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ABSTRACT

Taking advantage of the extreme absolute accuracy, sensitivity, and resolution of noise-immune-cavity-enhanced optical-heterodyne-molecular
spectroscopy (NICE-OHMS), a variant of frequency-comb-assisted Lamb-dip saturation-spectroscopy techniques, the rotational quantum-level
structure of both nuclear-spin isomers of H; O is established with an average accuracy of 2.5 kHz. Altogether, 195 carefully selected rovibrational
transitions are probed. The ultrahigh sensitivity of NICE-OHMS permits the observation of lines with room-temperature absorption intensities
as low as 1077 cm molecule ™', while the superb resolution enables the detection of a doublet with a separation of only 286(17) kHz. While the
NICE-OHMS experiments are performed in the near-infrared window of 7000-7350 cm ™", the lines observed allow the determination of all the
pure rotational energies of H, O corresponding to ] values up to 8, where J is the total rotational quantum number. Both network and quantum
theory have been employed to facilitate the measurement campaign and the full exploitation of the lines resolved. For example, to minimize the
experimental effort, the transitions targeted for observation were selected via the spectroscopic-network-assisted precision spectroscopy
(SNAPS) scheme built upon the extended Ritz principle, the theory of spectroscopic networks, and an underlying dataset of quantum chemical
origin. To ensure the overall connection of the ultraprecise rovibrational lines for both nuclear-spin isomers of H; 0, the NICE-OHMS
transitions are augmented with six accurate microwave lines taken from the literature. To produce absolute ortho-H;*O energies, the low-
est ortho energy is determined to be 23.754 904 61(19) cm™. A reference, benchmark-quality line list of 1546 transitions, deduced from the
ultrahigh-accuracy energy values determined in this study, provides calibration standards for future high-resolution spectroscopic experiments
between 0-1250 and 5900-8380 cm ™.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http:/
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0052744
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1. Introduction

Detailed analysis of the spectra of water vapor, the most im-
portant greenhouse gas in the atmosphere of the Earth, has been at the
center of (ultra)high-resolution molecular spectroscopy for many
decades.' ” During this time, ever-improving techniques have been
devised to resolve spectral features in diverse environments and
determine the line parameters (e.g., positions, intensities, and shapes,
as well as cross sections and collisional parameters) with rapidly
increasing accuracy and coverage. These spectroscopic results, related
mostly to the electronic ground state of water, have been collated into
popular spectroscopic databases, such as HITTRAN (HIgh-resolution
TRANsmission molecular absorption database).” HITRAN2016, for
example, contains more than 300000 water lines, nearly 40 000 of
which correspond to the second most abundant isotopologue of
water, H2180, with a natural terrestrial abundance of 0.2%. These
water datasets are utilized by a large number of scientists and en-
gineers, including modelers of atmospheric chemistry, combustion
systems, exoplanets, and cool stars. In cases when lines of the main
isotopologue are too strong, lines of less-abundant isotopologues are
used to trace the chemical environment, e.g., in outer space, while in
radio astronomy, H,*O transitions are employed to assess isotopic
ratios in the interstellar medium."’

Several microwave,'' 7 terahertz,'*'” as well as far- and mid-
infrared'® > studies have been conducted to observe purely rotational
transitions of H,%O. Naturally, an even larger number of papers have
been dedicated to record vibration-changing lines involving high-
lying vibrational states,”* ' whereby the lower quantum states of the
transitions are mostly determined by pure rotational lines. The ex-
perimental results reported in articles dealing with infrared transi-
tions are typically based on linear absorption, producing Doppler-
broadened line shapes with a line-position uncertainty of 3-300 MHz.

A new scientific era arrived when experimental protocols
employing optical frequency-comb (OFC) lasers were intro-
duced.”” The OFC is linked to the spectroscopy laser so as to

1
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interrogate the spectra of gas-phase molecules with sub-MHz
accuracy.” *° Despite the promise of these new techniques, up
until now, only two articles’"® dealing with sub-Doppler laser
spectroscopy of H;*O have been published, reporting 18 lines with 30
kHz accuracy.

OFCs are often coupled with cavity enhancement;” " this is the
case for the noise-immune-cavity-enhanced optical-heterodyne-
molecular spectroscopy (NICE-OHMS)."' *" In the previous sub-
Doppler studies of H,*0 mentioned,””** Lamb dips calibrated with
30 kHz accuracy have been recorded. The narrow line shapes result in
an increase in the accuracy of the line-center determination, generally
by a factor of a thousand or so, reducing the experimental uncertainty
from the MHz to the kHz regime.

Some ten years ago, after collecting all the experimental lines
from the literature, an ITUPAC-sponsored effort resulted in lists of
observed transitions and empirical energy levels for Hy*0.”” These
large datasets have recently been updated, significantly extended, and
integrated into the W2020 database.”” The empirical energy values of
the original IUPAC dataset served as a basis for the development of
first-principles line lists,"*"” with accurate Einstein-A coefficients and
line intensities. Together with line positions derived from W2020
energy levels, these data were employed during this study to guide the
selection of lines for measurement.

In this study, the NICE-OHMS intracavity absorption method is
applied, in combination with OFC-linked laser spectroscopy, to re-
cord saturated spectra of the H;*O species. The Lamb-dip mea-
surements are conducted in the near infrared in a systematic fashion;
the lines chosen for measurement have been selected via the
Spectroscopic-Network-Assisted Precision Spectroscopy (SNAPS)
scheme,”® with the aim to determine ultraprecise pure rotational
energies within the ground vibrational state of H,*O. Determining a
large number of pure rotational energies is a significant achievement
since these quantum states are all hubs in the spectroscopic network
(SN) of H320;""*? thus, they are the lower states of a huge number of
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transitions measured in absorption by a number of different ex-
perimental techniques. As a useful by-product, energy levels with
high-lying vibrational parents are also obtained. Based on the SNAPS
energies, a benchmark-quality reference line list is constructed,
providing frequency standards for a number of future high-resolution
spectroscopic measurements.

2. Methods and Data Treatment
2.1. NICE-OHMS spectroscopy

A NICE-OHMS apparatus,”**® shown schematically in Fig. 1, has
been deployed to detect saturated absorption lines of H;*O in the near-
infrared region. In our setup, an infrared diode laser functioning at 1.4
pm is used along with a high-finesse cavity. This laser is modulated at
305 MHz, equivalent to the free spectral range (FSR) of the cavity, for
generating sideband signals and at 20 MHz for the cavity-lock via a
Pound-Drever-Hall (PDH) stabilization scheme. Thanks to the highly
reflective mirrors, the intracavity power can be increased up to 150 W.
This high upper power limit enabled the saturation of several rovi-
brational transitions for H;*O, inducing extremely narrow Lamb-dip
profiles. In addition, one of the mirrors is dithered at a low frequency of
405 Hz. The spectroscopic signal is treated and demodulated by a
powerful lock-in system (Zurich Instruments, HF2LI). A high-stability
OFC, disciplined by a cesium atomic clock, is also incorporated in the
NICE-OHMS spectrometer to stabilize the infrared laser and to obtain
sub-kHz accuracy on the frequency axis.

Due to the long-term stabilization of the cavity and the
demodulated signal, NICE-OHMS is a highly sensitive method, while
its accuracy is warranted by its lock to the OFC. The Lamb-dip signals
exhibit very narrow profiles with widths of 400-800 kHz (full width at
half-maximum). The linewidth is governed by power and pressure
broadening, as well as by the transit time of the molecules across the
laser beam.

The individual line centers are somewhat shifted by the laser
power and the vapor pressure within the water cell. The vapor
pressure is controlled by injecting, using an inlet valve, an enriched
HJ%0 sample (Sigma-Aldrich, St. Louis, MO, 97% 80 isotopic
purity). To overcome the effect of outgassing from the cavity walls, the
absorption cell is directly linked to a vacuum pump removing any
excess of H;°O molecules. Hence, the spectroscopic recordings are

ARTICLE scitation.org/journalljpr

performed under slow but steady gas flows, at pressures in the range of
0.03-1.0 Pa, measured by a capacitance pressure gauge. Collisional
shifts are also studied experimentally, facilitating an extrapolation to
Zero pressure.

Limited by the operation range of the diode laser, the reflectivity
of the cavity mirrors, and the transmission of some optical elements,
our NICE-OHMS setup works in the wavenumber interval of
7000-7350 cm ™. By varying the intracavity power, transitions with
Ap=10"*-10%s"and S = 1072"-10"2° cm molecule™" can be resolved
in saturation with a sufficient signal-to-noise ratio (SNR) and neg-
ligible power broadening, where Ag, is the Einstein-A coefficient, while
S means the line intensity without abundance scaling. These con-
straints on the three quantities, called primary line parameters in the
remainder of this paper, dictate which lines can be effectively probed
and included in the SNAPS scheme.

2.2. The SNAPS scheme

The near-infrared transitions of Hi%0 observable with our
NICE-OHMS setup were selected via the SNAPS procedure™ to
maximize the accurate spectroscopic information that can be
extracted from the newly probed lines. While SNAPS was discussed in
detail before,” it is briefly outlined here for readability and
completeness.

During the SNAPS design, one should (a) determine paths and
cycles (see Fig. 2) involving accurate literature transitions as well as
target lines in the accessible range of the primary line parameters, (b)
proceed with the recording of the targeted transitions selected based
on the knowledge of these paths and cycles, and (c) evaluate the paths
and cycles of the new and literature transitions to estimate accurate
energy differences and their uncertainties as well as to verify the
internal accuracy of the experiments. Despite the fact that SNAPS is
built upon the use of network theory, it is a black-box-type strategy,
and its output requires only the understanding of Fig. 2 (for interested
readers, a concise summary of network theory related to high-
resolution spectroscopy is given in Supplementary Note 1 of Ref. 48).

As to the primary line parameters of the target transitions, (a)
the approximate wavenumbers were calculated from the
W2020 energies of Ref. 8 with an uncertainty of 10™*-107> cm ™" in
the 7000-7350 cm™ window; (b) the Einstein-A coefficients, Ag,

Feedback £ £
PDH FSR Cavity in
l N vacuum chamber
Laser - EOM H‘
| I
OFC Needle valve
Water cell Pump
: Beatnote
Atlomll(c measurement— Lab-PC [«=—» Lock-in amplifier
cloc

FIG. 1. Schematic layout of the NICE-OHMS setup.
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FIG. 2. Traditional and generalized connection schemes characterizing spectroscopic measurements. Nodes and edges of the connection schemes (a)—(e) are quantum states
with energies E; and transitions with wavenumbers a;, respectively. Equation (1a) corresponds to the definition of the Ritz principle. Panels (b) and (c) are connection schemes
widely utilized by spectroscopists, usually referred to as combination differences. In an analogous way, extended connections can also be defined, involving not two but more
transitions. Panel (d) illustrates a path (a series of connected, unrepeated lines and states), while panel () exhibits a cycle (a sequence of linked transitions and energy levels,
where each energy level is connected to two neighboring states). The connection schemes mentioned, linear, A, and V, are themselves examples of paths. Employing the Ritz
principle in a successive fashion, the energy differences between any node pairs of a path can be determined straightforwardly. If the starting point of the path is the lowest energy
level attainable from the ending point through paths, then Eg — E; is defined as the relative energy of the ending point. In the case that the starting point is the rovibrational ground
state of the species under study (i.e., E; = 0), Es — E; gives an estimate for the absolute energy of the ending point. Knowledge of the u(c;) wavenumber uncertainties yields the
uncertainty of the Eg — E; difference, expressed from the law of uncertainty propagation (as long as measurement errors are uncorrelated and they have zero expected values).
Cycles demonstrate the internal accuracy of their transitions: in favorable cases, D < t.;u(D), where Dis the discrepancy (the absolute signed sum of the observed wavenumbers)

of the cycle with its u(D) uncertainty and . = 2 assuring a 95% confidence level.

were adopted from Ref. 47; and (c) the line intensities were calculated
according to Eq. (3) of Ref. 55. Even though the accuracy of the W2020
positions was sufficient to detect the majority of the target transitions, the
very weak lines (with § < 1 X 107 cm molecule ™! or with Ag < 1 X 107
s~!) required much smaller uncertainties for the initial wavenumbers to
avoid extreme scanning times.

A solution found to the refinement of the starting wavenumbers
involves building a A-shape connection [see Fig. 2(b)], whereby one of
the lines is easily observable (has optimal intensity and Einstein-A

coefficient), while the other is the weak transition. After recording the
stronger signal (07) and employing accurate lower-state energies (E; and
E;, see Fig. 2), an improved initial position (o) can be obtained for the
weaker transition via Eq. (2b) of Fig. 2. [High-accuracy lower-state
energies can be extracted, e.g., from an effective Hamiltonian (EH) fit
to the intermediate transition dataset.] Utilizing the (two or three orders
of magnitude) more precise o, position, the weaker line can be detected
within reasonable time limits. This kind of wavenumber adjustment is
called here A-correction. Typical short cycles and paths formed during
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FIG. 3. Typical short cycles and paths formed during the SNAPS analysis of H, '#0. The color codes and symbols of this figure are explainedin Figs. 4 and 5. Panels (a)/(c) and (b)/
(d) exhibit four- and six-membered cycles, respectively. Each transition is associated with its frequency, in kHz, and the uncertainty of the last few frequency digits, given in
parentheses. Successive application of the Ritz principle [see the formulas of Fig. 2(e)] yields the following discrepancies: 0.8(39) [panel (a)], 11.5(69) [panel (b)], 6.4(39) [panel
(c)], and 0.5(39) kHz [panel (d)]. All these cycles obey the relation D < t.u(D) (see also the caption to Fig. 2). The line with boldfaced frequency was first confused with a close-lying
H,'60 transition [(0 2 1)6,,5 < (0 0 0)5,,4], exhibiting a line center of 210 642 354 724.6(50) kHz and leading to an unrealistically large discrepancy of 7600.7(91) kHz. Panels (€)
and () are example paths for the determination of relative energies of H,'®0. Repeated utilization of the Ritz principle [see the formulas of Fig. 2(d)] provides relative energies of
274.86519241(13) cm~" [corresponding to 8 240 251 165.0(39) kHz] and 94.788 628 80(19) cm ™" [thatis, 2 841 691 601.7(56) kHz] for (0.0 0)4, 3 and (0.0 0)24 4, respectively. The
energy values of the intermediate states can also be deduced from these paths.

the SNAPS analysis of H,"O are depicted in Fig. 3; the interested reader Relying on the SNAPS approach extended with the A-correction

should consult this figure to gain further insight into the utility of ele- scheme, and utilizing six accurate pure rotational transitions from the

ments of SN theory to high-resolution spectroscopy. literature,” 195 near-infrared lines of H;*0 were selected and then
J. Phys. Chem. Ref. Data 50, 023106 (2021); doi: 10.1063/5.0052744 50, 023106-5
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021) (200).(002)

(002) - (200) (021)

(120) (021) (200)-(002)

(002)-(200) (021) (120)

FIG. 4. Graphical representation of all the precision lines recorded for para-H, '#0. The rovibrational eigenstates are characterlzed with the ordered sextuple (v; v» v3)Jk, k.,
where (v4 v, v3) is composed of the vibrational normal-mode quantum numbers according to the Mulliken convention,” while J, K.k, are the standard asymmetric-top rotational
quantum numbers.>* Lines with lower states having even and odd K, values, forming two subcomponents (p* and p~, respectively) are drawn separately. Within the
subcomponents, the para energy levels, those with even v + K, + K, values and symbolized with squares, are arranged palindromically in increasing (upper half) and decreasing
(lower half) energy order of thelr vibrational parents and are denoted with distinct colors. The Jx, k. rotational assignment is marked individually for each state, while the (v; v» v3)
vibrational quantum numbers®* are specified in the left-side color legend. The six vibrational bands lie in the P= 0 (00 0)] and P =4 [(120), (02 1), (200), (10 1), and (00 2)]
polyads, where P =2v, + v, + 25 is the polyad number. The blue arrows indicate the outcome of the present NICE-OHMS measurements, while those with dashed orange arrows
are taken from Ref. 13. The frequencies of the two literature lines are as follows: 203 407 498(4) kHz [(0 0 0)34 3 < (0 0 0)2, 0] and 322 465 122(2) kHz [(0 0 0)5 5 <— (0 0 0)45 5]
The non-starred arrows specify lowest-uncertainty unique paths from (0 0 0)0o to all the other energy levels of this figure. Each starred transition defines a cycle with the
unique path of non-starred lines between its lower and upper states. Throughout this paper, the rovibrational transitions are designated with (v; v, v;) ] — v )] 1< ‘e
where ' and " refer to the upper and lower states, respectively. o

detected via NICE OHMS measurements. Graphical representations of It is important to emphasize that within the two components,
these accurate H,*O transmons, old and new, are displayed in Figs. 4 and 5 corresponding to the two nudlear-spin isomers of H,*0, two poorly
for para- and ortho-H,* O, respectively. All the newly measured lines, with connected subnetworks (“subcomponents”) can be seen in Figs. 4 and 5.
their assignments, are listed in Table 1. The p*, p~, 0", and 0~ subcomponents pertain to the (p”, ¢") = (+1, +1),
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FIG. 5. Graphical representation of all the precision lines recorded for ortho-H,'®0. The arrangement of the energy levels and the lines, as well as the formalism employed, is
analogous to that of Fig. 4, with the exception that the ortho levels, characterized by odd v + K + K values, are denoted with circles rather than squares. The NICE-OHMS
transitions are concentrated in two subcomponents (0* and 0™, whose lower states are identified with even and odd K;, values, respectively), which are linked with the following
transitions:'* 253 913 309(7) kHz [(00 0)104, — (000)95 6], 390 607 776(4) kHz [(0 0 0)4 4 — (00 0)3y,1], 489 054 250(4) kHz (0 0 0)4, 3 — (00 0)33,0], and 547 676 470(15) kHz
[(000)11 9« (000)10,4]. The non-starred lines provide lowest-uncertainty unique paths from (0 0 0)1 4 to all the other energy levels of this figure. Moreover, every starred arrow
forms a cycle with the unique path of non-starred lines between its lower and upper levels.

(-1, +1), (+1, -1), (-1, —1) pairs, respectively, where p” = (—I)Kc” and
q'= (=1)% Ka+K while v;, K., and K are lower-state quantum
numbers (see also the caption of Fig. 4). While the para (¢ = + 1)
component cannot be linked experimentally with the ortho (q" = —1) one,
the p” = 1 and p” = -1 subcomponents (p*/p~ and 0*/0”) can be
connected with pure rotational lines,"” though they cannot be linked
with dipole-allowed vibration-altering transitions. One should also re-
alize that these kHz-accuracy rotational lines are fully disconnected in
themselves, hindering their independent utilization in the derivation of
accurate rovibrational energies.

2.3. Variational nuclear-motion computations

Due to their extremely low intensities (S < 107*° cm molecule™),
no ortho-para transitions of H220 have been observed (see Ref. 56,
dealing with H,°0). Therefore, the energy of the ortho states relative
to the para-type rovibrational ground state cannot be derived solely
from experiment. A possible way to link the ortho and para com-
ponents is to find a path, from (0 0 0)0go to (0 0 0)1y;, which
comprises highly accurate experimental transitions and a virtual line
between nearly degenerate para and ortho levels.”*® Adjacent
(v1 v2 v3)Jj0n pairs with fairly large J values are the most suitable
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TABLE 1. The list of experimental transition frequencies of HZISO measured in the TABLE 1. (Continued.)
present study”

No. Assignment Frequency (kHz)
No. Assignment Frequency (kHz)

54 (200)8,6 — (00 0)835 212396174588.1 + 1.8
1 (200)3,, — (00 0)4s, 209 868 445 082.8 + 2.6 55 (021)65, — (000)7, 212425021216.0 + 1.9
2 (02 1)755 < (000)836 209882452997.8 + 2.2 56 (200)1;; « (000)2,0 212431888691.5 + 1.8
3 (200)6;5 — (000)7,6 209899 496 368.1 + 1.7 57 (200)76, < (00 0)8553 212457 641 964.8 + 4.0
4 (002)7,7; < (000)826 209921492496.8 £ 3.6 58 (0 02)505 < (00 0)634 212468032491.7 + 1.9
5 (200)757 < (000)8,5 210061 488259.7 + 1.9 59 (200)761 «— (00 0)854 212483 637001.1 + 2.5
6 (200)7,7 < (000)8 210068 848907.1 + 2.2 60 (002)936 < (00 0)104, 212522812549.7 + 2.0
7 (200)315 < (00 0)4,, 210077 627952.7 + 1.9 61 (200)64, — (000)755 212661534864.2 + 5.3
8 (200)1074 < (00 0)11¢5 210082791341.3 £ 5.2 62 (02 1)635 <« (000)6,6 212795126 999.3 + 2.9
9 (021)836 < (000)8;; 210094473 065.9 + 2.1 63 (200)65, < (000)743 212822890978.6 + 1.9
10 (120)1056 < (0 0 0)10, 210102547 824.2 + 3.9 64 (02 1)65, < (00 0)55, 212834 466230.7 + 2.4
11 (120)854 — (000)8,5 2101092311354 + 2.9 65 (101)945 < (000)10,5 212866421839.1 + 5.7
12 (02 1)535 < (00 0)43, 210208 825509.3 + 1.9 66 (200)3;5 «— (00 0)44 212872456178.3 + 2.0
13 (002)755 — (00 0)82 210238338294.5 + 2.9 67 (200)4;4 — (00 0)4,5 212929950 045.8 + 2.0
14 (002)75, < (000)8¢3 210250 167 306.0 + 2.0 68 (200)6,5 < (000)6,4 213058109278.7 + 1.9
15 (200)6,5 — (000)7,6 210261 620255.5 + 2.4 69 (002)5,1 < (00 0)65, 213059106853.4 + 1.8
16 (200)8,5 — (000)8,, 210373340 020.8 + 2.0 70 (002)9,5 — (000)9, 213163968 943.1 + 6.7
17 (02 1)65, < (000)735 210463 636255.0 + 1.9 71 (002)9,, « (00 0)9, 213164208 347.5 + 5.8
18 (200)744 — (000)753 210470423 741.5 + 2.5 72 (200)2, — (000)3; 5 213210411131.7 + 2.2
19 (101)2,,«(000)33, 210514705424.9 £ 1.9 73 (10 1)4;5 < (000)45, 2133410786685 + 1.9
20 (200)954 — (000)10,, 210533593552.4 + 2.6 74 (200)3,5 < (000)3,, 213366458 394.9 + 2.2
21 (002)615 < (000)744 210543831004.2 + 2.1 75 (002)8,, « (000)8, 2133919381729 + 3.3
22 (021)8;, < (000)8;, 210623111969.9 + 2.1 76 (002)8,1 « (00 0)8g, 213391 975467.9 + 2.0
23 (021)8,; « (000)8;, 210623 149726.8 + 2.0 77 (02 1)645 < (00 0)6,5 2134241397183 + 1.9
24 (200)642 < (00 0)6s, 2106423471240 £ 1.9 78 (200)2;5 < (000)303 2136076577216 £ 1.9
25 (200)2,; « (000)35, 210751278292.3 + 1.8 79 (101)9,; < (000)9, 213764 920554.2 + 2.9
26 (200)66 < (000)7,7 210761361419.2 + 2.1 80 (101)9g5 « (000)9, 213765046 786.3 + 10.5
27 (200)415 < (000)5,4 210973 092183.2 + 2.1 81 (002)441 < (00 0)55, 213838639896.6 + 4.3
28 (02 1)655 — (00 0)5;, 210984903 696.3 + 1.9 82 (002)4,0 «— (00 0)55, 213840 105039.0 + 4.3
29 (002)65, < (000)76, 211042347186.7 + 3.4 83 (10 1)830 « (000)8g, 213842661994.1 + 5.4
30 (200)9,, — (00 0)10g5 211044013161.2 + 4.9 84 (101)85; « (000)8g 213842677140.0 + 5.5
31 (00 2)65, < (000)7, 211044507 755.4 + 3.0 85 (101)945 < (000)86, 213872692528.5 + 6.2
32 (002)936 — (000)93 211185551179.7 + 7.7 86 (101)305 < (00 0)44 2140424121421 + 2.7
33 (101)5,3 < (000)54, 2114121500184 + 2.0 87 (200)3,, < (000)3,, 214113924567.5 + 1.9
34 (200)515 < (000606 211474638361.0 + 1.9 88 (002)555 «— (00 0)64, 214147221487.9 + 2.1
35 (200)3,, — (000)4,3 211481121076.1 + 2.2 89 (101)2,0 « (000)3,, 214200947005.1 + 1.7
36 (200)855 — (00 0)954 211517294 984.1 + 2.2 90 (120)1074 — (00 0)1045 214260053 267.7 + 4.3
37 (200)8s, — (000)9s5 2116017148904 + 2.2 91 (101)93 < (00 0)94 214285337287.4 + 5.4
38 (021)8g; « (00 0)8gy 211625155965.8 + 12.6 92 (200)1,; < (000)2, 214376212856.0 + 2.0
39 (02 1)850 « (00 0)85, 211625156251.5 + 11.3 93 (002)9,5 — (000)8,, 214446971 830.5 + 25.8
40 (101)6,4 — (00 0)6,3 211757 813697.5 + 2.0 94 (101)734 < (00 0)6s, 214581817277.2 + 2.3
41 (200)7535 < (000)844 211772255666.0 + 1.8 95 (101)734 < (000)8,, 214600 396 009.0 + 2.4
42 (02 1)64, — (00 0)5,, 2117950071754 + 1.8 96 (200)29, — (000)2,, 214612822648.1 + 2.0
43 (200)45,; < (00 0)440 211869866 812.5 + 2.0 97 (101)955 < (000)9s4 214669009 738.4 + 2.0
44 (021)535, — (000)5,5 211872275376.4 + 2.1 98 (200)94 < (00 0)8,, 214741979846.0 + 7.5
45 (200)696 < (000)6, 5 212044 662857.8 + 2.0 99 (02 1)655 < (00 0)633 215084984 856.9 + 1.8
46 (200)4y5 < (000)5,4 212061548824.1 + 2.3 100 (10 1)1 < (00 0)2, 215313738118.4 + 2.2
47 (101)744 « (00 0)66, 212129230354.3 + 2.6 101 (200)55,5 — (00 0)4y, 215518271848.0 + 2.5
48 (021)330 < (000)2,, 212153903036.5 + 2.7 102 (200)4,3 «— (000)350 215540744 478.2 + 2.0
49 (200)4;4 — (000)505 212167 678948.1 + 2.1 103 (200)4,4 < (000)3,, 215562753539.0 + 2.4
50 (002)643 < (00 0)75, 2122374225974 + 2.5 104 (101)743 < (000)7,4 215591 396 440.7 + 2.0
51 (101)745 < (00 0)66, 212254 745824.1 + 6.1 105 (101)3,5 < (000)3,, 215607014 166.6 + 2.0
52 (101)315 « (000)35, 212326561977.8 + 1.8 106 (200)954 < (00083 215780605 369.9 + 2.3
53 (200)554 < (000)53 2123452142310 £ 2.0 107 (00 2)453 < (000)55, 215812069 399.3 + 2.0
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TABLE 1. (Continued.)

No.

Assignment

Frequency (kHz)

108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161

(0o 2)75,3 — (0 0)76,2
(0o 2)75,2 —(000)76,
(1o 1)21,2 — (00 0)21,1
(0o 2)65,2 — (0 0)66,1
(0 02)65; « (00 0)66,0
(101)553 < (000)606
(20 0)31,2 — (0 0)30,3
(20 0)20,2 — (00 0)11,1
(20 0)31,2 —(©0 0)22,1
(1 0 1)22)0 — (0 0 0)30,3
(20 0)11,1 — (0 0)00,0
(12 0)88,0 — (0 0)87,1
(120)8, < (000)8,
(02 1)87,2 <00 0)77,1
(02 1)87,1 — (00 0)77,0
(02 1)64,2 — (0 0)52,3
(101)3g3 « (000)2;,
(0o 2)71,7 — (0 0)64,2
(1o 1)93,6 — (0 0)85,3
(20 0)22,1 — (00 0)21,2
(0 0 2)97’2 «— (0 0 0)106,5
(200)2;, < (000)1g,
(0o 2)61,5 — (0 0)72,6
(20 0)65,2 — (0 0)72,5
(2 0 0)86,3 — (0 0 0)93,6
(20 0)41,3 <00 0)32,2
(200)453 < (000)4;,4
(1o 1)54,2 — (0 0)62,5
(0 02)643 < (00 0)65,
(20 0)31,3 ~ (00 0)20,2
(1o 1)10,1 (00 0)009
(002)54; < (000)5s
(1 0 1)98,2 «— (0 0 0)106,5
(200)5,4 < (000)5;5
(20 0)74,4 — (0 0)73,5
(0o 2)94,5 — (0 0)95,4
(10 1)654 < (000)65
(0o 2)87,1 < (00 0)96,4
(200)753 «— (00 0)744
(20 0)62,5 — (0 0)61,6
(200)2,; < (000)1;9
(20 0)96,4 — (0 0)95,5
(1o 1)41,3 < (00 0)41,4
(20 0)65,2 — (00 0)64,3
(200)1074 < (0 0 0)10¢5
(200)86, < (000)853
(20 0)51,5 — (0 0)40,4
(20 0)85,3 — (0 0)85,4
(20 0)76,1 — (0 0)75,2
(20 0)76,2 —(©o0 0)75,3
(200)9,, < (00 0)%3
(20 0)97,3 — (0 0)96,4
(20 0)32,2 — (0 0)21,1
(0 02)505 < (000)6,6

2160931037923 £ 2.6
216103706730.5 £ 5.9
216129993563.2 £ 2.2
216168223250.8 £ 2.5
216170204 632.1 £ 2.3
216199773829.6 £ 2.3
2163462564452 £ 1.9
216352817189.0 £ 1.8
216432023528.1 £ 1.8
216433278881.6 £ 1.8
216472584311.6 £ 1.8
216483694 353.7 £ 9.0
216483717 383.2 £ 6.7
216489812790.6 £ 3.8
216489 825683.5 + 2.4
216580721741.8 £2.2
216634 144652.6 £ 1.8
216757 805909.1 £ 2.0
216799 357582.5 £ 3.8
2168466091413 £ 1.8
216968 496 740.6 £ 14.5
2169827735179 £ 2.1
2169983017103 £ 5.4
2171772834039 + 2.1
217177 808391.7 £ 5.5
217251114072.7 £ 2.2
217293885932.1 £ 1.9
217331676827.7 £ 1.8
217367677 127.3 £ 1.8
217408 512852.7 £ 2.1
217410109567.6 £ 1.7
217447 865443.1 + 2.1
217569335181.0 £ 25.3
217602988 556.8 + 1.8
217612335109.7 £ 1.9
217626736744.6 £ 2.2
2177711125962 £ 2.3
217886 018263.8 £ 25.3
217904310316.5 £ 1.8
2179467408204 £ 1.8
217954798734.0 £ 2.2
217999528718.1 + 3.1
218001743321.6 £ 2.4
218059270648.7 £ 1.8
218150542 878.7 £ 6.1
218161537779.0 £ 2.4
218178 362696.5 £ 1.9
2181799866349 £ 1.9
218334548220.7 £ 2.0
2183400437544 £ 2.0
218340933409.3 £ 2.8
2183452995334 £ 3.4
2184399248272 £ 1.9
218464971503.2 £ 2.1

ARTICLE scitation.org/journalfjpr
TABLE 1. (Continued.)
No. Assignment Frequency (kHz)
162 (200)6p6 — (000)5;5 218519112560.5 £ 1.9
163 (002)555 — (00 0)5,5 218573 455208.2 + 2.1
164 (10 1)305 < (000)2, 218578 468 816.8 + 2.0
165 (002)645 — (000)7;54 218582638989.0 +£ 2.3
166 (02 1)65, « (00 0)6,5 218605 445 288.7 + 2.0
167 (0 02)45, — (00 0)dy, 218657009 780.6 + 4.4
168 (2000615 — (00 0)554 218666316036.3 + 2.2
169 (120)1056 < (000)10,9 218682073 260.7 + 4.3
170 (002)4;5; < (00 0)440 218712072101.4 + 4.3
171 (200)4,5 — (000)3,, 218821196666.6 + 1.9
172 (02 1)755 < (000)7,6 2188765706932 + 2.2
173 (200)7, « (000)6,4 2189249241135 + 2.1
174 (200)7,7 < (00 0)606 218944686727.2 £ 2.2
175 (021)856 — (00 0)7,, 218953589 662.3 + 4.2
176 (002)4,5 —(000)5,4 219030888618.5 + 2.2
177 (200)5,4 < (000)4, 5 2191143182728 £ 1.8
178 (101)10,, < (00 0)10,4 219116362 450.6 + 2.9
179 (200)8y5 — (000)7, 219303346 196.8 + 1.6
180 (200)8,5 — (00 0)7,, 219311239691.7 + 1.8
181 (101)54, < (000)4,, 219364 489739.6 £ 2.2
182 (200)8,6 — (000)7;55 219428314316.7 £ 2.0
183 (200)64, — (000)7, 219520042451.7 £ 4.9
184 (101)74q « (000)755 219706219845.0 + 1.8
185 (002)9;5 < (000)8g, 219775912292.8 + 4.5
186 (002)9,, — (000)8s, 219776 155143.7 + 4.9
187 (10 1)250 < (00 0)1o, 219808394 678.7 + 2.0
188 (101)93 < (000)10,5 219857498428.2 + 18.3
189 (101)8;; < (000)7,, 219863960903.2 + 2.6
190 (10 1)85, « (00075, 2198642057809 + 2.9
191 (002)6,5 — (000)54, 220057792912.1 £ 2.5
192 (002)5,, — (000654 220095044911.2 + 1.9
193 (120)854 < (000)7,5 220187752450.6 + 2.0
194 (200)45; < (000)3,, 220201 599204.0 £ 2.0
195 (02 1)64 « (00 0)55 2202115627858 + 1.8

“The assignments given follow the notation of Fig. 4. The uncertainties behind the + signs
represent 68% confidence level. Note that three of the listed transitions were determined
to be 214200946 980(30) kHz [(1 0 1)2, « (0 0 0)3,,], 215607014 210(30) kHz
[(101)3,5 «— (00 0)3,,], and 216 129993 490(30) kHz [(1 0 1)2,, — (0 0 0)2,,] by
Gambetta et al.,”” showing deviations of 25, 43, and 73 kHz from the NICE-OHMS
frequencies, accurate to about 2 kHz, respectively.

candidates for the virtual transitions as their energy differences, here
called 0/1 splittings, can be obtained with high accuracy via state-of-
the-art variational nuclear-motion computations.”” These accurate
quantum-chemical computations were executed here with the latest
version”® of the fourth-age’” GENIUSH (GEneral rovibrational code
with Numerical, Internal-coordinate, User-Specified Hamiltonians)
Code.‘s‘),(\(J

During the quantum-chemical computations, enlarged vi-
brational basis sets were utilized, involving multiple potential
energy surfaces (PESs) of spectroscopic quality. Several out-
standing PESs have been reported in the literature for H;°O and
H,%0,°" " which can be employed to deduce accurate 0/1
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FIG. 6. Lamb-dip spectra of four typical H,%0 transitions recorded with the NICE-OHMS setup. On the left and right panels, para- and ortho-H, >0 transitions are depicted,
respectively. The Lamb dips are plotted along the same (relative) frequency axis, and they exhibit varying degree of power broadening. The vertical axis refers to relative absorption

strengths for the Lamb dips.
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FIG. 7. Recordings of unusual features in the spectra of H,%0. Panel (a) shows the Lamb-dip spectrum of the (02 1)8,o/1 < (0 0 0)8g 4,0 doublet measured b
technique in saturatlon by the power circulating on the sideband frequency. Panel (b) exhibits the Lamb-dip profile of the weakest (S = 1.4 x 1072
s7") line probed during the experimental campaign, (0 0 2)87.1 — (0 0 0)9%., averaging over 20 scans.

Ae=15x1073s

splittings. As the computational details are quite similar to those
presented in Supplementary Note 4 of Ref. 48, only the most
important aspects are emphasized here. Above all, in spite of the
fact that absolute energies cannot be determined with an accuracy
comparable to (ultra)high-precision experiments, the 0/1 split-
tings can have ultrasmall uncertainties. The reason is that energy
shifts resulting from deficiencies of the PES are almost fully
compensated when differences between rovibrational energies of
highly similar, nearby states are formed. In addition, errors arising
from the incompleteness of the vibrational basis set are also wiped
out this way (the rotational basis is complete). As a consequence,

-0.5 00 05
Frequency detuning / MHz

}/ the 3fdemodulation
cm molecule™" and

the 0/1 splittings are more or less independent of the PESs and the
basis sets used for their computation.

Besides the 0/1 splittings, the energy differences of other close
ortho/para state pairs, differing only in their K, or K. numbers, can
also be derived with high accuracy. Similarly precise predictions can
be given for the relative positions, both their signs and absolute
values, of nearby (U; « L,, U, « L,) transition doublets, showing
roughly 1:3 intensity ratios, where U;/U, and L,/L, are ortho/para or
para/ortho state pairs. These relative positions can be determined
from a properly signed sum of the underlying ortho/para energy
splittings.
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(c)

o1 = 7117.990 121 950(67)
03 =7.112(59) x 10°

oy = 7330.943 433 66(16)
E, = 1618.896 063 29(78)
E, = 1862.454 592 33(52)

Refined o; value: Refined o; value:

cy=01+Ey — Ex=
7267.895 117

EH extrapolation:
E;=1768.800 9419

W2020 estimate:
E1=1768.801058(51)

om=oc+E - E;= -
7267.895 000 6

+2 MHz scanl [shift: -0.7 MHz] +4 MHz scanl [shift: 3 MHz]
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FIG. 8. Story of the detection of the two weak lines necessary for the determination of the (0 0 0)8 o4 States. Panels (a) and (b) indicate the two weak transitions (in light blue and
brown) selected for measurement and define the parameters of this figure with their origin (NICE-OHMS observation, SNAPS-based estimate, combined SNAPS/EH prediction, or
GENIUSH computation). The SNAPS/EH combination means here that the relative SNAPS energy values are converted to absolute energies by including the (0 0 0)1o 4 energy
deduced from an EH model (see also Sec. 3.6). The specification of the energy levels is the same as in Figs. 4 and 5. If the o5 (virtual) line is not considered, then these two panels
correspond to A-correction schemes. Panel (c) presents two routes for the observation of the two weak lines (where no units are given, the data are in cm™"). The left route,
represented with red arrows, relies on the energy value of the (0 0 0)8 ¢ state extrapolated from a preliminary EH fit. This route provided a low-quality Lamb-dip profile for the light
blue transition around the refined (initial) o, value in a range of +2 MHz, shifted by —0.7 MHz. Based on the center of this scattered profile, no signal could be found for the brown
line by scanning a region of +2 MHz around the adjusted (initial) o5 wavenumber. Therefore, the right route, illustrated with green arrows, was tried, where the W2020 energy of
(00 0)8s,0, having an uncertainty of ~1.5 MHz, was adopted to give a refined o> line position. From this empirical energy, a well-behaved Lamb-dip curve [see Fig. 7(b)] could be
recorded whose position is translated by 3 MHz from the W2020-based prediction for 0. The newly probed line is separated by 8 MHz from that resolved on the left route, which
must be a ghost transition produced by the optical system of NICE-OHMS. Then, drawing on the NICE-OHMS value of o, and o3 splittings (see Sec. 3.5), an accurate estimate
could be derived for o5, from which a similarly correct line profile was observed for the brown transition with a shift of just 20 kHz. With the aid of the experimental o5 position, the
SNAPS/EH prediction for (0 0 0)8g 4 could be derived.

3. Results and Discussion
3.1. Ultraprecise NICE-OHMS spectra

Lamb dips of 195 rovibrational transitions, involving six
vibrational bands [(0 0 0), (120), (021),(200),(101),and (00 2)]
and characterized with J < 11, were recorded. Due to the careful
(SNAPS) design of the NICE-OHMS measurements, the ultraprecise
lines of both ortho- and para-H,* O are internally connected, allowing
the transfer of the observational accuracy to that of the derived relative
energies. Typical Lamb-dip spectra of the observed transitions are

observed. Resolution of these closely spaced lines is far from trivial in
Doppler-limited spectroscopy, if feasible at all. Thus, it is not sur-
prising that while these nine doublets were studied, they could not be
resolved in Refs. 65-68, which reported a single wavenumber for each
of these pairs. In the NICE-OHMS spectra, the lines of these doublets,
with a separation greater than 300 kHz, are well isolated, yielding
accurate individual frequencies for the underlying transitions.

It is emphasized that these small doublet separations derived
from NICE-OHMS spectra can be reproduced well by quantum-

seen in Fig. 6.
As one of the most important experimental results of this work,
nine transition doublets separated by less than 300 MHz were

chemical computations having a relative uncertainty of 1%-5%. For
example, the separation of (1 0 1)9g,,; < (0 0 0)9g 1, is measured as
126.2321(109) MHz by NICE-OHMS, which agrees well with the
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FIG. 9. Pressure shifts of the Lamb-dip centers for a number of selected transitions
in H,'80. The shifts are related to the line frequencies in vacuum. The rovibrational
assignments and the pressure-shift coefficients (slopes, inside the brackets, given in
kHz Pa~") are provided for each line in the legend to the figure.

quantum-chemical prediction of 128.1(24) MHz, obtained as part of
this study (see Secs. 2.3 and 3.5). Likewise, the NICE-OHMS sepa-
ration of the (0 2 1)8g,; < (0 0 0)8; ;0 doublet, 286(17) kHz, agrees
with its quantum-chemical counterpart, 306(13) kHz.

The last extremely close-lying doublet, with a separation at the
border of our resolvability limit (300 kHz), could still be resolved, at
least partially, by exploiting some special features of the NICE-OHMS
technique: here, we relied on 3f-demodulation with the lock-in de-
tector and recording of the Lamb-dip features via saturation by the
sideband power shifted by one FSR. The spectrum of this doublet is
presented in Fig. 7(a). The optical methods applied will be discussed
in a future publication.

The lines probed during the measurement campaign for para-
and ortho-H;*0 are presented in Figs. 4 and 5, respectively. The
measurements were designed to cover all the (000)Jk, . states up to
J = 8; thus, these transitions are very different both in their S and Ag
values. Lines incident to low-K,, states were straightforwardly de-
tectable due to their ideal strength (Ag = 10°-1 s and S =
107°-107" cm molecule ™), while those linking K, > J/2 levels were
considerably weaker (S < 1 X 107¢ cm molecule™"), making their
experimental study challenging. The improved accuracy of the initial
positions achieved via the A-correction scheme (see Sec. 2.2) reduced
significantly the technical difficulties, but observation of the weakest
line profile [see Fig. 7(b)] still remained difficult. It was a complicated
task to build suitable paths linking the (0 0 0)8g o/, energy levels to the
lowest-energy paral/ortho states. The first (unsuccessful) and the
second (successful) routes to find an experimental realization for
these paths is outlined in Fig. 8.

Another issue beyond line strength is that transitions located in the
close vicinity of a particular target line may disturb its observation. These
disturbing lines, corresponding to H}20, H1°0, and even HD'®0, can
distort and often conceal the target transition completely. As an empirical
rule, candidate lines adjacent to too strong (S > 1 X 107> cm molecule™)

ARTICLE scitation.org/journalljpr

H,°0 lines at a distance smaller than 350 MHz could not be properly
resolved due to spectral overlaps. Thus, such candidates were mostly not
considered during the SNAPS analysis.

In the cases when the adjacent lines have almost identical S and
Ag, values, one cannot fully decide which water isotopologue is in-
terrogated by the spectroscopy laser. For example, when the (20 0)6,4,
— (00 0)6s, transition of H,*O was targeted, its neighboring H,°O
line, (0 2 1)655 < (0 0 0)5, 4, separated by just 10 MHz, was acci-
dentally measured (these close-lying lines would be unresolvable
under Doppler-broadened conditions, distorting the effective posi-
tion of the unresolved line pair). A similar “mistake” was made during
the planned observation of the (2 0 0)9;, < (0 0 0)9 ; transition of
H,%0: in this case, the (0 0 2)45; < (00 0)4,, line of HD'0, located
39 MHz away from the H,®O line, was probed. These issues were
discovered when the discrepancies of the newly formed cycles were
analyzed as part of the SNAPS scheme, and the EH fit was performed
for the lower-state energy differences of the A shapes (Fig. 2) com-
posed of NICE-OHMS transitions. The six-membered cycle that
helped reveal the inconsistency in the first example given can be
inspected in Fig. 3(d).

3.2. Uncertainty quantification

The uncertainties of the line positions listed in Table 1 depend on
several experimental factors. In this study, the following decompo-
sition is used to estimate the frequency uncertainty (6):

6= \/6§tat + agay + 85911 + 8;2)0w + Slzyres’
where the meaning of the individual terms is explained below.

The statistical uncertainty, 8y, gauges the reproducibility of
the NICE-OHMS frequencies. For transitions with ideal
strength, &, is approximated as the standard deviation of the line
centers obtained from 3 to 4 scans (requiring about 10 min for each
scan). For extremely weak (S < 107%° cm molecule™) lines, 8y is
estimated individually from their data-averaged spectra overlaid by
multiple scans (the locking of the diode laser to the OFC laser
enabled merging multiple recordings without causing drifts on the
frequency scale). Due to the high sensitivity of the NICE-OHMS
spectrometer, the very strong (Ag > 1 s 1) transitions with low J
values may be affected by power broadening, inducing somewhat
larger & values in certain cases. Similarly, in our pressure
range (0.03-1.0 Pa), pressure broadening effected by molecular
collisions also leads to a slight increase in §,, at least for a few lines.

The day-to-day uncertainty, §4.y, is connected to &y, charac-
terizing the long-term reproducibility of the line frequencies and the
stability of the NICE-OHMS setup. The spectra of some transitions
were repeatedly recorded on two to three different days, yielding an
average deviation of 1.5 kHz for these lines. This average deviation is
assigned to Jgay, as a conservative estimate, for each transition ob-
served with NICE-OHMS.

If a target transition could not be properly detected from the
main signal (mostly due to disturbing lines within the scanning
range), then this candidate is extracted from a sideband signal,
which can be calibrated with an accuracy of only 5-10 kHz.
Therefore, an additional calibration uncertainty, d.,, is included in
the uncertainty budget, setting 8.,y = 5 kHz or §., = 10 kHz for
sideband-based transitions and J., = 0 for the other lines.
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TABLE 2. SNAPS-based relative energies, in cm™", for states within the (0 0 0) vibrational band of H,%0?

Assignment Relative Energy (cm™") Assignment Relative Energy (cm™")
pam-Hzlso ortho-H;30
(00 0)000 0.0 (000)1p, 0.0
000)1;, 36.748 658 33(18) (000)1, 18.268 520 34(21)
(00 0)29, 69.927 424 779(90) (00 0)2;, 55.233 746 22(20)
(000)2;, 94.788 628 80(19) (000)2,, 109.720 862 72(12)
(00 0)2,0 134.783 097 849(85) (00 0)305 112.581 744 705(90)
(000)3,4 141.568 041 65(16) (000)3,, 149.127 991 58(18)
(000)3,, 204.755 848 57(14) (00 0)3,, 187.044 320 962(88)
(00 0)33, 282.09447951(21) (00 0)350 258.552 098 18(18)
(00 0)4¢4 221.233988 82(13) (000)44 200.073 593 90(16)
(00 0)4, 5 274.803 169 05(17) (00 0)4,5 274.865 192 41(13)
(000)4,, 314.459 423 65(13) (000)4;, 355.53663270(19)
(000)4;, 380.702 416 96(17) (000)4,, 458.888 542 82(19)
(00 0)440 482.672 526 23(17) (00 0)505 300.291 819 37(14)
(000)5,5 325.21570198(15) (000)5,4 374.605 573 22(19)
(000)5,4 414.168 117 69(17) (00 0)5,5 421.403 640 13(17)
(000)533 500.596 175 55(17) (000)53, 481.973 82527(21)
(00 0)54, 604.544 103 53(19) (00 0)54, 581.037 895 05(16)
(00 0)55, 733.679 238 47(20) (00 0)55, 709.928 031 39(28)
(00 0)606 444.846 163 06(16) (00 0)6,6 421.591 275 45(24)
(00 0)6, 5 541.180 097 68(17) (00 0)6,5 526.695 882 79(16)
(000)6,4 601.237 758 97(20) (000)634 621.627 628 98(26)
(00 0)655 658.610 017 54(19) (00 0)645 727.277 943 42(19)
(00 0)6,, 752.187 368 14(21) (00 0)65, 856.321 260 19(27)
(00 0)6s, 880.114 466 94(25) (00 0)66,1 1009.439 035 53(24)
(00 0)66,0 1033.194 397 48(31) (00 0)7, 560.022 888 71(16)
(000)7, 583.986 426 00(17) (000)7,6 677.939 304 22(26)
(00 0)7,6 706.597 744 73(19) (00 0)7,5 756.697 871 15(21)
(000)735 812.761 614 04(20) (000)734 815.794 494 78(29)
(000)744 921.895713 09(22) (000)743 901.944 768 10(21)
(000755 1050.990 134 39(22) (00 0)75, 1027.448 131 23(29)
(00 0)76, 1204.169 241 57(33) (00 0)76, 1180.419 856 67(28)
(00 0)7,, 1378.986 135 19(42) (00 0)7,0 1355.231 288 07(93)
(000)80s 740.912 244 22(19) (000)8;5 717.243 671 54(26)
(000)8,, 879.494 747 17(23) (0008, 858.159 130 38(19)
(00 0)8,6 980.222 237 92(25) (00 0)856 977.950 777 34(28)
(000)855 1047.328 546 62(22) (000)8y5 1092.881 155 49(24)
(000)8,4 1126.43903921(23) (00 0)854 1222.61352194(31)
(000)853 1247.205 937 44(27) (00 0)863 1375.672 914 85(35)
(00 0)8. 1399.463 197 16(36) (00 0)8,, 1550.922 533 80(92)
(00087, 1574.678 210 30(40) (000)8, 1745.046 284 23(71)
(000)830 1768.801 1952(12) (000)936 1256.042 589 83(37)
(00 0)955 1466.018 076 09(29) (000)954 1444.856 993 15(33)
(000)9,4 1618.896 063 29(78) (00 0)9,3 1595.300 627 69(45)
(00 0)9. 1989.351 885 3(12) (00 0)9, 1965.597 089 29(71)
(00 0)10,4 1433.028 774 36(45) (00 0)10,, 1264.512 225 85(41)
(000)104, 1550.694 389 79(36)
(0 0 0)1045 1 838.699 687 72(49)
(00 0)1145 2107.810911 90(56)

“The uncertainties of the last few digits are indicated in parentheses and related to the 68% confidence level. The ortho and para
states are provided with their energy values relative to the (0 0 0)0g, and (0 0 0)1,; energies, respectively. The relative energy
values of the vibrationally excited rotational states determined in this study are reported in the supplementary material.
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The uncertainty due to laser-power-induced shifts, (Spow, was
indiscernible, i.e., below 1 kHz, during the measurements. Thus, a
robust estimate of &0, = 0.5 kHz is employed for all transitions.
Nonetheless, to suppress power effects, the circulating power in the
cavity was lowered in those cases where possible.

As long as the vapor pressure is non-negligible within the
water cell (see Fig. 1), the pressure-shift uncertainty, dpyess» can be
significant. For eight lines, the pressure-shift effects were explicitly
investigated by determining spectra over a range of pressure values
(see Fig. 9). The frequency (f) of a particular transition for which
pressure-dependent experiments were conducted was extrapolated
to zero pressure by fitting a linear pressure-shift model,

f =Cp+ fvao (1)

where p is the vapor pressure applied, f,,c is the line frequency in
vacuum, and C is the pressure-shift coefficient (slope). For those
transitions recorded at multiple pressure values, 8y = 0 is used,
except one line, (2 0 0)9s,4 < (0 0 0)8¢,3, which is associated with
Opress = 1 kHz due to the higher (0.4 Pa) pressure applied during its
observation. As the C values of these transitions were all well within
the range of [-20, +15] kHz Pa™", Opress = Cefp is assigned to the rest of
the lines, where C.i = 20 kHz Pa™ ' is the (unsigned) effective value of
C and p = 0.04 Pa for most transitions. This means that e is less
than 1 kHz for all the lines. Similar to the Lamb dips*® and Doppler-
broadened® transitions of H2°0, the experimental C values of the
H280 lines do not exhibit clear trends, at least not for low Jvalues (that
is, for ] < 11 probed in our case), as a function of the rovibrational
quantum numbers.

Three lines of the Gianfrani group,’” claimed to be accurate to 30
kHz, were remeasured with the NICE-OHMS spectrometer, per-
mitting one to make a direct comparison between the old and new
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frequency values (for details, see the footnote to Table 1). This
comparison demonstrates that (a) our observations are an order of
magnitude more accurate than the values of Ref. 37 and (b) the
deviations of two lines are outside the uncertainty claimed in Ref. 37.
The larger differences may be ascribed to the fact that the transitions
of Ref. 37 were recorded at a pressure of 10 Pa, which is 250 times
higher than that applied during most of our experiments (further-
more, the 15 kHz pressure-shift uncertainty given in Ref. 37 seems to
be slightly optimistic in view of our Cg = 20 kHz Pa™" value).

As an independent verification of the frequency uncertainties
and the line assignments, the NICE-OHMS transitions were closed
into cycles of varying lengths. In a few cases, these cycles helped
uncover that certain lines were misassigned or other mistakes were
made during the experiments. The discrepancies of the cycles built
from the validated transition dataset are typically on the order of 10
kHz or better, corroborating the outstanding internal consistency of
the resolved lines. The fact that several transitions take part in
multiple cycles further validates the accuracy of the observed lines. A
couple of short cycles are drawn in Fig. 3 [panels (a)-(d)], while the
cycles specified by the starred transitions of Figs. 4 and 5 are col-
lected in the supplementary material. Note that the cycle of Fig. 3(a)
exhibits a fairly small discrepancy (0.8 kHz) due to its transitions of
low Ogtar values (well below 1 kHz). Although it may occur that
these lines have sub-kHz accuracy, this assumption needs further
experimental investigation and verification.

3.3. Ultraprecise relative energy values

Owing to the SNAPS design of the measurements, the ultrahigh-
accuracy para (Fig. 4) and ortho (Fig. 5) lines of H,®0 form connected
sets, allowing the determination of ultraprecise relative energies for

observed (NICE-OHMS)
A observed (microwave)
o SNAPS-predicted

T T T T T T
0 400 800 1200

— T
6000 6500 7000 7500 8000 8500

Wavenumber / cm™

FIG. 10. Graphical representation of the high-accuracy benchmark line list of Hzl 80. The wavenumbers are calculated from the SNAPS-based relative energies of Table 2, while the
one-photon, electric-dipole-allowed intensities are derived from the Einstein-A coefficients of Ref. 47. The green squares and the red triangles denote transitions observed in this
study and in Ref. 13, respectively, while the blue dots correspond to SNAPS-predicted lines. In spite of the fact that the direct experimental transitions are limited to the ranges 5-15
and 7000-7350 cm~", the predicted lines extend between 0~1250 and 5900-8380 cm™". The points related to the upper left, lower left, and upper right quadrants represent P —
P"=0-0,4-4,and4 - 0, transitions, respectively, where P" and P'’ denote the polyad numbers of the upper and lower states, respectively.
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the involved ortho and para states [of course, relative to (00 0)1, ; and
(0 00)09,0, respectively]. The relative energy of a rovibrational state is
calculated by assembling a lowest-uncertainty path from (0 0 0)1, ; or
(000)0g to the desired energy level and using the Ritz principle in a
successive fashion. Two illustrative examples of such paths are given
in Fig. 3 [see panels (e) and (f)], which specify the relative energies of
the (0 0 0)4,5 and (0 0 0)2;; states with definitive uncertainties (the
full list of the utilized paths is placed in the supplementary material).

As exemplified in Fig. 3(e), the relative energies of the p™ and o~
levels are determined by paths consisting only of NICE-OHMS
transitions and running within their subcomponents. This means
that the underlying energy levels are extremely well determined by the
new observations. However, to derive the relative energy values of the
p and o" states, the related paths should include at least one pure
rotational line linking p~ with p* or 0" with o™

While the NICE-OHMS measurements were performed to explore
the relative energies of the (00 0)/k, k. states with J < 8, construction of
the underlying paths demanded the inclusion of several higher-/ states, up
to J = 11. These rotational energy levels, important hubs within the entire
experimental SN of HZISO,8 are the lower states of 16724 lines out of the
26696 observed transitions with distinct assignment.

The relative energies of Table 2 are highly useful to experi-
mentalists whose desire is to utilize their spectra to derive precise
relative upper-state energy values from a bunch of linear schemes [see
Fig. 3(a)].”*" Although the uncertainties of the lower-state energies
are often neglected during the analysis of these connection
schemes,”*”” they might affect significantly the accuracy of the upper-
state energies deduced.””

Taking all the vibrational bands into consideration, altogether
188 energy levels are redetermined with high accuracy, of which 93, 5,
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11, 35,23, and 21 lie on the vibrational parents (00 0), (120), (02 1),
(200),(101),and (00 2), respectively. Although the 7000-7350 cm™!
region includes observable lines with lower states on the (0 1 0)
bending fundamental, they are not linked to the ortho or the para
ground state by paths. Hence, such target lines were not selected by the
SNAPS method for measurement.

The relative energy values of Table 2 have an uncertainty of
2-4 X 1077 cm™" for most states, while those passing through very weak
lines [such as (0 0 0)8g and (0 0 0)95,] are accurate to ~ 1 X 10°cm™.
This accuracy, albeit based on near-infrared transitions visiting highly
excited vibrational states, is at least one (but often two) order of mag-
nitude higher than that” achieved via the direct traversal of the (00 0) pure
rotational levels."’

3.4. Benchmark-quality reference line list

The pure rotational energies of Table 2 allow the construction of
an ultrahigh-accuracy transition dataset, called benchmark line list,
for both para- and ortho-H; 0, obeying one-photon, electric-dipole
selection rules (for technical details, see Supplementary Note 6 of Ref.
48). The intensities of the lines were taken from Ref. 47. The
benchmark line list, extending between 0-1250 and 5900-8380 cm
is available in the supplementary material, and its graphical overview
is shown in Fig. 10.

The benchmark line list contains 1546 transitions, about half of
which are below 1250 cm ™. The majority of these lines are now known
with an accuracy two or even three orders of magnitude better than
before."* >’ 557 transitions are characterized by an intensity larger than
5 X 107** cm molecule™, corresponding to 1 X 107> cm molecule™ by
taking into account the atmospheric abundance of H;*0. These
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FIG. 11. Theoretical 0/1 splittings up to J = 10 for various vibrational bands of H,%0. This figure displays the 0/1 splitting values (see Sec. 2.3) obtained with the GENIUSH
code.”** The points denoting the 0/1 splittings are related to the left vertical axis, while the bars representing the uncertainties of the 0/1 splittings are plotted on the right vertical
axis. For splittings illustrated with dots, the K. = 0 energy is greater than its K, = 1 pair, while for those indicated with squares, the converse relation is satisfied. The red and yellow
points with a green box designate the (0 0 0)8g o1 and (12 0)8s o1 Splittings, respectively, which are contained in the two paths from (00 0)0q o to (00 0)1¢ 1 (see Fig. 13). These two
0/1 splittings are determined to be 7.112(59) X 107° and 4.63(14) X 1078 cm™", respectively.

J. Phys. Chem. Ref. Data 50, 023106 (2021); doi: 10.1063/5.0052744
©Author(s) 2021

50, 023106-15


https://www.scitation.org/doi/suppl/10.1063/5.0052744
https://www.scitation.org/doi/suppl/10.1063/5.0052744
https://doi.org/10.1063/5.0052744
https://scitation.org/journal/jpr

Journal of Physical and ARTICLE - : ,
Chemical Reference Data scitation.org/journal/jpr
1 1
10 Yeeceens [ (000) 10
40

0 _ ° o 0

10 ° Ca20) F 10

- 4o ¢ o ez f
e 1073 Ceoo £ 107 <
© [ (101) 3
= 107 5 oy F 102 @
2 . B
C =
'S 10% 3 10% 2
g . 2
g’ 10 4 ° . 104 g
k= »
g— 10_5 3 ° R 10-5 g
S 10 + 106 =

107 ‘ 107

108 Il | 10

J

FIG. 12. Theoretical 0/1 splittings up to J = 10 for various vibrational bands of H,°0. The points and bars of this figure have the same meaning as in Fig. 11.

ultraprecise lines may serve as calibration standards for high-resolution
experiments in atmospheric spectroscopy. The benchmark line list
also contains 54 (mostly ortho-para) doublets, with separations
less than 0.01 cm™ among them, there are 17 lines characterized with
S >5 X 107%* cm molecule . The 316 transitions below 1250 cm ™
with § > 5 X 1072* cm molecule™ help assess the former measurements
performed in this region'* "’ and claimed to be accurate to
107°-10"* cm™". Pressure-shift effects appear to lower significantly the
accuracy of the previously observed lines.

3.5. Theoretical 0/1 splittings and relative doublet
positions

The two states of the (vi vy v3)Jjo/1 pairs, here called 0/1
splittings, are either ortho or para. The 0/1 splittings and the rela-
tive doublet positions have been obtained through first-principles
computations for a series of rovibrational states up to J = 10, within the
ground vibrational state and the vibrational bands of the P = 4 polyad.
For an improved comprehension of the characteristics of the 0/1
splittings, nuclear motion computations were performed both for
H,*0 and H,°0, with their results depicted in Figs. 11 and 12,
respectively.

The following four PESs have been utilized: CVRQD,*"**
including as well as excluding the diagonal Born-Oppenheimer
correction (DBOC, the D part of the additively built CVRQD PES);
POKAZATEL;"* and FIS3.” The CVRQ(D) and POKAZATEL PESs
have been developed for H,°0, while the FIS3 PES was designed
explicitly for H3*O. Each computation with a specific PES was re-
peated with two large but sufficiently different vibrational bases,
resulting in eight distinct computations. Designating a relative
doublet position or a 0/1 splitting with v, its uncertainty is given as
U(v) =2 SD(v), where SD(v) is the empirical standard deviation of the
individual estimates for v taken from the eight computations. As the
relevance of the relative doublet positions, whose values are deposited

in the supplementary material, is explained in Sec. 3.1, only the 0/1
splittings are analyzed here in detail.

Upon the increase in J, the computed 0/1 splittings show a
roughly exponential decrease; see Figs. 11 and 12. Splittings of 107>
cm™' (corresponding to 300 kHz) are reached by J = 8 for both water
isotopologues. The uncertainties of the theoretical 0/1 splittings
have to be well below 10™® cm™ for the network-based determi-
nation of the lowest ortho energy value (see Sec. 3.6). This accuracy is
ensured by most 0/1 splitting values with J > 8.

The 0/1 splittings, as well as their accuracy, depend strongly on
the underlying vibrational excitation. The computational inac-
curacy principally originates from the PES, with gradually in-
creasing relative uncertainties as J increases. Certain points, such as
(1 2 0)77,/1, do not follow the trends and/or have very large un-
certainties. Furthermore, there are a few cases [namely, (0 2 1)66 o/1>
(02 1)99,0/1, and (1 0 1)J;0/; above J = 5 in the case of H,®0 and
(0 2 1)99 0/1> (0 2 1)10100/1, and (1 0 1)][0/1 abOVe] 5 for H O]
where the K, = 1 states lie higher than their K. = 0 counterparts.
These anomalies are due to pronounced couplings among the vi-
brational parents.

Comparing Fig. 11 with Fig. 12 a very s1m1lar pattern of 0/1
splittings can be observed for HA%0O and H2®0. The rotational
constants and the rotational energies of H%0 are smaller than those
of H3°0, but the 0/1 splittings can be larger for H;*O than for H;°
The reason behind this behavior is that these splittings depend on the
differences of the rotational constants, not on their absolute values.

3.6. The lowest ortho-H, 0 energy

To transfer the accuracy of the relative ortho energies deter-
mined to their absolute energy values, one needs to know the energy of
the lowest ortho-H;%O state, (0 0 0)1¢.,, with a few times 1077 cm™"
accuracy. The best literature estimates for the (0 0 0)1,,; energy,
23.754902(5)"" and 23.754 906(7)”” cm ™, are an order of magnitude
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less accurate than this, implying the need for the precise rede-
termination of this quantity via indirect approaches.

Following the traditional spectroscopic protocol to derive the
(000)1p, energy of H%0, an EH model was fitted to a set of energy
differences on the ground vibrational state. The fitting dataset was
built by joining six pure rotational lines'” and artificial transitions
formed by A-shape pairs [see Fig. 2(b)] of NICE-OHMS lines. From
this dataset, all the lines with pure rotational para states with J < 2 were
excluded. Since these “external” energy levels are missing from the
reduced dataset, their energies serve to validate the fitted EH model
below J = 3. The absence of the para ground state from the dataset
implies that not only the absolute ortho but also the absolute para
energies are undetermined by the reduced set. This means that one
can judge the accuracy of the (lowest) absolute EH energies by an-
alyzing the fitting residuals for the external states.

Using the reduced set of 124 transitions, a weighted least-squares fit
was performed, utilizing a 49-parameter (16th-order) Watson-type
Hamiltonian.””"® The fitting output including the optimized parame-
ters and the fitting residuals is available in the supplementary material.
The EH model yields an estimate of 23.754 904 61 cm ™" for the energy of
the (0 0 0)1p,; state and reproduces the SNAPS-based energies of the
external states perfectly, i.e., well within their uncertainty limits. Based on
this observation, one can expect that the lowest ortho energy is similarly
accurate; thus, the largest energy uncertainty of the external states,
1.9 X 1077 cm ™', is assigned as an uncertainty to the EH-predicted lowest

11,1

Y
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ortho energy. The uncertainty for the (0 0 0)14;
smaller than that of its former determinations.”"’”

There is an independent, network-theoretical approach to ex-
tract the lowest ortho energy of H, 0. This approach is based on the
compilation of shortest line-disjoint paths from the para ground state
to the ortho one, utilizing 0/1 splittings as virtual lines. Adding all the
0/1 splittings with J < 10 to the design transition set, the SNAPS pro-
cedure returned only two such paths, both given in Fig. 13. These paths
lead to two estimates for the (0 0 0)1y; energy, 23.7549037(11) and
23.754903 7(14) cm™". These values deviate by only 9.1 X 1077 cm™
from the EH estimate, which is inside their uncertainty intervals.

Owing to the long paths, going through more than 40 quantum
states, and the necessary inclusion of very weak transitions in the feasible
paths, with uncertainties larger than 5 X 1077 ¢cm™, the path-based
estimates of the lowest ortho energy are slightly less precise than the EH
value obtained. Therefore, the EH estimate, 23.754 904 61(19) cm’ is
recor%mended as the new reference value for the lowest ortho energy
of H2 0.

energy is ten times

4. Conclusions and Summary

The NICE-OHMS technique,”’ * facilitating the ultraprecise
measurement of large numbers of rovibrational transitions in the
near-infrared region (in the present case 7000-7350 cm™Y), has been
used to accurately determine the entire pure rotational quantum-level
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FIG. 13. Two line-disjoint paths for the determination of the lowest ortho energy of H, '®0. The arrangement of the energy levels and the lines as well as the notation employed is
similar to that of Figs. 4 and 5. Transitions of paths 1 and 2 are highlighted with green and blue arrows, respectively, while the two (light green) dashed lines are reproduced from
Ref. 13. The starting and ending points of these paths, (00 0)0q 0 and (0 0 0)1, 4, are surrounded by orange and purple squares, respectively. Common states of paths 1 and 2 are
positioned in the middle row of this figure. The magenta dotted lines highlighted by red frames illustrate virtual transitions whose wavenumbers are 0/1 splittings (see also the
caption of Fig. 11). Invoking the Ritz principle and the law of uncertainty propagation [see the equations of Fig. 1(d)] along with the wavenumbers and uncertainties of the virtual
lines, paths 1 and 2 give (by chance, numerically identical) estimates 23.754 903 7(11) and 23.754 903 7(14) cm™" for the (000)1o,4 energy, respectively.
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structure of the second most abundant water isotopologue, H; O, up
to J = 8, where ] is the rotational quantum number. These pure
rotational states are often the lower states of experimental transitions
in water spectroscopy;””*” thus, their accurate knowledge is im-
portant for a large number of applications, including some in ana-
lytical chemistry.”” All the relative energies derived with a relative
accuracy of ~107"" form the basis of a benchmark line list assembled
during this study, containing more than 1500 transitions. Since water
is omnipresent in our universe, the entries of this line list, supple-
mented with a similar set of transitions for H1°0,*® serve as useful
references for the calibration of high-resolution spectroscopic
measurements, as well as for the evaluation of the accuracy char-
acterizing future spectral recordings in the ranges of 0-1250 and
5900-8380 cm .

As this study proves, transferring the experimental accuracy
from the near-infrared to the microwave and mid-infrared region is
possible by taking advantage of the results of advanced quantum-
chemical computations™ and the design principles of the SNAPS
scheme.*® SNAPS is an intelligent and universally applicable network-
theory-based protocol able to provide connected sets of transitions,
forming paths and cycles in the language of network theory, possible
targets of ultraprecise observations. Furthermore, SNAPS helps
evaluate the utility of and the possible discrepancies related to newly
probed lines. During this study, the original SNAPS approach™® was
extended with a novel feature, the so-called A-correction scheme,
accelerating the detection of extremely weak transitions. SNAPS is a
particularly useful tool for ultrahigh-resolution laser spectroscopists
trying to survey spectroscopic features of isolated molecules of
chemical interest with the highest possible efficiency.

Among the 195 carefully selected near-infrared Lamb-dip lines
of H3*0 recorded during this study, the unparalleled instrumental
characteristics (resolution, accuracy, and sensitivity) of the NICE-
OHMS setup allowed us to resolve transitions that cannot be probed
under ordinary (e.g., Doppler-limited) experimental conditions, such
as ortho—para doublets. The sensitivity of the NICE-OHMS technique
also means that lines observed also include those of disturbing species,
such as H;°0 and HD'¢0O, present in a tiny fraction of the sample.
Notably, the Lamb-dip profiles of the disturbing H;°0 and HD'*O
lines are quite similar to those typical of the H;*O transitions, making
their confusion rather easy. Nevertheless, the SNAPS cycles con-
structed during this study and the relatively large deviations from an
EH model help reveal if a resolved line is not the one searched for.

Appropriate resolution of extremely weak transitions required
technical improvements, allowing dependable averaging of multiple
scans. The measurements were also helped by the introduction of the
A-correction scheme mentioned, providing accurate initial positions
and enabling narrow-range frequency scans. In 2020, Wu and co-
workers’” stated that the weakest transition that has ever been
measured in saturation is their CO, line with S = 6 X 107" cm
molecule . In this study, a four times weaker transition, with an
intensity of $ = 1.4 X 107?” cm molecule™!, could be observed with a
reasonable accuracy of 25 kHz. These studies pave the way to the
detection of even weaker transitions, such as quadrupole lines. Such
quadrupole lines of water have recently been detected in Doppler-
broadened spectroscopy,”*”” but not in saturation and not with the
expected accuracy of NICE-OHMS measurements.

ARTICLE scitation.org/journalljpr

Linking the parity-related subcomponents formed by electric-
dipole-allowed transitions measured by NICE-OHMS of the nuclear-
spin isomers, para and ortho, of H,*O required the utilization of ac-
curate rotational lines taken from the literature.”” It would be highly
useful to record quadrupole-allowed lines via NICE-OHMS to establish
ultraprecise connections between the appropriate subcomponents.
These experiments would further validate the accuracy of microwave
transitions, for example, those of Ref. 13. Since these quadrupole lines
have room-temperature intensities on the order of 107>* cm mole-
cule™!,”*” their observation demands further technical improvements
of our NICE-OHMS spectrometer.

To ensure maximum accuracy, a detailed uncertainty analysis of
the line positions was conducted, including the evaluation of the short-
and long-term reproducibility of the measurements. By keeping the
pressure at a remarkably low level, around 0.04 Pa in most cases, an
average experimental accuracy of 2.5 kHz is reached, which is even
superior to that of our previous study on H°0." Experiments aimed at
establishing the effect of sample pressure on the recorded lines suggest
that the transitions of H1°O (see Ref. 48) and H;°O behave similarly
against pressure variation and that the pressure dependence of certain
line centers is significantly higher than that claimed in Ref. 38.

To convert the relative energies of this study to absolute energies for
ortho-H,20, its lowest energy had to be derived. This was achieved both
via an EH fit and by a network-theoretical approach based on paths,
involving small but highly accurate quantum-chemically computed
ortho—para energy splittings as virtual transitions. As a result of this
study, many more accurate rotational energies are available than
before. The EH-based estimate for the lowest ortho-H; O energy,
23.754 904 61(19) cm™’, has a smaller uncertainty than those of its
previous determinations. The large number of accurate absolute en-
ergies provides benchmarks for quantum-chemical computations,
helps improve the accuracy of thermochemical functions at low
temperatures, and is important for modelers, for example, of (exo)
planetary atmospheres.

The ortho-para doublet separations extracted from quantum-
chemical computations can be compared directly with the present
ultraprecise NICE-OHMS observations. Due to significant error
compensation when differences of certain rovibrational energies are
formed, this comparison reveals excellent agreement between the
computed and the observed separations. Although assigning the lines
of the doublets is trivial due to the (1:3) dip ratios, the predicted
doublet separations helped uncover accidental misassignments and
calibration errors. The absolute and relative doublet positions provide
benchmarks for those who would like to improve the sensitivity and
resolution of their spectrometers.

The transitions detailed in the benchmark line list yielded by this
study are now known with an accuracy two to three orders of
magnitude better than before. Thus, it is important to discuss how this
knowledge affects entries of existing line-by-line (LBL) databanks,
such as HITRAN.” First, replacement of existing transition records
would be particularly beneficial in the case of the 557 lines charac-
terized by room-temperature absorption intensities larger than
5 X 1072* cm molecule™ because all of these transitions are highly
relevant to atmospheric modeling. Second, while the pressure de-
pendence of certain H;*O lines has been explicitly determined during
this study, it is not clear how the pressure-shift coefficients revealed
could be utilized to improve the related entries of LBL databases.
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Third, the pure rotational states, whose relative energies are accurately
derived via the SNAPS scheme, are among the most important hubs in
the entire experimental SN of H,* O; they are the lower states of a large
number of transitions. Therefore, consideration of these ultraprecise
pure rotational energy values may help eliminate systematic errors
during the determination of upper-state energies of LBL datasets.

5. Supplementary Material

See the supplementary material for the list of experimental
transitions recorded with the NICE-OHMS technique (Table S1); the
list of experimental transitions taken from Ref. 13 (Table S2); the
predicted line list and the relative rovibrational energies derived
during this study (Tables S3 and S4, respectively); the output of the
EH fit (Table S5); two line-disjoint paths for the derivation of the
lowest ortho energy of Hy°0 (Table S6); quantum-chemical 0/1
splittings, up to J = 10, for H,°0 and H;20 (Table S7); the com-
parison of the quantum-chemical doublet separations with their
experimental counterparts (Table S8); and basic cycles associated
with the shortest-path-based forest of the SN built upon by lines of
Ref. 13 and this study (Table S9).
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