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Abstract

A room temperature line list for the Hy'®O radioactive isotopologue of the water molecule
is computed using the variational nuclear-motion DVR3D program suite and an empirical high-
precision potential energy function. The line list consists of rotation-vibrational energies and
Einstein-A coefficients, covering a wide spectral range from 0 to 25000 cm~! and the total angular
momenta J up to 30. Estimates of air-broadening coefficients are provided. Experimentally
derived energies of Hy'%O, Hy'"O and H,'80 from the literature are used to provide improvied
energies for important states with uncertainty estimates for the Hy'®O. A number of most promising
spectroscopic ranges for the detection of Hy'®O are proposed. The calculated absorption spectrum
should be useful for the study gaseous radioactive water at IR region, determining concentration,

etc.
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1. Introduction

The water molecule is the most common triatomic molecule in the Universe. Water is the major
absorber of both incoming and outgoing radiation in the Earth’s atmosphere; it is arguably the most
important species for both life on Earth in general and for humans in particular. Unsurprisingly

therefore HyO 1is one of the most well studied molecules.
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In addition to the parent isotopologue of water, Hy'®O, more than 500 of other isotopologues of
the water molecule are possible [I], combined from 7 isotopes of hydrogen H - 'H, H (D- deuterium),
SH (T- tritium), *H, 5H, SH, "H [2, 3] and a large number of the oxygen isotopes, from *O[4]
to 220 [A]. Starting from *H , the hydrogen isotopes are radioactive, starting from *H they are
ultra-short-lived. Out of 17 isotopes of oxygen, only 3 are stable — 190, 17O, and *¥O; the others are
all radioactive. Of the radioactive oxygen isotopes, the longest-lived species is 1°0, whose half-life
exceeds 2 minutes. Conversely, tritium has a half-life of more than 12 years and spectra of the
tritium enhanced water have been observed, see e.g. [6], both for HT'®O and T,'®O. In addition,
calculated spectra of various tritium isotopologues of water can be found in the spectroscopic
database spectra.iao.ru [7].

The H,'O water isotopologue has been used for many decades in biological and medical research,
[8-13] , but its infrared (IR) spectrum has yet to be observed. Therefore, at present the source of
the spectroscopic information on Hy'0 is only through theory [14]. The measurement of spectra
of short-lived radioactive isotopologues is associated with significant technical problems. However,
calculations such as the ones presented here facilitate the measurement and interpretation of such
spectra. Any theoretical calculation should be adapted from one which reproduces the measured
spectra of the parent Hy'®0 and other known isotopologues of water. For this purpose, several
approaches will be used in this work, which are described below.

Studying the spectrum of unstable water isotopologues can be useful for solving a number of
scientific and technical problems. For example, the study of the properties of water in liquid or
gaseous states irradiated by hard gamma radiation, to study nuclear processes in the atmosphere
during a thunderstorm, in positron tomography etc. (see, for example, [I5H21]). A partial absorption
spectrum of of Hy'®O calculated by us for transitions up to J = 10 was recently presented by
Voronin et al. [I4] and a number of vibrational energy levels of Hy'®O as well as of all other
radioactive oxygen isotopes of water were published by Voronin and Bykov [1].

This paper presents a theoretical line list for Hy'®O obtained via a direct variational calculation
up to J=30 using a high accuracy potential energy surface (PES) from Bubukina et al. [22], a
dipole moment surface (DMS) from Lodi et al. [23] and the accurate variational software package
DVR3D [24]. DVR3D has been used to produce a number of high accuracy line list for HoO and
its isotopologues including BT2 [24], VT'T [25], POKAZATEL [26], Conway [27], HotWat78 [2§],

VoTe [29, 30] as well as for many other triatomic molecules. In our recent work [14], a tentative


https://spectra.iao.ru/

detection of a transient Hy*?O line from atmospheric measurement taken after thunderstorms was
presented with an absorption feature at 1973.5 cm~!. In this work we provide a more detailed
analysis of this feature and use available empirical energy levels for Hy'°O, Hy'7O and Hy*O to
provide reliable energy levels and hence transitions wavenumbers for Hy'®O; we suggest a number
of promising spectroscopic regions for possible detections of Hy?O.

There are a number of works that show how to use experimental and theoretical data of known,
more abundant isotopologues for predicting energies of the less abundant species [3TH4T]. Here we
explore some of the ideas from the literature to provide the uncertainty estimates for the calculated

energies of Hy'O as well as pseudo-experimental corrections.

2. Calculated line list for H,'°O

Here we follow the same calculation procedure as in Voronin et al. [I4] to produce a room
temperature line list for Hy'®O covering the rotational excitation up to J=30.

The calculations were carried out as follows. At the first stage, the ro-vibrational energy
levels and wave functions of Hy?O were calculated with the DVR3D variational nuclear motion
program [24] using an empirical PES from Bubukina et al. [22] and an ab initio dipole moment
surface (DMS) from Lodi et al. [23]. The PES by Bubukina et al. [22] was obtained by fitting its
Born-Oppenheimer contribution to experimental energies of Hy'O while the mass dependence was
included through an adiabatic (DBOC) term developed by Partridge and Schwenke [42]. Here we
switch to Hy'®O by changing the mass of 60 to 'O, for which used a value of 15.0030656 Da [43].
The variation in energy corresponding to isotopic substitution of the heavier atom O is relatively
small, but not negligible as far as the high-resolution spectroscopy applications are concerned. The
accuracy of the PES and the whole procedure for calculations of spectra of isotopologues has been
demonstrated in Polyansky et al. [40], where accurate line lists for Hy'"O and Hy'®O were presented.
We note that analysis by Csaszar et al. [44] suggests that the equilibrium geometry will change
very little between the various Ho*X O isotopologues, and while calculations have predicted some
non-Born-Oppenheimer behaviour of the dipole moment [45], this will only be a minor contribution
for strong transitions which are the only ones likely to be observable for HyO.

The computations were performed on the computer cluster “amun” at UCL as well as on

workstations in the V.E. Zuev IAO SB RAS and the Gleb Watagin Institute of Physics (Campinas,



Brazil). The final line list of Hy'®O comprises a total of 149,665,544 (almost one hundred and fifty

million) transitions.

3. Energy levels of H,'®°0

No spectroscopic measurements of Ho'?O exist and it is therefore difficult to assess the quality of
our calculations directly. Indirectly, one can take the advantage of the wealth of the spectroscopic
information on the Hy'0O, Hy!"O and H,'*O water isotopologues as collected in the W2020
compilation of experimentally derived energies of water [46]. W2020 contains 19225 energy levels
(Jmax=42) of Hy'®0, 5278 energy levels (Jpa=20) of Hy'"O and 6865 energy levels (J.=20) of
H, !0, all uniquely assigned the ro-vibrational quantum numbers (v; vy v3) [J K, K.|. It should
be noted that the common states between the Hy'7O and Hy'80 sets are only for J < 19.

For our analysis we could identify 4622 common levels in these three sets that belong to the same
states, i.e. with the same quantum numbers. As an example, Fig. (left) illustrates the generally
well-behaved correspondence between ro-vibrational energies of Hy'%0 and H,'®0 by showing the
energy difference for the vibrational state v (100) as a function of J, where the dependence on J
is nice and smooth.

It should be also noted, that when comparing these three sets to each other, clear outliers with
unusually large differences between same state energies of H,XO, X=16,17,18 were identified, see
Table[1] This is illustrated for 5v4 in Fig[I|right), where outliers can clearly be seen. It should be
noted that such isotopologue analysis is a useful tool to identify inconsistent or wrong assignments,
as e.g. shown in Table[l|for the 5v; state, see also the work by Viglaska-Aflalo et al. [41]. Accidental
resonances are a common occurrence in molecular spectra which also cause the behavior between
isotopologues to appear erratic. For example, in water resonances can arise due to the appearance
of transitions with a large value of vy [47, 48]; such resonances not only cause shifts in line position
but also cause problems with labeling which can become rather arbitrary when states are heavily
mixed.

In order to estimate the accuracy of the DVR3D energies of Hy'%O, we used the same PES by
Bubukina et al. [22] and computed ro-vibrational energies of the H,XO, X= 17, 18 isotopologues
up to J=20. The corresponding masses of oxygen were taken as 16.99913175595 for YO and
17.99915961214 for '®O [43]. For simplicity, hereinafter these calculations are be referred to as
VoTe-17 and VoTe-18 to distinguish them from the original VoTe [29, 130] calculation for Hy'¢O.
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Figure (1) Differences between the same vibration state rotational energy levels of Hy'®O and Ha'80: Left: the

(100) vibration state; Right: the (500) vibrational state.

The lower energy value in the calculation for Ho'"O water is 5412.19011825 cm ™!, and for H,'80
water is 5405.16727619 cm~—!. Here we compare these results for the selected set of the experimental
4620 energies of H,XO, X=17,18 from W2020 to check and hopefully improve the Hy'>O DVR3D

energies below.

3.1. Comparison of the DVR3D (VoTe, VoTe—17 and VoTe—18) and W2020 energy energy levels
of Hy'°O, Hy'"O and H,*%0
3.1.1. Hy,'%0

Let us first establish the agreement between theory and experiment for the main isotopologue.
We can use the experimental energy levels of Hy'®O fro the W2020 work [46] (19225 values) to
compare to the theoretical VoTe Hy'®O energies [30] computed with the PES by Bubukina et al.
[22]. Although in principle, W2020 extends up to ~41143.77 cm™" (the highest level is (16 3 30) [1
1 1] and up to the rotational quantum number J of 42, such high energies beyond the scope of this
study.

Here we select only states below 25000 cm™!. We also exclude a few potential outliers exhibiting
large differences of up to 2.5 cm™! between the VoTe and W2020 values, which can be caused by
a number of reasons including calculation errors, problems in the W2020 compilation or strong
resonances not properly accounted for by the PES.

As a result, a set of 18512 energy levels of Hy'%0 was compiled. For this set root-mean-squares

(RMS) error (1/>;(E% — E&€)2/N) is 0.1335 cm ™! and the maximal deviation is 2.16 cm ™.

Reducing this set to those levels within 1 em™! of each other gives an average absolute difference

of 0.07598 cm ™! and an RMS error of 0.1267 cm™! for 18494 levels, while reduction to within 0.1



cm~'gives an RMS error of 0.03940 cm ™ for 13903 levels.

3.1.2. H'"0

Now we turn to Hy'"O and compare the calculated VoTe-17 energies to the corresponding
experimental values in W2020. For H,'7O, there are 5278 energy levels in W2020 with the maximal
energy value of 18396 cm~and maximal rotational quantum number J of 20. Out of 5278 states,
two levels could not be matched to VoTe-17. For this set of 5276 levels of Hy'7O, the difference
between W2020 and VoTe-17 gives the RMS error of 0.1463 cm™*.

The comparison between 5276 W2020 levels and VoTe-17 is key for our study as we will use it
to estimate the error of our Hy'®O ro-vibrational energies as, like Hy'%O, Hy'7O is just one unit
mass different from H,'°0 and we therefore expect that the errors arising from energy estimates

due to isotopic substitution should be similar.

3.1.5. Hy'%0
For Hy'®O there are 6865 energy levels in W2020 [46] ranging up to 18396 cm™! J=20, which
were selected for the analysis. The obs.-calc. error of the calculated VoTe-18 energies from W2020

range from —1.5 ecm™! to 1.8 ecm™! with the RMS error of 0.1513 em ™!,

3.2. Sets of levels for different comparisons.

As was mentioned above, we initially selected 4620 sets of energies of Ho'¢O, Hy'"O and Hy'®0
from W2020 for the analysis that shared the same quantum numbers. Out of these 4620 state, 61
states could not be matched to the VoTe levels using the theoretical assignment of the latter from
[30]. Some states were also excluded if the rule Ei5 >Fi >FE 7 >E 3 was violated or the difference
between energies of the isotopologues was too high (> 200 cm™!). This resulted in 4440 states for
which all three experimental W2020 sets (H'O, Ho'"O and H,'®0) as well as the three theoretical
sets (VoTe, VoTe-17 and VoTe-18) could be all mutually correlated.

For the majority (4127) of the selected states the difference between the theory and experiment
is found to lie within 5 cm™!, while 3934 levels had residuals within 1 cm™!. Some outliers had
differences up to 10 em™! (e.g. —13.18 ecm™! for the state (021) [717] of Hy'®0), 20 cm™ (e.g.
+20.02 em™! for the state (420) [717] of Hy'®O) or even +37.22 ecm™! for the state (101) [16 0 16]
of Hy'%0. Such unusually large outliers are most likely due to misassignment problems either in the
theoretical or experimental sets or both. We therefore excluded states that exhibit large differences

between the theoretical energies and those from W2020 using a threshold of 5 cm™!, which resulted
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in a set of 4127 common states. For a more stringent selection, we will also use a set of 3934 states
whose differences from experiment do not exceed 1 cm™! or a set of 3426 levels whose differences
are within 0.1 cm ™. This is illustrated in Figs. 2] where the obs.-calc. residuals between the w2020
and VoTe data sets for Hy'’O and Hy'®O are shown.

Since the PES of Bubukina et al. [22] was originally obtained by fitting to the ro-vibrational
energies of Hy'%O only, we need to establish the errors introduced when using it for other isotopo-
logues. For Hy'80 and H,'7O this can be readily done by comparing to the W2020 ‘experimental’
energies, while for H,'?O, with no experimental data at hand, we will assume that the errors in cal-
culating the Ho'80 and Hy'7O energies are representative also for our Hy'%O calculations. Moreover,
for the Hy'®O line list introduced below, the errors obtained for Hy'"O will be considered to be
reasonable indicators of the errors in the Hy'®O calculations and used to estimate the corresponding
uncertainties of Hy'®O, where such comparisons for Hy!7O are available.

For the 4127 levels of VoTe-17, the calculated RMS error from the W2020 energy set is 0.2605
cm 1. Note that the corresponding RMS error for VoTe-18 is increased to 0.6651 cm™!, which is to
be expected for the isotopologue Hy'8O with its larger mass difference. This can be compared to

the RMS error of 0.1256 cm ™! of the main isotopologue.

3.3. Isotopologue pseudo-experimental corrections

Following the pseudo-experimental extrapolation method proposed by Polyansky et al. [2§],
here we use the obs.-calc. residuals for the main isotopolgue to obtain empirical corrections to the

ro-vibrational energy values of the minor isotopologues of water as follows :
By = B + B — I, 1)

where E$¢ is a DVR3D energy calculated for a minor isotopolue, N = 15,17,18, and E{® — E5al is
an empirical correction estimated as the difference between the calculated and experimental energies
of the parent (10) molecule. The approach, which has also been referred to as isotopologue-
extrapolation (IE) [49], is based on the assumption that the main source of the error is from the
inaccuracy of the Born-Oppenheimer PES of water, which should affect all four isotopologues
similarly and was shown to work well for Hy'®O and H,'7O [28]. Following Polyansky et al. [28§],
we will refer to B9 — E53 as the pseudo-experimental correction ES™.

In order to evaluate the accuracy of the pseudo-experimental corrections for Hy'O, we carried

out this procedure for the VoTe-17 and VoTe-18 sets and performed subsequent evaluation of the
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Figure (2) Illustration of the accuracy of the DVR3D calculations isotopologues of HoO as obs.-calc. residuals
between the ‘experiment’ (W2020) and theory (DVR3D) for two isotopologues for the set of 3426 states before
and after substituting with the pseudo-experimental energies from Eq. (I)), Ho'7O (left display) and H5'8O (right
display). W2020(17) and W2020(18) are the experimental energies, VoTe-17 and VoTe-18 are the DVR3D energies
and VoTe-17P and VoTe-18P are DVR3D energies after the before the pseudo-experimental correction.

results obtained with the values from the W2020 compilation. For the set of 4127 levels of VoTe-17
(with error within 5 cm™'), the obs.-calc. residuals between W2020 and corrected values of VoTe-17
produce an RMS error of 0.2646 cm~!. This is very similar to the error indicators of VoTe-17
before applying the pseudo-experimental procedure, however the actual spread of the errors is
improved by becoming more compact, see Fig. 2l The VoTe-18 energy term values corrected with
the pseudo-experimental procedure give the RMS error of 0.6714 cm™!.

The extensive analysis of the Hy'7O and Hy'®O calculated energies is to help estimate the errors
of the DVR3D energies of Hy'°O, for which no data is available. One can argue that the accuracy
of the DVR3D energies of Hy'®O should be similar to that of the DVR3D energies of Hy'7O as
illustrated in Fig. Moreover, the accuracy of the pseudo-experimental corrections in Eq.
applied to Hy'®O should also be in line with that of Hy'7O, see Fig. 2| with the residuals appearing
more compact after the pseudo-experimental corrections .

We decided to apply the pseudo-experimental correction only to our most confident set of 3426

levels to minimise chances of possible artefacts of this empirical procedure. For the set of 3426

levels the RMS error of the VoTe (16) energy levels from W2020 is 0.0266 cm ™.

4. Isotopologue energy extrapolation

As an alternative to variational calculations, the energy levels of Hy'®O can be estimated through

extrapolation from the corresponding energies of Hy'60, Hy!'"Oand H,'¥0 isotopologues as explored



by Bykov and Voronin [50]. According to this approach, an isotopic energy shift upon substitution
of 150 —1%0 is obtained using a quadratic expansion of the available experimental data for the
H,'%0 (16), Hy'"O(17) and Hp'8O (18) in terms of the mass change x in the form as given by (for
details see[T], 50]).

E(H,"0)yp = E(Hy'°0)yg + AEyg, (2)

where V'R is the set of vibrational (V') and rotational (R) quantum numbers.

M(18)2(17EVR _ 16 EVR) + M(17)2<18EVR _ 16 EVR)
p(17)p(18) (p(17) — p(18))
21(18)(TEvr —'° Evg) + pu(17)(*Evg —'° Bvp) 3)
p(17)p(18) (p(17) — pu(18))

Here u(N) = (m(MO)—m(*°0))/m(NO) (N = 15,16, 17, 18) is the relative change of the mass of

+4(15)

the oxygen atom and Y Ey y is the energy of the vibrational-rotational state V R of the isotopologue
N, respectively. In our case, u(15)= -0.06610956879, 1(16)=0.0, nu(17)= 0.0590746134202 and
p(18)= 0.1113521428953.

In fact, Eq. can be considered as an application of the perturbation theory (PT), where
the change in mass is a small parameter. We used Eq. to generate PT energies of Hy'®O for
all 3426 vibrational-rotational states. Figure |3| compares these PT values to our DVR3D energies
of Hy'O. Apart from four clear outliers with differences of more than 12 em™!, (1 0 2) [14 4 11]
9618.1 cm™!, (011) [15 6 9] 8856.1 cm™!, (110) [14 4 11] 8011.9 cm™! and (200) [12 4 8] 9359.6
cm ™!, the differences between the PT and DVR3D values are found to be within 5-10 em ™!, which
is at least an order of magnitude worse than the expected accuracy of the DVR3D values of Hy'*O.

We therefore do not use the PT values for this study.

5. Line list

The line list for Hy'*O, which we call VoTe-15, designed for use at room temperature of a wide
range of wavenumbers has been constructed. It contains 106 700 states and 149 665 544 (almost
one hundred and fifty million) transitions in total. The Hy'»O VoTe-15 line list is available from
the ExoMol database www.exomol.com| using the standard ExoMol format [51]. Extracts from the
States .states and Transition .trans files are shown in Tables [2] and [3] respectively. The State

file contains a list of ro-vibrational states of Hy'°O with the state ID numbers, energy term values

9
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Figure (3) Comparison of energy levels of Ho'®O calculated using DVR3D (Epy gsp) and energy levels calculated
using the isotopologue extrapolation technique in Eq. .

(in cm™1), uncertainties (in em™!) and quantum numbers: the provision of which are discussed
below. The exact quantum numbers are the total angular momentum J and the total symmetry
I' = Ay, Ay, By, By in the Molecular Symmetry group Co,(M). The total state degeneracy, g; is given
by (2J+1) times the nuclear spin factor, g,s. For Hy'®O the nuclear spins gy, are 2, 2, 6, and 6 for
I' = Ay, As, By, Bs, respectively, i.e. the nuclear degeneracy of the so-called ortho and para states
relate as 6:2 (3:1 for Hy'%0). In addition, for some of the levels, approximate quantum numbers in
the traditional rotation-vibrational identification vy, vs, v3, K,, K. are also given; the provision of
these is discussed below. Here vy, v5, v3 are the normal mode vibrational quantum numbers, J is
the (total) rotational angular momentum quantum number, K, and K, are the oblate and prolate
rotational quantum numbers (projection of the angular momentum on the corresponding molecular
axis a and c, respectively).

DVR3D only supplies rigorous quantum numbers which for HyO correspond to J, parity and
whether the state is ortho or para. To provide the approximate rotation and vibration quantum
labels, namely v1, vs, v3, K, and K,, we matched the H,'°O energies to the assigned states of the
parent isotopologue Hy'%O as provided in the VoTe line list, which was based on the calculations
with the same PES [29] 30]. Following VoTe, here we also provide the parity of the K. quantum
number, which can be reconstructed from the (rigorous) values of J and the total symmetry I' as
shown in Table 12-7 of [52]. Here we adopt the ExoMol [53] standard and assign the value “NaN”

to the undetermined values of the quantum numbers.
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To improve the energy levels of Hy'3O, here we apply the pseudo-experimental corrections in
Eq. to the set of 3426 introduced above. These states are indicated with the label “IE” in
contrast to all other, calculated values, labelled with “Ca”.

The provision of uncertainties in the energy levels is now a formal part of the ExoMol data
structure [53]. For the pseudo-experimental values, the uncertainties are estimated as the obs.-calc.
residuals of the H,'7O isotopologue obtained as the difference between the W2020 and DVR3D
energy values. When the rotational vibrational quantum numbers are available, the uncertainties

can be estimated using the following approximate expression (in cm™!), see, e.g. [54, B3]:
unc = Aw(vy + vy +v3) + ABJ(J + 1), (4)

for example Aw=0.2 cm~! and AB=0.001 cm~!. For this work, a slightly less conservative formula
was used (in cm™!):

unc = AEE + ABJ(J + 1), (5)

with Aé=1/35000 cm™! and AB=0.0005 cm™'. Formula (5)) was obtained via correlation and auto-
correlation methods [56] applied to the W2020 [46] data of the three isotopologues in conjunction
with the method of Voronin [57].

It should be noted that Eq. is more general than Eq. , especially if the vibrational
quantum numbers are not available or not reliable. For Hy*®O, we can take the errors for 19225
levels from W2020(16), and calculate the errors using formula in ().

3426 levels were replaced by the pseudo-experimental values. The maximum deviations of these
changes do not exceed 0.1 cm™!.

The Hy'®O . trans files contain Einstein A coefficients (in s7!) together with the upper and lower
state ID numbers. The transitions are divided into twelve Transition files according the following

spectroscopic ranges: 0-500, 500-1000, 1000-1500, 1500-2000, 2000-2500, 2500-3500, 3500-4500,
4500-5500, 5500-7000, 7000-9000, 9000-14000, 14000-25000 cm ™.

6. Partition function

Using vibrational-rotational energy levels, the partition function of Hy'®O was calculated for

different temperatures up to 1200 K using
E;
T) = i - — ). 6
Q(T) EZ geXP( kT> (6)
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Figure (4) Partition function Q(T) for H2'%0 and Hy'°O water for temperature range from 1 to 1200 K.

It is included into the ExoMol database and is also provided here as part of our supplementary
material. The file format is quite simple, two columns with the temperature (K) and Q(T).

Figure 4| shows a comparison of partition functions Q(T) of the Hy'*O and H,'O species for
the temperature range from 1 to 1200 K. The main difference is the nuclear spin factor, which
is 2 times larger for Hy'O. Besides, the partition function Q(T') of Hy'0O is significantly more
complete, with the levels from [30] covering the rotational excitations up to J = 50.

! and up to J = 30, our partition function

In principle, with a set of levels up to 25000 cm™
of Hy'O should be appropriate for up to 1000 K. Using it for higher temperatures can become
increasingly incomplete. For more details see [58], [59]. See partition function table at Supplementary

(partition-function-H2150.dat).

7. Spectral simulations

The line list produced was used to model atmospheric spectra of Hy!3O. The temperature step
in atmospheric applications was taken, approximately, following the data in [60].

A room temperature Hy'O line list (296 K) was generated using the intensity threshold of
>1073% ¢cm/molecule for atmospheric applications. It contains 251 664 lines using the format
similar to that of HITRAN2020 [61], see Table 4| and is provided as part of the supplementary
material. The HITRAN database provides data for seven isotopologues of water using the following
isotopologue codes: 11 (Hy'60), 12 (H,'#0), 13 (H,'70), 14(HD'®0), 15(HD*®0), 16(HD'70), 17
(D320O). Here we adopted 18 as a code for Hy'®O since this number is not yet taken in HITRAN. The
line list consists of the isotopologue code (18) (Molecule number 1 + Isotopologue number 8), line

positions, 296 K intensities (cm/molecule), Einstein coefficients (s7'), air-broadened widths (Vair,
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cm ! /atm), self-broadened widths (Veer, cm™!/atm), temperature dependence component of air ng;,
line shifts (set to 0.0 cm™!) and ro-vibrational quantum number. The line broadening parameters
were evaluated using the J and ‘JJ—dependency’ methods [62]. For the temperature-dependence

exponent ng,;, (unitless) we assumed the water vapor air-broadened half-widths from Table 7 of

HITRAN2004 [63)].
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Table (1)  Energy term values of 5vy from W2020 for Ho'¢0, Hy'7O, Hy'80, all at cm ™!
vvvy  JK K, Emeo Emro Emiso FEis— Ei; FEigs— FEig
500 221 17021.8045 16997.1589 16975.4402  -21.71 -46.36
500 303 17024.2041 17000.6370 16979.7400  -20.89 -44.46
500 312 17059.2907 17035.5972 17014.7089  -20.88 -44.58
500 313 17029.0787 17005.3951 16984.4631  -20.93 -44.61
500 321 17094.6967 17070.0195 17048.2724  -21.74 -46.42
500 404 171028799 17079.1644 17058.1943  -20.97 -44.68
500 413 171542995 17130.3788 17109.2697  -21.10 -45.02
500 414 171052273 17081.3805 17060.2703  -21.11 -44.95
500 422 171922573 17167.5574 17145.6630  -21.89 -46.59
500 423 17176.6284 17151.5375 17129.4462  -22.09 -47.18
500 432 17255.8976 17229.2298 17205.7216  -23.50 -50.17
500 431 17257.2403 17230.6508 17248.4269 17.77 -8.81
500 505 17197.8448 17173.8339 17152.6107  -21.22 -45.23
500 514 17269.2800 17244.9289 17223.4671  -21.46 -45.81
500 515 17199.0210 17173.9360 17152.7043  -21.23 -46.31
500 523 173159505 17290.8244 17268.6750  -22.14 -47.27
500 524 17285.3295 17259.5306 17237.1224  -22.40 -48.20
500 532 173755385 17348.8711 17325.3789  -23.49 -50.15
500 533 17370.7139 17343.8599 17320.1298  -23.73 -50.58
500 606 17309.4283 17285.1060 17263.5701  -21.53 -45.85
500 615 174024115 17377.4830 17355.4532  -22.02 -46.95
500 616 17309.3737 17285.1049 17263.5485  -21.55 -45.82
500 624 17463.2753 17436.7237 17411.4610  -25.26 -51.81
500 716 17552.9104 17527.1509 17508.4680  -18.68 -44.44
500 717 174374399 17413.0614 17391.1775  -21.88 -46.26
500 734 17691.0999 17664.4216 17575.2641  -89.15 -115.83
500 827 17725.7266 17700.2148 17670.0464  -30.16 -55.68
500 836 178454255 17817.5993 17792.9552  -24.64 -52.47
500 1029 18097.2548 18069.9088 18046.5019  -23.40 -50.75
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Table (2) Extract from the .states file of the Hy'®O line list.

i E/cm™! gJ &/em™t v we w3 J K, K.eloT,, Ep/cm™! Code
1 0.000000 2 0 0.000001 0 0 00 0 0 e Al 0.000000 IE
2 1598.554996 2 0 0.000043 0 1 00 0 0 e A1 1598.538460 IE
3 3158.978117 2 0 0.000036 0 2 00 0 0 e Al 3158.973045 1IE
4 3661.331777 2 0 0.000040 1 0 00 0 0 e Al 3661.370183 1IE
5 5243.021517 2 0 0.000316 0 3 00 0 0 e Al 4677.467634 1IE
6 5243.031283 2 0 0.000334 1 1 00 0 0 e A1 5243.031283 IE
7 6147.780307 2 0 0.000640 0 4 00 0 0 e Al 6147.774446 1IE
8 6786.552879 2 0 0.000310 1 2 00 0 0 e Al 6786.564864 IE
9 7210.728038 2 0 0.000907 2 0 00 0 0 e A1 7210.730575 1IE

2088 22619.448202 10 2 0.648139 NaN NaN NaN 2 NaN NaN e Al 22619.448202 Ca
2089 22621.337345 10 2 0.003716 7 O 02 0 2 e Al 22621.316351 1IE
2090 22628.228135 10 2 0.648517 NaN NaN NaN 2 NaN NaN e Al 22628.228135 Ca

2270 17049.225188 10 2 0.003776 4 O 12 2 1 o A2 17049.226820 IE
2271 17183.145900 10 2 0.492886 NaN NaN NaN 2 NaN 1 o A2 17183.145900 Ca
2272 17221.307627 10 2 0.493794 NaN NaN NaN 2 NaN 1 o A2 17221.307627 Ca
2273 17348.315737 10 2 0.002660 2 2 2 2 1 1 o A2 17348.325863 IE
2954 30472.486197 30 2 0.873642 NaN NaN NaN 2 NaN 1 o Bl 30472.486197 Ca
2955 30558.199397 30 2 0.876091 NaN NaN NaN 2 NaN 1 o B1 30558.199397 Ca
2956 79.795500 30 2 0.000001 O O 0O 2 1 2 e B2 79.795339 1IE

i: state identifier;

E: state term value, DVR3D or pseudo-experimental;

g: state degeneracy;

J: state rotational quantum number;

0: energy uncertainty;

v1 — v3: normal mode vibrational quantum numbers;

J: state rotational quantum number;

K, and K_: state oblate and prolate quantum numbers;

e/o even or odd - K,.: state oblate and prolate quantum numbers;
Tiot: total symmetry in Csy,,(M).

Epn: state term value, DVR3D;

Code - Ca (Calculated by DVR3D) or IE - Isotopologue Extrapolation (Pseudo-experimental)

15



Table (3) Extract from a .trans file of the H°O line list.

f ? Ay

1967530 2157952 5.6990e-01
9281842 9684141 2.1589%e-11
21248596 21941059 2.5861e-12
5252014 5149230 9.6459e-04
12481388 12623346 8.6482e-11
1781054 1841556 2.4679e-16

f: Upper state counting number;
1. Lower state counting number;

Ay;: Einstein-A coefficient (in s71).
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8. Possible laboratory and atmospheric applications

Previously [14], we focused on a possible detection of one absorption line of the Hy'®O molecule.
To do this, one us (Maria Makarova) studied atmospheric absorption in about 5,000 solar spectra
with a special emphasis on days were there were thunderstorms. In the present work, with the help
of our new H,'?0 line list we attempt to identify more candidate Hy'>O lines for possible future
laboratory or atmospheric detection. Despite the difficulty associated with the minute concentration
of Hy*0O in the atmosphere, H,'*O should be detectable using IR-spectroscopy in the evaporation
of radioactive water in a positron emission tomogography (PET) laboratory [14]. We therefore
identify spectral intervals where the Hy'®O lines are stronger and hence have a higher chance of
being detected. To this end, transmission spectra of Hy'®O and other water isotopologues were
calculated using the line-by-line method [64] in the range from 0 to 10000 cm™'with a spectral

1

resolution of 0.01 cm™*.

The intensity measured by a spectrometer is determined as

1) = [ W)@ - 7)ar, (7)

A
where Iy(7) is the intensity of the source, T'(7) is the transmission function, g(7) is the instrumental
line shape function, v is the wavenumber and A7 is the spectral resolution.
The transmission function due to the absorption by atmospheric gases at the atmospheric
vertical path from altitude z; to 25 is calculated by

z2

T(v) = exp —/agas(ﬂ,p(z),T(z))dz : (8)

Z1
where p is the atmospheric pressure, T'(z) is the temperature and ag,s(7, 2) is the absorption
coefficient at the altitude z. The absorption coefficient for the atmospheric gases is calculated using
the line-by-line method, which takes into account all the absorption lines of the atmospheric gases
in the spectral interval under consideration [64H66] as given by

N M

Oégas(ﬂ, Z) = Z Z S@(p(Z),T(Z))f(ﬁZ}? ﬁ,p(z),T(z))pj(z), (9)

i=1 j=1
where S;; and 77} are the intensity and centre of the i'" line of the j'" gas, N is the number of spectral

lines, M is the number of gases, p;(z) is the concentration of the j gas, and f(@5,0,p(2),T(2)) is
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the function of the absorption line profile. A Voigt absorption line profile [67, [68] is generally used
in atmospheric simulations.

The absorption line parameters, necessary for calculation of the absorption coefficient, are
the line intensity, position of the line centre, lower-state energy of the transition, air-broadened
half-width, self-broadened half-width, air pressure-induced line shift, and temperature-dependence
exponent for air-broadened half-width. In the transmission simulation, our calculated Hy'?O lines
parameters were used. The information on line parameters of other atmospheric gases was taken
from the HITRAN2020 spectroscopic database [61].

The spectral line intensities S; in the HITRAN database and our calculations is given at a

temperature of 296 K. To recalculate it to other temperatures, the following expression is applied

[69]:
Q(Ty) exp(—Ei/kT) [1 = exp(—he 7/kT)]
Q(T) exp(—E;/kTy) [1 — exp(—hcv; /[ KTy)]

where Q(T) is the partition function which depends on the temperature 7', h is Planck’s constant,

Si(T) = Si(To)

(10)

k is the Boltzmann constant, and c is the speed of light. We use our Q(T') for Hy'®O intensity
recalculations; QQ(7") for other gases were taken from [70].

Initially, we simulated the transmission of the Hy'5O for the laboratory conditions: a temperature
of 300 K, atmospheric pressure of 1 atm, and a partial pressure of the water vapor of 0.26x10° ppm
on a 100 m long path, see Fig. . Our transmission calculations suggest that Ho'®O can be detected
in radioactive water vapor at levels above 0.024% of H,'%0. In the calculated spectrum shown here,

1

the most promising intervals for detecting Hy'O are 1972-1974 cm™!, and the spectral ranges

around 3810, 3824.5 and 5276 cm™!, see Figs[6l The spectral ranges around 3810 and 3824 cm ™"
are suitable for the detection H,'°O in stated conditions, while the ranges near 1973 and 5276 cm™*
may be better used for detections with longer path lengths.

The atmospheric concentration of Hy'®O increases during thunderstorms, which thus increases
the possibility of observing a spectral fingerprint of Ho'°O in tmeasured atmospheric spectra [14].
Here we estimate of the threshold Hy*®O concentration which can be detected in the atmosphere
by remote sensing with the use of spectroscopic methods. The measurement of the Hy'*O content
in the atmosphere at long path is difficult, even for the strongest lines, due to the overlap of Hy'*O
lines with other absorbing gases, some of which can be saturated (the atmospheric transmission at

vertical path comes close to 0).

To estimate the possibility of detecting Hy*®O lines in the atmosphere, the atmospheric trans-
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Figure (5) Transmission spectra of Hy'®O and other HyO isotopologues assuming an Hy'®O/H,0 concentration

ratio is 0.024%.
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Figure (7) Atmospheric transmission of the main atmospheric gases (without H2'°0) and Hy'%O spectrum at the
vertical path from 0 to 100 km for the mid latitude summer atmosphere with an Hy'®O/H,O concentrations ratio of

0.1%.

mission spectra were simulated at the vertical path from 0 to 100 km for a mid latitude summer
meteorological model. The atmosphere was divided into 46 layers with constant values of tempera-
ture, pressure and concentration of gases. The atmospheric profiles were taken from the AFGL
model [71] and were scaled to set the CO5 content at 380 ppm, CHy at 1.8 ppm, O3 at 300 DU
(Dobson Unit). The column density of the water vapor (HyO) was assumed at 3 g/cm?. The
atmospheric concentration of Hy'%O was varied as percentage of the HyO content. The atmospheric
transmission was calculated using the line-by-line method [64] with a spectral resolution of 0.01 cm™*
using a Voigt line shape and boxcar apparatus function. The transmission simulations were carried
out for different Hy'®O atmospheric contencentrations to find the Hy'®O detectability threshold.
Our simulations suggest that a Hy'"0/H,O ratio above about 0.1% would allow the detection of
the radioactive isotopologue Hy'®O in the atmosphere. The atmospheric transmission spectrum
of the main atmospheric gases and H,'>O spectrum with the concentration of 0.1% of the H,O

content, contained in AFGL profile, are presented in Fig. []] Examples of perspective intervals for

the Hy'®O detection in the atmosphere are shown in Fig.

9. Discussion

In the last couple of years, attempts have been made to obtain the IR spectrum of HyO.
It should be noted here that there are several problems with recording the spectrum of this

isotopologue, including the following.

1. The costs of producing Hy'*O (**O and then Hy'?O) are very high, for example what we found
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that preparing a small sample Hy'*O using a cyclotron (at Tomsk Polytechnic University)
was estimated at about US $100,000.

2. Naturally, the half-life Hy'®O is about 2 minutes, which suggests that any measurements
should take place quickly. Fourier spectroscopy is most likely not suitable for such laboratory
measurements; Laser measurements are probably needed.

3. An experimental setup for recording the Hy'O spectrum should include a laser(s), an optical
circuit and a receiving device. It is clear that this installation must be located in close
proximity to the cyclotron, which can produce Hy'®O with the cost of the installation

components exceeding the cost of its production.

For atmospheric detection of Hy'®O, measurements in the tropics, or even at the equator, are the
best. Thunderstorms provide especially promising mechanisms for production of Hy'*O, however
the spectral measurements are complicated by the lack of the sunlight. Perhaps the best place to
make atmospheric measurements to search for rare and short-lived molecules and radicals is the
Maracaibo lagoon, and especially the mouth of the Catatumbo River, known as the “Maracaibo
Lighthouse” [72]. However an expedition to a remote area of Venezuela, near the border with
Colombia, would be challenging.

A more realistic scenario of detecting atmospheric Hy'°O is to search the existing spectral
archives of different atmospheric monitoring initiatives. The archive of the FTIR spectra of
direct solar radiation contains data recorded using the high-resolution FTS (Fourier transform
spectrometer) Bruker IF'S 125HR installed at the St. Petersburg station (Faculty of Physics, St.
Petersburg State University, a member of IRWG (Infrared Working Group) of NDACC (Network
for the Detection of Atmospheric Composition Change) network, (https://ndacc.larc.nasa.gov/),
https://www.ndaccdemo.org/stations/st-petersburg-russian-federation [73], [74]. This archive details
dates and times of thunderstorm activity observed in the vicinity of St. Petersburg during 2011-
2020. Previously[14], we analysed atmospheric spectra by combining of a large number (~4800)
of measurements recorded under different atmospheric conditions over a period of 10 years, some
including thunderstorms. This analysis hinted at the Hy'®O absorption line at 1973.5 cm™! as a
possible candidate for detection of Hy'®O absorption. This line could not be explained by any
other gases present in the latest version of the HITRAN database [61]. In view of the fact that
the individual spectra used in the compilation were recorded at different temperatures, pressures,

and angles of the sun, it was not possible to fit spectral contours and determine the center of the
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1973.5 ecm™! line accurately. The search for other Hy'®O candidate lines in this compilation was
difficult due to the peculiarities of the method used to record the atmospheric spectra and the use
of filters to determine the concentrations of a number of gases in the NDACC network. One line is
usually not enough for an unambiguous detection. In the present work, we suggest a number of
spectroscopic ranges which can be used to search for the signature of Ho'®O both in the Earth’s
atmospheric and also in laboratory experiments.

The archive of spectra that was used in work [14] has a number of limitations, such as the
operating range of the Fourier spectrometer, filters, etc. The calculated spectrum has no such
limitations. Our current line list can provide spectra for fairly high temperatures, up to 1000 K,
which is important for plasma and lightning. It is more complete and perhaps more accurate.

In total, 8 promising transitions were selected, which are collected in Table [5] Of the 16 levels
that make up these 8 transitions, 15 have been replaced by the pseudo-experimental values.

The six lines illustrated in Fig. [6] were selected as most promising candidates detection laboratory
experiments. Three lines, illustrated in Figs[§| were identified as most promising candidates for
atmospheric detection experiments. Line 1973.5 cm™! is the most suitable candidate for detection
both in the laboratory and in the atmosphere.

It is clear that on the one hand there is a difficulty in obtaining the Hy'®O water in nature
or in the lab. On the other hand, there are difficulties with controlling the concentration, which
will decrease very quickly. Therefore, it is logical to expect rather qualitative than quantitative
characterisation of the Hy'®O spectra, at least at the first stage.

The only line that has been analyzed to date deserves a little more discussion. After carrying
out certain clarifications, the center of the line 1973.521 cm ™! from [14] was optimistically refined
as 1973.5201540.00047 cm~!. It should be noted that both the center itself and the errors in its
definition must be treated with caution.

According to our DVR3D calculations, a closest strong Hy'?O line is 1973.5228 cm ™!, assigned
(010) [7 5 3] - (000) [6 4 2] . Using the PT formulas in Egs. and (2)), in conjunction with the
W2020 energy values of Hy'O, Hy'"O and Hy'0, this line is obtained as 1973.593906 cm ™!, which
differs from the experimental line by —0.073756 cm ™. If, however, we use the pseudo-experimental
procedure in Eq. from [28], we obtain 1973.54461 cm™!, which is only —0.024459 cm™! away
from the ‘experimental’ value. Comparison with the DVR3D calculation gives the best agreement

of —0.002694 cm™!. This is still not sufficient to claim a detection with only one coinciding line
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between theory and experiment. Only more laboratory measurements can give a definitive answer.

The main limitation of this study is the absence of experimental data on Hy'®O due to the rather
expensive samples of oxygen-15 and the associated recording of the spectrum as the apparatus
must be resistant to radioactive radiation. Therefore accurate predictions are especially important
with the promising candidate at 1973 ecm~!.

A detection of water-15 in laboratory or natural conditions would offer a number of important
applications. For example, in medicine, water-15 observations could provide better control of the
radiochemical drug treatment which is administered to patients during PET tomography. In plasma
science, water-15 could help with separation of radioactive substances as sources of radiation in

slow discharges. For atmospheric applications, the spectrum of water-15 could help understand the

physics and chemistry of lightning in the Earth atmosphere.

10. Conclusions

As a result of this work, we can offer the following conclusions. An empirical ExoMol line list
for the Hy'O isotopologue is presented. It is computed using the spectroscopic model optimised
for H,'%0 and covers all transitions up to J=30 and should be valid for temperatures up to 1200 K.
The quality of the line list was systematically improved through an isotopoic extrapolation of
experimental energies of Hy'%0, Hy'7O and H,'®0. Until any spectroscopic measurements of Hy'%0,
this accurate theoretical line list is only data available for future detection of Hy'?O.

Several promising lines for the detection of Hy'®O in laboratory or atmospheric conditions are
presented. Of these, only the transition 1973.5 cm~! was possible to match with a line from the
compilation of atmospheric experiments in [14].

The IR spectrum of Hy'®O offers scientists a new tool for medicine for medical(quality control of
radiochemical pharmaceuticals for PET tomography), physical (plasma physics, nuclear physics) and
astrophysical applications (as a new search object). Controlling the concentration of Hy'®O when
injecting, understanding the chemistry of plasma, understanding what happens in the atmosphere
after thunder and lightning, everything is important. A qualitatively calculated spectrum of Hy'O
can be considered a zero step for solving the assigned problems. Obtaining solar spectra, and
especially archives containing numerous, long-term measurements, is also a separate difficulty, since

it is of undoubted value for the measuring side.
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Table (5) . A selection of promising theoretical Hy'%0 lines at T=300 K and P = 1 atm with the corresponding
lower state energies and quantum number for detection in atmospheric conditions computed using the new Hy'?O
line list presented here. The lower vibrational quantum numbers are equal to zero, for all transitions in this table

"o
and are not presented. (v) =vi= v§=0)

DVR3D  Int Eiow vy vy JK'K! J'K'K” DVR—Eq. (2) DVR—Eq. (1
1972.403564 0.25E-20 761.083642 010 753 642 -0.073282 0.021798
1973.522827 0.75E-20 760.082267 010 752 643 -0.073756 0.021765
2071.740967 0.15E-20 1052.047083 010 770 661 -0.118860 0.062323
3809.949463 0.24E-18 23817501 001 202 101 -0.050513 -0.006071
3824.770264 0.18E-20 70.185887 001 221 202 -0.057397 -0.001669
4115917480 0.28E-21 510.637887 001 651 532 -0.072510 -0.001774
5273.732422 0.93E-20 212.958018 011 220 321 -0.095154 0.000975
5276.033691 0.24E-19 137.008484 011 202 303 -0.088700 -0.001815

11. Data availability

The full line list is provided via the ExoMol website www.exomol.com.

File partition-function-H2150.dat containing only 2 columns, can be found in the supple-
mentary materials. In the first column, the temperature in K, from 1 to 1200 K, in the second
column, the value of the partition function for a given temperature.

File H2150-spectra-296K-E30.dat as at table can be found in the supplementary materials.

At https://ftp.iao.ru/pub/VTT/H2150/ALL/| there are 15 files: 12 files containing transitions

divided into ranges (format is described in the table ; one file with the energy levels and
identification; one file for atmospheric applications in a format like HITRAN database and one file
as an archive for easy download.

At https://ftp.iao.ru/pub/VTT /H2150 /SpectraH2150 /ReadMe-H2150-J10, the explanation

and notation for the file with atmospheric application are provided.
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