larger errors compared to empirical
surfaces. For example, the empirical PES by Polyansky et al. [65] gives a standard deviation of
0.25 cm™!, whereas the ab initio PES by Partridge and Schwenke [42] has a typical errors of
a few cm™!. However, it is known that the accuracy of ab initio surfaces can be dramatically
improved by making some empirical adjustments. The adjustments are usually made by fitting
the ab initio potential to the experimental energy levels. Such empirically adjusted surfaces are
called semi-empirical PESs in this thesis. A semi-empirical PES by Shirin et al. [66], which
is currently the most accurate surface available, was extensively fitted to experimental levels

lying up to 25000 cm™ above the ground state. It gives a standard deviation of 0.10 cm™!.

The corrections arising from the breakdown of the BO approximation and the relativis-
tic and quantum electrodynamic effects are not negligible for achieving spectroscopic accu-
racy [67]. The electron-nucleus interaction terms neglected in the BO approximation need to
be evaluated as they can contribute considerably to the final outcomes. There are two types
of corrections to the BO approximation: adiabatic and non-adiabatic correction. The adiabatic
correction, often called the Born-Oppenheimer diagonal correction (BODC), is the energies
obtained from the nuclear kinetic energy operator acting on the ground state electronic wave-
function. This correction is relatively easy to evaluate [68] but for water its effect is much
smaller than the non-adiabatic correction, which is the difference between the full correction
and the adiabatic correction. The non-adiabatic correction is more difficult to evaluate since we
need to consider the interactions between the electronic ground states and all possible excited
states. Zobov et al. [68] showed that this correction could be, at least partly, compensated by
using the hydrogen mass exactly half way between the nuclear and atomic masses. The first ab
initio calculation of non-adiabatic correction was recently carried out by Schwenke [67] based

on the effective Hamiltonian developed by Bunker and Moss [69].

The relativistic effects occur due to the non-relativistic approach employed for construction
a water PES. The full relativistic treatment for electronic calculation exists [70] but the non-
relativistic approach is preferred by many people for its simplicity. However, the resulting
errors arising from the non-relativistic approach are non-negligible in the vibration-rotation
calculations of water. The relativistic corrections to the water PES have been investigated [71-

76] and their substantial influence to the vibration-rotation energy levels of water is confirmed.
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For the calculation of spectral intensities, we need to have a dipole moment surface (DMS).
DMS provides the first moment of charge distribution in an analytic form similar to PES.
However, constructing an accurate DMS can be difficult. Ab initio calculations of DMS do
not obey the variational principle and converge differently from the electronic energies. This
means that different dipole moments can be obtained from the ab initio calculations, which give
similar electronic energies [77-79]. Empirical DMSs can be unreliable because the fit is made
to experimental intensities which are very difficult to measure in high accuracy. Indeed, Lynas-
Gray et al. [80] showed that for water, ab initio DMSs are more accurate than empirically fitted
ones. Callegari et al. [43] recently developed an interesting method for testing the reliability
of DMSs without measuring line intensities. Their results suggest that there is still a room for

improvement for DMSs to produce accurate intensities.

1.3 Layout of the Thesis

This thesis is organised as follows. In chapter 2, the theories and methods relating to the water
spectra calculations are introduced and the definitions of commonly used notations are also
presented. The aim of this chapter is to give a basic knowledge required for the theoretical

calculations of water.

In chapter 3, two widely used experimental techniques for measuring water spectra —
Fourier transform spectrometry (FTS) and cavity ring-down spectroscopy (CRDS) — are dis-
cussed. The advantages and disadvantages of these two techniques are considered in sec-
tion 3.3. A description of the previous experimental work on vibration-rotation spectra of

H,'80 and H,'70 are also included in this chapter.

In chapter 4, the calculation of D20 energy levels up to J = 12 using the DVR3D program
suite developed at UCL [59], is presented. The purpose of this calculation was to familiarise
myself with the program suite and to provide theoretical energy levels to analysed the spec-
trum recorded in the D20 laser experiment [82]. Details of the calculation can be found in

section 4.1.

In chapter 5, the generation of theoretical linelists for H2!80 and H,!7O is described. The

new linelists are generated using the DVR3D program suite [59] for the purpose of assigning
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experimental spectra of water isotopologues. The most difficult part of linelist generation is
labelling the levels correctly. The labelling scheme used in this work can be found in subsec-

tion 5.1.3.

In chapter 6, the Fourier transform spectra of Hy'80 and H,170 are analysed and the results
are presented. The spectra lie in the 3v + § and 4v polyads region and are not included in
HITRAN2000. The method used to assign spectra is discussed in detail in section 6.2.

In chapter 7, analysis of cavity ring-down spectra of Hy'80 and H,!7O is presented. The
spectra cover the 5v polyad region, which is the highest wavenumber range studied to date for

these isotopologues. The assignment results of these spectra are presented in the chapter.

In chapter 8, the summaries and discussions of the work are given. Possible future studies

are also discussed.

This work is aimed to provide spectroscopic information of trace water isotopologues —
H,'70 and H,180 — which have been studied less extensively than Hy'60. The experimental
linelists of Hy170O and H'80 in the near-infrared and visible regions presented in this thesis
can be used to simulate absorption by these trace isotopologs in the Earth’s atmosphere. The
data obtained in this work should be compiled in the molecular databases and used to improve

the quality of the models of the Earth’s atmosphere.
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Chapter

Calculating the Spectra of Water —
Theoretical Background

The time-independent Schrodinger equation:
HU = E¥ 2.1)

is the most fundamental equation behind the theory of molecular spectroscopy. However, for
molecules with two or more interacting particles, such as water, there are no exact solutions to
this equation. In this chapter, the approximation to this equation and the methods to calculate

the spectra of water will be presented.

2.1 The Born-Oppenheimer approximation

Consider a system with N nuclei of mass Mj, charge Z, coordinates Ry (I = 1,2,...N) and
n electrons of mass m., charge —e, coordinates r; (z = 1,2,...n). The Hamiltonian of this

system can be written as:

——V2 V2 +V(Ry,1;) (2.2)

Mz

I=1

where the potential V(R, r;) is the sum of all Coulombic terms:

Roop) — Zre Y Ziz 23
V( Isrz)_zz |1'— er_ - ZlRI_Rl (2.3)

I>J
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which are electron-nuclear attraction, electron-electron repulsion and nuclear-nuclear repulsion

terms respectively.

The time-independent Schrédinger equation for the system can be written as:
HY(Ry,r;) = EV(Ry, ). 2.4)

This cannot be solved analytically due to the electron — electron interaction terms. The stan-
dard way to simplify the problem is to use the Born-Oppenheimer (BO) approximation. The
approximation is based on the fact that mass of electrons (m,) is much smaller than that of nu-
clei (M), so it is possible to assume that electrons would instantaneously adjust their positions
to the change in nuclear geometry. The approximation allows us to separate the wavefunction
into two parts; the nuclear wavefunction and the electronic wavefunction for a fixed nuclear

geometry. The wavefunction can be written as:

Y(Ry,1;) = Pn(Rr) X Ye(ri; Ry). (2.5)
The total exact wavefunction of the system can be expressed as an expansion of complete set of
electronic wavefunctions 1, with nuclear wavefunctions 1, acting as expansion coefficients,
which only depend on nuclear geometry:

Viot(R1, 1) = ) Yk (Rr) ek (vis Rr). (2.6)
k=1

The Hamiltonian of electronic motion can be written as:

N h2
H,=- 2 : 2 Vi +V(RT) Q@7
1

and the Schrédinger equation for the electrons becomes:

(- Z

Both 1 and E, depend parametrically on nuclear coordinates. E(R) is the electronic energy

it V RI,rz) )"x["e(rza Ry) = Ee(RI)"pe(ri; Rj). (2.8)

and v (r;; Ry) is the electronic eigenfunction of the system when the nuclei are clamped at
coordinate R ;. Within the BO approximation, the sum of all possible E,(R) forms a potential
energy surface (PES) upon which nuclei move. PES will be discussed in detail in section 2.11.

The Schrédinger equation for the total energy is:

h2
(- ; MV% + Ee(Ry) )Tt (R1,Ti) = Eiot Viot (R, T5) 2.9)
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substitute eq.(2.6) into eq.(2.9) gives:

2 ol (o]
-3 oV +ERr) D
- (2.10)
Using the relationship:
V2(49) = V¢ + ¢V +2 (VyV9) (2.11)

and multiplying from the left by 17,, and integrating over all electronic coordinates using the

orthonormality of ), we get :

h2
(= =5V} + Ee(R1) — Eeot) ) ks + _ Chok Ynk =0 (2.12)
T 2M; k
with
K2 2
Ckik = — m—((¢ek’lvll¢ek) + 2(%err |V 1|9er) V) (2.13)
n T

The first term of eq. (2.12) does not contain the electronic wavefunction. Within the BO
approximation the second term is neglected as we assume electronic motions are independent

of nuclear geometries, i.e. Ve = 0. So we can write the Schrédinger equation as follows:
R _,
(- le it V1 + Be(R1)) Yn(R) = Brot Yn(R1) (2.14)

where E.(Rj) is the electronic energy determined by solving the Schrédinger equation for

electronic motions at the nuclear coordinates R ;.

In order to obtain more accurate F,;, corrections arising from the neglected Cj term need
to be considered. In the adiabatic approximation, the diagonal first order coupling element is
cancelled, i.e. (Yers|Vi|ter) = 0. Also all the coupling terms (t)exr|V2|1ex) are ignored
unless k' = k = 1 (ground state). Now eq. (2.12) becomes:

h2
> —MV% + Ee(R) + AVAP — Eyy) ¢ =0 (2.15)
I
with
ﬁ2
AVAP = =3 | o (WetlViler)), k=1 (2.16)
I

AVAD s called the adiabatic or the Born-Oppenheimer diagonal correction (BODC) and is

relatively easy to evaluate. Zobov et al. [68] calculated the BODC using the self-consistent
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field (SCF) wavefunctions. Their results showed the BODC does not give a significant correc-
tion to water vibrations as the magnitude of correction is less than 4 cm™!. The BODC effect
is stronger for bending than stretching excitation by almost one order of magnitude. Recently,
Schwenke [67] calculated the BODC using complete active space self-consistent (CASSCF)
wavefunctions, and this data was subsequently refitted by Tennyson et al. [83] to stabilise the
results of nuclear motion calculation. The major difference between the BODC by calcula-
tion using SCF and CASSCF wavefunctions is the results for stretching excitations whereas
the bending excitations are similar. In 2003, Schwenke [84] calculated the BODC with the
internally contracted multireference configuration interaction (icMRCI) wavefunctions, which
should provide high accuracy results. He then compared the BODC by SCF, CASSCF and
icMRCI and showed that all three methods gave similar results for the bending excitations but
dissimilar results for stretching excitations. The CASSCF method overestimates the effect for
stretching excitations. The corrections obtained from icMRCI method always move towards
the SCF results although the SCF is not reliable for obtaining the BODC in spectroscopic ac-

curacy.

The non-adiabatic correction, the difference between the full correction and the adiabatic
correction, is more difficult to evaluate because interactions between the ground states and all
possible excited electronic states need to be considered. In 1980, Bunker and Moss [69] derived
an effective Hamiltonian for the non-adiabatic correction for triatomic molecules, in which
they treated the non-adiabatic effects as the corrections to the inertia of the nuclei. This was
a significant advance in calculating the non-adiabatic effects. The simplest way to include the
non-adiabatic correction is to manipulate the masses used in the nuclear motion Hamiltonian.
Zobov et al. [68] found the best results are obtained when a middle mass of hydrogen — a mass
exactly half way between the atomic and nuclear masses, was used. However, this method
tends to underestimate the effects for the stretching excitations and overestimate for the bending
excitations. Using the effective Hamiltonian by Bunker and Moss, Schwenke [67] developed a
model which includes the non-adiabatic correction in the nuclear motion problem. In his paper
he developed two models, a full calculation involving three-dimensional coupling surfaces and
a simplified version with the vibrationally averaged, diagonal components of coupling surfaces.
Interestingly, both models gave similar results. Detailed comparisons between different models

can be found in the references [83, 85].
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2.2 Coordinate System and the Hamiltonian operator for Water

2.2.1 Coordinate Systems

Once translational motion has been removed, there is no unique nuclear motion Hamiltonian
as it can be written in many different coordinate systems [86]. It is therefore important to find
the suitable coordinates for the molecule of interest. For a molecule with N atoms, there are 3N
degrees of freedom. The centre-of-mass motion takes three degrees of freedom but this needs
to be removed as it gives a continuous spectrum. Removing the centre-of-mass motion gives
3N-3 coordinates for rotational and vibrational degrees of freedom. The space-fixed coordi-
nates are not capable of distinguishing between vibrational and rotational motion. Therefore
the introduction of the body-fixed coordinates is desirable. In body-fixed coordinates, rota-
tional axes are either fixed or embedded within the molecular framework. The two coordinate
systems are linked by the Eular angles (a, 8, 4), which are the angles of orientation of the
body-fixed axis in relation to the space-fixed axis. The advantage of the body-fixed coordi-
nates is vibrational and rotational motion are separable and some vibration-rotation couplings
can be neglected. But on the other hand, they also introduce singularities in the Hamiltonian.
Singularities occur at geometry when the Hamiltonian depends on one less coordinate than
full set of coordinates. Some strategies to deal with singularities have been considered in the

past [87-89].

There are many possible choices of internal coordinates. Sutcliffe and Tennyson [90] intro-
duced a generalised internal coordinate system for triatomic molecules and used it to derive the
Hamiltonian for triatomic molecules. This Hamiltonian is called Sutcliffe-Tennyson Hamilto-
nian and is described in the next subsection. Figure 2.1 shows the general internal coordinate
system defined by Sutcliffe and Tennyson. In this generalised coordinate system, a molecule
consisting of atoms Ay, A3 and Aj is described with two lengths (r;, 72) and an angle 6 and

the two geometric parameters, g; and go:

_ A3-P_ A3-R
gl—A3—A2, 92_A3—A1

where the points P and R are determined by the masses of atoms and choice of internal coordi-

(2.17)

nates.
The widely used bond-length-bond-angle coordinates (r1, 2, §) can be obtained from the
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Ay

A, F Ay

Figure 2.1: Generalised internal coordinate system for triatomic molecules by Sutcliffe
and Tennyson. A system is described by two lengths r; = AsR, r, = A; P and the
angle 6 = A@; The positions of points P and R can be defined according to the
chosen coordinate system and by the masses of the atoms [90].

general coordinates of Figure 2.1 by setting 7y = A A3, 12 = AA3 and 6 = Al/A3\Az. In
the case of water, A3 is an oxygen atom and A;, A are hydrogen atoms, and the geometric
parameters g, and go are both 0. One disadvantage of bond-length-bond-angle coordinates
is that they are not orthogonal and this results in cross-derivative terms in the kinetic energy

operator.

For water, Radau coordinates are the preferred choice for many studies [91, 92]. The
coordinates were originally proposed by Radau [93] for the planetary three-body problems but
are also useful for light-heavy-light triatomic molecules. The geometric parameters for Radau

coordinates, which determines the positions of points P and R, are defined as:

Mo Mo
= =y=14—— e i P B T g
g1 =192 = ) My ( MH) 0.03 (2.18)

where Mo and My are the masses of oxygen and hydrogen, respectively. Unlike bond-length-
bond-angle coordinates, Radau coordinates are orthogonal and generate a diagonal kinetic en-
ergy operator. This is an advantage as it significantly reduces the computational time [94]. For
light-heavy-light triatoms like water, Radau coordinates become very similar to bond-length-
bond-angle coordinates. Figure 2.2 shows the Radau coordinates for water as defined by Sut-

cliffe and Tennyson, which is slightly different from the commonly used definition to keep the
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@,

2

Figure 2.2: Radau coordinates for water as defined by Sutcliffe and Tennyson. C is the
centre-of-mass of the molecule, D is the centre-of-mass of two hydrogen atoms and P and
R are the points satisfying g; = g2 = . A system is described by the two lengths and the
angle;r, = RH,,r, = PH,and § = HTQTIg.

consistency between different coordinate systems.

2.2.2 Sutcliffe-Tennyson Hamiltonian for Water

Sutcliffe and Tennyson [90] derived the Hamiltonian which allows an almost entirely arbitrary
choice of internal coordinates and body-fixed axes. For water, the combination of Radau coor-
dinates and a bisector embedding is the preferred choice. A bisector embedding is defined as
x-axis bisecting the angle #, with z-axis lying in the plane of the molecule. Figure 2.3 shows a

water molecule in Radau coordinates with a bisector embedding.

The Hamiltonian for the body-fixed system has a general form within the BO approxima-
tion:

H=Ky+Kyr+V (2.19)

where Ky is a purely vibrational kinetic energy operator, Ky g is a mixed vibration-rotation

kinetic energy operator and V is the potential energy surface. The effective radial Hamiltonian

operator can be obtained by following the work by Tennyson and Sutcliffe [94]:

H(ry,r2) = (', K'| H |j,k) (2.20)
with

15,k) = ©x(0) D3y i(cv, B,7) (2.21)
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y
A

Figure 2.3: Bisector embedding axes in Radau coordinated for water. The origin of the
axes is at the centre-of-mass of the molecule (C).

where |, k) is the angular basis function, © () is the associated normalised Legendre Poly-
nomial and D,JM, (@, B,7) is the rotational matrices. The rotational matrices convert the space-
fixed rotational motions into the body-fixed coordinates with Euler angles (a, 3,). The sub-
script kK and M are the projection of J onto the body-fixed z-axis and the space-fixed z-axis

respectively. M is omitted in the absence of a magnetic field.

The effective radial Hamiltonian operator for water in Radau coordinates with bisector

embedding can be written as [85, 90]:
H(ri,ra) = KD + RO) + KGh + RS, + 00 (4 KV (r1,72,0) G, K)g (2.22)

where

g B 8 R 0 h2 1 1
K(l) = [__ e Al 1 — 2.2
v e 2u1 0r?  2p9 Or2 E ](J i par? g pors (2:23)

5 h2 1 1
K = bkg (J(J +1) - 3k?) ( 5+ ——s ) o e

pry  pors
+4, h—z(J(J+1) —k%)6i; - 3 : (2.24)
ok 16 LS ulr% ugrg ’
2

7@ g W 1 1 2)
Ky = dukn— 07 [(um u2r2) (5 Ch + (k% )I )] (S
> (3) K’ 1 ) 3)
KVR = 6k’kﬂ:232c_]kc k[ r 1 p, r )(2I i k' gk I(I K, k)] (226)
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where C]:-’; is the angular factor:

Co = Vil +1) —k(k£1), (2.27)

and the integrals I(™) are given by:

(1) — (il 1 -
Likjr = UF g —oegi®) (228)
4.1 +cosf .
I i = Ko lik), (2.29)
Iix =Rk, (2.30)
(231)

A full derivation of this effective radial Hamiltonian can be found in the reference [90, 94].

2.3 Vibrational Motion

A NN

Symmetric Stretch Bending Antisymmetric Stretch

¥i ) V3
Figure 2.4: Vibrational modes of water in harmonic approximation.

There are 3N—6 vibrational degrees of freedom for a molecule with N atoms. When vi-
bration is assumed to be harmonic, there are three normal modes for water; symmetric stretch
(v1), bending (v2) and antisymmetric stretch (v3). Figure 2.4 shows a schematic diagram of
vibrational motions of the water molecule. The fundamental wavenumbers for each mode have
been experimentally determined. The summary of fundamental wavenumbers for water iso-
topologues can be found in the Table 2.1. In normal mode notation, each vibrational state is
described in (v; vy v3) where v, vo, v3 are quanta corresponding to v, v and v3 respectively.
The ground vibrational state is (000) and the lowest excited state is (010), which is the first

excited bending motion. Within the harmonic approximation, the energy of each vibrational
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Table 2.1: Summary of experimentally observed fundamental wavenumbers for H;160,

H,'70 and H,'30. The data has been taken from references [95-97]. Wavenumbers are
-1

givenincm™".
Isotopologue I Vo v
H,1%0 [95] 3656.053323 (4) | 1594.74633 (24) | 3755.92868 (3)
H,170 [96, 97] | 3653.14226 (10) | 1591.32565 (5) | 3748.31807 (10)
H,180 [96, 97] | 3649.68540 (10) | 1588.27567 (10) | 3741.56678 (10)

state relative to the zero point energy is given as:

E(’Ul Vg 'U3) =v1-v1+v2:-p+0v3 V3 (2.32)

Although the harmonic oscillator describes low-lying states reasonably well, it fails for the

large amplitude motions and the model does not allow for dissociation.

The Morse potential is a more realistic model to describe the stretching vibrational motion

of water. The Morse potential is given by:

V(r) = D, (1 — e~®r=7e))? (2.33)

where D, is a dissociation energy, 7. is an equilibrium bondlength and a is the Morse constant

which leads to the energy levels getting closer as they get excited.

Normal mode notation is only valid for low lying states. An alternative choice is local
mode notation [98], which describes a vibration localised in a single OH bond and gives a
better model for high lying stretching states [19, 99]. In local mode notation, vibrational levels

*uy, where m 4+ n = v; + v3 and superscript * shows symmetric (+) or

are labelled as mn
antisymmetric (—) combinations of local quanta. When m = n, the combination can only be
symmetric hence the superscript is omitted. The levels can be quasi degenerate if the two levels
are related such that (v, vo v3) and (v; — 1 vy v3 + 1). For example, normal mode level (400)
is 40*0 (symmetric) in local mode and (301) is 40~ 0 (antisymmetric) and they are very close

in energy.

Polyads are another way of classifying the vibrational states. The concept originates in
the fact that the fundamental frequencies of both stretch modes and two quanta excitations
of bending mode are all very close, i.e. v; = v3 = 215. Due to this, the water spectrum

shows distinctive clusters called polyads, which contain transitions of similar wavenumber.
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The quanta of stretch modes are denoted as v and of bending mode is as § where v = 24. So for
even vy, the polyad number n is v; +v3+(v2/2) and for odd v, n = v;+wvs-+integer(ve/2)+4.
There are (n + 1)(n + 2)/2 vibrational states for each nv and nv + § polyad.

2.4 Rotational Motion

Figure 2.5: The principle axes of inertia. The orientation of axes is a bisector embedding,
explained in section 2.2.1.

Water is an asymmetric top molecule, with all three principle moments of inertia, 14, Ip,
I, being different. Figure 2.5 shows the three principle axes of water. The spectrum of such

molecules is very rich and complicated with billions of transitions [42].

Rotational motion of molecules can be approximated to a rigid rotor model, in which ro-
tational energy for a linear molecule is given by BJ(J + 1) where B is a rotational constant

determined by the moment of inertia of a rotating molecule. B is defined as:

ﬁ?
B=— 2.34
o, (2.34)
For water, rotational constants are given by:
2 2 2
PRI AT W A P
214 2lp 21¢

where A, B and C are in Hz. The experimentally determined values of rotational constants
of three water isotopologues are summarised in Table 2.2. Conventionally, the principle axes
are determined to satisfy A> B > C. The rigid rotor model does not allow for the bondlength
distortion by the molecular vibration and rotation. Centrifugal and other distortion terms can

be added but the model still breaks down for high J.
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Table 2.2: Summary of the experimentally determined rotational constants of water iso-
topologues H160, HL70 and H2O in electronic and vibrational ground state (taken from
references [100, 101]). Rotational constants A, B, C are given in MHz.

Isotopologue A B C

H,'°0 [100] | 835839.10 (13) | 435347.353 (27) | 278139.826 (57)
H2'70 [101] | 830283.720 (43) | 435350.739 (26) | 277511.307 (22)
H,'%0 [101] | 825367.428 (67) | 435353.585 (38) | 276950.565 (29)

Rotational levels are usually labelled as Jg, k. where J is the total angular momentum,
K, is the projection of the total angular momentum J on the A axis and K, is the projection
on the C axis. K|, takes the values 0,1, ...,J and it predominantly influences the energy levels.
For a given K, K, takes the value J — K, or J — K, + 1. There are 2J + 1 non-degenerate

levels for each value of J.

2.5 Quantum Numbers and Symmetry

Table 2.3 shows the summary of quantum numbers used in this thesis.

Water in its equibrium geometry belongs to the Cy,, point group. The character table of Ca,
can be found in Table 2.4. Column 1 shows the symmetry types. Column 2 shows the trans-
formation of a wavefunction with the four elements of the group, E (identity transformation),
C; (rotation about z axis, see figure 2.3), 0, (reflection through zz plane) and o, (reflection
through zy plane). Column 3 shows the translation and rotation vectors. Labels z,y, z give
the translation vectors which correspond to the change in dipole moments. R, Ry, R, give
the rotation vectors about X, y, z axes. A is infrared inactive as it does not involve the change
in dipole moments. Column 4 shows the second order combination of Cartesian coordinates.
Labels x2, y?, z2, xy, Xz, yz give the d orbital symmetrised at the centre of mass. Column 5

shows the symmetry of wavefunction (¢). The last columns give the products table for the Cs,
group.

ROTLEV module of DVR3D program suite writes out energy levels in four symmetry
blocks, labelled ee, eo, fe and fo. Table 2.5 shows the relationship of these four symmetry

blocks with respect to the values of J,v3, K,, K. and vibrational and rotational parity p, q

respectively.
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Table 2.3: Summary of quantum numbers used for calculation of water spectrum.

Rigorous Quantum Numbers

Quantum Number | Description Value
J Total angular momentum Je=10
q Vibrational parity 0 for even v3, sometimes denoted as “e”
1 for odd v3, sometimes denoted as “0”
P Rotational parity 0 for even, sometimes denoted as “e”
1 for odd, sometimes denoted as “f”
ortho (triplet) The symmetry of H interchange | K, + K. + v3 = odd

para (singlet)

The symmetry of H interchange

K, + K. + v3 =even

Non-rigorous Quantum Numbers

V4 quanta of vibrational mode v; v; for symmetric stretch
vy for symmetric bend
v3 for antisymmetric stretch
K, Projection of J onto the A axis | O to J in integer step
K. Projection of J onto the Caxis | J — KoorJ — K, +1
Table 2.4: C,, symmetry point group character table.
Cay E C o0y Ozy ¢ Ay Ay By Bg
A [+ +1#l D+l [x x%,y%,z° | even-para | A; A, B; B,
Ag +1 +1 -1 -1 | R; yz odd-para As A; By B;
B; (+1 -1 +1 -1|yR,|xy even-ortho | By By A; As
By |4l =L =l #l12Ry| x2 odd-ortho | B, B; As A;
Table 2.5: The four symmetry blocks used for DVR3D calculations of water spectrum.
O is ortho and P is para symmetry of the interchange of hydrogen atoms.
Sym. Block | output K, K. p q O/ |output K, K. p g OP
V3 even vz odd
J even J even
A ee even even 0 O P ee odd even 0 O P
As €0 odd even 0 1 O €o even even 0 1 O
B, fe odd odd 1 0 P fe even odd 1 0 P
Bo fo even odd 1 1 O fo odd odd 1 1 O
J odd J odd
A ee even odd 0 O O ee odd odd 0 0 O
As €0 odd odd 0 1 P €0 even odd 0 1 P
B, fe odd even 1 0 O fe even! Seven 110~ =G
By fo even even 1 1 P fo odd een 1 1 P
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2.6 Selection Rules

For vibrational transitions, there are no selection rules strictly speaking as Av can be any
integer. |Av| =1 are called the fundamental and within harmonic approximation, this is the
only allowed transition. Transitions with |Av| > 1 are called overtones and they are usually

much weaker than fundamentals.

Rotational selection rules mean that AJ can be either 0 (Q branch), +1 (R branch) or —1
(P branch). For AJ = 0, only Ap = +1 transitions are allowed and for AJ = £1, Ap =0
are allowed. AK, is always odd, however AK, depends on the value of Avs. When Avj is
even AK, is odd and when v3 is odd AK,, is even. Table 2.6 summarises the selection rules

for water.

Table 2.6: Selection rules of water transitions. The stonger transitions are observed with
smaller AK, and AK values.
AJ =0 |  AJ=4#1
AK,. = odd
AK,; = odd (v3 = even)
AK, = even (v3 = odd)
Ap =+l I Ap=0

2.7 Solving for the Nuclear Motion

Perturbation and variational theory are the two most commonly used methods to solve the
Schrédinger equation for multi-atom systems. For a long time, perturbation theory has been
used for calculations of high resolution molecular spectroscopy. However, there are situations

where the perturbation theory struggles to give high accuracy predictions.

For water, variational methods are the preferred way of solving the Schrédinger equation.
The methods are more flexible than perturbation methods and work well for systems for which
perturbation theory is unreliable. The main disadvantage is that variational calculations are

computationally demanding and thus expensive compared to perturbation methods.
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2.7.1 Perturbation Theory

In perturbation theory, the Schrodinger equation is not solved directly but it is assumed that full

Hamiltonian is approximately equal to the exact Hamiltonian with a small perturbing term:
H=Hy+ \H' (2.35)

with
Hypo = Eoto (2.36)

where H, ro, 1o and MAH' are the full Hamiltonian, the exact Hamiltonian, the exact wavefunc-
tion and a perturbing term, respectively. The parameter A varies between 0 (small perturbation)
to 1 (full perturbation), depending on the strength of the perturbation. The wavefunction and

eigen-energy is expanded as:

U = o + Ay + A2 + ...
E =Ey+ AE; + 2By + ... (2.37)

In order for the perturbation theory to be valid, the series needs to converge preferably after
a small number of terms. Usually the vibration and rotation motion is considered separately.
For the vibrational I;Io, harmonic oscillator is often used and for the rotational I?o, rigid rotor

model is commonly used.

The main problem with the perturbation theory is the assumption of the small amplitude
vibrational motion implicit in the harmonic approximation. This is a poor treatment for many
molecules and cannot describe the large amplitude motion near dissociation. Another prob-
lem is the Hamiltonian for linear and non-linear molecules is different. This means a problem
arises when a non-linear molecule reaches linearity [53]. Both problems are significant for wa-
ter since it undergoes a large amplitude motion and reaches linearity around 11000cm™1 [102].
For rotational expansions, the perturbation calculation using the Watson Hamiltonian [53] di-
verges for J > 7 [56], hence it is not suitable for the calculation of room temperature water

spectra, which typically have a population of rotational states up to J = 10.
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2.7.2 The Variational Principle

The variational principle was first proposed by Rayleigh and Ritz [57, 58] and it shows that
any approximate wavefunction always gives an energy expectation value greater or equal to the

true ground state energy. That is:
anppro:r: 2 Eoezact (2.38)

To prove eq. (2.38), consider a system with a normalised well-behaved approximate function
¥, such that:
/ U*HYdr = E °PPmo° (2.39)

¥ can be expanded in terms of 1), a complete, orthonormal set of eigenfunctions of H:

T=3 cnn (2.40)
n
where ¢, is an expansion coefficient and v, is a basis function which satisfies:
Hyn = Entpn (2.41)
Now, consider the case:
/ U*(H — Ep) Ydr (2.42)

where Ej is the true ground state energy. Substituting eq. (2.40) into eq. (2.42) gives:
/\D*(ﬁ—Eo) Udr = /Zc;‘n Yi(H = Eo) Y cntndr (2.43)
m n
Using eq. (2.41) we can rewrite eq.(2.43) as:
/ > i Y cn(En — Eo) Yndr = chea(Bn — Bo) = ) lenl*(Bn — Eo) (244)
m n n n

Ej is the lowest possible energy so (E, — Ep) > 0 and also |en|? > 0. Therefore:

/ Y (H - Bo) Udr =Y |eal*(En — Bo) > 0 (2.45)
n
Rearranging gives:
/ U*H ¥ dr > Ey (2.46)
If ¥ is not a normalised function, eq. (2.46) becomes:
[U*HY dr
Y —— > F, 247
[ vdr =7° (247
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Equality only occurs when the chosen approximate function ¥ is equivalent to the true ground
state wavefunction. ¥ is called a trial function and it needs to be varied to obtain the best
estimate of Ey by minimising the variational integral [ U*H'U dr as the lower the integral the

better the approximation to Ejy.

The variational principle can also be applied to excited states. MacDonald proved that the
it" approximate energy level is an upper bound to the i exact level [103]. For the exact *

energy level E;, the relationship with the approximate i** level (¢;) is given as following:
Ei < &(n+1) < €(n) < eqa(n) (2.48)

where n represents the number of terms in the expansion of basis function (See eq. 2.40).
This shows that we can minimise the approximate level by increasing the number of expan-
sion terms. To obtain the optimal energy level, it is necessary to test the convergence of n.
This property of variational calculations is important for spectroscopy as rotationally and vi-

brationally excited energy levels are required.

2.8 Finite Basis Representation (FBR)

In the eq. (2.40), the wavefunction is expanded as a linear combination of complete, orthonor-
mal basis function. The finite basis representation (FBR) uses a finite series of basis functions
to construct a wavefunction to calculate rotation-vibration spectra. The expectation energy (€)
of a Hamiltonian (ﬂ ) with a wavefunction ¥ is given as:

(¥ |H| W) XmnCm oo (Yl H )

(\I’ | \I’) - Em,n c"rkn Cn ("l’m I ";bn)

H,
— Em’n c'm. cll mn A (2.49)

Em’n Cm cn S‘mn

where Hpyp = (Y |fI | ¥) is a matrix element of the Hamiltonian matrix H and Sy, =
(¥m | ¥n) is the overlap integral. Because 9 is an orthonormal eigenfunction, S;n = dmn.-
Notice that ¢}, is changed to ¢, in the last line of the equation (2.49) because the wavefunction

is assumed to be real.

To minimise ¢, the expansion coefficient ¢; needs to be optimised using the following equa-
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tion:
Oe ,
96 = 0 i=1,2,..n. (2.50)
Solving the above equation gives:
> [(Hin — Sin€) cn] = 0. (2.51)
n

Because S, = 0;p:

Y Hipecn = Y ccn
n n

Hc = e€c (2.52)

where H is a n xn square matrix and ¢ is an n dimensional column vector consisting of elements
¢, t = 1,2,..n. eis eigenvalues of H and c is its eigenvector. For each different eigenvalue
there exists a different set of expansion coefficients c;, therefore in order to obtain different
eigenvalues simultaneously it is necessary to construct a n X n square expansion coefficient
matrix, C. Such that:

HC =CE (2.53)

Here E is a diagonal matrix whose diagonal elements are ¢, the eigenvalues of H. To find the

eigenvalues and eigenvectors of H, we can multiply the equation (2.53) by C~! from left:
C'HC =E. (2.54)

This procedure is called matrix diagonalisation. The matrix elements of the Hamiltonian matrix

need to be evaluated numerically.

In FBR, the vibrational wavefunction of a triatomic system in the i** state with coordinates

(r1,r2,0) can be written as:
Ui= Y Chonj Um(r)dn(r2)¥;(6). (2.55)

m,n,j

The basis functions 1m,4n,; are usually described by polynomials. The angular motion
%; can be expanded in terms of Legendre polynomials and the radial motions %, ¥n are
in Laguerre or Harmite polynomials. When polynomials are employed, Gaussian quadrature
schemes based on those polynomials are normally used [104]. The matrix elements of the

Hamiltonian matrix becomes:

Hiy = (Ym¥n®; | H | Y Yuj) (2.56)
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where 7 is a compound index running over the basis functions used. The eq.(2.55) only accounts
for the vibrational motion of a molecule hence when calculating rotation-vibration states, ap-

propriate rotational function needs to be included.

FBR is efficient for predicting the low-lying rotation-vibration states. But for high-lying
states with high amplitude motion, the number of basis functions needed for convergence in-
creases. This results in the larger Hamiltonian matrix and hence it becomes computationally
very expensive and limited. Use of the Discrete variable representation (DVR) is one of the

ways to tackle this problem.

2.9 Discrete Variable Representation (DVR)

Discrete variable representation (DVR) was developed by Light and co-workers [60] in the
mid 1980s. It uses the transformation matrices (T) introduced by Harris et al. [61] to transform
the FBR Hamiltonian matrix elements into the grid points determined by Gaussian quadrature
scheme for each chosen basis function. Dickison and Certain [105] proved that for a basis
set of (fmaz + 1) classical orthogonal polynomials, there exists an orthogonal transformation
t0 (Jmaz + 1) weighted Gaussian quadrature points. For 3D DVR grid points in (c, 8,7)
coordinates, the matrix elements of the DVR Hamiltonian matrix are written as:

DVR WPy FB
Ha,ﬂ’,r,al’ﬂl’,yl - Z Z Tgﬁ,’; H ’ml n n',],]’ :,:I nl I (2.57)

m,n,j m'n',j

where Hﬁ‘z?r{?’n,n’,j,j’ = ("pm")bn"pj | H | Y Ve 1/)3" ) = (m'"'J | H I m'n/ ) and T:,’ﬁ’;’ are the
transformation matrices in (¢, 8,) which in turn expressed as a product of 1D transformation
matrices:

T2ET = ToTAT] (2.58)

m,n,jy

The 1D transformation matrices are determined by the points, weights and the Gaussian quadra-

ture scheme used for a particular basis function [106]:

T] = Vwr |i(7)) (2.59)

where 7 = a, 8,7 (points), |i) = |m),|n),|j) (basis function) and w; is the weights of

associated Gaussian quadrature.
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In a DVR, the potential energy operator is diagonal due to the quadrature approxima-

tion [105, 106] and requires no integration:

a)ﬂ) FBR ,7 ~
Z Z Trin.g 3 Vmmi ot g Tr?;' Irsz' i’ e, o ,ﬁ,ﬂ’n v Oaas Oppr Oy (2.60)
m,n.j m',n! 5’
where Vn}; El’,in w,jgt = {mnj | V(ry,re,8) | m'n'j'), whichis not diagonal, and vbv ot ﬂ By =

V(T1a:728,0,) With 714,794, 6., representing the value of 71,2, 6 at the grid point (c, 8,7).

Because of the transformation DVR is not strictly variational as opposed to FBR, but it
often behaves variationally [107]. DVR and FBR are isomorphic therefore it is possible to
switch between a DVR and a FBR. This allows us to choose the best representation for the

required task.

2.10 The DVR3D program suite

The DVR3D program suite was developed by Tennyson and co-workers [108] at UCL af-
ter updating the FBR based program suite called TRIATOM [109-111]. The first version of
the DVR3D suite was published in 1995 [108] and the revised version is in press at the time
of writing [59]. The program calculates rotation-vibration spectra of triatomic molecules by
solving the nuclear motion problems using the DVR methods. It employs so called “two-
step procedure” by Tennyson and Sutcliffe [112], which splits the calculations into two steps:
Coriolis de-coupled and Coriolis coupled problems, to obtain the full rotation-vibration be-
haviour. The first step is to calculate the Coriolis de-coupled vibrational wavefunctions using
the DVR3DRIJZ module. The calculated vibrational wavefunctions are stored and used in the
second step by the ROTLEV module which couples the vibrational wavefunctions with Corio-
lis force and calculates the full rotation-vibration wavefunctions. With the full wavefunctions,

transition strengths and spectra can be calculated using DIPOLE3 and SPECTRA respectively.

2.10.1 Basis Functions

It is important to choose the optimal basis functions to obtain a good convergence in varia-

tional calculations. For water, the Morse oscillator-like functions defined by Tennyson and
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Sutcliffe [88] are selected for the radial basis functions:

[ty = Hi(r) = % Nia eap (-2) y*F LE(y) @61
y=Aezp[-B(r —re)] (2.62)

where
A= 426, B =ve ﬁ, a = integer (A). (2.63)

NioLE(y) is the normalised associated Laguerre polynomials, u is the reduced mass and
integer (A) rounds the value of A towards 0, for example 1.3 and 1.7 are both rounded to
1. The parameters r, v, and D, can be associated with the equilibrium separation, the funda-
mental wavenumber and the dissociation energy of the relevant coordinate respectively. These
parameters are in practice treated as a variational parameters and needed to be optimised to
achieve the best convergence. The following values optimised by Fulton [113] are used in this
thesis for the calculation of water linelists: 7, = 2.55 ag (Bohr radius = 5.29177249(24) x 10~11
m), v, = 0.25E}, (Hartree = 4.3597482(26) x 108 J) and D, = 0.007E},. Note that the op-

timal value of r, is usually larger than the known equilibrium bondlength.

For the angular basis functions, the normalised associated Legendre Polynomial with the

Condon and Shortly [114] phase conventions can be used:

|7, k) = Ok (6). (2.64)
2.10.2 DVR3DRJZ

DVR3DRIJZ calculates the first step of the two-step procedure. The module allows users to
choose Jacobi (scattering) or Radau coordinates depending on the molecule of interest. Usually

Radau coordinate is chosen for the water calculation.

The first part of the calculation is to construct a kinetic energy matrix at DVR points with
chosen basis functions. When the problem is purely vibrational, i.e. the total angular momen-
tum J = 0, only the Coriolis de-coupled Hamiltonian, (mnj| H7=0 |m'n'j'), needs to be
considered. For J > 0, the projection of J along the body-fixed z-axis, k, is introduced. k is
an integer that takes 0, 1, ...J and is assumed to be a good quantum number. Extra k dependent
matrix elements need to be added to the Coriolis de-coupled Hamiltonian in the case of J > 0.

Detailed explanation can be found in reference [59].
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The second part of the calculation is diagonalisation and truncation of the DVR Hamilto-
nian matrix. First, a series of 2D Hamiltonians are diagonalised, giving the 2D eigenvalues
and eigenvectors. The eigenvalues which are lower than a specified cut-off wavenumber are
selected to solve the 3D Hamiltonian. This leads to a truncation of 3D Hamiltonian as only
a limited number of states needs to be considered. The 3D Hamiltonian matrix is then diago-
nalised to obtain the full 3D eigenvalues and wavefunctions. Those are stored for the second
step calculation by a ROTLEV. The order of solution can be chosen appropriately by users. For
water calculations in Radau coordinate, the order of radial — angular is chosen. The successive
diagonalisation and truncation nature of DVR3DRIJZ allows the final 3D Hamiltonian matrix

to contain a very high amount of information with a compact representation.

2.10.3 ROTLEV3B

The second step of the two-step procedure is performed by one of the ROTLEV modules.
There are three ROTLEV modules, ROTLEV3 for a standard embedding, ROTLEV3B for a
bisector embedding and ROTLEV3Z for a perpendicular embedding. Only ROTLEV3B will

be discussed in this section as this was the one used for the water calculations.

ROTLEV3B uses DVR points for all three coordinates. It first selects the lowest N energy
solutions of DVR3DRIJZ as a basis to solve the full rotation-vibration problem. N is user
supplied as IBASS in the input card. The Hamiltonian matrix is very sparse with most of the
off-diagonal elements being zero. ROTLEV3B only calculates the diagonal, £ &1 and k £ 2
elements and stores them. Diagonalisation is performed either in core or iteratively. In water
calculation, core diagonalisation was selected. The full rotation-vibration wavefunctions are

stored for transition strengths calculations by DIPOLE3.

2.104 DIPOLE3

DIPOLES3 calculates transition strengths using the algorithm developed by Tennyson et al. [59].
For a transition between an initial state i and a final state f, the transition strength S(f — 4) is
given by [59]:

S(f—i)= D [(Jaw ' VI p" 1) (2.65)
M'M"T
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where 4 is the 7 component of the space-fixed dipole moment and | J%,,, p” I”) is the I** eigen-
function with angular momentum J and rotational parity p. Transition strengths S(f — 4) are
given in Debye? molecule ! in this module but can be converted to SI unit (C2-m? molecule~!)

using the conversion factor, 1 Debye = 3.335x1073? C.m.

The algorithm treats the radial coordinates in DVR. Since the angular coordinate in DVR
depends on £, it is first transformed to a k dependent FBR then transformed back into a k
independent DVR based on k£ = 0. The number of Gauss-Legendre points required are slightly
more than DVR points used to obtain the full wavefunctions [S9]. A general form of the

transition dipole integral by this algorithm is:
> i(I) w(I) (1) (2.66)
I

where I runs over integration points. The full derivation of transition strength expression can

be found in the reference [59].

2.10.5 SPECTRA

SPECTRA creates a spectrum from the transition strengths calculated by DIPOLE3. With

user supplied temperature (T), it converts the transition strengths into wavenumber dependent

relative intensities and absolute intensities in cm molecule™! (HITRAN unit). The absolute

intensities are calculated as a function of wavenumber v using the formula [59]:

Avig; [emp(—ﬂ%) - emp(—w%f)]
Q(T)

where A is a conversion factor, A = 4.162034 x 10~!° cm? Debye™2), which converts transi-

S(f - i) (2.67)

I(vig) =

tion strength S(f — i) in Debye?molecule~! into absolute intensity in cmmolecule™!. v is a
transition wavenumber (in cm~!), Q(T') is a partition function, E' is upper state energy, E” is
lower state energy (both in cm™!) and g; is the degeneracy factor depending on the spin statis-
tics. For water, ortho state is three times more likely than para state so g; = 3 for ortho and
g; = 1 for para states. k/hc is the Boltzmann constant, k/hc = 0.6950356(12)cm™! K~1.
SPECTRA also calculates the partition function if required.
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Table 2.7: Summary of spectroscopically determined (purely empirical and semi-
empirical) PES for Hy1¢0. ¢,;;, shows the standard deviation. No. of vib levels is the
number of vibrational levels used for the fit. Max. energy is the maximum energy of the
fitted vibrational levels in cm™1.

Reference Year o, (cm™') No. vib levels Max. energy
Hoy, Mills and Strey [115] 1972 214.0 25 13000
Carter and Handy [116] 1987 2.42 25 13000
Halonen and Carrington [117] 1988 5.35 54 18000
Jensen [118] 1989 3.22 55 18000
Polyansky et al. [119] 1994 0.60 40 18000
Polyansky et al. [65] 1996 0.94 63 25000
Partridge and Schwenke [42] 1997 0.33 42 18000
Shirin et al. [66] 2003 0.10 105 25000

2.11 Potential Energy Surface (PES)

‘When the BO approximation is assumed, the nuclear and electronic motion problems are solved
separately, as discussed in the earlier part of this chapter. The solutions to the electronic motion
problem at fixed nuclear geometries form a potential energy surface (PES), which is indepen-

dent of nuclear masses.

An accurate PES is essential for a high accuracy rotation-vibration spectra calculation.
There are three types of PES available: empirical, ab initio and semi-empirical. An empirical
PES can be obtained by the iterative fitting of the parameters in a potential function, solving
for the nuclear motion, comparing to the experimental data and then correcting the potential
parameters. An ab initio PES is derived by solving for the electronic motion on ab initio grid
points with a particular value of the two bond lengths and the bond angle. A semi-empirical
PES is an ab initio surface with small empirical adjustments, and for water it is the most accu-
rate of three. Table 2.7 shows the summary of spectroscopically determined (purely empirical
and semi-empirical) PES for H,160.

Polyansky et al. [119] calculated an empirical PES which gives a standard deviation of 0.36
cm™! for the levels J < 14. This surface was later improved by including additional potential
terms and using more experimental data [65]. This new surface gives a standard deviation of

0.25 cm~!. Although the empirical surfaces give considerably smaller errors than ab initio
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PESs, they do not give energy level extrapolation beyond the range of observations [42].

In 1997, Partridge and Schwenke [42] (PS) calculated an ab initio PES using the cc-pV5Z
basis sets — the correlation consistent polarised valence basis sets of Dunning [120], augmented
with diffuse s, p, d functions on oxygen and s, p on hydrogen. The multireference configuration

interaction (MRCI) approach was employed for the calculation.
PS proposed thé ab initio PES in the analyticai form:
Ve = V52 4 AVeTe (2.68)
with
V52 (ry,19,0) = Vo(r1) 4+ VO(r2) + V(run) + VE(r1,72,6) (2.69)

where r; are the OH bond lengths, 6 is the HOH angle, rpp is the distance between the two

hydrogen atoms and

Ve(r) = D [exp(—2a(r — r9))] — 2D[ezp(—a(r — ro))] (2.70)
Ve(r) = Aexp(—br) 2.71)

ve = coo0 + ezp(—B[(r1 — re)® + (r2 — re)?])
x nzk ciji (2 r'e Teyi (22 ; Te )i (cos @ — cos 8,)* @.72)

D, a, 1o, A, b and ¢;j;, are determined by an unequally weighed least square fitting to the ab
initio data, 8 is fixed at 2a;? to give fast enough damping and r, and 6. are the estimated
equilibrium geometry. Fits were made to 355 data points with i + j < 8 and k < 14 — (i + j)
to yield 245 different parameters, c;;x. V°°" is the core-valence correlation term and has the
same form as V¢ with ¢ + j + k < 6 for 50 c;y, fitted to 370 points. The PS ab initio surface
typically gives a standard deviation of a few cm™! (< 10 cm™") for water, which is actually

significantly worse than the purely empirical surfaces of Polyansky et al. (65, 119].

Recently, Polyansky and co-workers [121] published a significantly more accurate ab initio
PES. They performed a series of calculation using Dunning’s [120] aug-cc-pVnZ basis set with
n =3, 4, 5 and 6, where n is the number of basis functions used per physical atomic orbital. For
each basis set, 346 points below 30000 cm~! were calculated using the MRCI approach. The
extrapolation of the surface to the complete basis set (CBS) was employed to compensate the

slow convergence of energies with respect to n. The results showed MRCI calculation to the
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CBS limit with the added corrections of core correlation, relativistic, Lamb shift, BODC and
non-adiabatic corrections (where applicable), are indeed more accurate than the PS ab initio

surface.

Partridge and Schwenke [42] also developed a semi-empirical PES which attempts to in-
clude the corrections to ab initio PES empirically. This semi-empirical PES revolutionised the
accuracy of water calculation, giving a typical error less than 0.05 cm ™. Their semi-empirical

PES takes the form:

Vemp(’r‘l,‘l‘z, 9) = cszV"’z (1‘1,7‘2,0) + cc""AV“’”(rl,rg,B)

+ cbasisAVbaais(rl’ r2,0) + AV"e-"t(rl,r2, ) 2.73)

where V2%is is the effect of a further basis set enlargement and AV 7% is the same as V¢ in
eq. (2.72). The parameters c>Z, c®"®, cP3%% and c;j), are determined by fitting to the lines in

HITRAN92 with J < 5.

In 2003, Shirin and co-workers published a new semi-empirical PES [66] which is more
accurate than the one by PS. They used the PS ab initio potential as a starting point and aug-
mented it with relativistic correction, adiabatic and non-adiabatic corrections and one-electron
Lamb shift. The potential was then fitted using the energy levels published by Tennyson et
al. [95] up to 25000 cm~!. The PES has the general form:

V“m”(rl,rg,O) = f"‘“r”(rl,rz,e)V“i(rl, T2, 9) + AVB (0) (2.74)

where f™P is a morphing function and the parameters are determined by fitting to the exper-

imental data:

-
Fme = cooo + Y _ ciji, Sishss,

ijk
s _ntr:
1 = 2 e
8o = cosf — cosf,
s3 =_1-T2 (2.75)

2

AVp(6) is a correction term to the relativistic effects to overcome the problem with the bending
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coordinate [102]:

03__03 95_95
AVg(8) = F £ —_f
5(0) = Flgrm)+G (o)
+ (aB+F+6) (L% (2.76)
62 — 72 '

where F = 879.7 cm™!, G = —381.1 cm~'and AB = —87.5 cm™!, which gives the change

in the height of the barrier to linearity.

Shirin et al. made two fits to the experimental data, fits A and B. Fit A uses the midpoint
of nuclear and atomic masses [68] for the effective rotational mass whereas fit B uses nuclear
masses. The treatment of non-adiabatic corrections included in the nuclear motion Hamiltonian

is also different in fit A and B, and the details can be found in reference [66].
For fit A, the semi-empirical PES is:
VA=V L AV L AVTE + AVFE + AV @2.77)
For fit B is:
VB =V  Avere 4 AVTe + AV 4 AV 4 Ayiamb (2.78)

where AV%4 is the adiabatic correction, AV*@™? ig the one-electron Lamb shift correction and
AV7e and AVJ® are the first-order and the second-order electronic relativistic corrections,

respectively.

The PS is very good at predicting low and intermediate wavenumber regions but gives
rather poor results in the high wavenumber region due to lack of fit to high lying levels. The
PES by Shirin et al. was fitted using a very extensive set of energy levels, with the highest
energy fitted being 25000 cm™!. This allows the PES to be accurate in the region where PS

breaks down. Both surfaces are used for the spectral analysis presented in the later chapters.

2.12 Dipole Moment Surface (DMS)

To calculate the transition strengths with DIPOLE3 module, we need a dipole moment sur-
face (DMS). Water has a permanent dipole along the B axis, see Figure 2.5, and this largely

determines the strengths of vibrational and rotational transitions. The strengths of rotational
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transitions depend on the size of the permanent dipole moment whereas the strengths of the vi-
brational transitions depend on the changes in the dipole moment. Interestingly, it was shown
by Lynas-Gray et al. [80] that an ab initio DMS gives smaller errors in calculated intensities
than an empirically determined DMS. For this reason, the ab initio surfaces are usually used

for the calculations of water.

Currently, the best DMS is by Schwenke and Partridge (SP) [122] which is the revised
version of their earlier work [42]. The problem with the previous version is that the transition
strengths of the bending modes are always overestimated, although stretching modes are more
accurate. This is largely due to an insufficient number of angular grid points in the ab initio

surface. Also, the surface does not return a zero dipole moment for water dissociation.
The analytical presentation of the new DMS by Schwenke and Partridge is given as [122]:
p(r1,72,6) = q(r1,7r2,0)(xH, — x0) + q(r2,71,0)(XH, — X0) (2.79)
with

i) = exp (=Bl =) [ 3 el

=0
+ exp (—Blra =) Y [T
ijk €
x [%]f [cos(6) — cos(8e)]* ] (2.80)

€
where xg and xo are the position vectors of the atoms in Radau coordinates and q is an effective
charge obtained as a scaler function in eq. (2.80). The parameters c; and c;jx are determined
by a weighted linear least squares fit to the ab initio DMS points fori+j < n,,j+k > 0,k <

no—z’—jandﬂissetto2a52.

For the water calculations presented in this thesis, we used the ab initio DMS points com-
puted by Polyansky et al. [121] fitted by Lynas-Gray (unpublished, PLG below), which was
believed to be the best ab initio DMS available at the time of calculation. This DMS was
calculated using Dunning’s [120] aug-cc-pV6Z basis set but with fewer ab initio points than
PS [42] and SP [122] to achieve higher accuracy. The relativistic and core valence effects were
also tested, but they found to cancel each other out perfectly. However, this surface was later

found to be less accurate than SP. The problem is due to the overestimation of the bending
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mode strengths due to the artificial “wiggles” in the surface caused by the lack of sufficient
angular ab initio points for fitting. The same problem was observed in the PS surface but was
later corrected in SP by generating a lot of extra artificial points which were used in the fits.
The unreliability of PLG surface only became apparent after calculation of the water linelists
was complete, therefore the intensities calculated in this thesis are unfortunately not as accurate
as we would like, especially for the bending modes. Over the course of writing this thesis, a
mistake in the implementation of DMS within the DIPOLE3 codes — the dipole components
were not rotated according to the coordinate system used in the calculation, which also led to

unreliable intensities — was corrected by researchers at UCL (private communication).
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Chapter

Spectroscopy

Spectroscopy is the analysis of emitted or absorbed radiation by atoms and molecules. It can
be used to determine their identity, structure and physical environment. The radiation recorded

is called spectrum and consists of frequency and energy distribution.

Fraunhofer measured the Sun’s spectrum in the early 19th century but its full significance
was not recognised until the mid 19th century when Kirchhoff and Bunsen confirmed the link
between particular wavelengths and atoms. A few elements were since discovered by spec-
troscopy, including Helium. But it was the introduction of quantum mechanics in the 20th
century that dramatically stretched the potential of spectroscopy. Analysis of spectra provides
very rich information of atomic and molecular species. Today, it is widely used in many fields
of science including chemistry, medicine and astrophysics. In this chapter, two absorption
spectroscopic techniques: Fourier transform spectroscopy and cavity ring-down spectroscopy

will be discussed.

3.1 Fourier Transform Spectroscopy (FTS)

Fourier transform spectroscopy is one of the most widely used techniques for analysing atoms
and molecules. It uses the Michelson interferometer to record an interferogram, which itself
does not give direct spectral information but produces a spectrum when Fourier transformed.
Fourier transformed spectrometer is a multiplex spectrometer and it measures the intensities of

all the wavelengths simultaneously with a single detector. Figure 3.1 shows a schematic setup
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Figure 3.1: The schematic diagram of a Michelson interferometer. The
figure was taken from the website “Eric Weisstein’s World of Physics”
(http://scienceworld.wolfram.com/physics/Fourier TransformSpectrometer.html).

of the Michelson interferometer.

The light from the source reaching a beamsplitter is split into two equal beams. One beam
is reflected back by a fixed mirror and the other by a movable, translating mirror. Two beams
are recombined at the beamsplitter and will form an image on a detector. The path difference
of two beams is constantly changed by moving the mirror. When the path difference is equal
to an integral number of wavelengths, n), constructive interference occurs and when it is equal
to 1/2 nA with odd integer n, destructive interference occurs. The intensity of light reaching
the detector (called the interferogram) will vary continuously according to the path difference.
The interferogram contains the encoded information of the spectrum, which can be retrieved by
digitally decoding the interferogram with a computer. In the following sections, descriptions

of FTS will be presented and full details can be found in the references [123-127].

3.1.1 Principles of Fourier Transform Spectroscopy

Consider two coherent monochromatic beams with amplitude A; and Ay recombined at the
beamsplitter. The amplitude of light reaching the detector is simply the superposition of two
amplitudes:

A= A + Ay e?mx) (3.1)
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Figure 3.2: The image of a FTS absorption spectrum of Hy'80 taken from the National
Solar Observatory digital library (http://diglib.nso.edu), copyright NOAO/AURA/NSE.
The filename 810825R0.002., containing the spectrum of Hy'80 from 12900 to 14700
cm™! recorded by Camy-Peyret.

where v is a wavenumber defined by » = 1/ measured in cm~! and x is a path difference.

The intensity of the interferogram is obtained by multiplying the amplitude by its conjugate,

such that:

I,(x) = AA*

= B(v) (1 + cos(2mvx))

L (Al Ay ei(27rux))(A1 + A, e—i(27rux))

= A? 4+ A2+ 24,4, cos(2mvx)

(3:2))

where B(v) is the incident beam intensity, B(v) = A% = A3, since A; = A,.

The frequency of the light reaching the detector (f in Hz) depends on the rate of change of

the path difference (v in cm-s~1), which is twice the mirror speed and the wavenumber of the

light at the source (v in cm™!):

f=ww. (3.3)

The interferometer acts as a frequency transducer which converts the high speed optical fre-

quencies into the slower audio frequencies, more suitable for detectors.

When the light source contains more than one wavenumber, the superposition of cosines
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are observed:

hx) = /0 " B(v) (1 + cos(2mvx))dv

]

I+ / ” B(v) cos(2nvx)dv (3.4)
0

where I is the mean value of the interferogram without any modulation. The spectral informa-

tion is only contained in the second term so we can express the inténsrity as:
_ [e ]
Ix)=Ix)-I= / B(v) cos(2nvx)dv (3.5)
0

The spectral distribution B(v) can be recovered by the inverse cosine transform of I(x). The

Fourier transform pair is:
o 9]
I(x) = f B(v) cos(2mvx)dv (3.6)
0

B(v) = /0 ~ I(x) cos(2mvx)dx 3.7

Mathematically, the eq. (3.7) produces a mirror image of B(v) at negative wavenumbers
since cos(27vx) = cos(—2mvx). The negative wavenumbers are physically unreal but the con-
cept allows the interferogram and the spectrum to be symmetrical. Now to define a symmetric
spectral function B%Y™:

BY™() = 5[B(v) + B(~v)] (3.8)

The integration limits of the Fourier pair are changed to —oo to +oo.

I(x) = /_ ” B(v) cos(2mvx)dv 3.9
B*¥™M(y) = / > I(x) cos(2mvx)dx (3.10)

The experimental interferogram is never symmetric about 0, therefore the sine components

also need to be considered by using the complex FT pair rather than the cosine FT pair. Such

that:
I(x) = / B(v) e2™* dy (3.11)
B¥™(y) = / - I(x) e7¥2mx gx (3.12)
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When a dichromatic source is used, the two wavenumbers are independently modulated
and Fourier transform spectrometer detects the sum of interference patterns. Its interferogram
shows the distinctive “beating” patterns. In the case of a polychromatic source, Fourier trans-
form spectrometer records the superposition of the weighted signals according to the intensity
at its given wavenumber. The far extremes of the interferogram contain the high-resolution

information whereas the central portion contains the low-resolution information [123].

3.1.2 Practical FTS

In the previous subsection, the theory of ideal FTS is described. In reality, there are many
practical limitations affecting the quality of spectrum. In this subsection, some of the important

effects will be discussed.

In the non-ideal world, the path difference is always finite. The effect of the finite path dif-
ference convolutes the spectrum with the sinc function, which is called the instrument function.
The siderobes or feet of the sinc function is called “ringing”, which shows the unphysical neg-
ative intensities generated mathematically. When the path difference is varied between —L and
L, the sinc function has the first zero crossing at (v — 1) =+ 1/ 2 L, where vy is the wavenum-
ber of a monochromatic light source. This value defines the resolution of the instrument (in

cm™l):
_ 1
=

The full width at half maximum (FWHM) of the sinc function is 1.207 v [123]. It is obvious

ov (3.13)

that higher resolution is obtained with longer path difference L.

The ringing caused by the instrument function needs to be removed or at least reduced as it
can cause problems with identifying the weak lines. One method to use is apodisation, literally
meaning “cutting the feet off””. Apodisation is a strategy to suppress the ringing by multiplying
the interferogram with a certain function. The use of apodisation needs to be careful because it
not only eliminates the ringing but also reduces the resolution and degrades the spectrum. The
detailed description of apodisation can be found in the reference [127]. J. Brault [128] suggests
the use of “self-apodisation” , where the resolution of instrument (v) is lower by about a factor
of 3 than the FWHM of the physical line shape. When this condition is satisfied, the effect of

the instrument function is considered negligible.
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Figure 3.3: The Fourier transform spectrometer vacuum tank at Kitt Peak. The
image has been taken from the National Optical Astronomy Observatories website
(http://www.noao.edu). Copyright Tom Eglin, Mark Hanna, NOAO/AURA/NSF.

Another effect to be considered is the replication of the spectrum caused by discrete sam-
pling. Although the output from the detector is continuous, the interferogram is sampled with
discrete intervals. This results in the replication of the positive and negative images of the
true spectrum at certain intervals. The replication is also known as aliasing. The replicas are

indistinguishable from the true spectrum therefore a careful treatment is required.

For this thesis, we analysed the spectra of water isotopologues recorded using the McMath-
Pierce Fourier transform spectrometer at Kitt PeaK, National Solar Observatory (Arizona,
USA). This Fourier transform spectrometer consists of a folded Michelson interferometer con-
tained in the vacuum tank. Figure 3.3 shows the Fourier transform spectrometer vacuum tank
at Kitt Peak. It has a maximum path difference of 1 metre and a maximum resolution element
of 0.010 cm™!. The spectrum range of 550 to 45000 cm™~! can be measured with a typical
wavenumber accuracy of 1073 to 10~* cm™!. The optical arrangement of the Fourier trans-
form spectrometer is shown in Figure 3.4. The absorption spectrum can be recorded using a
6-metre multipass White-type absorption cell, which is capable of creating a pathlength up to
432 metres. Experimental conditions of the water vapour spectra analysed in this thesis can be

found in Chapter 6.

The spectrum of natural abundance pure water, recorded using the Fourier transform spec-
trometer at the Rutherford Appelton Laboratory (RAL) Molecular Spectroscopy Facility (U.K.) [21],
was used for identifying the H2'60O lines in the isotopically enhanced water spectra recorded
at Kitt Peak. The Bruker IFS 120HR Fourier transform spectrometer used at RAL can achieve
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Figure 3.4: The optical arrangement of McMath-Pierce Fourier transform spectrometer
at Kitt Peak, National Solar Observatory. The image has been take from the Kitt Peak
website (http://nsokp.nso.edu/mp/fts/aboutFTS.html).

a maximum resolution of up to 0.0015 cm™! [129]. The instrument covers the wide spectral

range, from far infrared to UV. Figure 3.5 shows a picture of the instrument.

3.2 Cavity Ring-Down Spectroscopy

Cavity ring-down spectroscopy (CRDS) is a relatively new experimental technique which uses
a tunable laser and highly reflective mirrors to measure absorption features of samples. It was
first introduced in 1988 by O’Keefe and Deacon [130] using a pulsed, tunable laser, which is
now known as a “generic” CRDS setup. The technique can be applied to a variety of projects
including atmospheric chemistry, molecular spectroscopy and reaction kinetics [131]. CRDS
exhibits very high sensitivity partly due to the extremely long path created by the highly reflec-

tive mirrors. Absorptions as weak as 10~% cm™! can be detected with a generic CRDS [132].

In a generic CRDS setup, two highly reflective mirrors (reflectivity R >99.9%) are placed
at each end of an empty cavity. The laser pulse entering into the cavity is stored for microsec-
onds and during this time makes thousands of round trips between the mirrors. After each
round trip, a small part of the incident pulse is transmitted through a mirror with the rate deter-

mined by the reflectivity of the mirrors. The intensity of transmitted light decays exponentially
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Figure 3.5: The picture of the Bruker IFS 120HR Fourier transform spectrometer at
RAL. The image was taken from the RAL Molecular Spectroscopy Facility website
(http://www.msf.rl.ac.uk).

and the decay time is called the ring-down time, 7. When a sample is placed in the cavity,
the decay time will be reduced due to absorption. By recording the variations in inverse of 7
as a function of the incident light wavenumber, it is possible to obtain absorption spectra of a

sample. In the following sections, the basic principles of CRDS will be discussed in details.

3.2.1 Principles of Cavity Ring-Down Spectroscopy

Consider a sample with pathlength / and concentration of absorber C, irradiated by light with
intensity Ip. The transmitted light intensity, I, can be described by the Beer-Lambert law:

I=1 exp [-oCl] (3.14)

where o is the absorption cross-section of the sample at the particular wavelength of the light.
Absorption coefficient « is the product of ¢ and C and absorbance is the product of ¢, C and /.
Traditionally, absorption spectroscopy measured the ratios of incident light intensity (Iy) and

transmitted light intensity (I) to obtained absorption coefficients because:
1 I
=—=[n— 5
a i [In I (3.15)

This method requires measurements of a very small change in a large intensity fluctuation over

time which leads to inaccurate results.
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Figure 3.6: The principles of cavity ring-down spectroscopy. It shows the intensity of
light decaying in an empty cavity (a) and a cavity filled with an absorber (b). The decay
rate for the empty cavity depends solely on the reflectivities of mirrors whereas for the
filled cavity it depends on both the mirrors and the absorption in the gas. The figure was
provided by M. Sneep (private communication).

The CRDS uses the same principle but with a different approach. In the CRDS experiments,
the absorption is determined from the rate of decay of the light leaking out from a cavity. The
advantage of this approach is that the result is less sensitive to variations in the laser pulse
intensity. For a cavity consisting of two mirrors of reflectivity R, separated by distance [, the
ring-down time 7 is 2Nl/c, where c is the speed of light and N is the number of round trips
made before the light decays to 1/ e of its original intensity. N can be obtained by solving the

equation R?" =1/ e . From these two relationships, we get:
l
Fiw.s | InR|. (3.16)
The light intensity escaping from the cavity decreases exponentially with time:
1/
I(t) = I exp [- ;] = Iy exp [—pt] (3.17)
where § = 1/7 is the rate of decay of an empty cavity.

When a sample is placed inside the empty cavity, some light will be absorbed depending
on the wavelength. When absorption takes place, the loss of light intensity speeds up, resulting
in shorter ring-down time. The light intensity decay is still exponential if the absorption obeys
the Beer-Lambert Law:

I(t) = Iy exp [Pt — act] (3.18)

a is usually expressed in cm~! and the product of ¢ and t is the effective pathlength for which
absorption is measured. The decay rate is now changed to 5’ = 8 + ca. If we know the rate
of decay of an empty cavity, 3, measuring the decay rate of transmitted light intensity as a

function of wavenumber allows us to obtain absorption coefficients and hence the absorption
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spectrum.

(3.19)

where 3/ ¢ represents the background of the ring-down spectrum, which depends on wavenum-
ber as the mirror reflectivity varies according to it. The advantage of CRDS is that absorption
features of the sample are not directly measured but contained in the time-evolution of the
ring-down signal. This makes CRDS highly sensitive and independent of the fluctuations of

the light source, which was the major problem with conventional absorption spectroscopy.

There are several methods to extract spectral information from the recorded exponential
decays at each wavenumber. Naus et al. [133] showed that the best decay rate was determined
by a weighted non-linear least-squares fitting and it produces a reliable estimate of the uncer-
tainty. It is important to note that the decay needs to be mono-exponential, otherwise fitting
cannot extract absorption features. Beer-Lambert law (i.e. exponential decay) behaviour re-
quires that the bandwidth of the pulsed laser within the cavity is smaller than the width of the
absorption spectral lines. If this condition is not satisfied, the various wavenumber components
decay with different rates which results in a non-exponential decay of the signal [134]. This
effect is similar to the Fourier transform spectrometer instrument resolution being lower than
the width of the absorption features. Hodges ez al. [135] quantitively investigated the effect and
showed the importance of using a narrow bandwidth laser with a well characterised spectrum to
achieve high accuracy in intensities. When multiple laser shots are used for each wavelength,
averaging is only possible after fitting each decay separately as it is mathematically incorrect

to fit the averaged decay [131].

3.2.2 Experimental Setup of Cavity Ring-Down Spectroscopy

Figure 3.7 shows a schematic diagram of the apparatus used in a generic pulsed CRDS experi-
ment. The highly reflective concave mirrors are carefully positioned to create a stable cavity so
that pulsed laser light make round trips between the mirrors. A tunable laser pulse of typically
5 ns is coupled into the cavity where most of the laser light reflected back but a small frac-
tion leaks out by transmission through the mirror. The photomultiplier tube (PMT) positioned
behind the output mirror detects the intensity of light transmitted. The signal from the PMT

is sent to a digital oscilloscope and then to a computer to obtain the decay rate by fitting the
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Figure 3.7: Schematic diagram of a generic pulsed CRDS experimental set-up. The fig-
ure was provided by M. Sneep (private communication).

digital trace to the first-order exponential function.

3.3 FTS versus CRDS — Advantages and Disadvantages

The basic concepts of FTS and CRDS have been presented in the previous sections. In this

section, the advantages and disadvantages of those techniques will be discussed.

The main advantage of FTS is that it gives highly accurate measurements of line positions
and intensities. Also, FTS records the spectrum simultaneously and this is an advantage as the
experiments can be carried out fairly rapidly. A wide range of wavenumber can be recorded
using Fourier transform spectrometer, indeed the Fourier transform spectrometer at Kitt Peak
can record spectra over the range 550 — 45000 cm ™! [136]. On the other hand, Fourier trasform
spectrometer requires a long absorption cell to create a long pathlength which would certainly

be a disadvantage when measuring the water isotopologues that are extremely expensive.

The CRDS is highly sensitive due to the extremely long pathlength created by the highly
reflective two mirrors. In a typical CRDS setup, the pathlength can reach 60 km. It can measure
very weak absorptions which cannot be detected by other spectrometers. Using an appropriate
laser, it is possible to measure the high wavenumber region, such as UV, with a great precision.

Also, unlike FTS, only a small sample cell is required for CRDS which is a good news for
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measuring expensive species. A disadvantage of CRDS is that it is time consuming as data
have to be collected at each wavelength position and the spectral coverage is relatively limited
compared to FTS. Another disadvantage is that absorption is underestimated in the case of
narrow band absorbers since the finite laser bandwidth interferes with absorption. It is similar
to the instrument function in FTS, but it appears inside the exponent, making it impossible to

resolve. However, this problem would disappear if a truly narrow-band laser is used.

In this thesis, two spectra recorded using FTS at Kitt Peak and two spectra recorded using
CRDS at the Vrije Unitersiteit (Amsterdam, the Netherlands) are analysed. The former spectra
were measured by Camy-Payret and co-workers in 1981 and the latter were by Sneep and

Ubachs in 2003. The analysis of these spectra will be presented in Chapter 6 and 7.

3.4 Line Profiles

Any observed spectral lines have a finite width, which is the result of a convolution of true
line profile with the instrument function (FTS) or the laser bandwidth (CRDS). Three elements
contribute to the true line profile; natural broadening, Doppler broadening and pressure broad-

ening.

Natural broadening originates in the fact that excited levels have finite lifetimes and these
finite lifetimes cause a spread in energy values due to the uncertainty principle (AEAt ~
B). Natural broadening produces a Lorentzian line profile. Doppler broadening occurs as a
result of the famous “Doppler effect”, which makes the wavelength of a source shorter if it
is moving towards the observer and longer if moving away. The thermal motion of atoms or
molecules inside a sample cell gives rise to a spread of shifts which results in the broadening
of spectral lines. Doppler broadening produces a Gaussian profile. Pressure broadening, often
referred to as collision broadening, arises due to the interactions between the sample molecules

and particles, including themselves. This broadening results in a Lorentzian profile.

Pressure broadening has a significant importance in atmospheric science, especially for
the data retrieval of remote sensing where many strong transitions are highly saturated due
to the long pathlength. In this case, the pressure broadening parameter plays an important

role for the total absorption of the transitions. There are two types of pressure broadenings,

68



Chapter 3: Spectroscopy Sec. 3.5

self-broadening and foreign-broadening. Self-broadening is induced by collisions between
the sample molecules themselves, whereas foreign-broadening is by collisions between the
sample molecules and other species, such as air. A large number of studies on air, N2 and
other broadenings have been carried out, both theoretically and experimentally, because of its
importance for atmospheric studies (see referenceé [137-148] for example). Self-broadening is
less significant but, in the case of water, the self broadened width is generally five times larger
than the air-broadened width [149]. Self-broadening parameters are included in many water

linelists [20, 22, 46, 149].

The true line profile is usually described by a Voigt profile, which is the convolution of
a Lorentzian and a Gaussian profile since natural and pressure broadening are in Lorentzian
whereas Doppler broadening is in Gaussian. The Voigt profile can be characterised by the
damping parameter, b, which is proportional to the FWHM of Lorentzian divided by that of
Voigt. When the damping parameter is O, the profile is a pure Gaussian and when it is 1, a pure

Lorentzian. The Voigt function can be written as [124]:

2

ven=2[ — g4 320
(m’)_;r—/_oo Pr@-—y? Y (3:20)
with
b=22Vm2, z=2"Lvh2 (3.21)
ap ap

where ap and af, are the FWHM of Doppler and Lorentzian profile respectively and vy is the

line centre wavenumber.

3.5 Previous Experimental Work

3.5.1 Rotation-Vibration Spectra of H,'20

The absorption spectrum of isotopically enriched H,'80 in the wide range of wavenumber was
recorded at Kitt Peak in the early 1980s. This spectrum has been studied extensively by many
workers and a series of papers have been published [23-31]. I analysed the spectrum in the
12400 — 14520 cm ™! range. The details of this analysis will be given in Chapter 6. Toth [150]
recently analysed the newly recorded pure and isotopically enhanced water vapour spectra in

a wide range of wavenumber (500 —8000 cm™") and the new data will be included in the next
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Table 3.1: Previous studies of rotation-vibration spectra of Hy'80. FTS is the FTS spec-
trum recorded at Kitt Peak (see Chapter 6). CRDS is the CRDS spectrum recorded at the
Vrije Universiteit (see Chapter 7).

Source Year Spectral range (cm™!) Method
Toth [150] 2004 500 — 8000 FTS
Toth [26] 1998 590 — 2582 FTS
Toth [27] 1992 1000 - 2225 FTS
Toth [28] 1993 2927 — 3944 FTS
Toth [29] 1994 3223 -4126 FTS
Toth [30] 1994 6600 — 7640 FTS
Chevillard et al. [23] 1985 4400 - 6100 FTS
Chevillard et al. [24] 1986 5900 — 8000 FTS
HITRAN 86 [151] 1986 8000 — 9500 unknown
Chevillard et al. [25] 1987 9500 - 11500 FTS
Bykov et al. [31] 1995 11300 - 12695 FTS
This work 12400 — 14520 FTS
This work 16570 - 17120 CRDS

edition of the HITRAN (HITRAN2004). Table 3.1 shows the summary of previous studies
of H,'80. For the range of 8000 — 9500 cm™?, no relevant publication was found although
it is included in the HITRAN2000. The data is referenced to the old version of HITRAN
(HITRANS6) [151], however the source is unclear to us.

The data on H2180 in the current version of the HITRAN database [33] is limited, with the
highest wavenumber listed for H»'80 being 13900 cm~! whereas for H3160, it extends to over
22600 cm™~!. We found that this database appears to lack the entire 21 polyad region of H2!80
which Toth has extensively analysed [30]. In this study, we extended the highest wavenumber
of Hy'80 analysed to 17120 cm™! by analysing the spectrum recorded using the CRDS at the

Vrije Universiteit (see Chpter 7 for detils).

3.5.2 Rotation-Vibration Spectra of H,!’0

Toth analysed the Kitt Peak Fourier transform H>'7O enriched spectrum in a wide range of
wavenumber [26-30]. The highest wavenumber region published so far is by Camy-Payret et
al. [32], in which the spectrum was analysed up to 11335 cm™!. In this thesis, we extended
the analysis of Ho'7O up to 17125cm™2, covering the 3v + 4, 4v and 5v polyads. Table 3.2
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summarises the previous studies of H,'70. The highest wavenumber of H,17O listed in the

current version of HITRAN (HITRAN2000) is 11143.99 cm™! [33].

Like for the H,'80 lines, the range 7640 — 9711 cm™! can be found in HITRAN2000 with
the reference to HITRANS6. There are no relevant publications for this region and the source
of this data is unknown to us. New data in the range 500 — 8000 cm™! by Toth [150] will be
included in the HTITRAN2004 and replace the old HITRANSG lines.

Table 3.2: Previous studies of Hy'70. FTS is the FTS spectrum recorded at Kitt Peak
(see Chapter 6). CRDS is the CRDS spectrum recorded at the Vrije Universiteit (see

Chapter 7).
Source Year  Spectral range (cm™?) Method
Toth [150] 2004 500 - 8000 FTS
Toth [26] 1998 590 — 2582 FTS
Toth [27] 1992 1000 - 2225 FTS
Toth [28] 1993 2927 - 3944 FTS
Toth [29] 1994 3223 -4126 FTS
Toth [30] 1994 6600 — 7640 FTS
HITRAN 86 [151] 1986 7640 — 9711 unknown
Camy-Payret et al. [32] 1999 9711 — 11335 FTS
This work 11335 - 14517 FTS
This work 16665 — 17125 CRDS
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D50, so called heavy water, is much less abundant than other water isotopologues. Although
several studies on the absorption spectra of DO vapour can be found [152-161], it is not
currently included in the HITRAN database.

Recently, Michael et al. [81] observed lasing action by water molecules in the mid-infrared.
A supersonic discharge through a He / HoO mixture was contained in the cavity of an IR
cavity-ring down spectrometer. This plasma was initially intended for the measurement of
H30" spectrum. Surprisingly, they actually observed lasing transitions while the ring-down
laser itself was turned off. A possible explanation for this is that population inversion occurred
as a result of dissociative recombination in the supersonically expanding plasma. Dissocia-
tive recombination is the process whereby a molecular ion recombines with an electron and

dissociates into neutral fragments. The dominant process in the plasma is:
H30+(H20)n +e~ = HyO0* + H + (H0), “4.1)
where HpO* is the highly vibrationally excited water which results in the lasing action.

A similar experiment was carried out using a mixture of neon-helium and DO to measure
pure rotational transitions of D,O [82]. In this case, the dominant dissociative recombination

process in the plasma is:
D30+(D20)n +e - = D0O*+D+ (DzO)n. 4.2)
It is thought that bending and symmetric stretch vibrational modes are mainly excited through
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this process due to the difference in bond angle between D3O and D2O [82]. Over 400 laser
transitions were observed, of which only around 80 were assigned from the energy levels cal-
culated using the data in references [152, 153, 162, 163]. Even these assignments must be
regarded as uncertain. Because of the lack of a model for this laser action in water, making
assignments for these transitions is difficult. In order to analyse these lasing transitions further,
a set of predicted D,O energy levels was requested by O. L. Polyansky (private communica-
tion). Our ultimate aim is to construct a reliable model for water lasers. In this chapter, the

calculation of D,O energy levels will be presented.

4.1 Calculation of Energy levels

The energy levels of D2O were calculated using the DVR3D program suite [59]. In this calcula-
tion, I used the ab initio PES by Partridge and Schwenke [42] with added adiabatic, relativistic

and barrier height correction.

The input parameters for DVR3D were first checked by carrying out the convergence tests.
Different combinations of radial (which is called NPNT in the input file for DVR3DRIJZ) and
angular points (NALF) and the size of final Hamiltonians (MAX3D) were tested to obtain the
optimal combination. The combinations of (NPNT, NALF) = (21,30), (24,30), (26,30), (21,40),
(24,40), (26,40), (21,48) were tested and (21,40) was found to give the best convergence. The
MAX3D needs to be considered carefully as the larger the MAX3D, the less approximation we
need to make but the CPU time is directly proportional to the cube of MAX3D value. We have
tested MAX3D = 500, 600, 800, 1000, 1500 with 21 radial and 40 angular points. The results
showed the 1000 and 1500 gave very similar results, therefore we chose 1000 for this calcu-
lation. For Morse-like parameters for equilibrium radius (RE1), dissociation energy (DISS1)
and fundamental frequency (WE2), we used 2.55 aj, 0.25 Ej, and 0.007 Ej, respectively. These
values were extensively tested by Fulton in his PhD thesis [113]. The mass of the deuterium
(D) used was 2.0138270 u and the mass of the oxygen (}60) was 15.990726 u, both in atomic

mass unit.

Here is the summary of parameters used for the calculation of D,O energy levels. For

vibrational states, Radau coordinates were selected. Twenty one radial points based on a
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Morse oscillator-like functions (NPNT1 & NPNT2) and 40 Gauss (associated) Legendre angu-
lar grid points (NALF) were used to generate 1000 dimension final vibrational Hamiltonians
(MAX3D). For rotationally excited states, the lowest 300 vibrational functions (NVIB) were
read for each value of k¥ and final Hamiltonians of dimension 200 x (J + 1) (IBASS) were
diagonalised up to J = 12. The descriptions of input parameters for DVR3D can be found in
the next chapter (see Table 5.1).

4.2 Results and Discussions

I have calculated the energy levels of D2O up to J = 12. Table 4.1 gives the comparison of
known observed band origins to the calculated values. It shows excellent agreement between

observed and calculated band origins with differences of the order of 10~2 cm™!

except for
the (401) state. The difference between the observed and calculated for the (401) state is con-
siderably large compared to other levels. The possible reason may be that the calculated levels
become less reliable for those higher polyad regions and / or the observed value is incorrect.
Since the (401) state is the highest observed vibrational state currently available, the reliability
of calculated band origins for other high-lying states cannot be investigated. The list of the first

200 band origins for D20, both even and odd parity, can be found in Table 4.2.

The newly discovered water lasers in mid-infrared have a particular significance in atmo-
spheric science as they can be used to study the ion-electron recombination process in the
Earth’s atmosphere, which is still poorly understood. Currently there is no linelist available to
analyse the lasing transitions of water because of unknown population distributions. The in-
tensities cannot be modelled unless we know how the molecules are populated in these lasers.
The calculation of the energy levels is the first step to constructing a reliable model of water
lasers. Having predicted the band origins of the D,O so accurately, the analysis of D2O laser

spectrum with these energy levels should increase the number of assigned lines considerably.
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Table 4.1: Comparisons of the observed D, O band origins taken from references [152,
153, 155-158] to the calculated values. Obs — Calc are given in cm™}. Uncertainties of
the observed band origins were not provided in the references.

Band Observed origin Obs — Calc
(010) or 00 1 1178.38 -0.06
(020) or 00 2 2336.84 —0.02
(100) or 10*0 2671.65 —-0.05
(001) or 1070 27817.72 0.02
(030) or 00 3 3474.32 0.04
(011)or 1071 3956.01 0.03
(120) or 1072 4990.83 —0.01
(200) or 20*0 5291.72 0.03
(040) or 00 4 4589.30 0.07
(101) or 2070 5373.90 0.00
(021) or 1072 5105.39 —-0.01
(050) or 00 5 5679.60 0.01
(031) or 1073 6235.08 —0.11
(210) or 20*0 6452.98 0.01
(121) or 2072 7672.93 0.03
(300) or 3070 7852.93 0.12
(201) or 3070 7899.82 0.02
(102) or 2110 8054.06 —-0.09
(003) or 2170 8220.18 -0.03
(301) or 4070 10358.56 —-0.10
(401) or 5070 12473.02 —2.89
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Table 4.2: Calculated band origins of D2O. The first 200 band origins

for even and odd parity are listed in cm™".

1

state | even parity | odd parity || state | even parity | odd parity

1 0.0000 2787.6977 29 | 9693.1109 | 12378.0490
2 1178.4383 | 3955.9827 30 | 9808.3885 | 12475.9094
3 2336.8533 | 5105.3970 31 | 10048.5361 | 12618.6433
4 2671.6917 | 5373.9013 32 | 10136.0217 | 12698.7022
5 3474.2843 | 6235.1908 33 | 10330.5201 | 12743.8640
6 3841.5161 | 6533.2282 34 | 10340.9945 | 12934.0838
7 4589.2269 | 7344.1606 35 | 10368.1653 | 13039.6871
8 4990.8376 | 7672.8894 36 | 10538.6970 | 13088.8801
9 5291.6927 | 7899.8024 37 [ 10556.5926 | 13362.7398
10 | 5529.4670 | 8220.2095 38 | 10861.1580 | 13445.6700
11 | 5679.5411 | 8430.6040 39 | 10879.8520 | 13452.1030
12 | 6118.9395 | 8792.6085 40 | 11128.9950 | 13717.0070
13 | 6452.9720 | 9050.3068 41 | 11245.1687 | 13772.3385
14 | 6686.9483 | 9366.2234 42 | 11296.1565 | 13876.2924
15 | 6742.1243 | 9492.0942 43 | 11434.7206 | 14015.2155
16 | 7224.4179 | 9891.4087 44 | 11441.1251 | 14033.2453
17 | 7593.1258 | 10179.9607 || 45 | 11483.5299 | 14197.6379
18 | 7772.1672 | 10358.6591 || 46 | 11679.3538 | 14217.0789
19 | 7826.3210 | 10494.8508 || 47 | 11922.4511 | 14487.4194
20 | 7852.8133 | 10524.9922 || 48 | 11995.1207 | 14573.3848
21 | 8054.1522 | 10679.8813 || 49 | 12184.5202 | 14794.2964
22 | 8305.0362 | 10967.6826 || S50 | 12196.7599 | 14825.5478
23 | 8711.7444 | 11289.4738 || 51 | 12331.6323 | 14926.1717
24 | 8761.3957 | 11500.2127 || 52 | 12365.0623 | 14978.8322
25 | 8947.1812 | 11523.3032 || 53 | 12530.3780 | 15051.9466
26 | 9005.3783 | 11605.8883 || 54 | 12603.1416 | 15077.1477
27 | 9202.6855 | 11816.6418 || 55 | 12738.1539 | 15113.4620
28 | 9356.7774 | 12018.8151 || 56 | 12798.9614 | 15322.8935
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Table 4.2: Continued.
state | even parity | odd parity || state | even parity | odd parity
57 | 12924.3128 | 15443.3410 || 86 | 15295.3366 | 17831.2195
58 | 12988.7794 | 15499.7734 || 87 | 15340.6733 | 17837.9344
59 | 13112.0920 | 15677.7571 || 88 | 15389.6754 | 17896.3995
60 | 131260213 | 15799.6094 || 89 | 15430.7964 | 17966.8657
61 | 13219.3197 | 15821.1022 {| 90 | 15494.4505 | 18002.7548
62 | 13264.3577 | 15853.8652 || 91 | 15626.3775 | 18100.5572
63 | 13283.8159 | 15861.0209 || 92 | 15647.1585 | 18173.1034
64 | 13396.8559 | 15994.1983 || 93 | 15690.4528 | 18227.2855
65 | 13598.4633 | 16064.7688 || 94 | 15835.8867 | 18287.1602
66 | 13702.1271 | 16172.3321 || 95 | 15896.0187 | 18315.5921
67 | 13854.3107 | 16177.8495 || 96 | 15993.8955 | 18406.5331
68 | 13869.4607 | 16409.4935 || 97 | 16025.3441 | 18486.9090
69 | 13899.9598 | 16469.2337 || 98 | 16066.4473 | 18507.2410
70 | 14038.5625 | 16563.1477 || 99 | 16101.2243 | 18526.5308
71 | 14121.8906 | 16708.1074 || 100 | 16174.6851 | 18727.2256
72 | 14212.2323 | 16765.9010 || 101 | 16318.0435 | 18762.0344
73 | 14222.6667 | 16858.3688 || 102 | 16360.7444 | 18846.7399
74 | 14274.2684 | 16890.1371 || 103 | 16364.4983 | 18865.2169
75 | 14389.1498 | 16911.6445 || 104 | 16451.7366 | 18893.2002
76 | 14432.3655 | 16946.0717 || 105 | 16513.3553 | 19031.8472
77 | 14642.3354 | 17129.9644 | 106 | 16581.1289 | 19076.7057
78 | 14751.0378 | 17212.8136 || 107 | 16582.4528 | 19149.0716
79 | 14781.2729 | 17231.0569 || 108 | 16662.5422 | 19204.6602
80 | 14961.0381 | 17296.8586 || 109 | 16743.7475 | 19215.7197
81 | 14970.2171 | 17381.3830 || 110 | 16858.1042 | 19234.9946
82 | 14986.2230 | 17477.5353 || 111 | 16873.7054 | 19302.9934
83 | 15050.5594 | 17590.2766 || 112 | 16946.4206 | 19384.7266
84 | 15187.9345 | 17653.9058 || 113 | 17058.1818 | 19451.5022
85 | 15231.0291 | 17735.0992 || 114 | 17101.8830 | 19502.1663
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Table 4.2: Continued.

state | even parity | odd parity || state | even parity | odd parity
115 | 17131.7658 | 19551.2764 || 145 | 18709.7972 | 21172.9796
116 | 17229.7773 | 19580.9104 || 146 | 18745.8483 | 21186.2281
117 | 17261.5482 | 19634.7524 || 147 | 18816.8902 | 21216.5016
118 | 17295.5319 19773.9862 ‘ 148 | 18827.1572 | 21256.7057
119 | 17384.6908 | 19790.8116 || 149 | 18914.5728 | 21288.5065
120 | 17408.3284 | 19899.3741 || 150 | 18985.5393 | 21339.6769
121 | 17499.4324 | 19930.8270 (| 151 | 19037.0557 | 21412.7584
122 | 17590.0165 | 19962.7503 || 152 | 19071.3048 | 21451.0831
123 | 17604.2878 | 20024.2067 (| 153 | 19131.4593 | 21482.0139
124 | 17608.1141 | 20133.2258 (i 154 | 19204.8850 | 21516.6949
125 | 17653.4168 | 20143.8060 || 155 | 19267.8857 | 21539.2428
126 | 17713.9455 | 20182.6778 || 156 | 19302.6962 | 21615.1255
127 | 17772.8386 | 20216.9302 || 157 | 19356.1787 | 21657.6449
128 | 17838.1641 | 20279.7057 || 158 | 19380.2430 | 21717.8493
129 | 17867.1250 | 20353.3539 || 159 | 19389.2838 | 21818.8076
130 | 17915.8131 | 20382.5868 || 160 | 19402.2445 | 21829.5015
131 | 17959.3824 | 20438.4111 || 161 | 19435.5296 | 21889.4793
132 | 18055.7243 | 20448.7973 || 162 | 19457.7955 | 21941.3830
133 | 18175.7354 | 20463.7665 || 163 | 19504.4502 | 21966.5220
134 | 18190.3206 | 20553.9409 || 164 | 19585.6643 | 21971.1717
135 | 18192.8156 | 20588.0511 || 165 | 19707.6326 | 22024.9706
136 | 18290.1943 | 20656.9465 || 166 | 19726.4540 | 22112.4436
137 | 18313.5871 | 20686.2633 || 167 | 19755.9636 | 22151.2372
138 | 18402.7758 | 20733.5193 || 168 | 19885.9798 | 22184.4607
139 | 18421.2639 | 20817.0194 || 169 | 19897.9618 | 22196.6829
140 | 18433.5552 | 20945.6492 || 170 | 19930.9050 | 22312.8219
141 | 18445.8801 | 20949.3478 || 171 | 19947.1754 | 22351.3269
142 | 18493.7885 | 20965.8979 (| 172 | 19976.0269 | 22380.5283
143 | 18659.9454 | 21063.3744 || 173 | 20033.0584 | 22393.8505
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Table 4.2: Continued.

state | even parity | odd parity || state | even parity | odd parity

144 | 18677.3770 | 21085.7265 || 174 | 20154.5086 | 22451.4633
175 | 20179.7186 | 22493.0574 || 188 | 20586.1071 | 23004.9699
176 | 20202.9772 | 22513.0329 (| 189 | 20637.6707 | 23029.1138
177 20227.6391 7 22554.75 137 190 | 20729.3266 23660.3037
178 | 20261.8463 | 22568.0603 || 191 | 20785.7628 | 23091.5331
179 | 20327.5314 | 22652.6716 || 192 | 20846.3103 | 23123.3225
180 | 20378.4384 | 22713.6230 (| 193 | 20931.9177 | 23196.9652
181 | 20408.0700 | 22763.7189 || 194 | 20932.9867 | 23226.0922
182 | 20419.5353 | 22783.9628 || 195 | 20948.3188 | 23286.3179
183 | 20442.2806 | 22837.0122 || 196 | 21010.6223 | 23329.3182
184 | 20465.0660 | 22875.6269 || 197 | 21057.3207 | 23384.3409
185 | 20466.1649 | 22883.7294 || 198 | 21066.5833 | 23397.3551
186 | 20544.4482 | 22927.0162 || 199 | 21105.3107 | 23414.9867
187 | 20564.3337 | 22935.2695 || 200 | 21177.9281 | 23428.2325
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Calculations of Linelists for Ho'30 and
H217O

In this chapter, the calculation of linelists and room temperature spectra for H3'80 and H,170
will be presented. Here we use a word “linelist” as the list of possible transitions with tran-
sition wavenumbers, dipole moments, transition strengths and Einstein’s A-coefficients and a

“spectrum” as the synthesised spectrum generated from a linelist for a certain temperature.

The best available linelists for Hy'80 and H,!7O prior to this work were by Partridge and
Schwenke (PS) [42]. The linelists were obtained from variational calculations using the FBR
method [42, 164] with an exact kinetic energy operator and analytic basis functions. Their
semi-empirical PES and ab initio DMS (see section 2.11 and 2.12) were used for the calcu-
lation. Although those linelists are highly accurate for the low and intermediate wavenumber
range, they become increasingly unreliable for predicting both line position and intensity in the
high wavenumber range such as 5v polyad region. In order to assign the experimental spectra
in the 5v polyad region, the new H,'80 and H,!70 linelists were calculated using the semi-
empirical PES by Shirin ez al. [66] and the ab initio DMS computed by Polyansky et al. [121],
fitted by Lynas-Gray (unpublished, see section 2.12).
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5.1 Calculation of H5'20 Linelist

Firstly, the linelist for Hy'80 was calculated to analyse the Hy'8O spectrum recorded by cavity
ring-down spectroscopy (CRDS). The full description of the analysis can be found in Chapter 7.
For this calculation, two separate computers, one for ortho and the other for para calculations,

were used to speed up the process.

5.1.1 Input parameters

There are two fits for the PES by Shirin et al. [66], fit A and B (see section 2.11). After a
comparison of J = 0 energy levels by two fits against the observed values, fit B was selected
as it gave the smaller deviations. The mass of a hydrogen atom used was 1.0072765 and mass
of an oxygen atom (120) was 17.994772, both in atomic mass unit (u). The temperature used

in the SPECTRA module to synthesise the spectrum was 296 K (room temperature).

Table 5.1 shows some of the input parameters used in DVR3DRJZ and ROTLEV3B mod-
ule. Those parameters were supplied by R. Tolchenov (private communication) who has in-
vestigated the optimum parameters for his calculation of the H,®O linelist by carrying out the
test on convergence. We decided the calculation of energy levels up to J = 10 was sufficient
enough since our purpose was to construct a linelist to assign the spectrum at room temperature,

where rotational states are typically populated in between J = 0 to J = 10.

5.1.2 The Linelist

The linelist of Hy'80 is generated for lines involving levels up to J = 10. The output
of DIPOLE3 module gives transition wavenumbers, transition moments, transition strengths
and Einstein A-coefficient. Table 5.2 gives a sample of DIPOLE3 output. The Einstein A-
coefficient (in s~!) is defined in terms of linestrength [59]:

_ 64n® 5 S(f - 1)gi

= . 5.1
33h° 20 +1 -1

Ajf

where S(f — 1) is the transition strength in Debye?, v is the transition wavenumber (cm~!) and

J' is the total angular momentum of the upper state. The ratio of constant in the first fraction
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Table 5.1: Some input parameters for the DVR3D program suite [59].

| DVR3DRJZ |
Parameters | Description This work
NPNT?2 number of DVR points in rp from 34
Gauss-associated Leguerre quadrature
NALF number of DVR points in 6 from 40
- - | Gauss-associated Legendre quadrature
JROT total angular momentum number of the system J 0-10
NEVAL number of eigenvalues and eigenvectors required 1000
MAX3D maximum dimension of the final Hamiltonian 2000
REl1 (rp) Morse like parameters for equilibrium radius 2.55 a;
DISS1 (D) | Morse like parameters for dissociation energy 0.25E;
WE2 (v.) Morse like parameters for fundamental wavenumber 0.007 Ep,
ROTLEV3B
Parameters | Description This work
NVIB number of vibrational levels from DVR3DRJZ 1000
to be read for each k block
NEVAL number of eigenvalues required for the first parity 1000
KMIN parity selection — O for f parity, 1 for e parity and 2 for both 2
IBASS size of final Hamiltonian 450 x (J + 1)
NEVAL2 number of eigenvalues required for the second parity 1000

can be set to 3.136186x10~7 which converts Debye? (transition strength) to s~ (Einstein

A-coefficient).

The linelist allows the module SPECTRA to synthesise a spectrum for the user-defined
experimental condition. The calculated spectrum contains upper and lower energies for each
transition, transition wavenumbers, transition strengths, absolute and relative intensities and
Einstein A-coefficient. The absolute intensities are calculated using the eq. (2.67) and relative
intensities are the intensities divided by the maximum intensity. Figure 5.1 shows a sample
spectrum calculated with the linelist in the region 10000 — 20000 cm~! with temperature 296 K.
The comparison of this spectrum with the experimental H2'8O spectrum recorded by FTS [23-
25] can be found in Chapter 6 (Figure 6.3).

Table 5.3 gives a comparison of the known band origins with PS linelist [42] and this work.
Both linelists give accurate results in the low and intermediate wavenumber range but the PS

energy levels produce larger errors at wavenumbers over 16000 cm™!. It is impossible to draw
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See.. 5.1

Table 5.2: Sample of DIPOLE3 output for Hy*#0. Transition wavenumbers are in cm ™1,
transition moments, written as dipole in the table, are in Debye, transition strengths, S( f —
i), are in Debye? and Einstein A-coefficient are in s~1. Dipole in this case is not a vector
and is obtained as | x transition + z transition |.

ket energy  bra energy  wavenumber Z transition X transition dipole S(f—1) A-coefficient
-0.000 36.747 36.747 0.977104E-04  -0.186832E+01  0.186822E+01  0.349026E+01  0.181058E-01
-0.000 1628.184 1628.184 -0.400076E-03  0.129074E+00  0.128674E+00  0.165569E-01  0.747085E+01
-0.000 3183.047 3183.047 -0.272511E-05  0.817120E-02 0.816847E-02  0.667240E-04  0.224953E+00
-0.000 3685.647 3685.647 -0.609511E-05  0.142182E-01 0.142121E-01  0.201984E-03  0.105716E+01
-0.000 3765.079 3765.079 0.730773E-01 0.138383E-02 0.744611E-01  0.554445E-02  0.309358E+02
-0.000 4698.459 4698.459 0.151330E-03 0.446920E-03 0.598250E-03  0.357902E-06  0.388071E-02
-0.000 5260.241 5260.241 -0.117649E-03  0.212228E-02 0.200463E-02  0.401853E-05  0.611455E-01
-0.000 5334.021 5334.021 -0.308097E-01  -0.419956E-02  0.350093E-01  0.122565E-02  0.194451E+02
-0.000 6170.133 6170.133 0.919341E-05  -0.119328E-03  0.110134E-03  0.121296E-07  0.297859E-03
-0.000 6798.355 6798.355 0.339412E-04  -0.872716E-03  0.838775E-03  0.703544E-06  0.231091E-01
1588.398 1628.184 39.786 0.246772E-04  -0.183587E+01  0.183584E+01  0.337032E+01  0.221892E-01
1588.398 3183.047 1594.650 -0.502737E-03  0.186139E+00  0.185637E+00  0.344610E-01  0.146085E+02
1588.398 3685.647 2097.249 -0.311561E-04  -0.198069E-01  0.198380E-01  0.393547E-03  0.379513E+00
1588.398 3765.079 2176.681 0.219368E-01  -0.105920E-01  0.113448E-01  0.128704E-03  0.138758E+00
1588.398 4698.459 3110.061 -0.110378E-04  0.132552E-01 0.132442E-01  0.175408E-03  0.551617E+00
1588.398 5260.241 3671.843 0.631566E-04 0.115455E-01 0.116086E-01  0.134760E-03  0.697421E+00
1588.398 5334.021 3745.624 -0.745491E-01  -0.101994E-02  0.755690E-01  0.571068E-02  0.313719E+02
1588.398 6170.133 4581.735 0.296749E-03 0.605082E-03 0.901831E-03  0.813300E-06  0.817751E-02
1588.398 6798.355 5209.957 0.540504E-04  -0.325142E-02  0.319737E-02  0.102232E-04  0.151136E+00
1588.398 6868.166 5279.768 -0.446881E-01  -0.583066E-02  0.505188E-01  0.255215E-02  0.392673E+02

a conclusion on which linelist is more accurate as the observed energy levels for Ho'#O only

goes up to around 17000 cm ™. However, Shirin ef al. [66] showed in their paper that the error

of the PS energy levels gets significantly larger for Hy'®O when wavenumber is over 20000

cm™!, in fact anything up to 100 cm™!, though the levels calculated with PES by Shirin et al.

give smaller values of error for wavenumber up to 25000 cm ™!,
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Table 5.3: Comparisons of the H80 band origins between the experimental (from refer-
ences [23-32]), PS linelist [42] and this work. The experimentally observed band origins
are shown as “Origins” below (in cm ™). The observed - calculated (cm™!) values for PS
linelist and this work are shown under “PS” and “this work” respectively. Uncertainties
of the observed band origins were not provided in the references.

Band Origin PS this work
(010) or 00 1 1588.276 —0.036 —0.122
(020) or 00 2 3139.050 —-0.005 —0.036
(100) or 1070 3649.685 0.012 —0.115
(001) or 1070 3741.567 —0.033 0.012
(110) or 10*1 5221.243 -0.076 —0.262
(011) or 1071 5310.467 0.044 0.006
(120) or 10%2 6755.510 —0.022 —0.150
(021) or 1072 6844.599 0.014 0.017
(200) or 20%0 7185.878 —-0.030 —0.011
(101) or 2070 7228.878 -0.051 —0.054
(002)or 11 O 7418.724 —0.082 —0.056
(041) or 1074 9795.332 —-0.062 0.133
(220) or 20*2 10256.575 —0.014 0.009
(121) or 2072 10295.634 0.040 0.045
022)or 11 2 10483.232 —0.050 —0.039
(300) or 30*0 10573.917 -0.033 0.059
(201) or 3070 10585.285 —0.073 —0.056
(102) or 2110 10839.956 —0.049 0.012
(003) or 2170 10993.681 —0.064 —0.061
(131) or 1073 11774.708 —0.045 0.032
(211)or 3071 12116.797 —0.109 —0.108
(112) or 211 12372.707 —0.025 —0.006
(013)or 2171 12520.123 —-0.013 —0.005
(221) or 3072 13612.710 0.157 0.225
(400) or 4070 13793.093 —0.097 -0.214
(301) or 4070 13795.398 0.041 —0.108
(103) or 3170 14276.336 0.004 —0.034
(321) or 4072 16775.381 0.504 0.431
(401) or 5070 16854.991 0.368 —-0.259
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Figure 5.1: A portion of the calculated H,'®O spectrum in the range 10000-20000cm~*.
Intensity shown is the absolute intensity. The spectrum was calculated at room tempera-
ture (296 K).
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Figure 5.2: A portion of the calculated H2'7O spectrum in the range 10000-20000cm L.
Intensity shown is the absolute intensity. The spectrum was calculated at room temperature
(296 K).
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Figure 5.3: Comparison of the calculated Hy'®0 and H2'7 O spectrum in the range 10300
— 11200 cm ™. The upper red lines are H,'80 and the lower blue lines are H,'70.
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Figure 5.4: Comparison of the calculated H, 80 and H,'7O spectrum in the range 10605
— 10740 cm ™. The upper red lines are H,'80 and the lower blue lines are Hy'70.
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Table 5.4: Labelling of the calculated energy levels. Each level was numbered in the
following fashion. The first number (see the last line of each box below, denoted as “0 j
0” etc.) shows the ortho/para states, para = 0 and ortho = 1. The second number is the
value of total angular momentum J. The last number shows the rotational parity p, even
=0 and odd =1. In the case of J = 0, when v3 is even then the levels are labelled 0 0
0, and when it is odd then they are 1 0 0. The energy levels in each symmetry blocks are
numbered from lowest to highest. So for example, the lowest energy level in the J = 0,
v3 even block is expressed as 0 0 0 1, where the fourth number gives the energy ordering
of the energy level within the symmetry block. ’

J even Jodd
V3 V3

even odd even odd

ee fe ee fe
para para ortho ortho
0Jo 0J1 1J0 1J1

fo €0 fo €0
ortho ortho para para
1J1 1J0 0J1 0JO

5.1.3 Labelling the Energy Levels

The energy levels calculated by the DVR3D program suite need to be labelled with the vibra-
tional and rotational quantum numbers. For labelling, each energy level was first numbered
according to its symmetry. Table 5.4 shows how each energy level was numbered. Also see Ta-
ble 2.5 for the DVR3D symmetry blocks. The labelling of quantum numbers was then carried
out by comparing the energy level numbers of Ho'80 with those of H160, which were already
labelled by R. Tolchenov (private communication) starting from the known experimental lev-
els [95). Assuming that energy level numbers of H,'60 and H,'80 correspond, H2'30 levels
were labelled in the same way as H2'%0 levels. Although many levels are labelled successfully
in this manner, there are a few levels that were not. The most common problem was, when two
or three energetically close levels were labelled in the wrong order. Because it is crucial to have
the correct labelling for each energy level to construct a good linelist, a great deal of time was
spent to check the validity of the labels. One way of checking is by taking the ratios of these
energy levels to the corresponding known experimental H3160 levels as we know that they are
almost constant within a vibrational band. Any energy level whose ratio to H2'0 is outside of
the usual ratio range will be investigated and re-labelled appropriately. Most levels are prop-

erly labelled before starting assignments but still there were occasions when some levels were
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found to be mis-labelled as the assignments progressed. Those levels are re-labelled and also
the transitions linking to the levels in the linelist are modified. The PS linelist is known to have
many energy levels, especially the vibrational states, labelled incorrectly. This became very

apparent when we analysed the Hy'80 spectrum using their linelist.

5.2 Calculation of H,'7O Linelist

5.2.1 Input parameters

The same input parameters for DVR3DRJZ and ROTLEV3B were used for the calculation of
the H170 linelist (see Table 5.1). The mass of hydrogen atom used was 1.0072765 u and mass
of an oxygen atom (17O) was 16.994743 u. The temperature used in the SPECTRA module to
synthesise the spectrum was again 296 K.

5.2.2 The Linelist

Figure 5.2 shows a portion of the synthesised room temperature spectrum in 10000 — 20000
cm™! calculated from the linelist. Labelling of the energy levels was done by following the
method discussed in subsection 5.4. Many levels appeared to be mis-labelled when the H27O
spectrum was analysed using this linelist. The ratios of H>17O to H5'%0 energy levels were
checked and re-labelling was done appropriately. All the assignments of transition linking the
energy levels are modified accordingly. This procedure was painstaking and time consuming

but absolutely crucial for making correct assignments to the spectra.

The observed band origins were compared with those given in the PS linelist [42] and the
new linelist of this work. Table 5.5 shows the results of this comparison. Both PS and this
work give accurate predictions of band origins throughout, although the (001) vibrational state

by PS gives an order of a magnitude larger error than the other states.
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Table 5.5: Comparisons of the H,'7O band origins between the experimental [26-30,
32], PS linelist [42] and this work. The experimentally observed band origins are shown
as “Origins” below (in cm™!). The observed - calculated (cm™!) values for PS linelist
and this work are shown under “PS” and “this work” respectively. Uncertainties of the
observed band origins were not provided in the references.

Band Origin PS this work
(010) or 1071 1591.326 —0.003 —0.124
(020) or 00 2 3144.981 —0.001 —0.040
(100) or 1070 3653.142 0.010 0.013
(001) or 1070 3748.902 0.557 —0.109
(011) or 1071 5320.262 0.055 0.008
(120) or 10*2 6764.724 —0.020 —-0.151
(021) or 1072 6857.273 0.018 0.005
(200) or 200 7193.246 -0.019 —0.060
(002)or 11 O 7431.076 —0.085 0.001
(101) or 2070 7238.714 —0.047 —0.047
(121) or 2072 10311.203 0.053 0.039
(201) or 3070 10598.476 —0.057 —0.044
(102) or 2110 10853.505 —0.003 0.018
(003) or 2170 11011.883 —0.067 —0.055
(211)or 3071 12132.993 —0.090 -0.107
(013) or 2171 12541.226 —0.019 -0.015
(221) or 3072 13631.410 0.087 0.128
(400) or 4010 13809.803 0.169 0.043
(301) or 4070 13812.158 0.058 -0.107
(103) or 3170 14296.282 0.046 —0.025
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Table 5.6: Comparisons of the calculated H317O and H,80 transition wavenumbers.
“upper” and “lower” of the first two columns show the upper and lower rotational states
in Jg, k. format. “vib” is the vibrational states, written in v; vov3 normal mode notation.
Transition wavenumbers of Ha17O and H,'80 are given in cm™! and differences (“diff”)
are calculated as Hy170 — H,180, also in cm™!

upper lower vib  H,I"O Hy,®0 diff
444 303 211 12207.738 12191.354 16.384
313 212 211 12189.513 12173.237 16.276
515 414 211 12218.235 12201.876 16.358
220 291 211 12133.656 12117.428 16.228
443 310 211  12226.533 12210.293 16.240
202 101 211 12177.081 12161.002 16.079
331 330 211 12131.662 12115.329 16.333
606 S5 211  12230.978 12214.549 16.429
211 110 211 12183.854 12167.635 16.219
111 110 211 12127.262 12111.038 16.224
499 321 211  12229.877 12213.671 16.206
313 444 211 12044.444 12028.404 16.039
211 312 211 12052931 12036.776 16.155
202 303 211 12064.321 12048.424 15.897
524 453 211  12236.064 12219.648 16.416
111 212 211  12090.224 12074.075 16.149
320 291 211 12200.591 12184.312 16.279
0g0 101 211 12109.327 12093.151 16.176
404 505 211 12019.625 12003.655 15.970
T17 616 211  12241.072 12224.553 16.519

5.3 Discussion and Conclusions

Figure 5.3 and 5.4 give the comparisons of H'80 and H'7O spectrum in different wavenum-
ber range. In Figure 5.4, we can see a clear shift in wavenumbers between Hy!80 and H,170.
This is because wavenumbers are inversely proportional to the mass, thus the heavier the mass,
the lower the wavenumber. In the case of H2180 and H,170O, the wavenumbers of Hy!80
should be lower than Ho'7O. Some strong lines of the (211) vibrational state were selected to
check the shifts between Hy!'80 and H,17O. The result is shown in Table 5.6. The table shows

consistent shifts (= 16 cm™1) between H2180 and H,17O transitions.

In this chapter, I presented the calculation of new linelists for Hy'80 and H,!7O using the

DVR3D program suite. Room temperature spectra and the energy levels were also calculated.
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I showed that my new H'80 and H,'70 linelists give good predictions in the low and inter-
mediate wavenumber range, in fact as good as the PS linelists which were considered to be the
best, and can be assumed to be accurate for the high wavenumber region where no experimen-
tal data is yet available. The analysis of spectra of water isotopologues using these linelists can

be found in the following chapters.
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Chapter

Analysis of Fourier Transform Spectra of
H2180 and H217O

In 1981, Chevillard, Mandin, Flaud and Camy-Peyret [23-25] measured the spectrum of two
isotopically enriched samples of water using the McMath-Pierce Fourier transform spectrome-
ter at Kitt Peak. The first sample contained Hy'80 at 73£1% [24], referred to as “'30” below,
and the second sample, “170” below, contained enriched H,'7O and H,'80 [25]. These spec-
tra, which achieved a typical uncertainty in their line positions of 0.001 cm™! [31], are publicly
available via the Kitt Peak electronic archive. There are a series of papers which analysed these

spectra in different wavenumber ranges [23-25, 31, 32].

I first analysed the 180 spectrum in the range of 12400 — 14520 cm™! (3v + 6 and 4v
polyad region) using the PS linelist, as this was the most accurate theoretical linelist at the time
of work, and assigned 746 out of 911 lines. After this work, I have calculated the new linelist
for Hy'80 (see Chapter 5) and re-analysed the 80 spectrum using it. With help from O. Nau-
menko (private communication), I have now assigned 905 lines, including 4 lines belonging to
H,!60. The 170 spectrum in the range of 11335 — 14520 cm™! (3v + § and 4v polyad region)
was analysed using the new H,!7O linelist and 823 out of 845 lines were assigned. In this
chapter, the analyses of the 120 and 170 spectrum will be presented.
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Table 6.1: Experimental conditions of the spectra analysed in this work. [ is the absorp-
tion pathlength, P is the total pressure with error of +1%, T is the temperature and R is
the resolution (see equation 3.13).

Type of spectrum  I(m) P(hPa) T(K) R(cm™!) Range(cm™})
H2'®0 enriched 434.0 3.62 300.5 0.0168 12400 - 14520
H217O enriched 434.0 6.32 301.2 0.0143 11500 — 12800
H,!70 enriched 4340 @ 6.32 301.4 0.0168 12900 - 14500

6.1 Experimental Details

The spectra of 170 and 20 were recorded using the McMath-Pierce Fourier transform spec-
trometer (see subsection 3.1.2) by Camy-Payret and co-workers. In both experiments, the
sample was contained in a 6-m White type cell to create the absorption pathlength of 434
m. The experimental conditions of each spectrum can be found in Table 6.1. The wavenum-
ber calibration was carried out using a sample of NyO, whose line positions were already
known [23]. The uncertainty in line positions was better than 10~3 cm™! except for very weak
lines, blended lines or noisier regions where signal-to-noise ratio is smaller. The derivation of
the uncertainties in line positions and absolute intensities will be discussed in the later section

(see section 6.3).

Experimental linelists of 17O and 180 have been created by J. Brault by fitting the lines in
both spectra using the GREMLIN program (Brault, unpublished). This program has three fit-
ting routines; derivative linefinder, least square fitting and ring fitting. The derivative linefinder
searches for the line positions by taking the first and second order derivatives of experimental
lines. This gives reasonably good line positions and rough estimate of strengths. The least
square fitting is done by comparing the Voigt profile model to experimental lines and readjust-
ing the model parameters until the square of the sum of deviations reaches minimum. This
gives better line positions and a good estimate of strengths and widths. Ring fitting is like
the least square fitting but it cuts off all the unobserved wavenumber components produced by
“ringing” and effectively fits the lines only using the observed wavenumber components. It
usually gives the best results, especially if the spectral resolution is low. A detailed explanation

of the fitting procedure can be found in reference [127].
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The 170 and 80 spectra contain transitions of H2!60, Hy!70 and H,'80 and in some
cases even of HDO. In order to filter the transitions due to the isotopologue of interest — Hy70O
for 170 spectrum and H'80 for 180 - we need to compare the spectra of natural abundance
water, 170 and 80 simultaneously. In this work, the Fourier transform spectrum of natural
abundance pure water measured by Schermaul et al. [21] at the RAL was used instead of the
one by Mandin et al. [165] recorded at the same time as the isotopically enriched spectra at
Kitt Peak. The spectrum by Schermaul et al. was selected as it is known to contain many lines

that were not observed previously.

The concentration of water isotopologues in each sample was first calculated for the pur-
pose of associating each line with an isotopologue. The total number of molecules in a sample
was easily obtained from the pressure, volume and temperature of the sample using n = PV/RT,
where n is the number of molecules per cm3. The concentration of Hy'60, Hy170 and H,180
in the natural abundance sample was calculated as (total number of molecules in the sample)
X (natural abundance of the isotopologue). The isotopologue distributions of 17O and 120
samples were deduced using the total number of molecules in each sample and ratios derived
by comparing the experimental intensities of transitions observed in more than one spectrum.
The resulting isotopologue distributions of the natural abundance, 17O and 20 samples are

tabulated in Table 6.2 under the heading of isotopologue distributions.

Using the isotopologue distributions, one can obtain the expected ratios of intensities that
each isotopologue would show in the different spectrum. For example, if a transition due to
H,'®0 appears in all three spectra, the intensities of the transition in the natural abundance,
170 and !80 are expected to have the ratio of (4496.90 /4496.90) : (469.02 /4496.90) : (100.73
/4496.90) =1 : 0.104 : 0.022. The intensity ratios of Table 6.2 give the expected intensity
ratios for H160, Hy170 and H,80.

After obtaining the expected intensity ratios, the natural abundance, 170 and 180 spectra
were read into a spreadsheet and lines of the same wavenumber were aligned. The intensities
of these were ratioed to look for the characteristic patterns discussed above. Figure 6.1 shows
a portion of the spreadsheet created by J. Brault (private communication). Most lines are iden-
tified as belonging to H»160, Hy'70 or H3!80 according to the intensity ratios although some

inconclusive lines, such as blends and HDO lines, are also present in the spectra. For the 120
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Table 6.2: Isotopologue distributions of the samples and the characteristic ratios of in-
tensities. Isotopologue distributions show the number of molecules in the sample (in 10'?
molecules cm™3).

Isotopologue distribution (x10™° molecules cm=3)
Isotopologue - Natural ~Hy'‘O enriched H!'%0 enriched

Hy0 4496.90 469.02 100.73
H,'70 1676 3281 1.05
H,'0 9.017 156.62 276.62
Intensity ratios
Isotopologue Natural H, O enriched H'®O enriched
H,'°0 1 0.104 0.022
H,'70 0.051 1 0.032
H,'%0 0.033 0.567 1

spectrum, 911 lines were attributed to H>'80 by Brault using the spreadsheet. For the 170
spectrum, I wrote a small computer program, which looks for the characteristic patterns of in-
tensity ratios. This was used as Brault’s spreadsheet did not cover the entire wavenumber range

that I was interested in. Using this program, 845 lines were attributed to Hy'7O.

Knowing the exact isotopologue composition of the enriched spectra is important for ob-
taining accurate intensities. In Table 6.2, I find that the ratio of Hy'2O linestrengths in the 180
to the natural abundance spectrum is 30.7 (= 276.62 + 9.017). My result is consistent with
the previous analysis of Chevillard et al [24] whose published results can be used to give an
intensity enhancement factor of 30.7 with an error of £ 0.5. It is also possible to see that the
abundance of H,'70O in the 17O spectrum is fairly small, at only about 5% of the total water
content. The intensity scaling factor of Hy!7O is 19.6 ( = 32.81+-1.676). The intensities given
in the appendix have been divided by 30.7 for H,'80 and by 19.6 for H2!7O to scale them
to natural abundance. The error in this scaling process adds about 2% the uncertainty in the

measured intensities.
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Figure 6.1: A portion of the spreadsheet used for the isotopologue identification. Column
1 to 5 show transition wavenumber (cm™!), peak height, FWHM (10~2 cm~!), damping
parameter and equivalent width (EW, in 102 cm™!) respectively for the natural abun-
dance, 170 and '80 spectra. The lines with the same wavenumber were aligned and the
ratio of EWs was taken (the ratios are not shown here). Each line was attributed to H, 160
(blue), Ho'70 (green), Hy 20 (red) or HDO (pink) according to the ratio.
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6.2 Assigning the Experimental Spectra

Before I performed a full linelist calculation presented in Chapter 5, I first tried to predict
the energy levels and ultimately the transition wavenumbers of H2'80 and H!7O using the
available H,60 energy levels by Tennyson et al. [95]. This method was tested since calculation
of full linelist takes a considerable length of time and should be avoided if it is not necessary.
Here, the derivation of H>'80 energy levels are shown as an example. Within the harmonic
approximation, the vibrational energies of pure stretching can be written as:

k
I

N

o=l +3); w=() 6.1)

where v is the vibrational quanta, u is the reduced mass and k is the force constant, k& =
%‘{— |#=r.,» Which is obtained by expanding the harmonic potential in a Taylor series about re.

The ratio of Hy'80 to Hy160 reduced mass, r, can be approximated as:

po 18-1 1641 153
plt 18417 16-1 ~ 152

6.2)

Using this value of r, the band origins of pure stretching levels of Ho'80 can be estimated from

that of H,160 as the force constant is the same for both:
E® =r-3 g6 (6.3)

For the band origins with both stretching and bending excitations, the Hp'80 band origins
should be:
E® =B +r7% x (BN - EX » (6.4)

where E,; is the energy of (0 b 0) band origin of pure bending levels.

Within a rigid rotor model, rotational energies are decided by Ey,s = BJ(J + 1) where
B = K2 /2hcl is the rotational constant with moment of inertia I = pr2. The rotational energies
of H,'80 are obtained from H3160 :

E% =r"'E, (6.5)

since the rotational constant is inversely proportional to the reduced mass. Table 6.3 shows
the comparison of observed and calculated band origins and Table 6.4 shows the comparison

of rotational wavenumbers. As can be seen clearly in the two tables, this approach fails to
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Table 6.3: Comparison of H,'80 band origins observed and calculated. Observed [23,
25, 31] and calculated band origins and differences between them are given in cm™2,
The band origins are calculated following eq.(6.3) and (6.4) using the H360 rotational
wavenumbers in reference [95].

Band origins Cbserved Calculated Obs. — Calc.
(021) 6844.599 6846.764 —2.165
(200) 7185.876 7177.967 7.911
(201) 10585.285 10578.614 6.671
(112) 12372.707 12365.798 6.691

Table 6.4: Comparison of H,'®0 rotational wavenumbers observed and calculated. Ob-
served and calculated rotational wavenumbers and differences between them are in
cm™! [25, 31]. The rotational wavenumbers are calculated following the eq.(6.5) using
the H,80 rotational wavenumbers in reference [95].

Rotational states Observed Calculated Obs. — Calc.
(201)
1o1 — 0go 21.719 22.995 -1.276
S50 — Ogo 672.270 675.954 —-3.684
909 — Ogo 867.556 865.563 1.993
(112)
1o1 — Ogo 22.814 22171 0.103
550 — Ogo 725.954 731.094 -5.140
808 — Ogo 701.240 699.897 1.343

give consistent predictions of either band origins or rotational wavenumbers. Therefore the
idea of calculating H,'80 transition wavenumbers from the known H;!60 energy levels was

abandoned.

6.2.1 Assignment Method

After the failed attempt to predict transition wavenumbers using the known H'6O energy
levels, it was decided to employ a theoretical linelist to make assignments. (see Chapter 5 for
the detail of linelist calculation.) The following method was established in this work. First
I make “trivial” assignments, which are ones linking upper energy levels already determined
experimentally. The remaining unassigned lines are compared to a calculated spectrum which

contains:
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Table 6.5: Sample of the calculated H,'80 spectrum. Line positions are in cm™1, in-
tensities are in cm molecule™!. v’ and v" are the upper and lower vibrational states,
expressed in v; v2v3 normal mode notation.

line position intensity J K, : J'" K! K! v’ v"
12000.1486 0.193E-28 6 5 2 7 4 3 042 010
12000.2076 0.603E-23 4 3 2 4 4 1 310 000
12000.2396 0.185E-23 7 3 4 7 4 3 310 000
12000.3007 0.494E-26 7 2 6 7 6 1 013 000
12000.3176 0.283E-24 0 0 0 1 0 1 221 010
12000.4138 0.588E-28 10 5 5 9 7 2 211 000
12000.4737 0.191E-26 10 7 4 9 8 1 070 000
12000.4846 0.637E-27 10 1 9 9 8 2 160 000
12000.5041 0.582E-26 7 4 4 7 4 3 221 010
12000.5077 0.110E-27 3 3 1 3 2 2 042 010
12000.5095 0.175E-22 4 2 3 5 1 4 310 000

1. Line positions in cm~!

2. Line intensity in cm molecule™!
3. Upper rotational quantum numbers, J' K, K|

4. Lower rotational quantum numbers, J” K} K[/

L

. Upper vibrational quantum numbers, (v} v v3)

6. Lower vibrational quantum numbers, (v{ v§ v%)

Table 6.5 shows a portion of the calculated H2'8O spectrum. Initial assignments are made
for each experimental line by selecting the theoretical lines whose line positions fall within the
experimental position + 0.03 cm™!. The value of error can be varied to narrow or broaden
the selection window. Intensities are also taken into consideration to make initial assignments.
Usually the intensities of 100 strongest experimental lines are compared with those of the
corresponding theoretical lines to take the ratios. These ratios are used as a rough guide for

making the initial assignments.

Upper energy levels are then determined by adding the energies of lower levels, which were

taken from the HITRAN2000 database [33], to the experimental wavenumbers. All possible
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combinations of transitions with those upper energy levels are generated to search for further
assignments by combination differences. Upper energy levels that are not confirmed by com-
bination differences are re-considered and any necessary changes are made. The ratios of new
upper energy levels to Hy'60 energy levels are taken to check the reliability of assignments, as
these ratios are approximately constant within a vibrational band. For example, in the Hy!20
(301) vibrational state those ratios are usually 0.9974+0.0001, so if a ratio lies outside this
range the assignment is discarded and re-considered. Another way to check the assignments is
to look at the differences between the observed and calculated energy levels. The Obs — Calc
values tend to be systematic, like the ratios, and can be used to check the validity of energy
levels. Some of the newly determined energy levels with the ratios and Obs — Calc are given

in Table 6.6.

For making further assignments, I also used a small computer program that calculates all
possible combinations of upper and lower energy levels with the observed transition wavenum-
bers. The program assigns a different combination of J, K,, K, for upper and lower levels
following the selection rules and calculates the upper energy level by adding the already known
lower energy level to the transition wavenumber. If two or more transition wavenumbers have
the same upper energy levels then the program will write them out. The upper energy levels
obtained by this method do not specify vibrational levels — the levels only have rotational la-
bels, therefore those levels written out have to be matched to the calculated rotation-vibration

energy levels to determine the vibrational states.
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Table 6.6: Sample of newly determined experimental energy levels of H2'80. The
columns 1-3 are the rotational states, column 4 gives the vibrational states, column 5
are the newly observed energy levels in cm™!, column 6 are the number of transitions
observed to the levels, column 7 is the Hy'60 energy levels (cm ™), column 8 is the ratio
of Hy'80 to Hy®0 energy levels, column 9 is the calculated Hy'80 energy levels, col-
umnl0 is the difference between the observed and calculated value and column 11 is the
ratio of calculated Hy'80 to Hy'®0 levels. Uncertainties of the observed energy levels is
estimated to be 0.2 x 10~2 cm™~!(this figure is achieved by averaging the energy levels
determined by more than one transitions).

K. vib Obs. H'¥O H,°0 ratio Calc. H2'®0  Obs - Calc ratio

301 13795.3983 138309379  0.9974 13795.5063 -0.1080 0.9974
301 13817.7035 13853.2703  0.9974  13817.8125 -0.1090 0.9974
301 13828.3093 13864.2813  0.9974 13828.4202 -0.1109 0.9974
301 13833.4482 13869.3879  0.9974  13833.5606 -0.1124 0.9974
301 13860.8174 13896.4764  0.9974  13860.9263 -0.1089 0.9974
301 13867.8052 13903.8685  0.9974 13867.9153 -0.1101 0.9974
301  13883.1905 13919.1506  0.9974 13883.3041 -0.1136 0.9974
301 13914.9028 139519016  0.9973 13915.0337 -0.1309 0.9974
301 13916.3610 13953.3100  0.9974 13916.4920 -0.1310 0.9974
301 13922.4692 13958.1713  0.9974 13922.6292 -0.1600 0.9975
301 13926.2674 13962.2547 0.9974  13926.3750 -0.1076 0.9974
301 13956.6303 13992.6717 0.9974  13956.7467 -0.1164 0.9974
301 13981.8512 14018.9380  0.9974  13981.9819 -0.1307 0.9974
301 13988.4669 14025.3508 0.9974  13988.5975 -0.1306 0.9974
301 14047.9309 14086.6976  0.9972 14048.0901 -0.1592 0.9973
301 14048.2010 14086.9511  0.9972 14048.3618 -0.1608 0.9973
301 14001.7977 14038.2649  0.9974  14001.8963 -0.0986 0.9974
301 14002.8390 14039.3845  0.9974  14002.9477 -0.1087 0.9974
301 14052.0704 14088.3262  0.9974  14052.1889 -0.1185 0.9974
301 14069.8309 14107.0816  0.9974 14069.9620 -0.1311 0.9974
301 14086.0908 141235432 0.9973 14086.0110 0.0798 0.9973
301  14139.5380 14178.4011  0.9973 14139.6989 -0.1609 0.9973
301 14141.3222 14180.0537  0.9973 14141.4838 -0.1616 0.9973
301 14228.7282 14270.3241  0.9971 14228.9361 -0.2079 0.9971
301 14228.7742 14270.3606  0.9971 14228.9795 -0.2053 0.9971
301 14097.0137 14133.8954 0.9974  14097.1271 -0.1134 0.9974
301 14097.3428 14134.2469 0.9974  14097.4538 -0.1110 0.9974
301 14167.1347 14203.8361  0.9974 14167.2548 -0.1201 0.9974
301 14177.8912 142154135  0.9974 14178.0219 -0.1307 0.9974
301  14210.1336 14246.9970  0.9974 14210.2716 -0.1380 0.9974
301 14253.7973 14292.6884  0.9973 14253.9587 -0.1614 0.9973
301 14260.0800 14298.6794  0.9973 14260.2425 -0.1625 0.9973
301 14343.9092 14385.6400  0.9971 14344.1176 -0.2084 0.9971
301 14344.2557 14385.9494  0.9971 14344.4635 -0.2078 0.9971
301  14461.4440 14508.5326  0.9968 14461.7257 -0.2817 0.9968
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6.3 Assignments of the 180 spectrum

The absolute intensities of transitions are calculated using the following equation:

T A
ToLo Pryol

(6.6)

where Ly is the Loschmidt number, A is the integrated absorbance, [ is the pathlength (in cm)
and Py, is the pressure of the sample (in atm). The Loschmidt number gives the number
of particles of an ideal gas at standard pressure Py = 1 atm and Ty = 273.15 K, and is
defined as Ly = 2.68673 x 10'® cm—3atm™!. A; (in cm™!) is included in the experimental
linelist as the equivalent width (EW). The absolute intensities are given in cm molecule™!
(HITRAN unit). For 130 spectrum, the intensities of H2!80 in natural abundance are obtained
by 2.6087x 1026 xEW / 30.7 (including the scaling factor).

The uncertainties in the line positions and the absolute intensities were estimated using the
following equation [39]:

Av AAr k
FWHM  A;  (S/N)/FWHM/Resolution

6.7)

were k is a constant which can be set to 0.8 for the uncertainties in the line positions and 2.0
for the intensities [39]. S/N is the signal-to-noise ratio and is given by the ratio of the peak
height to the rms at the line position. The uncertainties in the line positions and the absolute

intensities are included in the list of observed transitions given in Appendix (Table A.1).

6.3.1 Assignments using the PS linelist

The 180 spectrum was first analysed using the PS linelist [42], which was the best available
linelist at the time of work — before the calculation of Hy'80 linelist presented in Chapter 5.
Figure 6.2 shows the comparison of experimental spectrum to the PS linelist. It is interesting
to notice that the intensities of lines in the experimental spectrum and the PS linelist do not
agree very well in the 14000 — 14500 cm ™! region although they seem to have excellent agree-
ments in the lower wavenumber region. Assignments were made by following the procedure
discussed in a previous section (see subsection 6.2.1). Although many transitions are assigned
using the PS linelist, it became apparent that in many cases the vibrational labels of their linelist

were incorrect. The most notable mis-labelled levels were (302) «— (301), (400) «+— (202),

102



Chapter 6: Analysis of Fourier Transform Spectra of Hy'80 and H,1"O  Sec. 6.3

(320) +— (122) and (310) «— (112), where +— means the two labels needed to be swapped
around in many cases. The ratios of H2'20 to known H;160 energy levels were useful to check
the validity of the labels. The expected ratio for each vibrational level was as follows: (112)
0.9972, (103) 0.9964, (221) 0.9971, (400) 0.9975, (301) 0.9974, (202) 0.9977, (103) 0.9970.
Indeed, these ratios were found to be fairly constant within the vibrational bands. The wrong

labels were relabelled appropriately.

Assignments were made for 746 lines out of 911 lines attributed to Hy'80. Lines are as-
signed to 14 different upper vibrational levels. Three of these, (013), (112) and (211), were
already extensively studied by Bykov et al [31]. The other states have not been previously
observed for Hy'80. My new assignments can be used to characterise further Hy'80 energy
levels. The energy levels that were determined by more than one transitions were averaged
and standard deviations are calculated for uncertainties. Table 6.8 gives newly derived energy
levels for vibrational states (221), (400), (301), (202) and (103) which covers most of the new
data. For these states, vibrational band origins have been determined at 13612.71, 13793.09,
13795.40, 14188.82 and 14276.34 cm™! respectively. Because each band origin was deter-
mined from a single transition, uncertainty is not available. The small splitting between the
(400) and (301) band origins shows, as has been noted previously [19], that stretching states in
the 4v polyad for water are local-mode like. Table 6.8 therefore labels the vibrational states us-
ing both normal and local mode notations. Table 6.7 shows the summary of assignment results

obtained by using the PS linelist.

Figure 6.4 compares the experimental line intensities given in HITRAN2000 with those
analysed in this work. For ease of analysis I plot the intensities from the 180 spectrum directly
without scaling for enhanced H,'80 abundance. The ratio of my intensities to HITRAN2000

is 34.6 £ 8.9 with two outliers removed. This result is consistent with my result of 30.7 + 0.5.
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Table 6.7: Summary of experimental Hy!'80 energy levels determined with the PS
linelist. Bands are labelled using normal mode (left) and local mode (right) notations.
No. of levels shows the number of newly determined energy levels. No. of trans. shows
the number of transitions to the vibrational bands. Uncertainties of the band origins are
estimated to be 0.2 x 10~2 cm ™! by taking the average of the uncertainties of energy levels
determined by more than one transitions.

Band Origin (cm~!) No. of levels No. of trans.
(112) or 2171 — 42 57
(013)or21-1 12520.123 62 95
(211)or 3071 — 7 12
(141) or 2074 — 1 2
(042)or 11 4 — 1 2
(004)or22 0 — 3 3
(221) or 3072 13612.710 63 140
(122) or21+2 — 9 10
(023)or 2172 — 11 15
(400) or 4010 13793.093 45 101
(301) or 400 13795.398 47 122
(202) or 3110 14188.823 38 82
(103) or 3170 14276.336 43 95

Total 384 746
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Figure 6.2: Comparison of experimental H»'80 spectrum with the PS linelist. The abso-
lute intensities of PS lines are scaled for the natural abundance of H,'80.
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Figure 6.3: Comparison of experimental Ho'80O spectrum with the newly calculated
spectrum. The absolute intensities of calculated spectrum are scaled to match the nat-
ural abundance of H»120.
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Figure 6.4: Ratio of H'®0 experimental line intensities obtained in this work (unscaled

for isotopic enrichment) to those given in HITRAN2000.
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Table 6.8: H,'80 experimental energy levels determined using the PS

linelist. Energy levels are given in cm™

i

, and the uncertainties (A) are

in 1074 cm~!. The levels determined from more than one transitions
were averaged and the standard deviations are given as the uncertainties.
Uncertainties for the levels determined from a single transition are not
given but they are estimated to be 2.0 x 102 cm ™! by taking the average
of the uncertainties of energy levels determined by more than one tran-
sitions. The number of transitions assigned to each level (no.) are also
given below.

J K. K. (21)or3072 A no. (400)or4070 A no. (B01)or400 A no.
0 0 0 13612.7103 1 13793.0926 1 13795.3983 1
1 0 1 13635.2004 1 13815.5999 1 13817.7034 7 2
1 1 1 13651.9827 7 2 13826.2109 1 13828.3093 1 2
1 1 0 13657.8443 2 2 13829.9690 1 13833.4482 1 2
2 0 2 13679.5579 21 2 13858.8235 19 2 13860.8174 10 3
2 1 2 13691.7911 3 3 13865.8901 91 4 13867.8052 2 %)
2 1 1 13709.2788 5 3 13883.1905 7 4
2 2 1 13757.7913 1 2> 13912.9581 12 3 13914.9028 2 2
2 2 0 13759.0997 11 . 13916.3610 11 2
3 0 3 13920.6416 12 2 13922.4692 43 3
3 1 3 13750.4052 5 3 13924.6092 4 3 13926.2674 19 4
3 1 2 13785.3650 4 2 13954.5992 W 3 13956.6303 5 3
3 2 2 13826.2273 5 4 13980.0017 76 3 13981.8515 4 5
3 2 | 13832.3323 8 3 13986.4867 36 2 13988.4675 44 3
3 3 1 13919.9525 19 4 14045.8081 1 140479309 21 4
3 3 0 13920.1799 7 2 14046.3804 11 2 14048.2010 8 3
4 0 4 13824.2031 6 - 13999.4307 13 2 14001.7977 11 4
4 1 4 13827.7712 2 14000.3791 9 3 14002.8390 9 3
4 1 3 13884.6210 17 5] 14050.1509 95 3 14052.0704 17 5
4 2 3 13916.5292 41 2 14068.1270 10 5 14069.8309 4 3
4 2 2 13932.6060 35 4 14084.7983 105 3 14086.7496 4 4
4 3 2 14013.5682 12 4 14137.8052 9 5 14139.5380 12 4
4 3 1 14014.7078 29 3 14139.4784 28 2 14141.3222 4 3
4 4 1 14137.0536 1 14226.9808 11 3

4 4 0 14137.0858 12 3 14227.0266 1 14228.7742 6 3
5 0 5 13921.2439 22 2 14097.0137 17 3
5 1 5 139229672 18 3 14097.3428 7 3
5 1 4 14004.8183 14 3 14165.4097 42 8 14167.1347 4 3
5 2 4 14176.3807 1 14177.8912 4 4
5 2 3 14059.5109 6 S 14208.1546 20 3 14210.2536 B
3 3 3 14130.1770 7 3 14252.1247 1 14253.7968 29 4
] 3 2 14134.6573 8 3 14258.1806 14 4 14260.0800 8 4
5 4 2 14254.3017 41 3 14342.2201 1 14343.9092 3
5 4 1 14342.5676 97 3 14344.4290 1
5 5 1 14403.0236 36 2 14464.7906 9 2 14461.4440 1
6 0 6 14034.7591 1 2 14208.9443 1 14208.9358 1
6 1 6 14035.6594 8 2 14208.4965 2 3 14209.4131 3 3
6 1 5 14143.3787 20 2 14298.2445 1 14299.7517 8 3
6 2 5 14155.6999 18 2

6 2 4 14212.5790 7 3 14355.0147 1

6 3 4 14269.3167 15 2 14388.3862 51 3

6 3 3 14281.0237 10 2 14403.0730 46 2

6 4 3 14395.0922 2 2 14480.7446 2
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Table 6.8: Continued.

J K. K. (21)or30"2 A no. (400)or4070 A no. (301)or40"0 A no.
6 4 2 14396.3270 11 4
6 5 2 14598.9304 52 2
6 5 1 14543.0611 37 3 14599.7860 1
6 6 1 14699.0658 1
6 6 0 14710.5590 16 2
7 0 7 14164.9836 2
7 1 7 14166.1598 71 2 14338.1602 12 3 14338.1975 6 3
7 1 6 14299.3434 4 2
7 2 6 14305.5408 9 2 14446.0799 1 14452.0020 1
7 3 5 144303129 24 2
7 4 4 14559.9502 4 3
8 0 8 14312.7813 2
8 1 8 14310.2322 1 14484.2874 7 2 14485.3754 1
8 1 7 14470.9302 37 2 14611.0603 1
8 2 7 14613.4122 23 4
8 3 6 14724.8902 31 2
8 3 5 14656.4642 55 2 14774.0263 1
8 4 5 14746.5233 1 14828.2123 1
8 4 4 14755.6783 1 2 14841.3566 1
8 6 3 14987.0551 1
9 1 9 14475.0213 1
9 1 8 14658.7198 1
9 2 8 14658.6119 20 2
9 3 7 14812.5563 1
9 4 3 14974.8154 1
9 7 3 15401.7031 1
10 1 10 14654.1017 1
10 3 7 15126.1192 1
11 2 10 15086.3967 1
J K., K. (02)or31T0 A no. (103)or3170 A no.
0 0 0 14188.8228 1 14276.3359 1
1 0 1 14210.3232 1 2 14298.9114 4 2
1 1 1 14221.0194 28 2 14308.7859 1 2
1 1 0 14226.2077 26 2 14314.0810 5 2
2 0 2 14253.4814 3 2 14342.3991 8 3
2 1 2 14260.4834 8 3 14348.7113 2 3
2 1 1 14276.0095 1 14364.5436 6 3
2 2 1 14307.8861 9 3 14393.9667 2 2
2 2 0 14309.3246 1 14395.5913 6 3
3 0 3 14315.1553 8 3 14404.3083 4 2
3 1 3 14318.8304 20 3 14407.7113 1 3
3 1 2 14349.5438 4 3 14438.8567 10 3
3 2 2 14374.7880 1 14462.3015 8 4
3 2 1 14381.3003 36 4 14469.3583 i 4
3 3 1 14440.7748 74 2 14524.2601 2 2
3 3 0 14440.7990 1 3 14524.5928 2 2
4 0 4 14393.7346 23 3 14483.1308 22 3
4 1 4 14395.3796 21 3 14486.1095 1 2
4 1 3 14445.0560 1 14535.0402 7 5
4 2 3 14462.7497 17 4 14552.0724 12 2
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Table 6.8: Continued.

J K. K. (202or3170 A no. (103)or31"0 A no.
14478.3493 12 2 14569.3897 1 a
14532.1947 52 2 14625.1578 2
14532.9298 1 14625.8542 1 3
14614.4146 9 3 14700.0198 56 2
14612.9837 15 2 14700.1157 14 2
14488.9206 70 3 14578.7052 83 4
14489.5947 ] 14578.8424 1 3
14560.1005 17 4 14650.3978 46 2
14570.8065 1) 14663.4071 8 2
14604.0242 16 2
14648.9023 8 2
14649.2840 15 3
14729.9790 1 14814.5346 6

14815.0096 1
14920.6197 1

14601.1513 12 2
14782.6682 20 2
14697.9910 2 2
14842.6295
14802.0963 14892.3876 27
14869.8231 15 2 14952.4420 <)
14954.7374
14821.2357
14821.6003
14931.2044
14932.0270
15065.0979
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6.3.2 Assignments using the newly calculated linelist

The PS linelist was used to analyse the O spectrum as it was the most accurate linelist avail-
able at the time of work. After this analysis, the new linelist for H'80 has been generated
(see Chapter 5) for the purpose of assigning the cavity ring-down spectrum which lies in the
Sv polyad region where the PS linelist is less reliable. The analysis of the cavity ring-down

spectrum can be found in the next chapter.

Using the new H2'80 linelist, I have re-analyses the 180 spectrum in the hope of making
more assignments. Figure 6.3 shows the comparison of the experimental spectrum to the cal-
culated. The figure shows a clear overestimation of intensities around 12500 cm™! and also
for a small region near 14250 cm™!. This is due to the overestimated line strengths of the
bending modes caused by the ab initio DMS used for the calculation, which was discussed in

the previous chapter (see section 2.12).

The same assignment procedure used for the analysis with the PS linelist (see section 6.3.1)
was used with the new linelist. The ratios for each vibrational level were the same as the previ-
ous analysis. I extended the number of assigned lines significantly, from 746 to 910 including
4 lines belonging to Hy'%0. This leaves only 15 lines unassigned. Comparisons between the
previous analysis using the PS linelist (PS work, below) and the new work are following. The
same assignments in both works were found for 616 lines and different assignments for 125
lines. One hundred sixty nine unassigned lines in PS work are newly assigned in this work,
including 4 lines (at 13563.32, 13907.03, 14163.20 and 14386.61 cm™!) attributed to H2'0.
Five lines assigned in PS work were not assigned in this work and 10 lines were unassigned in

both works.

Table 6.9 gives the summary of H'80 energy levels determined using the new linelist.
The table shows the lines are assigned to 17 different upper vibrational bands, giving 459 new
energy levels. This is a great improvement compared to the previous analysis with the PS
linelist, in which 384 new energy levels were determined (see Table 6.7). In particular, (301)
vibrational level is significantly improved as almost twice as many levels are obtained in this
work. The band origin of the (112) band is newly derived at 12408.797 cm™!, though that of

(202), which was determined in the previous analysis, was not included because I decided the
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previous assignment of this transition was incorrect. Table 6.10 gives the derived energy levels

for the same vibrational states as Table 6.8.

The significant improvement in assignments is not due to the better accuracy of the newly
calculated linelist, in fact the PS linelist can be more accurate in the wavenumber region anal-
ysed in this work. It is down to useful discussions and correspondences with O. Naumenko
(private coﬁunun‘icétion), who kindiy provided her assignments of the spectrum which she
made using the linelist generated by Tashkun following the method in reference [42] with the
PES by Partridge and Schwenke [42] and the ab initio DMS by Schwenke and Partridge [122].
Two assignments, one by myself and the other by Naumenko, were thoroughly compared to
achieve the best possible results. O. Naumenko pointed out the main problem in PS work was
that many transitions were wrongly assigned because the intensities were not properly taken
into account when making assignments. Some strong lines are assigned as weak lines and vice

versa. Reconsidering the intensities gave immediate improvement in assignments.
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Table 6.9: Summary of H3'80 energy levels determined with the newly calculated
linelist. Bands are labelled using normal mode (left) and local mode (right) notations.
No. of levels shows the number of newly determined energy levels. No. of trans. shows
the number of transitions to the vibrational bands.

Band Origin (cm™") No. of levels No. of trans.
(070)or 00 7 — 1 1
(230) or 203 — 1 1
(310) or 30*1 — 8 8
(211)or 301 — 3 3
(112)or21t1 12408.797 37 52
013)or2171 12520.123 63 96
(141) or 2014 — 1 1
(320) or 30+2 —_ 16 18
(221) or 3072 13612.710 66 141
(042)or11 4 — 3 4
(122) or 2112 — 10 14
(023)or21-2 — 12 15
(400) or 4010 13793.093 51 112
(301) or 400 13795.398 80 219
(202) or 3170 — 43 89
(103)or 3170 14276.336 58 125
07 or 1077 —_ 1 2

Total 454 901
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Table 6.10: H2'80 experimental energy levels using the newly calcu-
lated linelist. Energy levels are given in cm ™!, and the uncertainties (A)
are in 10~* cm ™. The levels determined from more than one transitions
were averaged and the standard deviations are given as the uncertainties.
Uncertainties for the levels determined from a single transition are not
given but they are estimated to be 2.0 x 10~2 cm ™! by taking the average
of the uncertainties of energy levels determined by more than one tran-
sitions. The number of transitions assigned to each level (no.) are also

given below.

J K, K. (221)or30"2 A no. (400)or4070 A no. (301)or40°0 A no.
0 0 0 13612.7103 1 13793.0926 1 13795.3983 1
1 0 1 13635.4751 1 13815.5999 1 13817.7035 7 2
1 1 1 13651.9826 Vi 2 13828.3093 1 2
1 | 0 13657.8443 2 2 13833.4482 1 2
2 0 2 13679.5579 21 2 13858.8235 19 2 13860.8174 10 3
2 1 2 13691.7911 3 3 13865.8918 102 3 13867.8052 2 3
2 1 1 13709.2788 3 3 13883.1905 7 4
2 2 1 13757.7913 1 2 13912.9581 12 3 13914.9028 2 2
2 Z 0 13759.0998 11 2 13916.3610 11 2
3 0 3 13743.8280 6 2 13919.9539 5 2 13922.4692 43 3
3 1 3 13750.4052 5 3 13924.6092 4 3 13926.2674 19 4
3 1 2 13785.3650 4 2 13954.5992 i 3 13956.6303 5 3
3 2 2 13826.2274 5 4 13980.0017 76 3 13981.8512 6 4
3 2 1 13832.3323 8 3 13986.4867 36 2 13988.4669 38 4
3 3 1 13920.6416 12 2 14046.1129 1 14047.9309 21 4
3 3 0 13920.1799 7 2 14046.3804 11 2 140482010 9 3
4 0 4 13824.2031 6 3 13999.4308 13 7 14001.7977 11 4
4 1 4 13827.7712 0 2 14000.3791 9 3 14002.8388 12 2
4 1 3 13884.6210 17 3 14050.1466 22 3 14052.0704 17 5
4 2 3 13916.5292 41 2 14068.1269 11 4 14069.8309 4 3
4 2 2 13932.6078 4 3 14084.7925 1 14086.0908 6 4
4 3 2 14013.5679 14 . 14137.0857 17 2 14139.5380 12 4
4 3 1 14014.7079 29 3 14139.4784 28 2 14141.3222 4 3
4 4 1 14136.8379 1 14226.9808 11 3 14228.7282 10 2
4 4 0 14137.8052 9 5 14227.0249 24 2 14228.7741 6 3
5 0 ) 13921.2440 22 2 14094.8552 23 2 14097.0137 17 9
5 1 3 13922.9672 18 3 14097.3428 2 3
5 1 4 14004.8182 14 3 14165.4121 10 2 14167.1347 4 3
5 % 4 14176.3801 9 2 14177.8912 4 4
5 2 3 14059.5109 6 5 14208.1546 20 3 14210.1337 13 4
5 3 3 14130.1770 7 3 14252.1194 105 3 14253.7973 27 5
=) 3 2 14134.6573 8 3 14258.1817 27 5 14260.0800 8 4
5 4 2 14254.2984 1 14342.2264 88 2 14343.9092 0 3
5 4 1 14254.5804 1 14342.5618 13 3 14344.2557 15 4
5 5 1 14403.0236 36 2 14461.4440 1
5 5 0 14459.5242 1

6 0 6 14034.7591 1 2 14208.4962 5 4
6 1 6 14035.6594 8 2 14209.4130 4 3
6 1 5 14143.3787 20 2 14298.2445 1 14299.7542 58 5
6 2 5 14155.6999 18 2 14303.8588 47 5 14305.0913 2 4
6 2 4 14212.5790 7 3 14354.7361 17 2 14356.6656 3 4
6 3 4 14269.3167 15 2 14388.3834 b3 3 14389.9618 25 5
6 3 3 14281.0238 10 2 14405.5151 2 3
6 4 3 14395.0922 2 2 14480.7465 28 4 14482.3868 12 3
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Table 6.10: Continued.

J K, K. (21)or30"2 A no. (400)or4070 A no. (301)or40°0 A no.
6 4 2 14396.3270 11 4 14483.9588 3 3
6 5 2 14598.9304 52 2 14543.0382 1
6 5 1 14600.9079 25 2 14543.0611 37 3
6 6 0 14699.0618 1
7 0 7 14164.9836 2 14336.0044 1 14338.1602 12 3
¥ 1 7 14166.1597 71 2 14338.1974 6 3
7 1 6 14299.3434 2 14450.0812 16 3 14449.5807 4 2
7 2 6 14305.5409 9 2 14445.6352 100 2 14451.9449 16 3
T 7 3 14523.7575 7 2
7 3 5 14430.3129 24 2 14546.8882 16 3
7 3 4 14577.2812 12 3
7 4 4 14559.9502 4 3 14642.2322 52 2 14643.8942 8 3
7 4 3 14563.0373 1 14648.9023 8 2
7 5 3 14763.8089 24 3 14706.2891 22 4
7 5 2 14762.1947 40 2
7 6 1 14861.2120 7 2
7 7 1 15006.2720 /|
8 0 8 14312.7813 0 2
8 1 8 14310.2322 1 14484.2873 7 2 14484.3124 1
8 1 7 144709302 37 2 14610.5644 1 14613.4122 23 4
8 2 7 14611.1853 ' 14613.8362 5 2
8 2 6 14706.3899 1 14708.9413 43 3
8 3 6 14723.8631 1
8 3 5 14656.4643 55 2 14773.4976 14 4
8 4 3 14746.5233 1 14826.1678 1 14827.7929 1
8 4 4 14755.6783 1 2 14840.1757 14 3
8 6 3 15046.4460 1
8 7 1 15191.2531 1
9 0 9 14470.2439 1 14647.3842 1
9 1 9 14474.7645 18 2 14647.4397 45 2
9 1 8 14658.7198 1 14794.3963 1
9 2 8 14658.6105 1 14794.5248 5 2
9 2 i 14909.1249 1 14910.6427 1
9 8 7 14812.2349 1 14918.5447 I 14919.6389 10 2
9 4 6 14955.6287 1 15033.5558 1
10 0 10 14654.0697 1
10 1 10 14827.4381 1
10 1 9 14992.2903 8 2
10 2 9 14992.3138 1
10 2 8 15028.6428 1 15132.6753 1
10 3 7 15229.0747 1
10 4 6 15301.9545 1
11 0 11 15024.3113 96 2
J K. K. @02)or31"0 A mno. (103)or3170 A no.
0 0 0 14276.3359 1
1 0 1 14210.3232 1 2 14298.9114 4 2
1 1 1 14221.0193 28 2 14308.7859 2 o
1 1 0 14226.2077 26 2 14314.0810 5 2
2 0 2 14253.4815 3 2 14342.3991 8 3
2 1 2 14260.4834 8 2 14348.7112 2 3
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Table 6.10: Continued.

J K. K. (02)or3170 A no. (103)or31-0 A no
2 1 1 14276.0095 1 14364.5436 6 3
2 2 1 14307.8861 9 3 14393.9666 2 2
2 2 0 14309.3246 1 14395.5913 6 3
3 0 3 14315.1553 8 3 14404.3083 4 2
3 1 3 14318.8304 20 3 14407.7113 1 3
3 1 2 14349.5438 4 3 14438.8567 10 3
3 2 2 14462.3015 8 4
3 2 1 14381.3003 36 4 14469.3583 7 4
3 3 1 14440.7695 1 14524.2601 2 2
3 3 0 14440.7990 1 3 14524.5928 2 2
4 0 4 14393.7347 23 3 14483.1308 22 3
4 1 4 14395.3795 21 3 14486.1095 1 2
4 1 3 14445.0560 1 14535.0402 7 3
4 2 3 14462.7497 17 4 14552.0724 12 2
4 2 2 14478.3493 12 2 14569.3897 1 3
4 3 2 14532.1947 52 2 14625.1578 0 2
4 3 1 14532.9298 1 14625.8542 1 3
4 4 1 14614.4146 9 3 14700.0198 56 2
4 4 0 14612.9837 15 2 14700.1157 14 2
5 0 5 14488.9206 70 3 14578.7011 21 3
5 1 5 14489.5928 26 2 14578.8425 1 3
5 1 4 14560.1010 7 2 14650.3978 46 2
5 2 4 14570.8065 1 14663.4071 8 .
5 2 3 14604.0242 16 2 14694.4529 1
5 3 3 14742.8495 18 3
5 3 2 14649.2840 15 3 14746.0662 1
5 4 2 14729.9790 1 14814.5346 6 3
5 4 1 147259840 10 3 14815.0096 1
5 5 1 14920.6197 1
6 0 6 14600.7755 0 2 14691.2101 16 3
6 1 6 14601.1513 12 2 14691.3096 1
6 1 5 14782.6683 20 2
6 2 3 14697.9909 2 2

6 2 4 14750.6261 1 14842.3680 63 3
6 3 4 14782.0104 1 14883.0957 1
6 3 3 14802.0963 1 14892.3877 27 3
6 4 3 14869.8231 15 2 14952.4420 5 2
6 4 2 14862.3144 1 14954.5256 16 2
6 5 1 15058.8015 1
6 6 0 15185.2688 1
7 0 7 14729.6894 1 14820.7780 4 2
7 1 7 14821.3230 9 2
7 1 6 14931.1109 1
7 2 6 14931.6760 2 2
A 2 5 14918.2196 1

7 3 5 14933.6375 1 15047.5328 1
7 3 4 15065.0979 1
7 4 4 15113.4463 38 2
7 4 3 15021.0019 1
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Table 6.10: Continued.

<
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(202)or3170 A mno. (103)or3170 A no.

8 14875.2877 1 14967.2701 20
8 14875.9565 1 14967.3069
7 15095.9865 3
6 15196.7908
5 15261.9776
9 15130.9364
9 15130.9443
0 15311.6181 52
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6.3.3 Discussion and Conclusions

In my first analysis of the 180 spectrum using the PS linelist, many transitions were incor-
rectly assigned because the intensities were not considered carefully when making assign-
ments. Strong emphasis was put on the transition wavenumbers, using the very small error
in wavenumbers to search for the theoretical lines matching the experimental line, and less
emphasis on the intensities. This caused some strong lines assigned to weak theoretical lines
and vice versa. In the re-analysis with the newly calculated linelist, both wavenumbers and

intensities were fully taken into account to make assignments.

Table 6.11 gives the comparison of strong transitions observed in the PS linelist and the
new linelist used in this work. The table shows both PS and this work gives good predic-
tions of transition wavenumbers in all vibrational levels compared. Although the line positions
are accurately predicted, the newly calculated linelist exhibits somewhat higher intensities for
bending states due to the problem with the ab initio DMS. This overestimation of intensities
is apparent in Figure 6.3 especially in 12500 cm™! region, however, for 14000 — 15000 cm™!

region the PS linelist seems to be less reliable than mine (see Figure 6.2).

The natural abundance spectrum of pure water vapour by Schermaul et al. [21] contained
some transitions due to H2'8O. These transitions are compared to the ones analysed in this
work. More than half of the transitions, indeed 19 out of 32, are found to have the same assign-
ments. Six transitions seem to disagree, of which two are due to wrongly labelled vibrational
levels. Seven transitions are not found in the 180 spectrum studied here. The reason may be
that those transitions are wrongly attributed to H,'80. The transition wavenumbers in both
spectra show excellent agreement, with a small systematic difference of 0.005 cm~1. This

confirms the unreliability of those seven transitions that were not observed in this work.

A major reason for analysing the 180 spectrum presented here is so that the data can be
included in databases for use in atmospheric and other models. HITRAN2000 [33] contained
51 transitions assigned to H2'8O by Mandin et al. [165] in the region studied here, which are
confined to the wavenumber range 13608 — 13893 cm™!. My analysis confirms the assignments
given in HITRAN, with some exceptions which are listed below. The upper energy levels of

three transitions, at 13641.585, 13788.125 and 13875.953 cm™!, are assigned to 427 (301) but
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the vibrational level seems to be mis-labelled and should be replaced by 414 (122). The line
at 13847.279 cm™!, which I assign to 313 — 212 301-000 but the assignment in HITRAN is
mis-typed. And the transition at 13677.131 cm™~! in HITRAN, which are assigned to 414 — 515
301-000, was not observed in this study.

A new version of HITRAN (HITRAN2004) is in preparation and all the experimental tran-
sitions analysed in this work have been acéepted for inciusion in this ediﬁon. Those 51 com-
mon lines mentioned previously have all been replaced by the new lines obtained in this work.
The spectrum was recorded at temperature of 300.5 K, which is slightly higher than the stan-
dard room temperature used in HITRAN (296 K). Since intensities are temperature dependent,
which can be seen in the eq. (2.67), they have to be converted to match the HITRAN tempera-
ture. The following equation has been derived from the eq. (2.67) for this purpose:

I = () P gy —exp(_w%':)] A (6.8)
Q(Tr) exp(—w%;) - exP(—ch_T,)
where Q(T') is the partition function, E” and E' are the lower and upper energies, and the
subscripts e and h indicate experiment and HITRAN respectively. In practice, the terms
ezp(— 76%) in numerator and denominator are ignored as they are close to zero at T ~ 300K
in the wavenumber region studied here. The partition function for each temperature is ob-
tained from the HITRAN ftp site (cfa-fip.harvard.edu) where they are given in 1 K intervals
from 70 K to 3000 K. To obtain the partition function of 300.5 K, the average of functions
of 300 K and 301 K was taken. The following values were used for the intensity conver-
sion: Q(296) =175.113, Q(300.5) = 179.135 (uncertainties not provided), and k/hc =
0.6950356(12) cm~! K~! (Boltzmann constant). The intensities given in the Appendix (Ta-

ble A.1) are normalised to the corresponding values at 296 K.

In this work, the spectrum of Hy'80 enriched water vapour was analysed using two differ-
ent linelists, PS linelist and the new linelist calculated in this thesis. The first analysis was done
with the PS linelist, which lead to the assignments of 746 out of 911 lines. The second analysis
using the new linelist improved the assignments to 905 lines, of which 4 lines are identified
as belonging to H'60, leaving only 15 lines unassigned. The assignment techniques are well

established in this work and can be applied to the analysis of other spectra.
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Table 6.11: Comparison of observed strong H2'#0 lines in the PS linelist and the linelist
used in this work. Five strongest transition lines are selected for vibrational bands (221),
(400), (301), (202) and (103). “Obs. wn.” shows the observed wavenumbers in cm™?,

“Obs. int” is the observed intensities in cm molecule™!. The observed — calculated

values for PS linelist and this work are shown “PS” and “this work™ respectively (in

cm™1).

upper lower vib Obs. wn. Obs. int. PS  this work
6 2 4 5 0 5 221 13888.5317 0.109E-25 0.025 0.100
2 2 0 2 2 1 221 13625.6249 0.102E-25 0.154 0.167
4 0 4 3 0 3 221 13687.8664 0.967E-26 0.165 0.218
3 5 1 5 5 0 221 13669.3433 0.961E-26 —0.071 —0.149
4 1 3 3 1 2 221 13711.7410 0.938E-26 0.184 0.206
8 1 8 7 0 7 400 13900.5087 0.231E-25 — —0.145
6- 2°°5 5 1 4 400 139054961 0.145E-25 —0.094 —0.117
4 1 4 3 0 3 400 13864.0427 0.112E-25 0.010 —0.063
C [l e 2 0 2 400 13854.6822 0.109E-25 0.039 —0.076
3.0 3 3 3 0 400 13637.6465 0.102E-25 —0.128 0.094
2 2 0 2 2 1 301 13782.8862 0.871E-25 0.044 —0.133
o I 2 1 2 301 13847.2785 0.866E-25 0.031 —0.111
4 0 4 3 0 3 301 138654615 O0.852E-25 —0.043 —0.103
200 2 1 0 1 301 13837.0634 0.810E-25 0.042 —0.109
S oS 4 1 4 301 138735146 0.778E-25 —0.144 —0.121
4 4 1 4 3 2 202 14235.1234 0.424E-26 0.003 —0.064
SN2 3 1 2 202 14208.4158 0.238E-26 —0.027 0.050
5 4 1 5 3 2 202 14220.2559 0.232E-26 -0.104 —0.076
4 1 4 5 0 5 202 14071.3350 0.221E-26 —0.037 0.055
1 1 0 1 0 1 202 14202.4546 0.218E-26 —0.021 0.075
4 0 4 3 0 3 103 14346.7957 0.167E-25 —0.052 —0.039
3 1 3 2 1 2 103 14328.7232 0.160E-25 0.002 —0.037
20 U0 1 0 1 103 14318.6448 0.150E-25 0.010 —0.035
2020 ) 2 2 1 103 14262.1167 0.143E-25 0.018 —0.051
I S 4 1 4 103 14355.0145 0.134E-25 -0.120 —0.046
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6.4 Assignments of the 1”0 spectrum

The absolute intensities of 17O spectrum was calculated using the eq. (6.6), which gives:
I =1.4984 x 10726 x EW/19.6 (6.9)

in cm molecule™?, including the scaling factor for natural abundance. The intensities given in
the Appendix (Table A.3) are scaled for natural abundance and normalised at 296 K using the
partition functions Q(301) = 1074.801 and Q(296) = 1047.931 (from cfa-fip.harvard.edu,

uncertainties not provided).

The 170 spectrum covers the 3v + § and 4v polyad region, which is next to the spectral
region previously studied by Camy-Payret et al. [32]. Analysis of the 170 spectrum was made
using the calculated H2'7O spectrum (see section 5.2). Figure 6.5 shows the comparison of
experimental and calculated spectrum in the range 11330 — 14520 cm™!. The intensities of
both spectra are scaled to match the natural abundance, however the different scales for in-
tensity axes are used to get a clearer comparison. In the calculated spectrum the first region,
3v + § polyad, is much stronger than the second region, 4v polyad, but in the experimental
spectra these two regions show similar strengths. As the figure shows, the intensities of two
spectra agree in 3v + § polyad region but strongly disagree in 4v region. Figure 6.6 gives the
same comparison covering only the 4v region using similar scales for the intensity axes. The
two spectra seem to agree well, although some weak lines in 14000 — 14500 cm™! were not
observed experimentally. Comparing Figure 6.5 and 6.6, I found that the intensities of two
spectra in the 3v + 4 region strongly disagree. The possible reasons may be the overestimation
of bending mode strengths in the calculated spectrum caused by the ab initio DMS used and
incorrect derivations of the experimental intensities. Two separate experimental runs, one for
3v + 4 and the other for 4 polyad, are combined in this work for analysis. Two spectrum were
measured in very similar conditions (see section 6.1) and the intensities of each spectrum were
calculated according to its condition. The derivation of the intensities was thoroughly checked

and no mistake could be found.

In order to see the effect of the ab initio DMS on the calculated intensities, Figure 6.7
was plotted using the H,160 lines taken from the HTTRAN2000 database [33]. The intensities

for 3v + § and 4v polyad are in fact similar in this figure, suggesting that there is a severe
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Figure 6.5: Comparison of experimental Ho'7O spectrum with the calculated spectrum in
the range 11330 — 14520 cm!. The intensities of experimental and calculated spectrum

are scaled for the natural abundance of Hy'7O.

13500 14000 14500
2e-26 3| 9 T T T T
N | experimental spectrum l_
1e-26 pul
'.‘_Es .
£
=
2 0
> |
(2]
=
£ 4
£
1.5e-26 —
I [71 calculated spectrum |
- | . 1 i I
—_ 13500 14000 14500

wavenumber (cm")
Figure 6.6: Comparison of experimental H2!7O spectrum with the calculated spectrum

in the range 13330 — 14520 cm~!. The 4v polyad of the above graph is shown using
different scales in the intensity axes.
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Figure 6.7: Spectrum of H2'®0 in the range 11000 — 14520 cm ™. The data was taken
from the HITRAN2000 [33].

overestimation of the intensity for the bending mode in the calculated spectrum. For making
assignments, the calculated intensities of two polyad regions should be scaled differently to
match the experimental spectrum. This could be done by selecting a few strongest experimental

lines in each region and comparing them with the calculated lines to get the ratios of intensities.

In this work, I assigned 823 lines out of 845 lines attributed to Hy'7O, leaving only 22
lines unassigned. Assignments were first made by following the procedure established in the
earlier work (see subsection 6.2.1) using the calculated H,'70 spectrum. Those assignments
were later re-analysed by O. Naumenko (private communication) using the linelist generated
by Tashkun (see subsection 6.3.2) to obtain the best assignments. Table 6.12 gives the sum-
mary of the observed energy levels determined in this work. All the lines originate in the (000)
ground vibrational level and are assigned to 15 different upper vibrational levels. Band origins
of (131), (211), (013), (221), (301) and (103) are newly observed at 11792.827, 12132.993,
12541.226, 13631.500, 13812.158 and 14296.280 cm ™1, respectively. As was recognised in
the analysis of the 80 spectrum, the ratios of Hy!7O to H2'60 energy levels were constant

within the vibrational levels. Also the systematic differences in observed and calculated en-
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Table 6.12: Summary of H,'"O energy levels determined with the newly calculated
linelist. Bands are labelled using normal mode (left) and local mode (right) notations.
No. of levels shows the number of newly determined energy levels. No. of trans. shows
the number of transitions to the vibrational bands. Uncertainties of the band origins are
estimated to be 0.3 x 10~2 cm by taking the average of the uncertainties of energy levels
determined by more than one transitions.

Band Origin (cm™") No. of levels No. of trans.
(003)or21-0 — 1 1
(131)or 103 11792.827 31 47
(310) or 30*1 — 25 35
(211) or 301 12132.993 71 189
(112) or21*1 45 45
(013)or21-1 12541.226 38 65
(141) or 204 - 1 1
(320) or 3012 —_ 3 5
(221) or 30—2 13631.500 46 100
(042)or 11 4 — 1 1
(400) or 4010 31 55
(301) or40-0 13812.158 74 192
(202) or 3110 —_ 13 19
(103) or31-0 14296.280 35 65
(071)or 10™7 — 2 3

Total 402 823

ergy levels were seen, which helped to check the validity of the energy levels derived. Many
levels were confirmed by combination differences, especially those in (211) and (301) vibra-
tional states, which makes the derived energy levels much more reliable. Table 6.13 gives the
newly determined energy levels of the 3v + § polyad, (131), (310), (112), (211) and (013) and
Table 6.14 gives the energy levels of the 4v polyad, (221), (400), (301), (202) and (103). The
number of lines assigned to each level is also given in those tables. I noticed that not many tran-
sitions belonging to the (400) and (202) vibrational states were observed compared to Hy'20.
Large number of lines are assigned to the (211) and (301) states, which are the strongest bands

in 3v + ¢ and 4 v polyad respectively.
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Table 6.13: H,'70 experimental energy levels for 3v + & polyad de-
termined determined using the newly calculated linelist. Energy levels
are given in cm™!, and the uncertainties (A) are in 10™% cm™!. The
levels determined from more than one transitions were averaged and the
standard deviations are given as the uncertainties. Uncertainties for the
levels determined from a single transition are not given but they are esti-
mated to be 0.3 x 102 cm™~'by taking the average of the uncertainties
of energy levels determined by more than one transitions. The number
of transitions assigned to each level (no.) are also given below.

J K, K. (3Dor3072 A no. (310)or4070 A no. (112)or4000 A no.
0 0 0 11792.8270 1

1 0 1 11816.0537 1 12144.9824 1 12411.9340 18 2
1 1 1 11838.4418 5 2 12158.9712 3 2

1 1 0 12430.9219 19 2
2 0 2 11861.3331 16 2 12456.1601 1
2 1 2 12198.0412 1 2 12465.4507 147 2
2 | 1 11897.1730 5 2

2 2 1 11962.4996 1 12256.3772 74 2 12522.3828 58 3
2 2 0 11963.6154 23 2

3 0 3 12252.4503 1 12519.5698 46 3
3 1 3 11938.3818 49 2 12257.6918 1 12524.7876 93 3
3 1 2 11975.0421 62 3 12290.7250 1 12557.8350 7 2
3 2 2 12032.2341 17 3 12324.8421 1 12590.8993 103 2
3 2 1 12330.8805 1 12597.3024 1
3 3 1 12151.8310 1 12671.0575 65 2
3 3 0 12151.9570 1 12671.5166 22 °
4 0 4 12009.8451 2 2 12600.4251 2 2
4 1 4 12016.9164 1 12335.5713 1 12602.6656 8 2
4 1 3 12076.7843 2 2

4 2 3 12415.0421 76 3 12681.0430 11 2
4 2 2 12138.6551 43 2 12697.7851 1
4 < 2 12246.9012 1 12499.8092 1 12765.0880 1
4 4 0 12402.7287 1 12609.0992 1

5 0 5 12430.2763 1 12696.9954 55 2
5 1 5] 12431.3983 1

9 1 4 12775.5867 62 2
5 2 4 12237.6980 1 12526.3787 65 3

5 2 g 12824.4443 171 2
5 3 3 12365.5396 1 12881.8836 1
S 3 2 12621.4338 1

5 4 2 12521.6251 30 2

5 5 1 12711.0736 1 12860.9134 1

5 5 0 12860.9565 1

6 0 6 12226.1379 91 2 12811.3285 1
6 1 6 12544.7486 1

6 1 5 12346.8674 1

6 2 5 12372.0140 1 12653.0895 37 3

6 3 4 12755.6059 1

6 3 3 12516.2817 1

6 4 3 12668.3660 48 2 13130.3224 1
6 5 2 13001.7367 1

6 5 1 12855.1317 1

7 0 7 12942.5099 1
7 1 6 13066.5339 1
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Table 6.13: Continued.

J K. K. (131)or3072 A no. (310)or40T0 A no. (112)or40 0 A no.
7 2 6 12805.9320 1
7/ 3 %) 12670.6542 32 2 12916.3128 1
7 4 4 12833.0718 1

7 5 2 13022.6950 1

8 3 6 13099.6200 1
9 3 7 13293.1931 1
J R, MK, "(21l)or 31550 A no. (013)or3170 A no.
0 0 0 12132.9926 1 12541.2255 1
1 0 1 12155.5984 1 12564.3523 1
1 1 1 12169.3362 1 2 12576.6252 19 2
1 1 0 12174.8813 4 2 12582.3249 |
2 0 2 12200.7670 8 4 12608.9977 21 2
2 1 2 12209.3528 11 3 12617.1894 1
2 1 1 12225.9269 1 2 12634.2644 19 3
2 2 1 12266.2846 1 2 12670.6950 1
2 2 0 12267.6658 14 3 12672.2563 64 2
3 0 3 12263.6774 16 3 12672.9042 78 2
3 1 3 12268.6267 10 4 12677.1228 25 2
3 1 2 12301.3584 8 3 12710.8800 1
3 2 2 12334.6017 3 4 12740.1756 21 3
3 2 1 12340.9859 7 4 12747.3071 1 2
3 3 1 12415.2616 5 2 12814.6859 29 2
3 3 0 12415.4868 2 2 12814.9707 1
4 0 4 12344.1671 14 3 12753.4093 13 2
4 1 4 12346.5119 2 3 12755.6796 2 2
4 1 3 12399.5286 2 3 12810.2971 116 2
4 2 <] 12424.5479 1 4

4 2 2 12441.1762 88 5 12849.6845 8 2
4 3 2 12508.6554 3 3

4 3 1 12510.1495 6 4 12912.0019 21 2
4 4 1 12616.3927 107 2

4 4 0 12616.4180 S5 2 13008.4913 16 2
5 0 5 12441.4249 5 3 12851.1988 1
5 1 i) 12442.4230 9 3 12852.3327 65 3
5 1 4 12517.8863 9 3 12929.9133 50 2
5l 2 4 12535.3605 7 4 12943.3543 66 3
5 2 3 12567.5903 29 3

5 3 3 12625.1817 63 3 13029.0456 33 3
5 3 2 12630.5907 9 2

5 4 2 12733.6258 2 13131.3836 1
5 4 1 12733.8941 22 3

5 S 1 12868.9415 1 13250.3335 1
6 0 6 12555.5284 84 3 12965.8737 39

6 1 6 12555.9686 3 2

6 1 5 12658.9386 41 4 13067.1649 3 2
6 2 5 12662.1023 1

6 2 4 12718.4670 32 4 13131.2210 1
6 3 4 12764.1664 51 3

6 3 3 12778.0408 4 4 13186.7117 1
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Table 6.13: Continued.

<
&
X

(211) or 3170 A no. (013)or3170 A no.

12874.5182 82
12875.7361 138

12981.2561 6
13083.8433 3
13152.8584 104

3

2

2 13009.9996

1 13010.0119 53 13392.3455 1
0 13175.3684

7 12686.6444

7 12687.1818 73 13097.7781 10 2
6 12811.8811 7

6 12813.5677 19 13226.4309 1
5 12891.4722

5 12924.6604 6

4 12952.6081 59

4 13038.7866 48

3 13174.6700 31

2 13339.9786

1 13463.0968

8 12835.2843 17 13246.7796 1
8 12834.2447 98

7 12979.8316 96 13390.7644 1
7

6

5

4

OV OWOVOWOVWWOWOWWO 000000000000 \NNNNNNNNNNNTITOAOANO O

N =B W= = O WNMERR)OWUMALWNNN = =ONNAANAEWWLUNNE==OONWVWNAELEL
bt e b e e ek bt DD e b D) = N RS N = W RN NN WEN = =ENDWNW = RANWS =D =N

13236.1303

3 13363.6235 104
9 12999.1309

9 12999.8610 1
8 13166.3908

8 13166.4592 29
6 13376.2800
6 13435.8965

10 10 13181.6211 10
10 10 13181.5762
10 9 13365.2113
10 9 13368.7393
10 8 13524.2799
10 7 13618.9376
10 6 13703.5978
11 11 13380.8360
11 10 13586.3256
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Table 6.14: H,'70 experimental energy levels for 4v polyad determined
determined using the newly calculated linelist. Energy levels are given
in cm~!, and the uncertainties (A) are in 10~* cm™!. The levels de-
termined from more than one transitions were averaged and the standard
deviations are given as the uncertainties. Uncertainties for the levels de-
termined from a single transition are not given but they are estimated to
be 0.3 x 1072 cm~ by taking the average of the uncertainties of energy
levels determined by more than one transitions. The number of transi-
tions assigned to each level (no.) are also given below.

<

K, K. (21)or3002 A no. (400)or4070 A no. (301)or40°0 A no.
0 0 0 13631.4998 1 13812.1581 1
1 0 1 13654.2642 16 2 13832.0822 1 13834.4868 2 2
1 1 1 13670.9894 22 2 13845.2106 2 2
1 1 0 13676.8512 102 2 13850.3361 31 2
2 0 2 13698.3033 1 2 13875.3762 1 138779188 126 3
2 1 2 13710.8775 25 2 13882.6000 63 2 13884.7502 2 3
2 1 1 13728.2833 10 3 13900.0868 11 4
2 2 1 13777.3865 12 2 13930.0874 27 2 13932.2834 13 2
2 2 0 13778.6777 29 2 13933.7251 107 3
3 0 3 13762.7558 12 2 13937.3000 1 13939.1615 5 3
3 | 3 13769.5453 37 3 13941.4661 30 3 13943.3478 9 4
3 1 2 13804.3964 70 2 13971.2770 1 13973.5643 8 3
3 2 2 13845.8696 116 3 13997.1913 24 2 13999.2750 12 4
3 2 1 13851.8891 23 3 14005.7926 6 3
3 3 1 13940.4279 66 4 14066.1348 1 2
3 B 0 13940.6957 22 3 14066.3992 24 2
4 0 4 13843.3683 16 2 14016.2968 144 2 14018.9488 24 4
4 1 4 13847.0242 82 2 14017.3155 1 14020.0155 8 3
4 1 3 13903.7095 69 4 14066.9301 1 14069.1084 36 4
4 o 3 13936.4372 1 14085.4137 13 2 14087.3319 6 4
4 2 2 13952.1476 28 3 14104.0135 6 4
4 3 2 14034.0933 39 3 14155.8038 94 3 14157.7875 19 3
4 3 1 14035.2100 2 2 14159.5107 41 4
4 4 1 14158.7317 1 14246.2406 1 14248.2433 16 2
4 4 0 14158.7618 9 2 14248.2803 12 2
8 0 5 13940.6331 1 141119169 Y 2 14114.3492 47 3
5 1 5 13942.4014 97 3 14114.6857 11 2
5 1 4 14024.0463 28 2 14182.4381 5 2 14184.3826 10 3
5 2 4 14044.4375 1 14193.8149 89 2 14195.5210 19 4
5 2 3 14079.0616 1 £ 14225.1621 70 2 14227.4520 16 4
5 3 3 14150.7493 34 3 14272.0880 6 4
5 3 2 14276.1663 61 4 14278.2068 32 3
5 4 2 14363.4819 53 4
5 4 1 14276.2372 1 14361.8791 1 14363.8161 33 23
5 5 1 14483.4614 39 2
6 0 6 14054.3897 19 2 14225.0239 1 14226.2142 51 4
6 1 6 14055.3348 5 2 14227.0428 5 2
6 1 5 14163.5847 1 14315.6531 1 14317.3842 49 4
6 2 5 14176.1235 1 14321.5460 46 4 143229211 70 3
6 2 4 14231.9413 27 4 14374.0987 21 4
6 3 4 14406.5968 49 6 14408.2357 21 2
6 3 3 14301.2455 48 3 14421.3248 1 14423.5510 49 5
6 4 3 14500.1621 1 14502.0563 48 3
6 4 2 14417.9574 91 3 14503.5418 41 3
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Table 6.14: Continued.

J K, K. (221)or3072 A no. (400) or 4070 A no. (301)or40°0 A no.
6 5 1 14623.1371 1 14565.4267 74 3
6 6 0 14657.6201 1 14724.6010 1
7 0 7 14356.0059 2 2
7 1 7 14186.2854 45 2 14356.0166 3 3
7 1 6 14460.9097 1 14467.5783 81 3
7 2 6 14325.9349 1 14463.7052 1 14468.2797 38 2
7 2 5 14538.8675 1 14541.4606 34 3
7 3 5 14451.0921 1 14563.6204 1 14565.4924 53 3
7 3 4 14595.2907 53 2
7 4 4 14581.5782 1 14663.6429 1
7 4 3 14668.4256 1
7 ) 3 14786.2136 1 14728.5412 2 2
7 6 2 14885.7617 1
8 0 8 14333.1480 1 14502.3917 113 3
8 1 8 14502.4304 1
8 1 7 14491.3829 1 14631.7914 14 3
8 2 7 14632.2455 39 2
8 2 6 14727.0458 84 2
8 3 6 14632.4765 1 14741.2305 1 14742.5394 79 2
8 3 5 14791.5588 60 3
8 4 4 14859.7879 1
9 0 9 14665.8194 1
9 1 9 14665.9263 5 2
9 1 8 14813.1795 103 2
9 2 8 14679.5280 1 14813.3265 1
9 3 d 14938.8225 1
9 4 6 15053.7963 1
10 0 10 14846.2066 21 2
10 1 10 14846.1965 1
10 1 9 14887.3177 1 15011.5292 58 2
10 2 9 15011.5906 1
J K. K. (@02or31"T0 A no. (103)or3170 A no.

0 0 0 14296.2795 1

1 0 1 14225.9041 1 14318.8785 76 2

1 1 1 14328.8804 24 2

1 1 0 14241.9308 1 14334.1611 18 2

2 0 2 14362.4255 17 2

2 1 2 14276.2847 40 2 14368.8583 38 3

2 1 1 14291.7384 57 2 14384.6451 20 3

2 2 1 14414.4601 12 2

2 2 0 14416.0613 7 2

8 0 3 14330.9227 51 3 14424.4517 1

3 1 3 14427.9272 24 3

3 1 2 14365.3140 30 2 0

3 2 2 14482.7874 103 3

3 2 1 14397.4700 1 14489.7984 1 2

3 3 1 14545.4210 109 2

3 3 0

4 0 4 14503.4441 1

4 1 4 14411.4056 9 2 14505.9555 43 2
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Table 6.14: Continued.

J K. K. (202)or3170 A no. (103)or31°0 A no.
4 1 3 14555.3207 1 2
4 2 3 14572.5421 1
4 2 2 14589.8338 5 3
4 3 1 14645.5994 90 2
4 4 1 14633.9099 1

4 4 0 14722.2256 1
5 0 5 14599.2170 37 2
5 1 5 14599.2452 10 2
5 1 4 14670.8963 81 2
5 2 4 14683.4617 9 2
5 2 3 14620.3715 1 14714.9744 1
5 3 3 14762.5942 1
5 4 1 14745.6150 1

6 0 6 14711.9508 16 2
(9 1 6 14712.0534 1
6 1 5 14803.4604 9 2
6 2 4 14863.0522 79 2
6 3 3 14820.1068 1

6 S 2 15009.2314 1

T 0 i 14841.6965 1
7 1 7 14841.5538 8 2
7 2 6 14952.6422 1
4 2 5 15031.1727 1
8 0 8 14988.5684 1
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6.4.1 Discussion and Conclusions

The spectrum of isotopically enriched Hy'7O water vapour covering the 3v + § and 4v polyad
was analysed in this work. The original experimental spectrum contained a significant number
of lines belonging to Ho'60 and H,'80 because of high concentrations of those isotopologues
in the sample. A great deal of time was spent to attribute each line to an appropriate water
isotopologue. There were nearly 4000 lines observed between 11335 — 14520 cm ™}, of which
845 lines were attributed to Hy17O.

The problem with the ab initio DMS used in the calculation of the linelist (see section 2.12)
caused the severe overestimation of intensities in the 3v + § polyad. The severity of overesti-
mation was less apparent in the previous 20 analysis because the spectrum covered only the
higher end of the polyad. The 17O spectrum, on the other hand, covers the entire 3v + & polyad
and gave a clear picture to this problem. It is estimated that the calculated intensities in this

polyad region are about 15 times stronger than the experimentally observed values.

In this work, the spectrum of Hy17O water vapour was analysed and 823 out of 845 lines
were assigned in the range of 11335 — 14520 cm™—!. The highest wavenumber listed for H,17O
in the HITRAN2000 is 11143 cm™~!, which is considerably low compared to that for H'60
and H,!20. Unlike the H,'30 lines analysed in the previous section, the Ha'7O lines analysed
here will not be included in the next edition of the HITRAN because this work was completed
when the preparation for the next HITRAN was well under way. The results presented in this
thesis, however, should be included in the HITRAN in the near future as the line assignments

given here show high reliabilities.

130



Chapter

Analysis of Cavity Ring-Down Spectra
of Hy'30 and Hy170

M. Sneep and W. Ubachs at the Vrije Universiteit (Amsterdam, the Netherlands) recorded
absorption spectra of H'80 and H17O water vapour in 16570 — 17125 cm™! range using
the cavity ring-down spectroscopy (CRDS). The spectra cover the entire 5v polyad, which lies
in a window used for the remote sensing [49] and the highest wavenumber region analysed
to date for Ho'80. Earlier, Naus et al. [16] studied the same wavenumber region for natural
abundance water using the same CRDS technique. This work concentrated on H2'60 lines but

also tentatively identifies some transitions due to Hp!20.

In this work, I have first analysed the Hy'8O spectrum using the newly calculated linelist
presented in Chapter 5 and assigned 375 out of 596 lines identified as belonging to Hp'80 . 1
then analysed the H'7O spectrum using the calculated H>'7O linelist and assigned 261 out of

375 lines attributed to H,'7O. In this chapter, the analyses of two spectra will be presented.

7.1 Analysis of the H,'%0 spectrum

7.1.1 Experimental Details

The following details were supplied by M. Sneep (private communication) who carried out the

measurement of the H'80 spectrum using the CRDS.
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Wavelength tunable laser pulses with a bandwidth of ~ 0.06 cm™!, produced by a Nd:YAG
pumped dye laser system (Quanta Ray PDL-3) were used in a generic pulsed CRD experiment.
The ring-down cell was 86.5 cm long and a single mirror set, with reflectivities varying between
99.97 % near 16500 cm~! and 99.995 % near 17000 cm—!, was used over the entire wavelength
range. The radius of curvature of the mirrors is 1 m, and the stable cavity was aligned such that
the statistics on the weighted residuals of a least squares fit were fully explained by contribu-
tions from Gaussian noise caused by the electronics and Poisson noise caused by the photon

shot noise [133].

Before starting the measurements, the cell was heated to about 60 °C and flushed with dry
nitrogen to remove as much of the natural water vapour from the cell as possible, without risk
of damage to the mirrors. The liquid isotope enriched water — Euriso-top 96.5 % atom 80,
0.6 % atom 170, 2.9 % atom 0 — was injected into the cavity while flushing the opening
with a continuous dry nitrogen flow. The cell was then closed and partly evacuated, and several
hours was allowed for the pressure to stabilise. In order not to loose isotopically enriched water,
part of the dry nitrogen was left in the cell. The temperature in the cell was measured and the
partial water vapour density in the cell was calculated assuming saturation density. The partial
water vapour pressure at the set temperature corresponds to 24 mbar. To avoid condensation on

the mirrors, the mirror-mounts were gently heated.

Data points were taken at a step size of 0.008 cm™! with averaging of five laser pulses at
each laser frequency. The decay transients were detected using a photomultiplier tube, fed into
a digital storage oscilloscope and then transferred to a computer where a least squares fitting
routine was used to estimate the decay rates. This fitting routine is the same as the one used
in aligning the cavity. These decay rates contain both the water vapour absorption spectrum
and a background signal caused by the losses of the empty cavity; this smooth background was
subtracted from the spectrum before analysing the resonance features. By recording an iodine
spectrum simultaneously with the cavity ring-down spectrum a wavenumber calibration was

obtained by comparing and interpolating the iodine spectrum against a reference atlas [166].

The spectra were searched by a computer program for possible locations of resonance fea-
tures. A Voigt profile was then fitted to each of these candidate locations, yielding the central

wavenumber, line width and intensity. The entire spectrum was visually inspected to ensure
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that all the fitted features were actual lines. Given the step size, the laser bandwidth and the
width of the fitted lines, the one standard deviation uncertainty on the central wavenumber is
estimated to be 0.01 cm™!. The integrated line intensities, before corrections associated with
H3!%0 contamination in the sample, were calculated using the fitted line parameters. Several
uncertainty contributions can be distinguished in cavity ring down spectroscopy: statistical ef-
fects, on the order of a few per cent in this experiment, a systematic underestimated absorption
cross section on narrow band absorbers [135] and saturation effects related to non-exponential
decay in the ring down transients of the strongest lines. An additional uncertainty that is spe-
cific for this experiment is the uncertainty in the isotopic content of the ring-down cell. An
estimate of the isotope ratio of H»'60 and H,'80 is given below, but a few per cent uncer-
tainty must be added to the uncertainty budget. The total uncertainty on the line intensities is

estimated to be 15 %.

Despite best efforts to avoid contamination of the isotope enriched sample, several lines
of H2'%0 were visible in the measured spectrum. To weed out these H'60 lines and identify
which lines are H2'80 lines, we compared our new spectrum with the previously measured
spectrum by Naus, by plotting both in a single graph and manually assigning each line to either
H,1%0 or H,80; see figure 7.1 for a short section of both spectra. In figure 7.1 the vertical
axes are given in terms of a cross section per molecule. From the integrated intensity ratio of
the H'60 lines in both spectra, the isotope ratio in the spectra can be estimated. Using this
approach yields a Hy'60 contamination of about 10 %. The integrated line intensities in the

full spectrum are corrected for the isotope ratio in the cell.

The comparison between the measurements on the two isotopes clearly shows that the
H,!80 lines are broader than the H,'60 lines, the difference being caused by the pressure
conditions during the measurements. The FWHM of the lines is ~ 0.13cm™! after fitting the
lines to a Voigt profile. This broadening beyond the laser linewidth of 0.06 cm™! is a result
of collision broadening. Doppler broadening and self broadening at 24 mbar of water vapour
yields a width of 0.09cm™1, the remainder of the broadening is attributed to nitrogen left
behind in the cell during partial evacuation. The integrated intensities should be unaffected by
the collisional broadening, and since the cell was saturated with water vapour, the density of

the water vapour is known.
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Figure 7.1: A portion of the measured spectrum in H,'80 enriched water (top), compared
with the natural water vapour spectrum previously measured by Naus et al. [16] (bottom).
Lines only present in the top graph are H,'80 lines. The pressure at which the top graph
was measured was 24 mbar, while the bottom graph was measured at about 16 mbar. The
vertical axis in the top graph is a cross section per molecule H,'20, the lines of H2'0 in
this graph are scaled with the isotope ratio. The figure is provided by M. Sneep (private
communication).
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7.1.2 Assignment Results

Absolute intensities in HITRAN unit (cm molecule~!) were calculated using an approximated
Voigt profile, which is created by a linear combination of a Gaussian and a Lorentzian profile.
The intensity is obtained as a linear combination of Gaussian and Lorentzian intensities with

ratio decided by the damping parameter b, such that:

1 T NZ3
I=hxIx— 1-b)=+0b 7.
X chx[( )2+ 5 '_—1n2] (7.1)

where h is the line profile height (in s~1), T is the FWHM of the profile (in cm™!), c is the
speed of light (3x10% cm s™1), p is the density (5.91x10'7 cm™3) and b is the fraction of
Gauss in the Voigt profile used in the fit. Eq. (7.1) can be rewritten as;

I=Ax5640 x 107%° (7.2)

where A, the fit area (in cm™! s71), is A x I' x [(1 — b))% + bz\/%]’ which is determined
by the experimental spectrum. For HITRAN, intensities should be scaled to natural abundance
of Hy'80. The natural abundance of H,'80 according to HITRAN [33] is 0.199983 %. In
this experiment, the sample contained 96.5 % of H,!80 but the contamination of H60 is
estimated to about 10 %, this leaves about 90 % of H2'80 present in the sample. The scaling
factor of intensities would be 0.199983 / 90. Eq. (7.2) changes to:

I=Ax125x10"% (1.3)
The intensities given in the Appendix (Table A.2) are scaled to the natural abundance.

The assignments were carried out using the newly calculated linelist presented in Chap-
ter 5. One of the motivations for calculating the new linelist was to analyse this experimental
spectrum. The PS linelist [42] does not contain many transitions in this region and the un-
certainties in wavenumbers are often large. Figure 7.2 shows the comparison of the measured
H,!80 spectrum with the calculated spectrum. In the figure, disagreements in intensity can be
seen in some regions, particularly in the 16900 — 17000 cm™! range. There are two possible
causes for this, i) the underestimation of intensity in the cavity ring-down spectrum, ii) the
overestimation of intensity for bending modes due to the problem in the ab initio DMS, which
was discussed previously. Unlike FTS spectrum, less reliance could be placed on intensities

when making the assignments.
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Figure 7.2: Overview of the H»'®O experimental spectrum and the calculated spectrum
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Figure 7.3: Experimental spectrum in the 16695 — 16715 cm ™! range with the assign-
ments. * indicates H'®O lines and + indicates unassigned Hy'2O lines.
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Table 7.1: Summary of H2'80 energy levels determined in this study. Bands are labelled
using normal mode (left) and local mode (right) notations. No. of levels shows the number
of newly determined energy levels. No. of trans. shows the number of transitions to the
vibrational bands.

Band Origin (cm™1) No. of levels No. of trans.
(340) or 3074 —_ 11 20
(241) or 3074 — 7 12
(043)or21—4 — 3 3
(142) or 21+4 — 12 19
(222) or 3112 — 9 7
(420) or 40+2 — 29 39
(321) or 402 16775.381 42 83
(302) or 4110 — 1 2
(500) or 5010 16854.84 43 80
(401)or 5070 16854.991 50 110

Total 207 375

We assigned 375 of the 596 lines to 10 different upper vibrational levels. Table 7.1 gives
the summary of the result. All transitions originate in the (000) ground vibrational level. Two
new vibrational band origins were determined directly by transitions to their Ogg states: (321)
at 16775.381 cm™! and (401) at 16854.991 cm™!. The band origin for (500) can be estimated
to be 16854.84 % 0.02 cm™! using the empirically determined levels for this state with J > 0
and the systematic uncertainty in our calculations. Estimation of energy levels in this manner
has been shown to work well in the past [45]. Table 7.2 shows the newly determined energy
levels for (321), (500) and (401) vibrational bands labelled with both normal and local mode
notations. Obs — Calc shows the differences between an experimentally determined and the
theoretically predicted energy level. The systematic differences in Obs — Calc values were
observed in all the vibrational bands. These values were useful to check the reliability of

empirically determined energy levels.

Naus et al. [16] assigned 6 of their transitions recorded using natural abundance water to
H,80. We find one of their lines was previously mis-assigned. The 16761.672 cm™! line
was assigned to 313 — 414 401-000 (H,'80) but the correct assignment is 524 — 533 142-000
(H'%0). The 313 — 414 401-000 (H,'80) line lies at 16761.004 cm ™.
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Table 7.2: H,'80 experimental energy levels for the (321), (500) and
(401) vibrational states.Energy levels are given in cm™!, and the uncer-
tainties (A) are given in 10~% cm™!. The levels determined from more
than one transitions were averaged and the standard deviations are given
as the uncertainties. Uncertainties for the levels determined from a single
transition are not given but they are estimated to be 0.7 x 10~2 cm~!by
taking the average of the uncertainties of energy levels determined by
more than one transitions. Also given are the number of transitions as-
signed to each level and observed — calculated values (Obs—Calc).

J K, K. ((321)or4072 A no. Obs—Calc (500) or 5070 A no. Obs—Calc
0 0 0 16775.381 1 0.431

1 0 1 16797.751 113 2 0.436 16876.838 1 —0.152
1 1 1 16812.558 1 0.176 16887.674 84 2 —0.164
1 1 0 16818.257 1 0.132 16892.781 1 —0.145
2 0 . 16841.104 127 2 0.451 16919.565 1 —-0.177
2 1 2 16851.770 127 2 0.410 16926.727 95 3 —0.166
2 1 1 16868.947 120 2 0.405 16941.961 1 —0.187
2 2 1 16912.252 1 —0.042 16975.261 1 —0.297
2 2 0 16913.804 7 2 0.281 16977.073 | 0.126
3 0 3 16903.088 141 2 0.423 16979.733 48 4 —-0.070
3 1 3 16905.182 28 2 0.061 16984.457 113 2 —0.148
5 1 2 16943.465 77 2 0.392 17014.705 96 3 —0.145
3 2 2 16979.495 50 3 0.285 17041.940 21 2 —-0.114
3 2 1 16986.445 91 2 0.249 17048.278 14 2 —-0.104
3 3 1 17115.166 84 2 —0.054 17059.953 28 2 —0.328
3 3 0 17115.365 70 2 —0.085 17060.270 52 3 —0.258
4 0 4 16979.033 70 2 0.384 17058.157 1 —0.181
4 1 4 16983.912 1 —0.020 17060.221 1 —-0.196
4 1 3 17040.529 107 3 0.359 17109.231 113 2 —0.165
4 2 3 17067.391 1 0.284 17129.480 2 —0.060
4 2 2 17084.209 102 3 0.275 17145.664 56 2 —0.104
4 3 2 17206.628 1 —-0.292 17150.823 98 2 —0.125
4 3 1 17208.361 77 3 —0.065 17152.405 56 2 0.014
4 4 1 17250.003 1 —0.291
4 4 0 17318.857 127 2 0.217 17250.447 84 2 0.112
5 0 5 17076.303 1 0.033 17152.600 68 3 —0.154
5 1 5 17077.137 1 0.403 17152.692 127 2 —0.153
5 1 4 17157904 130 3 0.310 17223.347 1 —0.232
5 2 4 17175.241 107 3 0.252 17237.120 1 —-0.074
5 2 3 17207.731 49 4 0.259 17268.684 63 2 —0.044
5 3 3 17321.491 108 4 0.146 17263.668 116 3 —0.052
5 3 7. 17326.788 70 2 —0.012 17269.334 53 5 —0.062
5 4 2 17435.397 1 0.287 17363.369 1 —0.082
5 4 1 17435.068 7 2 —0.256 17363.475 55 3 -0.322
5 5 1 17496.634 1 —-0.217 17456.692 2 0.020
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Table 7.2: Continued.

J Ky nltc (321) or 40T 2 A no. Obs—Calc (500)or 5070 A no. Obs—Calc
5 5 0 17456.703 56 2 0.025
6 1 6 17263.546 14 2 —0.142
6 1 5 17293.138 31 3 0.238 17355.452 1 —0.087
6 2 5 17364.686 1 0.047
6 3 4 17458.118 86 3 —0.012 17399.119 63 2 0.475
6 3 3 17471.645 28 3 —0.019 17411.699 1 0.388
6 4 3 17499.669 1 0.255
6 4 2 17575.652 1 —-0.385
7 1 6 17503.917 84 2 0.237
7 2 6 17447.102 1 0.159
i 3 5 17616.343 56 2 0.097
7 3 4 17642.801 91 2 17575.265 80 3 —0.377
J K., K. (401)or5070 A  no. Obs—Calc
0 0 0 16854.991 1 —-0.259
1 0 1 16877.127 84 2 —0.165
1 1 1 16887.956 1 —0.180
1 1 0 16893.063 35 2 —0.173
2 0 2 16919.869 1 —0.202
2 1 2 16926.995 98 3 —0.166
2 1 1 16942.284 58 3 —0.164
2 2 1 16975.532 1 —0.165
2 2 0 16976.948 62 3 —0.155
3 0 3 16980.198 49 2 —-0.117
3 1 3 16984.835 42 2 —-0.120
3 1 2 17015.001 7 2 —0.140
3 2 2 17041.964 42 2 —-0.162
3 2 1 17048.333 1 —0.171
3 3 1 17061.423 107 4 0.071
3 3 0 17061.659 1 0.060
4 0 4 17058.363 1 —0.147
4 1 4 17060.411 42 2 —-0.163
4 1 3 17109.490 123 3 -0.159
4 2 3 17129.345 14 2 —0.145
4 2 2 17145.670 87 4 —0.131
4 3 2 17151.466 115 3 —0.026
4 3 1 17152.249 108 3 —0.057
4 4 1 17250.636 1 —0.259
4 4 0 17250.811 1 —0.060
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Table 7.2: Continued.

J K, K. (401)or5070 A no. Obs—Calc
5 0 5 17153.584 30 3 —0.148
5 1 5 17153.671 87 3 —0.150
65 1 4 17223.609 50 3 —0.146
5 2 4 17236.784 55 4 -0.122
5 2 3 17268.425 7 2 —0.110
) 3 3 17264.399 103 4 -0.077
5 3 2 17268.533 106 2 —0.401
5 4 2 17363.554 14 2 —0.343
5 4 1 17363.609 98 2 0.065
5 5 1 17456.947 91 2 —0.004
5 5 0 17456.722 1 —0.236
6 0 6 17264.145 91 2 —0.133
6 1 6 17264.166 141 2 —0.131
6 1 5 17355.477 26 3 —0.102
6 2 5 17363.699 113 2 0.200
6 2 4 17411992 112 3 -0.122
6 3 4 17399.527 101 5 -0.077
6 3 3 17409.519 1 —0.152
6 4 3 17499.726 28 2 —0.341
6 4 2 17501.234 77 2 —0.374
6 5 2 17593.567 42 2 0.047
6 5 1 17593.561 14 2 —0.023
6 6 0 17726.192 1 -0.215
i 1 7 17391.441 14 2 —0.141
8 0 8 17535.562 21 2 —0.128

7.1.3 Discussion and Conclusions

The Hy'20 spectrum analysed here will not be included in the next version of HITRAN (HI-
TRAN2004) but it can be in the near future. The CRDS data are not favoured by HITRAN
due to unreliability of the absolute intensities, and currently no data by CRDS is compiled in
the database. Although the uncertainties in the intensities in this experiment can be as high as
15 %, this is still an acceptable level considering some of the intensities of water lines in HI-
TRAN have more than 20 % uncertainties and HITRAN lacks all data for H,'8O above 15000
cm~!. Since this spectrum lies in the visible region where the solar radiation flux peaks, the

significance to the atmospheric science is undoubted.

In order to prepare for HITRAN, the absolute intensities need to be normalised to the
corresponding values at 296 K. The temperature of this experiment was 294 K. The effect of
heating the mirror mount to the sample temperature is considered to be minimal. The intensities

are normalised by following the procedure discussed in subsection 6.3.3. The partition function
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for 294 K is 173.336 and for 296 K is 175.113 (from cfa-fip.harvard.edu, uncertainties not
provided). The intensities given in the Appendix (Table A.2) are scaled for natural abundance
and normalised at 296 K.

In this work, the analysis of Hy'80 spectrum in the range 16570 — 17120 cm™! measured
using CRDS has been presented. We assigned 375 out of 596 lines attributed to H,'80 using
the newly calculated linelist. The wavenumber range analysed in this work is the highest for

H,'80 to date and the results should be useful for atmospheric and other studies.
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7.2 Analysis of the H,17O spectrum

7.2.1 Experimental Details

The experimental procedure and conditions are very similar to the Hy'®0 measurements (see
subsection 7.1.1). Isotopic composition of the sample water was: 83.8 % atom 170, 8.3 % atom
160 and 7.9 % atoﬁl 180), The contaminafioﬁ 6f H2160 was estimated to be about 10 % and
that of H,'80 is roughly the same because of the residuals from the sample cell and mirrors,
which were used for the previous H2'®0 measurements. This leaves about 80 % of sample
water belonging to H2!70, with an estimated error of about 5 %. To eliminate the H,60 and
H3!70 lines and to identify the lines belonging to Hy'70, the spectrum of natural abundance
water vapour by Naus ez al. [16] and the H2'8O spectrum analysed in the previous section (sec-
tion 7.1) were plotted with the Hp'7O spectrum in a single graph. Figure 7.4 shows a portion
of the graph with the natural abundance (top), Ho'7O (middle) and Hy'80 spectrum (bottom).
The H2180 lines are narrower than the H>170 and H,'80 lines because of the different pressure
conditions used in the experiments. Each line in the Hy!7O spectrum was manually attributed
to H2'%0, Hy170 or H,'80 by M. Sneep (private communication). After this procedure, 357

lines are identified as belonging to Hy170.

7.2.2 Assignment Results

Absolute intensities (in cm molecule~!) were calculated as follows:
I=Ax3.161 x 10732 (7.4)

where A is the fit area (cm~! s™!) provided in the experimental spectrum. The density of
H,!70 in the sample was 4.90x10'7 cm 3. Natural abundance of Hy'70 is 0.0372 % in
HITRAN [33], therefore the intensity scaling factor is 0.0372/80. Eq. (7.4) includes the scaling
factor. Intensities listed in the Appendix (Table A.4) are scaled to the natural abundance and
normalised at 296 K (HITRAN temperature) using the partition function Q(294) = 1037.253
and Q(296) = 1047.931 (from cfa-fip.harvard.edu).

Figure 7.5 shows a comparison of the experimental spectrum with the calculated spectrum.

Similar to that of H2'80 spectrum, disagreements in intensities are observed throughout due to
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Figure 7.4: A portion of the measured spectrum of H,'7O (middle) compared with nat-
ural abundance spectrum by Naus et al. [16] (top) and H5'80 spectrum analysed in the
previous section (bottom). The markers indicate line positions of the different isotopo-
logues — H2'%0 (+), H2'70 () and H2'®0 (). The figure is provided by M. Sneep

(private communication).
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Figure 7.5: Overview of the H,'7O experimental spectrum and the calculated spectrum
in the 5v polyad region. The intensities of the experimental spectrum are not scaled to its
natural abundance.

less reliable intensity measurements in CRDS experiments and the problem with the ab initio
DMS used for the calculation. However, it is not possible to determine which factor affects

more strongly.

In this work, 261 out of 357 lines attributed to H2'7O have been assigned. All the transitions
originate in (000) vibrational ground level and are assigned to 9 different upper levels includ-
ing (321), (500) and (401). The summary of energy levels derived can be found in Table 7.3.
The band origins for (321) and (401) are newly determined at 16796.723 and 16875.620 cm™!
respectively and for (500), it is estimated at 16875.40 £ 0.02 cm™! from the calculated en-
ergy levels as it was not directly observed experimentally. The band origin for (500) has not
been observed for either Hy'%0 or Hy'80. The ratios of Ho'7O to H2'%0 energy levels were
again constant within each vibrational level. The differences in observed and calculated Ho'7O
energy levels, Obs—Calc, were pretty systematic although for (321) level, the trend was less
obvious. The energy levels and Obs—Calc values for the (321), (500) and (401) vibrational

levels are tabulated in Table 7.4.
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Table 7.3: Summary of H,'7O energy levels determined in this study. Bands are labelled
using normal mode (left) and local mode (right) notations. No. of levels shows the number
of newly determined energy levels. No. of trans. shows the number of transitions to the

vibrational bands.

Band Origin (cm™") No. of levels No. of trans.
(340) or 3074 — 4 5
(241) or 30~ 4 — 6 6
(043) or 21-4 — 3 3
(142) or 2174 — 10 10
(222) or 3112 — 7 7
(420) or 4072 — 28 38
(321) or40—2 16796.723 41 53
(500) or 5070 16875.40 38 50
(401) or 50°0 16875.620 54 89

Total 191 261

7.2.3 Discussion and Conclusions

Fewer lines were attributed to H3!7O in this spectrum compared to the H'80 lines in the
H,'80 spectrum. This is because the sample used in this experiment contained lower concen-
tration of Hy'70 and also the spectrum was significantly contaminated by H160 and H,!20.
For the strongest vibrational level in this polyad region, the (401) vibrational mode, many en-
ergy levels are confirmed by combination differences, however, for the less strong mode like
(321) and (500), energy levels were determined from a single transition in many cases. The
energy levels determined from a single transition is less reliable than those confirmed by com-

bination differences.

The Hy'70 water vapour spectrum in the 5v polyad measured by CRDS has been analysed
and 261 out of 357 lines are now assigned. This is the highest wavenumber region to be
studied for Hy17O. This spectral region has significant importance in atmospheric modelling as
it is close to the absorption peak of solar radiation. This work should contribute to solving the

missing absorption problem of the Earth’s atmosphere.
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Table 7.4: H,'7O experimental energy levels for the (321), (500) and
(401) vibrational states.Energy levels are given in cm ™!, and the uncer-
tainties (A) are given in 10% cm™!. The levels determined from more
than one transitions were averaged and the standard deviations are given
as the uncertainties. Uncertainties for the levels determined from a single
transition are not given but they are estimated to be 0.6 x 1072 cm by
taking the average of the uncertainties of energy levels determined by
more than one transitions. Also given are the number of transitions as-
signed to each level and observed — calculated values (Obs—Calc).

J K., K. (321)ord40™2 A no. Obs—Calc (500)or 5070 A no. Obs—Calc
0 0 0 16796.723 1 —0.022

1 0 1 16897.358 1 —0.121
1 1 1 16834.239 1 —0.084

1 1 0 16839.895 1 —0.144 16913.581 1 —0.070
2 0 2 16860.493 1 0.199 16940.221 1 —0.112
2 1 2 16873.201 1 —0.136 16947.565 1 —0.123
2 1 1 16890.599 1 0.163 16962.956 60 2 0.028
2 2 1 16934.567 1 0.075

2 2 0 16935.851 26 2 0.202

3 0 3 16924.442 1 —0.137 17000.660 89 3 —0.058
3 1 3 17005.384 55 2 —0.143
3 1 2 16964.758 1 —0.194 17035.598 1 —0.144
3 2 2 17001.663 3 2 0.263

3 2 1 17008.210 1 0.020 17070.019 46 2 —0.072
3 3 1 17138.737 84 2 —0.043

3 3 0 17138.963 1 —0.038 17082.702 1 0.042
4 0 4 17003.339 1 0.135 17079.164 1 —0.125
4 1 4 17006.506 1 —0.154

4 1 ) 17061.924 1 —0.148 17130.379 1 —0.120
4 2 3 17089.330 1 0.026

4 2 2 17106.188 35 3 0.260

4 3 2 17230.588 1 —0.054 17173.162 1 0.005
4 3 1 17232.052 79 3 —0.045 17174.865 1 0.173
4 4 1 17272.679 1 —0.104
4 4 0 17345.032 1 —0.018 17273.017 1 0.197
5 0 5 17173.814 1 —0.146
5 1 5 17098.992 1 -0.119 17173.949 1 —0.115
5 1 4 17179.875 16 2 0.285 17244.973 1 —0.069
5 2 4 17197.460 1 0.237 17269:622 1 —0.093
5 2 3 17290.816 118 2 —0.044
5 3 3 17345.311 22 2 —0.028 17285972 40 2 0.058
5 3 2 17349.543 | —0.071 17291.755 1 —0.082
5) 4 # 17461.650 1 —0.037

5 4 1 17462.065 42 2 0.176 17386.180 1 —0.147
5 5) 1 17524.946 1 —0.147 17481.352 1 —0.011
5 5 0 17481.455 1 0.087
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Table 7.4: Continued.

J B Ki WK, (321) or 40 2 A no. Obs—Calc (500) or 5070 A no. Obs—Calc
6 1 6 17285.105 1 —0.069
6 2 5 17324.302 1 0.188 17386.174 87 3 —0.064
6 3 4 17482.344 1 0.002
6 3 3 17434.963 55 2 0.141
6 4 3 17522.360 1 0.069
6 5 2 17618.013 1 0.129
6 6 1 17744.243 1 0.121
i 1 7 17412.672 24 2 -0.110
7 1 6 17527.015 24 2 —0.146
7 2 6 17469.223 1 —0.188
7 2 5 17539.699 1 —0.203
7l 3 5 17640.767 1 —0.023 17575.889 1 -0.225
7 3 4 17666.842 1 17601.997 1 0.177
7 4 4 17765.072 1 —0.142
7 5 3 17776.716 1 —0.139
8 0 8 17480.219 1 0.224
8 1 8 17469.060 1 —-0.079
8 1 i 17629.490 85 2 0.109
8 2 6 17729.099 1 0.102
8 3 5 17860.117 113 2 0.303
J K., K. (401)or50-0 A  no. Obs—Calc
0 0 0 16875.620 1 —0.147
1 0 1 16897.680 1 -0.156
1 1 1 16908.723 18 2 —0.195
1 1 0 16913.845 1 —0.169
2 0 2 16940.705 1 —0.037
2 1 2 16947.859 115 2 —0.144
2 1 1 16963.088 140 2 —0.194
2 2 1 16997.232 59 2 —0.123
> 2 0 16998.659 65 & —0.065
3 0 <! 17001.078 41 2 —0.105
3 1 3 17006.098 2 0.039
3 1 2 17035.921 45 3 —0.145
3 2 2 17063.768 59 3 —0.127
3 3 1 17081.925 1 —0.028
3 3 0 17083.856 4 2 0.022
4 0 4 17079.357 25 2 —0.135
4 1 4 17081.529 48 2 —-0.144
4 1 3 17130.664 147 3 -0.129
4 2 3 17151.319 86 2 —0.112
4 2 2 17167.449 67 3 —0.115
4 3 2 17174.187 33 2 —0.005
4 3 1 17175.675 3 2 —0.021
4 4 1 17273.063 i 2 —0.278
4 4 0 17272.985 21 2 0.098
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Table 7.4: Continued.

J K, K. (401)or50°0 A no. Obs—Calc
5 0 5 17174.901 1 —0.127
5 1 5 17174.994 5] 2 —0.135
5 1 4 17245.125 1 —0.105
5 2 4 17259.000 67 2 —0.092
5 2 3 17290.268 1 -0.251
5 3 3 17286.834 98 3 —0.068
S 3 2 17292.623 1 —0.059
5 4 2 17386.455 1 —0.039
5 5 1 17481.603 1 -0.012
5 S 0 17481.579 9 2 —0.042
6 0 6 17285.718 66 2 —0.144
6 1 6 17285.975 1 0.090
6 1 5 17377.449 1 —0.096
6 2 5 17385.931 1 -0.078
6 2 4 17435.672 1 —0.151
6 3 4 17421.755 11 2 —0.097
6 3 3 17434.894 1 -0.114
6 4 3 17520.659 1 —0.144
6 4 2 17521.581 1 —0.086
6 5 2 17617.886 1 —0.046
6 5 1 17617.910 136 2 —0.083
7 0 7 17413.040 1 -0.123
7 1 g 17413.345 70 3 —0.107
7 2 6 17531.408 1 —0.051
7 4 4 17675.880 1 0.154
7 4 3 17685.573 1 —0.002
8 1 8 17557.770 1 —0.195
8 1 74 17684.854 94 2 —0.030
8 3 5 17800.119 142 2 —0.068
8 5 3 17959.350 1 0.031
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Chapter

Conclusions

8.1 Summary of the Thesis

Calculations of isotopically substituted water vapour and analyses of experimental spectra have
been presented in this thesis. The energy levels of DoO were calculated up to J = 12 using the
DVR3D program suite [59] in an attempt to model the lasing actions by DO [82]. Linelists
for Hp'70O and H'80 up to J = 10 have been also calculated using the DVR3D suite with
the semi-empirical potential energy surface (PES) by Shirin et al. [66] and the ab initio dipole
moment surface (DMS) by Polyansky et al. (unpublished), which were the best surfaces at
the time of calculation. Good agreements with the observed energy levels were seen for both
H,170 and H,'80 calculated energy levels. The intensities, however, were not as accurate
as we would like, especially for the bending mode transitions, because of the problem with
the ab initio DMS used for the calculation. These problems are currently being addressed (J.

Tennyson; private communication).

The Fourier transform spectrum of isotopically enriched Hp'®O water vapour recorded
at Kitt Peak National Solar Observatory (Arizona, USA) was analysed using the theoretical
linelist generated by Partridge and Schwenke [42] and the new theoretical linelist generated
in this work. The spectrum was measured in the range of 12400 — 14520 cm™! and covered
the 3v + § and 4v polyads. In this work, the new band origins for (112), (013), (221), (400),
(301) and (103) vibrational states were newly determined. We have assigned 911 out of 926

lines belonging to H'80. The results of this analysis will be included in the next edition of
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HITRAN, HITRAN2004.

We have also analysed the Fourier transform spectrum of isotopically enriched Hy'7O water
vapour recorded at Kitt Peak. This spectrum was in 11335 —14520 cm™!, covering the entire
3v + 6 and 4v polyads. New band origins for (131), (211), (013), (221), (301) and (103) were
determined. In this analysis, we have found that the intensities of calculated lines were severely

overestimated in the 3v + § polyad region.

The spectra of H2'70 and H2'20 in the region of the 5v polyad were analysed using the
linelists calculated in this thesis. The spectra were measured at the Vrije Universiteit (Am-
sterdam, the Netherlands) using the cavity ring-down spectroscopy (CRDS). In both spectra,
the band origins for (321) and (401) were experimentally determined and those for (500) were
estimated from the calculated energy levels since they were not experimentally observed. The
spectra analysed here lie close to the region where absorption of the solar radiation peaks in
the atmosphere. This work should provide a valuable information for atmospheric modelling

and contribute to improve our understanding of the energy budget.

8.2 Future Work

The results of spectral analyses presented in this thesis will be included in the HITRAN
database in due course, where they will supplement our Fourier transform H>'80 lines which
are already accepted for inclusion in the HITRAN2004. The new data, especially for the Sv
polyad region, has a huge significance to atmospheric modelling. The data can be also useful
for monitoring the non-uniform isotopic distribution and the fractionation effects in the Earth’s

atmosphere.

As well as for atmospheric science, our results can be used to improve the quality of semi-
empirical PESs, which are obtained by fitting ab initio surfaces to experimental data. Shirin et
al. [167], for example, are using the energy levels determined in this thesis to improve the ab
initio PES by Polyansky et al. [121] with the aim of producing a high accuracy surface for water
isotopologues including Hy70 and H,'80. Another use of the data is to calculate partition
functions. The vibration-rotation partition function can be calculated by explicit summation of

the vibration-rotation energy levels, therefore accurate energy levels are essential for obtaining
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accurate partition functions. The calculated and observed energy levels presented in this thesis
can be used to improve accuracy of the partition functions for H'7O and H,'80, especially
those for high temperature where current functions are less reliable. Such an approach has
already been used for H,160 by Vidler and Tennyson [168] as well as for HDO and D20 by
Hewitt et al. [169].

In this work, the ab initio DMS of Polyanéky, Lynas-Gray and co-workers (unpublished)
used for linelist calculations was found to overestimate the line strengths of bending mode exci-
tations. This problem is being addressed (J. Tennyson; private communication) and corrections
to the surface should be made in the near future to achieve better accuracy in calculation of line

strengths.

In order to provide more complete data for water isotopologues, the spectra of Hp!7O and
H,!'80 in the 4v + 6 polyad region (14500 — 16700 cm™!) need to be analysed. This region
was not covered in this work and, as far as we are aware, no experimental spectrum is available
at the time of writing. The success of analysing the Hp'7O and H,'80 spectra in this work
should encourage the measurements of isotopically enhanced spectra in the 4v + § and higher

polyad regions.

The natural abundance of Hy70O and HD!Q is similar, this means that HD6O could also
have some significance in absorption of solar radiation in the atmosphere. The highest fre-
quency listed for HD'60 in the HITRAN2000 is 7514 cm™!, and there is currently no data for
this isotopologue in the visible region in the database. Extensive studies on HDO in the visible
region have been carried out [170-174], but those results are not compiled in the HITRAN as
the lines were not measured with absolute intensities. Recently, a new HDO spectrum with
absolute intensities has been measured (P. F. Coheur; private communication) using a Fourier
transform spectrometer with 50 m White cell. Assignment of this spectrum requires a high ac-
curacy linelist, however calculation of a linelist for HDO is considerably harder than for H,O
because of loss of symmetry and the higher density of states due to deutration. But thanks to
recent advances in computer, such calculation is now possible. It will be an interesting and

challenging future project to generate the new linelist for HDO and analyse the spectrum.

The assignment procedure established for Hy'7O and H,'30 in this work can be applied to

the analysis of spectra of other molecules. The method presented in this thesis can contribute
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to improving the spectroscopic knowledge of water isotopologues and other molecules.
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Appendix

Experimental Line Positions and
Intensities of H2180 and H217O

Table A.1: The observed line positions (cm~!) and absolute intensities
(cm molecule™1) of Hy'80 observed in the range 12400 — 14520 cm™1.
The absolute intensities are scaled to match the natural abundance of
H'80 and normalised at 296 K. Uncertainty in line position is given
in 107 cm~! (Av in column 2) and for intensity is given in 10728 cm
molecule™! (AT in column 4). Vibrational states are presented in v, vav3
normal mode notation in column 11.

wavenumber Ay intensity Al J K, K|

7 K K’ vib

12402.9673 18 0.349E-27 4.620

12404.8751 2 0.298E-26 0451 3 1 2 3 0 3 112
12405.9477 14 0.945E-27 0.920 4 2 2 4 1 3 112
12407.4054 4 0.324E-26 0.902 3 2 1 3 1 2 112
12407.9412 1 0441E-26 0.476 4 0 4 5 0 5 013
12408.7966 7  0.638E-27 4.099 1 1 1 0 0 0 112
12408.9458 4  O0.171E-26 0485 4 1 4 5 1 5 013
12408.9810 3  0.151E-26 0.403 5 2 3 5 1 4 310
12410.6766 10 0.350E-27 3.785 7 3 4 7 2 5 310
12411.1915 5 0.114E-26 0.481 3 2 1 4 2 2 013
12411.5318 7  0.740E-27 4471 6 4 2 5 2 3 211
124119559 6 0.118E-26 0.469 2 2 0o 2 1 1 112
12412.3108 0 0.387E-27 0.000 6 6 1 5 5 0 310
12413.0633 5  0.135E-26 0471 3 3 1 4 3 2 013
12414.7409 4  0.158E-26 0.455 3 1 2 4 1 3 013
124159447 10 0.550E-27 4.379 5 4 2 4 2 3 211
12418.4464 8 0.933E-27 0.572 4 1 3 4 0 4 112
12419.8255 2 0.321E-26 0485 3 2 2 4 2 3 013
124239617 4 0.169E-26 0.466 3 0 3 2 1 2 112
12424.1787 4  0.134E-26 0.450 5 3 2 5 2 3 112
12425.0884 5  0.238E-26 0.879 2 1 2 1 0 1 112
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Table A.1: Continued.

wavenumber Av  intensity Al J K, K. J' K! K! vib

124263520 9  0.166E-26 0.960 2 2 1 2 1 2 310
124299626 3  0.192E-26 0.487 3 0 3 4 0 4 013
12431.9006 1 0.551E-26 0.463 3 1 3 4 1 4 013
12433.3636 9  0.630E-27 5.102 4 0 4 4 2 3 013
12433.5625 16 0.387E-27 4.494 8 3 5 7 1 6 211
12434.0477 12 0493E-27 4346 4 3 1 4 2 2 112
12434.5913 8 0.114E-26 0.824 5 1 4 5 0 5 112
12438.1499 8 0.801E-27 4.534 3 1 3 2 0 2 112
12439.8140 2  0.324E-26  0.506 2 2 0 3 2 1 013
12440.0024 0 0.164E-26 0.000 4 2 3 4 1 4 112
12440.1094 1  0.515E-26  0.450 2 1 1 3 1 2 013
124419470 0 0.686E-27 0.000 4 0 4 3 1 3 112
12442.8746 4 0.153E-26  0.507 3 3 0 3 2 1 112
12444.2661 6 0.898E-27 0.470 2 2 I 3 2 2 013
124485183 5  0.130E-26 0.468 4 3 2 4 2 3 112
12449.2846 15 0.446E-27 4.602 5 2 4 5 1 5 112
124494743 3 0.216E-26 0.460 4 1 4 3 0 3 112
12451.4773 1 0.654E-26 0.466 2 0o 2 3 0 3 013
12452.0885 16 0.757E-27 7.086 6 3 4 6 2 5 112
124543223 3 0.207E-26 0473 2 1 2 3 1 3 013
12456.2687 0  0.140E-26  0.000 5 0o 5 4 1 4 112
124594903 0  0.584E-27 0.000 6 2 5 6 1 6 112
12460.0168 0  0.336E-27 0.000 5 1 4 4 2 3 112
12460.2319 14 0.413E-27 4.345 5 1 5 4 0 4 112
12461.2429 16 0.352E-27 4.587 8 4 5 8 3 6 112
12463.3178 2 0.282E-26 0.483 2 2 1 1 1 0 112
12464.5331 7 0.914E-27 0.498 5 4 1 5 3 2 112
12465.1917 12 0.526E-27 5.959 7 1 6 7 0 7 112
12465.8932 12 0.456E-27 4.324 6 4 3 6 3 4 112
12466.2952 5  0.138E-26 0.467 1 1 o 2 1 1 013
12470.0065 9  0.895E-27 0.506 7 2 6 7 1 7 112
124706275 0 0.808E-27 0.000 6 1 6 5 0 5 112
12473.3019 3 0.210E-26 0.483 1 0 1 2 0 2 013
12473.5862 8 0.686E-27 4.273 4 4 1 4 3 2 112
124762195 17 0477E-27 4.933 5 2 4 5 2 3 013
12479.0074 9  0.623E-27 4.300 3 2 2 2 1 1 112
12479.2612 41 0.236E-27 8.361 6 6 0 6 6 1 013
12479.5790 45 0.871E-27 1.313 7 c 7 6 1 6 112
12482.8453 6  0.120E-26 0.503 3 1 3 3 1 2 013
12487.9433 14 0.442E-27 5.883 6 5 2 6 5 1 013
12488.0519 14 0.307E-27 3.946

12488.2156 8 0.455E-27 3.835 6 5 2 6 4 3 112
12490.9488 4  0.131E-26  0.447 4 2 3 3 1 2 112
124922698 5  0.123E-26  0.457 5 5 1 5 5 0 013
12493.8693 5 0.114E-26 0.478 5 5 0 5 4 1 112
12495.1227 12 0413E-27 4.147 4 2 3 4 2 2 013
12496.3680 0  0.399E-26  0.000 0 0 0 1 0 1 013
12499.6992 23 0.272E-27 4.483 5 2 4 4 1 3 112
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Table A.1: Continued.

wavenumber Av  intensity Al Jo K, K. J' K! K! vib
12500.8372 7 0.721E-27 4308 S 3 3 5 3 2 013
12501.0999 8 0.776E-27 4419 2 1 2 2 1 1 013
12501.3015 11 0.122E-26 0913 3 2 1 2 1 2 112
12502.5237 7 0891E-27 0463 4 4 1 4 4 0 013
12502.6002 0 0.275E-26 0000 4 4 0 4 4 1 013
12506.4793 12 0514E-27 4451 6 2 S 5 1 4 112
12507.0490 9  0.678E-27 4.530 4 3 2 4 3 1 013
12507.6476 2 0.323E-26 0472 3 2 2 3 2 1 013
125100487 0 0518E26 0000 3 3 1 3 3 0 013
125103552 3 0.212E-26 0.460 4 3 1 4 3 2 013
125105552 3 O0.171E26 0442 3 3 0 3 3 1 013
12513.3479 1  0.547E-26 0.473 1 1 1 1 1 0 013
125142426 2 0249E-26 0484 2 2 1 2 2 0 013
125171395 0 0.707E-26 0465 2 2 0 2 2 1 013
12518.8335 7 0863E-27 0449 3 3 1 2 2 0 112
125189772 13 0270E-27 3704 6 3 3 6 3 4 013
12520.1975 2 0267E-26 0457 3 3 0 2 2 1 112
12520.8956 5  0.116E-26 0.510 3 2 1 3 2 2 013
12524.3343 0 0.179E-26 0.000 1 1 0o 1 1 1 013
125293886 5  0.133E-26  0.495 4 2 2 4 2 3 013
12534.0042 3  0221E-26 0.462 2 1 1 2 1 2 013
12536.3409 4  0.166E-26 0.496 4 3 2 3 2 1 112
12543.2303 0 0.147E-26  0.000 1 0 1 O 0 0 013
125437515 13 0.473E-27 4413 4 3 1 3 2 2 112
125479720 0 0.331E-27 0.000 3 1 2 3 1 3 013
12549.6564 0 0.177E-27 0.000 5 3 3 4 2 2 310
12557.3732 26 0.198E-27 4.180 6 3 4 5 2 3 112
12559.1408 3 0.178E-26 0.456 2 1 2 1 1 1 013
12564.0600 0 0.742E-26  0.000 2 0 2 1 0 1 013
12565.0251 11  0.540E-27 4.434 4 1 3 4 1 4 013
12570.5734 0 0.164E-26 0.000 4 4 1 3 3 0 112
125707191 0 0584E-27 0000 S5 3 2 4 2 3 112
12570.7853 0 0456E-27 0000 4 4 0 3 3 1 310
125709693 1 0524E-26 0474 2 1 1 1 1 0 013
125767414 0 0.798E-26 0000 3 1 3 2 1 2 013
125812699 2 0271E26 048 3 0 3 2 0 2 013
12582.1069 22 0332E-27 4690 3 2 2 3 0 3 013
12583.6921 27 0259E-27 4628 3 3 1 2 0 2 112
125849711 0 0381E26 0000 3 2 2 2 2 1 013
12589.4803 24 0.325E-27 4.771 5 4 2 4 3 1 112
12590.8707 5 0.115E-26 0437 3 2 1 2 2 0 013
125909658 0  0.810E-27 0.000 5 4 1 4 3 2 112
125925902 2 0299E-26 0497 4 1 4 3 1 3 013
125947553 0 0251E-26 0000 3 1 2 2 1 1 013
12595.6520 0 0.856E-26 0000 4 0 4 3 0 3 013
12604.8205 0 0.156E-26 0000 4 2 3 3 2 2 013
12605.5551 0 0.209E-27 0000 6 4 3 5 3 2 112
12605.6598 0 0.724E-27 0000 4 3 2 3 3 1 013
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Table A.1: Continued.

wavenumber Av  intensity Al J K, K. J' K K! vib
12606.8327 0 0.720E-26 0475 5 1 5 4 1 4 013
12608.2913 2 0.250E-26  0.492 5 0o 5 4 0 4 013
12610.8042 23 0.298E-27 4.567 4 3 2 3 Y 3 112
12615.9704 1 0.670E-26 0.488 4 1 3 3 1 2 013
126172101 O 0.444E-26 0000 4 2 2 3 2 1 013
12618.7837 4  0.166E-26 0477 6 1 6 5 1 5 013
12619.9627 1 0.521E-26 0470 6 0 6 5 0 5 013
12622.7563 0  0.434E-26 0.000 5 2 4 4 2 3 013
12626.2436 4  0.148E-26  0.456 5 4 2 4 4 1 013
12626.4291 0 0.613E-27 0.000 5 4 1 4 4 0 013
12627.2742 3  0227E-26 0.462 5 3 3 4 3 2 013
12630.3279 2 0.334E-26  0.458 7 1 7 6 1 6 013
12630.7587 0 0.116E-26  0.000 7 0 7 6 0 6 013
12632.4654 8 0.677E-27 4.359 5 3 2 4 3 1 013
126334620 0  0.149E-26  0.000 5 1 4 4 1 3 013
12638.7160 7  0.905E-27 0.448 6 2 5 5 2 4 013
126404038 0 0.614E-27 0.000 8 1 8 7 1 7 013
12640.6272 0 0211E-26 0.000 8 0 8 7 0 7 013
12642.1593 0 0.122E-26  0.000 5 2 3 4 2 2 013
12646.8792 0 0.306E-26 0.000 6 1 5 5 1 4 013
12647.4778 0  0.545E-27 0.000 6 3 4 5 3 3 013
12649.1148 0  0.394E-27 0.000 6 4 3 5 4 2 013
12649.2816 0 0.112E-26  0.000 9 1 9 8 1 8§ 013
12649.3592 0  0.330E-27 0.000 9 0 9 8 0 8§ 013
126499228 6  0.109E-26 0474 6 4 2 5 4 1 013
12654.0072 0 0.192E-26 0.000 7 2 6 6 2 5 013
12657.0934 15 0.659E-27 5281 10 0 10 9 0 9 013
12657.3674 0 0.608E-27 0.000 7 6 2 6 1 5 230
12658.6297 4  0.159E-26 0479 6 3 3 5 3 2 013
12662.2098 27 0.278E-27 4.786 8 7 1 7 2 6 070
12663.7161 24 0.273E-27 4.536 5 4 2 5 2 3 013
12664.1903 0  0.241E-26 0.000 6 2 4 5 2 3 013
12665.0856 0  0.663E-27 0.000 7 6 1 6 3 4 310
12666.4750 0  0.964E-27 0.000 8 1 7 7 1 6 013
12667.0270 0  0.387E-27 0.000 7 3 5 6 3 4 013
12668.8923 0  0.505E-27 0.000 6 6 1 5 5 0 112
12669.6800 48 0.147E-27 4758 12 0 12 11 0 11 013
12670.6255 0 0.628E-27 0.000 7 4 4 6 4 3 013
12682.2131 0 0.381E-27 0.000 7 2 5 6 2 4 013
12682.5411 29 O0.189E-27 4365 10 1 9 9 1 8 013
12684.1984 27 0.268E-27 4.750 7 3 4 6 3 3 013
12689.3155 32 0254E-27 4916 8 6 2 7 3 5 310
12691.6703 21 0.304E-27 5.622 4 2 2 3 0 3 013
12695.5518 0  0.558E-27 0.000 8 2 6 7 2 5 013
12696.9077 0 0.317E-27 0.000 8 4 4 7 4 3 013
12699.8582 29 0.160E-27 4.122 9 3 7 8 3 6 013
133649612 0 0.241E-27 0.000 9 1 9 10 1 10 221
13393.9402 0 0.167E-27 0.000 8 1 8 9 1 9 221
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Table A.1: Continued.

wavenumber Av  intensity Al JK, K. J' K K vib
13396.1698 21  0.290E-27 4.530 8 1 7 9 1 8 221
13396.5213 0  0.547E-27 0.000 8 0 8 9 0 9 221
13419.8497 0 0.154E27 0000 7 1 6 8 1 7 22i
13423.6252 0  0.627E-27 0.000 7 2 6 8 2 7 221
134240725 0 0344E-27 0000 7 0 7 8 0 8 221
13425.1557 0 0.120E-26 0000 7 1 7 8 1 8 221
13428.6052 14 0434E-27 4562 7 3 5 8 3 6 221
13432.1268 7  0.106E-26  0.491 6 2 4 7 2 5 221
134414730 0 0.637E-27 0000 6 3 3 7 3 4 221
134416842 0 0.120E26 0000 6 1 5 7 1 6 221
13443.3137 0 0.318E-27 0.000 7 4 4 8 4 5 221
13449.1016 19 0.345E-27 4.567 6 2 5 7 2 6 221
134509802 0 0211E26 0000 6 O 6 7 0 7 221
13451.6738 0  0.715E-27 0.000 6 1 6 7 1 7 221
13456.5568 0 0297E-27 0000 6 3 4 7 3 5 221
13458.2733 0  0.693E-27 0.000 5 2 3 6 2 4 221
134599213 0 0318E27 0000 7 S 3 8 5 4 301
13460.2016 0  0.424E-27 0.000 6 1 5 7 3 4 301
13463.6386 0 0.701E-27 0.000 5 1 4 6 1 5 221
13470.6246 10 0.715E-27 4.768 6 4 2 7 4 3 221
13473.1151 0 0.333E-27 0.000 11 0 11 12 0 12 301
134737479 0 0.291E-27 0.000 10 1 9 11 1 10 301
13475.2793 0  0.728E-27 0.000 5 3 2 6 2 5 042
13476.0483 0  0.452E-27 0.000 5 3 2 6 3 3 221
13476.3964 6 0.112E-26  0.480 5 0 S 6 0 6 221
13477.6201 0 0.365E-26 0.000 5 1 5 6 1 6 221
13479.3501 0 0.128E-26 0000 9 3 7 10 3 8 301
13484.7945 4  0.175E-26  0.467 5 3 3 6 3 4 221
134862588 1 0376E-26 0473 4 1 3 5 1 4 221
134874492 O 0.321E-26 0000 4 2 2 5 2 3 221
13491.8593 0 0.598E-27 0.000 6 5 1 7 5 2 301
134936993 9 0.702E-27 4671 8 3 5 9 3 6 301
13500.1565 0  0.528E-26 0.000 4 0 4 5 0 5 221
13502.3651 7  0.155E-26  0.545 4 2 3 5 2 4 221
13502.5562 4 0.168E-26 0471 4 1 4 5 1 5 221
135032654 6 0.111E-26 0467 5 4 2 6 4 3 221
135059450 7 0.134E-26 0.516

13506.256¢4 0 0.755E-27 0000 9 2 8 10 2 9 301
13506.6623 19 0302E-27 448 9 1 8 10 1 9 301
13508.9805 3 0.214E-26 0.476 4 3 1 5 3 2 221
135105623 0 0.193E26 0000 3 1 2 4 1 3 221
135107395 O 0.777E-27 0000 8 2 6 9 2 7 301
135129735 0 0.769E-27 0000 4 3 2 5 3 3 221
13517.4411 31 0.187E-27 4.451 7 5 3 8 5 4 221
13517.8735 5 0.144E-26 0485 3 2 1 4 2 2 221
13519.9807 27 0265E-27 4630 3 1 3 4 0 4 320
135202758 0 0.567E-27 0000 7 4 3 8 3 6 042
135225946 0 0.194E-26 0000 3 0 3 4 0 4 221
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Table A.1: Continued.

wavenumber Av  intensity Al J K, K. J' K/ 7 vib
13522.9440 11 0.969E-27 0.540 5 5 1 6 5 2 221
13524.3057 15 0.516E-27 4.906 8 0 8 9 2 7 023
13524.6083 15 0.384E-27 4.351 5 1 5 5 1 4 221
13525.5835 19 0.440E-27 4.920 4 0 4 4 2 3 221
13526.5776 0 0.648E-26 0000 3 1 3 4 1 4 221
13527.2576 ~ 7  0.943E-27 0.460 7 4 4 8 4 5 301
135276075 1 0430E-26 0470 3 2 2 4 2 3 221
13529.9549 0 0647E-27 0000 7 3 4 8 3 5 301
13532.2929 6 0.104E-26 0.462 4 4 1 5 4 2 221
13533.0133 20 0.376E-27 4.810 4 4 0 5 4 1 221
13536.3967 1 0.673E-26 0.490 2 1 1 3 1 2 221
13537.5962 0 0.879E-27 0.000 9 0 9 10 0 10 301
13537.6345 0 0.217E-26 0.000 9 1 9 10 1 10 301
13537.9276 10 0.567E-27 4.445 8 2 7 9 2 8 301
13538.6481 3  0.219E-26 0.474 8 1 7 9 1 8 301
135394773 0 0598E-27 0000 3 3 0 4 3 1 221
13540.6622 3 0202E-26 0466 3 0 3 4 3 2 400
135419763 21 0.491E-27 6.671 6 2 4 7 3 5 400
135432204 0 0707E-26 0000 2 0 2 3 0 3 221
135435350 0 0.104E-26 0000 7 2 S 8 2 6 301
13545.1816 0 0.207E-26 0.000 7 3 5 8 3 6 301
135463439 7  0.107E-26  0.493 4 1 3 5 3 2 301
13546.9039 0  0.704E-27 0.000 2 1 2 3 0 3 320
13546.9784 0  0.540E-27 0.000 3 1 3 4 3 2 301
135483016 0 0.384E-26  0.000 2 2 0 3 2 1 221
13549.7047 30 0.706E-27 11.760 6 5 1 7 5 2 221
13550.2245 0  0.239E-26 0.000 2 1 2 3 1 3 221
13553.0362 10 0.155E-26 1.126 2 2 1 3 2 2 221
13555.2194 12 0.557E-27 4.622 4 1 4 5 2 3 400
13558.2580 0  0.227E-26  0.000 6 4 2 7 4 3 301
13560.4912 9 0.816E-27 0.564 6 4 3 7 4 4 301
13560.6782 6 0.122E-26 0.521 7 3 4 8 2 7 320
13562.3982 0  0.462E-27 0.000 4 2 3 5 3 2 400
13562.7720 0 0.112E-26  0.000 5 2 3 6 3 4 400
13563.0564 0 0.172E-26  0.000 1 1 0 2 1 1 221
13568.0268 0  0.690E-26  0.000 8 1 8§ 9 0 9 400
13568.1672 0 0.165E-26 0000 7 1 6 8 2 7 400
135700311 0 0252E-26 0000 7 2 6 8 2 7 301
13570.0870 0 0.109E-26 0000 7 1 6 8 1 7 301
13572.9941 1 0.577E-26 0.500 1 1 1 2 1 2 221
135762124 0 0.696E-26 0000 6 2 4 7 2 5 301
13577.1986 4  0.146E-26 0.468 6 3 4 7 3 5 301
13577.5226 0 0.145E-26 0000 3 1 3 3 1 2 221
13579.3285 0 0439E-27 0.000 6 3 3 7 1 6 221
13584.1965 25 0.277E-27 4.615 4 2 2 5 3 3 400
135889553 0 0453E-26 0000 O O 0 1 0 1 221
13591.6475 14 0.747E-27 538 6 1 5 7 2 6 400
13592.0680 0 0.129E-26 0000 5 4 1 6 4 2 301
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Appendix A: Experimental Line Positions and Intensities of Ho'80 and Hy'"O

Table A.1: Continued.

wavenumber Av  intensity Al J' K, K. J' K! K! vib
13592.8761 0 0.386E-26 0.000 5 4 2 6 4 3 301
13596.0206 12 0.661E-27 5.686
13597.0031 27 0.601E-27 12.684 2 1 2 2 1 1 221
13597.1979 0 O0.111E-25 0.000 7 1 7 8 1 8 301
13597.2481 0 0.363E-26 0.000 7 0 7 8 0 8 301
13598.0567 0 0.584E-26 0.000 6 1 5 7 1 6 301
13598.4945 0 0.282E-26 0.000 6 2 5 7 2 6 301
13600.6690 23  0.257E-27 4.439 6 4 3 6 5 2 400
13600.8846 16 0.485E-27 5.362 2 1 1 3 3 0 301
13601.4696 0  0.294E-26 0.000 5 3 2 6 3 3 301
13602.0683 11 0.628E-27 4.672 4 2 3 4 2 2 221
13602.1624 1 0.543E-26 0.497 6 2 5 7 1 6 400
13602.3729 18 0.463E-27 5.027 8 1 8 8 2 7 400
13607.1921 0 0.492E-27 0.000 3 2 1 4 3 2 400
13607.9299 0 0.107E-26 0.000 6 3 4 7 2 5 400
13608.4154 0  0.880E-26 0.049 5 3 3 6 3 4 301
13608.5537 0 0.I56E-27 0.000 5 4 2 5 5 1 400
13608.8958 1  0.540E-26 0.509 5 2 3 6 2 4 301
13609.9602 0  0.648E-26 0.000 1 1 1 1 1 0 221
136117037 0 0.414E-27 0.000 8 1 7 8 3 6 301
13614.9608 0 0271E-26 0.000 5 1 4 6 2 5 400
13615.4288 1  0463E-26 0.485 3 2 2 3 2 1 221
13616.5741 0 0423E-27 0.000 8 7 1 8 7 2 301
13621.0961 0 0214E-26 0.000 1 1 0 1 1 1 221
13623.0094 4 0.356E-26 1.021 2 2 1 2 2 0 221
136239813 0 0.438E-26 0.000 4 4 0 5 4 1 301
13624.1840 0 0.163E-26 0.000 4 4 1 5 4 2 301
13624.4485 3  0.189E-26 0.474 5 3 3 5 3 2 221
13624.7174 0 0.180E-25 0.049 6 0 6 17 0 7 301
136254278 0 0.677E-26  0.000 6 1 6 7 1 7 301
13625.6249 1 0.103E-25 0.099 2 2 0 2 2 1 221
13625.9553 1 0.557E-26 0.489 5 1 4 6 1 5 301
13627.2860 6  0.972E-27 0.446 7 7 1 7 7 0 301
136274398 0 0.162E-25 0.049 5 2 4 6 2 5 301
13627.5772 0  0.149E-26 0.000 3 2 1 3 2 2 221
13630.2905 2  0290E-26 0.49%4 2 1 1 2 1 2 221
136315645 20 0.323E-27 4.548 7 0 7 17 2 6 301
13632.8671 4 0.162E-26 0.480 7 2 6 7 3 5 400
136339879 0 0.222E-26 0.000 4 2 2 4 2 3 221
13634.0608 0 0.753E-27 0.000 5 3 2 5 3 3 221
13634.2487 0 0430E-27 0.000 7 4 4 7 4 3 221
136352004 0 0.184E-26 0.000 5 2 4 6 1 5 400
136354176 0  0.483E-26 0.000 4 3 1 4 3 2 221
136354751 4  0.175E-26  0.506 1 0 1 0 0 0 221
136359794 0 0.807E-27 0.000 4 1 3 5 2 4 400
13636.5021 0 0.116E-26  0.000 7 1 7 7 1 6 301
13637.6465 0 0.102E-25 0.049 3 0 3 3 3 0 400
13638.0864 2 0.353E-26 0.492 3 3 0 3 3 1 221
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Appendix A: Experimental Line Positions and Intensities of H'80 and Hy'7O

Table A.1: Continued.

wavenumber Av  intensity AI J K, K. J' K! K! vib

13638.9428 1 0438E-26 0470 4 3 2 5 3 3 301
136409325 6 0.121E-26 0.545 4 2 2 5 2 3 301
136415912 0 0.256E-25 0050 4 1 4 5 2 3 122
136429050 0 0487E-27 0.000 6 4 3 6 4 2 221
136452939 0  0.139E-26 0.000 6 4 2 6 4 3 221
13645.3446 18 0.687E-27 7.360 5 2 3 5 2 4 221
13647.3799 0  0.370E-27 0.000 8 1 7 8 5 4 071
13648.4669 18 0.654E-27 6.921

13649.5075 0 0.516E-26  0.000 5 60 5 6 1 6 400
13650.8893 15 0474E-27 4.840 5 3 3 6 2 4 400
136519969 0 0.339E-25 0.148 5 1 5 6 1 6 301
13652.1691 0  O0.119E-25 0.049 5 0 5 6 0 6 301
13653.3897 9  0.101E-26 0.606 5 3 2 5 4 1 400
13653.7102 0 0.328E-25 0.148 4 1 3 5 1 4 301
13654.3816 0  0.295E-26  0.000 6 1 5 6 3 4 301
13654.4414 0 0.824E-26 0.000 4 3 2 4 4 1 400
13654.5839 0 0.321E-27 0.000 3 o 3 2 1 2 320
13655.0427 0 0.204E-26 0.000 2 1 2 1 1 1 221
13655.0857 O 0.118E-26 0.000 7 5 3 7 5 2 301
13655.1617 18 0.132E-26 1546 4 4 0 4 4 1 221
13655.6635 0 0.899E-26 0.000 4 2 3 5 2 4 301
13655.8044 0 0.894E-26 0.051 2 o 2 1 0 1 221
13655.9797 0 0.185E-26  0.000 3 1 2 4 2 3 400
13656.8084 0  0.283E-27 0.000 4 3 1 4 4 0 400
13658.0447 0 0.242E-26 0.000 6 0 6 6 2 5 301
13658.4838 3 0.257E-26 0.503 6 2 5 6 3 4 400
13659.4883 0  0.144E-26  0.000 2 1 2 1 0 1 320
13660.7922 0  O0.821E-27 0.000 4 1 3 4 1 4 221
13662.9242 0 0.950E-27 0.000 6 5 2 6 5 1 301
13662.9850 0 0.298E-26 0.000 6 5 1 6 5 2 301
136672562 1  0.611E-26 0.491 2 1 1 | 1 0 221
13667.4988 0 0.438E-26 0.000 3 3 0 4 3 1 301
13668.2338 10 0.651E-27 4.588 6 1 6 6 1 5 301
13668.6374 0  0.145E-25 0.000 3 3 1 4 3 2 301
13669.3432 0  0.932E-26 0.048 5 5 1 5 5 0 221
13671.4175 0 0.830E-26  0.000 3 1 3 2 1 2 221
13671.4927 0 0.620E-27 0.000 7 2 6 7 2 5 301
13672.7767 0 0.995E-27 0.000 4 1 3 4 3 2 301
136739014 0 0.307E-26 0.000 3 o 3 2 0 2 221
13674.0067 0 0.121E-25 0.000 3 2 1 4 2 2 301
136742148 0 0.105E-26 0000 4 O 4 5 1 5 400
136763332 1 0479E-26 0.49%4 4 1 4 5 0 5 400
13677.7515 1 0484E-25 0349 4 0 4 5 0 5 301
13679.6049 0 0.214E-27 0.000 5 1 4 5 1 5 221
13681.8278 0  0.170E-25 0.049 3 1 2 4 1 3 301
13682.8448 0  0.174E-26 0.000 5 0o 5 5 2 4 301
13683.2319 0 0.355E-25 0.149 3 2 2 4 2 3 301
136862042 2 0.318E-26 0.531 4 1 4 3 1 3 221

160



Appendix A: Experimental Line Positions and Intensities of H,80 and Hy,'"O

Table A.1: Continued.

wavenumber Av  intensity Al JK, K. J' K! K! vib
13687.8664 O 0979E-26 0049 4 O 4 3 0 3 221
13689.8915 15 0455E-27 4561 3 2 2 3 0 3 221
13690.5767 0  0.296E-26  0.000 3 1 2 2 1 1 221
13692.6453 0 0.121E-26 0000 4 4 0 5 2 3 221
13692.7526 0 0495E-26 0000 3 2 2 2 2 1 221
13696.1249 16 0.413E-27 4.985 6 2 4 6 3 3 400
13696.8145 1 0479E-26 0.511 3 3 1 4 1 4 221
13697.1783 13 0.681E-27 6.181 5 4 1 6 3 4 400
13697.5512 4  0.168E-26 0.536 3 2 1 2 2 0 221
136989820 1 0428E-26 049 5 1 5 5 1 4 301
13699.1383 0 0.753E-26 0000 5 1 5 4 1 4 221
137000125 1 0493E-26 0525 5 O S 4 0 4 221
137012384 O 0.134E-25 0050 3 0 3 4 0 4 301
137022362 31 0233E27 4659 6 1 6 5 0 5 320
13702.4386 1  0.627E-25 0.549 3 1 3 4 1 4 301
13703.1785 O 0485E-26 0000 4 0 4 4 2 3 301
13703.3757 O  0.830E-26  0.000 3 1 3 4 0 4 400
13703.8543 0 0.113E-26 0.000 6 2 5 6 2 4 301
137052030 0 0.103E-26 0.000 3 2 2 4 1 3 400
13705.5628 0 0.333E-25 0.100 2 2 0o 3 2 1 301
13707.7341 12 0.993E-27 0.688 5 3 2 6 2 5 400
13710.1480 O O0.109E-25 0049 2 2 1 3 2 2 301
13710.3079 1 0.628E-25 0.499 2 1 1 3 1 2 301
137104450 8 0.162E-26 0.902 6 1 6 5 1 5 221
13710.7120 1  0576E-26 0.496 6 0 6 5 0 5 221
13711.7410 7 0.948E-26 0.344 4 1 3 3 1 2 221
13712.6042 8 0.808E-27 0.470 7 5 3 7 5 2 221
13717.2579 0 0906E-27 0000 2 0 2 3 1 3 400
137177092 9  0.130E-26 0.604 3 0 3 3 2 2 301
13718.1938 4 0.150E-26 0489 7 4 4 7 4 3 301
13720.1377 6 0.126E-26 0529 7 0 7 6 0 6 221
137202524 0 0.613E-27 0.000 5 1 4 5 2 3 400
13720.6614 16 0430E-27 4.719 6 0 6 6 5 1 202
13720.8188 1 0.684E-26 0533 7 1 7 6 1 6 221
13721.2530 0 0.374E-27 0.000 4 4 1 5 3 2 400
13721.8083 1 0.596E-26 0.507 4 2 2 3 2 1 221
13723.0044 7 0.969E-27 0477 8 3 6 8 2 7 320
13723.5380 11 O0.513E-27 4.467 8 4 4 8 4 5 301
13724.4815 1 0.725E-25 0.747 2 0 2 3 0 3 301
13725.3094 25 0.287E-27 4.662 4 3 1 5 2 4 400
137262380 0 0.234E-25 0099 2 1 2 3 1 3 301
13727.1105 0 0.131E-26 0000 S5 3 2 4 2 3 042
13727.3423 3  0.207E-26 0.480 2 0 2 2 2 1 301
137277610 0 0.104E-25 0048 5 5 1 5 5 0 301
13728.0367 0 0.280E-26 0000 4 1 4 4 1 3 301
13729.0022 3 0221E26 0501 8 O 8 7 0 7 221
137293329 0 0392E-27 0000 9 0 9 8 0 8 221
137295614 0 0.804E-26 0000 2 1 2 3 0 3 400
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Appendix A: Experimental Line Positions and Intensities of H,'20 and H,'"O

Table A.1: Continued.

wavenumber Av  intensity Al J K, K J' K] K{ vib
13730.0142 4 0.179E-26 0511 S5 1 4 4 1 3 221
13730.1989 4  0.157E-26 0.471 6 4 3 6 4 2 301
13731.1811 0 0282E-26 0000 5 4 2 4 2 3 141
137313501 O 0.151E-26 0000 6 3 4 6 3 3 301
137314731 0  0.980E-27 0.000 4 3 2 3 3 1 221
137324060 0 0.419E-26 0.000 2 1 2 2 2 1 400
13732.7322 0  0.661E-26  0.000 5 2 4 5 2 3 301
13732.9254 0 0.470E-26 0.000 6 4 2 6 4 3 301
137337668 0 0.152E-26 0000 9 1 9 8 1 8 221
13734.0223 30 0221E27 4605 5 0 5 6 1 6 122
137356864 0 0272E-27 0000 4 1 3 4 2 2 400
13736.6119 8 0.105E-26 0540 1 0 1 2 1 2 400
13737.8097 0 0467E-27 0000 10 O 10 9 0 9 221
137386603 0 0.174E-25 0049 1 1 0 2 1 1 301
13739.1162 0 0.130E-25 0049 S 4 2 5 4 1 301
13739.7109 1 0441E-26 049 S 4 1 5 4 2 301
13740.0773 6  0.110E-26 0.486 2 2 1 3 1 2 400
137415342 7  0.120E-26  0.506 6 2 5 5 2 4 221
13743.8006 0 0.991E-27 0.000 3 1 2 3 2 1 400
13745.0163 0 0.274E-26 0.000 6 1 5 5 1 4 221
13745.0527 0 0.233E-26 0.000 5 2 3 4 2 2 221
13746.0554 1 0.103E-25 0.097 4 4 1 4 4 0 301
13746.1304 0 0.309E-25 0098 4 4 0 4 4 1 301
13747.0677 0 0496E-27 0000 6 4 3 5 5 0 400
13747.7759 0  0.257E-25 0.050 1 0 1 2 0 2 301
13748.0691 0 0.118E-25 0.050 5 3 3 5 3 2 301
13749.3212 1 0.541E-25 0.351 1 1 1 2 1 2 301
13750.8841 2 0453E-26 0.607 5 3 3 4 3 2 221
137533842 0 0.139E-25 0.049 3 1 3 3 1 2 301
137539547 7 0.126E-26 0535 S5 3 2 4 3 1 221
13755.0895 0 0.234E-26 0.000 7 2 6 6 2 5 221
137554273 0 0.894E-27 0000 6 2 S5 5 1 4 320
13756.3446 13 0.676E-27 5.006 0 0 0 1 1 1 400
13758.1641 0 0.721E-27 0000 7 1 6 6 1 5 221
13758.8366 0 0.995E-26 0050 4 3 2 4 3 1 301
13759.4839 0 0378E-26 0000 5 3 2 5 3 3 301
13760.1319 0 0401E26 0000 6 3 3 6 3 4 301
137620305 0 0303E-25 0050 4 3 1 4 3 2 301
137633373 5 0.144E-26 0495 6 0 6 5 2 3 301
137656220 1 0660E-25 0543 3 3 1 3 3 0 301
13766.1063 0 0221E25 0049 3 3 0 3 3 1 301
137674194 0 0.183E-26 0000 6 2 4 5 2 3 221
13768.7195 8 0930E-27 0492 6 3 4 5 3 3 221
137692315 0 0.132E26 0000 8 1 7 7 1 6 221
137710527 0 0395E25 0199 3 2 2 3 2 1 301
13771.6433 1 0497E-25 0347 0 0 0 1 0 1 301
13771.7899 22 0.292E-27 4.591 8 3 5 8 3 6 301
137719084 0 0.531E-27 0000 5 4 1 4 4 0 221
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Appendix A: Experimental Line Positions and Intensities of Hy'®O and Hy'" O

Table A.1: Continued.

wavenumber Ay intensity Al J K, K. J' K K] vib
13773.0175 0 0.928E-26 0.049 2 1 2 2 1 1 301
13775.5377 0 0.420E-27 0.000 5 3 2 4 4 1 400
13776.6955 9 0.777E-27 5.395 9 2 8 8 2 7 221
13777.3999 0 0.478E-27 0.000 3 0 3 4 1 4 122
13779.2258 0 0.170E-27 0.000 9 1 8 8 1 7 221
13779.9871 21 0.439E-27 5.024 3 3 0 2 2 1 320
13780.1206 0  0.296E-25 0.099 2 2 1 2 2 0 301
13782.8862 1 0.882E-25 0.090 2 2 0 2 2 1 301
13783.5905 0  0.657E-27 0.000 6 3 4 5 4 1 400
13783.7102 0  0.130E-25 0.000 3 2 1 3 2 2 30t
137849317 0  0.149E-26  0.000 7 3 5 6 3 4 221
13785.8215 0  0.864E-27 0.000 4 2 3 3 3 0 400
13786.2864 1  0.652E-25 0.597 1 1 1 1 1 0 301
13787.4699 33 0.227E-27 4.753 4 2 2 4 2 3 301
13788.1296 0  0.163E-25 0.000 4 1 4 4 2 3 122
13789.8276 0 0.317E-27 0.000 3 1 3 2 2 0 400
13790.5474 14 0.533E-27 4.826 6 4 3 5 4 2 221
13790.8765 0  0.198E-27 0.000 4 3 1 4 1 4 221
13790.9971 5 0.222E-26 0.579 4 0 4 3 2 1 301
13791.5341 4 0.215E-26 0.553 6 4 2 5 4 1 221
13795.6787 0 0.571E-27 0.000 5 2 4 4 3 1 400
137959662 0 0.217E-26 0.000 5 2 3 5 2 4 301
13796.0866 22 0.295E-27 4474 2 0o 2 3 1 3 122
13796.7001 0 0.221E-25 0.100 1 1 0 1 1 1 301
13798.1287 14 0.148E-26 1.355 6 2 5 5 3 2 400
138042020 0 0.290E-25 0.100 2 1 1 2 1 2 301
13806.2140 0 0.263E-26 0.000 6 2 4 6 2 5 301
138089172 8 0.966E-27 0.482 7 4 4 6 4 3 221
13809.3740 5  0.153E-26 0.504 6 5 1 5 5 0 301
13810.0075 0 0.202E-27 0.000 7 6 1 7 5 2 400
13810.5289 16 0.407E-27 4.641 9 3 7 8 3 6 221
13810.8503 19 0.394E-27 5.134 7 4 3 6 4 2 221
13813.0204 32 0.262E-27 5.204 5 3 2 5 2 3 400
13815.0628 0  0.464E-26 0.000 3 1 2 3 1 3 301
138169103 12  0.745E-27 5.579 8 3 5 17 3 4 221
13817.7040 0 0.172E-25 0.000 1 0 1 O 0 0 301
13821.1244 0 0.139E-26  0.000 3 1 2 2 2 1 400
13822.0742 14 0.626E-27 4.928 2 0o 2 1 1 1 400
13824.2967 12 0.763E-27 6.031 8 0 8 7 5 3 202
13824.6283 0 0.141E-27 0.000 8 4 5 7 4 4 221
13824.7996 32 0.274E-27 5.015 7 1 7 6 2 4 122
138262109 7 0.163E-26 0.704 7 5 3 6 5 2 301
13826.9428 22 0.311E-27 5.954 5 2 3 4 1 4 320
13827.0241 0 0.280E-27 0.000 8 2 6 8 2 7 301
13828.2425 1 0.714E-26  0.489 4 1 3 4 1 4 301
13828.8644 0 0.160E-26  0.000 5 2 3 4 3 2 400
138289288 0 0.647E-27 0.000 5 3 2 4 2 3 320
13829.4674 8 0.905E-27 0.476 7 4 4 7 3 5 400
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Appendix A: Experimental Line Positions and Intensities of Hy'80 and H,'7O

Table A.1: Continued.

wavenumber Av  intensity Al J' K, K. J' K/ K! vib
13829.9774 0  0.670E-27 0.000 8 4 4 7 4 3 221
138304438 0 0.234E-27 0.000 10 2 8 9 2 7 221
13831.0572 0 0.214E-25 0.100 2 1 2 1 1 1 301
13833.9687 0 0.353E-27 0.000 2 2 1 2 1 2 400
13835.3616 0  0.380E-27 0.000 6 4 3 6 3 4 400
13835.5822 9 ~ 0.798E-27 5.974 3 3 0 3 2 1 400
13836.8318 16 0.551E-27 5.017 5 4 1 5 3 2 400
13837.0634 1 0.827E-25 0.795 2 0 2 1 0 1 301
13837.9402 16 0.728E-27 5.563 5 3 3 5 2 4 400
13838.4260 0  0.289E-27 0.000 3 2 2 3 1 3 400
13838.9917 34 0.385E-27 5.833 9 4 6 8 4 5 221
13839.1860 0  0.849E-27 0.000 4 4 0 4 2 3 221
13841.1674 1 0.615E-25 0.496 2 1 1 1 1 0 301
13841.3579 16 0.504E-27 4.831 3 3 1 3 2 2 400
13841.6527 1 0.530E-26 0.521 3 3 1 2 1 2 221
138419196 0 0.111E-26 0.000 5 1 4 5 1 5 301
13842.1431 0 0.717E-26  0.000 2 1 2 1 0 1 400
13842.5475 0 0.689E-27 0.000 8 1 7 1 5 2 071
13844.2978 0 0.733E-27 0.000 4 2 3 4 1 4 400
13845.1910 0  0.553E-27 0.000 7 3 5 7 1 6 301
138453939 0 0.122E-26  0.000 4 1 3 3 2 2 400
138455149 0 0.437E-26 0.000 3 2 2 3 0 3 301
13846.3212 23 0.521E-27 22.784 4 4 0 4 3 1 400
13847.2785 1 0.881E-25 0.090 3 1 3 2 1 2 301
13847.6886 13 0.701E-27 5.542 4 4 1 4 3 2 400
13847.9011 29 0.299E-27 4.999 6 5 2 6 4 3 400
138483764 0 0.423E-25 0.254 3 2 2 2 2 1 301
13848.5984 11 0.138E-26 0.959 4 2 3 4 0 4 301
13848.7866 0  0.206E-27  0.000 6 3 4 6 1 5 301
13849.7011 12 0.944E-27 0.709 4 4 1 3 3 0 320
13851.3231 0 0.341E-26 0.000 1 0 1 1 1 0 122
13852.5450 0 0.212E-25 0.050 3 0 3 2 0 2 301
13853.6832 0 0.138E-25 0.000 3 2 1 2 2 0 301
13853.8441 2  0.304E-26 0.480 5 2 4 5 0 5 301
13854.4049 5  0.139E-26 0.501 6 1 5 6 1 6 301
13854.6822 1 O0.111E-25 0.105 3 1 3 2 0 2 400
13855.4314 7  0.149E-26  0.569 5 3 3 5 1 4 301
13857.4446 1 0.661E-26 0.496 4 3 2 3 3 1 301
13857.8647 5 0.209E-26 0.619 4 0 4 3 1 3 400
13858.5081 9 0.975E-27 0.533 6 2 5 6 1 6 400
13859.0154 0 0.196E-25 0.049 4 3 1 3 3 0 301
13859.4204 0 0.379E-27 0.000 6 3 3 5 2 4 320
13860.2449 0 0.547E-27 0.000 6 2 5 6 0 6 301
13861.2709 0 0.366E-25 0.149 4 1 4 3 1 3 301
13861.5820 0 0.212E-26  0.000 5 4 1 4 4 0 301
13861.8423 0  0.266E-25 0.049 3 1 2 2 1 1 301
13864.0427 0 O0.113E-25 0.000 4 1 4 3 0 3 400
13865.0758 0 0.169E-25 0.051 4 2 3 3 2 2 301
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Appendix A: Experimental Line Positions and Intensities of Hy'8O and Hy'"O

Table A.1: Continued.

wavenumber Ay  intensity Al J K, K. J' K K! vib

13865.4615 1 0.863E-25 0.090 4 0 4 3 0 3 301
13866.3003 15 0.586E-27 6.406 7 1 6 7 0 7 400
13867.0966 0 0.189E-27 0.000 6 0 6 5 5 1 202
13867.2231 6 0.161E-26 0.630 6 5 1 5 5 0 221
13868.1640 0 0.439E-27 0.000 7 2 6 17 0 7 301
13870.5530 5  0.163E-26 0.509 5 4 1 4 3 2 320
138709353 6 0.124E-26 0.524 2 2 1 1 1 0 400
13871.0288 0 0.200E-26 0.000 5 0 5 4 1 4 400
13872.0001 0 0.417E-27 0.000 4 3 2 3 1 3 221
13872.4161 14 0437E-27 4.719 8 1 7 8 1 8 301
138735146 1  0.783E-25 0748 5 1 S 4 1 4 301
13874.5064 0 0.202E-25 0.050 5 3 3 4 3 2 301
13875.0495 0  0.442E-27 0.000 3 3 1 3 1 2 301
138752921 0 0.160E-26 0.000 4 2 2 3 2 1 301
13875.7811 0 0.280E-25 0.150 5 0 5 4 0 4 301
13875.9505 1 0471E-25 0298 4 1 4 3 2 1 122
13877.8432 0 0.207E-26 0.000 6 4 3 5 4 2 301
13879.1867 1  0.780E-25 0.680 4 1 3 3 1 2 301
13879.2706 2  0.377E-25 0475 5 2 4 4 2 3 301
13879.3774 3 0.754E-26 1.617 5 3 2 4 3 1 301
13883.7293 9  0.793E-27 4.777 7 5 3 6 5 2 221
13884.1985 1 0.187E-25 0.146 6 1 6 5 1 5 301
13884.4484 0 0.487E-25 0.299 6 0 6 5 0 5 301
13885.2182 0 0.137E-26 0000 3 2 2 2 1 1 400
138885317 0 0.109E-25 0050 6 2 4 5 0 5 221
13889.3643 0 0456E-26 0.000 6 3 4 5 3 3 301
13890.6584 10 0.768E-27 4.794 7 0 7 6 1 6 400
138909243 0 0910E-26 0.049 6 2 5 5 2 4 301
13892.1424 0 0.374E-26 0.000 7 3 4 6 2 5 320
13892.2075 25 0.355E-27 4.985 1 1 0 1 0 1 122
13892.3323 0 0.154E-25 0049 5 1 4 4 1 3 301
13892.8513 0 0421E-25 0248 7 1 7 6 1 6 301
13893.3140 0 0.132E-25 0.050 7 0 7 6 0 6 301
13893.6289 0  0491E-27 0.000 8 2 6 7 3 5 400
13895.2442 1 0.723E-26 0500 4 2 3 3 1 2 400
13895.6749 0 0.131E-25 0.000 5 2 3 4 2 2 301
13896.7159 6  0.120E-26 0479 7 4 3 6 4 2 301
13899.6301 0 0.739E-26 0.000 7 1 6 6 2 5 400
13899.7860 0  0.144E-25 0.049 6 3 3 5 3 2 301
13900.0206 15 0.533E-27 5684 6 4 3 6 1 6 042
13900.3274 1  0.741E-26  0.489 8 1 8 7 1 7 301
13901.3904 0 0.215E-25 0.098 6 1 5 5 1 4 301
13903.9674 15 0.508E-27 5.059 8 1 7 7 2 6 400
13904.4633 3 0.261E-26 0.505 7 2 6 6 1 5 400
139054961 0 0.144E-25 0050 6 2 5 5 1 4 400
13905.8979 11 0.565E-27 4486 8 4 5 7 4 4 301
13906.4439 6  0.165E-25 0.517 9 1 9 8 1 8 301
13907.2388 0 0.285E-26 0000 8 2 71 1 2 6 301
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Appendix A: Experimental Line Positions and Intensities of Hy 180 and H,!"O

Table A.1: Continued.

wavenumber Ay intensity Al JK, K. J' K K! vib
139074189 9  0.896E-27 0.541 9 2 7 8 3 6 400
13907.5013 9 0.114E-26 0.525 3 2 1 2 1 2 400
13908.4014 2 0.367E-26 0.527 7 1 6 6 1 5 301
13909.4893 12 0.762E-27 5.141 8 2 7 7 1 6 400
13911.1021 0  0.302E-26 0.000 8 3 6 7 3 5 301
13911.1461 0 0.583E-26 '0.000 10 1 10 9 1 9 301
13911.5068 0  0.236E-25 0.050 6 2 4 5 2 3 301
13911.7169 0  0.100E-25 0.000 8 1 7 7 1 6 301
13912.6102 1 0.466E-26 0.492 9 2 8§ 8 2 7 301
139129055 7 0.123E-26 0.497 3 3 0o 2 2 1 400
13914.4738 3 0.192E-26 0473 8 4 4 7 4 3 301
13914.5165 0 0.325E-26 0.000 11 0 11 10 0 10 301
13915.7691 0 0.237E-27 0.000 5 5 0 4 4 1 320
139164048 O 0.205E-26 0.000 10 2 9 9 2 8 301
13916.9188 0 0.787E-27 0.000 9 4 6 8 4 5 301
13917.0432 0 0.405E-27 0.000 12 0 12 11 0 11 301
13917.5267 0 0.232E-26 0.000 10 1 9 9 1 8 301
139179336 0 0.155E-26 0.000 9 3 7 8 3 6 301
13918.5457 0 0.264E-26 0.000 3 2 1 2 0 2 301
13918.6719 0 0.257E-26 0.000 7 3 4 6 3 3 301
13919.5088 0 0.159E-27 0.000 12 1 11 11 1 10 301
13922.5211 2 0.380E-26 0.515 7 2 5 6 2 4 301
13926.2879 28 0.274E-27 4.792 4 3 2 3 2 1 400
13927.0056 0 0.237E-26 0.000 4 4 0o 3 2 1 221
139304207 16 0.433E-27 4.736 9 2 7 8 2 6 301
13933.9477 0 0362E-26 0.000 8 3 5 17 3 4 301
13934.2639 21 0.385E-27 4.883 6 5 2 5 4 1 320
139344763 10 0.741E-27 4944 10 2 8 9 2 7 301
13937.6667 0  0.109E-26  0.000 5 3 3 4 2 2 400
13938.3227 17 0.478E-27 5.138 9 3 7 8 2 6 400
13939.0691 0 0.281E-27 0.000 2 1 1 3 1 2 023
13943.2249 0 0.372E-26 0.000 6 3 4 5 2 3 400
13944.6728 8 0.886E-27 0.469 4 4 1 3 3 0 400
139449326 0 0.299E-27 0.000 4 4 0 3 3 1 400
13946.7545 29 0.224E-27 4.622 10 4 6 9 4 5 301
13949.2767 22 0.308E-27 4.692 10 3 7 9 3 6 301
139494153 18 0.597E-27 6.522 7 5 2 6 4 3 320
13949.7547 0 0.668E-27 0.000 4 2 2 3 0 3 301
13950.4132 0 0.393E-26  0.000 4 1 4 3 0 3 122
13951.1694 0 0.629E-27 0.000 6 4 2 5 2 3 221
139534140 0 0.240E-27 0.000 3 3 0o 2 1 1 301
139547722 26 0.434E-27 7.127 8 3 5 7 1 6 221
13959.5598 5 0.174E-26 0.530 5 3 2 4 2 3 400
13961.5181 0 0435E-27 0.000 5 4 2 4 3 1 400
139632712 5 0.144E-26 0.483 5 4 1 4 3 2 400
13965.3828 21 0.410E-27 5.035 6 6 0 5 5 1 400
13968.4397 0 0.258E-26  0.000 4 3 1 3 1 2 301
13968.9457 13 0.757E-27 5.244 3 3 1 2 1 2 301
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Appendix A: Experimental Line Positions and Intensities of H'80 and H,'"O

Table A.1: Continued.

wavenumber Av  intensity AT J K, K. J' K! K! vib
13974.1724 0  0.412E-27 0.000 2 2 1 1 1 0 122
13974.5421 29 0.255E-27 4.651 1 1 1 2 1 2 023
13975.0156 0  0.157E-26 0.000 6 4 3 5 3 2 400
139752252 0  0.562E-27 0.000 8 4 4 7 2 5 221
13976.8812 0  0.455E-27 0.000 5 S 0 4 4 1 400
13981.1345 - 34 0.441E-27 ~6.037 7 6 1 6 5 2 400
13981.7446 0  0.462E-27 0.000 7 5 2 7 2 5 400
13983.6259 17 0.341E-27 4.430 7 4 4 6 3 3 400
13984.3244 13 0.552E-27 5.529 5 2 3 4 1 4 400
139852782 6  0.116E-26 0.493 5 3 2 4 1 3 301
13986.6178 12 0.701E-27 5.212 8 4 5 7 3 4 400
13988.6904 0  0.608E-27 0.000 7 0 7 8 1 8§ 202
13988.9027 0 0.103E-26 0.000 5 2 3 4 0 4 301
13990.1658 33 0.347E-27 6.030 10 0 10 11 0 11 103
13994.1337 22 0.633E-27 6.526 6 5 2 5 4 1 400
139952410 0  0.250E-27 0.000 8 6 3 7 5 2 400
13996.2951 0 0.226E-27 0.000 6 2 5 17 1 6 202
13997.9692 25 0.330E-27 4.883 4 3 2 3 1 3 301
14002.0051 0 0458E-27 0.000 3 2 1 4 3 2 202
14002.9817 0 0.559E-27 0.000 6 3 4 6 5 1 103
14007.1544 2 0.304E-26 0.512 6 3 3 5 1 4 301
14007.5965 31 0.221E-27 4.644 6 5 1 7 5 2 103
14009.6495 0 0.417E-27 0.000 5 1 4 6 2 5 202
14011.1589 18 0.342E-27 4.941 7 5 2 6 4 3 400
14011.5069 26 0.269E-27 4.596 1 1 1 1 1 0 023
14017.3732 10 0.673E-27 4.703 6 1 6 7 0 7 202
14017.9757 16 0.358E-27 4.387 4 4 0 3 2 1 301
14019.2959 0 0.492E-27 0.000 7 4 3 8 3 6 202
14021.1423 0 0561E-27 0.000 9 1 9 10 1 10 103
14021.2232 0 0.359E-27 0.000 8 1 7 9 1 8 103
14022.6635 0 0.302E-27 0.000 1 1 0o 1 1 1 023
14023.8428 0 0.595E-27 0.000 2 2 0 2 2 1 023
140255787 10 0.871E-27 0.495 2 2 1 3 3 0 202
14028.8265 0  0.446E-27 0.000 6 4 2 7 4 3 103
14029.7997 0 0.284E-27 0.000 5 4 1 4 2 2 301
140299710 0 0.116E-26 0.000 5 3 3 4 1 4 301
14030.0206 0 0.561E-27 0.000 3 3 1 3 3 0 023
14030.2720 22 0.312E-27 4.663 6 4 3 7 3 4 202
14032.6183 0 0.140E-26 0.000 6 2 4 5 0 5 301
14036.1007 14 0.695E-27 5.576 7 3 4 6 1 5 301
14038.7999 0 0.100E-26 0.000 6 4 2 5 2 3 301
14039.3732 36 0.323E-27 6.251 4 4 0 4 4 1 023
140435793 6 0.113E-26 0.474 5 0 5 6 1 6 202
140447449 17 0.433E-27 4.805 5 1 5 6 0 6 202
14045.2892 10 0.782E-27 5.446 5 4 2 4 2 3 301
140462997 0 0.354E-27 0.000 3 3 0 2 2 1 122
14047.6647 0  0.244E-27 0.000 7 4 3 6 2 4 301
14049.5554 0 0.372E-27 0.000 4 3 2 4 4 1 202
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Appendix A: Experimental Line Positions and Intensities of Ho'80 and H,17O

Table A.1: Continued.

wavenumber Ay intensity Al J K, K. J' K! K vib
14049.6852 0  0.428E-27 0.000 2 1 2 3 2 1 202
14049.7611 0  0.858E-27 0.000 7 2 6 8 2 7 103
14050.9233 0 0.803E-27 0.000 - 3 1 2 4 2 3 202
14051.0115 0 0.108E-26  0.000 8 0 8 9 0 9 103
14051.6169 24 0.328E-27 4.922 7 1 6 8 1 7 103
14052.8406 0 0.796E-27 0.000 ~ 6 3 3 7 3 4 103
14059.7244 0 0.114E-26  0.000 8 4 4 7 2 5 301
14060.9036 22 0.304E-27 4.983 7 5 3 6 3 4 301
14061.9182 6 0.135E-26 0.492 6 2 4 7 2 5 103
14063.5016 0  0.739E-27 0.000 5 4 2 6 4 3 103
14064.3877 0  0.515E-27 0.000 4 2 3 5 1 4 202
14064.7483 0  0.262E-27 0.000 6 3 4 5 1 5 301
14068.5223 0  0.520E-27 0.000 4 0 4 5 1 5 202
14069.9275 0  0.442E-27 0.000 2 1 1 1 1 0 023
14071.3350 0 0.221E-26 0.000 4 1 4 5 0 5 202
14071.8033 0  0.636E-27 0.000 8 3 5 7 1 6 301
14074.4731 0 0.414E-27 0.000 3 1 3 2 1 2 023
14075.6915 30 0.348E-27 5.307 6 4 3 7 2 6 023
14078.6696 26 0.550E-27 7.669 7 2 5 7 3 4 202
14079.1356 0  0.930E-27 0.000 7 4 3 8 1 8 122
14079.8667 0  0.629E-27 0.000 7 0 7 8 0 8 103
14080.3247 8 0.111E-26 0.589 7 1 7 8 1 8 103
14080.6013 0 0.115E-26  0.000 5 4 1 6 3 4 202
14080.9737 3 0.195E-26  0.490 6 1 5 7 1 6 103
14083.4601 0 0451E-27 0.000 4 2 3 4 3 2 202
14086.2354 29 0.346E-27 5.239 1 1 1 2 2 0 202
14090.5514 0 0.161E-27 0.000 5 0 5 5 1 4 202
14091.3277 0 0.191E-26 0.000 3 0 3 4 1 4 202
14092.0161 28 0.349E-27 5.250 6 2 4 6 3 3 202
14092.7318 7  0.124E-26  0.495 1 1 0 2 2 1 202
14093.2159 0  0.934E-27 0.000 5 2 3 6 2 4 103
140934413 19 0.397E-27 4.755 7 4 4 6 2 5 301
140953237 9  0.774E-27 4.689 4 4 0 5 4 1 103
14095.4788 26 0.370E-27 5.167 4 4 1 5 4 2 103
14096.7583 18 0.448E-27 4.885 4 1 4 4 2 3 202
14097.4657 0  0.524E-27 0.000 5 3 3 6 3 4 103
14097.5965 0 0901E-27 0.000 3 1 3 4 0 4 202
14098.2941 0 0.578E-27 0.000 5 2 3 5 3 2 202
14098.8335 7  0.117E-26 0.504 5 3 2 6 2 5 202
14098.9943 22 0.357E-27 4.797 3 2 1 3 3 0 202
14101.5441 12 0.402E-27 4.174 7 3 5 6 1 6 301
14107.3246 0 0.101E-26 0.000 6 1 6 7 1 7 103
14107.4305 0 0.343E-26  0.000 6 0 6 7 0 7 103
14108.6859 0 0.159E-26 0000 4 4 1 5 3 2 202
14109.2155 0 0.114E-26 0.000 5 1 4 6 1 5 103
141119142 0 0.633E-27 0.000 2 0 2 3 1 3 202
14112.3888 O 0.618E-27 0.000 4 4 0 5 3 3 202
14112.9557 0 0.198E-26  0.000 5 2 4 6 2 5 103
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Appendix A: Experimental Line Positions and Intensities of H'8O and Hy'" O

Table A.1: Continued.

wavenumber Ay intensity Al JK, K. J' KI K! vib
14114.0777 0  0.281E-27 0.000 3 1 3 3 2 2 202
14114.9414 12 0.623E-27 4955 5 1 4 5 2 3 202
141162749 20 0.279E-27 4.350 6 0 6 5 0 5 023
14116.9392 21 0.411E-27 4975 4 1 3 3 1 2 023
14118.9307 44 0.162E-27 4.651 4 0 4 4 1 3 202
14120.1254 0  0.790E-27 ~ 0.000 4 3 1 5 3 2 103
14124.1474 5  0.168E-26 0.507 2 1 2 3 0 3 202
141242306 1 0.470E-26 0514 4 2 2 5 2 3 103
14125.1674 28 0.275E-27 4.808 8 2 6 7 0 7 301
141279140 33 0.208E-27 4.583 4 3 1 3 3 0 023
14131.3353 5 0.158E-26 0.492 1 0 1 2 1 2 202
141334966 1  0.596E-26 0.525 5 1 5 6 1 6 103
141338566 0 0.193E-26 0.000 5 0 5 6 0 6 103
14136.6798 0 0.601E-26 0.000 4 1 3 5 1 4 103
141379063 5  0.147E-26  0.487 4 2 3 5 2 4 103
14138.7450 0 0.137E-26  0.000 3 1 2 3 2 1 202
14140.7600 0  0.509E-27 0.000 6 0 6 6 2 5 103
14141.2275 31 0.311E-27 5.159 2 1 1 2 2 0 202
14142.1791 0 0.312E-27 0.000 3 3 0 4 2 3 202
141422739 0 0.134E-26 0.000 3 0 3 3 1 2 202
14143.8006 10 0.815E-27 5.261 3 3 0 4 3 1 103
141449683 3  0.255E-26 0.513 3 3 1 4 3 2 103
14152.0748 11 0.658E-27 5.034 6 6 0 6 6 1 103
14153.1334 11 0.851E-27 0.639 4 2 2 5 1 5 202
14154.8994 4  0.204E-26 0.496 3 2 1 4 2 2 103
14158.6937 0 0.759E-27 0000 2 O 2 2 1 1 202
14159.0855 0 0.871E-26 0.000 4 0 4 5 0 5 103
14160.8946 0  0.243E-26  0.000 4 1 4 5 1 5 103
14163.6818 0 0.597E-26 0.000 3 2 2 4 2 3 103
14164.0525 2 0.369E-26 0.595 3 1 2 4 1 3 103
14164.5316 39 0.418E-27 7.289 5 0 5 5 2 4 103
14168.3001 4 0.183E-26 0.499 1 0 1 1 1 0 202
141804813 9 0.981E-27 0514 5 1 5 5 1 4 103
14181.4505 21 0.455E-27 5.415 7 3 5 6 4 2 202
14183.0749 2 0.388E-26 0.508 3 0 3 4 0 4 103
14183.8833 0 0.107E-25 0050 3 1 3 4 1 4 103
141845082 8 0.117E-26 0576 4 0 4 4 2 3 103
14184.7930 1 0557E-26 0506 2 2 0 3 2 1 103
141869367 3  0.274E-26  0.508 5 5 1 5 5 0 103
14187.7480 0  0.422E-27 0.000 7 4 4 7 4 3 103
14189.2118 4  0.194E-26  0.527 2 2 1 3 2 2 103
14191.6613 0 0.107E-25 0.052 2 1 1 3 1 2 103
142002546 0 0.328E-27 0000 6 4 3 6 4 2 103
142024546 3 0223E-26 0.526 1 1 0 1 0 1 202
142034915 0 0.103E-26 0000 6 4 2 6 4 3 103
142035472 0 0.104E-26 0000 4 2 2 4 1 3 202
14203.7044 0 0349E-27 0000 6 4 2 6 3 3 202
14204.1251 0 0.161E-26 0.000 5 3 2 5 2 3 202
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Appendix A: Experimental Line Positions and Intensities of Hy'8O and H'" O

Table A.1: Continued.

wavenumber Av  intensity Al JK, K. J' KI! K! vib
14206.0635 0 0.133E-25 0.050 2 0 2 3 0 3 103
14207.1441 0 0402E-26 0.000 2 1 2 3 1 3 103
14208.4158 3  0.240E-26 0.511 3 2 1 3 1 2 202
14208.9241 0 0.534E-27 0.000 2 0 2 2 2 1 103
14209.7410 0  0.254E-26 0.000 5 4 2 5 4 1 103
142104646 33 0.804E-27 14467 5 4 1 5 4 2 103
14213.2081 O 0.188E-26 0.000 3 1 2 3 0 3 202
14214.5366 19 0.696E-27 6.397 2 2 0 2 1 1 202
14217.3438 3 0.203E-26 0513 4 4 1 4 4 0 103
14217.4716 1  0.536E-26 0.483 4 4 0 4 4 1 103
14218.4718 0 0.562E-27 0.000 4 3 1 4 2 2 202
14219.2934 2 0.293E-26 0.502 1 1 0 2 1 1 103
14220.2559 0 0.229E-26 0.000 5 4 1 5 3 2 202
14221.0213 0 0.508E-27 0.000 1 1 1 0 0 0 202
14223.8230 17 0.387E-27 4.528 4 1 3 4 0 4 202
142244412 11 0.705E-27 6.364 6 4 3 6 3 4 202
14228.8992 0 0.116E-26 0.000 2 2 1 2 1 2 202
142289841 0 0414E-26 0.000 1 0 i 2 0 2 103
14229.3830 0  0.679E-27 0.000 5 4 2 5 3 3 202
14229.7977 0 0.891E-26 0.000 1 1 1 2 1 2 103
14230.0001 0 0.157E-26 0.000 3 3 0 3 2 1 202
14231.5584 14 0472E-27 5.191 6 3 4 6 2 5 202
142322806 0 0.177E-26  0.000 4 4 o 4 3 1 202
142348295 0 0.192E-26 0.000 3 1 3 3 1 2 103
14235.1234 1 0422E-26 0493 4 4 1 4 3 2 202
14236.1664 5 0.I58E-26 0.483 3 0 3 2 1 2 202
14236.7275 0 0.177E-26 0.000 2 1 2 1 0 1 202
14237.1226 33 0.219E-27 4.689 5 3 3 5 3 2 103
14237.6135 0 0.645E-27 0.000 4 2 3 4 2 2 103
14238.9220 10 0.100E-26 0.520 4 2 3 4 1 4 202
14241.9529 0 0.111E-25 0.000 3 3 1 3 3 0 103
142424989 2 0.384E-26 0.496 3 3 0 3 3 1 103
142444558 35 0.157E-27 4.278 4 3 2 4 3 1 103
142455915 0  0.223E-27 0.000 5 2 4 5 1 5 202
14246.5622 7 0.112E-26 0.494 4 3 1 4 3 2 103
14247.0022 26 0.314E-27 5.501 6 3 3 6 3 4 103
14248.9020 14 0.637E-27 5.040 3 1 3 2 0 2 202
14251.5031 0 0.575E-26  0.000 3 2 2 3 2 1 103
14252.1660 0  0.533E-27 0.000 4 0 4 3 1 3 202
14252.5809 0 0.761E-26 0.000 0 0 0 1 0 1 103
142539235 0 0.150E-26 0.000 2 1 2 2 1 1 103
14259.0423 0 0.189E-26 0.000 4 1 4 3 0 3 202
14259.1845 0 0.493E-26 0.000 2 2 1 2 2 0 103
14262.1167 0 0.145E-25 0.050 2 2 o 2 2 1 103
14264.6038 0 0.192E-26  0.000 3 2 1 3 2 2 103
14265.0960 0 0.151E-26 0.000 5 0 5 4 1 4 202
14265.8625 5  0.157E-26 0.488 2 2 1 1 1 0 202
14266.7630 0  0.107E-25 0.000 1 1 1 1 1 0 103
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Appendix A: Experimental Line Positions and Intensities of H'8O and Hy'" O

Table A.1: Continued.

wavenumber Av  intensity Al JK, K. J' KI K! vib

14268.3617 16 0.603E-27 5.145 5 1 5 4 0 4 202
14270.7696 0 0.242E-26 0.000 4 2 2 4 2 3 103
14277.1034 7 0.112E-26 0530 6 1 6 5 0 5 202
142773326 0 0.360E-26  0.000 1 1 0 1 1 1 103
14285.5551 1 0458E-26 0500 2 1 1 2 1 2 103
14289.8661 - 0 0.954E-27 0.000 ~ 4 2 3 3 1 2 202
14292.1775 0  0.215E-27 0.000 8 1 8 7 0 7 202
142972903 0 0.724E-27 0.000 3 1 2 3 1 3 103
142989117 0  0.298E-26  0.000 1 0 1 0 0 0 103
14299.6298 22 0.344E-27 4.720 6 2 5 5 1 4 202
14302.3171 25 0.404E-27 5.172 3 2 1 2 1 2 202
143059875 18 0.380E-27 4.563 3 3 1 2 2 0 202
14307.3248 11 0.855E-27 0530 3 3 0o 2 2 1 202
143112123 6 0.126E-26 0504 4 1 3 4 1 4 103
143119631 0 0.372E-26 0.000 2 1 2 1 1 1 103
14318.6448 0 0.153E-25 0.051 2 0 2 1 0 1 103
14321.3920 0 0.547E-27 0.000 4 3 2 3 2 1 202
14322.5213 0 0.105E-25 0.049 2 1 1 1 1 0 103
14325.9659 13 0.805E-27 6.117 3 2 2 3 0 3 103
143287232 0  0.163E-25 0.050 3 1 3 2 1 2 103
14328.8263 1 0.858E-26 0.051 3 2 2 2 2 1 103
14331.8923 10 O0.850E-27 0542 S5 4 2 4 4 1 103
14332.1066 O 0.385E-27 0.000 4 4 1 3 3 0 202
14334.3816 0 0.582E-26 0.000 3 0o 3 2 0 2 103
143345770 0 0.278E-26 0000 3 2 1 2 2 0 103
14343.0638 5 0.138E-26 0486 4 3 2 3 3 1 103
143435470 1  0.460E-26 0.513 4 3 1 3 3 0 103
14344.0694 0 0.491E-26 0.000 3 1 2 2 1 1 103
143445424 1  0.514E-26 0.509 4 1 4 3 1 3 103
14346.6908 0 0.983E-27 0.000 5 4 1 4 3 2 202
143467957 0 0.169E-25 0000 4 0 4 3 0 3 103
14347.8973 0 0411E-27 0000 6 4 3 5 4 2 103
14349.7317 11 0.775E-27 5040 6 4 2 5 4 1 103
14350.6624 11 0.741E-27 5.131 5 3 2 4 2 3 202
14355.0145 0 0.135E-25 0.051 5 1 5 4 1 4 103
143574691 0 0471E-26 0000 5 0 5 4 0 4 103
143585909 0 0967E-26 0050 4 2 2 3 2 1 103
14362.1574 0 0.134E-25 0.051 4 1 3 3 1 2 103
14362.4106 15 O0477E-27 4693 7 4 4 6 4 3 103
14363.5562 2 0.388E-26 0492 5 3 3 4 3 2 103
14364.7865 1 0.805E-26 0.505 5 2 4 4 2 3 103
143653642 5  0.157E-26 0518 5 3 2 4 3 1 103
14367.1619 0 0.I05E-25 0050 6 O 6 5 0 5 103
14368.1196 14 0.537E-27 4.734 6 4 3 5 2 4 023
14371.8363 19 0439E-27 4928 2 2 0 1 0 1 103
143747860 2 0.353E-26 0518 7 4 3 6 1 6 122
143755981 2 0434E-26 0544 5 1 4 4 1 3 103
143759323 0 0215E26 0000 7 O 7 6 0 6 103
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Appendix A: Experimental Line Positions and Intensities of Hy'®O and H'0

Table A.1: Continued.

wavenumber Av  intensity Al JK, K. J' K K{ vib
143759763 0 0357E26 0000 7 1 7 6 1 6 103
14380.1974 10 0.894E-27 0505 5 2 3 4 1 4 202
14381.2238 0 0325E-26 €000 7 2 6 6 2 5 103
143833219 0 0.141E-26 0000 & 1 8 7 1 7 103
143834896 0 0417E-26 0000 8 0 8 7 0 7 103
143843058 1 0.734E-26 0526 6 1 5 5 1 4 103
143879293 0 0.748E-27 0000 6 3 3 5 2 4 202
14390.0254 0 0.657E-27 0000 9 O0 9 8 0 8 103
143942907 0 0229E-26 0000 8 1 7 7 1 6 103
143953544 0 0.18E-26 0000 10 O 10 9 0 9 103
143972131 0 0.496E-26 0.000 6 2 4 5 2 3 103
14399.3226 11  0.749E-27 5.720

14399.4311 0 0.394E-27 0.000 3 2 1 2 0 2 103
14400.5330 14 0.633E-27 5.010

14402.1498 8 0.112E-26 0.676 7 3 5 6 3 4 103
14406.4879 10 0.700E-27 5.317 7 3 4 6 3 3 103
144089756 9 0.119E-26 0.564

144149410 24 0.609E-27 6.779

14416.3378 7  0.113E-26  0.489 8 2 6 7 2 5 103
144224276 0 0.674E-27 0.000 8 3 5 7 3 4 103
14494.0262 36 0.299E-27 5.611 6 3 3 5 1 4 103
14518.3138 56 0.415E-27 8.250 6 2 4 5 0 5 103
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Appendix A: Experimental Line Positions and Intensities of H,'80 and H,'" O

Table A.2: The line positions (cm~!) and intensities (cm molecule™!)
of Hy'80 observed in the range 16570 — 17120 cm™!. The intensities
are scaled to match the natural abundance of Hy!80 and normalised at
296 K. Vibrational states are given in v v2v3 normal mode notation in

column 9. The estimated uncertainty on the line position is 0.01 cm™

1

and on the line intensity is about 15% (see section 7.1.1). Unlike the
Fourier transform spectra, the uncertainty in line position and intensity
cannot be obtained individually for each line in CRDS.

frequency intensity  J' K| K| J' K K vib
16573.006 0.964E-28
16573.726 0.791E-28
16574.309 0.349E-27
16576.343 0.340E-27
16576.959 0.150E-27
16582.506 0.110E-28
16583.088 0.344E-28
16586.780 0.150E-27 6 3 4 7 3 5 401
16591.441 0.305E-27 6 1 5 7 1 6 321
16598.170 0.147E-27 3 1 3 4 2 2 420
16599.987 0.688E-28
16601.743 0.945E-28
16603.306 0.120E-27
16604.621 0.378E-27 3 2 1 4 3 2 420
16605.490 0.944E-28
16606.257 0.272E-28
16606.497 0.215E-27 5 2 3 6 2 4 321
16607.326 0.217E-28
16607.626 0.935E-28
16609.648 0.156E-27
16611.020 0.752E-28 4 1 3 3 1 2 241
16611.756 0.428E-28
16612.072 0.148E-27 5 3 3 6 4 2 142
16612.561 0.361E-27
16614.039 0.197E-27 5 4 2 6 3 3 340
16614.576 0.258E-28
16616.319 0.372E-28
16616.739 0.219E-27 5 1 4 6 1 5 321
16619.024 0.583E-27 5 3 3 6 3 4 401
16622.008 0.570E-28 7 1 6 8 2 7 500
16622.628 0.110E-27 8 5 3 9 5 4 241
16623.297 0.198E-27 5 2 3 6 3 4 500
16624.777 0.590E-27 5 2 4 6 2 5 321
16627.815 0.195E-28
16631.551 0.891E-28 6 2 4 7 2 5 401
16631.791 0.687E-27 51 5 6 1 6 321
16632.097 0.164E-27 6 3 3 7 3 4 321
16636.440 0.153E-27 6 4 2 7 2 5 241
16637.354 0.133E-28
16637.554 0.494E-28
16639.039 0.807E-27 4 2 2 5 2 3 321
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Appendix A: Experimental Line Positions and Intensities of Hy'8O and H,'"O

Table A.2: Continued.

frequency intensity J K, K J'" K K vib

16639.998 0.155E-28

16642.176 0.780E-27 4 1 3 5 1 4 321
16642.945 0.236E-28
16645.355 0.277E-28 6 3 4 7 3 5§ 321

16645.802 0.351E-27

16646.091 - 0.221E-27 4 4 1 5 4 2 401
16646.532 0.289E-27 4 3 1 5 3 2 401
16647.525 0.604E-28
16649.082 0.468E-27 4 4 1 5 3 2 340
16649.556 0.184E-27 7 3 4 7 4 3 500
16650.058 0.131E-27 31 2 4 2 3 420
16650.441 0.667E-27 7 1 7 8 1 8 401
16650.862 0.221E-27 4 3 2 S5 3 3 401
16651.310 0.242E-28
16653.224 0.337E-27 4 2 3 5 2 4 321
16653.783 0.384E-27 6 1 5 7 1 6 401
16654.498 0.116E-27
16655.347 0.101E-27
16656.825 0.112E-27 8 1 8 7 2 5 142
16657.307 0.928E-28 5 1 4 5 3 3 321
16659.110 0.979E-28 5 3 3 5 4 2 500
16659.512 0.204E-28 6 3 3 6 4 2 500
16661.399 0.258E-27
16663.306 0.434E-28 6 4 3 6 4 241
16664.535 0.983E-28 5 3 2 5 4 1 500
16665.156 0.172E-27
16665.878 0.510E-28 6 4 2 6 4 3 241
16666.643 0.136E-27 4 2 3 5 1 4 420
16667.189 0.225E-27 5 2 3 6 2 4 401
16668.173 0.149E-27 5 3 2 6 3 3 321
16668.668 0.608E-27 31 2 4 1 3 321
16670.848 0.399E-28
16671.981 0.399E-27 3 2 1 4 2 2 321
16672.367 0.245E-27
16673.255 0.255E-27 31 3 4 3 2 043
16675.408 0.553E-28
16676.108 0.245E-27 5 3 3 6 3 4 321
16676.259 0.924E-28
16676.428 0.483E-28
16676.842 0.767E-28
16677.142 0.236E-28
16679.534 0.364E-27
16680.171 0.276E-27 6 1 6 7 1 7 401
16680.880 0.145E-26 3 2 2 4 2 3 321
16682.120 0.672E-27 3 3 1 4 3 2 401
16682.435 0.361E-27 5 1 4 6 1 5 401
16683.266 0.461E-28 4 3 2 4 2 3 340
16683.746 0.333E-28 6 3 4 6 2 5 340
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Appendix A: Experimental Line Positions and Intensities of Hy'80 and Hy"O

Table A.2: Continued.

frequency intensity J K, K| J' K! K! vib

16685.683 0.108E-26

16686.327 0.676E-27 5 2 4 6 2 5 401
16689.235 0.128E-28

16689.746 0.631E-28 7 1 7 7 1 6 401
16690.561 0.101E-27 31 3 3 2 142
16696.057 -~ 0.111E-26 - 2 1 1 31 2 321

16696.738 0.519E-28
16698.737 0.124E-27 5 2 420
16700.521 0.102E-26 4 2 2 5 2 3 401
16700.815 0.142E-27
16701.424 0.111E-27
16702.638 0.438E-27 4 3 321
16705.671 0.509E-28 4 3 2 5 2 3 500
16706.996 0.629E-28

w
W
w
[\

—
W
w
[\

16708.331 0.116E-26 51 5 6 1 6 401
16709.109 0.215E-27 4 1 4 4 1 3 321
16709.475 0.198E-28
16710.212 0.403E-27 2 1 2 3 1 3 321
16711.115 0.121E-26 4 1 3 5 1 4 401
16713.456 0.287E-27 6 5 2 6 S5 1 401
16715.177 0.526E-27 4 2 3 5 2 4 401
16716.094 0.719E-28 31 2 4 2 3 500
16718.091 0.551E-28 5 4 1 6 3 4 500
16719.190 0.935E-28
16721.523 0.604E-28 31 2 3 2 1 142
16721.755 0.109E-27
16722.371 0.537E-28
16723.738 0.422E-27
16724.094 0.121E-27 5 1 4 5 2 3 420
16724.495 0.816E-28
16729.757 0.132E-28 7 2 6 7 4 3 043
16730.049 0.178E-27
16730.201 0.669E-28 4 1 3 4 3 2 401
16730.816 0.330E-28 6 1 6 5 2 3 142
16731.081 0.198E-27
16732.298 0.933E-28 3 1 3 3 1 2 321
16732.950 0.231E-27 4 1 3 4 2 2 142
16733.319 0.398E-28
16733.570 0.986E-28 1 1 1 2 1 2 321
16733.832 0.143E-26
16735.193 0.725E-27 4 1 4 5 1 5 401
16735.681 0.494E-28
16735.880 0.576E-27 3 3 1 4 3 2 321
16736.247 0.814E-27
16736.262 0.773E-27 7 3 6 5 2 321
16736.621 0.485E-27 2 1 3 1 2 420
16737.206 0.147E-27 2 1 1 3 2 500

16737.847 0.122E-27
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Appendix A: Experimental Line Positions and Intensities of Hy'80 and H,'"O

Table A.2: Continued.

frequency intensity J K, K J' K K! vib

16738.820 0.639E-28

16740.176 0.943E-27 9 6 4 9 7 3 340
16740.913 0.142E-27 6 3 4 6 3 3 401
16741.217 0.417E-28 7 3 5 7 4 4 142
16743.347 0.119E-26 3 2 2 4 2 3 401
16745.341 0.614E-28 )

16747.541 0.135E-27 6 4 3 6 4 2 401
16747.892 0.476E-28

16750.188 0.574E-27 4 2 3 4 3 2 500

16752.460 0.187E-28
16753.701 0.112E-28
16755.314 0.123E-27 5 1 5 5 1 4 401
16755.605 0.100E-27
16756.960 0.131E-27

16758.762 0.121E-26 5 4 2 5 4 1 401
16759.720 0.389E-27 5 3 3 5 4 2 142
16759.845 0.361E-28 32 2 3 3 1 500
16760.093 0.365E-27 3 2 1 4 1 4 420
16760.558 0.416E-28 4 3 2 5 2 3 420
16761.004 0.155E-26 3 1 3 4 1 4 401
16762.379 0.111E-28 5 4 1 6 2 4 401
16762.694 0.274E-27 7 3 4 6 5 1 321
16763.528 0.698E-28 5 3 2 S 5 1 043
16764.966 0.903E-29 4 2 2 4 3 1 500
16767.930 0.130E-26 5 3 2 5 3 3 401
16768.696 0.923E-27 3 2 2 3 2 1 321
16769.398 0.167E-26 2 1 1 3 1 2 401
16770.482 0.190E-27 6 4 3 6 3 4 340
16770.777 0.133E-26 2 2 1 3 2 2 401
16770.777 0.135E-26 4 3 2 4 3 1 401
16772.040 0.873E-28 5 4 2 5 3 3 340
16772.209 0.445E-28

16772.948 0.466E-27 4 3 1 4 3 2 401
16775.524 0.816E-27 4 4 1 4 3 2 340
16776.797 0.250E-28 7 3 5 7 3 4 321
16778.320 0.322E-27 4 1 4 3 3 1 401
16781.731 0.761E-27

16785.435 0.952E-27 2 1 2 31 3 401
16785.598 0.669E-27 4 2 4 2 3 321

16786.721 0.781E-29
16787.147 0.138E-28
16789.968 0.507E-27 2 1 1 2 1 2 321
16790.790 0.653E-28

16791.624 0.173E-27 5 4 5 2 3 401
16793.244 0.348E-27 2 1 2 2 2 1 500
16793.562 0.107E-27 5 3 5 2 4 321

16793.810 0.829E-28
16794.149 0.108E-27
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Appendix A: Experimental Line Positions and Intensities of Hy'8O and Ho'"O

Table A.2: Continued.

frequency intensity J K, K J" K K vib
16794.820 0.192E-27 7 3 4 7 2 5 500
16798.849 0.825E-28 31 2 2 2 1 142
16799.555 0.163E-27

16799.879 0.358E-28 6 3 6 1 6 241
16801.893 0.132E-27 31 2 3 1 3 321

16803.908 0.431E-27 31 2 3 2 1 500
16805.931 0.439E-28

16806.114 0.553E-28 5 2 3 5 1 4 420
16808.968 0.191E-26 1 1 1 2 1 2 401
16811.599 0.511E-28
16811.956 0.631E-27 31 3 3 1 2 401
16814.888 0.299E-27 4 2 3 4 2 2 401
16815.013 0.222E-27 2 1 2 1 1 1 321
16815.751 0.238E-27 5 3 3 5 3 2 321
16816.131 0.748E-28
16816.689 0.247E-27 4 1 3 4 1 4 321
16818.944 0.521E-28
16819.254 0.536E-28
16824.231 0.862E-28 7 3 4 6 4 3 500
16824.447 0.432E-28 6 3 3 5 2 4 340
16825.483 0.703E-28
16826.196 0.822E-27 3 1 3 2 1 2 321

16826.897 0.869E-27 4 1 3 3 2 2 420
16829.097 0.718E-27
16830.273 0.711E-28
16830.522 0.929E-27
16832.196 0.324E-27 2
16835.597 0.154E-27
16839.056 0.713E-28
16840.774 0.738E-27
16843.393 0.478E-27
16843.578 0.117E-26 3 2 1 3 2 2 401
16845.041 0.216E-27

16845.308 0.165E-27

16845.549 0.905E-27 7 2 5 6 1 6 340
16845.965 0.130E-26

(9]
—
(V)]

321
401

—
[\
N
—
—

16847.053 0.719E-27 4 2 2 4 3 401
16847.788 0.110E-27 6 1 5 6 1 6 321
16848.663 0.415E-27 6 3 4 6 2 5 500

16850.461 0.166E-28
16852.343 0.836E-28
16853.251 0.349E-27
16854.286 0.157E-27 6 4 3 6 3 4 500
16854.736 0.321E-28
16854.943 0.302E-28

16855.200 0.589E-28 3 3 1 3 2 2 500
16855.455 0.263E-27 5 5 1 6 2 4 500
16858.334 0.412E-28 6 3 4 6 1 5 401
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Appendix A: Experimental Line Positions and Intensities of H,'80 and Hy'" O

Table A.2: Continued.

frequency intensity J K, K] J' K KI! vib

16858.832 0.820E-28
16859.885 0.283E-27 401
16861.530 0.538E-28 6 2 4 6 2 5 401
16861.759 0.119E-27
16862.612 0.339E-27
16863.294 = 0.110E-26 2 1 1 2 1 2 401
16864.308 0.309E-27
16865.498 0.259E-28
16865.739 0.149E-28
16866.025 0.955E-28 5 3 3 5 1 4 401
16866.420 0.385E-27
16866.969 0.294E-28
16867.284 0.220E-27

[=))
W
N
W
W
—

16867.652 0.746E-27 4 1 3 3 1 2 321
16868.076 0.423E-27
16869.366 0.614E-27 4 3 2 3 3 1 401
16870.049 0.258E-27
16870.632 0.266E-27 5 1 4 4 2 3 420
16871.352 0.458E-28
16873.434 0.101E-26 3 1 2 3 1 3 401
16874.583 0.104E-27
16875.541 0.179E-27 6 1 5 5 2 4 420
16875.965 0.648E-28
16876.629 0.786E-27 5 2 4 4 2 3 321
16877.857 0.114E-27
16881.221 0.336E-27 3 1 2 2 2 1 500
16882.860 0.185E-27
16883.089 0.353E-27 5 1 4 4 1 3 321

16883.321 0.546E-29
16883.930 0.252E-28
16884.392 0.349E-28
16884.684 0.504E-28
16885.104 0.417E-27 5 3 3 4 3 2 401
16885.398 0.202E-27

16887.839 0.189E-27 5 3 2 4 3 1 401
16888.535 0.591E-28 3 3 1 3 1 2 401
16889.397 0.370E-27 5 2 3 4 3 2 500
16890.252 0.676E-27 2 1 2 1 1 1 401
16890.719 0.956E-28 9 4 5 8 5 4 420
16891.913 0.169E-27

16892.121 0.565E-27 4 2 3 3 1 2 420
16892.641 0.301E-27 7 1 6 6 2 5 420
16893.278 0.317E-27 5 2 3 4 2 2 321
16894.783 0.452E-27 6 1 5 5 1 4 321
16895.179 0.135E-27 6 4 3 5 4 2 401
16896.059 0.523E-27

16896.232 0.512E-27

16896.436 0.412E-27 6 4 2 S 4 1 401
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Appendix A: Experimental Line Positions and Intensities of H'8O and H,'70

Table A.2: Continued.

frequency intensity J K, K| J' K K! vib

16896.650 0.402E-27 7 2 6 6 2 5 321
16898.142 0.200E-27
16898.395 0.911E-28 S 1 4 5 1 5 401
16898.761 0.173E-27
16898.933 0.146E-27 6 3 4 5 3 3 401

16901.511 0.528E-27
16902.001 0.577E-28
16902.471 0.469E-28
16903.352 0.315E-27

16904.484 0.357E-27 4 1 3 3 2 2 500
16904.945 0.295E-27 3 2 1 2 1 2 420
16905.304 0.336E-27
16905.652 0.506E-27 4 2 3 4 1 4 500
16905.913 0.711E-27 6 3 4 6 2 5 420
16906.306 0.670E-28 5 3 3 5 2 4 420
16906.700 0.650E-28 9 2 8 8 1 7 420
16907.863 0.835E-28 7 3 5 7 2 6 420
16908.256 0.702E-28
16908.487 0.980E-27 3 2 2 2 2 1 401
16908.805 0.698E-28
16909.282 0.279E-27
16909.603 0.445E-27
16909.914 0.145E-27
16910.132 0.301E-27 6 1 5 6 1 6 401
16910.910 0.143E-27 7 3 5 6 4 2 142
16912.437 0.950E-28 8 1 7 7 2 6 420
16916.931 0.696E-28 6 3 4 6 1 5 321
16920.214 0.587E-27 3 1 2 2 1 1 401
16924.018 0.255E-27
16924.534 0.770E-27 4 3 2 3 3 1 321
16924.727 0.543E-27 5 1 4 4 2 500
16925.480 0.235E-27
16926.637 0.107E-27
16927.125 0.338E-27
16928.795 0.139E-26
16929.833 0.137E-26 5 1 5 4 1 4 401
16930.376 0.801E-28
16934.860 0.133E-26 4 2 2 3 2 1 401
16935.594 0.268E-28 10 2 8 9 2 7 321
16936.618 0.148E-26 4 1 3 3 1 2 401
16938.172 0.723E-27 S 2 4 4 2 3 401
16938.340 0.443E-27 4 4 1 4 3 2 420
16938.961 0.508E-27 6 1 6 5 1 5 401
16940.017 0.392E-27 4 3 2 3 2 1 500
16941.285 0.261E-27 6 1 5 5 2 4 500
16941.457 0.123E-27
16942.214 0.290E-27 5 3 3 4 3 2 321

16942.830 0.392E-28
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Appendix A: Experimental Line Positions and Intensities of H,'80 and H,'7O

Table A.2: Continued.

frequency intensity J' K, K. J' KI KI! vib

16945.466 0.399E-28
16945.659 0.402E-27

16946.091 0.142E-26 5 3 2 4 3 1 321
16947.154 0.239E-27 3 2 2 2 1 1 500
16947.654 0.151E-27 4 3 1 3 2 2 500
16948.179 0.310E-27 6 5 1 6 3 4 401
16948.801 0.453E-27 51 4 4 1 3 401
16949.212 0.462E-27 5 3 3 4 2 2 500
16949.524 0.159E-27 6 2 5 5 2 4 401
16952.754 0.410E-27 S 4 2 4 4 1 321
16953.459 0.929E-27 7 1 6 6 2 5 500

16953.588 0.123E-27

16953.718 0.500E-27 .

16953.965 0.730E-27 6 3 4 5 2 3 500
16954.105 0.540E-27

16955.697 0.164E-27

16956.569 0.655E-27

16957.113 0.475E-27 6 1 5 5 1 4 401
16957.390 0.224E-27
16957.531 0.602E-28 6 3 4 5 3 3 321

16957.997 0.625E-27
16958.719 0.134E-27 5
16959.322 0.194E-27 9 2 7 8 1
16959.913 0.386E-28

16961.093 0.246E-28

16961.703 0.179E-27

241
340

I
P
N
[

oo N

16962.317 0.294E-27 5 2 4 4 1 3 500
16965.120 0.916E-28 5 4 1 5 1 4 500
16965.296 0.118E-28
16965.913 0.240E-27 6 3 3 5 3 2 321
16966.325 0.270E-27 6 2 5 5 1 4 500
16966.830 0.357E-27 6 2 4 5 2 3 401
16967.953 0.156E-27
16969.289 0.262E-27 3 2 1 2 1 2 500
16970.719 0.252E-27 5 3 2 4 2 3 500
16970.859 0.126E-27 6 4 2 5 4 1 321
16971.739 0.292E-27 10 2 9 9 1 8 142
16974.844 0.664E-28
16974.968 0.537E-28
16978.470 0.133E-27
16979.250 0.298E-27
16981.955 0.249E-27 4 4 31 2 340
16982.447 0.281E-27 3 3 1 2 1 2 401
16984.185 0.557E-27 7 3 4 6 3 321

16984.825 0.384E-27
16985.548 0.177E-27
16987.883 0.313E-28
16988.514 0.216E-27
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Appendix A: Experimental Line Positions and Intensities of H'8O and Hy'" O

Table A.2: Continued.

frequency intensity J' K] K| J" K K vib

16988.818 0.840E-28 6 1 6 5 4 1 222
16991.334 0.529E-28
16997.874 0.125E-27 5 2 6 420
17000.191 0.204E-27 9 6 4 10 3 7 340
17000.335 0.283E-28
17001.776 0.144E-27
17002.447 0.990E-28
17002.904 0.116E-27
17004.093 0.578E-28 4 2 2 3 1 3 500
17005.100 0.819E-29
17005.665 0.127E-27
17006.108 0.172E-28
17007.412 0.444E-28
17007.687 0.316E-28
17008.575 0.705E-28

[«
—
~

17008.877 0.108E-27 8 5 4 7 4 3 340
17011.158 0.546E-28 6 3 3 5 1 4 401
17012.624 0.191E-27
17014.089 0.104E-28
17014.661 0.215E-28
17017.508 0.410E-27 6 4 3 5 1 4 340
17025.072 0.186E-28
17026.757 0.211E-27 5 3 2 4 2 3 420

17030.448 0.560E-28
17030.718 0.130E-27
17033.511 0.300E-28
17035.238 0.311E-28
17035.481 0.169E-27 4 3 1 3 1 2 321
17036.146 0.583E-28
17038.154 0.296E-28 5 4 2 500
17040.049 0.225E-28 241
17040.580 0.146E-27 5 3 3 4 1 4 401
17045.823 0.325E-28
17046.496 0.769E-29
17047.380 0.306E-28
17047.903 0.417E-28
17048.725 0.284E-28 5 2 4 6 1 5 222

oo
(¥, ]
w
~N W
N =
N

17049.783 0.451E-28 5 3 3 4 2 2 142
17050.509 0.120E-28
17053.276 0.201E-28 5 4 2 4 3 1 420
17055.778 0.190E-28
17056.081 0.180E-27 6 4 2 S5 2 3 401

17059.225 0.322E-29
17059.914 0.906E-29
17061.892 0.467E-28
17063.205 0.128E-28
17064.066 0.471E-29
17064.351 0.757E-29
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Appendix A: Experimental Line Positions and Intensities of Hy'8O and Hy'7O

Table A.2: Continued.

frequency intensity J' K, K| J' K KI! vib

17064.933 0.132E-27 5 4 2 4 2 3 401
17065.287 0.290E-28
17068.104 0.278E-28
17068.531 0.186E-28 340
17071.873 0.763E-28 2 1 1 3 02 2 222
17072.280 0.153E-28
17072.482 0.509E-29

\O
\O
W
W

17073.286 0.131E-27 6 3 3 5 1 4 321
17074.120 0.179E-28
17074.312 0.303E-28 6 3 4 5 1 5 401
17076.250 0.174E-28
17076.836 0.771E-28 7 1 6 7 2 5 222
17077.360 0.220E-28
17077.662 0.507E-28 5 § 1 4 3 2 401

17078.244 0.583E-29

17080.609 0.459E-29

17081.521 0.110E-28

17082.965 0.831E-29

17083.955 0.113E-28

17087.831 0.123E-27 6 5 1 5 3 2 401
17090.802 0.980E-29

17093.943 0.906E-29

17094.265 0.211E-28

17094.716 0.112E-28

17096.983 0.154E-28 s 1 5
17097.660 0.578E-28 5 3 3 4
17101.697 0.263E-28

17104.225 0.161E-29

17105.030 0.271E-28

17105.911 0.342E-28

17106.670 0.151E-28

17107.805 0.165E-28

17112.551 0.138E-28

17114.170 0.439E-28

17114.720 0.169E-28

17116912 0.306E-28 4 2 2 4 3 1 222
17117.094 0.198E-28

17118.013 0.325E-28

17118.310 0.424E-28

17122.932 0.390E-28

17123.434 0.429E-28

W
({8

302
321

—
£
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Appendix A: Experimental Line Positions and Intensities of Ho'80 and Hy'" O

Table A.3: The observed line positions (cm~!) and absolute intensities
(cm molecule™1) of H317O observed in the range 11365 — 14514 cm 1.
The absolute intensities are scaled to match the natural abundance of
H,!70 and normalised at 296 K. Uncertainty in line position is given
in 10~* cm ™! (Av in column 2) and for intensity is given in 10728 cm
molecule™ (AT in column 4). Vibrational states are given in vjvov3
normal mode notation in column 11.

wavenumber Av  intensity Al J! . KL J' K K! vib
113654669 0  0.952E-28 0.000 8 2 6 7 0 7 003
116412035 0 0.121E-27 0.000 6 0 6 7 0 7 131
11643.9814 0 0.120E-27 0.000 6 1 5 7 1 6 131
116779047 0 0.112E-27 0.000 4 1 3 5 1 4 131
11685.1840 32 0.354E-27 7.233 4 0 4 5 0 5 131
11692.8648 38 0.177E-27 5.454 4 2 2 5 2 3 131
116999046 0  0.276E-27 0.000 3 1 2 4 1 3 131
11714.0811 21 0372E-27 4948 3 1 3 4 1 4 131
117184674 0 0829E-28 0000 5 3 3 6 3 4 131
11724.0625 19 0250E-27 4269 2 1 1 3 1 2 131
117247944 0  0.265E-27 0.000 2 0 2 3 0 3 131
117327940 0  0.123E-27 0.000 3 2 2 4 2 3 131
11752.1812 0 O0.111E-27 0.000 2 2 0o 3 2 1 131
11759.2148 23  0.159E-27 3.825 1 1 1 2 1 2 131
11769.0535 50 O0.167E-27 4984 0 0 0 1 0 1 131
11796.2545 23 0.305E-27 4.748 1 1 1 1 1 0 131
11804.1493 0 0.107E-27 0.000
11816.0537 0 0.119E-27 0.000 1 0 1 0 0 0 131
11820.8003 0 0.171E-27 0.000 3 2 2 3 2 1 131
11827.0684 0 0.128E-27 0.000 2 2 1 2 2 0 131
11829.4684 0 0.564E-27 0.000 2 2 0 2 2 1 131
11833.1450 0  0.352E-27 0.000 3 1 2 3 1 3 131
11837.5608 0 0.271E-27 0.000 2 0 2 1 0 1 131
11837.8719 19 0.733E-28 27.773
118549864 0 0321E-27 0.000 2 1 1 1 1 0 131
118574987 0 0258E-27 0000 10 0 10 1 0 11 211
11859.1510 16 0952E-27 0800 3 1 3 2 1 2 131
11868.0632 12 0477E-27 4446 3 3 1 3 3 0 131
11868.3953 26 0376E-27 6786 3 3 0 3 3 1 131
11871.5921 O 0.184E-27 0000 8 3 5 9 3 6 211
11873.3077 13 055527 5063 4 0 4 3 0 3 131
11875.0140 48 0.309E-27 12.633 4 1 4 3 1 3 131
11875.6627 0  0.267E-27 0.000 9 2 8 10 2 9 211
11880.0732 12 0.137E-27 3.868 3 1 2 2 1 1 131
11883.8801 0 0243E-27 0000 8 2 6 9 2 7 211
11887.8198 10 O0.559E-27 4745 9 1 9 10 1 10 211
11898.0881 27 0.260E-27 4780 3 2 2 2 2 1 131
119014704 23 0266E-27 4571 6 O 6 5 0 5 131
11903.0247 5 0.132E-26 0499 8 1 7 9 1 g8 211
119032353 11 0297E-27 4981 8 2 7 9 2 8 211
11903.6743 13 0.399E-27 4857 4 1 3 3 1 2 131
11903.9468 22 0267E-27 4611 7 3 4 8 3 5 211
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Appendix A: Experimental Line Positions and Intensities of Hy'80 and Hy'"O

Table A.3: Continued.

wavenumber Ay  intensity Al JK, K. J' KI K vib
119142299 26 0.227E-27 4.674 5 4 2 5 4 1 131
11916.1102 13  0.330E-27 4.262 8 1 8 9 1 9 211
11917.1836 10 0.142E26 108 8 0 8 9 0 9 211
11917.5197 10 0.559E-27 5478 4 4 0 4 4 1 131
119192934 22 0486E-27 5807 7 4 4 8 4 5 211
11920.8798 10 O0O9I6E-27 069 7 3 S 8 3 6 211
119272162 17 0.498E-27 5151 4 2 2 3 2 1 131
11928.1610 17 0.172E-27 4726 7 3 5 8 1 8 131
119299139 4  0.108E-26 0.437 7 2 6 8 2 7 211
11930.7816 21 0.249E-27 4394 7 1 6 8 1 7 211
11937.0910 3 0.192E-26 0515 6 2 4 7 2 5 211
11937.1759 5 0.100E-26 0440 6 3 3 7 3 4 211
11938.2591 12 0.759E-27 5.269 5 2 4 4 2 3 131
11944.2458 8 0.104E-26 0.523 7 0 7 8 0 8§ 211
11944.6967 2 0234E-26 0452 7 1 7 8 1 8 211
11947.4406 8 0.773E-27 0.594 6 4 2 7 4 3 211
11949.5545 0 0.312E-27 0.000 6 3 4 7 3 5 211
11950.2040 5 0.112E-26 0.445 6 2 5 7 1 6 310
11953.1343 0 0.109E-27 0.000 8 1 8 8 1 7 211
11954.0859 6  O0.154E-26 0.571 6 2 5 7 2 6 211
11956.0550 4  0.142E-26 0.487 6 1 s 7 1 6 211
11956.8860 35 0.186E-27 5.346 6 2 5 5 2 4 131
11959.8077 38 0238E-27 5198 6 1 6 7 0 7 310
11960.3461 0 0.497E-27 0.000 6 4 3 7 2 6 131
11963.3395 0 0241E-27 0000 4 3 2 3 3 1 131
11965.6311 0 O0.111E26 0000 5 2 3 6 2 4 211
119705837 1 0520E26 0482 6 O 6 7 0 7 21
11970.8069 0 0.154E-26 0000 6 1 6 7 1 7 211
11971.0539 51 0.162E-27 5.084 6 5 1 6 5 2 131
11972.6146 30 0.144E-27 4.050 2 2 1 3 3 0 310
11973.4495 0.281E-27 4.381 5 5 1 5 5 0 131
11975.8905 0.199E-26  0.960 5 1 4 6 1 5 211
11978.1063 0.223E-26 0.480 5 3 3 6 3 4 211
11979.0800 0336E-27 4255 5 4 1 6 4 2 211
11979.9207 0.102E-26 0000 5 4 2 6 4 3 21
11983.7511 0423E-26 0000 5 2 4 6 2 5 211
11984.0313 0.180E-27 0000 5 0 S5 6 1 6 310
11984.2875 0.247E-27 6.153 7 1 7 7 1 6 211
11984.3829 0.154E-26  0.000 5 2 4 6 1 5 310
11984.8573 0.484E-27 5.892 3 1 3 3 3 0 211
11985.6791 0290E-27 6984 5 1 5 6 0 6 310
11989.3302 0.305E-27 4.329 2 0 2 3 2 I 211
11995.3864 0.617E-26 0503 4 2 2 5 2 3 211
119957061 2 0260E-26 0473 S5 0 S5 6 0 6 211
11996.1776 0  0.790E-26  0.048 5 1 5 6 1 6 211
12000.6490 0 0.763E-26 0476 4 1 3 5 1 4 211
120029755 0 0311E26 0000 4 3 1 5 3 2 211
12003.9287 17 0621E-27 5545 6 0 6 6 2 5 211
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Appendix A: Experimental Line Positions and Intensities of H'8O and Hy'"O

Table A.3: Continued.

wavenumber Av  intensity Al JK, K. J' K] K! vib
12006.4755 0 0.105E-26 0.000 4 3 2 5 3 3 211
12009.0203 5 0.105E-26 0.467 4 4 0 5 4 1 211
12009.1073 30 0.138E-27 4.083 6 3 3 5 3 2 131
12009.2410 25 0.704E-27 6.736 4 4 1 5 4 2 211
12009.4198 2  0.215E-26  0.466 4 2 3 5 2 4 211
120109103 0 ° 0.449E-27 0.000 4 1 4 5 0 5 310
12011.8602 27 0.282E-27 4.945 6 1 5 6 3 4 211
12016.1706 21  0.185E-27 3.943 4 2 3 5 1 4 310
120195055 0 0.119E-25 0.000 4 0 4 5 0 5 211
12020.6318 0 0.380E-26 0.000 4 1 4 5 1 5 211
12023.5843 0 0.256E-27 0.000 7 3 5 6 3 4 131
12025.9077 2 0.258E-26 0.490 3 2 1 4 2 2 211
12026.2270 0 0.369E-26 0.000 3 1 2 4 1 3 211
12026.2962 0  0.348E-27 0.000 5 0 5 5 2 4 211
12032.1908 15 0.407E-27 4.633 7 2 6 7 2 5 211
12033.3106 6 0.104E-26 0.504 3 3 0 4 3 1 211
12034.2288 27 0.289E-27 4.982 4 2 3 4 3 2 310
12034.4561 0 0.330E-26 0.000 3 3 1 4 3 2 211
12035.1622 0 0.849E-26 0.049 3 2 2 4 2 3 211
12036.0710 18 0.430E-27 4.904 3 1 3 4 0 4 310
12042.0556 1 0481E-26 0.491 3 0 3 4 0 4 211
12043.5447 7 0.790E-27 0.483 5 1 5 5 1 4 211
12044.3232 0 0.160E-25 0.051 3 1 3 4 1 4 211
12044.7298 7 0.109E-26 0.510 4 0 4 4 2 3 211
120562306 0 0.719E-26 0.496 2 2 0 3 2 1 211
12058.1975 0 0.366E-27 0.000 3 0 3 3 2 2 211
12060.8027 2  0.242E-26  0.493 2 2 1 3 2 2 211
12061.5036 1 0577E-26 0.497 2 1 2 3 0 3 310
120642292 0 0.121E-25 0.050 2 0 2 3 0 3 211
12066.6227 10 0.453E-27 4.169 2 0 2 2 2 1 211
12067.4512 1 0.567E-26 0.501 2 1 2 3 1 3 211
12071.3811 14 0.464E-27 4.732 4 1 4 4 1 3 211
12076.6778 29 0.147E-27 4.199 7 7 1 7 7 0 211
12079.2892 0  0.430E-27 0.000 3 1 2 3 2 1 310
12079.9105 1 0.373E-26 0.497 1 1 0 2 1 1 211
12083.7954 14 0.296E-27 4.054 7 3 5 7 3 4 211
12088.9664 0  0.220E-27 0.000 1 1 1 2 0 2 310
12089.5665 0 0.148E-26 0.000 5 2 4 5 2 3 211
12090.1088 0 0.121E-25 0.050 1 1 1 2 1 2 211
12095.5168 2  0.310E-26 0.488 3 1 3 3 1 2 211
12102.7955 51 0.491E-27 9.451 1 0 1 1 1 0 310
12104.1748 23 0.467E-27 6.338 6 3 4 6 3 3 211
12109.2191 0 0.104E-25 0.000 0 0 0 1 0 1 211
121094693 0 0.124E-26 0.000 4 2 3 4 2 2 21
121104951 14 0.418E-27 4.586 7 4 4 7 4 3 211
12113.1174 21 0.278E-27 6.003 8 5 3 8 5 4 211
12114.3810 3  0.158E-26 0.447 2 1 2 2 1 1 211
12116.4994 49 0.219E-27 5.497 4 2 2 5 0 5 211
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Appendix A: Experimental Line Positions and Intensities of Hy*8O and Hy'" O

Table A.3: Continued.

wavenumber Av  intensity Al J K, K, J' K] K vib
12118.0146 3  0.502E-26 1.013 5 3 3 5 3 2 211
12119.4125 20 0.256E-27 4.385 7 5 3 7 5 2 211
121197122 9 0.714E-27 5.643 6 4 3 6 4 2 211
12122.0327 0 0.136E-26  0.000 6 4 2 6 4 3 211
12123.1662 0  0.829E-26  0.000 3 2 2 3 2 1 211
12125.8657 18 0.477E-27 5.692 6 5 2 6 5 1 211
121259379 5 0.120E-26  0.545 6 5 1 6 5 2 211
121262284 1  0.313E-26 0.467 5 4 2 5 4 1 211
121264798 2 0.229E-26 0.500 4 3 2 4 3 1 211
12126.7350 5 0.992E-27 0.451 5 4 1 5 4 2 211
12127.1493 0  0.140E-25 0.099 1 1 1 1 1 0 211
12128.4103 6  0.884E-27 0.445 5 3 2 5 3 3 211
12129.3431 0  0.655E-26 0.467 4 3 1 4 3 2 211
12130.1602 0  0.287E-27 0.000 7 6 2 7 6 1 211
12130.8535 0 0.632E-26  0.000 2 2 1 2 2 0 211
121309692 6 0.102E-26  0.461 6 3 3 6 3 4 211
12131.1483 2 0.267E-26  0.479 4 4 1 4 4 0 211
12131.2094 0 0.720E-26  0.469 4 4 0 4 4 1 211
12131.3174 1 0.336E-26 0.475 5 5 1 5 5 0 211
121314934 0 0.145E-25 0.000 3 3 1 3 3 0 211
12131.9253 0 0.481E-26 0.000 3 3 0 3 3 1 211
12133.5216 0 0.195E-25 0.049 2 2 0 2 2 1 211
121355044 2 0.286E-26 0.467 3 2 1 3 2 2 211
12135.6030 7 0.933E-27 0.519 6 6 0 6 6 1 211
12137.9505 1 0.507E-26 0.496 1 1 0 1 1 1 211
12141.7410 1 0.367E-26  0.452 4 2 2 4 2 3 211
12146.6995 1 0.685E-26 0.510 2 1 1 2 1 2 211
12152.4589 19 0.808E-27 1.000 5 2 3 5 2 4 211
12155.5984 2 0.315E-26 0478 1 0 1 0 0 0 211
121589715 10 0.558E-27 4.381 1 1 1 0 0 0 310
121594568 5  0.117E-26  0.492 3 1 2 3 1 3 211
12166.8586 7  0.723E-27 4.614 6 2 4 6 2 5 211
12172.4221 0 0.468E-26 0.000 2 1 2 1 1 1 211
121732230 26 0.611E-27 13.037 3 0 3 2 1 2 310
12174.2678 1 0.372E-26 0487 2 1 2 1 0 1 310
12175.2244 0 0.217E-26 0.000 4 1 3 4 1 4 211
121769936 0  0.158E-25 0.0438 2 0 2 1 0 1 211
12183.7400 0 0.133E-25 0.049 2 1 1 1 1 0 211
12189.4000 0 0.193E-25 0.000 3 1 3 2 1 2 21
12192.0052 22 0.332E-27 4.849 5 1 4 5 1 5 211
12193.6720 0 0.776E-26  0.050 3 0o 3 2 0 2 211
12198.0642 6  0.134E-26  0.537 3 2 2 3 0 3 211
12200.0190 22 0.358E-27 6.473 7 0o 7 8 1 8 112
122004564 0 0.916E-26 0.000 3 2 2 2 2 1 211
12200.5045 0 0.325E-27 0.000 5 2 4 5 1 5 310
12202.9272 12 0.398E-27 4.257 4 2 3 4 0 4 211
12204.6097 1 0.668E-26 0.485 4 1 4 3 1 3 211
12205.5551 2 0.315E-26 0.507 3 2 1 2 2 0 211
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Appendix A: Experimental Line Positions and Intensities of Hy'80 and H,'7O

Table A.3: Continued.

wavenumber Ay  intensity Al J K, K. J' K'Y K’ vib
12206.3880 0  0.599E-26  0.000 3 1 2 2 1 1 211
12206.8479 17 0.465E-27 6.072 6 2 5 6 1 6 310
12207.6285 7  0.194E-25 1.009 4 0 4 3 0 3 211
12210.7006 7  0.946E-27 0.496 5 2 4 5 0 5 211
12212.6959 28 0.344E-27 6.841 6 1 5 6 1 6 211
12214.1850 15 0.490E-27 5.169 2 2 1 1 1 0 310
12218.1181 0  0.174E-25 0.049 5 1 5 4 1 4 211
12219.0663 1 0393E-26 0.497 4 2 3 3 2 2 211
12219.8043 1 0.612E-26 0.504 5 0 5 4 0 4 211
12222.1841 18 0.300E-27 4.458 5 4 2 4 2 3 131
12225.0934 4  0.165E-26 0.520 4 3 2 3 3 1 211
12226.3823 7  0476E-26 2.601 4 3 1 3 3 0 211
12226.4188 1 0.160E-25 0.196 4 1 3 3 1 2 211
12228.6258 0  0.367E-27 0.000 7 2 6 7 0 7 211
12229.7440 0  0.113E-25 0.049 4 2 2 3 2 1 211
12229.8716 30 0.268E-27 5.000 3 2 2 2 1 1 310
12230.0881 1  0429E-26 0.482 6 1 6 5 1 5 211
12230.8615 1 0.131E-25 0.097 6 0 6 5 0 5 211
122359212 0 0.106E-25 0.049 5 2 4 4 2 3 211
12238.6195 18 0.394E-27 6.219 2 2 1 3 3 0 112
122409394 0 0.111E-25 0.050 7 1 7 6 1 6 211
122419314 4  0.133E-26 0.474 4 2 3 3 1 2 310
12242.7556 0  0.325E-26 0.000 5 1 4 4 1 3 211
12243.8906 0 0.433E-27 0.000 2 2 0 1 0 1 211
12244.3718 2 0.638E-26  1.026 5 3 3 4 3 2 211
12248.4154 3 0.334E-26  0.989 5 3 2 4 3 1 211
12248.6594 10 0.568E-27 5.836 5 4 1 4 4 0 211
12249.0882 9  0.147E-26 0.943 8 1 8 7 1 7 211
12250.3422 1 0.527E-26 0.481 8 0 8 7 0 7 211
12250.7543 12 0.607E-27 5.215 5 0 5 6 1 6 112
12251.2412 7 0.101E-26 0.497 5 2 4 4 1 3 310
12251.6532 0  0.280E-27 0.000 3 2 1 2 1 2 310
12252.5137 4  0.349E-26 1.031 5 2 3 4 2 2 211
12253.2414 4  0.198E-26 0.559 6 4 3 5 2 4 131
12254.2061 4 0.362E-26 1.067 6 2 5 5 1 4 310
12256.7323 0  0.991E-27 0.000 9 0 9 8 0 8 211
12257.3700 0 0.265E-26 0.000 9 1 9 8 1 8 211
12260.0606 1 0551E-26 0485 6 1 5 5 1 4 211
12261.9609 0 0.524E-26 0.000 7 2 6 6 2 5 211
12261.9923 0 0.118E-26  0.000 6 3 4 5 3 3 211
12263.4357 0 0472E-27 0.000 10 1 10 9 1 9 211
12263.5198 4  0.119E-26 0451 10 0 10 9 0 9 211
12263.9352 0  0.428E-27 0.000 7 2 6 6 1 5 310
12267.3531 0 0591E-27 0.000 6 4 3 5 4 2 211
12268.3392 0  0.159E-26  0.000 6 4 2 5 4 1 211
12268.7948 0  0.809E-27 0.000 11 1 11 10 1 10 211
12269.8848 5  0.127E-26 0.486 7 1 6 6 1 5 211
12270.8662 1 0411E-26 0515 6 3 3 5 3 2 211

187



Appendix A: Experimental Line Positions and Intensities of Hy'8O and Hy'7O

Table A.3: Continued.

wavenumber Av intensity AI J' K, K. J' KI K! vib
122709802 23 0.235E-27 4.356 3 2 1. 2 0 2 211
122723840 7  0.970E-27 0.488 6 5 1 5 5 0 211
12272.6761 0 0.623E-26 0.000 6 2 4 5 2 3 211
12272.8128 32 0.297E-27 5463 12 0 12 11 0 11 211
12273.2401 7 0.745E-27 0.456 8 2 7 1 2 6 211
12274.5450 20 0.259E-27 4.545 4 0 4 5 1 5 112
12276.9524 0  0.245E-26  0.000 8 1 7 1 1 6 211
12277.5877 2 0.242E-26 0.491 7 3 5 6 3 4 211
12278.0052 0 0.863E-27 0.000 4 1 4 5 0 5 112
12281.4624 31 0.174E-27 4.539 7 4 4 6 2 5 131
12282.8052 4 0.127E-26 0.495 9 2 8 8 2 7 211
12285.0823 5 0.112E-26 0.470 7 4 4 6 4 3 211
122852918 13  0.657E-27 6.787 9 1 8§ 8 1 7 211
12288.3734 13 0.680E-27 6.455 4 3 2 3 2 1 310
122884112 0 0.298E-27 0.000 10 1 9 9 1 8 211
12289.5114 0  0.125E-26  0.000 7 2 5 6 2 4 211
12290.5944 19 0.572E-27 7.315 7 5 3 6 5 2 211
12290.7190 20 0.320E-27 5.608 10 2 9 9 2 8 211
12292.6253 9  0.826E-27 0.544 7 3 4 6 3 3 211
122952620 8  0.859E-27 0.489 3 0 3 4 1 4 112
12295.5271 23 0.188E-27 4.182 11 2 10 10 2 9 211
12296.7753 22  0.254E-27 4.400 1 1 0o 2 2 1 112
12302.4664 4 0.138E-26 0474 8 2 6 7 2 5 211
12303.1728 45 0.367E-27 12976 3 1 3 4 0 4 112
12304.6437 9 0.740E-27 5.005 4 2 2 3 0 3 211
12307.6992 0 0.522E-28 0.000
12307.8344 0  0.525E-27 0.000 8 4 4 7 4 3 211
12308.3756 0  0.198E-27 0.000 8 5 3 7 5 2 211
12309.8125 17 0.294E-27 4.325 6 3 4 5 2 3 310
12311.6971 38 0.130E-27 4.337 9 3 7 8 2 6 112
12312.0026 5 0.129E-26  0.529 8 3 5 7 3 4 211
12314.3520 0 0.119E-27 0.000 7 3 5 6 2 4 310
12315.7207 0 0.105E-27 0.000
12315.7614 0 0.798E-28 0.000 3 2 2 4 1 3 112
123164085 19 0.218E-27 4.101 9 4 6 8 4 5 211
12317.2820 0 0.111E-27 0.000 5 2 3 5 3 2 112
12318.2428 18 0.354E-27 4.737 8 3 6 7 2 5 310
12319.3107 42 0.193E-27 5.835 3 1 3 3 2 2 112
12320.2883 0 0.963E-28 0.000
12321.9949 31 0.271E-27 5.541 5 3 2 4 2 3 310
12324.1059 0 0.168E-27 0.000 6 4 2 6 2 5 211
123243169 24 0.430E-27 6.646 10 2 8 9 2 7 211
123252943 0 0.203E-27 0.000 4 0 4 4 1 3 112
123255375 0 0.820E-28 0.000 4 4 0 3 3 1 310
12327.6229 40 0.253E-27 5.958 9 3 6 8 3 5 211
12328.9027 10 0.723E-27 5.371 2 1 2 3 0 3 112
12329.7977 39 0.123E-27 4.209 5 1 4 5 2 3 112
12332.7054 18 0.433E-27 4.902 1 0 1 2 1 2 112
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Appendix A: Experimental Line Positions and Intensities of H,'80 and H,'"O

Table A.3: Continued.

wavenumber Av  intensity Al JK, K. J' K] K{ vib
12337.0388 16 0.335E-27 4368 4 3 1 3 1 2 211
12337.6691 31 0.163E-27 4441 10 3 7 9 3 6 211
12346.0419 0 0.235E-27 0.000 10 4 6 9 4 5 211
12346.3987 23 0.269E-27 4541 3 1 2 3 2 1 112
12346.4581 22 0.324E-27 4.759 3 0 3 3 1 2 112
12349.2661 27 0.303E-27 5.006 2 2 1 3 1 2 112
12355.2879 24 O0.162E-27 3972 7 1 7 8 1 8 013
12361.1896 17 0.505E-27 5.054 2 0 2 2 1 1 112
123627080 O 0.870E-28 0000 7 S5 2 6 3 3 131
12364.2791 18 0.164E-27 3574 6 1 5 7 1 6 013
12369.7484 0 0468E-27 0000 1 0 1 1 1 0 112
12375.6766 0  0.458E-28 0.000 5 5 1 4 4 0 310
123757475 0 0.142E-27 0000 5 S5 0 4 4 1 310
12379.1611 15 0.320E-27 4.284 6 3 3 5 1 4 211
123809356 23 0485E-27 6320 6 0 6 7 0 7 013
12381.9752 60 0.221E-27 5943 5 3 3 6 3 4 013
123879129 0 0.174E-27 0.000 5 1 4 6 1 5 013
12391.7454 12 0.607E-27 5.219 5 2 4 6 2 5 013
12393.8012 0 0.197E-27 0.000 6 2 4 5 0 5 211
123943393 31 0.248E-27 6.033 6 5 2 5 4 1 310
12401.0950 45 0.133E-27 7231 4 4 0 5 4 1 013
12403.8905 8 0.587E-27 5.585 4 2 2 5 2 3 013
12406.0917 15 0.386E-27 4.475 5 1 5 6 1 6 013
12407.1498 11 0.610E-27 4.708 1 1 0 1 0 1 112
12411.4094 7 0.129E-26  0.529 4 1 3 5 1 4 013
12421.2979 13 0.S557E-27 4873 3 1 2 3 0 3 112
12422.6545 0  0.148E-27 0.000 4 2 2 4 1 3 112
124241923 8 0.121E26 053 3 2 1 3 1 2 112
124255527 0 0354E-27 0000 5 2 3 5 1 4 112
124287492 0 0935E-27 0000 4 O 4 S5 0 5 013
12429.7996 0 0237E-27 0000 4 1 4 5 1 5 013
124299610 7 0.102E-26 0.49%4 6 4 2 5 2 3 211
124322287 12 0550E-27 5038 3 2 1 4 2 2 013
12433.8821 20 O0.181E-27 384 3 3 1 4 3 2 013
124357494 28 0383E-27 6295 3 1 2 4 1 3 013
12440.3478 35 027527 5252 3 O 3 2 1 2 112
12440.7392 14 0.501E-27 4.824 3 2 2 4 2 3 013
12441.6877 26 0.556E-27 12399 2 1 2 1 0 1 112
12449.9610 41 0.194E-27 5.094 8 3 5 7 1 6 211
12451.2889 0 0.342E-27 0.000 3 0 3 4 0 4 013
124528168 0 0.121E26 0000 3 1 3 4 1 4 013
124534458 0 0241E-27 0000 5 1 S5 5 1 4 013
124544756 0  0.175E-27  0.000
124545266 0  0.363E-27  0.000
124547722 0 0.103E-26 0000 3 1 3 2 0 2 112
124567396 0 0.385E-27 0000 4 2 3 4 1 4 112
12460.0824 0  0.422E-27 0.000 3 3 o 3 2 1 112
12460.8160 0 0.227E-26 0000 2 2 0 3 2 1 013
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Appendix A: Experimental Line Positions and Intensities of Hy'80 and H,'70

Table A.3: Continued.

wavenumber Av  intensity AT J' Ky K. J' KI' K' vib
12461.1562 0  0.826E-27 0.000 2 1 1 3 1 2 013
12465.5803 0 0204E-27 0000 3 3 1 3 ‘2 2 112
12466.1274 0 0.113E-26 0000 4 1 4 3 0 3 112
12466.7556 0  0.200E-27 0000 5 3 3 5 2 4 112
12469.8444 0 0.216E-27 0.000
12470.1409 = 0  0.176E-27 0.000
12472.4585 0 0.161E-26 0.000 2 0 2 3 0 3 013
12472.6872 0  0.239E-27 0.000 5 0 5 4 1 4 112
12475.2870 0  0.290E-27 0.000 2 1 2 3 1 3 013
12476.1434 0  0.196E-27  0.000 5 1 4 4 2 3 112
12480.1979 0 0353E27 0000 2 2 1 1 1 0 112
124815930 0 0.189E-27 0000 7 1 6 7 0 7 112
124832502 0 0.166E27 0000 6 4 3 6 3 4 112
12485.4483 0 0.179E-27 0.000 6 0 6 5 1 5 112
12495.9361 0 0.235E-27 0.000 3 2 2 2 1 1 112
12497.3965 0 0923E-27 0.000 1 1 1 2 1 2 013
12497.5673 0  0.201E-27 0.000 5 2 4 5 2 3 013
12507.9321 0 0.314E-27 0.000 4 2 3 3 1 2 112
12508.2677 0 0.172E-27 0.000 6 5 1 6 5 2 013
12512.7094 0  0.198E-27 0.000 5 5 1 5 5 0 013
12516.2077 0  0.187E-27 0.000
12517.4520 0 0.155E-26 0.000 0 0 0 1 0 1 013
12521.8732 0 0.195E-27 0000 5 3 3 5 3 2 013
12523.2811 0  0.440E-27 0.000 4 4 0 4 4 1 013
12528.7384 0  0.854E-27 0.000 3 2 2 3 2 1 013
12530.9161 0 0.101E-26 0.000 3 3 1 3 3 0 013
12531.1975 0 0.284E-27 0.000 4 3 1 4 3 2 013
12531.4090 0 0.829E-27 0.000 3 3 0 3 3 1 013
125344396 0 0.121E-26  0.000 1 1 1 1 1 0 013
12535.2638 0  0.442E-27 0.000 2 2 1 2 2 0 013
12535.6216 0  0.443E-27 0.000 3 3 1 2 2 0 112
12537.3697 0 0.382E-27 0000 3 3 0 2 2 1 112
12538.1156 0 0.135E-26 0000 2 2 0 2 2 1 013
12541.8252 0 0.90E-27 0000 3 2 1 3 2 2 013
12545.3938 0 0.223E-27 0.000 1 1 0 1 1 1 013
12553.6522 0  0.225E-27 0.000 4 3 2 3 2 1 112
12555.0352 0 0.613E-27 0.000 2 1 1 2 1 2 013
12564.3523 0 0258E-27 0.000 1 0 1 0 0 0 013
125852257 0 0.127E26 0000 2 0 2 1 0 1 013
12592.0776 0  0.110E-26  0.000 2 1 1 1 1 0 013
12597.8973 0 0.121E-26 0000 3 1 3 2 1 2 013
12602.8940 0 0359E-27 0000 3 0 3 2 0 2 013
12606.0291 0 0.112E26 0000 3 2 2 2 2 1 013
12613.7771 0 0459E-27 0000 4 1 4 3 1 3 013
12616.8707 0 0.120E26 0000 4 0 4 3 0 3 0I3
12628.0320 0 0.105E-26 0000 5 1 5 4 1 4 013
12628.2325 0 0.670E-27 0.000 4 3 1 3 3 0 o013
12629.5780 0 0319E-27 0000 5 0 5 4 0 4 013
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Appendix A: Experimental Line Positions and Intensities of Hy'80 and Hy'"O

Table A.3: Continued.

wavenumber Av  intensity Al JK, K. J' KI! K! vib
12637.1952 0 0.136E-26  0.000 4 1 3 3 1 2 013
12638.2493 0  0.883E-27 0.000 4 2 2 3 2 1 013
12641.2099 0 0.101E-26 C.000 6 0 6 5 0 5 013
12643.9086 0 0.552E-27 0.000 5 2 4 4 2 3 013
12646.1746 0 0.558E-27 0.000 5 4 2 4 4 1 013
12648.2358 0  0.381E-27 0.000 5 3 3 4 3 2 013
12651.5323 0  0.604E-27 0.000 7 1 7 6 1 6 013
12654.7863 0  0.349E-27 0.000 5 1 4 4 1 3 013
12661.8387 0 0.311E-27 0.000 8 0 8 7 0 7 013
12668.2852 0 0.126E-26 0.000 6 1 5 5 1 4 013
12674.8215 0 0.467E-27 0.000 7 2 6 6 2 5 013
126782916 0 0.478E-27 0.000
12679.5373 0  0.432E-27 0.000 6 3 3 5 3 2 013
126854276 0  0.385E-27 0.000 6 2 4 5 2 3 013
12687.8784 0  0.604E-27 0.000 8 1 7 7 1 6 013
13145.7553 0  0.806E-28 0.000
13396.5249 0  0.328E-27 0.000 4 1 3 5 3 2 221
13443.7912 34 0.195E-27 4.686 7 1 7 8 1 8§ 221
13450.5661 0 0.173E-27 0.000 6 2 4 17 2 5 221
13460.3853 0  0.131E-27 0.000 6 3 3 7 3 4 221
13460.6987 0 0.117E-27 0.000 6 1 5 7 1 6 221
13469.4502 0  0.443E-27 0.000 6 0 6 7 0 7 221
13470.1725 0 0.160E-27 0.000 6 1 6 7 1 7 221
13476.5122 0 0.192E-27 0.000 6 1 5 7 3 4 301
13477.1007 0 0427E-27 0.000 5 2 3 6 2 4 221
134782975 0  0.158E-27 0.000 6 3 4 7 4 3 400
13482.0515 0 0.250E-27 0.000 5 1 4 6 1 5 221
13489.6585 0  0.129E-27 0.000 6 4 2 7 4 3 221
13490.0157 0 0.135E-27 0.000 10 1 9 11 1 10 301
13490.1366 0  0.459E-28 0.000
13492.8281 22 0.295E-27 4.712 5 2 4 6 2 5 221
134949139 0 0.281E-27 0.000 5 0 5 6 0 6 221
13496.1477 17 0979E-27 0.645 5 1 5 6 1 6 221
13497.5880 0 0.115E-27 0.000 5 3 2 6 2 5 042
13503.6731 0 0.431E-27 0.000 5 3 3 6 3 4 221
13504.8355 0 0.921E-27 0.000 4 1 3 5 1 4 221
13506.3510 0  0.571E-27 0.000 4 2 2 5 2 3 221
13510.1628 O  0.169E-27 0.000 6 5 1 7 5 2 301
135102964 0  0.185E-27 0.000 8 3 5 9 3 6 301
13518.7061 0 0.108E-26 0.000 4 0 4 5 0 5 221
13521.1382 39 0.339E-27 5.886 4 1 4 5 1 5 221
13522.0835 61 0.314E-27 8.862 10 0 10 11 0 11 301
13522.4592 0 0.116E-26  0.000 5 3 2 6 4 3 400
135229440 18 0.552E-27 5.622 9 1 8 10 1 9 301
13527.0888 0 0.211E-27 0.000 8 2 6 9 2 7 301
13528.0354 16 0413E-27 4.717 4 3 1 5 3 2 221
135289715 0 0.157E-27 0.000 8 3 6 9 3 7 301
13529.2608 0  0.442E-27 0.000 3 1 2 4 1 3 221
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Appendix A: Experimental Line Positions and Intensities of H'8O and H'" O

Table A.3: Continued.

wavenumber Av  intensity AT JK, K. J' K K! vib
135319129 0 0.146E-27 0.000 4 3 2 5 3 3 221
13536.8083 28 0256E-27 5853 3 2 1 4 2 2 221
135394819 0 0474E-27 60GO 6 3 3 6 5 2 301
13541.1341 21 0399E-27 6123 3 0 3 4 0 4 221
135435325 0 0571E27 0000 S 1 S 5 1 4 221
135452442 0 0.129E-26 0.000 3 1 3 4 1 4 221
13546.4236 0  0.942E-27 0.000 3 2 2 4 2 3 221
13546.6374 74 0.186E-27 6.036 7 3 4 8 3 5 301
135513650 0 0260E-27 0000 4 4 0 5 4 1 221
13553.7944 47 0.142E-27 4812 9 0 9 10 O 10 301
13553.8854 15 0353E-27 4453 9 1 9 10 1 10 301
135542280 0 0.148E-27 0000 8 2 7 9 2 8 301
135549920 0 0440E-27 0000 8 1 7 9 1 8 301
13555.1743 0 0.110E-26 0000 2 1 1 3 1 2 221
135585173 0 0.151E27 0000 3 3 0 4 3 1 221
13559.6199 0 0.465E-27 0.000 3 3 1 4 3 2 221
13559.9613 0 0.850E-28 0000 7 2 5 8 2 6 301
135617082 0 0.356E-27 0000 7 3 S 8 3 6 301
13561.7657 0 0.131E-26 0.000 2 0 2 3 0 3 221
13562.5409 0 0.183E-27 0.000 3 1 3 4 3 2 301
13564.9749 0 0.272E-27 0.000 2 1 2 3 0 3 320
135672399 0 0.740E-27 0.000 2 2 o 3 2 1 221
13567.8818 0 0.212E-27 0.000 6 5 1 7 5 2 221
135689769 0 0.516E-27 0.000 2 1 2 3 1 3 221
13571.9038 0 0.276E-27 0.000 2 2 1 3 2 2 221
135752416 0 0471E-27 0.000 6 4 2 7 4 3 301
135772578 0 0235E-27 0000 7 1 6 8 2 7 400
13577.4093 0 0.852E-28 0.000 6 4 3 7 4 4 301
13578.0849 0 0252E-27 0000 5 2 3 6 3 4 400
13581.8735 0 0.304E-27 0000 1 1 0 2 1 1 221
13582.6830 0 0943E-27 0000 6 3 3 7 3 4 301
135842607 38 0914E-27 1048 1 0 1 2 0 2 221
13584.2938 7 0.125E26 0519 8 O 8 9 0 9 301
13584.6305 0 0593E-27 0000 7 2 6 8 2 7 301
13586.4842 0 0.393E-27 0000 7 1 6 8 1 7 301
13587.1741 22 0.782E-27 0678 7 3 4 8 2 7 320
13591.7637 0 0.122E-26 0000 1 1 1 2 1 2 221
135927249 6 0.125E-26 0.532 6 2 4 7 2 5 301
13593.6234 0 0239E-27 0000 6 3 4 7 3 5 301
13596.4310 41 0.621E-27 9.488 3 1 3 3 1 2 221
13599.3864 52 0271E-27 7920 5 S5 1 6 5 2 301
13607.6367 0 0.116E-27 0.000 6 1 5 7 2 6 400
13607.7263 8 0979E-27 055 0 O O 1 O 1 221
13609.0067 0 0205E-27 0000 5 4 1 6 4 2 301
13609.7803 0 0.688E-27 0000 5 4 2 6 4 3 301
13613.5256 3 0.207E-26 0544 7 1 7 8 1 8 301
13613.6075 O 0.689E-27 0000 7 O 7 8 0 8 301
136144988 0 0.111E26 0000 6 1 5 7 1 6 301

192



Appendix A: Experimental Line Positions and Intensities of H'80 and Hy'"O

Table A.3: Continued.

wavenumber Av  intensity Al J K, K. J' K] K! vib
13614.9011 0 0.696E-27 0.000 6 2 5 7 2 6 301
136159052 0 0.259E-27 0.000 2 1 2 2 1 1 221
136163206 0  0.140E-27 C.000 2 1 1 3 3 0 301
13617.8547 0 0.789E-28 0.000 6 6 0 6 6 1 221
13618.2161 0  0.628E-27 0.000 5 3 2 6 3 3 301
13618.6620 = 0  0.119E-26  0.000 6 2 5 17 1 6 400
13618.7270 0  0.384E-27 0.000 8 0 8 8 2 7 301
13621.3587 0 0.996E-28 0.000 4 2 3 4 2 2 221
13625.0164 0 0.147E-26 0.000 5 3 3 6 3 4 301
13625.2179 23 0.377E-27 5.161 6 3 4 7 2 S5 400
136254902 0 0.798E-27 0.000 5 2 3 6 2 4 301
13628.0110 59 0.833E-28 4.271 8 1 7 8 3 6 301
13628.8009 3  0.185E-26 0.447 1 1 1 1 1 0 221
13630.8291 15 0.638E-27 6.634 5 1 4 6 2 5 400
136344275 9 0.813E-27 0.485 3 2 2 3 2 1 221
13639.9274 36 0.798E-27 0.793 1 1 0o 1 1 1 221
13640.8820 0 0.709E-27 0000 4 4 0 5 4 1 301
13641.0852 21 0.203E-27 4.334 4 4 1 5 4 2 301
136412742 2 0.368E-26 0.534 6 0 6 7 0 7 301
13641.8813 0 0.112E-26 0.000 6 1 6 7 1 7 301
136419562 0 0.792E-27 0.000 2 2 1 2 2 0 221
13642.3870 0 0.169E-26 0.000 5 1 4 6 1 5 301
13643.5774 0 0.310E-27 0.000 5 3 3 5 3 2 221
13643.9102 2  0.310E-26  0.533 5 2 4 6 2 5 301
13644.5345 4  0.228E-26 0.567 2 2 0 2 2 1 221
13646.4094 0 0.833E-27 0.000 3 2 1 3 2 2 221
13647.0020 0  0.344E-27 0.000 6 2 4 7 0 7 221
13649.0557 12 0.618E-27 5.473 2 1 1 2 1 2 221
13651.8244 21 0.552E-27 6.869 5 2 4 6 1 5 400
136519137 0 0.110E-27 0.000 4 3 2 4 3 1 221
13652.3335 3 0.258E-26 0.519 4 3 1 5 3 2 301
13652.7097 0 0.410E-27 0.000 4 2 2 4 2 3 221
13652.9004 0 0.163E-27 0.000 6 3 4 6 4 3 400
13652.9581 0  0.145E-27 0.000 7 1 6 7 3 5 301
13653.1304 21 0.228E-27 4.249 7 1 7 1 1 6 301
13654.1736 0  0.158E-27  0.000 6 3 3 6 3 4 221
13654.2630 16 0.354E-27 5.175 1 0 1 0 0 0 221
13655.6093 10 0.146E-26 0.792 4 3 2 5 3 3 301
13656.6571 0  0.201E-26 0.000 3 3 1 3 3 0 221
13657.1343 11  0.614E-27 4.704 3 3 0 3 3 1 221
136582193 0 0475E-26 0000 4 2 2 5 2 3 301
13664.2625 26 0.292E-27 5.025 6 4 2 6 4 3 221
13665.5671 0  0.232E-27 0.000 3 3 0 4 1 3 221
13665.6760 33 0.193E-27 4.678 5 0 5 6 1 6 400
13666.5130 63 0.275E-27 6.546 6 3 3 6 4 2 400
13668.4415 2  0.658E-26 1.081 5 1 5 6 1 6 301
13668.6355 0  0.938E-26 0.051 5 0 5 6 0 6 301
13668.7614 0  0.512E-27 0.000 5 3 2 5 4 1 400
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Appendix A: Experimental Line Positions and Intensities of H'80 and H,'" O

Table A.3: Continued.

wavenumber Av  intensity Al J K, K, J' KI K! vib
13669.0779 50 0.208E-27 5.458 5 4 1 5 4 2 221
136702266 0  0.583E-26 0.000 4 1 3 5 1 4 301
13671.8381 0 0.287E-27 0.000 3 1 2 4 2 3 400
136722049 4  0.155E-26 0.480 4 2 3 5 2 4 301
13673.2857 0 0.154E-27 0.000 7 5 3 7 5 2 301
13673.4949 0 0.490E-27 0.000 4 4 1 4 4 0 221
13673.5521 0 0.162E-26 0.000 4 4 0 4 4 1 221
136745299 5 0.182E-26 0.683 2 0 2 1 0 1 221
13674.6102 22 0.248E-27 4.381 6 0 6 6 2 5 301
13675.9433 32 0.210E-27 4.863 7 6 2 17 6 1 301
13679.4083 32 0.103E-27 3.681 4 1 3 4 1 4 221
13681.3532 12 0.702E-27 6.644 6 5 1 6 5 2 301
13684.2215 0  0.834E-27 0.000 3 3 0 4 3 1 301
13684.8356 8 0.823E-27 0475 6 6 0 6 6 1 301
13685.3288 0 0.247E-26 0.000 3 3 1 4 3 2 301
13686.0955 6  O0.137E-26  0.543 2 1 1 1 1 0 221
13686.5333 0  0.659E-27 0.000 4 2 3 5 1 4 400
13688.3079 0  0.260E-27 0.000 4 1 3 4 3 2 301
13690.3191 5 0.162E-26 0.554 3 1 3 2 1 2 221
13690.4064 0  0.946E-28 0.000 4 0 4 5 1 5 400
13690.7149 3 0.207E-26 0.491 3 2 1 4 2 2 301
13692.7520 0 0.291E-26 0.000 3 0 3 2 0 2 221
13694.1359 2 0.280E-26 0.489 4 1 4 5 1 5 301
136942804 0 0.869E-26 0.051 4 0 4 5 0 5 301
13698.4340 0 0.296E-26 0.000 3 1 2 4 1 3 301
13699.2185 0  0.184E-27 0.000 5 0 5 5 2 4 301
13699.8354 0  0.628E-26 0.000 3 2 2 4 2 3 301
13705.1277 0  0.560E-27 0.000 4 1 4 3 1 3 221
13706.8319 4  0.184E-26 0.527 4 0 4 3 0 3 221
13709.4309 16 0.422E-27 4.689 3 1 2 2 1 1 221
137100134 0 0.161E-27 0.000 4 3 2 5 2 3 400
13711.7377 6  0.582E-26 1.835 3 2 2 2 2 1 221
13715.8055 0 0.642E-27 0.000 5 1 5 5 1 4 301
13716.1336 20 0.522E-27 5.477 3 3 1 4 1 4 221
13716.4582 0 0.390E-27 0.000 3 2 1 2 2 0 221
13717.5408 3  0.276E-26 0.536 3 0 3 4 0 4 301
13718.0955 0 0.156E-26 0.000 5 1 5 4 1 4 221
13719.0433 1 0.117E-25 0.108 3 1 3 4 1 4 301
13719.5091 0 0.786E-27 0.000 4 0 4 4 2 3 301
13719.8458 4  0.229E-26 0.567 3 1 3 4 0 4 400
13722.050 0 0.104E-27 0.000 3 2 2 4 1 3 400
137222830 0 0.575E-26 0.000 2 2 0 3 2 1 301
13724.6337 21 0.346E-27 4.928 7 3 5 7 3 4 30t
13726.8006 4  0.195E-26  0.509 2 2 1 3 2 2 301
137269765 0 0.114E-25 0.052 2 1 1 3 1 2 30t
137294550 0 0.251E-27 0.000 6 1 6 5 1 5 221
13729.7273 7  0.989E-27 0.486 6 0 6 5 0 5 221
13730.6011 0 0.132E-26  0.000 4 1 3 3 1 2 221
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Appendix A: Experimental Line Positions and Intensities of H'8O and Hy'7O

Table A.3: Continued.

wavenumber Av  intensity Al JK, K, J' KI K] vib

137309583 23 0.187E-27 4.128 7 5 3 7 5 2 221
137334738 0 0.177E-27 0.000 2 0 2 3 1 3 400
137336792 0  0.15%E-27 0.000 3 6o 3 3 2 2 301
13735.3470 0  0.270E-27 0.000 7 4 4 7 4 3 301
137359871 0  0.296E-27 0.000 3 1 3 3 2 2 400
13740.0436 0  0.539E-27 0.000 7 1 7 6 1 6 221
137404836 0  0.489E-26 0.000 2 c 2 3 0 3 071
13740.7140 0 0.113E-26 0000 4 2 2 3 2 1 221
137413737 0  0.801E-26 0.000 2 0 2 3 0 3 301
137428480 1  0.422E-26 0.517 2 1 2 3 1 3 301
13743.7881 15 0.656E-27 5.354 2 0 2 2 2 1 301
13744.8839 0 0.367E-27 0.000 4 1 4 4 1 3 301
13745.8345 60 0.236E-26  6.888 5 5 1 5 5 0 301
13746.0579 1 0.676E-26 0.491 2 1 2 3 0 3 400
137472481 0 0.138E-27 0.000 6 4 3 6 4 2 301
137482071 26 0.626E-27 6.396 8 o 8 7 0 7 221
137489137 25 0.346E-27 5.166 5 1 4 4 1 3 221
137497300 0 0.133E-26 0.000 5 2 4 5 2 3 301
13749.8407 0 0.256E-27 0.000 6 4 2 6 4 3 301
13750.5359 0 0.149E-27 0.000 4 3 2 3 3 1 221
13751.4423 0 0.476E-27 0.000 4 3 1 3 3 0 221
13752.8549 19 0.273E-27 4.259 1 0 1 2 1 2 400
13755.3678 1  0.595E-26 0.511 1 1 0o 2 1 1 301
13756.0873 0  0.234E-26  0.000 5 4 2 5 4 1 301
13756.6545 10 0.618E-27 4.624 5 4 1 5 4 2 301
13756.9753 27 0.151E-27 3.976 2 2 1 3 1 2 400
13760.9955 34 0.141E-27 4.226 6 2 5 5 2 4 221
13763.0053 4 0.171E-26  0.505 4 4 1 4 4 0 301
13763.0721 2 0.574E-26  1.059 4 4 0 4 4 1 301
13763.9831 0 0.427E-27 0.000 S5 2 3 4 2 2 221
137644824 1  0.436E-26 0.513 1 0 1 2 0 2 301
13764.9127 3  0.187E-26  0.487 5 3 3 5 3 2 301
13765.1076 0  0.169E-27  0.000 5 4 1 5 3 2 320
137659831 0 0.955E-26 0.000 1 1 1 2 1 2 301
13769.9448 12 0.568E-27 4.740 5 3 3 4 3 2 221
13770.2389 0  0.293E-26  0.000 3 1 3 3 1 2 301
137722531 8 0925E-27 0513 4 2 3 4 2 2 301
13774.3255 17 0.380E-27 4.749 7 2 6 6 2 5 221
13775.6093 8 0.207E-26 1.203 4 3 2 4 3 1 301
13776.0285 0  0.238E-26 0.000 5 3 2 5 3 3 301
13776.4753 0  0.893E-27 0.000 6 3 3 6 3 4 301
13778.7022 1  0.518E-26 0.506 4 3 1 4 3 2 301
13780.4215 32 0.296E-27 5.832 6 0 6 5 2 3 301
13782.3671 2 0.115E-25 0.149 3 3 1 3 3 0 301
13782.8392 10 0.400E-26 2.509 3 3 0 3 3 1 301
137844998 0  0.156E-27 0.000 0 o0 0 1 0 1 071
13786.1439 15 0.450E-27 4.764 6 2 4 5 2 3 221
13787.8387 - 1  0.787E-26  0.055 3 2 2 3 2 1 301
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Appendix A: Experimental Line Positions and Intensities of Hp'8O and Hy'7 O

Table A.3: Continued.

wavenumber Av  intensity Al JK, K J' K K! vib
137883846 0 0.890E-26 0000 O O O 1 0 1 301
137884969 0 0.229E-27 0000 8 1 7 7 1 6 221
13789.7799 4 0212E-26 0633 2 1 2 2 1 1 301
137909600 22 0.824E-27 0859 S5 3 2 4 4 1 400
13794.0662 19 O0479E-27 5663 6 3 3 5 3 2 221
13795.8761 41 0.317E-27 7.784 9 2 8 8 2 7 221
13796.5287 0  0.623E-28  0.000
13796.8531 1 0.678E-26 0.553 2 2 1 2 2 0 301
13799.2015 0 0212E-27 0000 6 3 4 5 4 1 400
13799.5737 0 0.159E-25 0000 2 2 0 2 2 1 301
13800.3104 0 0.258E-26 0.000 3 2 1 3 2 2 301
13803.0239 0 0.124E25 0052 1 1 1 1 1 0 301
13804.0199 29 0.317E-27 5.311 7 3 5 6 3 4 221
13804.5749 2 0322E-26 0560 4 2 2 4 2 3 301
13804.9963 0  0.549E-28  0.000
13807.5167 O 0.395E-27 0000 4 O 4 3 2 1 301
13810.5176 0 0.717E-28 0.000 10 1 9 9 1 8 221
138105527 0 0.384E-27 0000 6 4 2 S 4 1 221
138123223 0 0.707E-27 0.000 5 2 3 5 2 4 301
13813.4027 0 0409E-26 0000 1 1 0 1 1 1 301
13814.3711 29 0499E-27 7.101 6 2 S S5 3 2 400
13817.8657 0  0.137E-27 0.000 8 3 6 7 3 5 221
13820.8587 0 0.510E-26 0000 2 1 1 2 1 2 301
13822.4903 19 0.643E-27 7.399 6 2 4 6 2 5 301
13827.8069 32 0.249E-27 5601 6 5 1 5 5 0 301
138278731 0 0.250E-27 0000 7 4 4 6 4 3 221
13831.6626 0 0.960E-27 0000 3 1 2 3 1 3 301
138334478 0 0.205E-27 0000 7 2 S 7 2 6 301
138344866 0 029E-26 0000 1 O 1 0 O 0 301
13844.3612 0 0.346E-27 0000 S 2 3 4 3 2 400
138444636 0 0425E-27 0000 7 5 3 6 5 2 301
13844.8023 6 0.141E-26  0.566 4 1 3 4 1 4 301
13847.8188 0  0.365E-26 0.000 2 1 2 1 1 1 301
13853.2396 3  0.189E-26 0.469 2 0 2 1 0 1 071
13854.1382 0 0.957E-26  0.000 2 0 2 1 0 1 301
138549820 0 0.261E-27 0000 6 3 4 6 2 5 400
13856.3544 0 0.954E-27 0000 4 3 2 4 2 3 400
13857.8992 0 O0.112E-25 0000 2 1 1 1 1 0 301
13858.0727 0 0.637E-27 0000 3 0 3 2 1 2 400
13858.5019 12 0.709E-27 5125 5 1 4 5 1 5 301
13858.8310 O O0.1I3%9E-26 0000 2 1 2 1 0 1 400
13861.1958 21 0.701E-27 7.938 3 3 1 2 1 2 221
13861.4483 38 0.259E-27 5360 4 1 3 3 2 2 400
13862.7392 9 0.854E-27 0565 3 2 2 3 0 3 301
13864.1206 0 0.I57E-25 0052 3 1 3 2 1 2 301
13865.1291 0 0.721E-26 0000 3 2 2 2 2 1 301
13865.7107 0 0.143E-27 0000 4 2 3 4 0 4 301
13869.1574 1 0430E-26 0531 3 0 3 2 0 2 301
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Appendix A: Experimental Line Positions and Intensities of H'8O and Hy'"O

Table A.3: Continued.

wavenumber Av  intensity Al J K, K, J' K] K vib
13870.3611 3 0237E-26 0496 3 2 1 2 2 0 301
13870.8608 0 0.552E-27 0000 5 2 4 5 0 5 301
13871.1434 0 0249E-27 0000 6 1 5 6 1 6 301
13871.4583 4  0.189E-26 0.489 3 1 3 2 0 2 400
138732091 0 0236E-27 0000 5 3 3 5 1 4 301
13874.2265° 7  0.138E-26  0.633 4 3 2 3 3 1 301
138744046 0 0.694E-27 0000 4 0 4 3 1 3 400
138752948 O 0.871E-27 0000 6 2 5 6 1 6 400
13875.7424 0  0.405E-26  0.000 4 3 1 3 3 0 301
13877.2100 0  0.157E-26  0.000 6 2 5 6 0 6 301
13878.1135 0 0560E-26 0000 4 1 4 3 1 3 301
138782746 5 0.123E-26 0482 5 4 2 4 4 1 301
138785928 1 0521E-26 0529 3 1 2 2 1 1 301
13880.7779 3  0.347E-26  0.581 4 1 4 3 0 3 400
13881.8499 0 0.266E-26 0000 4 2 3 3 2 2 301
138824098 0 O0.156E-25 0052 4 0 4 3 0 3 301
13882.9989 16 0.841E-27 0.942 5 1 4 4 2 3 400
13887.6086 27 0.291E-27 4966 5 0 5 4 1 4 400
13887.9024 24 0.159E-27 3.860 2 2 1 1 1 0 400
13888.3356 0 0.181E27 0000 5 S5 1 4 3 2 141
13801.2820 0 0317E-26 0000 5 3 3 4 3 2 301
13891.4706 0 0325E-27 0000 S 4 1 4 3 2 320
13891.7953 0 0.232E27 0000 7 2 5 6 3 4 400
13892.5783 0 0.877E-26  0.000 4 2 2 3 2 1 301
13892.7256 1 0472E-26 0.498 5 0 5 4 0 4 301
13894.8988 0  0.358E-27 0.000 6 4 3 5 4 2 301
13895.9971 1 0.121E-25 0.100 4 1 3 3 1 2 301
13896.0805 2  0.102E-25 0.138 5 2 4 4 2 3 301
13896.1448 22 0.274E-27 7.294 6 4 2 5 4 1 301
13899.1437 0 0.165E-27 0000 6 O 6 5 1 5 400
13901.1622 2  0.314E-26 0.491 6 1 6 5 1 5 301
13901.5463 21 0.124E-25 1332 6 0 6 5 0 5 301
13902.2225 23 0.305E-27 4758 3 2 2 2 1 1 400
13906.0575 0 0929E-27 0000 6 3 4 S5 3 3 301
13907.2808 0 O0.119E-26 0000 6 2 4 5 0 5 221
13907.7885 0 0.158E-26 0.000 6 2 5 5 2 4 301
13909.2514 24 0.249E-26 3921 5 1 4 4 1 3 301
13909.7720 1 0.669E-26 0492 7 1 7 6 1 6 301
13909.9641 3 0.414E-26 0.605 2 2 0 1 0 1 301
139102866 6 0234E-26 1049 7 0 7 6 0 6 301
13910.8857 37 0.138E-27 4.267

13912.3045 6 0207E-26 0774 4 2 3 3 1 2 400
13912.3744 3 0.202E-26 0470 S5 2 3 4 2 2 301
13913.6138 17 0.539E-27 5336 7 4 3 6 4 2 301
139163761 2 0298E-26 0512 6 3 3 5 3 2 301
139166675 3 0.249E-26 0561 7 2 6 6 2 5 301
13917.2685 5 0.136E-26 0516 &8 1 8 7 1 7 301
139174596 0 0400E-26 0000 8 O 8 7 0 7 301
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Appendix A: Experimental Line Positions and Intensities of H'80 and H,'7O

Table A.3: Continued.

wavenumber Av  intensity Al JK, K. J' K! K! vib
139184170 5 0.138E-26 0497 7 3 5 6 3 4 301
139185069 0 0397E-26 0000 6 1 5 5 1 4 301
139186779 5 0220E-26 0588 5 2 4 4 1 3 400
13919.1910 0 O0968E-27 0000 7 3 4 6 2 5 320
13921.7084 0 0397E-27 0000 7 2 6 6 1 5 400
139226714 0 0272E-26 0000 6 2 5 5 1 4 400
139234350 2 0340E26 0586 9 1 9 8 1 8 301
139242263 13 0.502E-27 4.826 8 2 7 17 2 6 301
13925.5859 13 0915E-27 0699 7 1 6 6 1 5 301
139279342 29 0.299E-27 6.424 8 3 6 7 3 5 301
13928.0560 0 0.517E-27 0.000 10 1 10 9 1 9 301
13928.1062 0 0.885E-27 0.000 10 0O 10 9 0 9 301
13928.3025 0 0271E-26 0.000 6 2 4 5 2 3 301
139289037 25 0.189E-26 3018 8 1 7 7 1 6 301
13929.6746 0 0.691E-27 0.000 9 2 8 8 2 7 301
139314920 0 0398E-27 0000 8 4 4 7 4 3 301
13932.0878 0 0.280E-27 0.000 9 1 8 8 1 7 301
13932.4414 36 0.237E-27 6.506
13933.5703 0 O0.121E-27 0.000 10 2 9 9 2 8§ 301
139343083 O 0.137E-27 0000 9 4 6 8 4 5 301
13934.7249 0 0.783E-27 0.000 10 1 9 9 1 8 301
13935.0412 15 O0456E-27 4920 9 3 7 8 3 6 301
139352999 15 OS513E27 506 7 3 4 6 3 3 301
139394996 11 0619E-27 4801 7 2 5 6 2 4 301
13944.3756 7 0.126E-26 0525 4 3 2 3 2 1 400
139456626 O 0.643E-27 0000 8 2 6 7 2 5 301
13950.6879 0 0.712E-27 0000 8 3 5 7 3 4 301
13959.8533 18 0.328E-27 4.822 8 3 6 7 2 5 400
13960.8029 14 O0.611E27 518 6 3 4 5 2 3 400
13961.6596 0 0.228E-27 0.000 7 3 5 6 2 4 400
13962.4728 26 0.180E-27 5.453 4 4 1 3 3 0 400
139674757 7 0112E26 0512 4 2 2 3 0 3 301
13976.7343 34 0.159E-27 4.436 5 3 2 4 2 3 400
13981.0732 0 0426E-27 0000 5 4 1 4 3 2 400
139864066 0 0.104E-26 0.000 4 3 1 3 1 2 301
139929877 0O 0226E-27 0000 6 4 3 5 3 2 400
14003.0786 0 0.178E-27 0000 5 3 2 4 1 3 301
14005.8330 37 O0.154E-27 4471 5 2 3 4 0 4 301
14024.6702 0 0421E-27 0.000 6 3 3 5 1 4 301
140494360 0 0225E-27 0000 6 2 4 5 0 5 301
14062.8993 46 0.140E-27 4.751
14064.0351 0 0.262E-27 0.000 5 4 2 4 2 3 301
14064.8518 0 0.153E-27 0000 2 1 2 3 2 1 202
14081.6806 21 0.343E-27 4910 6 2 4 7 2 5 103
14086.2525 36 0.390E-27 7.716 2 1 1 3 2 2 202
14086.7439 23 0397E-27 6808 4 1 4 5 0 5 202
14088.6727 0 0.188E-27 0000 8 3 5 7 1 6 301
14099.0623 0 0434E-27 0.000 7 1 7 8 1 8 103
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Appendix A: Experimental Line Positions and Intensities of Hy'80 and Hy'" O

Table A.3: Continued.

wavenumber Av  intensity Al JK, K. J' K! K/ vib
14100.5737 0 0462E-27 0000 6 1 S 7 1 6 103
141066213 0 0299E-27 0000 3 0 3 4 1 4 202
14127.0111 7  0.123E-26 0.569 6 0 6 7 0 7 103
141289052 28 0.270E-27 5680 5 1 4 6 1 5 103
14131.8517 16 0.369E-27 4.543 5 2 4 6 2 5 103
14139.7443 0 0265E27 0000 2 1 2 3 0 3 202
141440397 O 0.821E-27 0000 4 2 2 5 2 3 103
14152.9994 8 0.953E-27 0.511 5 1 5 6 1 6 103
14153.5004 2 0404E-26 0527 5 0 5 6 0 6 103
14153.8804 0 0243E-27 0000 3 1 2 3 2 1 202
14156.4412 8 0.108E-26 0523 4 1 3 5 1 4 103
14157.8158 0 0232E27 0000 3 O 3 3 1 2 202
14164.6073 19 0.350E-27 4.669 3 3 1 4 3 2 103
14172.4938 61 0.785E-28 4.130
141747198 0 0406E-27 0000 3 2 1 4 2 2 103
14180.0783 19 0.478E-27 5.230 4 1 4 5 1 5 103
141833545 0 0.115SE-26 0000 3 2 2 4 2 3 103
14183.7172 21 0.370E-27 5.975 1 0 1 1 1 0 202
14202.8309 0 0626E-27 0000 3 0 3 4 0 4 103
14203.6252 4 0216E-26 0582 3 1 3 4 1 4 103
14204.6260 0  0.105E-26  0.000 2 2 0 3 2 1 103
142089774 0 0.261E-27 0000 2 2 1 3 2 2 103
14211.5357 4  0.174E-26  0.494 2 1 1 3 1 2 103
14218.1573 0 0429E-27 0000 1 1 O 1 O 1 202
14221.7379 55 0.130E-27 4.752 2 1 1 2 0 2 202
14224.3599 0  0.352E-27 0.000 3 2 1 3 1 2 202
14225.8891 4 0.221E-26 0.514 2 0 2 3 0 3 103
14226.9519 14 0.801E-27 0.630 2 1 2 3 1 3 103
142287743 25 0.369E-27 5.221 3 1 2 3 0 3 202
14237.0166 8 0.105E-26 0565 4 4 0 4 4 1 103
142384406 0 0.322E-27 0000 5 4 1 5 3 2 202
14239.1919 21 0.432E-27 5.177 1 1 0o 2 1 1 103
14248.8793 13 0.107E-26 0602 1 0 1 2 0 2 103
14249.6548 4 0207E-26 0518 1 1 1 2 1 2 103
142516895 0 0.283E-27 0000 3 O 3 2 1 2 202
14253.1040 0 0579E-27 0000 4 4 1 4 3 2 202
14254.8145 23 0.704E-27 7737 3 1 3 3 1 2 103
14261.6609 1 0593E-26 0574 3 3 1 3 3 0 103
142713396 1 0.710E-26 0562 3 2 2 3 2 1 103
14272.5060 0 0.137E-26 0000 O 0 O 1 0 1 103
14273.8881 0 0355E-27 0000 2 1 2 2 1 1 103
14274.8687 0 0496E-27 0000 4 1 4 3 0 3 202
14279.0298 9 0984E-27 0562 2 2 1 2 2 0 103
142819154 3 0.279E-26 0514 2 2 0 2 2 1 103
14286.6918 4 0.18E-26 0502 1 1 1 1 1 0 103
14290.3953 0 0469E-27 0000 4 2 2 4 2 3 103
14297.2287 0 0.777E-27 0.000 1 1 0 1 1 1 103
14300.5326 84 0.221E-28 29.911
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Appendix A: Experimental Line Positions and Intensities of Hy'80 and Hy'" O

Table A.3: Continued.

wavenumber Av  intensity Al J' K, K. J' K] K! vib
143054155 9  0.852E-27 0.527 2 1 1 2 1 2 103
14318.8731 16 0.451E-27 4.796 1 0 1 0 0 0 103
143319308 0 0.692E-27 0000 2 1 2 1 1 1 103
14338.6507 0 0266E26 0000 2 0 2 1 0 1 103
143424597 0 0.193E-26 0.000 2 1 1 1 1 0 103
143486481 6 0.130E-26 0495 3 2 2 2 2 1 103
143487002 0 0313E-26 0000 3 1 3 2 1 2 103
143543672 21 0.710E-27 7.665 3 2 1 2 2 0 103
14361.8380 0 0.781E-27 0000 4 3 1 3 3 0 103
14364.0500 0 0.174E-26 0.000 4 1 4 3 1 3 103
14366.9065 2  0.323E-26  0.545 4 0 4 3 0 3 103
14367.0603 0 0.628E-27 0000 4 2 3 3 2 2 103
143749417 3 0.222E-26 0498 5 1 5 4 1 4 103
14377.5935 9 0.861E-27 0.506 5 0 S 4 0 4 103
14378.3982 0 0.166E-26 0000 4 2 2 3 2 1 103
14381.7883 0 0.573E-27 0.000 5 3 3 4 3 2 103
143822107 0 0.234E-26 0.000 4 1 3 3 1 2 103
14384.0235 0 0.132E-26 0.000 5 2 4 4 2 3 103
14386.1732 0  0.499E-27 0.000 6 1 6 5 1 5 103
14387.2886 0  0.182E-26  0.000 6 0 6 5 0 5 103
143953094 O O0.819E-27 0000 7 1 7 6 1 6 103
14395.7599 0  0.425E-27 0.000 5 1 4 4 1 3 103
143959773 0 0431E-27 0000 7 0 7 6 0 6 103
14396.0673 0  0.212E-27 0.000 5 2 3 4 1 4 202
14399.8959 0  0.312E-27 0.000 5 2 3 4 2 2 103
14401.0328 O  0.452E-27 0.000 7 2 6 6 2 5 103
14401.8340 0 0375E-27 0000 6 S5 2 5 4 1 202
14403.6275 0 0917E-27 0.000 8 0 8 7 0 7 103
144045816 0 0.711E-27 0000 6 1 S5 5 1 4 103
144049788 0 0483E-27 0000 6 3 3 5 2 4 202
14416.6215 0  0.317E-27  0.000
144172531 0 0.703E-27 0000 6 2 4 5 2 3 103
144292119 0 0211E-27 0000 7 2 S 6 2 4 103
144724829 0 0.186E-27 0.000 4 3 1 3 1 2 103
145145447 0  0.184E-27 0.000
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Appendix A: Experimental Line Positions and Intensities of H'80 and Hy'" O

Table A.4: The line positions (cm™!) and intensities (cm molecule™!)
of Hy'70 observed in the range 16665 — 17125 cm™!. The intensities
are scaled to match the natural abundance of Hy17O and normalised at
296 K. Vibrational states are given in v;v2v3 normal mode notation in
column 9. The estimated uncertainty on the line position is 0.01 cm™!
and on the line intensity is about 15% (see section 7.1.1). Unlike the
Fourier transform spectra, the uncertainty in line position and intensity
cannot be obtained individually for each line in CRDS.

frequency intensity J K, K| J' K K! vib
16665.905 0.110E-27 4 4 1 5 4 2 401
16668.500 0.147E-27 4 3 1 5 3 2 401
16670.275 0.429E-28 7 1 7 8 0 8 500
16670.641 0.227E-28 7 0 7 8 0 8 401
16670.847 0.151E-27 7 1 7 8 1 8 401
16674.419 0.134E-27

16674.563 0.632E-28 6 1 5 7 1 6 401
16674.912 0.455E-28 6 2 5 6 3 4 420
16677.915 0.160E-28 6 2 5 7 2 6 401
16678.123 0.294E-28 7 4 4 7 4 3 241
16678.678 0.102E-27 4 0 4 5 0 5 321
16678.810 0.432E-28 5 3 3 5 4 2 500
16679.166 0.555E-28

16679.564 0.126E-27 5 3 3 6 1 6 241
16681.079 0.307E-28 8 1 7 8 3 6 401
16683.282 0.622E-28 6 2 5 7 1 6 500
16683.933 0.743E-28 5 0 5§ 5 1 4 142
16684.487 0.779E-28 4 3 2 5 1 5 241
16687.628 0.344E-28 4 1 4 S 0 5 420
16687.953 0.460E-28 4 3 2 4 4 1 500
16690.180 0.102E-27 2 1 1 3 2 2 42
16692.609 0.336E-28 5 2 4 5 3 3 420
16693.315 0.133E-27 1 1 0 2 2 1 142
16693.505 0.655E-28

16694.492 0.377E-28 3 2 1 2 1 2 340
16697.613 0.806E-28 4 4 0 4 4 1 241
16699.926 0.287E-28

16700.113 0.405E-28 5 1 5§ 5 1 4 321
16700.813 0.194E-27 6 1 6 7 1 7 401
16701.680 0.834E-28 3 3 0 4 3 1 401
16702.221 0.220E-27 3 0 3 4 1 4 420
16702.821 0.167E-27 3 0 3 4 0 4 321
16707.256 0.287E-27 5 4 1 6 4 2 321
16707.386 0.142E-27 5 2 4 6 2 5 401
16710.459 0.333E-28 7 1 17 7 1 6 401
16712.108 0.101E-27

16712.844 0.260E-28 6 0 6 5 3 3 420
16716.902 0.295E-28 3 0 3 3 3 0 500
16717.695 0.286E-27

16718.616 0.204E-28 2 0 2 3 1 3 420
16721.651 0.244E-27 4 2 2 5 2 3 401

201



Appendix A: Experimental Line Positions and Intensities of Ho'8O and Hy'7O

Table A.4: Continued.

frequency intensity J K| K| J" K K] vib

16722.101 0.979E-29
16724.464 0.153E-27

16724.878 0.115E-27 4 3 1 5 3 2 321
16726.348 0.346E-27 2 0 2 2 2 1 321
16726.943 0.735E-29 6 3 3 7 2 6 500
16728.230 0.651E-28 S 1 5 6 0 6 500
16728.432 0.315E-28 5 1 4 5 2 3 142
16728.751 0.260E-27 S 1 5 6 1 6 401
16729.210 0.206E-27 3 0 3 31 2 142
16729.558 0.190E-28 4 0 4 4 1 3 420
- 16730.557 0.182E-28 3 1 3 3 2 2 420
16731.787 0.356E-27 4 1 3 5 1 4 401
16734.137 0.271E-28
16736.197 0.174E-27 4 2 3 5 2 4 401
16737.635 0.468E-29 4 4 0 5 4 1 321
16738.943 0.158E-28
16739.112 0.253E-28 6 2 5 6 3 4 500
16741.516 0.171E-28 1 0 1 2 1 2 420
16743.958 0.234E-27 5 5 0 5 5 1 401
16745.453 0.962E-28
16745.766 0.484E-28
16749.524 0.104E-27
16751.241 0.316E-29 1 1 1 2 0 2 142
16752.668 0.343E-28 7 2 6 7 4 3 043
16754.132 0.343E-28
16754.694 0.232E-27 4 0 4 S 0 5 401
16755.012 0.905E-28 1 1 1 2 1 2 321
16755.481 0.222E-27
16755.652 0.141E-27 4 1 4 5 1 5 401
16756.715 0.136E-27
16757.925 0.673E-28 3 3 1 4 3 2 321
16758.469 0.423E-28 2 2 1 3 1 2 420
16760.301 0.325E-28 31 2 3 2 1 420
16760.790 0.153E-27 3 1 2 4 1 3 401
16764.331 0.216E-27 3 2 2 4 2 3 401
16765.847 0.181E-28 6 4 3 6 4 2 401
16772.950 0.252E-28 0 0 O 1 0 1 321
16773.394 0.138E-27
16774.461 0.249E-28
16774.982 0.235E-28
16776.348 0.827E-28 3 0 3 4 1 4 500
16779.436 0.290E-27 1 1 0 2 2 1 500
16781.110 0.209E-27 3 2 1 4 1 4 420
16781.794 0.218E-27 3 1 3 4 1 4 401
16785.249 0.279E-28
16786.255 0.514E-28 3 2 1 3 3 0 500

16786.815 0.285E-28
16787.155 0.184E-27
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Appendix A: Experimental Line Positions and Intensities of Hy'80 and Hy'7O

Table A.4: Continued.

frequency intensity J' K, K. J'" K K! vib
16787.322 0.115E-27 5 5 1 5 5 0 321
16787.775 0.159E-27 4 4 0 4 4 1 401
16788.619 0.340E-28 g8 1 7 7 3 4 321
16789.968 0.111E-27 2 1 1 3 1 2 40
16790.082 0.146E-27

16790.228 0.135E-27 3 2 2 3 2 1 321
16791.746 0.110E-27 2 2 1 3 2 2 401
16792.009 0.891E-28 4 3 2 4 3 1 401
16792.536 0.205E-27

16794.869 0.177E-27 4 3 1 4 3 2 401
16795.593 0.498E-28 3 0 3 3 2 2 401
16796.293 0.916E-29 5 3 2 5 0 S 340
16797.253 0.139E-28 5 3 2 6 2 5 420
16798.157 0.995E-29 3 3 1 3 3 0 401
16799.136 0.312E-28 2 2 1 2 2 0 321
16799.312 0.142E-27 2 2 0 3 0 3 321
16799.791 0.109E-27 4 4 1 4 3 2 340
16799.898 0.138E-27 3 1 3 3 2 2 500
16800.295 0.163E-27 3 3 0 3 3 1 401
16800.830 0.195E-29 4 1 4 3 2 1 420
16801.708 0.200E-27 2 2 0 2 2 1 321
16802.964 0.803E-28 1 1 0 1 1 1 321
16803.504 0.959E-28

16804.147 0.159E-27

16805.965 0.166E-27 2 1 2 3 1 3 401
16806.420 0.295E-28

16806.746 0.113E-27 4 2 2 4 2 3 321
16811.604 0.131E-27

16812.864 0.241E-29

16814.823 0.226E-28 6 2 5 5 3 2 420
16818.875 0.135E-27 1 1 0 2 1 1 401
16819.443 0.627E-28 4 2 2 3 3 1 42
16820.620 0.158E-28 7 3 4 7 2 5 500
16821.077 0.208E-28 7 3 5 6 4 2 500
16821.520 0.601E-29 5 3 2 4 2 3 340
16822.357 0.114E-28 6 3 4 6 3 3 321
16822.481 0.188E-28 3 3 1 4 2 2 420
16824.162 0.921E-28 3 1 2 3 2 1 500
16824.947 0.370E-28

16827.529 0.113E-27 2 1 1 2 2 0 500
16827.675 0.135E-27 1 0 1 2 0 2 401
16829.494 0.120E-27 1 1 1 2 1 2 401
16829.602 0.132E-27

16832.988 0.118E-27 3 1 3 3 1 2 401
16836.270 0.934E-28 2 1 2 1 1 1 321
16836.813 0.976E-28 7 2 5 7 1 6 500
16837.620 0.324E-28 4 1 3 4 1 4 321
16838.138 0.126E-27 5 3 3 S 3 2 321

203



Appendix A: Experimental Line Positions and Intensities of Hy'80 and Hy'"O

Table A.4: Continued.

frequency intensity J' K, K J' K] K vib

16839.131 0.199E-27

16839.929 0.155E-28 6 0 6 5 2 3 401
16841.595 0.100E-28 4 4 0 5 3 3 420
16843.481 0.889E-28

16845.251 0.615E-28 2 0 2 2 1 1 500
16845.712 0.221E-28 3 2 1 4 1 4 500
16845.962 0.141E-27 5 3 2 5 2 3 500
16847.363 0.189E-28 5 3 2 5 3 3 321
16847.995 0.976E-28

16848.412 0.670E-28 2 1 1 1 1 0 321
16848.614 0.250E-27 4 1 3 3 2 2 420
16851.254 0.137E-27 4 3 1 4 3 2 321
16851.847 0.281E-27 0 0 O 1 0 1 401
16852.326 0.299E-27 3 2 2 3 2 1 401
16853.994 0.160E-28 5 1 4 5 1 5 321
16854.253 0.788E-28 5 4 2 5 4 1 321
16854.975 0.303E-27 3 3 1 3 3 0 321
16855.171 0.534E-28 1 0 1 1 1 0 500
16855.401 0.133E-27 3 3 0 3 3 1 321
16859.787 0.788E-28 4 3 1 4 2 2 500
16861.805 0.185E-27 2 2 1 2 2 0 401
16862.800 0.115E-28 4 0 4 3 1 3 420
16864.509 0.359E-28 2 2 0 2 2 1 401
16864.604 0.206E-27 4 1 4 3 1 3 321
16865.061 0.172E-27

16866.259 0.554E-28 5 S 4 0 4 142
16866.537 0.193E-27 1 1 1 1 1 0 401
16866.688 0.889E-28

16866.826 0.112E-27

16867.518 0.314E-27 3 2 2 2 2 1 321
16867.709 0.177E-27 4 2 3 4 0 4 321
16868.007 0.210E-27 4 2 2 4 2 3 401
16869.788 0.235E-28 31 2 2 1 1 321
16870.355 0.155E-27

16870.847 0.284E-28 5 3 3 5 2 4 500
16872.779 0.458E-28 3 2 1 2 2 0 321
16874.058 0.146E-28 5 5 0 5 4 1 500
16874.478 0.753E-28 6 1 6 5 0 5 142
16875.140 0.722E-28 5 2 3 5 2 4 401
16875.288 0.259E-28 6 4 3 6 3 4 500
16875.744 0.147E-27 6 2 5 6 1 6 420
16877.261 0.873E-28

16878.415 0.169E-27 5 0 5 4 1 4 420
16879.006 0.312E-28 5 4 1 5 3 2 500
16879.759 0.991E-29 6 3 4 6 1 5 401
16880.276 0.249E-28 6 5 1 5 5 0 401
16883.898 0.239E-27 8§ 1 8 7 1 7 321
16884.063 0.121E-27 6 2 4 6 2 5 401
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Appendix A: Experimental Line Positions and Intensities of Hy'8O and Ho'"O

Table A.4: Continued.

frequency intensity J' K, K| J' K K{ vib
16884.282 0.797E-28 7 2 6 7 0 7 321
16886.277 0.161E-28

16887.955 0.491E-28 5 3 3 5 1 4 401
16889.135 0.741E-28 6 0 6 5 1 5 420
16890.628 0.803E-28 4 3 2 3 3 1 401
16890.841 0.150E-28 4 4 0 4 3 1 500
16891.270 0.673E-28 6 1 6 5 0 5 42
16891.873 0.165E-27 4 4 1 4 3 2 500
16892.947 0.119E-27 2 1 1 2 0 2 500
16893.516 0.660E-29

16893.751 0.359E-28 5 1 4 4 2 3 42
16894.024 0.419E-28 31 2 3 1 3 401
16894.503 0.587E-29 7 4 4 7 2 5 401
16894.756 0.172E-27 4 2 2 3 2 1 321
16895.278 0.630E-28 8 0 8 7 0 7 321
16896.160 0.873E-28 2 2 0 1 1 1 420
16897.718 0.164E-27 7 0 7 6 1 6 142
16898.021 0.147E-27 5 2 4 4 2 3 321
16900.938 0.773E-28

16901.246 0.384E-28 5 4 4 4 1 401
16904.095 0.394E-28 8 5 3 7 5 2 401
16904.214 0.171E-28

16904.746 0.739E-28 5 1 4 4 1 3 321
16906.038 0.129E-27 5 3 3 4 3 2 401
16906.373 0.110E-27 4 1 3 4 1 4 401
16906.627 0.420E-28 8§ 1 7 7 2 6 142
16909.174 0.469E-28 6 2 5 5 2 4 321
16910.019 0.138E-27 5 2 3 4 3 2 500
16910.447 0.983E-28 5 3 2 4 3 1 401
16910.710 0.329E-28

16910.920 0.162E-27 2 1 2 1 1 1 401
16912.121 0.370E-29 8 2 7 7 1 420
16913.920 0.167E-27

16914.184 0.363E-28 6 4 2 5 4 1 401
16916.797 0.993E-28 6 3 3 4 2 142
16916.932 0.178E-27 2 0 2 1 0 1 401
16917.955 0.802E-28

16919.245 0.265E-28 51 4 5 1 5 401

16919.624 0.400E-28
16919.777 0.451E-28
16919.937 0.520E-28
16920911 0.175E-27 2 1 1 1 1 0 401
16921.034 0.119E-27

16921.431 0.259E-27 3 0 3 2 1 2 500
16923.119 0.135E-27 6 2 5 5 1 4 420
16923.792 0.227E-27 2 1 2 1 0 1 500
16924.246 0.209E-28

16924.897 0.123E-27 4 1 3 3 2 2 500
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Appendix A: Experimental Line Positions and Intensities of Hy'80 and Hy'" O

Table A.4: Continued.

frequency intensity J K, K| J" K KI! vib

16926.167 0.263E-27 3 2
16926.610 0.122E-27
16926.903 0.236E-27

—
N

1 2 420
6 321

©o
~
~

16927.720 0.119E-27 6 3 3 5 3 2 401
16929.628 0.267E-27 3 2 2 2 2 1 401
16930.761 0.135E-27 7 4 3 6 4 2 401
16931.076 0.208E-27 3 0 3 2 0 2 40
16932.093 0.255E-28 3 3 1 3 2 2 420
16934.344 0.113E-27 5 2 4 5 0 5 401
16934.666 0.148E-27 3 0 3 2 2 0 043
16935.383 0.153E-27 3 1 3 2 0 2 500
16937.262 0.163E-27 4 0 4 3 1 3 500
16939.623 0.168E-27 4 1 4 3 1 3 401
16940.947 0.244E-27 31 2 2 1 1 401
16942.072 0.236E-28 7 1 6 7 0 7 500
16942.356 0.496E-29 8 1 7 8§ 1 8 401
16942.821 0.219E-27 4 0 4 3 0 3 401
16945.534 0.175E-27 5 1 4 4 2 3 500
16945.831 0.108E-27 4 2 3 3 2 2 401
16946.467 0.310E-28 7 2 6 7 0 7 401
16947.026 0.858E-28 4 3 2 3 3 1 321
16947.722 0.377E-28 8 2 6 7 2 5 321
16948.326 0.857E-28 4 4 0 5 0 5 401
16948.557 0.690E-28 3 3 0 2 2 1 500
16949.510 0.142E-27 5 0 5 4 1 4 500
16950.687 0.147E-27 5 1 5 4 1 4 401
16952.302 0.409E-28 8§ 1 8 7 4 3 222
16953.280 0.137E-27 5 0 5 4 0 4 401
16954.972 0.576E-28

16955.341 0.216E-28

16956.021 0.153E-27 4 2 2 3 1 401
16957.538 0.180E-27 4 1 3 3 1 2 401

16959.244 0.218E-27 8§ 3 5 7 3 4 401
16959.607 0.170E-27

16960.444 0.711E-29 6 1 6 5 0 5 500
16961.052 0.126E-27 6 0 6 5 0 5 401
16961.165 0.492E-28

16961.619 0.698E-28 4 4 0 4 3 1 420
16962.013 0.162E-28

16966.951 0.988E-28 7 1 7 6 6 500
16967.107 0.299E-27 7 1 7 6 1 401
16969.082 0.260E-28 5 1 4 4 3 1 043
16969.439 0.462E-28

16969.649 0.742E-28 4 2 2 3 0 3 321
16971.990 0.201E-28

16972.608 0.123E-27 8§ 1 8 7 1 7 401
16974.890 0.173E-27 2 2 0 1 0 1 401
16975.407 0.188E-27 7 1 6 2 5 500
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Appendix A: Experimental Line Positions and Intensities of Hy'80 and Hy'"O

Table A.4: Continued.

frequency intensity J K, K| J' K! K! vib

16975.567 0.739E-28
16976.825 0.428E-28 5 4 1 4 4 0 321
16978.424 0.166E-27
16978.592 0.138E-27
16981.591 0.253E-28
16983.404 0.172E-28

16984.391 0.655E-28 5 2 4 4 1 3 500
16987.291 0.133E-27 6 2 5 5 4 500
16989.248 0.340E-28 6 3 3 6 0 6 500
16992.367 0.446E-28
16993.695 0.260E-28 7 3 5 6 3 4 321
16996.115 0.467E-28 5 5 1 4 4 0 500
16997.329 0.265E-28 5 2 3 6 3 4 222
17003.483 0.728E-28 3 3 0 2 2 1 42
17005.223 0.556E-28
17006.855 0.114E-28 7 3 4 6 3 3 321
17007.619 0.296E-28 6 6 1 5 5 0 500
17007.977 0.185E-28
17008.378 0.419E-29 7 4 3 6 2 4 241
17010.284 0.542E-28 6 1 6 S 4 1 222
17010.616 0.294E-28 6 5 2 5 4 1 500
17011.367 0.881E-29 7 4 4 6 4 3 321
17012.985 0.572E-29
17015.793 0.155E-28
17016.604 0.394E-29
17016.890 0.105E-28
17017.794 0.594E-28 4 3 2 3 2 1 420
17018.607 0.403E-28
17019.244 0.275E-28 8 3 5§ 7 3 4 321
17021.234 0.219E-28
17021.904 0.128E-28 7 5 3 6 4 2 500
17023.318 0.307E-28
17023.688 0.868E-29 3 3 0 4 4 1 222
17025.169 0.192E-28 4 3 1 3 2 2 420
17025.655 0.173E-28
17028.760 0.254E-28
17029.584 0.161E-28
17032.255 0.480E-29 8 5 4 7 4 3 340
17034.887 0.558E-28
17035.995 0.346E-28 3 2 1 4 3 2 222
17036.480 0.192E-28
17036.909 0.146E-28
17039.631 0.153E-28
17040.426 0.345E-28
17046.632 0.541E-29
17049.441 0.392E-28 5 3 2 4 2 3 420

17050.069 0.123E-28 7 5 3 6 5 2 241
17051.885 0.298E-28
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Appendix A: Experimental Line Positions and Intensities of Ho'80 and H,'"O

Table A.4: Continued.

frequency intensity J K, K J" K K vib

17056.224 0.779E-29
17056.495 0.310E-29
17057.217 0.475E-29

17058.934 0.270E-28 4 3 1 31 2 321
17059.484 0.119E-28

17060.017 0.119E-28 4 4 1 3 3 0 420
17062.520 0.339E-28 5 3 3 4 1 4 401
17066.504 0.575E-29 5 2 3 4 1 4 500
17067.580 0.769E-29 4 4 1 3 2 2 401

17071.441 0.148E-28
17078.520 0.282E-28
17079.754 0.669E-29 7 3 4 7 0 7 420
17083.315 0.938E-29
17086.717 0.252E-28
17091.638 0.183E-28
17095.521 0.160E-28

17095.874 0.223E-29 6 3 4 5 1 5 401
17097.243 0.164E-28 8§ 3 5 7 1 6 401
17098.315 0.717E-29 7 1 6 7 2 5 222
17099.404 0.699E-29 5 5 0 4 3 1 401
17100.797 0.766E-29 5 5 1 4 3 2 401
17105.488 0.356E-29 5 3 3 5 4 2 222
17110.745 0.158E-28 6 5 1 5 3 2 401
17115.391 0.820E-29

17115.706 0.422E-29 6 5 2 S 3 3 401
17117.634 0.898E-29 8 3 5 8 8§ 321

17121.005 0.143E-28 5 3 3 4 1 4 321
17124.807 0.595E-29
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