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Oxygen-15 has a half-life of about 2 minutes and H,'0 may be formed in the atmosphere during thun-
derstorms as a result of photonuclear processes or when the atmosphere is irradiated by cosmic y-rays.
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1. Introduction

Studies of water vapor spectra and determination of spectral
line parameters for the water molecule, both for the parent H,160
isotopologue and isotopic modifications such as HD'®0 H,'70 and
H,!80, underpin numerous astrophysical, atmospheric and tech-
nological applications. Detailed spectroscopic data on these stable
water isotopologues are available from data banks, for example, HI-
TRAN [1], GEISA [2] and ExoMol [3]. Furthermore, numerous stud-
ies have been carried out, both experimentally and theoretically, on
other stable isotopologues of water containing 170, 180 and/or deu-
terium. Critical analysis of a large array of measured and calculated
data was carried out within the framework of a IUPAC task group
[4,5]. Measurements and calculations have also been conducted on
radioactive, tritium-containing water, see SPECTRA [6] and Down
et al. [7].

A range of unstable, radioactive isotopes of oxygen are known;
the longest lived of these is 10 which has a half-life of about 2.1
minutes [8], which makes it sufficiently long-lived to be detected
using spectroscopic techniques. Cosmic gamma radiation is known
to be source of the H,'50 radioactive water isotopologue in the
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atmosphere [9]; H,'0 can arise as a result of photonuclear pro-
cesses such as 10 + y — O + n. The H,"0 isotopologue is
thought to be formed in thunderstorms (see, for example, [10,11]
and references here). Monte Carlo simulations have shown that,
due to the action of intense bremsstrahlung associated with run-
away relativistic electrons, various isotopic modifications of hydro-
gen, nitrogen, oxygen and carbon are formed in the lightning dis-
charge channel, which lead to observable features in the emission
of photons [11]. In general, high-energy electrons, bremsstrahlung,
are capable of knocking neutrons out of the nuclei of atmospheric
species such as the N, and 60, molecules and of atomic argon
40Ar, as well as of atoms on surfaces, e.g. 27Si, 26Al, 56Fe and 160
[10].

Other important, practical applications of radioactive isotopes
of water, are found in biology [12] and medicine, where 1°0, along
with other positron emitting nuclides ('8F, 1C, 3N), is used when
performing positron emission computed tomography [13-15]. Fur-
thermore, radio-pharmaceutical preparations containing oxygen-15
(1°0,, C'0,, H,130) are the main ones for the determination of
cerebral perfusion [16]. This is primarily due to the short half-life
of this radionuclide (~ 2.1 min), which is comparable to the time
frame of the oxygen utilization processes occurring in the body
[13]. The method of administration and the research procedure re-
lies on the use of a suitable radio-pharmaceutical: H,'>0 is usually
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administered intravenously. Since water occurs naturally in living
organisms, the use of H,'>0 does not cause side effects. The prop-
agation of water is monitored by detecting y-rays with an energy
of about 0.511 MeV which are created by annihilation of positrons
[17].

As far as we are aware, there are no previous measurements
or calculations of vibrational - rotational energy levels or spectra
of H,1°0. Measuring the spectrum of H,'0 is challenging due to
its instability, radioactivity and short half-life. Therefore, it seems
useful to calculate the spectra building on information available for
stable water isotopologues. The purpose of this work is to calculate
both the absorption spectrum of H,!0, based on use of a high-
accuracy potential energy function, and to determine which spec-
tral ranges are the most promising for its detection in the Earth’s
atmosphere.

2. Calculation

We obtain the necessary spectral information for H,>0 us-
ing two separate methods. The first method is the calculation
of vibrational-rotational levels, centers and intensities of spectral
lines, based on a high-precision potential energy surface and dipole
moment, using the DVR3D package [18]. This method uses the
Born-Oppenheimer approximation, in which the mass dependence
of the potential energy surface is ignored. The second method ex-
ploits the fact that the substitution of the oxygen isotope refers
to the case of substitution of heavy atoms. In this case, a small
parameter appears in the problem, namely the relative change in
mass during isotope substitution. The application of perturbation
theory makes it possible to represent the isotopic shift of an indi-
vidual level in the form of a series in powers of u=(m=m)/m; where
m~ and m are the masses of the substituting and substituted iso-
topes, respectively. In this case it is possible, using the experimen-
tal values of the levels of the stable isotopologues H,X0 (X = 16,
17, 18) from the list of empirical levels provided by a IUPAC task
group [4,5], to determine the coefficients of the second-degree in-
terpolating polynomial and to extrapolate the energy, determining
the values of the levels for X = 15. The possibility of using esti-
mates of isotope substitution to calculate energy levels and even
spectra has been known for a long time; see the monograph of
1985 [19] or a recent paper [20].

For these calculations we take the oxygen isotope masses from
[8]: 15.0030656 Da for 170, and 15.99491461960, 16.9991317566,
17.9991596128 Da for 60, 70, 180, respectively. In this case,
the parameters p(16 -> X) are equal -0.0661097569019,
0.0590746134202, and 0.1113521428953 for X = 130, 70, 180,
To estimate vibration energy levels of H,'°0, we use empirical
H,'60, H,70 and H,'80 energy levels from the recent W2020
compilation [21]. For each level a set of linear equations:

7E,—18E) = x§ 14 (16 — 17) + X5 i (16 — 17)? (1)

8, 15F, = xY14(16 — 18) + x5 1 (16 — 18)? (2)

where

(16— 17) = T (16 18) = T, 3)
17 Myg

has been solved giving x;" and x," . The vibrational energy levels
of the H,'0 isotopologue are then calculated using formula:

ME,=10F, + x| 1L(16 — m) + X[ (16 — m)? (4)

with m= 15.

Our earlier calculation of the VoTe H,160 line list [22] was per-
formed using the potential energy surface (PES) of Bubukina et al.
[23] and the LTP2011 dipole moment surface [24]; the DVR3D soft-
ware package [18] was used for the calculations. In order to check

Journal of Quantitative Spectroscopy & Radiative Transfer 276 (2021) 107929

whether it is possible to carry out calculations of H,1°0 isotopo-
logues using the same DVR3D technique, test calculations of the
vibrational and vibrational - rotational levels of H,170 and H,80
were carried out for small values of the quantum number J. Typi-
cal results are presented in Table 1. The same procedure was used,
as in [22], except that the mass of the oxygen atom, which was re-
placed by the appropriate isotopic mass from [8]. It was found that
the deviations of the calculated levels from the empirical ones did
not exceed 0.1 cm™! for all vibrational levels below 10000 cm~.
Based on this, we believe that the possible error in predicting en-
ergy levels for other isotopologues of H,*0O without accounting for
deviations from the Born-Oppenheimer approximation, will be ap-
proximately the same, that is, 0.1 cm~! or better.

Table 1 gives the vibrational quantum numbers, the values of
the energy levels according to the data [4,5,21] and the differ-
ence between the values of the energy levels in cm~!. The pre-
dictions made using two different methods show good agreement
with each other and the empirical data.

3. Calculation of the H,'>0 absorption spectrum and
estimation of line parameters

Energy levels, line centers, and line intensities were calculated
up to J = 10 for H,'50. The calculations were carried out using
DVR3D and, as in the calculation of the VoTe H,60 line list [22],
the PES of Bubukina et al. [23]| and the LTP2011 dipole moment
surface [24] were used. The calculations were performed on the
“amun” cluster at UCL.

The assignment of approximate quantum numbers to energy
levels was not carried out. An exception is the total angular mo-
mentum J, which varies from 0 to 10. The calculation is performed
for room temperature (296 K).

The line half-widths were estimated for H,10 in the same way
as previously done for H,'60 in [25]. That is, previously published
estimates of the J-dependence for y . and the J/-dependence of
¥ air Were used [25]. The results are presented in Table 2 in a for-
mat similar to the HITRAN database. The isotopologue number is
denoted as 18, since, in HITRAN, 11 is H,'60, 12 is H,'80, 13 is
H,170, 14 is HDO, ..., D160 is 17, and so the new entry H,'>0
can be designated 18.

Table 2 gives “18” - the isotopologue index, frequency in cm™1,
intensity at 296 K (at 100% abundance) in cm/molecule, Einstein
coefficient, coefficients of air broadening, self-broadening, value of
the lower energy level, temperature dependence coefficient, shift
(assumed zero in all cases), and vibrational and rotational quan-
tum numbers. See the file fort.36.h2150_130.296K-HW.dat at ftp://
ftp.iao.ru/pub/VTT/H2150/SpectraH2150/ which contains a full line
list of 115523 lines.

4. On the delectability of H,'>0 in atmospheric infrared
transmission spectra

To study the possibility of retrieving H, >0 from atmospheric IR
(infrared) transmission spectra, the following information and data
were used:

1 The spectroscopic database (file fort.36.h2150_130.296K-
HW.dat) containing data on the parameters of the spectral
lines of H,150;

2 The archive of FTIR (Fourier transform infrared) spectra
of direct solar radiation recorded using a high-resolution
FTS (Fourier transform spectrometer) Bruker IFS 125HR in-
stalled at the St. Petersburg station (Faculty of Physics,
St. Petersburg State University, a member of IRWG of
NDACC network), https://www.ndaccdemo.org/stations/
st-petersburg-russian-federation) [26,27]. The typical res-
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Table 1

Vibrational energy levels, in cm~!, of the water isotopologues H,'>0, H,'%0, H,'70, H,™80 cal-
culated using two methods: DVR3D and quadratic interpolation using the mass parameter p,
(VVV) “DVR3D- extrapolated” is the difference between the two predictions.

H,"*0 H,'%0 H,'70 H,"0

(010) empirical [28] 15947462  1591.3257  1588.2759

(010) DVR3D 1598.5385 1594.7469 1591.3299 1588.2831

(010) extrapolated 1598.5419 1594.7462 1591.3257 1588.2759

(010) DVR3D- extrapolated -0.0034 0.0006 0.0042 0.0071

(020) empirical [28] 3151.6299 3144.9807 3139.0500

(020) DVR3D 3158.9730 3151.6043 3144.9623 3139.0389

(020) extrapolated 3159.0048 3151.6299 3144.9807 3139.0500

(020) DVR3D- extrapolated -0.0318 -0.0257 -0.0184 -0.0112

(100) empirical [28] 3657.0531 3653.1423  3649.6853

(100) DVR3D 3661.3702 3656.9965 3653.0930 3649.6423

(100) extrapolated 3661.4352 3657.0531 3653.1423 3649.6853

(100) DVR3D - extrapolated -0.0650 -0.0566 -0.0493 -0.0430

(110) empirical [28] 52349746 52277056  5221.2440

(110) DVR3D 5243.0313 5234.9312 5227.6707 5221.2279

(110) extrapolated 5243.0680 5234.9746 5227.7056 5221.2440

(110) DVR3D - extrapolated -0.0367 -0.0434 -0.0349 -0.0161

(120) empirical [28] 6775.0929  6764.7256 67555108

(120) DVR3D 6786.5649 6775.0329 6764.6782 6755.4752

(120) extrapolated 6786.6373 6775.0929 6764.7256 6755.5108

(120) DVR3D - extrapolated -0.0725 -0.0600 -0.0474 -0.0356

(200) empirical [28] 72015400  7193.2448  7185.8777

(200) DVR3D 7210.7306 7201.4991 7193.2190 7185.8648

(200) extrapolated 7210.7856 7201.5400 7193.2448 7185.8777

(200) DVR3D - extrapolated -0.0550 -0.0409 -0.0258 -0.0128

(002) empirical [28] 7445.0456 7431.0769 7418.7234

(002) DVR3D 7460.5632 7444.9575 7431.0083 7418.6632

(002) extrapolated 7460.6892 7445.0456 7431.0769 7418.7234

(002) DVR3D - extrapolated -0.1260 -0.0881 -0.0686 -0.0603

(012) empirical [28] 9000.1374  8982.8692  8967.5629

(012) DVR3D 9019.3063 9000.0383 8982.7875 8967.4979

(012) extrapolated 9019.4266 9000.1374 8982.8692 8967.5629

(012) DVR3D - extrapolated -0.1203 -0.0991 -0.0817 -0.0650

(102) empirical [28] 10868.8758 10853.5053 10839.9560

(102) DVR3D 10886.0415 10868.7987 10853.4517 10839.9207

(102) extrapolated 10886.1514 10868.8758 10853.5053 10839.9560

(102) DVR3D - extrapolated -0.1099 -0.0771 -0.0536 -0.0353

Table. 2
Portion of the calculated of H,'*0 line list for 296 K.
Iso Freq. Intensity A, Y air Y self E low Shift Vi Vy V3 J Ka Kc Vi Vy V3 J Ka Kc
cm! cm/molec s1 cm~! atm™! cm! Upper upper lower lower

18 0.153696 0.939E-29 0.5E-10 0.0870 0.523 1927.454590 0.0 -2-2-2 4 -2 -2 -2-2-2 5-2-2
18 0.522376 0.391E-27 0.3E-08 0.0925 0.563 1912.943726 0.0 -2-2-2 3-2-2 -2-2-2 4-2-2
18 0.583541 0.149E-27 0.3E-08 0.0870 0.523 2136.386963 0.0 -2-2-2 4-2-2 -2-2-2 5-2-2
18 0.883302 0.939E-29 0.5E-08 0.0561 0.290 2910.526855 0.0 -2-2-2 10 -2 -2 -2-2-2 9-2-2
18 1.060925 0.931E-24 0.6E-08 0.0811 0.443 447.308197 0.0 -2-2-2 6-2-2 -2-2-2 5-2-2
18 1.944495 0.910E-26 0.‘E-06 0.0924 0.523 1824.052612 0.0 -2-2-2 4-2-2 -2-2-2 3-2-2

olution of the recorded atmospheric FTIR spectra is 0.005
cm1,

3 The archive containing dates and times of thunderstorm activ-
ity observed in the vicinity of St. Petersburg during 2011-2020.
(http://www.meteocenter.asia/ts.php?Mon=07&Year=2014&p=
26063).

We surmise that FTIR spectra recorded during thunderstorm ac-

tivity could have an increased chance of registering H, 50 lines in
the atmospheric transmittance spectra.

Our study consists of three steps:

- first, selecting spectral intervals in the mid IR spectral band
which could be potentially used for for identification purposes.
For this, we used experimental FTIR spectra to detect spectral
intervals where most intensive H,'0 lines (for the informa-
tion about position and intensity of H,°0 lines we used the
file fort.36.h2150_I30.296K-HW.dat file) do not coincide with
the regions of full atmospheric absorption. As a result, the

spectral region around the H,'O line having its center at
1973.5228 cm~! and room-temperature intensity of 7 x 10~2!
cm/molecule was chosen for further processing and detailed
analysis;

second, processing of the set of FTIR spectra acquired during
2011-2019 at the St.Petersburg station (SPbU) using the F2 op-
tical filter and InSb detector (totally, about 4800 spectra). The
FTIR spectra were processed using the SFIT4 software [28] in
the spectral range 1973.490 - 1973.565 cm~!. The center of
the selected H,'°0 line (1973.5228 cm~') lies on the wing of
an intense CO, line (see Fig. 1). The processing procedure in-
cludes the retrieval of the following atmospheric trace gases:
COFz, COz, 03, N20, CH4, and Hzo. We used the HITRAN2012
database [1] for spectral information for all these species in the
range 1973.490 - 1973.565 cm~!. For the Fraunhofer lines (so-
lar lines), we used the database [29] which is distributed to-
gether with SFIT4 software. A priori gas profiles were set based
on the simulations of the WACCM model [30]. An example of
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Fig. 1. An example of fitting the calculated spectrum (blue curve) to the measured
one (red curve) (06/10/2011, 09:04:48 UTC), as well as the difference between them
(black curve). Thin colour lines - the results of calculating the transmission of COF,,
CO,, O3 and H,0, as well as the solar spectrum (in transmission units).

fitting the simulated spectrum to a measured one (06/10/2011,
09:04:48 UTC) is given in Fig. 1. Fig. 1 also shows the calcu-
lated transmittances of CO,, O3, H,O and COF,, as well as the
solar spectrum (in transmittance units). The difference (resid-
ual) between simulated and measured spectra for 06/10/2011,
09:04:48 UTC is given in Fig. 1. The RMS (root mean square)
value of this difference is of 0.31%.

third, comparative analysis of the results of the FTIR spectra
processing for two subsets of the full set of spectra (2011-
2019). The first subset (“thunderstorm”) included the spectra
recorded during the days when thunderstorm activity was ob-
served for the St.Petersburg area. In total for 2011-2019 we se-
lected 360 spectra for 58 days. Usually the period when thun-
derstorms are observed in St.Petersburg lasts about five months
(from May to September). The second subset (“full”) includes
all spectra measured during the period from May to September
(2011-2019), except for the days from the first sample (i.e., days
with thunderstorm activity). This approach was based on the
hypothesis that thunderstorms can cause a short-term increase
in the content of H,'°0 in the atmosphere. Therefore, compar-
ison of the processing results for the two selected subsets of
FTIR spectra could increase our chance to detect lines of the
short-lived isotopologue H,'0 in atmospheric spectra. Since it
is assumed that the content of H,'°0 in the atmosphere is very
small or even negligible, the processing of a single FTIR spec-
trum, which, in our case, has a relatively low signal-to-noise
ratio of ~ 300-500, may not lead to the desired result, namely
a reliable determination of the total content of H,'0 in the at-
mosphere. Therefore, we have chosen an approach based on the
accumulation of information. This can, on a qualitative level,
answer the question of the possibility of detection (and, in fact,
the existence) of the H,'°O spectral line in the atmosphere in
the region around 1973.5228 cm~!. For this, additional filter-
ing using the RMS level was applied to both subsets: in the
first case, spectra with RMS values exceeding 0.35% were fil-
tered out; in the second - with RMS values above 0.2%. Fur-
ther, for both subsets, the residual (the difference between the
measured and calculated spectra) was averaged over the corre-
sponding subsets of spectra (“thunderstorm” and full). The re-
sulting average residuals for both subsets are shown in Fig. 2.
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Fig. 2. Results of residual averaging (difference between measured and calculated
spectra) for two subsets of spectra - “full” with RMS<0.2% (blue line) and “thunder-
storm” with RMS<0.35% (red line). The difference between these residuals is shown
by the green line.

The same figure shows the difference between these residu-
als, which has a region of negative values in the region of the
H, 150 line (highlighted in Fig. 2 by a light gray stripe), which
may indicate the presence in this spectral range of a spectral
line (or lines) unaccounted for in the calculations, which man-
ifests itself in specific atmospheric conditions (in our case, in
the presence of thunderstorm activity). However, it should be
noted that, first, the minimum of this region (1973.521 cm~!)
does not show an exact coincidence with the position of the
center of the H, %0 line (1973.5228 cm™!, green vertical line in
Fig. 2.). Second, this minimum is ~ 0.04% of the total trans-
mission of the atmosphere, which is a very small value that
is extremely difficult to detect under atmospheric conditions.
Third, in the range of wave numbers 1973.515-1973.530 cm™!,
there are a number of weak lines of atmospheric gases: three
03 lines (1973.5171 cm~! (main isotope), 1973.52147 cm~! and
1973.52414 cm~! (33 isotope)); two COF, lines (1973.5183 cm™!
and 1973.5198 cm~!); CO, line (1973.520918 cm~!) and N,O
line (1973.525030 cm~'). We need to consider that thunder-
storm activity brings about a short-term increase in the ozone
content of the troposphere, leading in turn to an increase in
absorbance of weak ozone lines. These three ozone lines in the
range of 1973.515-1973.530 cm~! could therefore have an effect
on our analysis.

Finally, our analysis does not allow us to make the unambigu-
ous conclusion that the region of negative values of the residual
difference (Fig. 2) is due to the presence of the theoretically pre-
dicted spectral line of the short-lived isotopologue H,'°O centered
at 1973.5228 cm~!. Nevertheless, the spectral interval 1973.475 -
1973.575 cm~! proposed in current study might be promising for
further investigations, for example, using high resolution labora-
tory experiments and a thorough analysis of the atmospheric FTIR
spectra recorded at IRWG NDACC stations having more favorable
geographic/climatic conditions.

5. Assignments of the H,150 1973.522827 cm™! line

The H,'>0 absorption line at 1973.5228 cm~! with intensity ~
7 x 10=2! molecules/cm corresponds to a transition from J=6 to
J=7. Because the symmetry types and energy of the upper and
lower levels are also known then by comparing with VoTe (H,'60)
line list, one can easily found that this line can be assigned to (0 1
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0) [752] < (00 0) [6 4 3] vibration - rotation transition. These
assignments is confirmed by the isotopic shift of the line of (0 1 0)
[752] <~ (000)[64 3]

6. Conclusion

We have calculated vibrational - rotational energy levels, line
positions and strengths of a radioactive isotopologue of water - the
H, 150 molecule. The calculations were based on a high-precision
potential energy surface [23] and dipole moment surface [24],
and assume that corrections due to deviations from the Born-
Oppenheimer approximation and other mass-dependent factors are
small. The calculations were carried out in two different ways, the
DVR3D method and quadratic extrapolation based on the experi-
mental levels of H,60, H,'70 and H,'80. The results of these two
calculations are in satisfactory agreement with each other.

Our analysis of atmospheric FTIR spectra does not permit us
to conclude that the spectral line of the short-lived istopologue
H,130 centered at 1973.5228 cm~! can be reliably detected in the
atmosphere. Under conditions of thunderstorm activity, a short-
term increase of different components occur, including the tropo-
spheric ozone, which, in turn, can lead to an increase of absorp-
tion near this H,'>O line. Nonetheless, the spectral range 1973.490
- 1973.565 cm~! can be considered as promising for detection of
H,130 in the earth’s atmosphere. Additional studies are needed, in-
cluding, perhaps, laboratory experiments, as well as further analy-
sis of atmospheric FTIR spectra recorded at IRWG NDACC stations
with more advantageous geographic location.
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