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ABSTRACT

The predicted rotation-vibration absorption spectrum of the radioactive isotopically substituted
water molecule, H,'#0, is presented. Variational nuclear-motion calculations are performed using
the DVR3D software package based on the use of a high-precision potential energy function and
an accurate dipole moment surface. Line centres, intensity and Einstein coefficients are calculated,
and air pressure broadening coefficients are estimated. The calculation was carried out over a wide
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wavenumber range from 0 to 25000 cm~' and total angular momentum up toJ = 20. Isotopologue
extrapolation rules based on experimental data on the energy levels of the stable isotopologues
H,'60, H}%0 H,'70 and H,'80 were also used to improve the predicted line positions. Spectral

ranges best suited to the detection of H,'#0 are identified.
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1. Introduction

Water is one of the most important molecules for humans
and their environment. In particular, water is molecule
number one in spectroscopic data banks HITRAN [1]
and GEISA [2], which emphasises its importance.

According to the NASA Extragalactic Database sum-
mary of the abundances of molecules in galaxies [3]
H,O is one of the most abundant molecules, behind only
'H,, 12C'°0 and possibly the 1°0'H radical. As a result,
there are a large number of scientific studies on the spec-
troscopy of water aimed at both terrestrial and astrophys-
ical applications. Calculated line lists for the main. parent
isotopologue, H'%0, include Partridge and Schwenke
[4], BT2 [5], VoTe [6,7], POKAZATEL [8] and others.
There are also calculated line lists for other isotopo-
logues, including for both stable oxygen isotopologues,
H,'70 and H,'0, [9], and hydrogen isotopologues, for
example, HD'®O - VTT [10].
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Radioactive isotopologues of water, such as HT '°0,
T,'°0, have been studied both experimentally and theo-
retically [11,12]. Studies of radioactive isotopologues of
molecules, including isotopologues of water, are of inter-
est for many reasons. Radioactive isotopologues of atmo-
spheric gases are formed when the Earth’s atmosphere
is irradiated by cosmic rays. The interaction of atmo-
spheric molecules with cosmic rays leads, for example,
to the accumulation of tritium water and the isotopo-
logue '4C'°0, [13] in the atmosphere. It was discovered
that radioactive isotopes of beryllium, carbon, nitrogen,
and oxygen are produced in lightning discharges [14,15],
which obviously can lead to the appearance in the atmo-
sphere of water isotopologues H,'*0 and H,!°0. It was
also discovered that radioactive isotopologues of water
are formed when a target containing deuterium is irra-
diated with femtosecond laser pulses [16]. Light oxygen
isotopologues of water vapour, for example H,'°O and
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H,'0 are actively used in medicine [17-20]. These two
molecules are relatively long-lived as O and 1O have
half-lives of 70.62 and 122.27 s, respectively; both iso-
topes decay by positron emission. The heavy oxygen
radioactive isotopologue of water, H,'®O, is produced by
neutron irradiation of various media containing water,
for example, in the primary cooling circuit of nuclear
reactors [21]; 'O has a half-life of 26.47 s. Here we con-
centrate on the light isotopologue, H,!*O. This article
is a continuation of our work on the spectra of oxy-
gen short-lived radioactive isotopologues of water vapour
[22-26].

The literature on H,'4O is fairly sparse. Schueller [27]
did a PhD on ‘Investigating H,'*O and 1°CO, as cerebral
blood flow tracers in PET” and subsequently Schueller
et al. identified y -ray emissions from 'O (and other
radioactive isotopologues) as a cause of interference in
standard PET scans. H,'*O is considered in the books
about radionuclides production [28-31] which are also
largely concerned with medical applications.

Conversely, a technical report from Berkeley National
Laboratory [32] on H,'*O production is related to astro-
physics and notes the importance of this isotopologue for
the physics of stars. 14O oxygen is known to be impor-
tant for understanding the physics of stars [33-37], and,
of course, stars are largely composed of hydrogen.

It is significantly easier to calculate the spectrum of
H,'*O using a method of proven accuracy than to mea-
sure it. In this paper, we present the theoretical infrared
absorption spectrum of H, 'O for the first time.

2. Calculated spectrum of H,'40

We present a theoretical absorption spectrum of H,*O
obtained via direct variational calculation of line centres
and intensities involving rotation states up to J = 20 using
a high accuracy potential energy surface (PES) from [38],
and a dipole moment surface (DMS) from [39]. The cal-
culations were carried out as follows. At the first stage
of the calculation, the vibrational-rotational (VR) energy
levels and wave functions were calculated. The energy
levels of H,'*O were calculated using the variational
nuclear-motion program DVR3D [40]. Previous studies
have shown that DVR3D gives highly converged results
for vibration-rotation levels of water [41].

The energy levels of H,'*O were calculated in the
same way as for the parent isotopologue H,'°0, except
that the mass of the oxygen atom was set to mass
14.008596706 [42]. The calculations were carried out on
the ‘amun’ cluster (at UCL) and on computers of the Gleb
Watagin Institute of Physics (IFGW, Campinas, Brazil).

Table 1 lists the names of the files that form the basis
for calculating the spectrum of H,#O. These are 12 files

Table 1. Contents of the directory with files for calculating H, 0.

File name N.trans/lines  Size, Mb  Range,cm™’
00000-00500-VoTe14.txt 7255008 177 0-500
00500-01000-VoTe14.txt 6977 348 170 500-1000
01000-01500-VoTe14.txt 6659 198 162 1000-1500
01500-02000-VoTe14.txt 6313310 154 1500-2000
02000-02500-VoTe14.txt 5956 980 145 2000-2500
02500-03500-VoTe14.txt 10963 500 268 2500-3500
03500-04500-VoTe14.txt 9699037 237 3500-4500
04500-05500-VoTe14.txt 8539226 209 4500-5500
05500-07000-VoTe14.txt 10859 543 266 5500-7000
07000-09000-VoTe14.txt 11250131 275 7000-9000
09000-14000-VoTe14.txt 15981 824 392 9000-14000
14000-25000-VoTe14.txt 6223558 153 14000-25000
energy-levelsH2140-N.dat 72920 4 0-26000
H2140-spectrum-296K.dat 251560 30.7 0-25000

with transitions consisting of 3 columns (see Table 3). For
all files in Table 1, their name and size are indicated. Tran-
sition files contain a range and number of transitions.
There are more than 106 500 000 transition in total. This
procedure has been used to produce a number of line list
for H,O and it isotopologues including BT2 [40], VTT
[10], POKAZATEL [8], Conway [43], HotWat78 [9] and
VoTe [6,7].

3. Linelist

The line list for H,14O, which we call VoTe-14, designed
for use at room temperature over a wide range of
wavenumbers has been constructed. It contains 72 920
states and 106 678 663 (more than one hundred mil-
lion) transitions in total. The H,'#O (VoTe-14) line list
is available from the ExoMol database www.exomol.com
using the standard ExoMol format [44]. Extracts from
the States .states and Transition .trans files are
shown in Tables 2 and 3, respectively. The State file con-
tains a list of ro-vibrational states of H,14O with the state
ID numbers, energy term values (in cm™!), uncertain-
ties (in cm™!) and quantum numbers: the provision of
which are discussed below. The exact quantum numbers
are the total angular momentum J and the total symme-
try I' = A;, Ay, By, B; in the Molecular Symmetry group
Cay(M). The total state degeneracy, g; is given by (2]+1)
times the nuclear spin factor, gys. For H,!*O the nuclear
spins gns are 1, 1, 3, and 3 for I' = Aj, Ay, By, By, respec-
tively, like H,'°O as the nuclear spin of 14O is zero, which
is the same as '%0; both isotopologues therefore have
ortho and para states with a degeneracy ratio 3:1.

In addition, for some of the levels, approximate quan-
tum numbers in the traditional rotation-vibrational iden-
tification vy, v, v3, Ky, K, are also given; the provision
of these is discussed below. Here vy, v;, v3 are the nor-
mal mode vibrational quantum numbers, J is the (total)
rotational angular momentum quantum number, K,; and
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Table 2. Extract from the . states file of the Hy'*0 line list.

MOLECULAR PHYSICS 3

i E/em™! g J d/cm™! vy v V3 J Ka K e/o | Ep/cm™! Code
1 0.000000 1 0 0.000001 0 0 0 0 0 0 e Al 0.000000 IE
2 1602.821045 1 0 0.045795 0 1 0 0 0 0 e Al 1602.837581 IE
3 3167.321571 1 0 0.090495 0 2 0 0 0 0 e Al 3167.326643 IE
4 3666.422145 1 0 0.104754 1 0 0 0 0 0 e Al 3666.383739 IE
5 4689.622895 1 0 0.133989 0 3 0 0 0 0 e Al 4689.622895 Ca
6 5252.281862 1 0 0.150065 1 1 0 0 0 0 e Al 5252.272096 IE
7 6163.419503 1 0 0.176098 0 4 0 0 0 0 e Al 6163.425364 IE
8 6799.706827 1 0 0.194277 1 2 0 0 0 0 e Al 6799.694842 IE
9 7221.260928 1 0 0.206322 2 0 0 0 0 0 e Al 7221.258391 IE
10 7478.441757 1 0 0.213669 0 0 2 0 0 0 e Al 7478.418449 IE
1 7577.520257 1 0 0.216501 0 5 0 0 0 0 e Al 7577.520257 Ca
12 8305.259095 1 0 0.237293 1 3 0 0 0 0 e Al 8305.261217 IE
13 8789.283858 1 0 0.251123 2 1 0 0 0 0 e Al 8789.287707 IE
14 8909.428011 1 0 0.254555 0 6 0 0 0 0 e Al 8909.428011 Ca
15 9041.330586 1 0 0.258323 0 1 2 0 0 0 e Al 9041.311577 IE
16 9761.281946 1 0 0.278894 1 4 0 0 0 0 e Al 9761.281946 Ca
17 10128.471339 1 0 0.289385 0 7 0 0 0 0 e Al 10128.471339 Ca
18 10319.194475 1 0 0.294834 2 2 0 0 0 0 e Al 10319.194475 Ca
19 10570.285795 1 0 0.302008 0 2 2 0 0 0 e Al 10570.285795 Ca
20 10632.017432 1 0 0.303772 3 0 0 0 0 0 e Al 10632.017432 Ca

i: state identifier;

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

g: state degeneracy;

J: state rotational quantum number;

J: 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;
T'tot: total symmetry in Cy, (M).

E’D: state term value, DVR3D;

Code - Ca (Calculated by DVR3D) or IE - Isotop. Energy (Pseudo-experimental)

Table 3. Extract from a . t rans file of the H,'*0 line list.

f i Af
13766 12819 0.15255E—23
53440 54679 0.24241E—20
44313 45564 0.27545E—19
65810 64651 0.16649E—22

7855 9940 0.39264E—23
39054 40169 0.77269E—20
15620 18394 0.24741E—-20
54811 53562 0.13271E-17
36207 39673 0.51857E—20
14613 15385 0.43321E-17
38609 37345 0.51053E—17

f: Upper state counting number;
i: Lower state counting number;
Ag: Einstein-A coefficient (in sh.

K. are the oblate and prolate rotational quantum num-
bers (projection of the angular momentum on the corre-
sponding molecular axis a and c, respectively).

DVR3D only supplies rigorous quantum numbers
which for H,O correspond to J, parity and whether the
state is ortho or para. To provide the approximate rotation
and vibration quantum labels, namely v1, v5, v3, K, and
K., we matched the H,'*O energies to the assigned states
of the parent isotopologue H, 60 as provided in the VoTe
line list [6,7], which was based on calculations with the
same PES. Following VoTe, 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 [45]. Here we adopt the
ExoMol [46] standard and assign the value ‘NaN’ to the
undetermined values of the quantum numbers.

As an attempt to improve the predicted energy levels
of H,'*0O, we apply the isotopologue extrapolation (IE)
corrections given Equation (1) to the set of 3426 energy
levels. These states are indicated with the label ‘TE’ in con-
trast to all other, calculated values which are labelled with
‘Ca’.

Following the IE or pseudo-experimental extrapola-
tion method proposed in [9], here we use the obs.-calc.
residuals for the main isotopologue to obtain empiri-
cal corrections to the ro-vibrational energy values of the
minor isotopologues of water as follows :

E%)rr — E;\?lc + Ecl)lgs _ E%IC, (1)
where Ef\?lc isa DVR3D energy calculated for a minor iso-
topologue, N = 14, 17, 18, and E‘flgs - E?gd is an empir-
ical correction estimated as the difference between the
calculated and experimental energies of the parent (16)
molecule. The approach 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 has been shown to work
well for H,'80 and H,'70 [9]. Following [9], we will refer
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to E‘f‘gs — Eigd as the pseudo-experimental correction
ECOI‘I’
N

The provision of uncertainties in the energy levels is
now a formal part of the ExoMol data structure [46].
For the pseudo-experimental values, the uncertainties are
estimated as the the obs.-calc. residuals of the H,10 iso-
topologue obtained as the difference between the W2020
and DVR3D energy values.

For this work, the following, slightly less conserva-
tive formula (2) was used, which gives similar results
(incm™!):

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

at our case A& =1/35000 cm™! and AB=0.0005 cm™1.
This formula 2 was obtained via correlation and auto-
correlation methods [47] applied to the W2020 [48]
data of the three isotopologues in conjunction with the
method of [49].

We can take the uncertainties for 19225 H,'°0O levels
from W2020, and calculate the errors using the formula
in (2). For rotational-vibrational states, where the ener-
gies of all three H,!60 isotopologues were present in
W2020, we doubled the uncertainty of the main isotopo-
logues, since it is very small. 3426 levels were replaced
by the pseudo-experimental values. The maximum dif-
ferences of these changes do not exceed 0.1 cm™?.

The H,#O .trans files contain Einstein A coef-
ficients (in s™!) together with the upper and lower

Table 4. Examples spectrum for applications.

state ID numbers. To stop the files from being incon-
veniently large, the transitions are divided into twelve
Transition files according the the following spectro-
scopic 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 L.

4. Partition function, Q(T), forH,'*O as a
function of temperature, T(K).

Using vibrational-rotational energy levels, the partition
function of H,'*O was calculated for different tempera-
tures up to 1000 K using

QT) = D giexp (—f—T) : (3)

It is included as part of our supplementary material.
The file format is quite simple, two columns with the
temperature in K and Q(T).

Figure 1 shows a comparison of partition functions
Q(T) of the Hy'*0, H,'%0 and H,'>O species for the
temperature range from 1 to 1000 K. The main differ-
ence is the nuclear spin factor, which is 2 times larger for
H,Oas O hasI = % As noted above, for H,'4O the
nuclear spins gns are 1, 1, 3, and 3 for A;, A, By, B,
respectively. This H,'#O linelist can be used to generate
spectra with different temperatures up to 1000 K. To gen-
erate converged H,'*O spectra at higher temperatures

C. w.n.cm™! Intensity A.coeff. Gair Gielf Elow k74 shift A JKK! ViVva V3 J KK,
10 0.261084 0.275E—28 0.257E—09 0.0870 0.523 1932.704023 0.69 0.0 010 422 010 515
10 1.408154 0.172E—23 0.148E—07 0.0746 0.443 448.226751 0.69 0.0 —2-2-2 6-2-2 000 523
10 1.567057 0.594E—26 0.674E—07 0.0870 0.523 1829.424296 0.77 0.0 010 414 010 321
10 1.601197 0.361E—26 0.830E—07 0.0925 0.563 1918.552160 0.73 0.0 010 330 010 423
10 2.156354 0.572E—28 0.759E—07 0.0471 0.290 2917.184407 0.49 0.0 010 1029 010 936
10 2301379 0.225E—26 0.172E—06 0.0870 0.523 2143.120228 0.69 0.0 010 441 010 532
10 2.336767 0.139E—29 0.422E—06 0.0870 0.523 3617.357190 0.69 0.0 020 431 020 524
10 2.847266 0.337E—28 0.111E—-06 0.0284 0.207 2887.104031 0.36 0.0 000 14410 000 15313
10 5.055372 0.224E—25 0.301E—-05 0.0989 0.478 1748.518606 0.77 0.0 010 220 010 313
10 5.254574 0.587E—22 0.234E—05 0.0925 0.563 137.917800 0.78 0.0 —2-2-2 3-2-2 000 220
10 5.638201 0.202E—-29 0.943E—-06 0.0153 0.160 4028.796338 0.38 0.0 000 17413 000 16710
10 5.685129 0.125E—29 0.292E—05 0.0925 0.563 3801.071980 0.78 0.0 100 313 100 220
10 6.136196 0.529E—26 0.322E—05 0.0870 0.523 2139.302888 0.69 0.0 010 440 010 533
10 7.216464 0.105E—28 0.100E—04 0.0808 0.495 3886.479812 0.64 0.0 020 541 020 634
10 7.372747 0.116E—28 0.871E—05 0.0925 0.563 3514.002088 0.73 0.0 020 331 020 422
10 7.681668 0.195E—28 0.257E—05 0.0232 0.198 3453.394301 0.38 0.0 000 15610 000 16313

C. 10-code-molecule number-+isotopologue number;
Transition wavenumber, cm~';

Line Intensity at 100% abundance, cm/molecule ;
Einstein A-coefficient;

Air- broadened width, cm~1/atm;

Self- broadened width, cm~1/atm;

lower-state Energy, cm™~";

Temperature dependence (of air width), unitless;
Pressure shift, always zero in our case;

upper vibrational quanta, v}, v, v};

upper local quanta, /', K}, K/;

lower vibrational quanta, vy, v3, v3;

lower local quanta, J, Kg, K.
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Figure 1. Partition function Q(T) for H,'0, H,'"0 and
H, 60 water for temperature range from 1 to 1000 K.

will require additional calculations. For more details, see
papers [50,51]. A file tabulating our partition function
(PartFunc-H2140.dat) is given as Supplementary Data.

5. Spectrum of H,'40 for applications

The line list produced was used to model spectra of
H,0.

A room temperature H,'0 line list (296 K) was
generated using the intensity threshold of > 10730
cm/molecule for atmospheric applications. It contains
251560 lines using the format similar to that of
HITRAN2020 [1], see Table 4 and is provided as part of
the supplementary material.

The HITRAN database provides data for seven iso-
topologues of water using the following isotopologue
codes: 11 (H,'°0), 12 (H,'%0), 13 (H,'70), 14(HD'°0),
15(HD'80), 16(HD'70), 17(D,'%0). We adopted 18 as
a code for Hy'°O [26] since this number is not yet
taken in HITRAN and suggest 10 for H,!*O, keeping
19 for H,'?O. The line list consists of the isotopologue
code (10) (Molecule number 1 + Isotopologue num-
ber 0), line positions, 296 K intensities (cm/molecule),
Einstein coefficients (s~!), air-broadened widths (}air,
cm~!/atm), self-broadened widths (yser, cm™!/atm),
temperature dependence component of air #,i;, line shifts
(set to 0.0 cm™!) and ro-vibrational quantum number
(Table 5). The line-broadening parameters were eval-
uated using the J and ‘JJ—dependency’ methods [52].
For the temperature-dependence exponent 7, (unitless)
we assumed the water vapour air-broadened half-widths
from Table 7 of HITRAN2004 [53].

6. Energy levels for H'40, H, 50 and H,'60

For some applications, it is convenient when there is a
correlation of the same energy levels of different isotopic
modifications. This can be useful for both identification

MOLECULAR PHYSICS e 5

Table 5. Partition function, Q(T), for H}*0 as a function of tem-
perature, T, in K.

T QM T Q) T Q) T QM)

1 1.000 287  164.961 309 184220 375 246393
20 3.319 288  165.821 310 185.113 380  251.369
40 9.323 289  166.681 31 186.007 385  256.382
60 16.648 290 167544 312 186903 390  261.431
85 27.477 291 168.407 313 187.801 395 266519
110 39.979 292 169.273 314 188700 400  271.643
135 53.968 293 170.140 315 189.601 405  276.805
160 69.305 294 171.008 316 190503 410  282.003
185 85.887 295 171878 317 191407 435  308.557
210 103.631 296 172750 318 192312 460  336.047
235 122472 297 173623 319 193219 485  364.480
260 142357 298 174497 320 194127 510  393.863
265 146.456 299 175374 325 198.691 535  424.206
270 150595 300  176.251 330 203292 560 455518
275 154773 301 177.131 335 207932 585  487.808
280  158.991 302 178.011 340 212608 610  521.087
281 159.839 303 178894 345 217323 635 555364
282  160.689 304 179778 350 222075 660  590.649
283 161540 305  180.663 355 226864 685  626.952
284 162393 306 181550 360  231.690 690  634.336
285 163.248 307 182438 365 236554 695  641.761
286  164.104 308 183328 370 241455 700  649.227

and extrapolation and comparison problems. In view of
this, we offer the reader Table 6, which is fully presented
in additional materials. The table shows the quantum
identification and symmetry and energy levels for H, 4O,
H,'0 and H,'°0.

H,'°0 energy levels were taken from [26] and
H,!0 levels from [7]. The rigorous quantum numbers
J, s and N were used to uniquely identify each level,
where ] is the rotational quantum number, s = 1,2, 3 and
4 denotes overall symmetry A, A;, B; and B, respec-
tively and N is a counting number with each (J,s) subset.
Table 6 also gives v;,v2,v3 — normal mode vibrational
quantum numbers; J — state rotational quantum num-
ber; K, and K_: state oblate and prolate quantum numbers
where possible. Energy levels were calculated using a set

v

Transmission

—H,0
14,
—H,"0
continuum

T T T T T T
0 5000 10000 15000

Wavenumber, cm™

Figure 2. Transmission spectra of H,0, H,'0 and H,0 contin-
uum. The H,'*0/H,0 ratio is 0.5%.
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Table 6. Energy levels for H,'#0, H,"0 and H,'%0 in cm ™", see text for a discussion of the quantum numbers.

J N N 4] %) V3 J Kg Kc E14 E15 E16
0 1 1 0 0 0 0 0 0 0.000000 0.000000 0.000000
0 1 2 0 1 0 0 0 0 1602.837581 1598.538460 1594.762713
0 1 3 0 2 0 0 0 0 3167.326643 3158.973045 3151.635009
0 4 1 0 0 1 0 0 0 3774.067258 3764.382357 3755.932087
0 4 2 0 1 1 0 0 0 5357.433521 5343.474407 5331.267334
0 4 3 0 2 1 0 0 0 6905.287692 6887.277773 6871.508312
1 2 269 -2 -2 -2 1 -2 1 25998.618178 25949.737841 25907.494127
1 2 270 0 13 2 1 1 1 26051.794471 26003.859527 25951.750492
1 2 271 -2 —2 —2 1 -2 1 26068.240543 26012.475229 25964.087973
1 2 272 3 6 2 1 1 1 26080.749405 26014.963603 25967.452834
1 3 273 -2 -2 -2 1 -2 1 26082.331339 26032.004480 25988.351431
1 3 274 —2 —2 —2 1 -2 1 26139.137771 26080.016130 26011.515390
2 4 374 0 8 4 2 1 2 25901.208886 25850.872882 25803.973642
2 4 375 1 1 6 2 1 2 25923.959264 25859.970069 25807.278270
2 4 376 -2 -2 -2 2 —2 —88 25941.478091 25882.827376 25831.593544
2 4 377 1 15 0 2 1 2 25983.687339 25915.150753 25854.439531
4 2 508 -2 -2 -2 4 -2 77 26048.800918 25992.268321 25939.727194
4 2 509 0 3 6 4 3 1 26064.699210 25995.462784 25942.760685
4 2 510 1 1 6 4 1 3 26085.545757 26034.754065 25990.654539
4 2 511 -2 -2 -2 4 -2 77 26105.576003 26045.832935 25993.592149
4 2 512 -2 -2 -2 4 -2 —77 26120.699892 26066.427794 26012.800593
4 2 513 -2 -2 -2 4 -2 77 26129.910934 26067.453374 26018.990910
1,04 1,0 4
0,84 0,84
§ 0.6 é 0,6 4
2 o4 2 o4
= =
024 0,2
_HZS —H,0
0,0 —H 0 0,04 ——H," 0
522 5&4 5&6 52‘8 5%0 5:"32 1928 19‘30 19‘32 19‘34 19‘35 19‘38
Wavenumber, cm’ Wavenumber, cm”
1,0 1,04
0,84 0,84
§ 0,6 é 064
2 o4 2 o4+
= =
024 0,2
—H,0 —Hh,0
0,0 —H,"0 0,0 —H,"o
39‘35 39‘36 39‘37 39‘38 5500 55‘01 55b2 55‘03

Wavenumber, cm’

Wavenumber, cm”

Figure 3. Prospective spectral windows for the H,'#0 detection. The air pressure is 1 atm; the H,0 partial pressure is 18800 ppm; the
temperature is 294 K. The path length is 100 m. The H,'#0/H, 0 ratio is 0.5%.

of parameters for all isotopologues except for the oxy-
gen mass. It should be noted that E14 > E;5 > Ej¢ for all
levels except the lowest which is set to zero by convention.

7. Simulation of H,"#0 transmission for
laboratory conditions

To find the prospective spectral regions for the H,'*O
detection, we have simulated the H,O transmission
spectra with varying of H,*O concentration. The

calculations were made using line-by-line method [54]
with a spectral resolution of 0.02 cm™! for labora-
tory conditions with air pressure of 1 atm, H,O par-
tial pressure of 18800 ppm and temperature of 294 K.
The paths with length of 100m and 20m were con-
sidered. The transmission spectra of H,O, H,*0 and
H,O continuum in the 0-20000 cm ™! region are shown
in Figure 2. The spectrum of H,O includes absorp-
tion by spectral lines of main isotopologues of H,O
(H,'°0, H,'80, H,'70, HD'°O, HD'#0, HD! O ) from
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Figure 4. Perspective spectral windows for the H,'*0 detection. The air pressure is 1 atm; the H,O partial pressure is 18800 ppm; the
temperature is 294 K. The path length is 20 m. The H,'#0/H,0 ratio is 0.5%.

the HITRAN2020 spectroscopic database [1] in natural
abundance. The HO continuum was calculated using
the MT_CKD model [55]. The transmission simulation
used our computed H,'O lines parameters, such as
position and intensity of the line, lower-state energy of
the transition, air-broadened and self-broadened half-
widths, air pressure-induced line shift, and temperature-
dependence exponent for air-broadened half-width. It
was found that a ratio of H,'*O to H,O in natural abun-
dance of more than 0.5% should allow H,'*O to be
detected by high-resolution spectrometers in laboratory
conditions. The spectral windows suitable for detection
of H,'0O are shown in Figures 3 and 4. The perspective
windows lie in the IR and NIR regions: 522-532 cm™L,
1928-1938 cm ™!, 3934-3938 cm ™! and 5500-5503 cm™ .

8. Conclusions

The authors hope that the predicted spectrum of
H,'*O will be a useful tool for PET tomography, astro-
physics and plasma chemistry and aid the detection of
this isotopologue. It can be assumed that H,'*O water
plays a greater role in fast-paced complex chemical
and nuclear processes than previously assumed. This is

primarily due to the fact that the previously a calculated
IR spectrum H, 'O simply did not exist.
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