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Chapter 1

Introduction

1.1. Absorption spectroscopy and the laser

The invention of the laser in 1960 by Theodore H. Maiman [1] was a ground-
breaking achievement that laid the foundation for the development of laser-based
spectroscopic techniques. The laser has brought the opportunity to generate in-
tense, coherent and monochromatic light beams to perform precise and sensitive
spectroscopic measurements, opening up a wide variety of new approaches to spec-
troscopy.

Spectroscopy, a field dedicated to investigating the interaction of light with
matter, benefited greatly from the development of laser technology. Laser spec-
troscopy allows for detailed analysis of the energy levels and transitions within
atoms, molecules, and solids, offering valuable insights into their composition,
structure, and dynamic behavior. From the spectroscopy perspective, lasers that
exhibit narrow bandwidth and tunability are preferred. Typical examples are the
dye laser, the titanium-sapphire laser and diode lasers. The invention of the laser
also expanded the techniques of classical spectroscopy, emission and absorption
spectroscopy, with all kinds of novel approaches, ranging from laser-induced fluo-
rescence, resonance-enhanced multiphoton ionization, photo-acoustic, and coherent
Raman spectroscopy, just to name a few (see Demtroders seminal books [2, 3] for
details).

In laser-based absorption spectroscopy, a monochromatic electromagnetic field
with wavelength A is employed to detect and study atoms and molecules. In this
study we will restrain ourselves to gas phase species. The technique relies on the
Beer-Lambert law which states that the intensity of the electromagnetic field I
decreases exponentially as it traverses a gas of absorbance ¢ and a paths length L:

I=1y-e°F (1.1)

The classical technique of absorption spectroscopy has greatly advanced through
the introduction of lasers. Wavelength and frequency modulation techniques have
enormously improved the sensitivity in measuring absorption lines [4]. Also the
introduction of optical cavities in conjunction with narrowband lasers has helped
to improve detection sensitivity. The invention of cavity ring-down spectroscopy [5],
initially as a technique for pulsed lasers, but later also for continuous-wave lasers
of narrower bandwidths, found widespread application in spectroscopy, making it
possible to measure weak transitions.

A variety of cavity-enhanced laser spectroscopic methods was thereafter devel-
oped [6] finding many applications ranging from carbon dating physics [7] to breath
analysis [8]. The NICE-OHMS technique, developed by Hall and coworkers [9], and
used in the experiments laid down in this Thesis, turned out the most sensitive.

Another novelty that was brought to spectroscopy by the laser is that of optical
saturation allowing to measure spectral lines at extremely narrow width. The con-
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cept of the Lamb dip was already conceived before the invention of the laser [10].
Finally, the invention of frequency comb lasers by Hénsch [11] and Hall [12] has rev-
olutionized methods of absolute frequency calibration, enabling frequency accuracy
reaching kilohertz (kHz) and below.

In the present work the concepts of saturation, intra-cavity absorption, NICE-
OHMS and frequency-comb calibration were all employed in the high precision
spectroscopic studies of water and hydrogen deuteride (HD).

1.2. Saturation spectroscopy and broadening effects

Spectral lines acquired from absorption spectroscopy are subject to different
mechanisms of broadening thus hindering the extraction of the absolute frequency
position.

The frequency at which a particle can absorb laser light is shifted with respect
to its velocity. This Doppler effect can be represented by:

Wabs =w0+E-17, (1.2)

where the radial frequency wy = 27 fy, the wave vector k= @ - €, with fo the
frequency of the laser, € the direction of propagation of the laser, ¢ the speed of
light in vacuum and ¢ the velocity of the particle. Due to the thermal distribution
of a gas at a given temperature, this Doppler effect gives rise to broadening of an
absorption line taking a Gaussian functional form, which depends on the mass of the
particle, the temperature and the frequency of the laser. The width of this Gaussian
profile usually spans in the GHz range limiting accuracy in absorption spectroscopy.
To mitigate this effect, sub-Doppler techniques like saturation spectroscopy are
implemented.

Saturation spectroscopy involves the utilization of two counter-propagating
beams. A first intense beam, also known as the pump beam, interacts with particles
within a gas cell and induces a change in the population distribution between the
two probed levels at a specific velocity v. This phenomenon is referred to as ’hole
burning’ [13]. Subsequently, when a second beam, or probe beam, interacts with
the same velocity class of particles, the reduced population in the ground state re-
sults in a decrease in the absorption signal. Due to the condition of resonance and
the counter-propagating nature of the beams, their interaction with velocity class
of particles is limited to those traveling perpendicularly to the beam, or those with
an effective Doppler shift of zero. Consequently, a Lamb-dip is observed precisely
at the center of the transition where the Doppler effect is nonexistent.

While Doppler broadening, which is typically the primary source of broadening
in spectroscopy, has been mitigated, it is important to consider the presence of
other significant broadening mechanisms.

The first and fundamental broadening is the natural linewidth. It arises due to
the finite lifetime of the excited state, resulting in an uncertainty in the energy of
the state. Due to the Heisenberg uncertainty principle, this leads to broadening
proportional to that lifetime (AE - At > h/4m). Natural broadening leads to a
Lorentzian-shaped lineshape. In our case, natural broadening has a minor effect as
we will be probing ro-vibrational lines where the states have lifetimes longer than
a second (broadening < 1 Hz).

Page 6 of 181
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In gas-phase environments, collisions between particles contribute to the reduc-
tion of excited state lifetimes and can induce dephasing or decoherence of excitation,
introducing an additional mechanism for broadening. This phenomenon, known as
pressure or collisional broadening, typically manifests as a Lorentzian-shaped pro-
file. It is crucial to minimize pressure in saturation spectroscopy to facilitate the
desired exchange of population, as collisions can impede this process.

To be able to saturate spectral lines high intensities are needed, typically for
the pump laser. At sufficiently large laser intensities, the optical pumping rate on
an absorbing transition becomes larger than the relaxation rates. This leads to
a broadening of spectral lines. It should be emphasized that certain transitions
demand exceptionally high laser power for saturation.

All lasers possess a finite frequency width, or bandwidth, that contributes to
the width of a measured absorption line. Another broadening effect, due to the
properties of the laser, is the transit time where the interaction between the finite
width of the exciting laser beam and the molecules lead to a broadening as a
consequence of the Heisenberg principle. At a given temperature, particles have a
certain velocity and thus a limited amount of time spent in the laser beam. Lastly,
any frequency modulation or jitters on the laser, also those needed for locking
procedures in an experiment, will give rise to additional broadening.

These various phenomena mentioned above exhibit a common characteristic of
yielding a Lorentzian lineshape. As a result, the spectral lineshapes observed in
Lamb-dip spectroscopy are expected to exhibit a Lorentzian profile.

1.3. NICE-OHMS

The determination of the absolute frequency position of a spectral transition
can be hampered by various factors. One such factor is the presence of noise in
any physical system, which imposes a threshold limit on detection and limits the
overall sensitivity of the system. To address this challenge, researchers have de-
voted considerable efforts to designing spectroscopic setups that minimize inherent
noise, thereby enhancing the sensitivity of detection. Over the years, numerous ad-
vancements and innovations in spectroscopic instrumentation have aimed to reduce
noise levels and improve the overall performance of spectroscopic systems. Typical
examples of these systems use cavities as a core of their spectroscopic techniques.
The simplest one is Cavity Enhanced Absorption Spectroscopy (CEAS) where the
increased optical path length in a cavity is used to amplify the absorption depth.
Then come Cavity Ring-Down Spectroscopy which utilizes the modification of the
ring-down time of light in a cavity in the presence of absorbing gas. Lastly, the focus
of our thesis, Noise Immuned Cavity Enhanced Absorption Spectroscopy (NICE-
OHMS) which is essentially a combination of frequency modulation spectroscopy
inside a cavity. For a review of these cavity-enhanced absorption techniques we
refer to Ref. [6].

Noise

The statistical fluctuation due to the quantum nature of photons arriving on
the photodetector give rise to the most fundamental noise effect. The so-called
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photon shot noise sets the absolute limit of detection of an absorption signal. The
shot noise signal can be described by:

Sshot = RdetV 2€AfP(), (13)

where kq4e¢ are parameters intrinsic to the detector, e the elementary charge, Af
the electronic bandwidth and Py the power of the laser.

The shot noise limit is not achieved in direct absorption spectroscopy because
there are additional factors that impose limitations, such as electronic noise and
laser excess noise. The laser excess noise, which follows a 1/f frequency depen-
dence, is particularly significant at low frequencies where direct absorption spec-
troscopy operates.

Noise in the system can be reduced by shifting the detection to higher frequen-
cies (laser 1/f mnoise), which is achieved by using modulation techniques. There
are two types of modulation techniques; frequency modulation spectroscopy (FMS)
and wavelength modulation spectroscopy (WMS).

Frequency modulation

Frequency modulation was proposed to enhance the sensitivity and selectivity
of spectroscopic measurements [4]. In FM, the phase of the laser is modulated at
high frequency f,,, typically in the radio-frequency (MHz) region with an amplitude
represented by a modulation index 5. The generation of sidebands is derived in
the next paragraphs. The complex electric field after modulation is written as:

EFM(fc, t) @g ei[27rfct+ﬁsin(27rfmt)]’ (14)

where Ey is the amplitude and € the direction of propagation of the electric field
and f. the frequency of the carrier. This field can be expressed in terms of series
of Bessel functions J;(5):

7l EO—' W27 fe. = 1275
EFJW(fC,t) _ 7€~6 27 fet | Z Jj(ﬁ)e 2 met, (15)

j=—o0

At low modulation index (used in the present study), the only significant order
present will be the first one (i.e. § < 1). Thus the electric field will be expressed
as:

EFN[(fC,t) _ e. ei27ffct . [Jo(ﬁ) + Jl(ﬂ)ei%rfmt _ (]71(ﬂ)e—z'27r)”¢,ﬂﬁ]7 (1.6)

Ey

2
where J_1 () = —J1(5). This leads to show that the optical beam will now consist
of a carrier and two sidebands generated at fg, = f. =+ fm. Note that the sidebands
are out of phase.

Once the carrier traverses a certain amount of absorbing particles Ngqs, on res-
onance with intensity S, the interaction induces a phase shift that can be detected
at the modulation frequency. To extract the signal, the transmitted FM signal is
demodulated and detected at the frequency f,, effectively isolating contributions
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from terms oscillating at this specific frequency. By incorporating the transmission
parameters, which rely on the susceptibility y responsible for both dispersion and
absorption signals, the FM signal can be expressed as follows:

SEM(AF, 0p0) = POJO(ﬁ)Jl(ﬁ)%_

{IXP(ASf = fin) = 2XTP(AS) + X P(AS + fin)] cos O
+ Xabs<Af —fm) — Xabs(Af + fm)lsin €},

(1.7)
where 0, is the demodulation phase. These expressions demonstrate that the FM
signal is composed of two distinct signals in quadrature, which implies that the
dispersion component and absorption component have a phase shift of 90 degrees
relative to each other. The dispersion phase consists of three functional terms, while
the absorption phase consists of two functional terms. By phase demodulation,
typically with a phase-sensitive or lock-in amplifier, either signal phase component
can be individually obtained.

Cavity

To increase the optical path L for absorption Fabry-Perot cavities can be used.
These cavities are built from two reflective mirrors mounted along the same axis.
The quantity of light that enters a cavity is determined by two factors: impedance
matching, which refers to the reflectivity of the in-coupling mirror, and cavity
mode matching, which involves selecting the appropriate in-coupling lens. For the
purposes of our discussion, we assume the use of a flawless Gaussian beam that
perfectly matches a cavity mode. The cavity is then on resonance when its length
is a multiple half integer of the laser wavelength. This leads to the apparition of
resonant modes equally spaced by the free spectral range F'SR expressed by:

&
FSR= (1.8)

where ¢ is the speed of light in vacuum and L the distance between the mirrors.
On the other hand the width of a cavity mode is expressed as:

L ¢(l1-R)
2L7T\/E7

where R is the reflectivity of both mirrors. The term usually used to describe a
Fabry-Perot cavity is the Finesse (F') and is expressed as:

(1.9)

FSR

F= Av

' (1.10)

The use of cavities in spectroscopy yields many advantages. Primarily, the high
power circulating beams propagating in both directions provide a natural scheme
for saturation spectroscopy. In this case, the counter-propagating beams will both
act as pump and probe at similarly high intensities.

Secondly, when a laser is coupled to a stable cavity, the properties of the cavity
can be transferred to the optical beam thus acting as a low pass filter. Despite
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these advantages ensuring consistent in-coupling is not a straightforward task, ne-
cessitating the implementation of an efficient locking mechanism, particularly when
dealing with high finesse etalons.

In the 1980s, Pound, Drever, and Hall [14] developed a technique, known as
the Pound-Drever-Hall (PDH) technique, which utilizes frequency modulation to
stabilize a laser to a specific cavity mode. To be able to obtain that result, the laser
is modulated at a frequency fpppy smaller than the FSR but larger than the width
of a cavity mode. As a pure FM technique, two sidebands are then generated with
the carrier. When the modulated electric field hits the in-coupling mirror a FM
signal can be produced. If the carrier is perfectly on top of an etalon fringe, the
two out of phase sidebands cancel each other. Any deviation in frequency of the
carrier from the peak of the mode will give rise to an unbalance with the modulated
field which will yield a FM signal. By demodulating at the PDH frequency and
optimizing the phase, an error signal can be derived. Typically, one of the mirrors
is placed on a piezoelectric module enabling the adjustment of the cavity length.
Subsequently, this error signal is employed in a feedback system to stabilize the
length of this specific mode by controlling the piezo.

By achieving a highly stabilized distance between the two mirrors comprising
the cavity, it becomes feasible to attain kHz-level frequency stability for the laser.
When the carrier travels back and forth within the cavity, numerous additional
advantages arise from this technique. The foremost advantage, as previously men-
tioned, is the extension of the optical path length. By utilizing a reflectivity value
of R =0.99998, the interaction length within the cavity can extend over distances
of tens of kilometers. With such reflectivity, the cavity finesse reaches approxi-
mately 150,000, resulting in a tremendous amplification of light power due to its
high quality factor Q. As a result, we can achieve an intra-cavity power of up to
150 W, which is essential for saturating the extremely weak transitions in HD.

FM in cavity

To enhance the detection sensitivity needed for these weak signals in HD for
instance, an ultra-high sensitive technique called Noised Immune Cavity Enhanced
Optical Heterodyne Molecular Spectroscopy (NICE-OHMS) has been implemented.
This technique consists of combining a cavity and frequency modulation to detect
spectroscopic signals. In NICE-OHMS, the carrier is modulated at the frequency
of the FSR of the cavity frys = frsr. The two sidebands are generated at the
frequency fsp = fo + frsr. It is needed to lock the three resulting waves to the
cavity with their respective cavity modes. The carrier is locked with the PDH
technique, while the sidebands are locked with a technique quite similar to PDH
called DeVoe-Brewer or DVB [15]. The modulated electric field inside the cavity is
represented in Fig. 1.1.

The three beams are capable to counter-propagate inside the cavity while main-
taining the properties of FM spectroscopy. When the beams encounter a resonance
the FM signal described in Eq. (1.7) is produced. Typically, frsr ~ 300 MHz, and
the Full-Width at Half-Maximum (FWHM) of a Doppler broadened transition for
molecules are wider than 500 MHz at room temperature. Consequently, the FM
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Figure 1.1: Tlustration of the in-coupling of a modulated laser at frequency v inside a cavity.
Here the sidebands generated at fgp = vo £ vy, perfectly matches the FSR of the cavity.

signal encompasses all the potential signals that emerge from the interaction of the
three electromagnetic waves when scanning across a transition.

For the remainder of this thesis, the focus will be put on the sub-Doppler satu-
ration NICE-OHMS case. Under the presence of three counter-propagating waves,
there are nine occasions at which two fields can interact with a certain velocity
class of particles and fulfill the condition of resonance. These occasions happen at
five distinct frequency detunings from the center of the transition as illustrated in
Fig. 1.2. In addition to the typical Lamb-dip observed for molecules with no axial
motion (depicted in panels (a) and (e)), other types of saturation dips are shown in
panels (b), (c), and (d). In these cases, the arrangement of the three waves relative
to the center of the Doppler broadened profile allows for selective interaction with
specific velocity classes of molecules, resulting in saturation profiles. For example,
in panels (b) and (d), which exhibit mirrored configurations, the carrier wave is
detuned exactly by frsr/2 from the center of the transition. As a result, one of
the sidebands can interact with the carrier, selectively interacting with molecules
having an effective Doppler shift k- = frgr/2. This leads to a type of dip known
as velocity-selective saturation dip.

In panel (c), where the laser carrier coincides with the resonance, the normal
Lamb-dip scenario is present, along with the occurrence of velocity-selective sat-
uration dips. The presence of sidebands interacting with their counterparts can
saturate molecules with an effective Doppler shift of ko= frsgr. Since the side-
band signals are 180 degrees out of phase compared to the generic Lamb-dip, this
can result in complex signals for strong lines (Einstein A coefficient of > 1071 s71).

Frequency calibration

Despite achieving high stability of the laser within a cavity and significantly
enhancing detection sensitivity, the need for absolute frequency arises to enable
precise and accurate spectroscopy. Although the laser can be locked to a cavity
mode, determining the specific mode within the cavity presents a challenge. Fur-
thermore, the length of an etalon, which is often used for frequency reference, is
susceptible to temperature variations, resulting in a non-fixed free spectral range
and frequency drift. To achieve stability in mode, various options can be explored.
The temperature of the cavity can be fixed and controlled to high precision. The
disadvantages are that although the FSR is fixed, it is still not known which cavity
mode the laser is locked to. The use of a frequency comb (FC) laser as a reference
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Figure 1.2: Tllustration of the five possible occurrences of velocity-selective saturation in a
Gaussian velocity distribution by the three counter-propagating waves present in NICE-OHMS.
The five panels correspond to the five possible detunings of the carrier from the resonance where
a saturated Lamb-dip profile can be recorded. This figure was based on Ref. [16].

is the elegant solution to ensure stability and kHz accuracy. This is done in our
setup.

A frequency comb laser is in fact a mode-locked laser, emitting extremely short
pulses of light in the time domain, typically lasting femtoseconds. This short pulse
duration allows the laser frequency spectrum to span a wide range of frequencies,
extending from ultraviolet to infrared wavelengths in the frequency domain. The
key feature of a frequency comb is its ability to generate a series of equally spaced
frequencies resembling the teeth of a comb. This regular pattern is achieved through
precise control of the laser pulse repetition rate. Lastly, a long term stability is
assured by stabilizing the comb to a Cs clock frequency standard (Microsemi CSIII
Model 4301B). In our studies, the specific model used is Menlo Systems FC1500-
250-WG.

When observing the output of the frequency comb laser, we perceive a comb of
frequencies starting from a specific frequency called fj, with each frequency spaced
apart by the repetition rate f..,. Next, the frequency comb can be combined or
mixed with another laser used for spectroscopic purposes. This combination re-
sults in a beatnote frequency, denoted as fgy, which is the difference in frequency
between the spectroscopic laser f,se and the closest frequency mode of the fre-
quency comb (represented by the mode number N). The relationship between
the beat-note frequency, repetition rate, mode number and the spectroscopic laser
frequency can be described using the following equation:

fBN:fO+N><frep_flaser (111)
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The value of this beat-note will then always be between 0 and =£f,.p. Usually
the repetition rate of the comb is in the radio domain, in our case ~ 250 MHz.
Consequently, it is possible to count accurately this frequency with a frequency
counter which can then be used to accurately determine the absolute frequency
of the spectroscopy laser. Inversely, it is also possible to use the counted value
to tightly lock the length of a cavity. By adding this lock, our apparatus which
should now be called "Frequency-comb assisted NICE-OHMS" can reach kHz accu-
racy. Such methods of frequency-comb assisted cavity-enhanced spectroscopy were
explored by other groups in the world, either in Doppler-broadened spectroscopic
studies [17, 18] or in saturated absorption studies [19, 20, 21].

Wavelength modulation in NICE-OHMS

To enhance sensitivity and further reduce background noise, an additional mod-
ulation technique called wavelength modulation (WM) is employed. The main
distinction between FM and WM lies in the amplitude of modulation and the fre-
quency magnitude. FM modulation is typically utilized in the radio frequency
range, whereas WM modulation is applied in the audio domain (with fy s & 100
Hz). In our investigation, this modulation technique is implemented by dithering
a mirror, causing all the waves propagating inside the cavity to undergo slight
fluctuations. The resulting composite signal is subsequently demodulated at the
frequency fy s with an optimized phase, yielding derivative signals that will be
utilized for the remaining part of this study. Different orders of demodulation can
be performed, leading to higher-order derivatives. The function that describes the
first order of demodulation of these signals will be referred to as fiy and can be
written as: AT )
i) = Al

2+ (v — w)?]
4AT? —A(v — 1)
02 4+ 4(v — 1))

where the adjustable parameters are the line position vg, the line intensity A, and
width I'. The line profiles signatures as determined experimentally on a specific
water line, are displayed in Fig. 1.3 where in panels (a), (b), (d) and (e) both
dispersion and absorption features are plotted. In the center panel (c), only the
dispersion Lamb dip is recorded. It is interesting to note the phase differences
between the left, center an right panels.

(1.12)

W)

)

1.4. Outline of the Thesis

This study focuses on saturation precision spectroscopy with the NICE-OHMS
technique on two different types of molecules: water and hydrogen deuteride. The
thesis is split in two parts covering the studies of these molecular species.

Water spectroscopy

Water, with chemical formula H2O, holds significant importance across various
scientific domains, making it one of the most extensively investigated molecules.
In spectroscopy Hi%0 and its less preponderant isotopologues have become bench-
mark species and have been studied by its rotational microwave lines and the
rovibrational spectrum ranging from the infrared to the blue part of the spectrum.

Page 13 of 181



1.4. OUTLINE OF THE THESIS 14

(a) (b) (c) (d) (e)

— R

—— 1f dispersion —— 1f dispersion —— 1f dispersion —— 1f dispersion —— 1f dispersion
—4— 1f absorption —4— 1f absorption —4— 1f absorption —4— 1f absorption —4— 1f absorption

Figure 1.3: Lamb-dip Measurements of a water (H3%0) line of quantum assignment:
(200)624 « (000)533 with our NICE-OHMS apparatus. The transition has been recorded at
218250754 918.9 (1.5) kHz. The five different recordings correspond respectively to the five spec-
tral hole burning illustrated in Fig. 1.2. The line profiles exhibited in the panels follow the function
described in Eq. 1.12.

Water is constituted of two hydrogen atoms bonded to an oxygen atom result-
ing in a bent structure at an angle of 104°. This structure leads to water being
classified as an asymmetric top. Consequently, this gives rise to rich spectral bands
of different order of magnitude. In this study, ro-vibrational transitions will be ex-
cited while staying in the same electronic state. Therefore, the electronic structure
will be omitted.

The vibrational motions of the system can be classified into three distinct
modes, each characterized by specific energetic values. These modes include the
symmetric stretching mode (r; = 3657 cm~!), the bending mode (v, = 1595
em™!), and the asymmetric stretching mode (v3 = 3756 cm~!). Upon observing
these values, it becomes apparent that the two stretching modes possess similar en-
ergies, while the energy of the bending mode is approximately half of theirs. This
difference in energy levels leads to the grouping of vibrational branches known as
"Polyads," where the polyad number corresponds to the order of excitation based
on the minimum quantum of vibration allowed (v5). For example Polyad number
2 is a grouping of 3 vibrational bands : (020), (100) and (001).

Asymmetric top molecules, such as water, display intricate rotational charac-
teristics. Due to the lack of clearly defined symmetry axes for the process of quan-
tization, we utilize the two classifications of symmetric tops (oblate and prolate) to
facilitate the description of rotational behavior. The primary rotational quantum
number is represented by .J, while the sub-quantum properties are denoted by K,
and K, aligning with the principal axes of rotational behavior in symmetric tops.
These three quantum numbers follow the constraint: K, + K. < J+1 (for J > 0).
Consequently, a certain ro-vibrational level in one electronic configuration will be
assigned by (v110v3)Jk, K.

Lastly, some water isotopologues like the most abundant one H3%O, will be
characterized as "homonuclear" to draw a comparison with linear molecules like
H,. This analogy stems from the fact that the hydrogen nucleus has a spin of
I, = 1/2, while the spin of oxygen-16 is Iiso = 0. Consequently, these molecular
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systems can be further characterized based on their nuclear spin configurations.
When the two hydrogen nuclei have their spins aligned in the same direction, the
corresponding energy levels are classified as ortho states, characterized by triplet
states. Conversely, when the spins of the two hydrogen nuclei are in an anti-
parallel configuration, the levels are labeled as para states, representing singlet
states. Notably, the ortho levels are three times more populated than the para
levels due to spin statistics. In the case of water, the ortho/para classification is
determined by: f = (—1)"+K«+Ke: 11 will correspond to para and —1 to ortho.
Finally, the parity of a state is given by (—1)"c .

The "homonuclear" isotopologues such as Hi0 and Hy'¥O will be extensively
studied in the first part of the thesis. Using a spectroscopic network approach,
ro-vibrational transitions are measured to determine the rotational structure of
the (000) ground vibrational manifolds of both isotopologues. Additionally, this
method has been extended to the (200) excited stated of the most abundant iso-
topologue.

When substituting oxygen-16 or oxygen-18 in water with oxygen-17, which has
a nuclear spin of Iirg = 5/2, the hyperfine structure becomes significantly larger,
spanning megahertz (MHz) frequencies. As a result, it becomes possible to resolve
and study the hyperfine splitting. This phenomenon has been investigated, and
examples of hyperfine-resolved spectra in H3"O will be presented, along with a
comparison to theoretical predictions.

Lastly, in the case of HDO which can be classified as "heteronuclear”, an atom
of hydrogen is substituted with a deuterium one, the ortho/para symmetry is non
existent . This effect leads to observed level perturbations, where previously iso-
lated levels belonging to different symmetry classes begin to interact and influence
each other. The resulting consequence of mixing two closely spaced levels with
different parity is the emergence of perturbed spectra. Extensive documentation
of this effect, along with a phenomenological explanation will be described in the
last chapter of Part I.

Hydrogen deuteride

Molecular hydrogen is the simplest and most abundant molecule in the uni-
verse. It consists of two hydrogen atoms bound together by a covalent bond. Hs
plays a fundamental role in various scientific disciplines and has numerous impor-
tant applications. For instance, it holds significant importance in astrophysics and
cosmology as it is a crucial component of interstellar and intergalactic space.

Molecular hydrogen and its different isotopologues are of great interest to spec-
troscopy in view of their simplicity. As the smallest molecules, They provides
excellent test model for studying the fundamental principles of molecular physics
and chemistry such as molecular Quantum Electrodynamics (QED) [22, 23].

In this study, the focus will be on its isotopologue hydrogen deuteride (HD). Due
to the small displacement of the center of mass in comparison to the center of charge
when the molecule rotates, a very weak permanent dipole moment can be used to
probe ro-vibrational transitions. In fact, in 1950 Gerhard Herzberg [24] was the
first to record the ro-vibrational absorption spectrum of HD. Different vibrational
bands, such as the fundamental and several overtone bands have been observed.
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In the following years, lot of progress was achieved to improve the accuracy of
the many HD line frequencies [25, 26, 27]. We have previously taken the task to
record for the first time the saturation spectroscopy of the first overtone band in
HD [28]. However, substantial inconsistencies were identified when comparing
our results with those obtained through a different experimental approach [29].
Consequently, the objective of this study is to address these discrepancies and
enhance the accuracy of previous measurements within the first overtone band of
HD.

Given that hydrogen deuteride is a linear molecule comprised of two atoms,
its energy quantization follows a straightforward approach. In the framework of
the Born Oppenheimer approximation, the motion of the electrons is completely
disentangled from that of the nuclei. Moreover, it should be noted that the focus
will primarily be on transitions occurring within the ground state (X! E;‘). The
nuclear motion entails vibration, denoted with v and rotation denoted as .JJ. The
studies will be performed in the first overtone band which corresponds to transitions
from v = 0 to v = 2 at a wavelength of 1.38 yum. As a weak dipole moment exists
in HD the selection rules for ro-vibrational lines are: AJ = +1. For AJ =1 the
transitions will be labeled "R" and for AJ = —1 the transitions will be labeled "P".

In addition to the vibrational and rotational motion of the two atoms, the
individual spins of the two nuclei are essential. The proton has a spin of I, = 1/2
while the deuterium spin noted as Iy is equal to 1. This leads to a rich hyperfine
structure that spans hundreds of kHz. It is important to note that hydrogen
deuteride, being a heteronuclear molecule, does not exhibit spin statistics due to
the differing spins of its constituent nuclei.

In the first two chapters of part II, observations of the two rovibrational lines
starting at J = 1 are reported. On the R(1) line, discrepancies between two
experimental studies are highlighted and a model based on the hyperfine structure
and the saturation process has been proposed. The model and measurement has
then been extended to the P(1) line. The last chapter covers an overview of all
the rovibrational that has been measured with our apparatus. We then proceed by
extracting the rotational intervals from those measurements.
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Chapter 2

Spectroscopic-network-assisted precision spectroscopy and
its application to water

Abstract

Frequency combs and cavity-enhanced optical techniques have revolutionized molecular spec-
troscopy: their combination allows recording saturated Doppler-free lines with ultrahigh precision.
Network theory, based on the generalized Ritz principle, offers a powerful tool for the intelligent
design and validation of such precision-spectroscopy experiments and the subsequent derivation of
accurate energy differences. As a proof of concept, 156 carefully-selected near-infrared transitions
are detected for H2'0O, a benchmark system of molecular spectroscopy, at kHz accuracy. These
measurements, augmented with 28 extremely-accurate literature lines to ensure overall connec-
tivity, allow the precise determination of the lowest ortho-H216O energy, now set at 23.794 361
22(25) cm ™1, and 160 energy levels with similarly high accuracy. Based on the limited number
of observed transitions, 1219 calibration-quality lines are obtained in a wide wavenumber inter-
val, which can be used to improve spectroscopic databases and applied to frequency metrology,

astrophysics, atmospheric sensing, and combustion chemistry. *

1This chapter is a reproduction of: Spectroscopic-network-assisted precision spectroscopy and
its application to water, R. Tébids, T. Furtenbacher, I. Simké, A G.Csaszar, M.L. Diouf, F.M.J.
Cozijn, J.M.A. Staa, E.J. Salumbides and W. Ubachs, Nature Comm. 11, 1708 (2020).
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2.1. Introduction

Comprehensive spectroscopic information about small gas-phase molecules is in-
dispensable for the characterization of various natural and artificial environments.
To serve the large community of users of spectroscopic data, they have been de-
posited in a number of validated, annotated, and regularly updated spectroscopic
information systems, such as the HITRAN database[30]. Concurrently, the major-
ity of wavenumber entries of line-by-line databases is based on less precise (mainly
Doppler-limited) experiments, typically accurate to 1072 cm~!. The application
of precision-spectroscopy techniques, like Doppler-free cavity-enhanced saturation
spectroscopy referenced to optical frequency combs, brings a new perspective to
the refinement of massive amounts of transitions, entering the kHz (10=7 cm™1)
regime[31, 32, 33, 34], and improving the accuracy of many lines and energy levels
of molecular databases by orders of magnitude.

Up to now, Doppler-free precision spectroscopy has not been employed sys-
tematically to improve the quality of comprehensive spectroscopic databases, as
there are experimental constraints on what we call primary line parameters (wave-
numbers, Einstein- A coefficients, and intensities) and a single observed line may not
have direct significance. For precision spectroscopy to be a useful source of line-by-
line data, one needs to (a) pay particular attention to the utility of the transitions
selected for measurement, and (b) know approximately the primary line parameters
in advance, as searching for rovibronic lines under saturation conditions is rather
time consuming.

Within the experimental constraints of the primary line parameters, one must
measure lines whose detection maximizes the amount of accurate spectroscopic
information gained with a minimal experimental expenditure. This goal can be
achieved by viewing high-resolution spectroscopy with the generalization of the
venerable Ritz combination principle[35] (see Fig. 2.1). The Ritz principle is ar-
guably the most important microscopic law in spectroscopy, which establishes the
connection between a transition and its lower and upper energy levels (case I/1 of
Fig. 2.1). Beyond its traditional, but rather limited uses (cases I-1I of Fig. 2.1),
the Ritz principle can be extended to an arbitrary number of connected spectral
lines. This extension allows the definition of paths (case III of Fig. 2.1) and cy-
cles (case IV of Fig. 2.1). Paths secure the formation of energy differences for
any pair of underlying energy levels, while cycles can be used to confirm the ac-
curacy of the associated transitions[36]. To increase the number of accurately
known energy differences, one must ensure that transitions having minuscule un-
certainties are connected, i.e., their paths (and cycles) are not broken with inac-
curate lines. Paths and cycles have been used implicitly by several spectroscopic
protocols[37, 38, 39, 40, 41, 42, 43] based on least-squares inversion of transition
wavenumbers to rovibronic energy values. Nevertheless, it should be noted that
the methods of Refs. [37, 38, 39, 40, 41, 42, 43] do not decompose the input dataset
into paths and cycles; thus, they cannot reveal which lines cause the inaccuracy of
a particular energy value.

Building the list of target lines, forming accurate paths and cycles, necessi-
tates the use of elements of network theory[44] and the concept of spectroscopic
networks[45, 46], the most general extension of the Ritz principle. In spectroscopic
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Figure 2.1: Graphical illustration of the spectroscopic utilizations of the Ritz prin-
ciple. In this figure, nodes and edges are energy levels and (one-photon, dipole-moment-allowed)
transitions with given energy values (E;) and wavenumbers (o;), respectively. The parity (p:
even/odd, p: odd/even) is displayed for each rovibronic state. Cases I [panel (a)] and II [panel
(b)]: traditional applications of the Ritz principle, usually called combination differences, where
case I/1 corresponds to the definition of the Ritz principle. Generalization of the Ritz principle
leads to paths [sequences of connected, unrepeated transitions and energy levels — case III, panel
(c)] and cycles [series of connected transitions and energy levels, where every rovibronic state has
two neighboring energy levels — case IV, panel (d)]. On a path, one can predict the energy differ-
ences of all its pairs of states, applying the Ritz principle in a successive way. If the starting point
in case I1I is the lowest-energy state reachable from the ending point via paths, then Ejo — F7 is
referred to as the relative energy of the ending point. In the special case when the starting point
is the rovibronic ground state of the molecule, F1 = 0 by definition, and F19 — E1 provides the
energy value of the ending point. Based on the u(c;) wavenumber uncertainties, the accuracy of
the predicted energy differences can also be estimated from the law of uncertainty propagation
(assuming uncorrelated measurement errors with zero expected values). Cycles reflect the internal
accuracy of their lines: in favorable cases, D < tcrisu(D), where D is the discrepancy (absolute
signed sum of the related wavenumbers) of the cycle with its w(D) uncertainty, and teris & 2 [see
Supplementary Note 1]. If the states denoted with the same (green or red) color have the same
vibronic parent, it can be recognized that, due to the rotational selection rule, the jumps altering
the vibronic states produce two separate subsets of levels for the green states (and also for the
red ones) with parities p and p. These subsets can be linked only by pure rotational lines with
o5 and o19.

networks, energy levels are the vertices (nodes) and transitions are the edges (links).
Among other advanced computer science approaches applied to high-resolution

Page 21 of 181



2.2. RESULTS AND DISCUSSION 22

spectroscopy (e.g., genetic algorithms[47, 48, 49] and machine learning involving
artificial neural networks[50]) network theory and its sophisticated polynomial al-
gorithms provide interesting and highly useful tools to exploit all the spectroscopic
information coded in the connections of rovibronic lines[46].

An essential property of spectroscopic networks is that the vertex degrees (edge
counts of the individual nodes) follow an inverse-power-like (heavy-tailed or quasi
scale-free[44]) distribution[45]. This property implies the presence of hubs (high-
degree nodes) among the rovibronic energy levels. Decreasing the uncertainties
with which we know the energies of hubs by precision-spectroscopy experiments is
highly beneficial as hubs are the lower states of a large number of observable lines.

Since water is an important benchmark system of high-resolution molecular
spectroscopy (e.g., it is molecule no. 1 in HITRAN[30]), its main isotopologue
H,'%0 was subject to detailed investigation in the literature. Over the last 100
years, some 200000 rovibrational lines have been recorded for Hy'®O (linking
nearly 20000 energy levels[51, 52]) to probe water in the interstellar medium|53],
in exoplanets[54], on the Sun[55], and in the Earth’s atmosphere, [56]

including its greenhouse effect[57, 58]. The rovibrational states of Hy'6O are
separated into two subsets, corresponding to the ortho and para nuclear-spin iso-
mers. As of today, no ortho—para transitions have been observed in water vapor[59],
and thus the energy separation of the ortho and para states is not known precisely.
The list of spectral lines of Hy'%0 measured at high accuracy (10~7 em™1) is short,
and derives mainly from microwave and THz experiments[60, 61, 62, 63, 64, 65, 66,
67, 68, 69, 70], except lines from two near-infrared Doppler-free laser studies[71, 72].

In this study, noise-immune cavity-enhanced optical heterodyne molecular spec-
troscopy (NICE-OHMS) measurements are performed for Hy'60, yielding 156 rovi-
brational transitions under Doppler-free conditions in the near infrared (above 7000
cm™!). The lines are selected via a combined network-theoretical and experimental
approach (spectroscopic-network-assisted precision spectroscopy, SNAPS), aided
by the availability of experimental[75] and first-principles|[76] linelists. The ex-
tremely accurate lines observed help to (a) provide an extremely accurate estimate
of the lowest ortho-Hy'%0 energy value; (b) improve the accuracy of the energies
of numerous hubs, (c) assess the accuracy of the present as well as previous liter-
ature results, mostly in the THz region and within the ground vibrational state;
(d) construct the largest experimental-quality linelist in the literature with some
10~7 ecm™! uncertainty; and (e) analyze subtle systematic effects, mainly ignored
in previous studies, like the pressure dependence of the line frequencies.

2.2. Results and discussion

The main result of this paper is the SNAPS approach, which is a universal,
versatile, and flexible algorithm, designed for all measurement techniques and
molecules where the rovibrational lines are resolved individually (with their fre-
quencies measured at extreme accuracy). The SNAPS procedure (a) starts with
the selection of the most useful set of target transitions allowed by the range of pri-
mary line parameters, (b) continues with the measurement of the target lines, (c)
supports cycle-based validation[77] of the accuracy of a large number of detected
lines, and (d) allows the transfer of the high experimental accuracy to the derived
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energy values and predicted line positions. Details are presented in the Methods
section. Although the SNAPS protocol strongly relies on network theory, it can be
deemed as a black-box-type strategy: its output (the target linelist and the sets
of generated paths and cycles) can be understood merely via the extended Ritz
principle.

Taking into account the experimental constraints on the primary line param-
eters and employing 28 lines from the literature[60, 66, 68, 71], 156 rovibrational
transitions of Hyo'®O have been selected with the SNAPS approach and observed
with the NICE-OHMS apparatus. Figs. 2.2-2.3 give an overview of the present and
former [(sub-)kHz accuracy] measurements for ortho- and para-Ha'®O, respectively.
As obvious from Figs. 2.2-2.3, the previous experiments form several isolated sin-
gle paths (islands), while the inclusion of the NICE-OHMS lines makes both the
ortho and the para lines connected, thus increasing considerably the overall utility
of even those lines taken from the literature.
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Figure 2.2: Pictorial representation of all the precision measurements for ortho-
H>160. The rovibrational states are labelled with (v1v2v3)JK, K., Wwhere (vivav3) contains the
normal-mode quantum numbers (following the Mulliken convention[73]) and Jx, k. corresponds
to the asymmetric-top quantum numbers[74]. The ortho energy levels (characterized with odd
vs + Ko + K¢ values and denoted with circles) are placed palindromically in increasing (upper
half) and decreasing (lower half) energetic order of their vibrational parents and distinguished with
different colors for improved transparency. The Jx i, rotational labels are indicated individually
for each rovibrational state, while the (vivov3) vibrational assignments|73] are marked in the left-
side color legend. The eight vibrational states of the figure correspond to the P = 0 [(000)], P = 4
[(040), (120), (021), (200), (101), and (002)] and P = 5 [(050)] polyads, where P = 2v; +v2 4 2v3
is the polyad number. Transitions with blue arrows are results of the present NICE-OHMS
experiments, while those with grey, orange, purple, and cyan colors are taken from Refs. [60],
[66], [68], and [71], respectively. Source data are provided as a Source Data file.
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Figure 2.3: Pictorial representation of all the precision measurements for para-H>60.
The para energy levels (characterized with even vz + K, + K. values and denoted with squares)
are placed palindromically in increasing (upper half) and decreasing (lower half) energetic order
of their vibrational parents and distinguished with different colors for improved transparency.
The Jg, k. rotational labels[74] are indicated individually for each rovibrational state, while the
(vivavg) vibrational assignments|73] are marked in the left-side color legend. Transitions with
blue arrows are results of the present NICE-OHMS experiments, while those with orange and
cyan colors are taken from Refs. [66] and [71], respectively. Source Data are provided as a Source
Data file.

The remaining part of this section is divided into two subsections. First, the
important experimental results are presented. Then, it is shown how the transitions
detected in a limited wavenumber range can be utilized to gain information for other
spectral regions.

NICE-OHMS precision spectroscopy of Hy'60O

In the experimental part of this study, we used a NICE-OHMS apparatus[28, 78]
(see Methods) to record 156 absorption lines of Hy16O in saturation. The wavenum-
ber coverage of the measurements is limited, mainly by the highly-reflective cavity
mirrors, to 7000-7350 cm~!. The accessible window of transition dipole moments,
represented by the Einstein-A coefficients, falls in the interval of 1074-10% s'.
Combined with the population distribution at room temperature, this factor leads
to the intensity interval of 10726-1072% cm molecule™!.

All experiments were performed through saturation spectroscopy to obtain
Doppler-free transitions, typically resulting in linewidths on the order of 100 kHz
(half-width at half maximum). The vast increase in resolution compared to Doppler-
broadened techniques allows to resolve closely spaced transitions, such as the
(040)8g,1/0 < (000)77 /1 ortho—para doublet shown in Fig. 2.4a, which would
otherwise be unresolvable. By comparing the spectroscopy laser to a frequency
comb laser, via a beat-note measurement, the spectra are connected to an absolute
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Figure 2.4: Overview of the NICE-OHMS experiments performed for H2'60. (a)
NICE-OHMS spectrum of the (040)8g 1 /o = (000)77 9,1 doublet. The scanning frequency, f, is
shifted with the line position of the ortho transition, f,,h, = 218 444 703.636 MHz (separated
by 1.5 MHz from the para line). As clear from this spectral recording, the ortho line exhibits a
three times larger intensity than its para counterpart, which is due to the nuclear-spin degeneracy
factors and the nearly equal Einstein-A coefficients of the lines. Note that the assignment of
this doublet is interchanged in HITRAN2016[30]. (b) Measured linewidth (half-width at half
maximum, HWHM) of the saturated resonance as a function of intracavity intensity for the
(002)23 1 /0 < (000)33 o/1 ortho—para doublet. The pressure-free wavenumbers of these two lines

are determined to be 7286.715 825 626(60) (ortho) and 7285.044 729 204(63) cm~! (para). (c)
Pressure-shift study of the saturated absorption line centers for some H2'60 lines with their
assignments. The error bars represent one standard deviation. Source data are provided as a
Source Data file.

frequency scale of sub-kHz accuracy, providing individual uncertainties of a few
kHz for the line centers.

Systematic studies of power-broadening and pressure-shift effects were also un-
dertaken. Some typical results are presented in Fig. 2.4 [panels (b) and (c)]. The
line center frequencies were extrapolated to zero pressure to correct them for pres-
sure shifts (see also Methods). An additional small effect of line broadening was
found as a result of hyperfine structure in the case of ortho-Hz'60 (see also Fig. 2.4b
and the Methods section). Based on a combined treatment of statistical and sys-
tematic errors, the resulting transition frequencies were associated with individual
uncertainties for each line (see also Methods).
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The most precise line [(200)1g,1 < (000)1; o], reported in a near-infrared study
of Kassi et al.[71] with 3 kHz accuracy, was used for verification, remeasured with
1.8 kHz uncertainty, and found to agree within the uncertainty limits. Beyond this
transition, repeated measurements were performed for another three lines of Ref.
[71] (see Figs. 2.2-2.3). In these cases, the NICE-OHMS results proved to be a
factor of four more accurate than their previous determinations|71].

In addition to these repeated measurements forming trivial (2-membered) cy-
cles, several longer (mostly 4- and 6-membered) cycles were also built from lines
of Figs. 2.2-2.3 to check the self-consistency of the line positions and assignments.
These cycles occasionally revealed accidental mistakes made during the determina-
tion of line centers from the raw experimental data and proved that some literature
lines have much larger uncertainties than indicated in the original publications.
Consequently, measuring well-designed cycles is highly recommended to check the
correctness and the accuracy of the recorded lines. The discrepancies of all the
investigated cycles are a few times 10~7 cm™'. This suggests an excellent internal
consistency of the observed lines.

Transfer of measurement accuracy

It is a significant problem how to transfer the high accuracy of the NICE-
OHMS measurements to that of derived energy values and wavenumbers in the best
possible way. The extended Ritz principle and the SNAPS approach offer a solution
here, as well. Building paths out of observed lines ensures that several, explicitly
unmeasured energy differences can be calculated with definitive uncertainties (see
case IIT of Fig. 2.1). Such a predicted energy difference (a) relies only on the

a b

(200)
7272.999 773 44(10)
7136.835 852 585(87)
7189.344 246 829(80)
7294.485 608 50(17)
7272.999 773 44(10)
7136.835 852 585(87)
7189.344 246 829(80)
7294.485 608 50(17)

6.114 566 331(33) 6.114 566 331(33)

37.137 123 84(53)

Figure 2.5: Application of the generalized Ritz principle to the (000)1, 1 state.
Panels (a) and (b) show a path (P) and a cycle (C) involving the (000)11,1 level, respectively.
The Jg, K. rotational labels[74] are indicated for each rovibrational state, while the canonical
(vivevg) vibrational assignments|73] are marked in the left-side color legend. Transitions with
blue arrows are results of the present NICE-OHMS experiments, while those with orange and
green colors are taken from Refs. [66] and [79], respectively. Each line is connected with its
wavenumber (in cm~1) and the uncertainty of the last few wavenumber digits in parentheses.
Successive application of the Ritz principle leads to (a) the best estimate of the (000)11,1 energy
value, 37.137 125 52(23) cm~1, derived from P, and (b) the discrepancy of C, supplied with an
uncertainty, 1.68(58) x 1076 cm™! (see cases ITI-TV of Fig. 2.1). The energies of the internal
states [(101)10,1,(000)22,0, (000)31,3, and (200)22 0] can be similarly obtained from P. Accepting
the line uncertainties of P, the relatively large discrepancy of C indicates that the (000)11 1 energy
can be more accurately calculated from P than from the direct link of Ref. [79]. Source data are
provided as a Source Data file.
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experimental wavenumbers and therefore does not suffer from overfitting and other
numerical effects, (b) may have an accuracy characteristic of the NICE-OHMS
setup, (c) is not restricted to the original experimental wavenumber range, (d)
may be exempt from some systematic errors which may cancel each other due to
subtractions in its defining equation. As a result, these energy-difference estimates
can supersede those obtained from effective Hamiltonian models or direct results
of lower-resolution techniques. In what follows, three relevant applications are
presented, where the accuracy of the NICE-OHMS technique could be transferred
for deduced energy differences.

Highly-accurate relative-energy values

Since the high-precision ortho (Fig. 2.2) and para (Fig. 2.3) lines of Hy'%0 form
connected sets, we are able to derive relative energy values for all the available
ortho and para states [(000)1p1 and (000)0¢,o energy levels, respectively]. Thus,
one can construct paths starting at (000)1p; or (000)0g and explore all of the
rovibrational states of Figs. 2.2-2.3. A typical path is depicted in Fig. 2.5, which
defines the (relative) energy value of the (000)1; ; state.

During the SNAPS procedure, one of our principal objectives is to obtain rel-
ative energies for the most important hubs of Hy'®O as accurately as possible.
Among the 185 hubs (top 1 % of the known Hy'6O energy levels in descending
order of their vertex degrees) of the IUPAC-H2!®O database[51], 153 and 32 lie on
the (000) and (010) vibrational states with J < 14 and J < 9, respectively. As
the (000) hubs cover virtually all the (000) energy levels for J < 8 [only (000)8s,¢
is missing from the hub list], we decided to redefine the relative energy values of
all the (000)Jx, x, states up to J = 8 [apart from (000)8s, and (000)8g 1, which
would have required measuring a few too weak target lines] based on paths of
Figs. 2.2-2.3. Nevertheless, in the present NICE-OHMS wavenumber range, we
could not find paths connecting the (010) hubs to the (000)0g, or (000)1g ;1 states.
Thus, no (010) relative energies could be determined during this study.

Beyond hubs, some further representative rovibrational states were also inves-
tigated within the vibrational states attainable under the experimental conditions
applied. In total, 160 relative energy values have been redetermined with an ex-
pected accuracy of some 10~7 em™!. Of the underlying rovibrational energy levels,
84, 15, 6, 4, 2, 19, 3, and 27 lie on the (000), (002), (021), (040), (050), (101), (120),
and (200) vibrational states, respectively. Despite the fact that the NICE-OHMS
measurements performed in the near IR region involve highly excited vibrational
parents, the accuracy of the energy levels derived within the ground vibrational
state is one or even two orders of magnitude better than those obtained by pure
rotational measurements in the THz frequency range[79, 80, 81, 82, 83].
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Figure 2.6: Two line-disjoint paths used for the derivation of the lowest ortho-H2'60
energy. The Jg, k, rotational labels[74] are indicated individually for each rovibrational state,
while the canonical (viv2v3) vibrational assignments|73] are marked in the left-side color legend.
Transitions of paths #1 and #2 are highlighted with green and blue arrows, respectively, where the
ortho and para energy levels are represented with circles and squares, respectively. The starting
and ending points of these paths, (000)0¢,0 and (000)1g,1, are highlighted by orange and purple
squares, respectively. Common states of paths #1 and #2 are placed in the middle row of the
figure. Transitions with darker colored arrows are results of the present study, while the rotational
lines with lighter colored connectors are taken from Refs. [60], [66], and [68]. The dashed red
lines surrounded by red boxes represent virtual transitions whose wavenumbers correspond to
small ortho—para energy splittings [2.99(17) x 107% and 4.26(18) x 10~% cm ™! for (040)8g 0,1 and
(040)77 /1, respectively] derived from nuclear-motion (GENIUSH) computations[84, 85] (see also
Source Data and Supplementary Note 4). Relying on the Ritz principle and the law of uncertainty
propagation (see formulas of case III in Fig. 2.1) as well as the wavenumbers and uncertainties
of the virtual transitions, paths #1 and #2 give the estimated values of 23.794 361 54(59) and
23.794 361 41(71) cm™! for the lowest ortho energy, respectively. For details on the generation
and evaluation of these two paths, see Methods. Source data are provided as a Source Data file.
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Lowest ortho energy value of H,'60

As emphasized in the Introduction, no transitions connecting ortho and para
states of Ho'%0 have been detected. This observational hiatus necessitates the use
of indirect protocols to obtain the (000)1p,1 — (000)0g, energy splitting, that is,
the lowest ortho energy value of the Hy'®O molecule.

The best previous estimates[94, 91, 92, 93] for the lowest ortho energy are
accurate to 1079 — 107 em~!. This means that none of the ortho-Hy'60 energy
values can have an absolute uncertainty better than some 107% em™!, even those
involved in the much more accurate NICE-OHMS measurements. To improve the
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absolute accuracy of all the ortho energies, one needs to determine the lowest ortho
energy with an uncertainty of a few 10~7 cm™!.

The traditional way to derive the lowest ortho energy involves a fit of an ef-
fective Hamiltonian model to the largest number of energy differences within the
ground vibrational state. To simplify the fitting procedure, we constructed artifi-
cial transitions from the vibration-mode-changing lines of Figs. 2.2-2.3 sharing the
same upper states and calculated the underlying (000) energy differences with their
uncertainties (see also cases II-1II of Fig. 2.1). Building a training set (restricted to
J < 8) from the appropriate artificial lines and pure rotational transitions of Refs.
[60], [66], and [68], a weighted least-squares fit was performed with a 14th-order
Watson-type Hamiltonian. This high order is required due to the considerable accu-
racy of the lines included in the training set. To make an external validation for the
fitting, we excluded all those lines incident to states (000)1; 1, (000)2¢ 2, (000)21 1,
and (000)22 from the training set. The fit with this effective Hamiltonian leads
to the lowest ortho energy estimate of 23.794 361 22(25) cm~!, while perfectly re-
producing the energies of (000)15 1, (000)2¢,2, (000)24 1, and (000)22,¢ within their
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Figure 2.7: Overview of selected determinations of the lowest ortho energy of Hy160.
On the vertical axis, the publication year is provided for the present and the literature[86, 87,
88, 89, 90, 79, 91, 92, 93] determinations. In Ref. [91], two different estimates ([I] and [II] in
this figure) are reported. Data of Toth[90], JPL[92], and Coudert et al.[93], as well as of this
work are displayed in the purple inset. Our predictions [paths #1 and #2: paths of Fig. 2.6; EH
fit: ground-vibrational-state effective Hamiltonian fit [see the main text and Supplementary Note
2] are repeated in the orange inset for improved transparency. Blue dots are published lowest
ortho energy values, while the red ones have been calculated during the present study from the
effective Hamiltonian parameters of the original publications. Similarly, blue error bars illustrate
originally reported uncertainties, while the red ones are our estimates defined in Supplementary
Equation 12 and analyzed in Supplementary Note 5. Source data are provided as a Source Data
file.
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stated uncertainties. Further details on the effective Hamiltonian modeling are
given in Supplementary Note 2.

An independent, network-based way to determine the lowest ortho energy is
to seek and measure all the shortest possible line-disjoint paths from (000)0q g
to (000)1p+, involving accurate virtual transitions that connect closely spaced
(v1v2v3)J 50/1 ortho—para state pairs with sufficiently high J values (for details,
see Methods). This protocol yielded only two such paths (see Fig. 2.6) within the
experimental restrictions, upon which two independent determinations [23.794 361
54(59) and 23.794 361 41(71) cm~!] are obtained for the lowest ortho energy value.
These data are in full accord with our effective Hamiltonian value.

Based on a careful consideration of all the results, the estimate of our effective
Hamiltonian model, 23.794 361 22(25) cm ™!, is recommended as the new reference
value for the lowest ortho energy A comparison of the present lowest ortho energy
determinations with results of previous effective Hamiltonian models[86, 87, 88, 89,
90, 79, 91, 92, 93] is displayed in Fig. 2.7 (for comments, see Supplementary Note
5).

Finally, it must be emphasized that the traversal of the (000) rotational energy
levels via up and down jumps involving several vibrational bands (see Fig. 2.6) is
a fully novel approach, inspired by the network-theoretical view of high-resolution
spectroscopy. Construction of paths with similar complexity would be impossible
via conventional spectroscopic tools (combination difference relations or effective
Hamiltonian models).

High-accuracy predicted linelist

The list of lines predicted from the paths of Figs. 2.2-2.3 may act as frequency
standards[96] over a wide range, helping future high-resolution experiments. This
is especially true for those 30 pairs of predicted transitions whose separation is
less than 0.01 em ™!, which cannot easily be resolved via Doppler-broadened mea-
surements. These highly-accurate calculated lines, having two or three orders of
magnitude smaller uncertainties than their former determinations, give us the op-
portunity to validate less accurate measurements and reveal individual and sys-
tematic (e.g., pressure-shift) effects in their line positions. Such an examination
is mostly important for the THz regime, where the usually applied experimental
techniques provide a few times 107% cm ™! accuracy for the detected transitions.
The complete set of predicted lines is presented in Fig. 2.8. An assessment of the
literature data sources corresponding to our predicted lines is provided in Supple-
mentary Note 6 and Supplementary Figure 3.

As illustrated here for Hy'%0, the SNAPS method performs excellently; there-
fore, this approach is highly recommended to enhance our understanding of the
spectroscopy of important molecular species, say those in HITRAN. It is expected
that SNAPS, once applied to the majority of molecules of interest (note that the
latest HITRAN version[30] contains rovibronic transitions for 49 molecules), will
improve significantly the accuracy and utility of spectroscopic databases.
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Figure 2.8: High-accuracy linelist of H2'®O generated from paths of Figs. 2.2-2.3
(see also Supplementary Note 6). In addition to the transition wavenumbers, 296 K absorption
intensities[95] are also presented on the vertical axis. The data points in the left lower quadrant
correspond to low-intensity, vibration-mode-changing transitions. While the directly measured
lines are constrained to the interval 7000-7350 cm !, the predicted transitions resulting from lines
of Figs. 2.2-2.3 extend between 0-1005 cm ™! and 6198-8114 cm~!. Source data are provided as
a Source Data file.

2.3. Methods

Theory

The SNAPS procedure can be divided into four major phases (Fig. 2.9): [I]
preparation phase, where the SNAPS input is created, [II] selection phase, where
the full set of possible target lines is generated, [III] measurement phase, where
the list of target lines is reduced and then detected with a precision-spectroscopy
setup, and [IV] evaluation phase, where the final paths and cycles are obtained
and assessed. Phases II and IV are based on elements of network theory, while
phase III is where the theoretical knowledge is turned into experimental informa-
tion. The network-theoretical notions and methods utilized here are summarized
in Supplementary Note 1 and illustrated in Supplementary Figure 1.

In phase I (preparation), five input units are introduced. In the reference
dataset, those (highly accurate) literature lines are placed which one desires to build
into paths and cycles. The template dataset comprises transitions with their esti-
mated (experimental or calculated) primary line parameters and wavenumber un-
certainties. The experimental constraints (the wavenumber window of [omin, Omax),
the intensity interval of [Siin, Smax], and the Einstein-A coefficient range of [Amin, Amax))
imposed upon the template lines are characteristic of the precision-spectroscopy
technique applied. If one opts for the determination of the energy differences of
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Figure 2.9: Flowchart of the SNAPS approach. Boxes of this picture are explained in the

Theory section.
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some state pairs, the list of these pairs (state duals) should be provided. For these
state duals, all the available line-disjoint paths will be found. The extracted dataset
is initially empty, which will be filled with extracted (newly measured and resolved)
lines provided by the experimental method chosen.

As the first stage of phase II (selection), a design network is constructed from
(a) all the reference and extracted transitions, and (b) those template lines which
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meet the experimental constraints and do not have counterparts with the same
assignment in the extracted dataset. Then, shortest-path searches are performed by
running Dijkstra’s algorithm[44] to explore the structure of the design network. For
these searches, the weights of the lines are specified as follows: (a) zero weights are
assigned to all the transitions of the reference and extracted dataset (that is, they
are forced into the shortest paths to reduce the experimental cost), and (b) weights
of the template lines are represented by the squared wavenumber uncertainties.
Obviously, this weighting scheme can be arbitrarily modified and adapted to the
experimental setup applied. The design network is utilized in two different ways.
First, a shortest (core-to-state) path is built for every state from its core with a
single execution of the Dijsktra procedure, and the basic cycles of the corresponding
shortest-path forest (compact cycles) are determined (core-to-state decomposition).
Second, the entire list of line-disjoint shortest (state-to-state) paths are composed
for each state dual by successive application of the Dijkstra algorithm (state-to-
state decomposition). During the repetition of Dijkstra’s procedure, the transitions
of the actual state-to-state path are temporarily ignored from the design network
in each step (these ignored lines are reinstated right before the next state dual is
treated). A core-to-state path from (000)0p to (000)1;; and two state-to-state
paths for the state dual [(000)0g,0,(000)1p1] can be found in Figs. 2.5 and 2.6,
respectively.

At the end of this step, the core-to-state paths and the compact cycles (grouped
by the components of the design network) are printed into a file and the state-to-
state paths are stored in a separate file by state duals. In these files, paths and
cycles are indicated either as unexhausted or exhausted, depending on whether
they contain any template transitions or not. The set of template lines involved
in unexhausted paths and cycles (called the linked target linelist, LTL), is also
collected into a third file for each component.

In phase III (measurement), a reduced set is created from the linked target
linelist by manually selecting the template transitions of those unexhausted paths
and cycles which are of interest to the user. If there is at least one line in the
reduced target linelist, it must be detected, resolved, and carefully analyzed via the
precision-spectroscopy technique employed. Having completed the high-precision
experiments, the extracted lines should be included in the extracted dataset, while
the lines declared to be rejected for some reasons (for instance, due to incorrect
primary line parameters or measurement difficulties) need to be deleted from the
template dataset. Thereafter, phases II and III are repeated with the altered input
until the reduced target linelist becomes empty.

Once the iteration involving phases II and III is stopped, a response network is
assembled from the reference and the extracted datasets (phase IV — evaluation).
The weights of the lines in the response subnetwork are initialized as the squared
wavenumber uncertainties. Neglecting those reference transitions of the response
subnetwork which are not connected to extracted transitions (i.e., form separate
islands), a backbone subnetwork is obtained. For this backbone subnetwork, the
same decompositions are performed as for the design network of phase II, comple-
mented with the evaluation of the energy differences and discrepancies concerning
the output paths and cycles, respectively (see cases IIT-IV of Fig. 2.1). The relative
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energies of the rovibronic states (together with their uncertainties) are calculated
from the core-to-state paths of the backbone subnetwork.

At the beginning of our measurement campaign on Hy'¢O, the reference dataset
consisted of the lines taken from Refs. [60], [66], [68], and [71]. In search for line-
disjoint paths from (000)0g o to (000)1¢ 1, virtual transitions (see the main text),
constructed from the energy list of Ref. [95], were also included to connect the
ortho and para states (see also next subsection). For the template dataset, the
line positions and their uncertainties were predicted from the empirical energies of
the IUPAC database[51] of H2'®O, while the line intensities and Einstein-A coef-
ficients were taken from the first-principles linelist of Ref. [95]. The experimental
constraints guiding the SNAPS procedure of this study are as follows: [7000, 7350]
em~! for the wavenumbers, [10726, 1072°] cm molecule™! for the intensities, and
[107%, 10%] s7! for the Einstein-A coefficients. The estimates for the primary line
parameters of the template dataset proved to be sufficiently accurate to serve as
design parameters for precision measurements performed with the NICE-OHMS
setup.

Linking ortho and para states

The splittings of close-lying (vivav3)Jy /1 states (that is, the wavenumbers of
the virtual lines) can be estimated as differences of first-principles energies. For
these wavenumbers, the nuclear-motion computations[84, 85] lead to sufficiently
high accuracy (see Supplementary Note 3 and Supplementary Figure 2), paving
the way for the utilization of virtual lines to provide extremely precise lowest ortho
energy determinations.

During the execution of the SNAPS procedure (see Methods), we took into
account all the possible virtual transitions from Ref. [95], with wavenumbers less
than 107 ecm™!, and searched for all the (shortest possible) line-disjoint paths
defining the lowest ortho energy. This search yielded only two feasible line-disjoint
paths within the experimental constraints, containing virtual lines with state pairs
(040)77,0/1 and (040)8g /1. The near-infrared lines of these paths (see Fig. 2.6)
have been redetermined with the NICE-OHMS setup, while the wavenumbers of the
virtual transitions have been benchmarked with variational nuclear-motion com-
putations employing the the GENIUSH[84, 85] program system as well as sev-
eral vibrational basis sets and potentials. The GENIUSH computations resulted
in 4.26(18) x 107 em™! and 2.99(17) x 107% cm™! for the wavenumbers of the
(040)77,0 < (040)77 1 and (040)8g,0 < (040)8s,1 virtual lines, respectively. Further
details on the GENIUSH computations, see Supplementary Note 4.

Utilizing the line positions and uncertainties of paths #1 and #2, together with
the wavenumbers and the uncertainties of the virtual lines, the values of 23.794
361 54(59) and 23.794 361 41(71) cm™! are obtained for the lowest ortho energy,
respectively. The accuracy of these determinations is dominantly determined by
the excessive lengths of the underlying paths, and much less by the uncertainty
contribution of the first-principles computations. These lowest ortho-energy values
are overall of slightly lower accuracy, but in excellent agreement with our effective-
Hamiltonian-based estimate.
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Figure 2.10: Schematic layout of the NICE-OHMS experimental setup The EOM
(electro-optic modulator) is double modulated at both frequencies fppy and frsg, which are 20
MHz and 305 MHz, respectively, where the latter is exactly matched to the cavity free spectral
range. OFC represents an optical frequency comb laser. For further details, see text.

Experiment

Noise-immune cavity-enhanced optical heterodyne molecular spectroscopy (NICE-
OHMS, see Refs. [97], and [98]) is an ultrasensitive and ultrahigh-precision method
of cavity-enhanced saturation spectroscopy, combining frequency modulation spec-
troscopy with cavity-enhancement. In our NICE-OHMS setup, shown schemati-
cally in Fig. 2.10 and previously developed for precision metrology of HD[28, 78],
we used an optical frequency comb as an external reference for long term stabi-
lization. In order to cancel short-time jitter, the external cavity diode laser is
electronically locked via a Pound-Drever-Hall (PDH) scheme to the spectroscopy
cavity, which has a finesse of 150 000 and a length of 51 cm. Long-term stabiliza-
tion of the cavity is achieved by beating the laser to an optical frequency-comb
laser disciplined by a caesium atomic clock and is further corrected by compari-
son with signals from the global positioning system. This advanced methodology
gives rise to a frequency scale of sub-kHz accuracy. A double modulation scheme
is applied via an electro-optic modulator (EOM) for imposing the 20 MHz and
305 MHz modulations for the PDH-locking and for generating the spectroscopy
sidebands respectively, where the spectroscopy sidebands are carefully matched to
the cavity free spectral range, used in NICE-OHMS. While NICE-OHMS typically
yields dispersive signals, in our detection scheme an additional layer of slow modu-
lation is applied via dithering a piezo activated cavity mirror (at 405 Hz) to yield a
derivative of the dispersive signal. Hence, our lines exhibit the shape of a Lamb-dip
as displayed in Fig. 2.4a.

The water vapor used for the measurements in this study originates from out-
gassing from the vacuum chamber walls, where water is the dominant component.
Pressure levels are controlled by varying the pump speed to the turbo molecular
pump to reach a steady state condition, where the pressure is monitored by a
capacitance pressure gauge.

To improve the accuracy with which the line centers are measured, which is as
low as 3-5 kHz, the broadening and shifting phenomena affecting the spectral lines
detected in saturation in the NICE-OHMS setup were systematically investigated.
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The effect of the enhanced intracavity power gives rise to power broadening, and
during the experiments the intracavity power level was reduced and matched to
the Einstein-A coefficient to avoid too strong broadening. The observed linewidths
are on the order of 100 kHz.

As an example, the spectrum of the (002)330/, = (000)25 1,0 ortho—para dou-
blet was investigated under various conditions of intracavity saturation power. The
values for the half-width at half-maximum (HWHM) are plotted in Fig. 2.4b, clearly
showing a power broadening effect. It was verified that power broadening does not
lead to shifting of the central line position — no systematic effect was observed be-
yond the statistical uncertainty. Fig. 2.4b also clearly demonstrates that the ortho
line is slightly, but consistently, broader than the para line, which is attributed to
the underlying and unresolved hyperfine structure of ortho-Hy'60O. This effect of
hyperfine structure does not lead to discernible asymmetries and a shift of the cen-
tral line position, and hence does not compromise the accuracy of the determination
of the ortho line centers.

A second systematic effect, caused by the influence of collisions and pressure,
was also considered. While collisions and increased pressure do produce broadening
of the lines, this is not of particular relevance for the present study. However,
the collisional shift is a crucial issue because it is a limiting contribution in the
measurement accuracy of the line centers. In Fig. 2.4c some typical pressure-
dependence measurements are displayed for a number of lines. The explicit pressure
dependence of the line positions has been determined only for a small fraction of the
measured NICE-OHMS lines. In addition, due to the large amount of work required
for the determination of the pressure shifts, the remaining transitions have been
measured at a low pressure of around 0.1 Pa. Thus, based on the highest pressure-
shift coefficient value (420 kHz Pa~1), a conservative pressure uncertainty of 2-3
kHz has been adopted for those lines for which no explicit pressure curves were
measured.

Note that the relative values of the collisional shifts, and even the signs of
the collisional shifts, for the presently determined saturated absorption lines do
not agree with the self-collision shifts of the HITRAN database[30] for Doppler-
broadened lines. This deviation may be attributed to the fact that in saturation
spectroscopy only a partial velocity class is probed for the molecules, but a detailed
analysis falls outside the scope of the present study.

Overall, a number of individual uncertainty factors have been assigned to all
observed transitions. First, the statistical uncertainties are calculated by taking
different results of the fitting procedures for each single transition, and averaging
over its multiple recordings. The pressure effects, mentioned above, have also
been included in the line uncertainties. In addition, a conservative power shift
uncertainty of 1 kHz has also been considered in the error budget. The final
uncertainty of a particular line was estimated as the square root taken from the
sum of squared individual uncertainty terms.

2.4. Data availability

Data supporting the main findings of this work are available in the Supplemen-
tary Information files of this paper. The important experimental and calculated
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data of this study [list of old and new precision lines; high-accuracy predicted
linelist; highly accurate relative rovibrational energies; output of the effective
Hamiltonian fit; line disjoint paths between (000)00 ¢ and (000)1y:; GENIUSH-
based predictions for the wavenumbers of the (040)77 ¢ <— (040)77 1 and (040)8g ¢ <
(040)8s 1 virtual lines; comparison of the various lowest ortho energy estimates; ba-
sic cycles built upon the new and old precision measurements; and comparison of
the literature lines with our high-accuracy linelist] are provided as a Source Data
file. The data underlying Figs. 2.2, 2.3, 2.5, 2.6, 2.7, and 2.8 can also be found in
the Source Data file.
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Chapter 3

Ultraprecise relative energies in the (200) vibrational band
of H2160

Abstract

The sensitive technique of Noise-Immune Cavity Enhanced Optical Heterodyne Molecular Spec-
troscopy (NICE-OHMS) is employed to detect rovibrational transitions of the main isotopologue
of water at wavelengths of about 1.4 mum. This intracavity-saturation approach narrows down
the typical Doppler-broadened linewidths of about 600 MHz to the sub-MHz domain. The locking
of the spectroscopy laser to a frequency-comb laser and the assessment of collisional and further
line broadening effects result in transition frequencies with an absolute uncertainty below 10 kHz.
The lines targeted for measurement are selected by the spectroscopic-network-assisted precision
spectroscopy (SNAPS) approach. The principal aim is to derive precise and accurate relative
energies from a limited set of Doppler-free transitions. The transitions selected for measurement
by SNAPS establish cycles within the spectroscopic network of H2'60O, helping to confirm the
internal consistency as well as the accuracy of the precision-spectroscopy measurements. The
71 newly observed lines, combined with further highly accurate literature transitions, allow the
determination of the relative energies for all of the 59 rovibrational states up to J = 6 within
the (v1v2v3) = (200) vibrational parent of Ho'6O, where J is the overall rotational quantum
number and v1, v2, and v3 are quantum numbers associated with the symmetric stretch, bend,
and antisymmetric stretch normal modes, respectively. An experimental curiosity of this study
is that for strong transitions an apparent signal inversion in the Lamb-dip spectra is observed; a
novelty reserved to the NICE-OHMS technique. 1

IThis chapter is a reproduction of: Ultraprecise relative energies in the (200) wvibrational
band of H2'%0O, M.L. Diouf, R. Tébiés, T.S. van der Schaaf,F.M.J. Cozijn, E.J. Salumbides, A
G.Csészéar, and W. Ubachs, Mol. Phys. €2050430 (2022).



3.1. INTRODUCTION 40

3.1. Introduction

Water isotopologues, all of them asymmetric-top molecules, have been widely
employed as test systems for modeling efforts in high-resolution and precision spec-
troscopy. The interest in water spectroscopy [99] is due partly to the fact that water
spectra are involved in a huge number of important scientific and engineering ap-
plications, e.g., combustion, atmospheric sciences, and astronomy, either directly
or indirectly (in the latter case the application requires the subtraction of water
lines to reveal the lines of interest). Therefore, extensive line lists exist for at least
nine water isotopologues [30, 100, 101, 102, 103, 104, 105].

For the main water isotopologue, Hy'60, the related spectroscopic databases
contain some 300000 experimental rovibrational lines and some 20000 empirical
energy levels. Dr. Jean-Marie Flaud, to whom this paper is dedicated, has made
significant contributions [106, 107, 108, 109, 37, 110, 111, 112, 113, 114, 115, 116,
117, 118, 119, 120, 121, 122, 123, 124, 125, 126, 127, 128] to these spectroscopic
data collections, providing thousands of measured line positions, line intensities,
and collision parameters for a number of water isotopologues. Furthermore, the pi-
oneering work of Flaud et al. [37] related to the conversion of measured transitions
to empirical energy values provided one of the pillars of the MARVEL (Measured
Active Rotational-Vibrational Energy Levels) protocol [40, 43, 52] and turned the
attention of the Hungarian co-authors of this study toward the analysis and uti-
lization of spectroscopic networks [45].

The rovibrational energy levels of Hy'60O are separated into two components,
corresponding to the ortho and para nuclear-spin isomers. As of today, ortho—para
transitions have not been detected for Ho'®O due to their extremely low tran-
sition intensities [59]; thus, only relative energies can be determined from the
measured lines. The relative energy of an ortho(para) state is defined as the dif-
ference between the absolute energy of this state and that of the lowest-energy
ortho(para) state. In spectroscopy the absolute energy of the lowest para state
(v vav3)JK, k. = (000)0g,0, is zero by definition, where vy, vy, and vs are the
symmetric stretch, bend, and asymmetric stretch normal-mode quantum numbers,
respectively, while Jg, k. stands for the asymmetric-top rotational quantum num-
bers [74]; thus, the relative para energies correspond to absolute energies. The
most accurate empirical estimate for the absolute energy of the lowest ortho state,
(000)10.1, is 23.794 361 22(25) cm ™! [129], enabling the accurate conversion of the
relative ortho energies to absolute ones.

While all the experimental studies of Flaud and co-workers were based on
Doppler-broadened spectroscopy, the advent of cavity-enhanced techniques has
opened up a new territory, allowing experiments with much improved accuracy out-
side of the microwave spectral region. Such experiments in the near infrared have
already been carried out for Hy'6O, Ho'70, and Hy'*O [71, 72, 129, 130, 131]. The
combination of ultrasensitive Noise-Immune Cavity Enhanced Optical Heterodyne
Molecular Spectroscopy (NICE-OHMS) [97, 98] and the spectroscopic-network-
assisted precision spectroscopy (SNAPS) procedure [129] has led to the derivation
of a considerable number of ultraprecise absolute energies of Hy160 [129] and H280
[130] in the ground vibrational state.
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In this study, 71 ultraprecise rovibrational lines of Hy'6O are reported, observed
with the NICE-OHMS technique in the 1.4 mum region. Relying on the newly
recorded transitions selected via the SNAPS scheme, as well as those of Refs. [129],
[71], and [60, 66, 68], accurate relative energies are deduced with an uncertainty of
at most 15 kHz. Altogether 59 ultraprecise relative energies are determined this
way within the (200) band, forming a complete set up to J = 6. The newly derived
relative energies allow the extension of an ultraprecise predicted line list of Hy'60
[129], benefiting all those who require accurate spectroscopic information for their
modeling efforts.

3.2. Methodological details
NICE-OHMS

NICE-OHMS [97, 98] is an absorption-based saturation-spectroscopy technique
combining frequency modulation with cavity enhancement. A detailed description
of our in-house NICE-OHMS spectrometer is given in Ref. [28], while the appli-
cation of our setup to the study of water lines has been described in detail in
Refs. [129] and [130].

The principle behind NICE-OHMS is based on the modulation of a laser, the
carrier with frequency f., to generate two opposite-phase sidebands with frequen-
cies f. & fi for heterodyne detection, where fy, is the modulation frequency (see
Fig. 3.1a). The in-phase sideband, that with frequency f.+ fm, has the same phase
as the carrier, while the other one with frequency f. — fu,, named out-of-phase side-
band, is shifted in its phase by 180° with respect to the carrier. The three fields
moving in both directions within the cavity must exactly match the resonant cavity
modes, requiring fr, = FSR, where FSR is the free spectral range of the cavity (see
Fig. 3.1b).

When f. = f is set, where f is the central position of a molecular resonance,
both counter-propagating carrier fields interact with the molecules flying perpen-
dicularly. This interaction produces a hole burnt in the center of the axial velocity
distribution and enables the observation of generic Doppler-free Lamb dips.

In addition to this generic Lamb dip, the two counter-propagating sidebands
interact with molecules flying parallel to the beam and carrying a velocity of £ fu,
where A, is the wavelength of the carrier. Due to the Doppler effect, molecules with
these velocities perceive the sideband frequencies at f, leading to additional hole
burning [132]. These holes appear in the axial velocity distribution at £X¢ fu,
forming two additional identical Lamb dips at f. = f (see Fig. 3.1c).

All three Lamb dips are acquired simultaneously at f. = f, but the Lamb-dips
generated by the sidebands are opposite in sign, as the out-of-phase sideband causes
the sign to flip. In most conditions the widths of the Lamb dips are nearly identical,
leading only to a slight attenuation of the observed Lamp-dip. However, in the case
of strong resonances, the carrier-carrier saturation significantly broadens the Lamb-
dip. This broadening ensures sufficient contrast to observe the sideband-sideband
Lamb dip separately, resulting in a notable double-dip profile.

Experimental constraints on the selection of target lines are imposed by the op-
erating ranges of the diode laser, the frequency-comb laser, and the high-reflectivity
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(a)

(c)

_A(‘fm 0 A(fm
Velocity /m s™1

Figure 3.1: Interaction among the multiple laser fields inside the cavity. Panel (a)
shows the generation of the sidebands through the Electro Optic Modulator (EOM) with a mod-
ulation frequency fr. The EOM generates from an input field at frequency fc, the carrier, two
sideband fields at frequencies fc + fm and fc — fm. The thick green arrow represents the carrier
field, at much higher power than the in-phase (blue) and out-of-phase (red) sidebands. The pa-
rameter fu is set to the free spectral range (FSR), which is 305 MHz. Panel (b) illustrates the
three fields coupled into three adjacent cavity modes and separated by the FSR. The matching
cavity modes of the carrier, the in-phase sideband, and the out-of-phase sideband are denoted
with green, blue, and red spikes, respectively. The two arrows labeled with k£ show the opposite
propagation directions of the three bi-directionally propagating laser fields. Panel (c) exhibits
the three distinctive holes burnt into the axial velocity distribution profile, all contributing to the
observed lineshape. Ac is the wavelength of the carrier.

mirror. A further constraint is that the Lamb-dip spectra can be probed most ef-
ficiently within a limited range of intensities (10726-1072! cmmolecule™!) and
Einstein A-coefficients (1074-102 s71).

SNAPS

The SNAPS procedure, built upon the theory of spectroscopic networks [45]
and the Ritz principle [35], is well documented, see Refs. [129] and [130]. Briefly,
during the execution of SNAPS, one should (a) build paths and cycles (see Fig. 2
of Ref. [130]) from highly-accurate ‘predetermined’ (literature) lines, as well as
from target transitions satisfying the experimental constraints; (b) continue with
recording the target lines; and (c) evaluate the spectroscopic information coded
in the paths and cycles of the new and the predetermined transitions. The paths
provide ultraprecise estimates for the energy differences and their uncertainties,
while the cycles can be applied to test the internal accuracy of the newly resolved
lines.
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@
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Figure 3.2: Pictorial representation of the precision lines observed for ortho-H2'60.
The rovibrational states are designated with (v v2 v3)JK, K., whereby v3 4+ K4+ K¢ is odd. The
rovibrational lines correspond to (v} v} vé)J}févKé — (v Y vé/)J;é&,,Ké,, where ’ and ”’ distinguish
between the upper and lower states, respectively. Based on the even and odd parity of K/, the
near-infrared transitions can be divided into two subnetworks, ot and o™, respectively, which
are drawn separately. The Jg, . rotational label is written out explicitly for each state in a
circle, while the (vi v2 v3) vibrational labels [73] are indicated in the left-side color legend. The
vibrational states of this figure belong to the P = 0, 4, and 5 polyads, where P = 2v1 4+ v2 + 2v3
is the polyad number. Transitions with light green arrows are results of the present study, while
those with cyan, dark blue, gray, orange, and purple colors are taken from Refs. [129], [71], [60],
[66], and [68], respectively. Dashed arrows represent pure rotational lines linking the ot and
o~ subnetworks. The complete list of these ultraprecise transitions with their line centers and
uncertainties are deposited in the Supplementary Material.
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(040) (200)- X X % -(200)

foude—

’

Figure 3.3: Pictorial representation of the precision lines observed for para-H2'60.
The specification of the rovibrational states and lines, as well as the formalism applied, is similar
to that of Fig. 3.2, with the difference that the para levels, identified with even v3+ K, + K. values,
are represented with squares. The NICE-OHMS transitions are organized into subnetworks pt
and p~, where the lines are characterized by even and odd K values, respectively. The complete
list of these ultraprecise transitions with their frequencies and uncertainties are deposited in the
Supplementary Material.

Figures 3.2 and 3.3 give an overview of all the ultraprecise lines observed for
ortho- and para-H5'%0, respectively. The ‘light green’ transitions of Figs. 3.2 and
3.3 are detected during this study, while all the other lines have been measured
before [129, 71, 60, 66, 68], with a few kHz accuracy.

In Figs. 3.2 and 3.3, two poorly-connected subnetworks can be recognized within
the ortho and para components. The p*, p~, o, and o~ subnetworks correspond
to the (p”,q”) = (+1,41), (=1,41), (+1,—1), (=1, —1) pairs, respectively, where
P’ = (-1)K and ¢/ = (—1)s KIS while of, K, and K/ are lower-state
quantum numbers. Despite the fact that the para (¢” = +1) component cannot
be linked via experimental transitions with the ortho (¢” = —1) component, the
pt/p~ and 0" /o~ subnetworks are connected with pure rotational lines [60, 66, 68].
Considering only dipole-allowed, vibrational-state-altering lines, these subnetworks
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are fully decoupled from each other. Unlike in the case of Ha'®O [130], the four
subnetworks of Hy'%0 remain disconnected in themselves, but the pure rotational
lines make the ortho and para components entirely connected.

3.3. Experimental results
Lineshapes of NICE-OHMS spectra

For the 71 ‘light green’ transitions shown in Figs. 3.2 and 3.3, accurate line
centers have been derived from the Lamb dips recorded during this study. The
ultraprecise line positions and their individual uncertainties, representing 68 %
confidence level, are given in Table 1.

Table 1: The complete list of the rovibrational transitions of Hy'®0O measured
during this study, together with associated individual uncertainties.

# Assignment Frequency/kHz # Assignment Frequency/kHz
1(101)41,3 < (000)53,2210106 545991.7 £ 7.7 3 (200)42 2 < (000)33,1216467935097.0 £+ 4.9
2(200)22,1 + (000)33,0211173854736.3 + 7.5 38( 000)71,6216 533504 194.3 £ 5.1
3(200)30p,3 < (000)33,0211297750216.9 £ 5.2 39( 000)20,2216 543 604 990.8 £ 7.7
4(200)61,6 + (000)62,5212228 360 502.3 &+ 7.5 40( 000)53,2216 584 789 651.7 £ 7.7
5(200)43,1 < (000)44,0212275745088.6 £ 7.8 4 (200)63 3 000)54,2216 713868 387.2 £ 5.3

6(200)64,3 < (000)73,4212392094941.0 £ 7.6 42(200)42 2 000)41,3216759402341.3 £ 7.5

7(200)53,3 < (000)62,4212429214349.8 £ 7.5 43(200)31,2 000)30,3216816255011.5 £ 8.0

)60,6 < (000)61,5212516880028.2 £ 7.5 44(200)52.3 000)51,4216845549472.7 + 7.6
) ) (
) ) (

9(200)4s.5 < (000)5; 4212549 726957.8 £ 7.5 45(200)31.2 < (000)22,1216872016 984.5 & 7.7
10(200)5,.5 < (000)554212843780343.4 + 7.6 46(200)63.3
11(200)11 0 + (000)22 1213 065280 386.0 + 7.6 47(200)54 2
12(200)30.5 < (000)4; 4213113898 650.5 & 7.6 48(200)53 5
13(200)50.5 < (000)51 4213317003 151.8 + 7.6 49(200)43 o
14(200)65.1 < (000)74.4213504626962.6 + 7.6 50(200)4; 5
15(200)54.2 < (000)65.5213534197982.8 + 7.5 51(200)30.3
16(200)20.2 < (000)3; 5213663 124480.5 + 7.6 52(200)4; 5
17(200)60.6 < (000)55 5213684202 168.2 + 15.553(200)44 4
18(101)4;.5 < (000)452213892779969.1 + 7.7 54(200)64.2
19(200)54.1 < (000)635.4213917346 155.8 + 7.5 55(200)45 o
20(200)66.1 + (000)75.9213930734812.6 + 7.5 56(200)40 4
21(200)66,0 « (000)75,3213936479008.5 + 7.7 57(002)64 2
22(200)49.4 « (000)4; 3214054871 531.4 & 7.6 58(200)54 1
23(200)55.1 < (000)64 2214327 159420.1 & 16.859(200)4; 4
24(200)55.0  (000)64.3214359556842.4 & 7.5 60(200)44 ;
25(200)4; 3 « (000)42 2214411 346495.5 + 7.5 61(200)62 5
26(200)441 « (000)55 5214553 163026.1 + 7.7 62(200)50 5

)
)
)

(

(

(

(

(

(

(

(000)65,4216 933944 189.3 + 7.5
(000)61 5217091029 773.4 + 13.8
(000)60.6217108282261.0 + 7.5
(000)50,5217 135374 647.8 + 7.6
(000)4g,4217221204437.3 £ 7.5
(000)2,,2,217471 142 188.6 + 8.0
(000)32.2217 693417 582.6 % 7.6
(000)5; 4217831 529702.9 + 7.8
(000)63,5217 840321 863.3 + 7.5
(000)45,5217884424690.3 + 7.5
(000)31,3218 048663 367.3 + 7.5
(000)65.1218094 331 523.0 + 7.5
(000)555218 119436 295.0 + 7.7
(000)30,5218281318913.5 + 7.9
(000)4s5,5218 339 397 004.6 + 8.1
(000)61,6218430303230.1 + 7.5
(000)4; 4218551 953037.4 + 7.5
(000)64,5218600010890.1 + 7.9
(000)40,4218 664430 158.9 + 7.6
(000)54,1218 748027 171.1 + 7.8
(000)54.2218 754067 492.0 + 7.5
(000)65,1219 063 350 040.7 + 7.6
(000)65.5219 064 282101.9 + 7.6
(000)4;,5219622319934.8 + 7.6
(000)7,,7220 090 855 818.2 + 8.4
(000)40.4220 252 665 298.9 + 7.6

) (
) (
) (

211 < (000)250214562783143.0 £ 7.6 63(200)65 1
28(200)00.0  (000)1; 1214783393303.8 +4.9 64(200)5; 5
29(200)20.2 < (000)2; 1215075223293.4 4+ 7.5 65(200)55.0
30(200)52.3 < (000)61,6215412696377.5 + 7.5 66(200)55.1
31(200)61.6 < (000)52,3215418173888.3 + 7.7 67(200)66,0
32(200)51 5 < (000)45 5215854 572224.0 £ 7.7 68(200)66 1
33(200)42. 3 < (000)33,0215968528410.1 + 4.9 69(200)52 4
34(200)41 4 < (000)32.1216021042437.9 + 4.9 70(200)64 2
35(200)52.4 < (000)431216374204401.9 + 4.8 71(200)43 ;
36(200)11.0 < (000)10.1216396 192933.5 + 5.3

Nt et et et et e O M M O A M Y

In Fig. 3.4, characteristic Lamb-dip spectra are shown for four distinct lines
probed with our NICE-OHMS spectrometer. For the weaker transitions, see panels
(a) and (c), an ordinary single-dip absorption feature can be observed. These Lamb-
dip profiles, which are typical in saturation spectroscopy [133], have a full width
at half maximum (FWHM) of ~ 600 kHz. For the stronger transitions, connecting
low-J energy levels, see panels (b) and (d), atypical, double-dip Lamb-dip profiles
have been observed.
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The signature of strong saturated lines in NICE-OHMS consists of three in-
dependent Lamb-dip contributions when the carrier frequency is tuned to f. = f
as described in Sec. 3.2. The interference of the three Lamb-dips yields a no-
table double-dip profile if their widths are significantly different. This is the
case for strong water transitions, as the high-power carrier induces much higher
power broadening in comparison to the weaker sidebands, allowing the detection
of double-dip signals.

During the course of the experimental campaign, the characteristic Lamb-dip
reversal was detected for lines with Einstein-A coefficients > 0.1 s~1. Figure 3.5a
exhibits a number of spectra for the (200)0¢,0 < (000)1; ; transition, demonstrat-
ing the enhancement of Lamb-dip reversion at increasing sideband powers, without
any shift in the line center. As Fig. 3.5b shows, the recorded signal can be fitted
accurately by using a combination of two opposite sign fitting functions (i.e., first
derivatives of dispersive Lorentzians [131]). Note that these double-dip line profiles,
presented for the first time, occur exclusively in NICE-OHMS spectra and cannot

be observed with other cavity-enhanced methods using only one intracavity laser
field.

Uncertainty quantification

The uncertainties of the transition frequencies displayed in Table 1 depend on
several experimental effects arising mostly from homogeneous broadening mecha-
nisms [133]. In this study, the following decomposition is applied to estimate the
uncertainty of a measured frequency, 9:

_ 2 2 2
6= \/6stat + 6day + 512)0w + 6}%res + 6instr' (31)

vl 0
g —20
o -500
o
¢ —40
o —-1000
Z 60
= (a) (200)5, ,«(000)4, , (b) (200)0, (<(000)1, , 1501
o
2
2 © 0
2
o -25 -1000
©
,g =50 —2000
5
% _75 —-3000
o (© (200)3,5(000)3; , (d) (200)1, ,<(000)1, ,

-100 —-4000

-1 0 1 2

0 1 -2 1
Frequency detuning / MHz

Figure 3.4: Spectral recordings of four Lamb-dip lines obtained in this study with
their rovibrational assignments indicated. On panels (a)—(b) and (c)—(d), para- and ortho-
H2160 transitions are depicted, respectively. Note that the double-dip line profiles, depicted in
panels (b) and (d), arise when the underlying transitions have larger Einstein-A coefficients.
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Figure 3.5: Spectral recordings of NICE-OHMS signals for the (200)0¢,0 + (000)11 1
line of H2'%0. Panel (a) shows the spectral profile at various sideband (SB) powers [see the
legend of panel (a)] and at fixed carrier power of 15 W. The dashed marker represents the position
of the line center. Panel (b) illustrates the individual components of the double-dip spectra at
a sideband power of 122 mW. The orange profile corresponds to the two coincident Lamb-dips,
with a FWHM of 0.5 MHz, induced by the sideband fields. The blue profile of ordinary sign,
with a FWHM of 2.4 MHz, is generated by the carrier. The combination of the orange and blue
profiles leads to the recorded signal, denoted with a green curve.

The statistical uncertainty, dsat, describes the reproducibility of the NICE-
OHMS line positions. dga¢ is approximated as the standard deviation of the tran-
sition frequencies derived from 3-4 scans. The day-to-day uncertainty, d4ay, is
related to dgpat, specifying the long-term reproducibility of the line centers and
the stability of the NICE-OHMS setup. The spectra of some transitions were re-
peatedly recorded on 2-3 different days, yielding an average deviation of 2.5 kHz
for these lines. This average deviation is used as d4ay for each line probed. The
uncertainty due to power-induced shifts, 0w, was diminishing, ¢.e., below 1 kHz,
during the experiments. Therefore, a robust estimate of 0,4 = 0.5 kHz is applied
for all transitions.

If the vapor pressure is not negligible in the sample cell, the pressure-shift
uncertainty, dpres, is significant. For lines (200)00,0 < (000)11,1 and (200)41 4 <
(000)32,1, the pressure-shift effects were explicitly considered by recording spectra
over a range of pressure values and extrapolating the transition frequencies to zero
pressure and fitting a linear model, f = Cp + fyac, Where f and fa. are the
transition frequencies at pressure p and in vacuum, respectively, and C denotes
the pressure-shift coefficient (slope). The C' coefficients determined in this study
are +17.3 kHzPa~! [(200)000 + (000)1;,1] and +4.5 kHzPa™! [(200)4;4 <
(000)32,1]. Since the C values found in this study and in Ref. [129] fall into the
range of [—21,4+22] kHz Pa™!, §,,es = Cogrp is set for each new line, where Ceg = 20
kHzPa~', and p is the measurement pressure for the particular line. Since the
pressure range applied is 0.01-0.2 Pa, dpes corresponds to 0.2-4 kHz.

The dinstr factor is included in the uncertainty budget to describe the small
frequency shifts due to an unbalanced Pound-Drever—Hall ‘lock’ causing slight
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asymmetries in the line profiles leading to fitting errors [134]. For nine selected
transitions, this unbalance in the lock was corrected, revealing an average shift of
~ 7 kHz. For these nine lines, di,str = 4 kHz was chosen, while for all the other
transitions di,sty = 7 kHz was adopted. For all the lines recorded in the present
study, the values of the five uncertainty factors are listed in the Supplementary
Material.

As an independent confirmation of the frequency uncertainties and the rovibra-
tional assignments, all but one of the new NICE-OHMS lines were enclosed into
cycles of different lengths. The only exception is the (200)0g,¢ < (000)1;; line,
whose upper state is not attainable from another pure rotational level through
dipole-allowed transitions. To accelerate the experimental part of the cycle-based
verification, the lines of the intermediate dataset were used to refine the initial
positions via the A-correction scheme [130]. Furthermore, only two scans were per-
formed instead of the usual four for those lines whose upper states were already
determined accurately from other transitions. A subset of cycles, which helped
to recognize an accidental mistake during the experiments, is plotted in Fig. 3.6,
while a collection of basic cycles [77, 135], whose discrepancy is typically 10 kHz
or better for the final dataset, are placed in the Supplementary Material.

(200)
?
&
EJE

>

212843780 343.4(76)
214061337 445.9(51)

021)
215913140 907.7(14)
219951 380 496.7(34)
214 566 639 878.8(36)
218664 430 272.7(76)

+ 215854 572224.0(77)

B | &

213338 258 219.1(20) 219881987 263.7(42)

Figure 3.6: Typical short cycles formed during the SNAPS analysis. For the definitions
of the color codes and the elements of this figure, see the captions to Figs. 3.2 and 3.3. The values
on the arrows are transition frequencies in kHz, with the uncertainties of the last few digits given
in parentheses. Combining any pairs of the three green lines with the blue transitions, three
cycles of length 4, 6, and 8 are obtained. The brown frequency contains an additional error of
+113.8 kHz, which was due to a miscalibration made during the measurement campaign. Using
this erroneous frequency, the discrepancy [129] of the 6-membered cycle became an unacceptably
large value of 119.4(121) kHz. Assuming that the blue transitions are correct, the green transition
frequency was measured to decide which of the other two green lines causes the large discrepancy.
Using the green frequency, the discrepancies of the 4- and 8-membered cycles were 111.5(126) kHz
and 7.9(138) kHz, respectively. The small discrepancy of the 8-membered cycle suggested that the
brown frequency missing from this cycle should be responsible for the significant discrepancies of
the other two cycles. After remeasuring the brown frequency, a new line center of 218 664 430 158.9
kHz was obtained. With this new line center, the discrepancies of the 4- and 6-membered cycles
have been reduced to fairly small values, 2.3(126) and 5.6(121) kHz, respectively.
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Figure 3.7: Path from the (200)00,0 (para) state to the (200)1o,1 (ortho) state. The
color codes and the elements of the figure are explained in the captions to Figs. 3.2 and 3.3,
except the red dash-dotted line, which symbolizes the calculated energy difference between the
lowest ortho and para states, taken from Ref. [129]. The values on the arrows are transition
wavenumbers in cm !, with the uncertainties of the last few digits given in parentheses. Utilizing
the Ritz principle in a successive form and exploiting the law of uncertainty propagation (see
also Ref. [129]), the (200)19,1 — (200)00,0 energy difference is estimated to be 23.040 646 42(39)
cm~!. Note that from the subpaths of this path one can derive absolute energies for all the
rovibrational states displayed in the figure.

3.4. SNAPS-based results

Highly accurate relative energies

From the connected sets of the kHz-accuracy ortho and para transitions dis-
played in Figs. 3.2 and 3.3, ultraprecise relative energies can be determined for the
underlying ortho and para states, respectively. The relative energy of a particular
ortho/para state is estimated here by constructing a lowest-uncertainty path from
(000)10,1/(000)0¢,0 to the desired state and employing the Ritz principle in a suc-
cessive way [129]. If the ortho and para components are linked with an artificial
transition (000)1p; < (000)0g,0, whose wavenumber is set to 23.794 361 22(25)
em ™! [129], then one can also form paths from para states to their ortho siblings.

As an example, a path from (200)0¢ o to (200)1¢ 1 is presented in Fig. 3.7. This
path is capable of providing energy differences for any pair of the underlying states
with definitive uncertainties. By taking the subpath from (000)0¢ o to (200)0¢0,
the (200)0¢,0 energy, which is actually the VBO of the (200) vibrational parent,
can be calculated as 7201.53995061(29) cm~!. This datum is nearly 1000 times
more accurate than the W2020 estimate of 7201.54000(45) cm ™! [105].

Based on the lines of Fig. 3.7, the energy difference of the ortho (200)1y 1 and
para (200)09 o states, €299 is 23.040 646 42(39) cm ™!, which is much lower than
its counterpart in the ground vibrational state, €99 = 23.794 361 22(25) ecm~!
[129]. To understand the change Ae = (99 — ¢(200) recall that €(V1v2%3) is the
‘rotational energy’ of the (v;vgvs)lp1 level within the normal-mode and rigid-
rotor approximations. Then, €(“1?2%3) can be given as the sum of the two smallest
effective rotational constants: e(1v2vs) ~ B(v1v2vs) 4 O(v1v2vs)  Tp the case of
Hy'60,
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~ B000) _ p00) L (000) _ (200) & 1451 —14.17+49.29 —8.95 = (.68 cm !
\%ﬁere the effective rotjm_tional constants are taken from E—gfg Fl36] %iis simpl%m* g’

mate is in good agreement with the SNAPS-based determination of 0.753 714 80(29
cm™L,

Relying on the lines of Figs. 3.2 and 3.3, ultraprecise relative energies are de-
rived, via the SNAPS scheme, for 192 energy levels. Of these states, 59 lie on the
(200) band and form a complete set up to J = 6. The relative energies of the 59
states, among which 32 have not been investigated in previous Lamb-dip studies
[71, 129], are displayed, with individual uncertainties, in Table 2. The complete list
of the 192 relative rovibrational energies is given in the Supplementary Material.

Table 2: Ultraprecise relative energies in the (200) vibrational band of Hy'60.%

T —1

Assignment (para) Rel. Energy(para)/cm™ Assignment (ortho) Rel. Energy(ortho)/cm

(200)00.0 7201.539 950 61(29) (200)10.1 7200.786 235 810(61)
(200)1; 1 7236.807 504 51(14) (200)14.0 7218.200 030 02(18)
(200)20.2 7269.313 166 64(29) (200)21 5 7253.893 683 916(53)
(200)21 1 7293.207 983 08(29) (200)22 1 7305.625 797 494(71)
(200)22.0 7331.62273401(16) (200)30.3 7309.758 505 66(24)
(200)31.5 7338.251 069 68(14) (200)31.2 7345.179 094 62(27)
(200)32.5 7398.407 161 08(23) (200)32.1 7381.443 638 84(15)
(200)33.1 7472.952243 15(18) (200)33.9 7449.266 817 03(12)
(200)40.4 7 415.598 997 71(29) (200)4; 4 7394.048 365 37(27)
(200)4, 5 7467.772 213 88(30) (200)45 5 7 465.558 895 85(23)
(200)42.5 7505.812 435 06(33) (200)45 2 7544.410 024 17(30)
(200)45.4 7 568.890 863 82(30) (200)44 4 7641.740 870 77(32)
(200)44.0 7665.571 415 88(25) (200)50 5 7491.152 474 61(33)
(200)5; 5 7515.913 042 08(30) (200)51 4 7563.591 821 76(19)
(200)55.4 7 601.309 086 77(34) (200)55.3 7608.852 111 03(33)
(200)53.3 7 688.649 362 55(35) (200)53 5 7666.639 797 09(26)
(200)54.2 7784.283 071 10(41) (200)54 1 7760.698 942 39(32)
(200)55.1 7906.964 692 76(42) (200)55.0 7 883.195 592 00(38)
(200)60.6 7631.705 858 96(41) (200)61.¢ 7608.293 138 70(33)
(200)64 5 7725.448 858 15(25) (200)62.5 7709.508 640 49(32)
(200)62,4 7784.029 662 86(27) (200)63.4 7797.895 064 40(28)
(200)63.3 7838.910 975 88(36) (200)64.3 7903.199 937 41(32)
(200)64.2 7927.919 902 88(40) (200)65 5 8025.531 218 47(29)
(200651 8049.491 676 20(44) (200)66.1 8172.002 293 82(45)
(200)66.0 8195.799 466 38(41) (200)72.5 7933.874 344 22(29)
(200)73.5 7985.285 247 26(37) (200)76.1 8338.642 985 56(38)
(200)76,2 8362.400 697 71(34) (200)86.3 8528.914 465 81(40)
(200)77.1 8 530.406 861 09(40) (200)95.¢ 8417.787 730 38(34)
(200)80.5 7917.722 406 04(29)

(200)83.5 8216.203 568 96(39)

(200)94.6 8 482.466 747 19(37)

a . . P -
The relative energy is zero for the lowest ortho and para states. The uncertainties of the last few digits,

related to 68 % confidence level, are displayed in parentheses. The boldface entries are results of this study, all
the other values are taken from Ref. [129]. For oT'tho—HglGO, the formulas E = e + Eg and ug = , /uz —+ quO
1

can be used to derive absolute energies, where Eg = 23.794 36122 cm ™
-1

is the absolute energy of the lowest

ortho state [129] with an uncertainty of up, = 2.5 X% 1077 em , and e and E are the relative and absolute

energies of a given state with uncertainties u. and upg, respectively.
Ultrahigh-accuracy predicted line list

Utilizing the relative SNAPS energies deduced from the lines of Figs. 3.2 and
3.3, an ultraprecise predicted line list, satisfying one-photon, electric-dipole selec-
tion rules, has been compiled (for further details, see Supplementary Note 6 of
Ref. [129]). In the line list, the SNAPS wavenumbers, which are typically 100—

1000 times more accurate than the previous line positions, are augmented with
intensities determined from the Einstein-A coefficients of Ref. [95]. The complete
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line list, corresponding to the ranges of 0-1005 and 6200-8110 cm ™!, is available
in the Supplementary Material (see also Fig. 3.8).

Our extended SNAPS-predicted line list contain 1743 transitions, including
524 extra entries in comparison to that of Ref. [129]. Of the 1743 lines, 983 are
characterized with an intensity larger than 1 x 10726 cmmolecule™!. These 983
entries, out of which 207 are results of the present study, may serve as calibration
standards for high-resolution studies (e.g., in atmospheric spectroscopy).

The predicted line list contains 21 closely-spaced ortho-para doublets with in-
tensities of at least 1 x 10725 cmmolecule ™! for the more intense member of each
line pair. The separation of such a doublet is smaller than the Doppler FWHM at
room temperature, that is < 0.02 ecm~! in the 6200-8110 cm~! region. Resolving
these line pairs in room-temperature Doppler-broadened measurements is difficult,
if possible at all.

1019 ]

1 0»22 _-

102

1 0-28 _-

1 0-31 _-
10%

1 0-37 _-

Intensity / cm molecule™

100 ]

10-43_-‘:. .'_‘.'.

1 0-46 . . T //// T

T T T T T T T T T T T T T
0 350 700 1050 6300 6650 7000 7350 7700 8050

Wavenumber / cm™

Figure 3.8: Illustration of the ultrahigh-accuracy predicted line list of H2'0 as-
sembled during this study. The wavenumbers are estimated from the SNAPS-based relative
energies, while the one-photon, dipole-allowed intensities are deduced from the Einstein-A coeffi-
cients of Ref. [95]. The green diamonds designate the results of this study, while the blue squares
represent estimates of Ref. [129]. Although the direct experimental lines used in the derivation
of the relative energies are restricted to the regions 0-20 and 7000-7350 cm~!, the predicted
transitions extend between 0-1005 and 6200-8110 cm~!. The points located in the upper left,
lower left, and upper right quadrants correspond to P’ — P = 0—0, 4 —4, and 4 — 0, transitions,
respectively, where P’ and P"’ are the polyad numbers of the upper and lower states, respectively.
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3.5. Conclusions

A saturation spectroscopic technique, the Noise-Immune Cavity Enhanced Op-
tical Heterodyne Molecular Spectroscopy (NICE-OHMS), is employed to accurately
measure rovibrational lines of Hy'%0 in the 1.4 mum wavelength region. The ob-
served lines are selected based on the scheme called spectroscopic-network-assisted
precision spectroscopy (SNAPS) to form a complete set of ultraprecise relative ener-
gies within the (v vav3) = (200) band of Hy'°O up to J < 6, where J is the overall
rotational quantum number and vy, v, and vs are quantum numbers associated
with the symmetric stretch, bend, and antisymmetric stretch normal modes, re-
spectively. The typical accuracy achieved for the relative energies is 3 x 107 cm™!.
Since most previous determinations of the (200) relative energies were obtained
from Doppler-limited spectroscopy, the present values represent an improvement
in accuracy of 2 — 3 orders of magnitude.

Unlike in our previous studies [129, 130], focusing on the ground vibrational
state of Hy'90 and Hy'80, no fitting of an effective Hamiltonian (EH) was at-
tempted to the ultraprecise relative energies of the (200) band, part of the P = 4
polyad, where P = 2v; + vy + 2v3 is the polyad number. As the published EH
fits [137, 138, 139] prove, these models of strongly interacting states are unable
to reproduce the accuracy of the Doppler-broadened P = 4 dataset, which is a
few times 10™2 cm™!, not even after invoking a large number of parameters. The
accuracy issue would be even more pronounced for the ultraprecise measurements
of the present study.

A curiosity related to the NICE-OHMS measurements performed is that for rel-
atively strong, low-J transitions an interesting signal inversion in their Lamb-dip
spectra was observed. This phenomenon, reported for the first time, can be un-
derstood as the interference of strong saturation signals from the carrier frequency,
leading to broadening of the generic Lamb dip, and the saturation signals originat-
ing from the much weaker sidebands, typically used in NICE-OHMS, one of which
is out-of-phase leading to an inverted sign for the signal.

The 71 newly measured lines, forming a carefully designed spectroscopic net-
work with the ultraprecise transitions of previous papers [129, 71, 60, 66, 68], allow a
highly accurate determination of the (200)11—(200)00,0 energy difference, which
is 23.040646421(39) cm™!. A similarly accurate estimate, 7201.53995061(29)
cm™ ! is obtained for the vibrational band origin (VBO) of the (200) state, provid-
ing the most accurate VBO of of Hy'%0. In comparison, the best previous estimate
for this VBO, that in the W2020 dataset [104], is 7201.54000(45) cm ™.

The empirical line list based upon the relative energies determined in this and a
previous NICE-OHMS [129] study of H2'%0 consists of 1743 transitions. Out of the
1743 transitions, 983 are characterized with electric-dipole-allowed intensities larger
than 1 x 10725 cm molecule™!; thus, they are relevant to a number of applications,
including atmospheric modeling.
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Chapter 4

Network-based design of near-infrared Lamb-dip
experiments and the determination of pure rotational
energies of H,'®0 at kHz accuracy

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 struc-
ture of both nuclear-spin isomers of H2'80 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 10727 cmmolecule!, 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 ™1, the lines observed allow the determination of all the
pure rotational energies of Ho'8O corresponding to J values up to 8, where J is the total rota-
tional 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 Spectro-
scopic-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 Ho'80, the NICE-OHMS transitions are augmented with six accurate microwave
lines, taken from the literature. To produce absolute ortho-H2'8O energies, the lowest ortho en-
ergy is determined to be 23.754904 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~!. !

1This chapter is a reproduction of: Network-based design of near-infrared Lamb-dip experi-
ments and the determination of pure rotational energies of Hy'® O at kHz accuracy, M.L. Diouf,
R. Tébias, 1. Simké, F.M.J. Cozijn, E.J. Salumbides, W. Ubachs, A G.Csaszar, J. Phys. Chem.
Ref. Data 50, 023106 (2021).
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4.1. Introduction

Detailed analysis of the spectra of water vapor, the most important greenhouse
gas in the atmosphere of the Earth, has been at the center of (ultra)high-resolution
molecular spectroscopy for many decades.[99, 140, 141, 51, 75, 142, 104, 105] Dur-
ing this period, ever-improving techniques have been devised to resolve spectral
features in diverse environments and determine the line parameters (e.g., posi-
tions, 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 spec-
troscopic databases, such as HITRAN (HIgh-resolution TRANsmission molecular
absorption database).[30] HITRAN2016, for example, contains more than 300000
water lines, nearly 40 000 of which correspond to the second most abundant iso-
topologue of water, Ho'0, with a natural terrestrial abundance of 0.2 %. These
water datasets find widespread use among scientists and engineers, including mod-
elers of atmospheric chemistry, combustion systems, exoplanets, cool stars, etc. In
cases when lines of the main isotopologue are too strong, lines of less-abundant iso-
topologues are used to trace the chemical environment, e.g., in outer space, while
in radio astronomy, H,'®O transitions are utilized to assess the isotopic ratios of
the interstellar medium.[143]

Several microwave,[144, 62, 66] terahertz,[145, 146, 147, 148] as well as far- and
mid-infrared [149, 150, 88, 151, 152, 153] studies have been conducted to observe
purely rotational transitions of Hy'8O. Naturally, an even larger number of papers
have been dedicated to record vibration-changing lines involving high-lying vibra-
tional states,[154, 119, 155, 156, 157, 158, 159, 160] whereby the lower quantum
states of the transitions are mostly determined by the pure rotational lines. The
experimental results reported in articles dealing with infrared transitions are typ-
ically based on linear absorption, producing Doppler-broadened lineshapes with a
line-position uncertainty of 3-300 MHz.

A new scientific era arrived when experimental protocols employing optical
frequency-comb (OFC) lasers were introduced.[161, 162] The OFC is linked to the
spectroscopy laser so as to interrogate the spectra of gas-phase molecules with
sub-MHz accuracy.[72, 163, 164] Despite the promise of these new techniques, up
to now only two articles[165, 166] dealing with sub-Doppler laser spectroscopy of
H5'80 have been published, reporting 18 lines with 30 kHz accuracy.

OFCs are often coupled with cavity enhancement,[167, 168] this is the case
for the noise-immune cavity-enhanced optical-heterodyne molecular spectroscopy
(NICE-OHMS).[97, 98, 31, 28, 169] In the previous sub-Doppler studies of Hy'80O
mentioned,[165, 166] Lamb dips calibrated with 30 kHz accuracy have been recorded.
The narrow line shapes result in an increase of the accuracy of the line-center de-
termination, generally by a factor of a thousand or so, reducing the experimental
uncertainty from the MHz to the kHz regime.

Some 10 years ago, after collecting all the experimental lines from the literature,
an TUPAC-sponsored effort resulted in lists of observed transitions and empirical
energy levels for Hy'80.[140, 141] These large datasets have recently been up-
dated, significantly extended, and integrated into the W2020 database.[104, 105]
The empirical energy values of the original IUPAC dataset served as a basis for the
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development of first-principles line lists,[170, 102] with accurate Einstein-A coef-
ficients and line intensities. Together with the line positions derived from W2020
energy levels, the latter 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 record saturated spectra of the
H,'%0 species. The Lamb-dip measurements are conducted in the near infrared
in a systematic fashion; the lines chosen for measurement have been selected wvia
the Spectroscopic-Network-Assisted Precision Spectroscopy (SNAPS) scheme,[129]
with the aim to determine ultraprecise pure rotational energies within the ground
vibrational state of Hy'®0. Determining a large number of pure rotational energies
is a significant achievement since these quantum states are all hubs in the spectro-
scopic network (SN) of Hy'80;[45, 43, 171, 46] thus, they are the lower states of a
huge number of transitions measured in absorption by a number of different experi-
mental techniques. As a useful by-product, energy levels with high-lying vibrational
parents are also obtained. Based on the SNAPS energies, a benchmark-quality ref-
erence line list is constructed, providing frequency standards for a number of future
high-resolution spectroscopic measurements.

4.2. Methods and Data Treatment
NICE-OHMS spectroscopy

A NICE-OHMS apparatus,[28, 129] shown schematically in Fig. 4.1, has been
deployed to detect saturated absorption lines of Hy'®O in the near-infrared region.
In our setup, an infrared diode laser functioning at 1.4 mwum 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 the side-band 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 Hy'®O, inducing extremely narrow Lamb-dip profiles. In
addition, one of the mirrors is dithered at a low frequency of 405 Hz. The spec-
troscopic 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 Hy'8O sample (Sigma Aldrich; 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 Hy'30O molecules.
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Figure 4.1: Schematic layout of the NICE-OHMS setup.

Hence, the spectroscopic recordings are 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
ZEero 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 Ag =10"% — 102 s~ and S =1072" — 1072° cm molecule™*
can be resolved in saturation with sufficient signal-to-noise ratio (SNR) and negli-
gible power broadening, where Ag is the Einstein-A coefficient, while S means the
line intensity without abundance scaling. These constraints on the three quantities,
called primary line parameters in the remainder of this paper, dictate which lines
can effectively be probed and included in the SNAPS scheme.

The SNAPS scheme

The near-infrared transitions of Hy'®O observable with our NICE-OHMS setup
were selected via the SNAPS procedure [129] to maximize the accurate spectro-
scopic information that can be extracted from the newly probed lines. While
SNAPS was discussed in detail before [129], it is briefly outlined here for readabil-
ity and completeness.

During the SNAPS design, one should (a) determine paths and cycles (see
Fig. 4.2) 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. 4.2 (for interested readers a concise summary of
network theory related to high-resolution spectroscopy is given as Supplementary
Note 1 of Ref. [129]).
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Figure 4.2: Traditional and generalized connection schemes characterizing spectro-
scopic measurements. Nodes and edges of the connection schemes (a)—(e) are quantum states
with energies E; and transitions with wavenumbers o;, respectively. Eq. (la) 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 (e) exhibits a cycle (a
sequence of linked transitions and energy levels, where each energy level is connected to two neigh-
boring 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., E1 = 0), Fgs— F gives an estimate for the absolute energy of
the ending point. Knowledge of the u(o;) wavenumber uncertainties yields the uncertainty of the
Eg — F; 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 < terisu(D), where D is the discrepancy (the
absolute signed sum of the observed wavenumbers) of the cycle with its w(D) uncertainty, and
terit = 2 assuring a 95 % confidence level.
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Figure 4.3: Graphical representation of all the precision lines recorded for
para-H2'80. The rovibrational eigenstates are characterized with the ordered sextuple
(v1v2v3)JK, K., Where (v1 vz v3) is composed of the vibrational normal-mode quantum num-
bers according to the Mulliken convention,[73] while Jgk, i, are the standard asymmetric-top
rotational quantum numbers.[74] Lines with lower states having even and odd K. values, forming
two subcomponents (pt and p~, respectively) are drawn separately. Within the subcomponents,
the para energy levels, those with even vz + K, + K. values and symbolized with squares, are
arranged palindromically in increasing (upper half) and decreasing (lower half) energy order of
their vibrational parents and are denoted with distinct colors. The Jg, k. rotational assignment
is marked individually for each state, while the (vi v v3) vibrational quantum numbers[73] are
specified in the left-side color legend. The six vibrational bands lie in the P = 0 [(000)] and
the P =4 [(120), (021), (200), (101), and (002)] polyads, where P = 2v1 + va + 2v3 is the
polyad number. The blue arrows indicate the outcome of the present NICE-OHMS measure-
ments, while those with dashed orange arrows are taken from Ref. [66]. Frequencies of the two
literature lines are as follows: 203407498(4) kHz [(000)31,3 < (000)22,0] and 322465 122(2)
kHz [(000)51,5 < (000)42,2]. The non-starred arrows specify lowest-uncertainty unique paths
from (000)09,0 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 the
paper, the rovibrational transitions are designated with (v v} vg)J;{, K (v v oY J;;,,’K,,,

where / and "’ refer to the upper and lower states, respectively.
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Figure 4.4: 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. 4.3, with the exception that the ortho levels, characterized by odd
v3+ Kq+ K. values, are denoted with circles rather than squares. The NICE-OHMS transitions are
concentrated in two subcomponents (ot and o™, whose lower states are identified with even and
odd K. values, respectively), which are linked with the following transitions:[66] 253913 309(7)
kHz [(000)102,9 < (000)93,6], 390607 776(4) kHz [(000)41,4 < (000)32,1], 489054 250(4) kHz
[(000)42,3 + (000)33,0], and 547676470(15) kHz [(000)11,0 < (000)1p,1]. The non-starred
lines provide lowest-uncertainty unique paths from (000)1g,1 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.
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As to the primary line parameters of the target transitions, (a) the approximate
wavenumbers were calculated from the W2020 energies of Ref. [105] with an un-
certainty of 107* — 1072 cm ™! in the 7000-7350 cm~! window, (b) the Einstein-A
coefficients, Ag, were adopted from Ref. [102], and (c) the line intensities were cal-
culated according to Eq. (3) of Ref. [95]. Even though the accuracy of the W2020
positions were sufficient to detect the majority of the target transitions, the very
weak lines (with S < 1 x1072% cmmolecule™! or with Ay < 1 x 1072 s71) required
much smaller uncertainties for the initial wavenumbers to avoid extreme scanning
times.

A solution found to the refinement of the starting wavenumbers involves build-
ing a A-shape connection (see Fig. 4.2), whereby one of the lines is easily observable
(has a large intensity), while the other is the weak transition. After recording the
stronger signal (o1) and employing accurate lower-state energies (F; and Ej, see
Fig. 4.2), an improved initial position (o2) can be obtained for the weaker transition
via Eq. (2b) of Fig. 4.2. (High-accuracy lower-state energies can be extracted, e.g.,
from an effective Hamiltonian (EH) fit to the intermediate transition dataset.) Uti-
lizing the (two or three orders of magnitude) more precise o9 position, the weaker
line can be detected within reasonable time limits. This kind of wavenumber ad-
justment is called here A-correction. Typical short cycles and paths formed during
the SNAPS analysis of Hy'®O are depicted in Fig. 4.5, the interested reader should
consult this figure to gain further insight into the utility of elements of spectroscopic
network theory to high-resolution spectroscopy.

Relying on the SNAPS approach extended with the A-correction scheme, and
utilizing six accurate pure rotational transitions from the literature,[66] 195 near-
infrared lines of Hy'®O were selected and then detected wia NICE-OHMS mea-
surements. Graphical representations of these accurate Ho'®O transitions, old and
new, are displayed in Figs. 4.3 and 4.4 for para- and ortho-Hy'8O, respectively. All
the newly measured lines, with their assignments, are listed in Table 1.

Table 1: The list of experimental transition frequencies of Hy'#O measured as
part of the present study.®

Assignment Frequency/kHz # Assignment Frequency/kHz

#

T (200)32,2 « (000)43,1 209868445082.8 £ 2.6 97 (200)96,4 « (000)87,1 214741979846.0 F 7.
2 (021)753 < (000)83,6 209882452997.8+2.2 97 (021)65,2 < (000)63,3 215084984856.9 + 1.
3 (200)61,5 < (000)72,6 209899496368.1+ 1.7 101 (101)lg,; <« (000)202 215313738118.4 + 2.
4 (002)71,7 + (000)82.6 209921492496.8£3.6 102 (200)532 < (000)441 215518271848.0 % 2.
5 (200)70,7 < (000)81,5 210061488259.7+ 1.9 103 (200)42.3 < (000)33.0 215540744478.2 + 2.
6 (200)71,7 < (000)80,5 210068848907.1+2.2 104 (200)41,4 « (000)32.1 215562753539.0 + 2.
7 (200)31,3 < (000)42 2 210077627952.7+ 1.9 105 (101)74,3 < (000)74.4 215591 396440.7 + 2.
8 (200)107,4 « (000)11g 5 210082791341.3 +5.2 106 (101)31,3 < (000)31.2 215607014 166.6 + 2.
9 (021)83.6 « (000)81,7 210094473065.9 + 2.1 107 (200)95.4 < (000)86.3 215780605369.9 + 2.
10 (120)105.6 < (000)104 7 210102547824.2 +3.9 108 (002)42 3 < (000)53.2 215812069399.3 + 2.
11 (120)85.4 « (000)845 210109231135.4+2.9 109 (002)75.3 < (000)762 216093103 792.3 + 2.
12 (021)53.2 < (000)43 1 210208825509.3+1.9 110 (002)75.2 < (000)76.1 216103706 730.5 + 5.
13 (002)75.3 + (000)86.2 210238338294.54+2.9 111 (101)21 2 < (000)21,; 216129993563.2 + 2.
14 (002)75.2 0 112 (002)652 + (000)66.1 216 168223250.8 + 2.
15 (200)62.5 4 113 (002)651 + (000)66.0 216170204632.1 + 2.
16 (200)81.8 + (000)82 7 210373340020.84+2.0 114 (101)52.3 « (000)60.6 216199773829.6 + 2.
17 (021)65,2 < (000)73,5 210463636255.0+ 1.9 115 (200)31,2 + (000)30,3 216346256445.2 + 1.
18 (200)74,4 < (000)75,3 210470423741.5+2.5 116 (200)20,2 < (000)11,; 216352817189.0 + 1.
19 (101)21,2 < (000)33,7 210514705424.9+ 1.9 117 (200)31,2 + (000)227 216432023528.1 + 1.
20 (200)95.4 + (000)104,7 210533593552.4+2.6 118 (101)23.9 < (000)39.3 216433278881.6 & 1.
21 (002)61,5 + (000)744 210543831004.2+42.1 119 (200)11.1 « (000)0po 216472584311.6 % 1.
22 (021)87.2 «+ (000)871 210623111969.9+2.1 120 (120)8s0 « (000)87.1 216483694353.7 + 9.
23 (021)87.1 + (000)872 210623149726.8£2.0 121 (120)8s1 « (000)87 > 216483717383.2 % 6.
24 (200)642 + (000)65 1 210642347124.0+ 1.9 122 (021)87.2 « (000)77.; 216489812790.6 + 3.

(000)86,3 210250167 306.0 £ 2.
(000)71,6 210261620255.5 £ 2.
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Table 1 — Contd. from previous page

# Assignment Frequency/kHz # Assignment Frequency/kHz

25 (200)22,1 « (000)33,0 210751278292.3 £ 1.8 123 (021)87,] « (000)77,0 2164898256835 £ 2.4
26 (200)6p,6 < (000)71,7 210761361419.2 £ 2. 124 (021)64,2 (000)52,3 216580721741.8 £ 2.2
27 (200)41,3 < (000)52, 4 210973092183.2 £ 2. 125 (101)3p,3 (000)22,0 216634144652.6 £ 1.8
28 (021)63.3 « (000)53 2 210984903696.3+ 1.9 126 (002)71.7 < (000)642 216757805909.1 + 2.0
29 (002)652 « (000)7g1 211042347186.7+3.4 127 (101)93.6 « (000)853 216799357 582.5 + 3.8
30 (200)972 < (000)106,5 211044013161.2 £ 4. 128 (200)22,1 (000)21,2 216846609141.3 £ 1.8
31 (002)65,1 « (000)7g,2 211044507 755.4 £ 3. 129 (002)97 2 (000)106,5 216968496 740.6 £ 14.5
32 (002)936 < (000)963 211185551179.7+7.7 130 (200)21.2 < (000)1g, 216982773517.9 + 2.1
33 (101)52.3 < (000)54 2 2114121500184 +2.0 131 (002)61.5 < (000)72 ¢ 216998301 710.3 + 5.4
34 (200)515 < (000)60 ¢ 211474638361.0+ 1.9 132 (200)65.2 < (000)72 5 217177 283403.9 + 2.1
35 (200)312 < (000)45'3 211481121076.1 £2.2 133 (200)85.3 < (000)93'¢ 217 177808391.7 £ 5.5
36 (200)86.3 < (000)95.4 211517294984.14£2.2 134 (200)4;1.3 + (000)32 5 217251114072.7 + 2.2
37 (200)86,2 «+ (000)95,5 211601714890.4 + 2. 135 (200)423 (000)41,4 217293885932.1 £ 1.9
38 (021)8g,1 + (000)8g,0 211625155965.8 £ 12.6 136 (101)542 (000)62,5 217331676827.7 £ 1.8
39 (021)8g,0 « (000)8g,1 211625156251.5 £ 11.3 137 (002)64,3 (000)65,2 217367677127.3 £ 1.8
40 (101)63.4 + (000)64.3 211757813697.5+2.0 138 (200)31.3 + (000)29.2 217408512852.7 + 2.1
41 (200)75.3 + (000)84.4 211772255666.0+ 1.8 139 (101)1g1 + (000)0g0 217410109567.6 & 1.7
42 (021)64.2 + (000)54; 211795007175.4+ 1.8 140 (002)541 + (000)55.0 217447865443.1 + 2.1
43 (200)431 + (000)440 211869866812.5+2.0 141 (101)9g 2 « (000)105,5 217569335 181.0 + 25.3
44 (021)535 + (000)51.5 211872275376.4+2.1 142 (200)55.4 + (000)5;,5 217602988556.8 & 1.8
45 (200)60.6 + (000)61.5 212044662857.8£2.0 143 (200)74.4 + (000)73.5 217612335109.7 & 1.9
46 (200)42,3 < (000)51,4 212061548824.1 & 2. 144 (002)94,5 (000)95,4 217626736744.6 £ 2.2
47 (101)74.4 + (000)66. 1 212129230354.3 £2.6 145 (101)6g.4 < (000)62.5 217771112596.2 & 2.3
48 (021)33,0 < (000)21,1 212153903036.5 & 2. 146 (002)87,1 (000)96,4 217886018263.8 & 25.3
49 (200)41.4 + (000)50.5 212167678948.1£2.1 147 (200)75.3 < (000)744 217904310316.5 £ 1.

50 (002)643 < (000)752 212237422597.4+2.5 148 (200)62.5 < (000)61 ¢ 217946 740820.4 + 1.

51 (101)743 < (000)66 ¢ 212254745824.1 +£6.1 149 (200)22.1 < (000)11¢ 217954798 734.0 £ 2.
52 (101)31.3 < (000)33¢ 212326561977.8 £ 1.8 150 (200)95.4 < (000)95 5 217999528 718.1 + 3.

53 (200)52.4 < (000)533 212345214231.0 £ 2
54 (200)82.6 « (000)83.5 212396174588.1 + 1.
55 (021)64.2 « (000)70,7 212425021216.0 + 1.
56 (200)11.1 « (000)22 212431888691.5+ 1
57 (200)76.2 + (000)85.3 212457641964.8 + 4.
58 (002)50.5 < (000)63.4 212468032491.7 + 1.
59 (200)76,1 + (000)85.4 212483637001.1+2
60 (002)936 + (000)104,7 212522812549.7 + 2.
61 (200)642 < (000)735 212661534864.2 + 5.
62 (021)63.3 < (000)61.6 212795126999.3 + 2.
63 (200)652 < (000)743 212822890978.6 + 1.
64 (021)652 < (000)551 212834466230.7 + 2.

151 (101)41.3
152 (200)65 2
153 (200)107 4
154 (200)86 2
155 (200)51,5
156 (200)86,3
157 (200)76.1
158 (200)76,2
159 (200)97,2
160 (200)97.3
161 (200)32.2
162 (002)50.5

(000)41.4 218001 743321.6 + 2.
(000)64,3 218059270648.7 + 1.
(000)106,5 218150542 878.7 + 6.
(000)85,3 218161537779.0 + 2.
(000)40,4 218178362696.5 + 1.
(000)85,4 218179986 634.9 + 1.
(000)75,2 218334548220.7 + 2.
(000)75,3 218340043 754.4 + 2.
(000)96,3 218340933409.3 + 2.
(000)96,4 218345299533.4 + 3.
(000)21,1 218439924827.2 + 1.
(000)61,6 218464971503.2 + 2.

I Y O A

65 (101)94.5 < (000)102,s 212866421839.1+5.7 163 (200)60.6 < (000)5; 5 218519112560.5 + 1.
66 (200)31.3 « (000)4g,4 212872456178.3+£2.0 164 (002)533 « (000)54 > 218573455208.2 + 2.
67 (200)41.4 < (000)423 212929950045.8£2.0 165 (101)30.3 < (000)20> 218578468816.8 + 2.
68 (200)61.5 < (000)62.4 213058109278.7+£1.9 166 (002)643 < (000)73.4 218582638989.0 % 2.
69 (002)54.1 < (000)652 213059 106853.4 + 167 (021)65.2 < (000)671.5 218605445288.7 + 2.

70 (002)97.3 < (000)95 > 213163968943.1
71 (002)97.5 <+ (000)9s.1 213164208 347.5
72 (200)20.2 «+ (000)31.3 213210411131.7
73 (101)41.3 «+ (000)432 213341078668.5
74 (200)31.3 < (000)32> 213366458 394.9
75 (002)87.2 «+ (000)8s1 213391938172.9
76 (002)87.1 «+ (000)8s.0 213391975467.9
77 (021)64.2 + (000)625 213424139718.3
78 (200)21.2 < (000)39.3 213607657 721.6
79 (101)9s1 « (000)9s > 213764920554.2
80 (101)9s2 « (000)9s1 213765046 786.3
81 (002)44.1 < (000)55.0 213838639896.6
82 (002)44.0 < (000)551 213840 105039.0
83 (101)8g. « (000)8s1 213842661994.1
84 (101)8g1 « (000)8s9 213842677 140.0
85 (101)94.5 < (000)8s.2 213872692528.5
86 (101)30.3 < (000)4g 4 214042412142.1
87 (200)31.2 + (000)321 214113924 567.5
88 (002)53.3 « (000)64,2 214147221487.9
89 (101)22.0 « (000)32.1 214200947 005.1
90 (120)107.4 « (000)106,5 214260053 267.7
91 (101)96.3 «+ (000)96,4 214285337287.4
92 (200)11,1 + (000)2092 214376212856.0 + 190 (101)87.1
93 (002)94.5 < (000)87> 214446971830.5+25.8 191 (101)87.>

—

—

—

168 (002)43 2
169 (200)61 5
170 (120)105 6
171 (002)43 1
172 (200)423
173 (021)75,3
174 (200)70.7
175 (200)71,
176  (021)83.6
177 (002)42.3
0.5 178 (200)52.4
179 (101)104.7

8

8

(000)44.1 218657009 780.6 + 4.
(000)52.4 218666316 036.3 + 2.
(000)102,9 218682073 260.7 + 4.
(000)44,0 218712072101.4 + 4.
(000)3;,2 218821196 666.6 + 1.
(000)71,6 218876 570693.2 + 2.
(000)61,56 218924924113.5 + 2.
(000)60,6 218944686 727.2 + 2.
(000)71,7 218953589 662.3 + 4.
(000)51,4 219030888618.5 + 2.
(000)41,3 219114318272.8 + 1.
(000)102.8 219116362 450.6 + 2.
(000)71,7 219303346196.8 + 1.
(000)70,7 219311239691.7 + 1.
(000)44.1 219364489 739.6 + 2.
(000)73.5 219428314316.7 + 2.
(000)71.7 219520042451.7 + 4.
(000)72.5 219706219845.0 + 1
(000)8s,9 219775912292.8
(000)8s,1 219776 155 143.7
(000)1g,1 219808394 678.7
(000)102,8 219857 498 428.2
(000)77.0 219863960 903.2
(000)77,1 219864205 780.9
(000)54,2 220057792912.1
(000)95,4 214669009 738.4
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3 188 (101)22.0
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1.
1.
2.
1
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4.
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6.
2.
1.
2.
1.
4.
5.4 189 (101)9.3
2.

94 (101)73.4 + (000)651 214581817277.2+2.3 192 (002)61.5

95 (101)73.4 <+ (000)81.7 214600396009.0 +2.4 193 (101)95 5
96 (200)20.2 « (000)27.1 214612822648.1 + 2.0

a The assignments given follow the notation of Fig. 4.3. The uncertainties behind the 4 signs represent

68 % confidence level. Note that three of the listed transitions were determined to be 214200946 980(30)
kHz [(101)22,9 « (000)32,1], 215607014210(30) kHz [(101)31 3 < (000)3; 2], and 216 129993 490(30) kHz
[(101)21,2 + (000)21 1] by Gianfrani et al.,[165] showing deviations of 25, 43, and 73 kHz from the NICE-
OHMS frequencies, accurate to about 2 kHz, respectively.
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It is important to emphasize that within the two components, corresponding to
the two nuclear-spin isomers of Hy'80, two poorly-connected subnetworks (‘sub-
components’) can be seen in Figs. 4.3 and 4.4. The p™, p~, o*, and 0~ subcom-
ponents pertain to the (p”,q¢"”) = (+1,+1), (—1,41), (+1,-1), (—1,—1) pairs,
respectively, where p” = (=1)%¢ and ¢ = (=1)"% 5 +ES while v, K, and
K!' are lower-state quantum numbers (see also the footnote to Fig. 4.3). While
the para (¢" = +1) component cannot be linked experimentally with the ortho
(¢ = —1) one, the p” = 1 and p”" = —1 subcomponents (p*/p~ and 0" /o™) can
be connected with pure rotational lines,[66] though they cannot be linked with
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Figure 4.5: Typical short cycles and paths formed during the SNAPS analysis of
H>'80. The color codes of this figure are explained in Figs. 4.3 and 4.4. Panels (a)/(c) and (b)/(d)
exhibit 4- and 6-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 ap-
plication of the Ritz principle [see the formulas of Fig. 4.2(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 < tericu(D) (see also the footnote to Fig. 4.2). The line with bold-
faced frequency was first confused with a close-lying H2160 transition [(021)61,5 < (000)52 4],
exhibiting a line center of 210 642 354 724.6(50) kHz and leading to an unrealistically large discrep-
ancy of 7600.7(91) kHz. Panels (e) and (f) are example paths for the determination of relative
energies of H2'80. Repeated utilization of the Ritz principle [see the formulas of Fig. 4.2(d)]
provides relative energies of 274.86519241(13) cm™! [corresponding to 8240251 165.0(39) kHz]
and 94.788 628 80(19) cm~! [that is, 2841691 601.7(56) kHz] for (000)d.3 and (000)21,1, re-
spectively. The energy values of the intermediate states can also be deduced from these paths.
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dipole-allowed vibration-altering transitions. One should also realize that these
kHz-accuracy rotational lines are fully disconnected in themselves, hindering their
independent utilization in the derivation of accurate rovibrational energies

Variational nuclear-motion computations

Due to their extremely low intensities (S < 1073 cm molecule ™), no ortho-para
transitions of Ho'®O have been observed (see Ref. [59], dealing with Hy'60). There-
fore, 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 components is to find a path, from (000)0g to (000)1p 1, which com-
prises highly accurate experimental transitions and a virtual line between nearly
degenerate para and ortho levels.[51, 129] Adjacent (vy v v3).J;0/1 pairs with fairly
large J values are the most suitable 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.[172] These accurate
quantum-chemical computations were executed here with the latest version[173]
of the fourth-age [172] GENIUSH (GEneral rovibrational code with Numerical,
Internal-coordinate, User-Specified Hamiltonians) code.[84, 85]

During the quantum-chemical computations, enlarged vibrational basis sets
were utilized, involving multiple potential energy surfaces (PES) of spectroscopic
quality. Several outstanding PESs have been reported in the literature for Hy'60O
and Hy'®0,[174, 175, 176, 103] which can be employed to deduce accurate 0/1
splittings. As the computational details are quite similar to those presented in
Supplementary Note 4 of Ref. [129], only the most important aspects are empha-
sized here. Above all, in spite of the fact that absolute energies cannot be de-
termined with an accuracy comparable to (ultra)-high-precision experiments, the
0/1 splittings can have ultrasmall uncertainties. The reason is that energy shifts
resulting from deficiencies of the PES are almost fully compensated when differ-
ences 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, 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 (Uy < Ly, Us < Ls) transition doublets,
showing roughly 1:3 intensity ratios, where Uy /Us and Ly/Ls 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.

4.3. Results and Discussion

Ultraprecise NICE-OHMS spectra

Lamb dips of 195 rovibrational transitions, involving six vibrational bands
[(000), (120), (021), (200), (101), and (002)] and characterized with J < 11,
were recorded. Due to the careful (SNAPS) design of the NICE-OHMS measure-
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Figure 4.6: Lamb-dip spectra of four typical H2'#O transitions recorded with the
NICE-OHMS setup. On the left and right panels, para- and ortho-H2'80 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.

ments, the ultraprecise lines of both ortho- and para-H,'®O are internally con-
nected, allowing the transfer of the observational accuracy to that of the derived
relative energies. Typical Lamb-dip spectra of the observed transitions are seen in
Fig. 4.6.

As one of the most important experimental results of this work, nine transition
doublets separated by less than 300 MHz were observed. The resolution of these
closely spaced lines is far from being trivial in Doppler-limited spectroscopy, if
feasible at all. Thus, it is not surprising that while these nine doublets were studied,
they could not be resolved in Refs. [177, 178, 179, 180], which report a single
wavenumber for each of these line 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-chemical computations hav-
ing a relative uncertainty of 1-5 %. For example, the separation of (101)9g /14
(000)9s,1/2 is measured as 126.2321(108) MHz by NICE-OHMS, which agrees
well with the quantum-chemical prediction of 128.1(24) MHz, obtained as part
of this study (see Sec. 1 and 2). Likewise, the NICE-OHMS separation of the
(021)8g,9/1 + (000)8g,1/0 doublet, 286(17) kHz, exhibits an excellent compliance
with its quantum-chemical counterpart, 306(13) kHz.

The last extremely close-lying doublet, with a separation at the border of the
resolvability limit (300 kHz), could be still resolved, at least partially, by exploit-
ing some special features of the NICE-OHMS technique: here we relied on 3f-
demodulation with the lock-in detector and recording the Lamb-dip features wvia
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Figure 4.7: Recordings of special features in the spectra of H2'®0. Panel (a) shows the
Lamb-dip spectrum of the (021)8g /1 = (000)8g ;o doublet measured by the 3f demodulation
technique in saturation by the power circulating on the side-band frequency. Panel (b) exhibits
the Lamb-dip profile of the weakest (S = 1.4 x 10727 cm molecule™! and Ag = 1.5 x 1073 s~1)
line probed during the experimental campaign, (002)87,1 < (000)9,4, averaging over 20 scans.

saturation by the side-band power shifted by one FSR. The spectrum of this dou-
blet is presented in Fig. 4.7(a). The optical methods applied will be discussed in a
future publication.

The lines probed during the measurement campaign for para- and ortho-Hy'®0
are presented in Figs. 4.3 and 4.4, respectively. The measurements were designed
to cover all the (000).Jk, k. 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 detectable due to their ideal strength (Ag = 1072 — 1 s™1 and
S = 10725 — 1072! cmmolecule™!), while those linking K, > J/2 levels were
considerably weaker (S < 1 x 1072¢ cmmolecule™), making their experimental
study challenging. The improved accuracy of the initial positions achieved via A-
correction schemes (see Sec. 4.2) reduced significantly the technical difficulties, but
observation of the weakest line profile [see Fig. 4.7(b)] still remained complex. It
was a complicated task to build suitable paths linking the (000)8s o/, energy levels
to the lowest-energy para/ortho states. The first (unsuccessful) and the second
(successful) routes to find an experimental realization for these paths is outlined in
Fig. 4.8.

Another issue beyond line strength is that transitions located in the close vicin-
ity of a particular target line may disturb its observation. These disturbing lines,
corresponding to Ho'80, Hy'%0, and even HD'®O, can distort and often conceal
the target transition completely. As an empirical rule, candidate lines adjacent
to too strong (S > 1 x 10723 cmmolecule™t) Hy'%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.

Page 67 of 181



4.3. RESULTS AND DISCUSSION 68

(c)

o1 = 7117.990 121 950(67)
05=7.112(59)x 10°

03 = 7330943 433 66(16)
E, = 1618.896 063 29(78)
E, = 1862.454 59233(52)

EH extrapolation:
E=1768.800 9419

W2020 estimate:
E; = 1768.801058(51)

Refined o value: Refined o value:
0= 01+E - E= o =01+E - E=
7267.8950006 7267.895117
+2MHz scanl [shift: 0.7 MHz] +4 MHz scanl [shift: 3 MHz]
Low-quality signal Line separation: 8 MHz > Convincing line profile
at o, = 7267.894 983 1(17) at o, = 7267.895 253 85(84)
Refined E;, E;, and o5 values: Refined E;, E;, and o5 values:
Ei=o - oy +E;= (a) (b) Ei=0, - oy +Ep=
1768.800 924 4 [SNAPS] 1768.801 195 19 [SNAPS]
Es=Ei- 0= I — — Es=Ei- 0=
1768.800917 3 % q 2 1768.801 18807
os= oy +E3 - E4= o E 10‘: os= oy +E3 - E4=
7237.2897587 5 =~ 8 7237.290 02941
E Qo
+2 MHz scan E % +1MHz scan | [shift: 20 kHz]
©
. 03 [GENIUSH] Convincing line profile
B || meos e
E([??27] E[SNAPS] E[227] E;[?27] E4[SNAPS/EH]
No SNAPS/EH estimate for £ SNAPSIEH estimate:
Es=05 - o4 +Es =

1768.801 18884

Figure 4.8: Story of the detection of the two weak lines necessary for the deter-
mination of the (000)8g,; 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 (000)1p,; energy deduced from
an EH model (see also Sec. 2). The specification of the energy levels is the same as in Figs. 3
and 4. If the o3 (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 (000)8g,o 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) o2 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 (000)8g,0, having an uncertainty of ~1.5 MHz, was adopted to give a refined
o2 line position. From this empirical energy, a well-behaved Lamb-dip curve [see Fig. 4.7(b)]
could be recorded whose position is translated by 3 MHz from the W2020-based prediction for
2. 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 o2 and the o3 splitting (see Sec. 2), 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
(000)8s,1 could be derived.
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In the cases when the adjacent lines have almost identical S and Ag values, one
cannot fully decide which isotopologue is interrogated by the spectroscopy laser.
For example, when the (200)645 + (000)65 1 transition of Hy'®O was targeted,
its neighboring Hy'%0 line, (021)625 «+ (000)52 4, separated by just 10 MHz,
was accidentally measured (these close-lying lines would be unresolvable under
Doppler-broadened conditions, distorting the effective position of the unresolved
line pair). A similar “mistake” was made during the planned observation of the
(200)972 + (000)96 3 transition of Hy'O: in this case, the (002)43 1 < (000)42 2
line of HD'80, located 39 MHz away from the Hy'80O 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 composed of NICE-OHMS transitions. The six-
membered cycle which helped to reveal the inconsistency in the first example given
can be inspected in Fig. 4.5(d).

Uncertainty quantification

The uncertainties of the line positions listed in Table 1 depend on several ex-
perimental factors. In this study, the following decomposition is used to estimate
the frequency uncertainty (J):

§= \/5§tat + 5c21ay + 62&1 + 51:2>0w + 5gres ’

where the meaning of the individual terms is explained below.

The statistical uncertainty, dssat, gauges the reproducibility of the NICE-OHMS
frequencies. For transitions with ideal strength, ds.¢ is approximated as the stan-
dard deviation of the line centers obtained from 3-4 scans (requiring about 10
minutes for each scan). For extremely weak (S < 10726 cmmolecule™!) lines,
Ostat is estimated individually from their data-averaged spectra overlaid by multi-
ple 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 sensi-
tivity of the NICE-OHMS spectrometer, the very strong (Ag > 1 s7!) transitions
with low J values may be affected by power broadening, inducing somewhat larger
Jdstat 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 dgtat,
at least for a few lines.

The day-to-day uncertainty, d4ay, is connected to dsas, characterizing 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 2-3 different
days, yielding an average deviation of 1.5 kHz for these lines. This average deviation
is assigned to d4ay, as a conservative estimate, for each transition observed 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
was extracted from a sideband signal, which can be calibrated with an accuracy of
only 5-10 kHz. Therefore, an additional calibration uncertainty, d.a1, is included in
the uncertainty budget, setting d..1 = 5 kHz or d.,1 = 10 kHz for sideband-based
transitions and d., = 0 for the other lines.
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Figure 4.9: Pressure shifts of the Lamb-dip centers for a number of selected tran-
sitions in H3'80. 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—1) are
provided for each line in the legend to the figure.

The uncertainty due to laser-power-induced shifts, d,qw, was indiscernible, i.e.,
below 1 kHz, during the measurements. Thus, a robust estimate of d,ow = 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. 4.1),
the pressure-shift uncertainty, dpress, can be significant. For eight lines, the pressure-
shift effects were explicitly investigated by determining spectra over a range of pres-
sure values (see Fig. 4.9). 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+fvac7 (41)
where p is the vapor pressure applied, fyac is the line frequency in vacuum, and C
is the pressure-shift coefficient (slope). For those transitions recorded at multiple
pressure values, dpress = 0 is used, except one line, (200)95.4 < (000)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™!, d,ress = Cerp is assigned to the rest of the lines,
where Cog = 20 kHz Pa~! is the (unsigned) effective value of C, and p = 0.04 Pa
for most transitions. This means that dpress is less than 1 kHz for all the lines.
Similar to the Lamb dips[129] and Doppler-broadened [181] transitions of Hy'¢O,
the experimental C values of the Hy'®O lines do not exhibit clear trends, at least
not for low J values (that is, for J < 11 probed in our case), as a function of the
rovibrational quantum numbers.

Three lines of the Gianfrani group,[165] claimed to be accurate to 30 kHz,
were remeasured with the NICE-OHMS spectrometer, permitting to make a direct
comparison between the old and new frequency values (for details, see the footnote
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to Table 1). This comparison demonstrates that (a) our observations are an order
of magnitude more accurate than the values of Ref. [165], and (b) the deviations of
the second two lines are outside the uncertainty claimed by the authors of Ref. [165].
The larger differences may be ascribed to the fact that the transitions of Ref. [165]
were recorded at a pressure of 10 Pa, which is 250 times higher than that applied
during most of our experiments (furthermore, the 15 kHz pressure-shift uncertainty
given in Ref. [165] seems to be slightly optimistic in view of our Ceg = 20 kHz Pa~!
value).

As an independent verification of the frequency uncertainties and the line as-
signments, the NICE-OHMS transitions were closed into cycles of varying lengths.
In a few cases, these cycles helped to 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. 4.5
[panels (a)—(d)], while the cycles specified by the starred transitions of Figs. 4.3
and 4.4 are collected in the Supplementary Information. Note that the cycle of
Fig. 4.5(a) exhibits a fairly small discrepancy (0.8 kHz) due to its transitions of
low Ogtat values (well below 1 kHz). Although it may occur that these lines have
sub-kHz accuracy, this assumption needs further experimental investigation and
verification.

Ultraprecise relative energy values

Owing to the SNAPS design of the measurements, the ultrahigh-accuracy para
(Fig. 4.3) and ortho (Fig. 4.4) lines of Hy'®O form connected sets, allowing the de-
termination of ultrahigh-accuracy relative energies for the involved ortho and para
states [of course, relative to (000)1p1 and (000)0g o, respectively]. The relative
energy of a rovibrational state is calculated here by assembling a lowest-uncertainty
path from (000)1p 1 or (000)0¢ o to the desired energy level and using the Ritz prin-
ciple in a successive fashion. Two illustrative examples of such paths are given in
Fig. 4.5 [see panels (e) and (f)], which specify the relative energies of the (000)42 3
and (000)2; 1 states with definitive uncertainties (the full list of the utilized paths
are placed in the Supplementary Information).

As exemplified in Fig. 4.5(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 ot states, the related paths should include at least one pure
rotational line linking p~ with p* or o™ with o~.

Table 2: SNAPS-based relative energies, in cm™?, for states within the (000)
vibrational band of Hy'80.2

Assignment Relative Energy/cm ™ * Assignment Relative Energy/cm ™ *
(000)00,0 0.0 (000)10,1 0.0
(000)11,1 36.748 658 33(18) (000)14,0 18.268 520 34(21)
(000)20,2 69.927 424 779(90) (000)21 2 55.233 746 22(20)

Continued on next page
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Table 2 — Continued from previous page

Assignment Relative Encrgy/cmf1 Assignment Relative Energy/cm™
(000)21,1 94.788 628 80(19) (000)22,1 109.720 862 72(12)
(000)22,9 134.783 097 849(85) (000)30,3 112.581 744 705(90)
(000)31,3 141.568 041 65(16) (000)31,2 149.127 991 58(18)
(000)32,2 204.755848 57(14) (000)32,1 187.044 320 962(88)
(000)33,1 282.09447951(21) (000)33,0 258.552 098 18(18)
(000)40,4 221.233 988 82(13) (000)41 4 200.073 593 90(16)
(000)41,3 274.80316905(17) (000)42,3 274.86519241(13)
(000)42,2 314.45942365(13) (000)43,2 355.536 632 70(19)
(000)43,1 380.702416 96(17) (000)44,1 458.888 542 82(19)
(000)44 0 482.672 526 23(17) (000)50,5 300.291 819 37(14)
(000)51 325.21570198(15) (000)51,4 374.60557322(19)
(000)52 4 414.168 117 69(17) (000)52,3 421.403 640 13(17)
(000)53,3 500.596 175 55(17) (000)53,2 481.97382527(21)
(000)54,2 604.544 103 53(19) (000)54,1 581.037 895 05(16)
(000)55,1 733.679 238 47(20) (000)55,0 709.928 031 39(28)
(000)60,6 444.846 163 06(16) (000)61,6 421.591 275 45(24)
(000)61,5 541.180 097 68(17) (000)62,5 526.695 882 79(16)
(000)62,4 601.237 758 97(20) (000)63,4 621.627 628 98(26)
(000)63,3 658.61001754(19) (000)64,3 727.27794342(19)
(000)64,2 752.187 368 14(21) (000)65,2 856.321 260 19(27)
(000)65,1 880.114 466 94(25) (000)66,1 1009.439 035 53(24)
(000)66,0 1033.194 397 48(31) (000)70,7 560.022 888 71(16)
(000)71,7 583.986 426 00(17) (000)71,6 677.939 304 22(26)
(000)72,6 706.597 744 73(19) (000)72,5 756.697 871 15(21)
(000)73,5 812.761 614 04(20) (000)73,4 815.794 494 78(29)
(000)74,4 921.895 713 09(22) (000)74,3 901.944 768 10(21)
(000)7s5,3 1050.990 134 39(22) (000)75,2 1027.448 131 23(29)
(000)76,2 1204.16924157(33) (000)76,1 1180.419 856 67(28)
(000)77,1 1378.98613519(42) (000)77,0 1355.23128807(93)
(000)80,s 740.912 244 22(19) (000)81,8 717.243 671 54(26)
(000)81,7 879.494 747 17(23) (000)82,7 858.159 130 38(19)
(000)82,6 980.222 237 92(25) (000)83,6 977.950 777 34(28)
(000)8s,5 1047.328 546 62(22) (000)84,5 1092.881 155 49(24)
(000)84,4 1126.43903921(23) (000)85,4 1222.61352194(31)
(000)8s5,3 1247.205 937 44(27) (000)86,3 1375.672914 85(35)
(000)86,2 1399.463 197 16(36) (000)87,2 1550.922 533 80(92)
(000)87,1 1574.678 210 30(40) (000)8s,1 1745.046 284 23(71)
(000)8g,0 1768.8011952(12) (000)93,6 1256.042 589 83(37)
(000)9s5,5 1466.018 076 09(29) (000)95,4 1444.856 993 15(33)
(000)96,4 1618.896 063 29(78) (000)9¢,3 1595.300 627 69(45)
(000)9s,2 1989.351 885 3(12) (000)9s,1 1965.597 089 29(71)
(000)102,8 1433.028 774 36(45) (000)102,9 1264.51222585(41)
(000)104,7 1550.694 389 79(36)
(000)106,5 1838.699 687 72(49)
(000)11¢,5 2107.81091190(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 separated within the table and provided with their energy values relative to the
(000)00,0 and (000)1p,1 energies, respectively. The relative energy values of the vibrationally excited rotational
states determined in this study are reported in the Supplementary Information.

While the NICE-OHMS measurements were performed to explore the relative
energies of the (000)Jx, k. states with J < 8, construction of the underlying paths
demanded the inclusion of several higher-J states, up to J = 11. These rotational
energy levels, important junction points (hubs) within the entire experimental SN of
H180,[105] are the lower states of 16 724 lines out of the 26 696 observed transitions
with distinct assignment.

The relative energies of Table 2 are highly useful to experimentalists whose de-
sire is to utilize their spectra to derive precise relative upper-state energy values
from a bunch of linear schemes [see Fig. 4.5(a)].[72, 182] (Although the uncer-
tainties of the lower-state energies are often neglected during the analysis of these
connection schemes,[72, 182] they might affect significantly the accuracy of the
upper-state energies deduced.[104, 105])
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Taking all the vibrational bands into consideration, altogether 188 energy levels
are redetermined with high accuracy, of which 93, 5, 11, 35, 23, and 21 lie on the
vibrational parents (000), (120), (021), (200), (101), and (002), respectively.
Although the 7000-7350 cm™! region includes observable lines with lower states
on the (010) 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 10~7 cm™*
for most states, while those passing through very weak lines [such as (000)8s,o
and (000)9g 2] are accurate to ~ 1 x 107% cm™!. This accuracy, albeit based on
near-infrared transitions visiting highly excited vibrational states, is at least one
(but often two) orders of magnitude higher than that[105] achieved wvia the direct

traversal of the (000) pure rotational levels.[148]

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-
H3'80, obeying one-photon, electric-dipole selection rules (for technical details,
see Supplementary Note 6 of Ref. [129]). The intensities of the lines were taken
from Ref. [102]. The benchmark line list, extending between 0-1250 and 5900-8380
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Figure 4.10: Graphical representation of the high-accuracy benchmark line list of
H>'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. [102]. The green squares and the red triangles denote transitions observed in this study and
in Ref. [66], 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, and 4 — 0,
transitions, respectively, where P’ and P’ denote the polyad numbers of the upper and lower
states, respectively.
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cm ™!, is available in the Supplementary Information, its graphical overview is in

Fig. 4.10.

The benchmark line list contains 1546 transitions, about half of which are be-
low 1250 cm~!. The majority of these lines is now known with an accuracy two
or even three orders of magnitude higher than before.[145, 146, 147, 148, 149, 150,
88, 151, 152, 153] 557 transitions are characterized by an intensity larger than
5 x 10724 cmmolecule™!, corresponding to 1 x 10725 cmmolecule™' by taking
into account the atmospheric abundance of Hy'®O. These ultraprecise lines may
serve as calibration standards for high-resolution experiments in atmospheric spec-
troscopy. 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 1072* emmolecule™. The 316 transitions below 1250 cm™! with
S > 5 x 1072* emmolecule™! help to assess the former measurements performed
in this region [145, 146, 147, 148, 149, 150, 88, 151, 152, 153] and claimed to be
accurate to 1075 — 10™% ecm™!. Pressure-shift effects appear to lower significantly
the accuracy of the previously observed lines.
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Figure 4.11: Theoretical 0/1 splittings up to J = 10 for various vibrational bands
of Hy'®0. This figure displays the 0/1 splitting values (see Sec. 1) obtained with the GENIUSH
code.[84, 85, 173] 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 (000)8g /1 and (120)8g /1 splittings, respectively, which are
contained in the two paths from (000)0g,0 to (000)19,1 (see Fig. 2.6). These two 0/1 splittings
are determined to be 7.112(59) x 1076 and 4.63(14) x 1076 cm ™!, respectively.

Theoretical 0/1 splittings and relative doublet positions

The two elements of the (vi v2 v3).J /1 pairs, here called 0/1 splittings, have ei-
ther ortho or para character. The 0/1 splittings and the relative doublet positions
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Figure 4.12: Theoretical 0/1 splittings up to J = 10 for various vibrational bands of
H>'60. The points and bars of this figure have the same meaning as in Fig. 4.11.

have been obtained through first-principles computations for a series of rovibra-
tional 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 Hy**O
and Hy'0, with their results depicted in Figs. 4.11 and 4.12, respectively.

The following four PESs have been utilized: CVRQD,[174, 175] including as well
as excluding the diagonal Born—Oppenheimer correction (DBOC, the D part of the
additively built CVRQD PES), POKAZATEL,[103] and FIS3.[176] The CVRQ(D)
and POKAZATEL PESs have been developed for Hy'60, while the FIS3 PES was
designed explicitly for Hy'#O. Each computation with a specific PES was repeated
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) = 2SD(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 Information, is explained in Sec. 4.3, only the 0/1 splittings are
analyzed here in detail.

Upon the increase of J, the computed 0/1 splittings show a roughly expo-
nential decrease, see Figs. 4.11 and 4.12. Typical splitting values 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 1076 cm~!
for the network-based determination of the lowest ortho energy value (see Sec. 2).
This accuracy is ensured by most 0/1 splitting values with J > 8.
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The 0/1 splittings, as well as their accuracy, depend strongly on the underlying
vibrational excitation. The computational inaccuracy principally originates from
the PES, with gradually increasing relative uncertainties as J increases. Certain
points, such as (120)77,,1, do not follow the trends and/or have very large uncer-
tainties. Furthermore, there are a few cases [namely, (021)6¢ /1, (021)99,0/1, and
(101)J ;0,1 above J =5 in the case of Hy'80, and (02 1)99,0/1, (021)1049,9/1, and
(101)J,0/1 above J =5 for Hy'%0], where the K. = 1 states lie higher than their
K. = 0 counterparts. These anomalies are due to pronounced couplings among the
vibrational parents.

Comparing Fig. 4.11 with Fig. 4.12, a very similar pattern of 0/1 splittings can
be observed for Ho'®O and Hs'0O. The rotational constants and the rotational
energies of Hy!®O are smaller than those of Hy'%O, but the 0/1 splittings can
be larger for Ho'®O than for Ho'%O. The reason behind this behavior is that these
splittings depend on the differences of the rotational constants, not on their absolute
values.

The lowest ortho-H,'%0 energy

To transfer the accuracy of the relative ortho energies determined to their abso-
lute energy values, one needs to know the energy of the lowest ortho-Hy'80 state,
(000)1.1, with a few times 10~7 cm ™! accuracy. The best literature estimates for
the (000)10 1 energy, 23.754902(5)[183] and 23.754 906(7) [184] cm ™!, are an order
of magnitude less accurate than this, implying the need for the precise redetermi-
nation of this quantity via indirect approaches.

Following the traditional spectroscopic protocol to derive the (000)1p 1 energy
of Hy'®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
[66] and artificial transitions formed by A-shape pairs [see Fig. 4.2(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 analyzing the fitting residuals for the external states.

Using a reduced set of 124 transitions, a weighted least-squares fit was per-
formed, utilizing a 49-parameter (16th-order) Watson-type Hamiltonian.[185, 186,
187, 188] The fitting output including the optimized parameters and the fitting
residuals is available in the Supplementary Information. The EH model yields an
estimate of 23.754 90461 cm ™! for the energy of the (000)1¢; 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 ecm ™!, is assigned as an uncertainty to the EH-predicted lowest
ortho energy. The uncertainty for the (000)1p1 energy is ten times smaller than
that of its former determinations.[183, 184]
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There is an independent, network-theoretical approach to extract the lowest
ortho energy of Hy'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 procedure returned only two such paths, both given in Fig. 4.13.
These paths lead to two estimates for the (000)1p 1 energy, 23.7549037(11) and
23.754903 7(14) cm~!. These values deviate by only 9.1 x 10~7 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 10~7 cm™!, the path-based estimates of the lowest ortho energy
are slightly less precise than the EH value obtained. Therefore, the EH estimate,
23.75490461(19) cm ™!, is recommended as the new reference value for the lowest
ortho energy of Hy'20.

4.4. Conclusions and Summary

The noise-immune cavity-enhanced optical-heterodyne molecular spectroscopy
(NICE-OHMS) technique,[97, 98, 31, 28, 169] facilitating the ultraprecise measure-
ment of large numbers of rovibrational transitions in the near infrared region (in

—
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Figure 4.13: Two line-disjoint paths for the determination of the lowest ortho
energy of Hy'®0. The arrangement of the energy levels and the lines, as well as the notation
employed are similar to that of Figs. 4.3 and 4.4. 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. [66]. The starting and ending points of these paths, (000)0g0 and (000)1g 1, 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 dotted magenta lines highlighted by red
frames illustrate virtual transitions whose wavenumbers are 0/1 splittings (see also the caption to
Fig. 4.11). 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 23.7549037(14) cm™? for
the (000)10,1 energy, respectively.
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the present case 7000-7350 cm~!), has been used to accurately determine the en-
tire pure rotational quantum-level structure of the second most abundant water
isotopologue, Hy'®O, up to J = 8, where J is the rotational quantum number.
These pure rotational states are often the lower states of experimental transitions
in water spectroscopy;[75, 142, 30, 105] thus, their accurate knowledge is important
for a large number of applications, including some in analytical chemistry.[167] 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,
supplemented with a similar set of transitions for Hy160,[129] serve as useful refer-
ences for the calibration of high-resolution spectroscopic measurements, as well as
for the evaluation of the accuracy characterizing future spectral recordings in the
ranges of 0-1250 and 5900-8380 cm~*.

As this study proves, transferring the experimental accuracy from the near in-
frared to the microwave and mid-infared region is possible by taking advantage
of the results of advanced quantum-chemical computations [172] and the design
principles of the Spectroscopic-Network-Assisted Precision Spectroscopy (SNAPS)
scheme.[129] 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 obser-
vations. Furthermore, SNAPS helps to evaluate the utility of and the possible
discrepancies related to newly probed lines. The original SNAPS approach [129]
was extended in this study 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 spectro-
scopic features of isolated molecules of chemical interest with the highest possible
efficiency.

Among the 195 carefully selected near-infrared Lamb-dip lines of Hy#O recorded
during this study, the unparalleled instrumental characteristics (resolution, accu-
racy, and sensitivity) of the NICE-OHMS setup allowed to resolve transitions which
cannot be probed under ordinary (e.g., Doppler-limited) experimental conditions,
like ortho-para doublets. Sensitivity of the NICE-OHMS technique also means
that lines observed also include those of disturbing species, like Hy'6O and HD'3O,
present in a tiny fraction of the sample. Notably, the Lamb-dip profiles of the
disturbing Hy'%0 and HD'8O lines are quite similar to those typical of the Hy'8O
transitions, making their confusion rather easy. Nevertheless, the SNAPS cycles
constructed during this study and the relatively large deviations from an effective
Hamiltonian (EH) model help to reveal if a resolved line is not the one searched
for.

Appropriate resolution of extremely weak transitions required technical im-
provements, allowing dependable averaging of multiple scans. The measurements
were also helped by the introduction of the A-correction scheme mentioned, provid-
ing accurate initial positions and allowing narrow-range frequency scans. In 2020,
Wu and co-workers [189] stated that the weakest transition which has ever been
measured in saturation is their COy line with S = 6 x 10727 cmmolecule™!. In
this study, a four times weaker transition, with an intensity of S = 1.4 x 1027
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cmmolecule™!, could be observed with a reasonable accuracy of 25 kHz. These
studies pave the way to the detection of even weaker transitions, like those of
quadrupole lines. Such quadrupole lines of water have recently been detected in
Doppler-broadened spectroscopy,[190, 191] but not in saturation and not with the
expected accuracy of NICE-OHMS measurements.

To link the parity-related subcomponents formed by electric-dipole-allowed
transitions measured by NICE-OHMS of the nuclear-spin isomers, para and ortho,
of Hy'®0, accurate rotational lines taken from the literature[66] had to be utilized.
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 ex-
ample those of Ref. [66]. Since these quadrupole lines have room-temperature in-
tensities on the order of 10~2® cm molecule™!,[191, 190] their observation demands
further technical improvements of our NICE-OHMS spectrometer.

To ensure maximum accuracy, a detailed uncertainty analysis of the line po-
sitions was conducted, including the evaluation of the short- and long-term re-
producibility 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,'60.[129] Ex-
periments aimed at establishing the effect of sample pressure on the recorded lines
suggest that the transitions of Ho'®O (see Ref. [129]) and H2'®O behave similarly
against pressure variation and that the pressure dependence of certain line centers
are significantly higher than claimed in Ref. [166].

To convert the relative energies of this study to absolute energies for ortho-
H,'80, 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 vir-
tual transitions. As a result of this study, many more accurate rotational energies
are available than before. The EH-based estimate for the lowest ortho-Hs'®O en-
ergy has a smaller uncertainty than those of its previous determinations. The
large number of accurate absolute energies provide benchmarks for quantum chem-
ical computations, help to improve the accuracy of thermochemical functions at
low temperatures, and are important for modelers, for example of (exo)planetary
atmospheres.

The ortho-para doublet separations extracted from quantum-chemical compu-
tations can be compared directly with the present ultraprecise NICE-OHMS obser-
vations. Due to significant error compensation when differences of the rovibrational
energies are formed, this comparison reveals excellent agreement between the com-
puted and the observed separations. Although assigning the lines of the doublets
is trivial in the knowledge of the (1 : 3) dip ratios, the predicted doublet sepa-
rations helped to 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 higher than before. Thus,
it is important to discuss how this knowledge affects entries of existing line-by-line
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(LBL) databanks, such as HITRAN.[30] Replacement of existing transition records
would be particularly beneficial in the case of the 557 lines characterized by room-
temperature absorption intensities larger than 5 x 10~2* cm molecule™!, because
all of these transitions are highly relevant to atmospheric modeling. While the
pressure dependence of certain Ho'®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. The pure rotational states, whose
relative energies are accurately derived via the SNAPS scheme, are among the most
important hubs in the entire experimental spectroscopic network of Hy'®O; they
are the lower states of a large number of transitions. Therefore, consideration of
these ultraprecise pure rotational energy values may help to eliminate systematic
errors during the determination of upper-state energies of LBL datasets.

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. [66] (Table S2), the predicted line list and the relative rovibrational
energies derived during this study (Tables S3 and S4, respectively), the output of
the effective Hamiltonian fit (Table S5), two line-disjoint paths for the derivation of
the lowest ortho energy of Ha'8O (Table S6), quantum chemical 0/1 splittings, up
to J = 10, for H3'%0 and Hy'80 (Table S7), comparison of the quantum chemical
doublet separations with their experimental counterparts (Table S8), and basic
cycles associated with the shortest-path-based forest of the spectroscopic network
built upon by lines of Ref. [66] and this study (Table S9).
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Chapter 5

Hyperfine-resolved near-infrared spectra of H,!"O

Abstract

Efforts have recently been taken in the derivation of accurate compilations of rovibrational energies
of water, one of the most important reference systems in spectroscopy. Precision is desirable for all
water isotopologues, although their investigation is challenged by hyperfine effects in their spec-
tra. Frequency-comb locked NICE-OHMS (Noise-Immune Cavity-Enhanced Optical-Heterodyne
Molecular Spectroscopy) allows for achieving high sensitivity, resolution, and accuracy. This tech-
nique has been employed to resolve the subtle hyperfine splittings of rovibrational transitions of
H5'70 in the near-infrared region. Simulation and interpretation of the Ho'7O saturation spectra,
have been supported by coupled-cluster calculations performed with large basis sets and account-
ing for high-level corrections. Experimental 17O hyperfine parameters are found in excellent
agreement with the corresponding computed values. The need of including small hyperfine effects
in the analysis of Ha!7O spectra has been demonstrated together with the ability of the compu-

tational strategy employed of providing quantitative predictions of the corresponding parameters.
1

1This chapter is a reproduction of: Hyperfine-resolved near-infrared spectra of Ha'7 O, M.
Melosso, M.L. Diouf, L. Bizzocchi, M. Harding, F.M.J. Cozijn, C. Puzzarini, W. Ubachs, J. Phys.
Chem. A 125, 7884-7890 (2021).
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5.1. Introduction

Hyperfine parameters constitute an important source of information on physico-
chemical molecular properties related to electron densities and electronic structure.
The nuclear quadrupole coupling is the strongest hyperfine interaction in closed-
shell molecules. From the associated constants, information on intramolecular in-
teractions and on the ionic or 7w character of the bonds involving the quadrupolar
nucleus can be retrieved. Nuclear spin-rotation interaction and their correspond-
ing constants provide instead insight into the paramagnetic part of the nuclear
magnetic shielding constants, and this was the motivation for investigating the
hyperfine structure (HFS) of the rotational spectrum of water isotopologues con-
taining a 170 [192, 193]. Nuclear quadrupole coupling and spin-rotation interaction
give rise to splittings in the rotational and rovibrational transitions (the HFS men-
tioned above), thus providing an experimental approach to the above-mentioned
molecular properties.

However, the hyperfine effects in water tend to be small in view of its closed-
shell nature in the electronic ground state, thus requiring a very high resolving
power to reveal subtle splittings in its spectrum. Indeed, the HFS of the Hy'7O
rotational spectrum was resolved only in a few investigations. Besides the work
reported in ref. [192], there is only the study by DeLucia and Helminger from the
1970s [194]. Both works concerned the vibrational ground state and were performed
via pure rotational spectroscopy in the microwave domain. Instead, to the best of
our knowledge, the HFS of the '"O-containing species has never been resolved in
vibrational excited states. Water is a crucial reference spectroscopic system and
a comprehensive characterization is essential also for this isotopic species. As in
the main isotopologue, the rovibrational states are separated into two subsets: the
ortho and para nuclear-spin isomers. Ortho—para conversion represents an open
issue, with the energy separation of the ortho and para states requiring to be
known precisely. In the case of Hy'7O, an accurate determination of the energy
levels cannot avoid the full characterization of its hyperfine structure.

In the past decade, the development of intracavity-based optical techniques
allowed high resolution and high sensitivity to be achieved also in vibrational spec-
troscopy. Different groups have applied such approach to the investigation of vi-
brational excitation of Hy'7O [195, 196, 31, 179, 197]. A large number of spectral
lines was accurately measured in a wide spectral region, thereby leading to the
revised and updated W2020 database of rovibrational transitions and energy levels
of 17O-containing water[105]. However, all of these studies were Doppler-limited
and no hyperfine effects could be resolved. Recently, the intra-cavity techniques
were further developed and combined with high accuracy calibration, thus allowing
the exploitation of the Lamb-dip effect in rovibrational spectra [198, 199, 200, 163].
In only one study, such Lamb-dip vibrational spectroscopy was applied to Hy'7O,
although the linewidth, due to collisional and time-of-flight broadening, was still
too large to resolve the HFS [201].

In the present study, we extend our previous work on the saturation spec-
troscopy of water [129] to the !”7O-containing species, thereby using the advanced
capabilities of a frequency-comb locked NICE-OHMS (Noise-Immune Cavity-Enhanced
Optical-Heterodyne Molecular Spectroscopy) setup to resolve, for the first time, the
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HFS of rovibrational transitions of Hy'7O. NICE-OHMS is a precision-spectroscopy
technique which brings a new perspective in the field: having the sensitivity to
observe saturation spectra at very low pressures and powers, it allows for the res-
olution of hyperfine structures in vibrational overtones, while at the same time
providing an absolute frequency scale at kHz accuracy. The experimental determi-
nation of the hyperfine parameters for the vibrational state involved is supported
and guided by state-of-the-art ab initio computations.

foon fesg Cavity in
a vacuum chamber

Needle valve

Water cell Pump

Beatnote i -
W Lab-PC H Lock-in amplifier

Figure 5.1: Layout of the experimental setup; for details see text.

Each rovibrational energy level of Hy'7O is uniquely labelled by 7 quantum
numbers, that can be classified as vibrational quantum numbers, (v; vev3), rep-
resenting the excitation of the symmetric stretching, bending, and antisymmetric
stretching modes, respectively, and the rotational quantum numbers. These are
the total angular momentum for the end-over-end rotation J, the pseudo-quantum
numbers K, and K. used in the designation of levels in asymmetric-top rotors,
and F the total angular momentum accounting for the coupling of J with the 17O
nuclear spin (I = 5/2). The latter coupling, which is caused by the interactions
mentioned above, splits each rotational level into different but closely-spaced sub-
levels. For ortho-H,!70, additional splittings are due to the hydrogen spins (only
spin-rotation interaction), with the involved interaction being too small to produce
measurable effects in the present experiment. The splittings of the energy levels
generate the already mentioned HFS of the spectrum. While the HFS due to 17O
exhibits several components typically separated by a few hundred kHz, that due
to the hydrogen nuclei is expected only to give rise to a small broadening of the
Lamb-dips, as already observed in a previous study on Hy'6O [129].

To simulate the HFS of rovibrational transitions, the hyperfine parameters of
each vibrational state involved in the transition are required. In particular, relying
on the additivity approximation, vibrationally averaged parameters are evaluated
as the sum of their equilibrium value and the corresponding vibrational correction,
with the former term computed by means of a composite scheme (see Methods). As
explained in the Methods section, computations were carried out at the coupled-
cluster level in conjunction with large basis sets and incorporating, for equilibrium
values, up to quadruple excitations. This allows for obtaining results that are con-
verged with respect to the wave function and basis sets for both potential and
property values [192; 193]. The DVR-QAK [202] scheme was employed to com-
pute the vibrational corrections (see Methods). The hyperfine parameters under
consideration are the oxygen (}70) quadrupole coupling constants, y;;, and the
spin-rotation constants of both oxygen and hydrogen, C;; (i and j denote the prin-
cipal inertia axes). For all of them, the equilibrium values and their vibrational
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Figure 5.2: Modelling results for the 1f and 3f spectra recorded for the Jxaxe =
111 < 0oo (top panels) and the Jxqxe = 0o < 111 (bottom panels) transitions of the (200) «+
(000) overtone. The black and red lines plot the experimental data and the “best-fit” model,
respectively. The stick spectra denote the positions and relative intensities of the hyperfine
components (in blue) and crossover resonances (orange). The fit residuals (light green) are shown
in the boxes below each panel.

correction terms are collected in the Appendix (Table 3 for the x;;(170)’s, Tables 4
and 5 for the Cj;’s of oxygen and hydrogen, respectively). These parameters have
been computed for the (000) vibrational ground state as well as for the (040), (120),
(021), (021), (200), (101), and (002) vibrational states. All these levels lie around
7000 cm ™!, which is the frequency region explored in the present experiment.

As previously anticipated, the measurements were performed in the near-infrared
region employing the NICE-OHMS apparatus developed for saturation spectroscopy,
and already employed for HD [28] and the main water isotopologue [129]. In the
present setup, shown schematically in Fig. 5.1, an infrared diode laser operating
at 1.4 pum is combined with a high-finesse cavity. The intracavity high power laser
enabled the saturation of several rovibrational transitions of Hy'7O, and thus the
exploitation of the Lamb-dip effect with extremely narrow dip profiles. While all
relevant experimental details are reported in the Methods section, important to the
subsequent discussion is the fact that the frequency demodulation, intrinsic to the
NICE-OHMS method, was employed both at 1f and 3f, the latter providing higher
resolution, as evident in Figure 5.2. A high-stability optical frequency-comb, refer-
enced to a Cs atomic clock, is also incorporated in the NICE-OHMS spectrometer
to stabilize the infrared laser and to obtain sub-MHz accuracy on the frequency
axis.

Among the vibrational states investigated computationally, the (200) state has
been chosen in view of the intensity of its transitions. A number of saturation
spectra were recorded for the (200) < (000) rovibrational band at 7200 cm~1.
In Fig. 5.2 two spectra are shown: the Jx,x. = 111 + 0pg R-transition from
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Figure 5.3: Experimental recordings and modelling results for the 3f spectra of the
JraKke = 202 < 111 (top-left), Jxaxe = 202 < 313 (top-right), Jxaxce = 616 < 505 (bottom-
left), and Jrqake = 827 < 818 (bottom-right) transitions of the (200) < (000) overtone. The two
top spectra pertain to the para-species, while the two bottom spectra to the ortho-species. The
black and red lines plot the experimental data and the “best-fit” model, respectively. The stick
spectra (blue bars) show the positions and relative intensities of the hyperfine components.

the ground state para-level and the Jx.x. = 0gp < 111 P-transition probing
the lowest para-level in the (200) vibrationally excited state. Both 1f and 3f
recordings are depicted, thereby demonstrating the superior resolution obtainable
with the 3f demodulation scheme. Figure 5.3 collects four additional Lamb-dip
spectra recorded in the high-resolution 3 f mode, and involving transitions for both
para- and ortho-H,'7O.

Initially, we simulated the spectra using the experimental hyperfine constants
previously determined for the ground state [192] and the ab initio values computed
in this work for the (200) upper state. Simulations of the Lamb-dip spectra based
on these “first guess” values were already able to well reproduce the experimental
recordings. Nevertheless, as found in the Lamb-dip investigation of the ground-
state rotational spectrum [192], additional features due to crossover resonances
were occasionally observed. These are also referred to as “ghost transitions”, and
are a well known effect in Lamb-dip saturation spectra [133]. They appear in
the case of transitions with a common state (either upper or lower) and partially
overlapping Doppler profiles. Here, we adopt a phenomenological treatment of
such features, whose transition frequencies are given by the arithmetic mean of the
frequencies of the two “interacting” transitions.

Once the simulations had been refined by including the observed crossovers, a
custom Python3 routine was used to accurately model the spectral line profiles
and to retrieve the experimental transition frequencies. This code is an adaptation
of the tool used in ref. [203] to model the astrophysical spectra of the amidogen
radical isotopologues. To reproduce the recorded spectra, the 1f and 3f profile
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functions are computed for each hyperfine component (also including crossovers),
they are summed up, and the resulting profile is optimized versus the experimental
spectra in a least-squares fashion. The 1f and 3f profile functions are defined as
derivatives of the typical dispersive NICE-OHMS signals [16]:

_ 4A [y —4(v —wp)?]
[ +4(v — 1))
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The adjustable parameters are the line position v, the line intensity A, and the
width of each component 7. If necessary, a cubic polynomial is also fitted to
reproduce the spectral background. The final agreement between the modelled and
experimental spectra is fairly good, as shown in Figs. 5.2 and 5.3. In these plots,
the optimized positions and intensities of the hyperfine components and crossovers
are depicted as stick spectra.

P(v)sy

From the line profile analysis of the spectra recorded, the “best-fit” frequencies
were retrieved as explained above; then, they were assigned to the corresponding
transitions in terms of quantum numbers and analyzed using the SPFIT routine
of the CALPGM suite [204] and adopting the standard Watson Hamiltonian in the
I" representation [205]. For blended transitions, the retrieved frequencies were
assigned to the intensity-weighted average of the involved components. The anal-
ysis of 30 hyperfine frequencies led to the very first determination of the nuclear
quadrupole coupling and spin-rotation constants of 17O for vibrationally-excited
H5'70. Their values, together with their 30 uncertainties, are collected in Table 1.
From this table, a very good agreement between experiment and theory is noted,
the computed values lying well within the experimental uncertainty. As already
pointed out in ref. [192], the level of theory employed is able to provide quantita-
tive prediction of hyperfine parameters. The same accuracy is therefore expected
for all computational data reported in the Appendix. Since the inclusion of the
spin-rotation constants of hydrogen has a negligible effect on the simulation of the
rovibrational spectra of ortho-Hy!7O, such interaction was not considered in the
final analysis.

As an additional finding, the absolute frequencies of the unperturbed rovibra-
tional transitions recorded in the present study can be retrieved from the analysis.
They can be obtained by subtracting the energy contribution due to the hyperfine
interactions from the measured hyperfine components. The results of this analysis
are collected in Table 2. The absolute accuracy of these transitions is improved
by about two orders of magnitude with respect to the line frequencies listed in the
W2020 database[105] for Hy'7O.

To conclude, the present study reports on the first observation of hyperfine-
resolved rovibrational transitions of the (200) < (000) overtone band of Hy!7O,
recorded in the saturation regime by means of the NICE-OHMS technique. Six
transitions, four pertaining to the para-species and two to the ortho-species, were
investigated and the nuclear quadrupole coupling and spin-rotations constants of
oxygen derived for the (200) vibrational level. A very good agreement, within 3o, is
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Table 1: 170 hyperfine parameters for Hy!7O in the (200) excited vibrational level.

Parameter®Unit Exp.P Theory®
Xaa MHz —8.86(9) —8.824
Xbb MHz —186(14) —1.780
Caa kHz —48.(16) —40.89
Chp kHz —38.(9) —33.01
Cee kHz —19.(4) —21.09
No. data 30

rms kHz 10.8

# Being the nuclear quadrupole coupling
tensor traceless, only two x’s are given.

" Values in parenthesis denote 30 uncertain-
ties in unit of the last quoted digit.

¢ Results retrieved from Tables 3 and 4.

found with the corresponding computations. As pointed out in refs. [192, 193] and
confirmed in the present study, quantitative predictions of the hyperfine parameters
can be provided, which however cannot be obtained routinely. For the first time,
the variational DVR-QAK scheme has been extended to compute the vibrational
corrections for excited states. Finally, the unperturbed frequencies of the observed
rovibrational transitions of Hy'7O were determined at an unprecedented accuracy
of 20 kHz, corresponding to a relative uncertainty of 10~!!. These figures supersede
by far the quality of the data available in the W2020 database for Hy'7O.

Table 2: Absolute transitions frequencies of rovibrational transitions in the (200) «
(000) overtone band of Hy'7O.

5.2. Methods

Line

Frequency / MHz

111 < Ooo
0oo < 111
202 < 111
202 < 313
616 < S05
827 < 813

216698 971.729(
214541 043.881(
216570 396.811(
213423 435.893(
218793 162.770(

(

2
2
1
1
3
218532 715.457(1

0)
2)
0)
0)
4)
7)

Computational section

The nuclear quadrupole-coupling and nuclear spin-rotation constants have been
computed adopting a similar protocol as in refs. [192, 193]. The so-called equilib-
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rium values were evaluated at the semi-experimental equilibrium geometry (r(OH)
=0.9575 A, /(HOH)= 104.51°)[206] using the coupled-cluster singles and doubles
approach augmented by a perturbative treatment of triple excitations (CCSD(T))
[207, 208, 209, 210] in conjunction with the aug-cc-pCV6Z [211, 212] basis set. The
CCSD(T) values have been augmented by higher-level corrections. These were
evaluated as the difference between coupled-cluster singles, doubles, and triples
(CCSDT) [213, 214, 215] and CCSD(T) employing the aug-cc-pCVXZ (X=T, Q)
[216, 217, 218] basis sets (AT term), as well as the difference between coupled-
cluster singles, doubles, triples, and quadruples (CCSDTQ) [213, 214] and CCSDT
employing the aug-cc-pCVXZ (X= D, T) [216, 217, 218] basis sets (AQ term). In
the calculations of spin-rotation tensors, perturbation-dependent basis functions
were used to ensure fast basis-set convergence, as described in refs. [219, 220].
Scalar relativistic corrections to the nuclear quadrupole-coupling tensors (AREL
term) have been evaluated using direct perturbation theory (DPT) [221] at the
CCSD(T) /aug-cc-pCV6Z level.

As in previous studies focusing on the (000) vibrational ground state [192, 193],
the DVR-QAK [202] scheme has been employed to compute the vibrational correc-
tions to equilibrium values. In this approach, the treatment of vibrational effects
is based on the variation principle and on the use of the so-called Watson Hamilto-
nian [186] given in terms of rectilinear dimensionless normal coordinates, and fully
accounts for Coriolis interactions and anharmonic effects in the potential. Con-
verged vibrationally averaged property values were determined by evaluating the
corresponding expectation values over the vibrational wave function of the corre-
sponding vibrational state, using a multidimensional Gauss—Hermite quadrature.
For the actual computations, 11-15 quadrature points per each mode have been
used to evaluate the matrix elements over the anharmonic part of the potential
and 11-15 harmonic-oscillator basis functions per each mode have been used as
a product basis. The vibrational corrections were calculated as the difference be-
tween the vibrationally averaged and the equilibrium values, both at the CCSD(T)
level in conjunction with the aug-cc-pCVQZ [216, 217, 218] basis set. A value of
-25.58(22) mb was used for the 7O nuclear quadrupole moment [222].

All computations were carried out with all electrons included in the correlation
treatment and using the CFOUR program package [223, 224]; for some calculations,
the parallel version of CFOUR[225] has been employed. All CCSDT and CCSDTQ
results were obtained with the string-based many-body code MRCC [226, 227] in-
terfaced to CFOUR.

Experimental section

The NICE-OHMS apparatus developed for saturation spectroscopy is described
in refs. [28, 129]. In this work, a high-finesse (~ 150 000) cavity has been employed
together with an infrared diode laser operating at 1.4 pm. This laser is modulated
at 305 MHz, equivalent to the free spectral range (FSR) of the cavity, for generating
the side-band signals, and at 20 MHz for the cavity-lock via a Pound—Drever—
Hall (PDH) stabilization scheme. In addition to the first layer of modulation at
305 MHz, a second layer of modulation is applied through dithering one of the
cavity mirrors at a low frequency of 415 Hz. The doubly modulated spectroscopic
signal is demodulated by a powerful lock-in system (Zurich Instruments; HF2LI),
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where the 1st and 3rd harmonic (1f and 3f signals, respectively) of the dither
modulation are extracted. A stabilized optical frequency-comb (OFC), referenced
to a Cs atomic clock, is employed to stabilize the infrared laser and the optical
cavity, and to provide a frequency scale accurate to the 1 kHz level.

For spectral recordings, an enriched Hy'7O sample (Cambridge Isotopes; 20%
H3'70 isotopic purity) has been used. The spectroscopic recordings have been
carried out under steady gas flow conditions, at pressures in the range of 0.1-
0.3 Pa, measured by a capacitance pressure gauge.

Thanks to the highly reflective mirrors, the intra-cavity power can be increased
up to 150 W. However, the intra-cavity power is matched to the oscillator strength
in order to operate in the weakly saturating regime, thus avoiding significant power
broadening. This results in intra-cavity powers below 1 W. The resulting linewidth
of the resolved hyperfine components is mainly limited by the transit time of the
molecules across the laser beam, overall yielding a width of ~ 400 kHz (full width
at half maximum).
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5.4. Appendix

This appendix collects the quantum-chemical results for the hyperfine parame-
ters of Hy'7O: nuclear quadrupole-coupling and spin-rotation constants of 17O and
nuclear spin-rotation constants of hydrogens. The three tables list the equilibrium
values, the vibrational corrections for each state considered, and the resulting vi-
brationally corrected values. The methodology is detailed in the Methods section.

Table 3: Equilibrium values, vibrational corrections, and vibrationally corrected
values of the oxygen quadrupole coupling tensor (NQCT) (MHz).

Xaa Xbb Xece
Equilibrium values®
CCSD(T)> —8.809 —1.066  +9.876

ATe —0.012 —0.001  40.012
AQA +0.011 —0.001  —0.010
AREL®  —0.009 —0.014  +0.023
Sum | —8.819 —1.082 9.901

Vibrational corrections (DVR-QAK)#
(000) +0.007 —0.223  40.216
(040) —0.067 +0.177  —0.111
(120) 4£0.023 —0.353  +0.329
(021) +0.067 —0.415 +0.348
(200) —0.005 —0.698  +0.704
(101) +0.023 —0.735  40.712
(002) +0.040 —0.760  40.719

(000) —8.812 —1.305 +10.117
(040) —8.886 —0.905  +9.790
(120) —8.796 —1.435 +10.230
(021) —8.752 —1.497  +10.249
(200) —8.824 —1.780 +10.605
(101) ~8.796 —1.817 +10.613

(002) —8.779 —1.842  +10.620

* Computed at the semi-experimental geometry.
P Computed employing the aug-cc-pCV6Z basis.
¢ Difference of the NQCT at CCSDT/aug-cc-pCVQZ and CCSD(T)/aug-cc-pCVQZ
levels.
4 Difference of the NQCT at CCSDTQ/aug-cc-pCVTZ and CCSDT /aug-cc-pCVTZ
levels.
¢ Computed via DPT2 at the CCSD(T)/aug-cc-pCV6Z level.
f Sum of CCSD(T), AT, AQ, and AREL.
& Difference of vibrationally averaged and equilibrium value at the
CCSD(T)/aug-cc-pCVQZ level.
b Equilibrium values augmented by the corresponding vibrational corrections.
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Table 4: Equilibrium values, vibrational corrections, and vibrationally corrected
values of the oxygen spin-rotation tensor (SRT) (kHz).

Caa Cbb CCC

Equilibrium values®
CCSD(T)> —22.25 —25.20  —17.48

ATe —-0.10 —-0.11 —0.06
AQ? 40.05 +0.08  +0.03
Sum °© —22.31 —25.22 —17.50
Vibrational corrections (DVR-QAK)®
(000) 635 —2.78  —1.02
(040) 2586 —2.38  +3.13
(120) —22.93 —-5.53 —0.10
(021) 2005 —6.82 1.2
(200) 1858 —7.719  —3.59
(101) ~16.80 —8.73  —4.40
(002) 1445 —9.67  —4.96

(000) —28.66 —28.01  —18.52
(040) —48.16 —27.61  —14.37
(120) —45.23 —30.75  —17.60
(021) —42.35 —32.04 —18.74
(200) —40.89 —33.01  —21.09
(101) ~39.10 —33.96  —21.91
(002) —36.75 —34.89  —22.46

* Computed at the semi-experimental geometry.

b Computed employing the aug-cc-pCV6Z basis.
¢ Difference of the SRT at CCSDT/aug-cc-pCVTZ and CCSD(T)/aug-cc-pCVTZ levels.
4 Difference of the SRT at CCSDTQ/aug-cc-pCVDZ and CCSDT/aug-cc-pCVDZ levels.

¢ Sum of CCSD(T), AT, and AQ
f Difference of vibrationally averaged and equilibrium value at the
CCSD(T)/aug-cc-pCVQZ level.
& Equilibrium values augmented by the corresponding vibrational corrections.
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Table 5: Equilibrium values, vibrational corrections, and vibrationally corrected
values of the hydrogen spin-rotation tensor (SRT) (kHz).

Caa C'bb Ccc Caba Cbaa

Equilibrium values®
CCSD(T)¢ —35.45 —31.78 —33.98 —47.81 —21.01

AT +0.00 +0.00 —-0.01 —-0.03 —0.02
AQ° —-0.01 +0.00 -0.01 -0.03 +0.00
Sum | —35.47 —31.78 —33.99 —47.87 —21.03

Vibrational corrections (DVR-QAK)8
(000) +1.24 40.62 +1.51 —1.29 —0.09
(040) +6.22 4+0.43 +3.83 —26.56 +3.13
(120) +4.24 4094 +3.08 —9.84 -+1.30
(021) +4.87 +1.65 +4.54 —-9.07 +0.61
(200) +2.69 +1.53 +2.65 —0.24 -0.32
(101) +3.01 +2.08 +3.85 —0.05 —0.93
(002) +3.10 +2.60 +4.88 +0.22 —1.51

Vibrationally corrected values®

(000) —34.23 —31.16 —32.48 —46.16 —21.13
(040) —29.24 —31.36 —30.16 —74.44 —17.91
(120) —31.23 —30.85 —30.91 —-57.71 —19.73
(021) —30.60 —30.13 —29.45 —56.94 —20.43
(200) —32.78 —30.25 —31.34 —48.11 —21.35
(101) —32.46 —29.70 —30.14 —47.93 —21.97
(002) —32.37 —29.19 —29.11 —47.66 —22.55

# Please note that for the other hydrogen the Cy, and Cy, terms are inverted in sign.

b Computed at the semi-experimental geometry.
¢ Computed employing the aug-cc-pCV6Z basis.

4 Difference of the SRT at CCSDT/aug-cc-pCVTZ and CCSD(T)/aug-cc-pCVTZ levels.
¢ Difference of the SRT at CCSDTQ/aug-cc-pCVDZ and CCSDT/aug-cc-pCVDZ levels.

¢ Difference of vibrationally averaged and equilibrium value at the

b Equilibrium values augmented by the corresponding vibrational corrections.
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Chapter 6
Parity-pair-mixing effects in nonlinear spectroscopy of HDO
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Abstract

A non-linear spectroscopic study of the HDO molecule is performed in the wavelength range
of 1.36—-1.42 pum using noise-immune cavity-enhanced optical-heterodyne molecular spectroscopy
(NICE-OHMS). More than 100 rovibrational Lamb dips are recorded, with an experimental pre-
cision of 2-20 kHz, related to the first overtone of the O-H stretch fundamental of HD6O and
HD'80. Significant perturbations, including distortions, shifts, and splittings, have been observed
for a number of Lamb dips. These spectral perturbations are traced back to an AC-Stark effect,
arising due to the strong laser field applied in all saturation-spectroscopy experiments. The AC-
Stark effect mixes parity pairs, that is pairs of rovibrational states whose assignment differs solely
in the K. quantum number, where K. is part of the standard Jg, r. asymmetric-top rotational
label. Parity-pair mixing seems to be especially large for parity pairs with K, > 3, whereby their
energy splittings become as small as a few MHz, resulting in multi-component asymmetric Lamb-
dip profiles of gradually increasing complexity. These complex profiles often include crossover
resonances. This effect is well known in saturation spectroscopy, but has not been reported in
combination with parity-pair mixing. Parity-pair mixing is not seen in H2'%0O and H2'80, be-
cause their parity pairs correspond to ortho and para nuclear-spin isomers, whose interaction is
prohibited. Despite the frequency shifts observed for HD'6O and HD'®O, the absolute accuracy
of the detected transitions still exceeds that achievable by Doppler-limited techniques.

1This chapter is a reproduction of: Parity-pair-mizing effects in nonlinear spectroscopy of
HDO, M.L. Diouf, R. Tébids, F.M.J. Cozijn, E.J. Salumbides, C. Fabri, C. Puzzarini, A.G.
Csészar, W. Ubachs, Opt. Express 31, 24142-24156 (2023)
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6.1. Introduction

Most studies dealing with gas-phase rovibrational spectroscopy of small molecules
utilize direct linear absorption and Fourier-transform spectroscopy [228]. In these
measurements, the spectral resolution is severely limited by Doppler broadening.
This situation can be improved significantly by employing saturation techniques
of nonlinear spectroscopy [133]. The application of saturation techniques has
the advantage that the linewidth, typically several hundred MHz under Doppler-
broadened conditions, reduces to the sub-MHz regime. Saturation techniques com-
bined with frequency-comb-based calibration, like noise-immune cavity-enhanced
optical-heterodyne molecular spectroscopy (NICE-OHMS, see Refs. [97] and [98]),
can reach a spectral uncertainty below 10 kHz [33, 34, 189, 163, 129, 130, 164,
229, 230, 231, 232]. This accuracy represents an improvement over 2-3 orders of
magnitude in the determination of line centers.

Based on the successful application of our NICE-OHMS apparatus [28, 233] to
study the rovibrational energy-level structure of two permutationally symmetric
water isotopologues, Ha160 [129, 230] and H,'®O [130], the principal objective of
the present paper has been to conduct NICE-OHMS measurements on HD'6O.
This investigation was designed to obtain accurate pure rotational energies for this
permutationally nonsymmetric water isotopologue. Nevertheless, there is an im-
portant, symmetry-related difference between the spectroscopy of HoO and HDO.
Since H,O isotopologues contain two equivalent H nuclei, these species have two
nuclear-spin isomers, called ortho and para, and the interaction between the ortho
and para states is symmetry forbidden. In contrast, HDO isotopologues have a sin-
gle nuclear-spin isomer, allowing the interaction of close-lying rovibrational states
of opposite parity, which may become mixed under the perturbing influence of ex-
ternal electric fields. The extent of such interactions under conditions of saturation
spectroscopy has not been explored so far and thus its magnitude has remained
unknown.

Our experimental campaign yielded more than 100 Lamb-dip features, involving
states in the first overtone of the O-H stretch fundamental of HD'6O, with an ex-
perimental precision of 2-20 kHz. For transitions whose upper and/or lower states
have K, > 3, multi-component Lamb-dip profiles have been identified (K, is part
of the standard Jx, i, asymmetric-top rotational label [74]). Even for single Lamb
dips, frequency shifts on the order of 100 kHz were detected through a comparison
of the experimental (NICE-OHMS-based) energy splittings with their counterparts
derived from an effective Hamiltonian (EH) model [234]. The complex Lamb-dip
profiles and the frequency shifts are explained with mixing between nearby parity
pairs, that is pairs of opposite-parity rovibrational states differing only in their
K. values. To prove this interpretation, benchmark experiments have been per-
formed for HD'30, H,'60, and H,'®0, as well, confirming that for transitions with
the same lower and upper states (a) no spectral distortions are discernible in the
Lamb-dip profiles of H2'%0 and H2'80, and (b) HD'®O exhibits similar complex
Lamb-dip profiles as HD6O.
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6.2. Methodological details

NICE-OHMS measurements

A NICE-OHMS apparatus, shown schematically in Fig. 6.1 and described in
Refs. [129] and [28], is used to record selected absorption lines of HD'6O and other
water isotopologues, under saturation conditions. NICE-OHMS is a special form
of cavity-enhanced absorption spectroscopy (CEAS, see Ref. [235]), endowed with
extreme sensitivity [97, 98, 236, 31]. In our setup, a double modulation scheme is
included via an electro-optic modulator (EOM) for imposing sideband modulations
to the central carrier frequency. A low-frequency modulation at 20 MHz is employed
for Pound-Drever-Hall (PDH) locking of the laser to the optical cavity with a
finesse of 150000 and a length of 51 cm. Higher-frequency sidebands, generated at
305 MHz and matched to the free spectral range of the cavity, are used to produce
the NICE-OHMS signal [98]. For further noise reduction, a low-frequency (405 Hz)
wavelength dither is applied on one of the cavity mirrors. For the demodulation
steps and registration of the signal, an advanced high-frequency lock-in detector
(Zurich Instruments, HF2LI) is utilized.

The frequency of the external-cavity diode laser (ECDL) is calibrated via a
fiber link to an in-house metrology station, consisting of a frequency-comb laser, a
Cs clock, and a device receiving signals from the global positioning system (GPS).
Through this metrology station, long-term stabilization is ensured for the beatnote
of the cavity-locked laser by a slow feedback on the cavity piezo for controlled
acquisition and frequency scans. This construction allows the achievement of a
frequency precision below 1 kHz.

Since the generic signal of NICE-OHMS is dispersive, the additional wavelength
dither on the cavity produces a symmetric line shape, resembling the second deriva-
tive of a Voigt profile if 1 f demodulation is employed. For the present measurement
campaign, the relative absorption of the Lamb-dip features is typically on the order
of 107 ¢m~!, while the resonance widths are approximately 400-800 kHz (full
width at half maximum, FWHM). In this study, intracavity powers of 5-100 W are
utilized. Low powers are typically used to probe strong transitions, for which the
Lamb-dips may suffer from power broadening. In a previous study [230], it was
observed that strong lines eventually exhibit doubled Lamb-dip features at high
power. This phenomenon, specifically associated with the NICE-OHMS detection

foon fesr Cavity in
vacuum chamber
- EOM |—= {H
Needle valve
- Water cell Pump

v
Beatnote ) -
measurement —»{ Lab-PC H Lock-in amplifier

Figure 6.1: Schematic layout of the NICE-OHMS setup employed during this study.
NICE-OHMS = noise-immune cavity-enhanced optical-heterodyne-molecular spectroscopy, OFC
= optical frequency comb, EOM = electro-optic modulator, FSR = free spectral range of the
cavity, and PDH = Pound-Drever—Hall locking.
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technique, is avoided here to not confuse the new features observed in this study
with doubled Lamb dips.

The wavenumber coverage of our NICE-OHMS spectrometer in its current setup
is 7000-7350 cm !, limited by the tuning range of the ECDL, the highly-reflective
cavity mirrors, as well as the transmission properties of certain electro-optical com-
ponents. The accessible window of dipole moments, represented by the Einstein-A
coefficients, falls in the interval of 107%-10? s~!. Combined with the population
distribution at the measurement temperature (7' = 293 K), the allowed range of
intensities corresponds to 10726-1072° ¢cm molecule ™!

Notation

In this study, rovibrational states of water isotopologues are labelled as (v1 v2 v3)JK, K.,
where (vy vav3) is the vibrational assignment based on the normal-mode picture,
while Jg, k., stands for the standard asymmetric-top rotational quantum num-
bers [74]. The vy, vy, and v3 quantum numbers correspond, respectively, to (a)
the symmetric stretch, bend, and antisymmetric stretch normal modes for Hy'60O
and H2'®0, and (b) the O-D stretch, bend, and O-H stretch fundamentals for

HD'O and HD' 0. A rovibrational transition is denoted as (v} v} 03) I g
(v v5 vg) S g, Where " and " distinguish between the upper and lower states,

respectively.

The parity of a (v1 v2 v3)Jk, K, stateis even/odd (e/o or +/—) if K is even/odd.
As the states (vq v2 7}3)JK %, and (v1 vg Ug)JK &, with ‘K - K. | = 1 practically
differ only in their parity, they form what we call a parity pair. This parity pair is
denoted as (v1vav3)Jp, k., if K, belongs to the higher-energy state. The en-
ergy difference of a parity pair is hereinafter called K. splitting. Clearly, the parity
pairs of HoO isotopologues are ortho—para nuclear-spin-isomer pairs. If Uy /Us and
L1/Ly are parity pairs, then the transition doublet (Uy «— Ly, Us < L) is named

a parity doublet. By convention, (v} v} v3)J}{/ i (v} vl vé’)J}é,, e in-
dicates a parity doublet whose higher- and lower- frequency lines are ass1gned as
(0103 03) Ty, gy 4= (01 03 03) T, g and (V1 3 03) T3, o) 4= (01 03 V5) T o TE
spectively. o o

Effective Hamiltonian and variational computations

There are several investigations [237, 238, 239, 240, 241, 141, 234] which have
helped to determine the empirical energy-level structure of HD®O in its ground
vibrational state, (v; v2v3) = (000). These studies involved more than 600 pure
rotational Lamb-dip lines, often with resolved hyperfine structure. Based on these
transitions, a global fit was performed in Ref. [234], yielding effective-Hamiltonian
(EH) energies for the (00 0) rotational states with an accuracy of 1078-107¢ cm~1.

The empirical energies available for the (002) rotational states are consider-
ably less accurate, they are on the order of 1072 cm™!, as typically obtained from
Doppler-limited rovibrational spectroscopy [141]. As shown in Refs. [129, 130] and
[230], small (< 0.01 cm™!) energy differences can be estimated much more accu-
rately than 10~2 cm~! wvia first-principles nuclear-motion computations, provided
that the underlying energy levels share the same vibrational state and J value.
Therefore, such computations have been carried out, up to J = 8, for HD'O and
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Figure 6.2: Variationally computed K. splittings of the HD'O molecule up to J = 8.
Panels (a) and (b) correspond to the (000) and (002) vibrational states, respectively. The K.
splittings are plotted, with various colors, for each J value separately and connected with solid
lines (the exceptions are the single J = 1 points). The K. splittings are given both in cm~! (left
vertical axes) and in Hz (right vertical axes).

HD'®0 with the GENIUSH (GEneral rovibrational code with Numerical, Internal-
coordinate, User-Specified Hamiltonians) code [84, 85, 173], using the potential

energy surface of Ref. [175] and a sufficiently large vibrational basis set (as usual,
the rotational basis is complete).

The computed K, splittings of HD'O and HD'®O, as well as the EH-based
estimates of Ref. [234], are given fully in Dataset 1 (see datasets in [242]) and
partly in Fig. 6.2. As apparent from panels (a) and (b) of Fig. 6.2, the variational
K, splittings of HD'6O follow a monotonically decreasing trend as a function of K,
for each J value, in the (000) and (002) vibrational states, respectively. It must
be noted that the computed K, splittings are in a remarkable agreement with their
EH-based analogues in the (000) state: their deviations are on the order of 0.1-5
% relative to the actual K, splitting values. In absolute terms, the discrepancies
are well within 1 MHz when both J and K, are larger than 2, showing the high

absolute accuracy of the computed K. splittings, especially at higher J and K,
values.
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Figure 6.3: Typical symmetric Lamb dips observed for a few transitions of HD'6O.
The relative absorption strengths are indicated along the vertical axes. The spectra are plotted
in the same detuning interval, showing significant differences in the line widths. The line centers,
corresponding to zero detunings and given in kHz, are the following: 218999237631 [panel (a)],
218996 338 105 [panel (b)], 215464997 071 [panel (c)], and 217 318 701 228 [panel (d)].
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Figure 6.4: Lamb dips for a well-isolated parity doublet of various water isotopo-
logues.

Note the asymmetric broadening for the HD'6O and HD'8O isotopologues, in contrast to the
fully symmetric resonances of the Ho'6O and Hy'®O species. The line centers, corresponding to
zero detunings and given in kHz, are the following: 213591493210 [panel (a)], 213600053 170
[panel (b)], 213012275678 [panel (c)], 213021144460 [panel (d)], 219363999176 [panel (e)],
219416 311674 [panel (f)], 218657009 781 [panel (g)], and 218712072101 [panel (h)].
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Figure 6.5: Multi-component saturation spectra detected for a parity doublet of
HDO.
Panels (a) and (b) show the recordings for the (002)7g 1,2 < (000)64,9/1 doublet of HD*8O

and HD6O, respectively. In both spectra, the two outermost dips represent the main transi-
tion centers. The colors of the vertical bars are matched with the rovibrational assignments.
Note that these transitions are forbidden in Ho'%0 and H2'80 due to ortho-para selection rules.
Panel (c) exhibits the spectrum observed with the wavelength-modulated CEAS (WM-CEAS)
technique. The symbols 1f and 2f denote the demodulation technique employed in the measure-
ments. The detuning scale is relative to the absolute frequencies: 217816 033 008 kHz for panel
(a) and 218444 739 748 kHz for panels (b) and (c).

6.3. Experimental results

Regular and perturbed Lamb-dip profiles

During the present NICE-OHMS study, Lamb dips were measured for more than
100 rovibrational transitions of HD'®O. A number of spectral lines recorded and
analyzed exhibit a typical Lamb-dip profile, similar to the cases of the symmetric
water isotopologues Hy'00 [129, 230] and H2'80 [130]. Figure 6.3 displays four
symmetric Lamb dips of different strength for four transitions, exemplifying, at
the same time, the remarkable signal-to-noise ratio obtained. In panels (b) and (d)
of Fig. 6.3, some additional broadening is clearly visible, which is an evident proof
of power broadening.

For transitions with max(K/, K!/) > 3, asymmetric Lamb-dip profiles have been
found. To improve our understanding about the origin of this asymmetry, Lamb
dips of a selected transition doublet, involving the (000)4,0,1 and (002)43 /9
parity pairs, were recorded for four water isotopologues: HD'6O, HD'®0, H,'60,
and Hy'80. The experimental results of Fig. 6.4 show that asymmetry occurs only
in the spectra of the two HDO species. This clearly suggests that the spectral
distortion is due to the H—D substitution and must be related to the different
nuclear-spin symmetry of HoO and HDO.
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For higher J and K, values, the Lamb-dip profiles become gradually more
complex, leading to multi-component spectral structures. Figure 6.5 gives an ex-
ample for a parity doublet, (002)7 /2 < (000)66 /1, yielding very similar multi-
component features for HD'®O and HD'®O. In H3'%0 and H,'®0, this doublet,
consisting of strongly forbidden ortho-para transitions, is not measured. Since the
variationally computed line separations are 6.07 and 6.61 MHz for HD'O and
HDO0, respectively, the resonances at detunings of £3.0 (HDO) and +3.3 MHz
(HD'80) are the main transition centers. Our variational computations also sug-
gest that (002)762 < (000)66,; is the lower-frequency line for both species. While
the additional resonances are not analyzed in this extreme case, a semi-quantitative
approach will be presented in Sec. 6.4 to explain the substructures of various multi-
component HD'®O lines observed during this study.

To prove that the multi-component Lamb-dip profiles of HDO are not due to the
special features of the NICE-OHMS method (i.e., the frequency sidebands shifted
by 4305 MHz from the carrier frequency), the saturation spectrum of the HD6O
parity doublet depicted in Fig. 6.5(b) was also recorded with the wavelength-
modulated CEAS (WM-CEAS) technique [235]. To obtain the best resemblance
with the dispersive 1f NICE-OHMS signal, the WM-CEAS spectrum, resulting
from direct absorption, was recorded at 2f demodulation. The WM-CEAS tech-
nique yielded a similarly complex Lamb-dip profile, see Fig. 6.5(c), albeit at lower
signal-to-noise ratio. From this observation, one can conclude that these spectral
perturbations can be attributed to the use of saturation spectroscopy in general,
and not to the special characteristics of the NICE-OHMS method.

Assessment of line-center uncertainties

A list of selected HD'®O transitions, whose frequencies could be extracted un-
ambiguously, are presented in Table 1. The majority of the lines listed correspond to
those cases for which single, symmetric Lamb dips were measured. For a few transi-
tions, with frequencies set in bold face in Table 1, significant Lamb-dip asymmetry
was observed. It must be stressed that no individual uncertainties are reported in
Table 1, see the upcoming paragraphs for a detailed reasoning.

Under ideal circumstances, the uncertainty of the HDO line centers determined
during this study should be similar to those obtained in previous studies on Hy'0
[129, 230] and H5'®O [130]. Beyond the statistical uncertainties (2-5 kHz), there
is a minor systematic effect due to frequency calibration (1 kHz). To ascertain
the magnitude of pressure shifts, five HD'®O transitions were studied over a set
of pressure values. This analysis yielded an estimate of 4-8 kHz for the pressure-
shift uncertainties of the remaining transitions measured at a pressure of 0.1-0.2
Pa. Taking all these uncertainty factors into account, the overall precision of the
Lamb-dip centers reported in Table 1 is in the range of 2-20 kHz.

Table 1: A list of selected transitions observed during the present study for
HD'60.2

Assignment, Frequency/kHz +# Assignment Frequency/kHz # Assignment Frequency /kHz
43,2 < 54,1 211255218752 34 433 < 51,4 215630896331 67 1g,1 + 00,0 217 824 645 006
43,1 < 54,2 211264320484 35 231 <+ 322 215722128619 68 202 + 111 217 836 884 655
20,2 < 33,1 211744649702 36 212 + 221 215761267929 69 211 + 20,2 217 896 321 707
21,2 < 33,1 212040920563 37 47,3 < 33,0 215763215736 70 41,3 < 322 218091 469 253

Continued on next page
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Table 1 — Continued from previous page
# Assignment Frequency/kHz # Assignment Frequency/kHz # Assignment Frequency/kHz
5 322+ 431 212893380771 38 20,2 30,3 215992511353 71 212 11,1 218133155517
6 321 <—43;2 212961789398 39 21 o 31,3 216017150744 72 1711 00,0 218192618433
7
8
9

30.3 < 33,0 213071606762 40 312 « 32,1 216067168586 73 202 « lg.1 218265598825
523 216069120601 74 523 < 514 218267454989
dg5 216099435929 75 211 + 110 218306340 106
413 216271857536 76 303 < 212 218315704705
303 216288782215 77 514 + 515 218411396736
431 216318468066 78 514 + 5.5 218528878204

231 + 330 213393875116 41 514

230+ 331 213407644235 42 413
10 303 < 42 213407826955 43 320
11 439 < 441 213591493161 44 2o
12 431 <440 213600053221 45 514

—

-

-

-

-

-

-

-
13 413 < 432 213891431851 46 441 + 440 216390846543 79 321 + 220 218544467143
14 413 4+ 524 213946914959 47 440 + 441 216391002295 80 430 < 331 218667 138981
15 51,4 ¢ 533 213980435634 48 11,1 ¢ 212 216450017996 81 540 ¢ 441 218707043907
16 31 < 423 214269098930 49 430 < 523 216539480025 82 54,1 ¢ 44,0 218707875972
17 431 < 532 214437102684 50 200 < 21,1 216746361259 83 320 < 31,3 218747922447
18 430 <+ 533 214450795065 51 53,3 < 532 216751348607 84 31,3 + 202 218885916082
19 101 « 22,0 214548840462 52 313 216778728414 85 221 + 202 218996 338 105
20 4o3 4 432 214723994038 53 303 « 220 216782500605 86 432 < 50,5 218999237631
21 355 4 331 214771692247 54 431 « 430 216803145429 87 5.4 51,5 219074884146
22 do3 4 594 214779477149 55 251 + 310 216889150425 88 643 + 540 219156438857
23 351 + 330 214833573282 56 5o.4 « 431 216981955478 89 642 + 541 219160293903
24 111 + 220 214916813889 57 313 220 216994346943 90 533 524 219172874489
25 643 + 550 215087471023 58 212« 271 217042632138 91 5a4 + 423 219339389708
26 640 + 551 215091816331 59 355 « 321 217048884659 92 251 110 219406 356 492
27 B35 423 215250815000 60 220 < 221 217127991606 93 250 « 111 219499879187

28 3194 413 215290141481 61 35,
29 3.3 < 322 215399860259 62 32
30 202 < 221 215464997071 63 523
31 30,3 < 40.4 215556734694 64 503
32 313 4 414 215581930240 65 31
33 313 < 322 215611706593 66 310

414 217132050435 94 440 < 431 219588336492
404 217318701228 95 441 < 430 219593939070
430 217360552700 96 220 + lg.1 219928593355
504 217416035798 97 321 + 212 220077671240
201 217510323548 98 403 + 312 220091053 247
313 217766206377

e et e e e M O O A O
w

% The vibrational states (v} v} vé) = (002) and (v{ v vé’) = (000) are not indicated in the rovibrational

assignments. The plain frequencies are expected to be accurate to 100 kHz or better. The bold values, corre-
sponding to transitions with significant spectral asymmetry around their Lamb dips, may have larger uncertain-
ties (presumably less than 1 MHz). The lines of this table are given as a text file in Dataset 2 (see datasets in
[242]).

Table 2: Experimental and effective-Hamiltonian K, splittings of HD'6O up to

J =57

Parity pair APY(K.)/kHz APY(K_.)/kHz 6/kHz Frequency combination

1170/1 80578 326 80578 309 17 Feg—F30 + Fe5 —Fao—Fo + F32—Fga + Fg5—Fga

2112 241561624 241561638 —13  For—Fg1 + Fo + Fao—Fos + Fae—Fss

25001 10278 268 10278 233 36  Fgs—Fio—Fp + F32—Fsr

3123 481779626 481779631 -5  Fag—Fao—Fo + F3a—Fso

3512 50 236 344 50 236 309 34 F33—F32+ Fp

3501 824754 824663 91  Fay—Far + F16—Fa0—Fo + Fo1—Fa3

41,574 797487096 797487146  —50  Fp + Fao—Fas

4953 143727314 143 727 265 48  Fig—Fio—Fo + Fo1—Fas + F37—Fao

45172 5702838 5702811 28 Fg—Fe1 + Fo + Fao—Fig + Far—Fs

44,0/1 55034 54619 414 Fi1—F18 + Fi15—Fus + F5—Fa7 + F16—F40—Fo + Fe1—Fe
+ Fsa—F12

5174/5 1180323536 1180323570 -34 Fg7—Fo1 + F16—Fy0—Fo + Fe1—Fe + Fo0—F34

52’3/4 310533410 310533412 -2 F14—F37 + Fo3—Fg1 + Fo + Fa0—F16 + Fo7—Fs5 + F45—F41

53’2/3 22307474 22307476 -1 F15—Fa5 + F5—Fo7 + F16—Fa0—Fo + Fg1—Fe + F5a—F17

54’1/2 486 638 486 536 103 Fo—Fs54 + Fe—Fe1 + Fo + Fa0—F16 + Fo7—F5 + Fy5—F15
+ Fig—F1

55,0/1 3624 3260 363 Fo—Fgg + F1 —F18 + F15—Fu5 + F5 —Fa7 + F16—Fa0—Fo

+ Fe1—Fe + Fsa—Fp + Fgg—Fas

The first column contains the JKa»J*Ka/J*Ka+1 assignment of parity pairs, without indicating their

vibrational state, (000). The last column specifies which frequency combinations have been taken to obtain
the experimental K. splittings, A°*P*(K.). Symbol F; (i > 0) corresponds to the frequency of the line listed
with serial number ¢ in Table 1, while Fy =20459990.5 4+ 0.3 kHz is the extremely accurate frequency of the
(000)32,1 <= (000)41,4 microwave transition taken from Ref. [241]. The effective-Hamiltonian (EH) splittings,
AEH(KC), are derived from the EH model of Ref. [234]. The fourth column includes the signed K.-splitting
deviations, defined as § = A®*Pt(K.) — AFH (K ).

As noted in Sec. 6.3, those HDO lines with max (K, K!/) > 3 produce dis-
torted spectra even when saturation-spectroscopy techniques other than NICE-
OHMS are employed. Thus, the possible frequency shifts due to the asymmetry
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effects observed cannot be uncovered through a direct comparison with results of
independent nonlinear spectroscopic methods. For this reason, an indirect pro-
cedure is chosen to provide at least a partial assessment for the accuracy of our
NICE-OHMS lines. This approach involves the comparison of the experimental K,
splittings, related to the ground vibrational state and determined by our NICE-
OHMS transition dataset, with their counterparts deduced from the pure rotational
EH model of Ref. [234].

Numerical values of the K splittings, together with the frequency combinations
employed, are presented in Table 2. Table 2 shows that there are a number of
deviations larger than our experimental precision, 2-20 kHz, but all deviations
remain smaller than 0.5 MHz. (Note that in our earlier study [129] on H3'%O, no
systematic deviations were observed during the EH analysis of the pure rotational
energy levels.) When plotting the unsigned K -splitting deviations as a function of
the EH-based K. splittings (see Fig. 6.6), it can be observed that these deviations
are the largest where the K. splittings are the smallest. Although there is no
asymmetry in the Lamb dips used to derive the K. splitting of the (000)33,; pair,
a relatively large deviation (91 kHz) can be seen for (J, K,) = (3,3). Apparently,
the centers of symmetric Lamb dips may also become shifted in our nonlinear
spectroscopic experiments. Based on the fourth column of Table 2, the underlying
transitions may have uncertainties on the order of 100 kHz for max(K/, K) < 3
and even significantly higher (probably less than 1 MHz) for max(K,, K!') > 3.

6.4. Phenomenological Lamb-dip-profile analysis

As mentioned in Sec. 6.3, during this study significant perturbations have been
observed for the Lamb dips of HD'O and HD'®O lines. For a parity doublet of
the two HDO species, see panels (a)—(d) of Fig. 6.4, highly asymmetric Lamb-dip
shapes were identified, which are similar to the typical profiles resulting from an
(optical) AC-Stark effect [243, 244]. In this section, an attempt is made to find a
semi-quantitative explanation for the complex Lamb dips of HDO.

(4,4)
400 /.
(5,5)
L

300
200

100| 5.4) 33
(4,2) 41
2,2) (32) o (5,1)
—o. 0N\ (1) /e
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(53) ’ (52

Unsigned K_-splitting deviation / kHz
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Figure 6.6: Unsigned K.-splitting deviations as a function of the individual K-
splittings.

The K. splittings and the unsigned deviations are taken from the third and fourth columns of
Table 2, respectively. The data point pertaining to the (OOO)JKWJ,KQ/J,KQ+1 parity pair is
labelled as (J, K5). The horizontal green strip at 20 kHz represents the typical experimental
reproducibility of the NICE-OHMS lines.
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Figure 6.7: Illustration of the extra resonances observed during the present study.
The panels of this figure show (a) the transitions produced by parity-pair mixing, (b) the cross-
over resonances in V (left) and A (right) schemes, and (c) the nonuplet formed by the lines of
panel (a) and their cross-overs. In the V (A) scheme, the two general (cyan) transitions share a
common lower (upper) state. The parity pairs U = (U1, U2) and L = (L1, L2) belong to different
vibrational states. The parity of a state is indicated within the ket symbol. The kets |I) and |u)
of panel (b) stand for arbitrary lower and upper states, respectively. Ax (K.) and Vx are the K.
splitting and the (halfway) virtual state of X = (X1, X2), respectively. The arrows in solid blue,
dashed gray, and dotted red/green/yellow represent dipole-allowed (a-type), dipole-forbidden (f-
type), and cross-over (c-type) lines, respectively. The labels on the arrows designate the resonance
frequencies. Although L; and U; are chosen here to have opposite parity, the reverse case can
also be realized (see Supplement 1 Fig. S1). Both cases occurred during this study. The possible
frequency orderings of the nine lines are presented in Supplement 1 Table S1. The line frequencies
relative to cp can be expressed as a combination of the two splitting values (see Supplement 1
[242] Sec. S1).

General framework: Stark-induced parity-pair mixing and
Ccross-overs

We postulate that the cause of the significant perturbations in the Lamb dips
of HDO originate in an interaction (mixing) of parity pairs. Since intramolecular
perturbations occur only between quantum states of the same parity, the interaction
mechanism of parity pairs must be related to an external cause. Such cause can
be found in the intense laser field within the cavity, inducing an AC-Stark effect
[245, 246] between the two states of a parity pair. An argument supporting our
hypothesis stems from perturbation theory, underpinning that interactions become
larger when the interacting states, that is the two states of a parity pair in our
case, are in proximity. The fact that spectral perturbations do not occur for HyO,
where parity pairs correspond to non-interacting ortho-para nuclear-spin-isomer
pairs, further supports our assumption on parity-pair mixing in HDO.

Figure 6.7(a) displays how extra resonances can occur in the presence of close-
lying parity pairs. The lines with frequencies a; and as are dipole-allowed (a-
type) transitions, following dipole-selection rules. With the decrease of the K.
splittings, the AC-Stark mixing of parity pairs becomes more significant and thus
makes the dipole-forbidden (parity-preserving, f-type) lines, with frequencies f; =
as—Ay(K.) and fo = a1+ Ay (K,) [see Fig. 6.7(a) and Supplement 1 [242] Sec. S1],
quantum mechanically allowed in an intensity-borrowing process. Although the f-
type transitions coincide with quadrupole lines on the frequency scale, they are
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are much stronger than generic quadrupole transitions. All the lines of Fig. 6.7(a)
can be detected in saturation spectroscopy, based on the excitation of velocity
components with v, = 0, where v, is the molecular velocity along the intra-cavity
laser-beam propagation.

As explained in Ref. [3], the saturation conditions can induce additional lines,
called cross-over (c-type) resonances, due to probing velocity classes different from
those leading to regular Lamb dips. If two transition frequencies are close to each
other in a V/A scheme [see Fig. 6.7(b)], a c-type resonance appears at the average of
the two frequencies. In fact, such a c-type resonance is delivered by the interaction
of the counter-propagating carrier beams with Doppler-shifted z, # 0 velocity
classes. Therefore, cross-overs are only produced when the Doppler profiles overlap
for the two transitions of a V/A scheme. As obvious from Fig. 6.7(b), these c-type
resonances can be treated as artificial transitions Viy < | and u + V7, where u/l
denotes an arbitrary upper/lower state and Vx is a virtual state at halfway between
the two states of the X = (X, Xs) pair. Cross-over features were previously
observed in (hyper)fine spectra [247, 248, 249] and also in the Stark-perturbed
spectrum of neon [250].

In our case, the c-type resonances are connected to parity pairs, as illustrated in
Fig. 6.7(c). Considering all possible V and A schemes between triplets (L1, V1., L)
and (Uy, Vi, Us), five distinct cross-overs with frequencies ¢y, c¢1, co, C1, and Cy
can be specified. The ¢ line, which pertains to the V scheme of (C7, C3) [and also
to the A scheme of (c1,¢2)], can be viewed as a higher-order cross-over resonance.
In total, the nine near-infrared resonances form a nonuplet, as shown in Fig. 6.7(c).

The intensities of the extra (f- and c-type) lines do not straightforwardly result
from Wigner-6.J symbols, as is the case for hyperfine transitions. These intensities
can be obtained from the numerical solution of the optical Bloch equations by
integrating signals over the entire velocity distribution within the Doppler profile,
as was shown in a recent study on HD [233]. As a result, the extra lines may
acquire positive or negative excess intensity and thus generate Lamb dips or Lamb
peaks, respectively [251, 233]. In some cases, the c-type lines may be more intense
than the a-type transitions.

Assignment of complex Lamb-dip spectra of HD'6O

Relying on the EH-based and variational K splittings of the (000) and (00 2)
vibrational states, respectively, our semi-quantitative approach is followed in this
subsection to understand the relative positions of the observed extra lines at a sub-
MHz level of accuracy, but no explanation is provided for the resonance intensities.
Below, some typical multi-component Lamb-dip spectra of HD'®O are documented
and analyzed. Furthermore, a complex saturation spectrum is presented around
the (002)3,1/2 < (000)33,9/1 doublet (see Supplement 1 Sec. S2), where the a-
type lines are characterized with well-isolated symmetric Lamb-dip profiles. This
spectrum (see Fig. S2) shows two f-type resonances shifted from the a-type lines
by £824.7 MHz, corresponding to the K. splitting of the (000)33,/; parity pair.

The (002)4371/2 — (000)44’0/1 doublet

As discussed in Sec. 6.3, highly asymmetric Lamb-dip profiles have been ob-
tained for the (002)43 /5 <= (000)4,/; doublet. By performing a wider scan
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Figure 6.8: Saturation spectrum recorded for the (002)431 < (000)44, transition.
Panels (a) to (¢) contain the lines corresponding to the energy-level diagram of panel (e) with
resonance frequencies a2, Cz, and fa, respectively. Panel (d) plots the peak intensity of the
dipole-forbidden f3 line as a function of the intra-cavity laser power, P. The conventions applied
in panel (e) are described in the caption to Fig. 6.7. The MHz values of panel (e) denote the K.
splittings of the upper and lower parity pairs. The parity of the individual states is indicated in
square brackets. The vertical bars of panels (a)—(c) represent the theoretically predicted resonance
positions relative to as, whose absolute frequency is 213600 053 170 kHz.

around these a-type transitions, four additional resonances have been identified.
Figure 6.8 shows the saturation signal surrounding the (002)431 < (000)44,0
transition, where the extra resonances are blue-shifted by 27.7 MHz [panel (b)]
and 54.8 MHz [panel (c)]. These values coincide almost perfectly with the pre-
dicted positions of fy and Cs relative to ag, 27.3 and 54.6 MHz, respectively. The
intensity of the fo transition, which is much smaller than that of the as and cs lines,
is strongly dependent on the intra-cavity circulating power [see panel (d)]. This
intensity dependence provides further evidence for parity-pair mixing in HD'€O.
The mirror image of Fig. 6.8(a)—(c), where the two additional resonances are red-
shifted by 27.7 and 54.8 MHz from the (002)43 5 < (000)44,, line, is not shown
here. Since the (002)43,/, splitting, 8.6 GHz, is considerably larger than the
Doppler width in the 7000-7350 cm™! region, the cross-overs probing the upper
virtual state could not be observed.
The (002)4470/1 — (000)5571/0 doublet

Figure 6.9 displays the Lamb-dip spectra of the (002)440,1 < (000)55 10
doublet for HD'6O, H3'%0 and Hy'80. This parity doublet, whose energy-level
scheme [see Fig. 6.9(g)] is an example for the case reverse to that of Fig. 6.7(c),
could not be measured in HD'®O, because its frequencies are not covered by our
laser. For H5O, single narrow Lamb dips are observed, once more demonstrating
that the perturbative effects only occur in HDO, where the nuclear-spin distinction
of HyO species is lifted. In the complex Lamb-dip profile of HD'O, the f-type
transitions, f; and fs, acquire almost no intensity. On the other hand, two strong

Page 105 of 181



6.4. PHENOMENOLOGICAL LAMB-DIP-PROFILE ANALYSIS 106

c-type lines, C7 and C5, can be found near a; and as, respectively. The cross-overs
linked with the upper virtual state, which should be in principle measurable, were
not studied.

The (002)65’2/1 — (000)65,1/2 doublet

The first example for a complex Lamb-dip spectrum, where the nonuplet lines
introduced in Fig. 6.7(c) could be unambiguously resolved, is shown in Fig. 6.10.
In this case, the two K, splittings are small enough (<80 MHz) to keep the extra
lines within the Doppler profiles of the a-type transitions. The nine resonances,
whose relative positions agree reasonably well with their theoretical estimates, are
contained in a single spectrum covering a frequency range of £60 MHz. The pres-
ence of the (higher-order) ¢y resonance, which can be considered as a novel spectral
feature, could be confirmed by studying the 10 MHz detuning window at high
intracavity power [see Fig. 6.10(b)].

The (002)5570/1 — (000)65’1/2 doublet

In the previous subsections, Lamb-dip spectra were analyzed whereby the K.
splitting is smaller for the lower-energy parity pair than for the higher-energy one
[i.e., Ay(K.) > Ap(K.) in general terms]. The (002)55 4/, = (000)65 ;2 doublet
of Fig. 6.11 demonstrates the opposite case, with Ay (K,) < Ap(K.), involving the
inversions a; <> ag, C <> ¢9, and Cy <> ¢1 in the ordering of the line positions.
The a-type transitions of Fig. 6.11, from which the f-type lines are shifted by +7.2
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Figure 6.9: Lamb dips for a close-lying parity doublet of different water isotopo-
logues. For HD'%0, a multi-component Lamb-dip profile was detected, while the saturation
spectra of H210 and H2'80 exhibit only a single resonance. The analogous HD'8O line, which
should be very similar to that of HD'6O, falls outside the 7000-7350 cm~! region. The line
centers, corresponding to zero detunings and given in kHz, are the following: 209986 146 435
[panel (a)], 209986249858 [panel (b)], 214512580150 [panel (c)], 214513924110 [panel (d)],
213838639897 [panel (e)], and 213840105039 [panel (f)]. Note the one-to-one correspondence
between the vertical bars of the spectra and the arrows of the energy-level diagram of panel (g).
The theoretical positions of the individual resonances are relative to ai [panel (a)] or as [panel
(b)]. For further details on the structure of the energy-level scheme, see the captions to Figs. 6.7
and 6.8.
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Figure 6.10: Saturation spectrum involving the (002)65 /1 < (000)65 /> doublet.
Panel (a) displays a scan of 60 MHz around the central crossover, cg = 215836 700 683 kHz,
corresponding to zero detuning. The environment of this cp line was remeasured at increased
intra-cavity power, shown separately in panel (b). Note again the one-to-one correspondence
between the vertical bars of the Lamb-dip spectrum [panel (a)] and the lines of the energy-level
diagram [panel (c)]. The vertical bars indicate the theoretical positions of the nine lines relative
to cp. In this figure, as well as in subsequent figures, the scale of the vertical axis is not specified,
because this information is not necessary to understand the spectral features observed.

MHz, are characterized with a fairly small separation, 28.2 MHz. The f; and co
resonances are not plotted, they could not be measured due to an overlapping
H-5'%0 line.
The (0 0 2)76,1/2 — (0 0 0)76,2/1 doublet

As emphasized in Sec. 6.3, the saturation spectra of HD'6O reach a higher
degree of complexity with increased J and K, values. Figure 6.12 shows an inter-
esting example, with an energy-level scheme similar to that of Fig. 6.10, but with
significantly smaller (< 10 MHz) K. splittings. In view of the dense structure of
this multi-component spectrum, an additional measurement was performed with
3f demodulation of the NICE-OHMS signal, thereby obtaining a higher resolving
power [131] as compared to the 1f detection scheme.

Although the strongest resonance is assigned to the ¢y cross-over in the 1f
profile, the a-type transitions, separated by 8.6 MHz, are the most intense in the
3f recording. As in the preceding examples, the f-type components are extremely
weak (in fact, they are barely detectable in the present case). The four c-type
resonances are clearly visible in the 3f spectrum and agree particularly well with
the theoretical positions relative to ¢y. The two green cross-overs, C; and Cs,
appear as Lamb-dips, while the red lines, ¢; and co, produce Lamb peaks, a typical
sign-reversing effect in saturation spectroscopy [251, 3|. In the 3f spectrum, further
resonances are also observed, for which no assignment can be given based on our
semi-quantitative model.
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Figure 6.11: Lamb-dip spectrum detected for the (002)55,0/1 « (000)65,; /o doublet.
Note the one-to-one correspondence between the vertical bars of the spectrum [panel (a)] and the
lines of the energy-level diagram [panel (b)]. The vertical bars provide the theoretical positions
of the nine lines relative to the c¢p resonance coinciding with the line center at 213065604 238
kHz. The detuning region below —13 MHz, which is overlapped with the (200)11,0 <= (000)22,1
transition of H3'60, is not presented. Since the K. splitting is larger for the lower-energy parity
pair, the ordering of the nine resonances is different from that of Fig. 6.10 (in fact, the difference
is connected to the a1 <> a2, C1 > c2, and Ca <> ¢1 inversions).

The (0 0 2)87’1/2 — (0 0 0)76,2/1 and (0 0 2)8771/2 — (0 0 0)7770/1 doublets

During the spectral investigations, a large number of Lamb dips were found
mimicking a double-spike phenomenon, for which two examples are given in Fig. 6.13.
For both examples, the upper states correspond to the (002)87 ;5 parity pair with
a 0.6 MHz splitting. In one case [Fig. 6.13(a)], the lower-state K. splitting is 2.3
MHz, while the same splitting reduces to 10 kHz in the other example [Fig. 6.13(b)].
Due to their fairly high intensity, the C1, ¢o, and C5 cross-overs can be easily rec-
ognized in Fig. 6.13(a), but no convincing assignment emerged for the remaining
resonances.

As to the other doublet, the minuscule lower-state splitting leads to the coa-
lescence of those lines with the same upper state at the current resolution of our
NICE-OHMS spectrometer (200-300 kHz). Therefore, the prominent features of
Fig. 6.13(b) can be ascribed to the t1, t2, and t3 triplets defined in Fig. 6.13(d),
which are located at detunings of 0.3, 0, and 0.3 MHz, respectively. In those cases
when both splittings become smaller 200 kHz, only a single-spike feature, resem-
bling a regular Lamb-dip with some spectral distortions, can be detected with our
setup.

6.5. Conclusions

Motivated by our previous studies on Hy¢O [129, 230] and Hy'*O [130], the
original aim of this study was the derivation of kHz-accuracy energy levels within
the ground vibrational state of HD'6O, by measuring near-infrared transitions via
the NICE-OHMS saturation-spectroscopy technique. In principle, saturation spec-
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Figure 6.12: Lamb-dip spectrum recorded for the (002)7 1,2 < (000)75 /> doublet.
Panels (a) and (b) are related to 1f and 3f demodulation signals, respectively. The nine reso-
nances, which appear to be better resolved in the 3f spectrum, are associated with the lines of the
energy-level scheme of panel (¢). As in Figs. 6.10 and 6.11, the theoretical positions marked with
vertical bars are relative to the central resonance, cop = 215196 861 851 kHz. As clear from panels
(a) and (b), the Lamb dips of the a-type transitions are somewhat shifted from the theoretical
predictions.

troscopy enables the extraction of line frequencies with a few kHz uncertainty,
corresponding to a 100-1000 times improvement in comparison to the MHz-level
accuracy of Doppler-broadened approaches. Previously, over 50000 rovibrational
lines have been detected for HD'6O, linking some 10000 of its quantum states in
the electronic ground state [141, 252].

In the present study, Lamb dips were recorded for more than 100 rovibrational
transitions in the first overtone of the O-H stretch fundamental of HD'®O, yielding
line positions with an experimental reproducibility of 2-20 kHz. For transitions
with max(K/, K!) > 3, multi-component Lamb-dip profiles with highly varying
complexity were observed. Analyzing the experimental (NICE-OHMS-based) K.
splittings of parity pairs (that is, pairs of opposite-parity energy levels differing
only in their K, values) in the ground vibrational state, significant deviations were
identified from predictions provided by an accurate effective-Hamiltonian (EH)
model [234]. Even in view of the frequency shifts revealed, the line centers of
symmetric Lamb dips still have an absolute accuracy on the order of 100 kHz,
leading to a ten times improvement with respect to the uncertainties of Doppler-
limited HD'6O lines.

The spectral perturbations discovered in the Lamb-dip profiles of HD'6QO transi-
tions can be semi-quantitatively described by assuming that an (optical) AC-Stark
effect causes mixing between the states of parity pairs. This assumption was ver-
ified by measuring transition doublets with the same assignment for four water
isotopologues: Hy'60, Hy'80, HD'6O, and HD'®O. The comparison of the results
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obtained for the different species suggests that (a) there is no perturbation in the
near-infrared Lamb-dip spectra of Hy'®O and Hy'®0O, and (b) the perturbative ef-
fects are equally present in HD'9O and HD'®O. The reason behind the dissimilar
behavior of HoO and HDO is that the parity pairs of HoO are ortho—para nuclear-
spin-isomer pairs, preventing their significant interaction. This means that the
distortion effects are related to the reduction of the molecular symmetry under
the H—D replacement. Moreover, it is shown that the multi-component spectral
features are not caused by the sidebands of the NICE-OHMS technique, but result
from saturation spectroscopy as such.

To establish a semi-quantitative model, a general four-state scheme of two par-
ity pairs is presented, explaining the appearance of extra resonances in the satu-
ration spectra of HDO. In this scheme, four infrared lines (two dipole-allowed and
two dipole-forbidden) are specified, where parity-pair mixing yields intensity for
the two dipole-forbidden transitions, making them quantum mechanically allowed.
Furthermore, cross-over resonances, previously observed in non-linear spectroscopy
but not in connection to parity-pair mixing of polyatomic molecules, may also oc-
cur in the multi-component Lamb-dip profiles of HDO, leading to altogether nine
near-infrared resonances in our four-state scheme.

As illustrated for eight transition doublets, the experimental positions of the
nine resonances, relative to the central cross-over, agree reasonably well with their
theoretical (EH-predicted and/or variationally-computed) counterparts. Thus, the
good matches between the experimental and theoretical relative positions confirm
the assignments provided for the individual frequency components. The theoretical
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Figure 6.13: Typical double-spike Lamb-dip features identified during the present
study. Panels (a) and (c) visualize the saturation spectra of the (002)87 1,5 < (000)77 01
and (002)87 1,5 « (000)7,1/2 doublets, respectively, together with the associated energy-level
schemes in panels (b) and (d), respectively. Owing to the tiny K. splitting of the (000)77 o/1
pair, only the unresolved triplets of lines, sharing the same upper state and denoted with ¢1, 2,
and t3 [see also panel (d)], can be seen in panel (c).
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predictions also helped to find the weak forbidden lines for the (002)3; /2 <
(000)33,0/1 transition doublet (see Supplement 1 Sec. S2), whose lines exhibit
symmetric saturation spectra, but their frequency shifts are larger than 90 kHz.
These weak signals demonstrate that the AC-Stark perturbations occur even in
those cases when there is no asymmetry around the Lamb dips of the dipole-allowed
transitions.

Although our four-state scheme provides unique assignments for the resonances
of complex saturation spectra in HDO, a sophisticate quantum-chemical model
is needed for a fully quantitative description of the multi-component Lamb-dip
profiles and the frequency shifts observed. This model should consider (a) the usual
conditions applied in saturation spectroscopy, (b) the dynamic coupling between
lower and upper states by the laser field, (¢) the AC-Stark interaction between
the two states of parity pairs, and (d) the 2J 4+ 1 Stark-induced “sub-levels” of
the rovibrational states [244, 253]. A set of optical Bloch equations, involving the
possible sub-levels, might deal with all the coherences, also including cross-over
resonances, as shown recently for HD [233] and for general multi-state interaction
schemes [254, 255, 256]. Since the cited papers investigate interactions between
states with the same parity, their formulas cannot be employed directly for the
complex Lamb-dip shapes of HDO, where the AC-Stark effect takes place between
the two energy levels of parity pairs.
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Chapter 7

Summary and outlook

Our highly sensitive NICE-OHMS apparatus has been used to measure a multitude
of lines in the different isotopologues of water. More than five hundred frequencies
of line centers have been determined at unprecedented accuracy.

In the first three chapters, these accurately measured rovibrational lines have
been used in parallel with a spectroscopic network (SNAPS) approach. The main
challenge of these studies was to measure a large amount of lines while keeping their
uncertainties at the level of 10 kHz or below. Every single line measured needed
to be individually treated with care. The SNAPS procedure involves a selection of
‘important’ lines for setting up the network. To make sure that no errors arose in
the extraction of individual transitions, closing cycles for verification in the network
was essential. Thanks to implementation of cycles, experimental mistakes were
avoided and corrected. By extending the cycles to accurately measured rotational
transitions from literature, we have even found some discrepancies which could be
attributed to underestimated uncertainty values in those measurements. This then
helped us discard some rotational lines that were needed to include high rotational
quantum states in the network.

At high J rovibrational levels "quasi degeneracy" in the ortho-para doublets is
approached; for increasingly higher J levels the splitting becomes smaller. By this
means the two different subsets of para and ortho levels can be connected. In a
spectroscopic experiment these close-lying levels also appear in a doublet of nearby
resonances, which is challenging to resolve. For example, as shown in Fig. 2.4, the
closest doublet measured in Hy'%0 is separated by 1.5 MHz, while for Hy'®O the
doublet is only split by 286 kHz, as shown in Fig. 4.7. These doublet spectra
cannot be resolved in a Doppler-broadened spectrum. One of the main conclusions
of the precision saturated absorption studies was that the gap between ortho and
para levels could be accurately determined. By invoking the SNAPS approach
with the ab initio calculation of the para-ortho splitting at high J, the absolute
splitting between the ground para state and the ground ortho state were retrieved
with extreme accuracy. This ‘'magic number’ has been retrieved for two vibrational
states, (200) and (000)) in the main isotopologue, and for the ground vibrational
(000) of Hy'®0.

By combining the measured accurate rovibrational transition frequencies, with
the magic number and with some extremely accurate frequencies of rotational lines
as obtained from literature, absolute excitation energies of levels up to J = 8 are
determined. In an alternative analysis an effective Hamiltonian was used to fit
the data collected for the absolute level energies. For the ground vibrational level
of both species Hy'®0O and Hy'%0, a 14*" order Watsonian function could fit and
reproduce all the obtained results with high fidelity. However, for the (200) excited
state, the vibrational levels are perturbed by the other vibrational levels in the same
polyad number. To be able to extract this perturbation a complete set of measure-
ments of all the nearby vibrational states would need to be performed. In the
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effective Hamiltonian description the interactions between the various vibrational
levels within a polyad should be described at a high accuracy level. This would be a
large undertaking and this task is reserved for future investigations. The rotational
structure of the (010) lowest bending mode is isolated from such perturbations and
the question is whether it can be described without including vibrational interac-
tions. It is also essential to note that the effective Hamiltonian typically describes
a Born-Oppenheimer approach without inclusions of non-adiabatic, QED and rel-
ativistic effects. It will be a major challenge, both for theory and experiment, to
be sensitive for and test these molecular effects.

The investigation of the Hy'7O isotopologue focuses on the hyperfine structure.
We showcase in chapter V the resolving power of our NICE-OHMS setup, in par-
ticular by making use of the 3f demodulation option. It is for the first time that
hyperfine structure is resolved in rovibrational transitions in the water molecule.
The extracted hyperfine constants based on the few measured lines, where the
hyperfine splitting could be resolved, match very well with their theoretical predic-
tion. A SNAPS approach has been tried on this isotopologue, however it proved
too hard to complete. Additionally, only transitions in one band could be very
well measured and studied. It remains a challenge for future research to apply the
SNAPS method to Hy'7O.

In an attempt to extend the SNAPS approach to the HDO isotopologue, more
than 60 rovibrational lines were measured for this species in the NICE-OHMS
saturation setup. It was discovered that many closed cycles had large discrepancies
and inconsistencies. Consequently, an effective Hamiltonian fit was used in HDO
to verify the results. Large deviations, i.e. at the level of several 100 kHz, were
found depending on the value of the K splitting. This splitting typically represents
the separation between a specific ortho/para doublet in the "homonuclear" species.
The doublet splitting tends to become closer in energy for high J and high K,
quantum numbers. Subsequent detailed studies revealed that the observed spectral
lineshapes gradually become more asymmetric mostly when J > 4 and K, >
4. Another test within the SNAPS framework was performed for quantum levels
limited to J < 4, K, < 3. Even in that case deviations from the EH fit were
still observed. It was concluded that some perturbation is at play in HDO under
the measurement conditions of high-power saturation. The perturbation effect
is attributed to the interaction between K. doublet states, which have different
parities. In the presence of an electric field, produced by the laser intensity, states
of opposite parity couple, as in a Stark effect. As the laser field produces such field
we postulate that the origin of the perturbation resides in an AC-Stark effect. At
high J and for K, splittings smaller than 1 MHz, the individual pairs of spectral
lines merge into a complex modulated lineshape.

Interestingly, due to the coupling of opposite parity states, dipole forbidden
transitions become visible. The extra lines find their origin in the mixing of oppo-
site parity levels. In addition to these forbidden transitions becoming observable,
crossover transitions which are specific to the saturation technique are observed as
well. If all the transitions, allowed, forbidden and crossover are added into a single
spectrum, the complexities of the lines at high J can be understood. As of yet we
could not perform a fully quantitative AC Stark effect calculation to explain all
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the different perturbations and observed extra resonances with very accurate shifts
and line intensities. Such calculation remains a challenge for future studies.
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Part 11

Hydrogen deuteride (HD)
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Chapter 8

Lamb-dips and Lamb-peaks in the saturation spectrum of
HD

Abstract

The saturation spectrum of the R(1) transition in the (2-0) band in HD is found to exhibit a
composite line shape, involving a Lamb-dip and a Lamb-peak. We propose an explanation for
such behavior based on the effects of cross-over resonances in the hyperfine substructure, which
is made quantitative in a density-matrix calculation. This resolves an outstanding discrepancy
on the rovibrational R(1) transition frequency, which is now determined at 217105181901 (50)

kHz and in agreement with current theoretical calculations. 1

1This chapter is a reproduction of: Lamb-dips and Lamb-peaks in the saturation spectrum of
HD, M.L. Diouf, F.M.J. Cozijn, B. Darquié, E.J. Salumbides, W. Ubachs, Opt. Lett. 44, 4733
(2019).
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8.1. Introduction

Vibrational transitions in the hydrogen deuteride (HD) molecule, associated
with the small permanent dipole moment of this hetero-nuclear species, were first
detected by Herzberg [24]. Thereafter transition frequencies of a number of lines
in the (2-0) overtone band were spectroscopically investigated early on [25, 26],
and over the decades at increasing accuracy [27]. A vast number of spectroscopic
studies have been performed on the HD vibrational spectra, but all were limited
by Doppler broadening. In two recent studies laser precision experiments were per-
formed that, for the first time, saturated the absorption spectrum of the very weak
R(1) line at 1.38 pm in the (2-0) overtone band in HD and acquired a Doppler-
free resonance, resulting in orders-of-magnitude improved accuracies. In one study
the method of noise-immune-cavity-enhanced optical heterodyne molecular spec-
troscopy (NICE-OHMS) was employed [28], while in a second study a Lamb-dip was
observed via cavity ring-down spectroscopy [29]. Where in both experiments the
spectroscopy laser was locked to a frequency-comb laser for achieving accuracy at
10710 levels, the resulting transition frequencies deviated by 900 kHz, correspond-
ing to 90 discrepancy for the combined uncertainties. In view of the importance
of such precision measurements for testing quantum electrodynamics in hydrogen
molecular systems [22, 23], for probing fifth forces [257] and extra dimensions [258],
we have reinvestigated this R(1) line of HD at improved background suppression
and signal-to-noise ratio, and under varying pressure conditions with the aim of
finding the cause of this discrepancy.

8.2. Experimental

The frequency-comb locked NICE-OHMS setup described in the previous study [28§]
is significantly modified on both the signal and frequency acquisition. It now in-
volves a high-speed lock-in amplifier (Zurich Instruments, HF2LI), which allows
parallel demodulation to extract all relevant signal components simultaneously
as both the down-converted high-frequency modulation (frsr) and low-frequency
dither (fw ar) all fall inside the lock-in amplifier bandwidth (50 MHz). A schematic
layout of the experimental setup is displayed in Fig. 8.1.

The spectroscopy laser is directly stabilized onto the high-finesse cavity through
a Pound-Drever-Hall (PDH) lock for short term stabilization, while long term sta-
bility and accuracy (1 kHz) is obtained by a direct comparison with a Cs-stabilized
frequency comb. To remove the effect of the periodic frequency dither (fyy s = 415
Hz, 90 kHz peak-to-peak amplitude) in the acquisition, the counter operates at a
gate time set to an integer value of the dither period. The measured beatnote value
is used in a digital feedback loop to feedback the cavity piezo. The DeVoe-Brewer
signal, required to stabilize the modulation frequency onto the cavity Free-Spectral-
Range frsr = 305 MHz, is also retrieved within the lock-in amplifier. It occurs at
both frequencies of frsr £ fppm, which are located at 5 MHz or 45 MHz within
the lock-in amplifier due to the down-conversion. To allow retrieval of this error
function, it is required that both the internal oscillators of the lock-in amplifier and
the PDH frequency generator are all stabilized to an external reference to ensure
a fixed phase relationship.
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Figure 8.1: Schematic layout of the experimental setup used in the present study.
The ECDL laser is modulated twice by the EOM at both the FSR and PDH frequencies, of which
the latter is used for short term stabilization onto the high-finesse cavity. Additionally, the laser
is wavelength-modulated through a dither on the cavity piezo for derivative detection. A slow
lock with the frequency comb is performed for long term stabilization.

Saturated absorption spectra of the HD R(1) line were measured as a func-
tion of pressure in the range 0.25 to 10 Pa, recordings of which are displayed in
Fig. 8.2. With a cavity finesse of ~ 150000, the circulating power is estimated to
be ~ 100 W. The spectra represent the average of 8 scans, each taken at 20 minutes
recording time (with 50-kHz frequency steps), yielding more than a five-fold im-
provement in signal-to-noise ratio with respect to the previous study [28]. It should
be noted that the NICE-OHMS technique employed, which is essentially a form of
frequency modulation spectroscopy in an optical cavity, yields a dispersive spectral
line shape [132, 259, 31, 260]. However, the recordings are performed with an addi-
tional slow wavelength modulation at frequency fw s, which improves the signal-
to-noise ratio and allows for detecting the extremely weak HD signal in saturation.
Hence, after 1f demodulation at fy s, a derivative of the NICE-OHMS dispersion
channel is expected in the form of a symmetric line shape. Indeed, a symmetric
saturated absorption line is observed for CoHy (an R(9) line at 271 377 365 327 (5)
kHz), recorded under the same NICE-OHMS modulation conditions and displayed
in the right panel of Fig. 8.2. The CyHs line reflects the expected line shape, and
the characteristic Lamb-dip of saturation spectroscopy.

The measurements performed on the HD R(1) line exhibit a variation in line
profiles at different pressures. At low pressures (0.25-1 Pa) the line profile is dom-
inated by a feature with a reversed sign when compared to the CoHs spectrum.
These HD-signals at low pressure form Lamb-peaks, that were interpreted in the
previous study [28] as the saturated line from which the centre frequency of the
R(1) line was derived, at 217105 181 895(20) kHz.
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Figure 8.2: Observed 1f-spectra of the HD R(1) transition under conditions of
varying pressure are shown in the left panel. For comparison in the right panel, an R(9)
acetylene line (fo = 217377365 327 kHz) recorded at 0.1 Pa with identical settings of modulation
and demodulation phases for the HD measurements. The acetylene spectrum reflects the expected
1 f-derivative of the dispersion profile for a saturated NICE-OHMS Lamb dip. The vertical lines
in the left panel indicate the line positions reported in Refs. [28] (Amsterdam), [261] (Hefei), and
[262] (Caserta), as well as the theoretical value from Ref. [263]. The shaded areas indicate the
uncertainty estimates of the reported line positions.

At the lowest pressures (0.25 Pa), besides the marked enhanced absorption
(peak) at low frequencies some reduced absorption at higher frequencies is observ-
able. The reduced absorption feature, or a Lamb-dip, becomes more pronounced as
a more intense and gradually broader signal with increasing pressure. With these
two features, the resonance resembles a dispersive line shape. This deviation from
an expected symmetric line shape is the central finding of the present experimental
study.

While the Lamb-peak signal at low frequencies corresponds to the feature ana-
lyzed in Ref. [28], a broader feature, of the same sign as the CoHy feature is also
observed. This feature, having the sign of a Lamb-dip, is located in the range
of higher frequencies, where the Lamb-dip of the HD R(1) line was found in the
cavity ring-down study, at 217105182.79(8) MHz [261]. These observations on
pressure-dependent line shapes may form the basis for resolving the discrepancy
between the two results previously published [28, 261]. The line position reported
in a recent study, a Doppler-limited measurement using frequency-comb assisted
cavity ring-down spectroscopy [262], is also indicated in Fig. 8.2. In the following,
an analysis of the line shape is presented that should quantitatively support this
assumption, although a number of approximations and hypotheses must be made.
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Figure 8.3: A stick spectrum representing the 21 hyperfine components (in blue)
and the 68 cross-over resonances (in red and green) in the R(1) line of HD. The zero on
the z-axis represents the location of the hyperfineless rovibrational transition. The line strengths
of the cross-over resonances represent the root of the product of hyperfine line intensities of the
two connecting transitions.

8.3. Hyperfine structure

Crucial for our proposed interpretation of the line shape is the underlying hy-
perfine structure of the R(1) transition. The nuclear spins for the deuteron Ip =1
and the proton Iy = 1/2 give rise to a splitting in 5 hyperfine substates in the
J =1 ground state and into 6 hyperfine substates in the J = 2 excited state. This
gives rise to 21 possible hyperfine components within the saturated absorption pro-
file of the R(1) line. The level structure for the v = 0,J = 1 level follows from
the analysis of RF-spectra by Ramsey and Lewis [264]. For the v = 2 level hy-
perfine coupling constants were calculated via ab initio theory, and from these the
hyperfine level splitting in v = 2, J = 2 were derived and assumed to be accurate
within 5% [265]. Relative line intensities of the 21 components were calculated
via angular momentum algebra [265]. The calculated hyperfine structure is shown
as a stick spectrum in Fig. 8.3. This graph also includes the locations of so-called
cross-over resonances that couple non-zero velocity classes in a narrow saturation
peak. Between the 5 ground state levels and the 6 excited state levels there exist 32
resonances where two ground state levels are connected to a common upper state
(A-type cross overs), and 36 resonances that couple two excited levels to a common
ground state (V-type cross overs). The occurrence of cross-over resonances is well
documented in saturation spectroscopy [247, 249, 251, 266]. They give rise to sign
reversals, hence Lamb peaks, depending on the V-type or A-type connection of
hyperfine levels [267, 268].
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To study the general features of the observed HD R(1) line profile, an approx-
imate model was set up using the density matrix formalism that includes the 5
hyperfine sub-levels of the v = 0, J = 1 ground level and the 6 hyperfine sub-levels
of the v = 2, J = 2 excited level. The coupled Bloch equations involving popu-
lations of excited sub-levels p;; and ground sub-levels p;; and the coherences p;;
are:

d i
@Pn‘ = z PiiTronii ~ 3 Z(Vﬂpﬁ = pjiVis), (8.1)

p]] = Zp]j’}/pop,zg hz ijPij — Pij ]z) (82)

d .
P = —(1Aij + Yeoh,ij)Pij + ﬁV;j (pii — Pjs) Z VikPris (8.3)
k#]
d i
Pk = (1Ajk = Yeoh,jk)Pik — ﬁ(Vijpji = Pki Vi), (8.4)
with the detuning A;; = wr — (wsj + k- ¥), where wy, is the laser frequency,

w;j is the transition frequency between states ¢ and j, and k- ¥ is the Doppler
shift for the velocity class v. The population relaxation rates 7,op,i; connecting
i and j states with allowed dipole transitions and relaxation rates for coherences
Yeoh,ij effectively describe radiative and non-radiative processes. The coupling
Vij = wij(E4+ + E_) 4 c.c. consists of electric field contributions from forward +k
and backward —k propagating laser beams with equal intensities. The electronic
transition dipole moment as well as relative intensities of the hyperfine transitions
are included in p;;. In the calculation, the detuning A of the applied laser field is
scanned over the vicinity of the resonances, with the Doppler shift accounted for
both +k and —k beams and for each of the n, velocity classes around v = 0. We
have neglected the effect of the two laser sidebands at frgr = +305 MHz (at field
strengths of about 1% of the carrier), to simplify the treatment. The occurrence
of a recoil doublet [269], with a splitting of 68 kHz for the R(1) line, is ignored as
well.

Another complication in explaining the observed spectra lies in the reduction of
transit-time broadening. We note here, as was discussed in [28], that the observed
linewidth of the HD R(1) line is observed much narrower than expected from transit
time broadening for a room-temperature velocity distribution. This was attributed
to the mechanism of selection of cold molecules under conditions of very weak
saturation, which is a known phenomenon [270, 271, 272]. In the model description
no attempt was made to explicitly explain this behavior.

8.4. Results

The coupled Bloch equations were solved by numerical integration using a
Python code and associated numerical and scientific libraries. The computation
was performed in a cluster computer utilizing 32 nodes with 16 cores. For n,, ~ 4400
velocity classes that cover Doppler shifts in the range of [—1.8,1.8] MHz around
each resonance, a calculation of a spectrum typically takes around 18 hours.
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A first calculation was performed that was restricted to the v = 0 velocity
fraction (v = 0 along the propagating laser beams). Its result shows a spectrum
displaying all hyperfine resonances at the expected positions indicated as proper
hyperfine resonances in Fig. 8.3 as Lamb-dips. Subsequently, more elaborate cal-
culations were performed, integrating the spectrum over extended velocity classes.
Depending on the parameters invoked for veon and 7,0p, this treatment produces
cross-over resonances with the same sign as a Lamb-dip, but also cross-over features
with a reversed-sign. The simulations reveal the effects of velocity selective optical
pumping that are observed at particular velocity classes where the cross-over in-
teraction between the counter-propagating beams occur. From a parameter-space
analysis it is found that the sign-reversed cross-over peaks occur only under certain
values for the input parameters. Clear anti-crossovers are produced only when the
population decay o, Occurs at a faster rate than the Rabi frequency that was
estimated at V/h = 20 kHz in the measurements [28].

This suggests that there must be a mechanism transferring population from the
excited v = 2 state to the lower v = 0 state in the molecule, a refilling mechanism.
This rate should be much larger than the radiative lifetime of the upper HD level,
being on the order of I' ~ 1 Hz. Hence, in this specific case of a saturated transition
with a long upper state lifetime in a molecule, similar to the case of NH3 [273], the
population decay (7v,0p) cannot be induced by spontancous radiative decay, as in
the case of atoms [249, 251, 268].

In order to effectively produce anti-crossovers or Lamb peaks an hypothesis must
be invoked as to the refilling mechanism for ground state population. In some ex-
amples, that bear some similarity, the main contribution to the rate of population
decay vpop was attributed to optical pumping in a multi-level system, with the
transit-time effect as the absorbers traverse the beam playing a role [267, 268]. In
a model for saturation in coherent anti-Stokes spectroscopy in Hs the mechanism
of velocity-changing collisions was adopted as a possible transfer mechanism [274].
The decay value in the latter CARS experiment was close to the value of the pres-
sure broadening coefficient of vp = 35 kHz/Pa for saturated absorption extracted
in Ref. [28], while Ref. [262] reports a coefficient of vp = 10 kHz/Pa for a Doppler-
limited study (without saturation). For the pressure P ~ 1 Pa accessed in the
measurements, the collision rate contribution of ypP to Ycon,ij is ~ 10 — 35 kHz.
Without further speculation on the nature of the mechanism, a range of values for
the refilling rate was used in solving the density matrix framework.

Figure 8.4 shows numerical results obtained for conditions that mimic the ob-
servations of spectra at different pressures. The line profiles qualitatively agree
with experimental observations. In particular the Lamb-peak and dip features cor-
respond to the measurements, although the intensities and widths are not well
reproduced. Both the experiments and simulations demonstrate that the Lamb-
peak persists at the lowest pressures (lowest values of vcop,i;), while the Lamb-dip
decreases in intensity at the low pressures.

The simulations show that the saturation line profiles of HD R(1) exhibit a
composite line shape with a Lamb-peak at low frequency and a broader Lamb-dip
occurring at higher frequencies. We postulate this as an explanation for the results
obtained in previous studies, where a low-frequency Lamb-peak was analyzed [28].
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Figure 8.4: Comparison between observed and modeled spectral line shapes of the
R(1) line of HD; (a) Experimental spectra for 0.25, 0.5, 1.0 and 10 Pa on an absolute frequency
scale; (b) Calculated spectra on a relative frequency scale with respect to the hyperfineless point
(at 0 MHz) for different values of v.,p and pop in units of kHz and the Rabi frequency fixed at
20 kHz.

We assume that the high-frequency component was measured in the cavity ring
down study [261], presumably at somewhat higher pressures. We emphasize that a
number of approximations were made in the numerical treatment which could affect
the intensities and widths, such as the neglect of the recoil doublet, the inclusion
of approximate results on the hyperfine structure from calculations, the lack of
a quantitative description of the mechanism selecting cold molecules resulting in
larger transit times, absence of cavity standing-wave effects, and in particular the
lack of understanding of the refilling mechanism.

A comparison can be made between the observed line shapes and the composite
profiles from the numerical treatment, i.e. in a fit. Since the numerical analysis is
based on the hyperfine components dispersed at well-known frequencies, such a fit
results in a value for the hyperfineless HD R(1) rovibrational transition. It is inter-
esting to note that a pressure-induced shift of —10 kHz/Pa for the Lamb peak line
position in the simulations (Fig. 8.4) is close to that extracted in the experimental
results. By taking into account profiles for various pressures in the simulations, the
extrapolated collision-free Lamb peak line center can be related to the hyperfineless
transition frequency. Adopting this treatment to the measurements yields a value
of 217105181901 kHz for the R(1) transition frequency. In view of the numerous
assumptions made and the pressure-dependent line shape we take a conservative
estimate for the uncertainty of the hyperfineless transition frequency of some 50
kHz. The analysis shows also that the zero-pressure extrapolation for the Lamb-
peak, as determined in [28], is rather close to the hyperfine center-of-gravity to
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within 20 kHz. The present result agrees, within its 50 kHz uncertainty, with our
previous determination [28].

8.5. Conclusion

The presently obtained transition frequency may be compared to the theoretical
values obtained from advanced molecular QED calculations. While a calculation of
early 2018 yielded a value of 217105 174.8 (1.8) MHz, included in [261], deviating by
7 or 8 MHz from both experimental values, recently a theoretical value was reported
at 217105 180.2 (0.9) MHz [263]. The latter value, that was based on an improved
treatment of relativistic corrections in non-adiabatic perturbation theory, is within
20 from the presently obtained experimental value. This allows for the conclusion
that agreement is obtained between experiment and theory of infrared transitions
in hydrogen at the 5 x 107? level, where the present result is of higher accuracy
than current state-of-the art calculations. Meanwhile a theoretical framework has
been developed that should produce a more accurate value [23], to be confronted
with the experimental value. On the experimental side the observation of the
R(0) line in the (2-0) band, exhibiting a much simpler hyperfine structure with a
near-degenerate ground state [275], could be measured. Unfortunately that line is
overlaid by a water resonance prohibiting its measurements in the current setup.
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Chapter 9
Lamb-peak spectrum of the HD (2-0) P(1) line

Abstract

A saturation spectroscopy measurement of the P(1) line of the (2 — 0) band in HD is performed
in a sensitive cavity-enhanced optical setup involving frequency comb calibration. The spectral
signature is that of a Lamb-peak, in agreement with a density-matrix model description involving
9 hyperfine components and 16 crossover resonances of A-type. Comparison of the experimental
spectra with the simulations yields a rovibrational transition frequency at 209,784,242,007 (20)
kHz. Agreement is found with a first principles calculation in the framework of non-adiabatic
quantum electrodynamics within 20, where the combined uncertainty is fully determined by

theory. 1

IThis chapter is a reproduction of: Lamb-peak spectrum of the HD (2-0) P(1) line, M.L.
Diouf, F.M.J. Cozijn, K.-F. Lai, E.J. Salumbides, W. Ubachs, Phys. Rev. Res 2, 023209 (2020).
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9.1. Introduction

In the recent decade the hydrogen molecule has become a benchmark system
for testing quantum electrodynamics (QED) and probing physics beyond the Stan-
dard Model [276]. Such tests can be accomplished by comparison between accurate
measurements, of e.g. dissociation energies of the Hy molecule [277, 22, 278], with
non-adiabatic calculations of the hydrogen molecule based on a 4-particle varia-
tional framework and including relativistic and QED-terms up to ma® [279]. Al-
ternatively, tests were performed on splittings between rovibrational levels in the
Hy and D2 molecules, measured at increasing accuracy [280, 281, 282]. In view of
the very small oscillator strengths of the quadrupole transitions probed in these
homonuclear species, measurements were performed from Doppler-broadened and
collision-broadened spectra limiting the accuracy. The application of sophisticated
line-shape models in combination with high signal-to-noise ratio has nevertheless
pushed the accuracy to the sub-MHz regime [283, 284].

In case of the heteronuclear HD isotopologue the molecule exhibits a small elec-
tric dipole moment [285, 286] giving rise to an electric dipole absorption spectrum
which was discovered by Herzberg [24] and investigated over the years under con-
ditions of Doppler broadening, for the vibrational bands [25, 287, 27, 262], as well
as for pure rotational transitions [288, 289].

Recently, intracavity absorption techniques were explored in which saturation of
the R(1) transition in the (2—0) overtone band was demonstrated [261, 28], deliver-
ing a reduction in linewidth of over a thousand compared to the Doppler-broadened
lines. While these studies produced highly accurate transition frequencies for the
R(1) (2—0) line in HD, a large discrepancy was found between the two studies. A
reanalysis at improved signal-to-noise ratio obtained with the NICE-OHMS (Noise-
Immune Cavity-Enhanced Optical-Heterodyne Molecular Spectroscopy) technique
by the Amsterdam team showed that the line shape appeared as dispersive-like [78].
This phenomenon was explained as a result of underlying hyperfine structure in-
volving a large number of crossover resonances in the saturation spectrum. A
simulation of the spectrum was produced via a density-matrix model with opti-
cal Bloch equations that well reproduced the dispersive line shape. An extended
analysis by the Hefei group, using three different cavity-enhanced techniques, re-
sulted in a similar dispersive line shape [290]. That was however interpreted as a
Fano line shape, caused by an interference between the rovibrational R(1) tran-
sition and an underlying continuum, reminiscent of the Fano line shape observed
by the interference between transitions in the fundamental vibration of HD and
broad collisionally-induced continuum resonances [291]. These discrepancies on
transition frequencies and diverging explanations for the observed line shapes call
for extended measurements, in particular since rovibrational transitions in the het-
eronuclear HD molecule, allow for extreme precision and constitute an excellent
test ground for molecular QED.

9.2. Experimental

The P(1) line at 1.43 ym was measured under conditions of saturation at a
number of pressures in the range 0.5 Pa to 16 Pa, using the NICE-OHMS setup,
details of which were previously documented [28, 78]. Some notable changes were
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made for the measurement of P(1). Firstly, the modulation frequency has been
doubled to twice the free-spectral-range (FSR) of the cavity at 2 times 305 MHz.
This was necessary to avoid absorption from a neighbouring water transition giving
rise to a Lamb-dip from the carrier-sideband saturation occurring at half the FSR
detuning. Secondly, a dominant source of residual amplitude modulation due to
spurious background etaloning was identified and eliminated, which allowed mul-
tiple scans to be much more effectively averaged. This averaging for attaining a
good signal-to-noise ratio was made possible through the lock of the spectroscopy
laser to a frequency comb; averages over up to 60 recordings were taken. Thirdly, a
liquid nitrogen cryotrap was installed to continuously pump outgassing water vapor
during the measurements, which otherwise gave a significant background drift.

9.3. Hyperfine structure

For an interpretation of the measured spectra of the P(1) line its hyperfine
structure must be considered, which is much simpler than that of the R(1) line
measured previously [78]. The J = 1 ground level is split into 5 components
via the coupling of the J = 1 rotational angular momentum to the nuclear spins
Ip = 1/2 for the proton and Ip = 1 for the deuteron, and yields, in energetic
order from high to low, F = 1/2(+), F = 3/2(+), F = 3/2(-), FF = 5/2, and
F =1/2(—) sub-levels. Here the (+) and (-) refer to the highest and lowest levels
with the same F-quantum number. The hyperfine splitting in J = 1 was accurately
measured by Ramsey and coworkers [264, 292]. The v = 2,J = 0 excited state is
split into two components F' = 1/2 and F = 3/2 that are however degenerate
within a kHz; we assume the splitting to be approximately similar to that of J =0
in the v = 0 ground state, where it was calculated as 45 Hz [293]. The hyperfine
level structure of the P(1) is plotted in Fig. 9.1. Our analysis of the hyperfine
structure of this P(1) line is found to be in excellent agreement with that of other
recent analyses [294, 295].

The hyperfine structure results in 9 possible transitions connecting ground and
excited state. Combination of these ground and excited states gives rise to 16
possible crossovers in the saturation spectrum, which are all of A-type due to near-
degeneracy of the excited state. These resonances are plotted as a stick spectrum
in Fig. 9.2; note that in view of the degeneracy of the F = 1/2 and F = 3/2 upper
levels not all individual components are visible. The relative intensities of the
direct hyperfine components are calculated via angular momentum algebra [296],
where the absolute scale is matched to the measured value of the line intensity of
the Doppler-broadened line [27]. Intensities of crossover resonances are estimated
via /I;I; with I; and I; the intensities of the crossing hyperfine resonances. Note
that these intensities are not used in the density-matrix model discussed below.
The hyperfine structure of P(1), as displayed in Fig. 9.2, shows the sharp contrast
to the R(1) line where both V-type and A-type crossover resonances contribute to
the spectrum.

Note that V-type crossovers show as a Lamb-dip, as a common ground state
couples to two excited states causing depletion of population, and therewith re-
duced absorption. However, A-type crossover resonances couple two ground states
to a common excited state. This may lead to increased population in one ground
state, resulting in increased absorption, and hence a Lamb-peak. In the R(1) spec-
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Figure 9.1: The hyperfine level structure with the five sub-levels of the v = 0,J = 1
ground state, plotted on a scale corresponding to measurement [264], and the two degenerate
levels in the v = 2, J = 0 state

trum of HD, where both V-type and A-type crossovers occur, this resulted into
an overall dispersive line shape [78]. In a study on an atomic system exhibiting a
preponderance of A-type crossovers the saturation spectrum was demonstrated to
exhibit the shape of a Lamb-peak [268].

9.4. Results

A few typical examples of spectra of the P(1) line of HD in the (2 — 0) band
are shown in Fig. 9.3, where the absolute frequency is accurate to 1 kHz due to
the lock of the diode laser to a frequency comb. The observed spectra of the P(1)
line display the typical characteristic of a Lamb-peak. For comparison a spectral
line of H5O is displayed, recorded under the same experimental conditions and
settings of the electronics, thus showing a characteristic Lamb-dip and proving
the opposite, Lamb-peak, nature of the HD P(1) resonance. It is noted that the
NICE-OHMS technique, which is essentially a frequency-modulation spectroscopic
technique, results in dispersive signals. The application of an additional slow (415
Hz in the present case) wavelength modulation of the laser is used for heterodyne
detection in a lock-in amplifier, therewith improving the signal-to-noise ratio. It
produces a first derivative of this dispersive line shape [259] as illustrated by the
HQO line.

The peak positions of the lines and their widths, as obtained directly from the
measurements, are plotted in Fig. 9.4 as a function of pressure over the measure-
ment range of [0.5 - 16] Pa.

The extracted pressure-dependent shift coefficient of —11(1) kHz/Pa for P(1)
is consistent with the result for R(1) [28]. This shift coefficient is much larger
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Figure 9.2: Stick spectrum displaying hyperfine sub-components (of the 9 only 5 are
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Figure 9.3: Recordings of saturation spectra of the P(1) (2 — 0) line in HD at
different pressures as indicated. Simulated spectra from the density matrix model with
optimized parameters are plotted, after convolution with a Lorentzian function to account for
collisional broadening (at 45 kHz/Pa) with a full line (orange). At the right a spectrum of
the water line (000)33p - (101)413 at 216,803,819,806 kHz is shown, measured under the same
conditions, displaying a characteristic Lamb-dip.
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than would be expected when using results from Doppler-broadened measurements
in [262], and at higher pressures of 10* — 10 Pa in [297] and extrapolating to the
Doppler-free and Pa-level conditions in this study. It has recently been observed
that the pressure-induced line shifts in water at low pressures [129], using the
same setup as in the present study, also do not follow the expected high-pressure
trend, with the pressure shift coefficient even changing sign depending on specific
transitions. It is also worth noting that a nonlinear dependence is expected at
low temperatures due to velocity-changing collisions as shown for Dy in Ref. [298],
which might be of relevance here considering the selection of cold molecules in
optical saturation.

From Fig. 9.4, a collisional broadening parameter of 45 kHz/Pa is deduced
for the saturated P(1) line. The data point for 0.5 Pa falls somewhat off the
linear collision curve because that spectrum was recorded for a cavity dither peak-
to-peak amplitude of 180 kHz, while for the other lines an amplitude of 90 kHz
was used. These results show that the width of the P(1) line is again, similar to
the case of the R(1) line [28, 78], narrower than expected from the contributing
broadening mechanisms. A number of physical and instrumental effects contribute
to the linewidth as observed, all expressed as half-width-half-maximum (HWHM)
in the following. Besides the broadening caused by collisions and by amplitude
modulation, the cavity-jitter, with the laser locked to the cavity, will contribute for
40 kHz, as was experimentally determined. Intra-cavity saturation spectroscopy
gives rise to recoil-doublets [299] separated by 68 kHz. The largest contribution to
the line width is expected from the limited time for the molecules to reside in the
laser beam, estimated at 400 kHz at room temperature [266]. Finally, the hyperfine
structure causes broadening over the span of components, i.e. several hundred kHz.

In view of the fact that the measured linewidth is much smaller than expected
from the various contributions, it is assumed that in the saturation experiment the
slow molecules, that will undergo less transit-time broadening, are preferentially
detected. This is in line with the fact that the actual intracavity power (some 150
W) is much lower than the saturation parameter of the HD resonance (10 kW).
Hence, in the present experiment, the saturation spectroscopy acts as a selection
mechanism for cold molecules in the sample.

The line shapes as recorded for the various pressures were modeled in terms of a
density matrix formalism with coupled Bloch equations as defined previously [78],
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Figure 9.4: Transition frequencies and linewidths (HWHM) observed for the P(1)
(2-0) line of HD as a function of pressure.

involving populations of excited sub-levels p;; and ground sub-levels p; and coher-
ences pj;:

pzz ij]'}/pop,z] h Z(‘/}ipji - pjivij)v (91)
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i = —(1Aij + Yeoh,ij)Pij + ﬁVij(pii = pjj) (9.3)
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with definitions of the Rabi frequency V;;/h, detuning A;; = wy, — (wi; + k- ¥), the
laser frequency wy,, the transition frequency between ¢ and j states w;;, and the
Doppler shift for the velocity class v as k- #. Note that the crossover resonances,
nor their estimated intensities, are explicitly included in the model; their effect
is implicitly imposed when integrating over velocity space. Decisive parameters
in the model are the population relaxation rates ypop; connecting 7 and j states
with allowed dipole transitions and relaxation rates for coherences 7.op,:; effectively
describing radiative and non-radiative processes. The refilling of the ground state
from collisional decay of the excited states via vpop,i; can be considered as a two-
step process via a thermal bath.
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The optical Bloch equations are solved in time steps of 1 us for each single
detuning frequency, over a span of 4 MHz approached with a step size of 1 kHz.
The total integration time is fixed at 3.4 ms in order to reach the steady state
solution, which must be obtained to achieve a stable resulting spectrum. The
velocity distribution of the particles is divided over 816 velocity classes which are
then implemented for each single velocity in the 4000 integration steps.

In the simulations the values of vpop,i; and Yeon,i; are considered as free param-
eters and are used as such to find an optimal representation of the observed line
shapes. The Rabi frequency V/h is set at 40 kHz commensurate with the power
density in the cavity. The simulation is rather insensitive to the value of v,0p,i;
and it finds convergent solutions as long as it is held at > 35 kHz; here we have
fixed Ypop,i; = 55 kHz. The line shape and the effective width are sensitive to the
value of Ycon,ij, which is varied in the calculation to find a matching line shape. In
Fig. 9.3 simulated spectra are plotted for an optimized parameter value for veop,i;-
For the spectrum recorded at 0.5 Pa we find a best match for v.op,:; = 95 kHz,
and for the spectra at 1.0 Pa and 4.0 Pa the optimum is at yeop ;5 = 125 kHz and
Yeoh,ij = 395 kHz, respectively.

The simulations do not reproduce the line widths beyond 4 Pa (Yeon,ij > 355
kHz) although it retains the Lamb-peak structure. We suspect that here another
regime is reached that is dominated by collision-induced perturbations on the rovi-
brational levels, which are not included in the Bloch equation calculations.

After the simulation the result is convolved for the effects of recoil doublet,
cavity jitter and wavelength dithering. The resulting simulated spectra are then
plotted in Fig. 9.3 to be compared with the experimental spectra.

An important conclusion of the modeling based on this density matrix model is
that an overall spectral pattern of a Lamb-peak is found, irrespective of the details
and exact values of the y-parameters invoked. For no realistic set of parameters
a sign reversal could be produced. This is in agreement with the expectation (see
above) that a saturation spectrum with crossover resonances only of A-type should
produce a Lamb-peak.

From these optimized simulations, performed for each pressure, a value for
the rovibrational (or hyperfine-free) transition frequency is found as shown by
the dashed line. This is done by fitting the theoretical line shape to a standard
functional form (a first-order derivative of a dispersive Lorentzian [28]), which is
subsequently fitted to the observed spectral profile. The resulting hyperfine-less
transition frequency deviates somewhat from the center of the Lamb-peaks, on the
order of 45 kHz, varying by < 10 kHz for the highest pressures. It was verified that
the resulting transition frequency varies only within 10 kHz if the parameter space
of Yeon,ij is explored, where the resulting line shape and width form a selection
criterion. Similarly the Rabi frequency was varied in the relevant range 35-55
kHz, imposing an additional uncertainty in the simulation of 5 kHz. Extrapolation
to zero pressure then yields the final value for the P(1) rovibrational transition.
The main sources of uncertainty, related to the simulation (variation of parameter
space for Yeon,ij, Ypop,i; and Rabi frequency V/h) and the statistics of line fitting
and pressure extrapolation are combined to yield an uncertainty of 20 kHz. As the
resulting transition frequency we find 209,784,242,007 (20) kHz.

Page 136 of 181



9.5. CONCLUSION 137

The result of the present experimental study allows for a comparison with the
theoretical result, obtained in the framework of non-adiabatic perturbation the-
ory (NAPT) [263, 300], which is now available as a web-based on-line calculation
tool [301]. This NAPT-tool provides binding energies at accuracy of 3 x 10~*
cm ™!, or 10 MHz, but in the calculation of transition frequencies a cancellation
of uncertainties is accounted for, delivering accuracies of about 3 x 107°. Specif-
ically, H2SPECTRE [301] calculates an accuracy of 1.0 MHz for the P(1) line
and for the R-branch lines of 1.1 MHz. For the P(1) line a theoretical value of
209, 784,240.1 (1.0) MHz is produced [301]. Comparison with the experimental
value shows that the theoretical value is lower by 1.9 MHz, or by 20. Also in the
previous study on the R(1) line the experimental value was higher by 1.9 MHz,
again corresponding to a 20 deviation. For the measurement of the R(2) and
R(3) lines no detailed study of the hyperfine structure was performed, but the de-
rived transition frequencies [28] also show an approximate 420 deviation from the
NAPT-results. A similar deviation was found in a recent molecular beam study on
HD [302]. Tt is noted that in all these cases the 20 offset is given in terms of, and is
entirely due to the uncertainty in the theoretical value. This consistent deviation
by +20 is indicative of a general and systematic offset of the NAPT-calculations
for the rovibrational transitions in the (2-0) band of HD.

9.5. Conclusion

In conclusion we have demonstrated that the line shape as observed for the P(1)
line in the (2 — 0) overtone band of HD can be described in terms of coherences
between hyperfine substates. The same density matrix model that previously was
developed to explain the observed dispersive-like spectrum of the R(1) line can now
describe the shape of a single Lamb-peak for the case of P(1) with a realistic set
of population and coherence decay parameters. This line shape analysis provides
confidence for the extraction of the hyperfine-free or rovibrational transition fre-
quency, at 209,784,242,007 (20) kHz, which is in agreement with the formalism of
non-adiabatic perturbation theory for the hydrogen molecules within 20¢hcory -
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Chapter 10

Rotational level spacings in HD from vibrational saturation
spectroscopy

Abstract

The R(1), R(3) and P(3) ro-vibrational transitions in the (2-0) overtone band of the HD molecule
are measured in Doppler-free saturation using the technique of NICE-OHMS spectroscopy. For
the P(3) line, hitherto not observed in saturation, we report a frequency of 203821936 805 (60)
kHz. The dispersive line shapes observed in the three spectra show strong correlations, allowing
for extraction of accurate information on rotational level spacings. This leads to level spacings
of A(j—z)y_(s=1) = 13283245098 (30) kHz in the v = 0 ground state, and A(j_4)_(j=2) =
16882368 179 (20) kHz in the v = 2 excited vibration in HD. These results show that experimental
values for the rotational spacings are consistently larger than those obtained with advanced ab
initio theoretical calculations at 1.50, where the uncertainty is determined by theory. The same
holds for the vibrational transitions where systematic deviations of 1.7-1.9¢ are consistently found

for the five lines accurately measured in the (2-0) band. !

1This chapter is a reproduction of: Rotational level spacings in HD from vibrational saturation
spectroscopy, F.M.J. Cozijn, M.L. Diouf, V. Hermann, E.J. Salumbides, M. Schlosser, W. Ubachs,
Phys. Rev. A 105, 062823 (2022).
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10.1. Introduction

The spectroscopic investigation of the hydrogen molecule and its isotopologues
has played a crucial role in the advancement of quantum mechanics in the molec-
ular domain. The HD isotopologue, observed via its vacuum ultraviolet spectrum
immediately after its production and purification [303, 304], undergoes breaking
of inversion symmetry, also referred to as g - u symmetry breaking, giving rise
to spectroscopic phenomena that are not observed in the homo-nuclear species Hy
and Do [305]. One of the special features is the occurrence of a dipole-allowed
absorption spectrum in HD in connection the small dipole moment arising from a
charge asymmetry in the molecule. Wick was the first to calculate the intensity of
this dipole-allowed vibrational spectrum [306] and Herzberg first observed overtone
lines combining high-pressure cells with multi-pass absorption [24]. The vibrational
spectra of the fundamental [307] and overtone bands [25] were later investigated
in more detail and at higher accuracy. In the past decade cavity-enhanced tech-
niques in combination with frequency-comb calibration were employed to investi-
gate the spectrum of the (2-0) band of HD [27]. For a literature compilation of
the vibrational spectra of HD we refer to Ref. [308]. The pure rotational spec-
troscopy of HD, also connected to the dipole moment, was first probed by Trefler
and Gush [285], while later more precise spectroscopic measurements were per-
formed [309, 288, 289, 81].

Recently, saturation spectroscopy of R-lines in the (2-0) overtone band was
demonstrated [261, 28], to yield linewidths much narrower than in the Doppler-
broadened spectroscopies performed previously. These studies led to accuracies
at the 20 kHz level, but the modeling of observed lineshapes appeared to be
a limiting factor. In the Amsterdam laboratory subsequent measurements with
the NICE-OHMS (Noise-Immune Cavity-Enhanced Optical-Heterodyne Molecular
Spectroscopy) technique were carried out and the dispersive-like line shape was in-
terpreted in terms of an Optical Bloch equation (OBE) model including underlying
hyperfine structure and crossover resonances in the saturation spectrum [78, 310].
The Hefei group extended their studies on the observation of a dispersive line
shape, which was interpreted as a Fano line shape [311]. The uncertainties asso-
ciated with the observed lineshape remain to be a dominating factor and hinder
full exploitation of the extreme resolution of the saturation technique, and the de-
termination of transition frequencies at the highest accuracy. The molecular-beam
double-resonance study of the R(0) line of the (1-0) fundamental of HD by Fast and
Meek [302] does not suffer from this short-coming, yielding a vibrational splitting
in HD at the level of 13 kHz, the most accurate to date. Vibrational splittings
in the (1-0) fundamental have also been determined via laser-precision studies in
molecular beams and the measurement of combination differences in Doppler-free
electronic spectra [312]. The Caserta group applied cavity-enhanced methods for
linear absorption spectroscopy of the R(1) line in (2-0). Even though the line is of
GHz width an accuracy of 76 kHz is obtained through advanced modeling of the
Doppler-broadened line shape [313].

The goals of precision spectroscopy on the hydrogen isotopologues have sur-
passed the targets of molecular physics. These smallest neutral molecular species
have become benchmark systems for probing physics beyond the Standard Model [276],
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Figure 10.1: Spectral recordings of the R(1) line in the (2-0) overtone band of HD
in saturated absorption employing the NICE-OHMS technique. Pressures as indicated
in units of Pa. Recordings are performed using (a) 1f and (b) 2f demodulation. A comparison is
made with the recording of a water line, also at (c) 1f and (d) 2f demodulation settings. Note the
strong difference in line shape, where the water line represents the generic NICE-OHMS signal
shape. The (grey) vertical bar in (a) and (b) represents the transition frequency of the R(1) line of
HD as determined in a previous experimental saturation study via modelling of the spectral line
shape based on underlying hyperfine structure and including cross-over resonances [78]. The 0.0
value represents a frequency of 217105 181.901 (0.050) MHz for HD and 217135 374.644 (0.005)
MHz for the HoO16 line.

searching for fifth forces of various nature [257, 314] and for higher dimensions [258].
The searches for new physics depend on the availability of highly accurate ab initio
computations of the level structure of the hydrogen molecules. In the past decade
the boundaries in this area have been pushed, and currently highly accurate level
energies are produced in 4-particle fully variational calculations of the relativistic
motion in the molecules, augmented with calculation of quantum-electrodynamic
corrections up to level ma® [263, 275, 23]. The results of the ab initio calculations
are available through the H2SPECTRE on-line program [301].

A comparison between the recent accurately measured vibrational transition
frequencies with those computed from the H2SPECTRE code reveals a systematic
offset of 1 MHz for the (1-0) band and 2 MHz for the (2-0) band. The deviations
extend very much beyond the uncertainties established in the experiments, but
remain at the level of 1.70, when the uncertainty of the calculations is taken into
account. In order to investigate the origin of these discrepancies we target mea-
surements, by means of saturation spectroscopy, of combination differences between
vibrational lines in the (2-0) band.

10.2. Experiment and results

In the experiment, the NICE-OHMS setup at the Amsterdam laboratory is
used to perform saturation spectroscopy of the R(1), R(3) and P(3) lines of HD at
wavelengths near 1.4 um. Details of the setup were described in previous papers on
the spectroscopy of HD [28, 78, 310] and specific settings of the present experiment
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are similar. A noteworthy detail is that a new diode-laser and high-reflectivity
mirrors are used to reach the P(3) wavelength, while the measurements of the R(1)
and R(3) lines are performed with existing components. The essentials remain
identical with an intracavity circulating power at the central carrier frequency f.
of about 150 W, while the sidebands at f. £ f,,, are modulated at f,, = 404 MHz
delivering circulating powers of 2 W. The diode-laser is locked to the high-finesse
cavity (150,000) via Pound-Drever-Hall stabilization, where the cavity is locked
to a Cs-clock stabilized frequency-comb laser. This locking sequence leads to a
line-narrowing of the diode laser to around 20 kHz at second time scale caused
by short term vibration-noise and thermal drift of the cavity. Ultimately, the
absolute frequency of the complete measurement data averages down to below kHz
precision due to long term measurements of over a few hours. This stability allows
for effectively averaging over multiple scans to obtain reasonable signal-to-noise
levels. Averages of around 60 scans with a total measurement time of over 10 hours
were taken to record a spectrum of the weakest P(3) line.

The generic signals produced in direct NICE-OHMS spectroscopy under satura-
tion exhibit a dispersive lineshape, as a result of the sideband frequency-modulation
applied [98, 132]. The application of an additional low-frequency dither modulation
to the cavity length (at 415 Hz) and demodulation at 1f by a lock-in amplifier, in
principle results in a line shape taking the form of a derivative of a dispersion-like
function. Such symmetric line shapes were indeed detected for saturated lines of
CyH; [78] and of HoO [129] in the same setup. In Fig. 10.1 representative spectra
of an HD line, in this case the R(1) line in the (2-0) overtone band, are compared
with spectral recordings of a water line. This comparison was performed for both
1f and 2f demodulation of the modulated signal. Details of the applied modula-
tion scheme has been presented earlier for the 1f signal channel [78], but the used
lock-in amplifier (Zurich Instruments HF2LI) can be expanded with an additional
parallel demodulation channel allowing simultaneous measurements of the 1f and
2f signal channels. This capability has been used in previous work to detect the
1f and 3f demodulation channels simultaneously, which resulted in resolving the
hyperfine structure of H37O [131].

These spectra and the comparison between HD and HyO resonances as mea-
sured in saturation demonstrate two important aspects. Firstly, the line shape of
the HD resonance in the 1 f-recording is asymmetric, unlike the shape of the water
resonance that follows the expected pattern for NICE-OHMS signals [129]. Simi-
lar asymmetric line shapes are observed for the R(3) and P(3) lines, as presented
in Fig. 10.2. This phenomenon of observing unexpected atypical line shapes was
discussed in previous papers on the saturation spectroscopy of HD, either using 1 f-
demodulation in NICE-OHMS [28, 78], cavity-ring-down spectroscopy [261], or a
variety of cavity-enhanced techniques [311]. Secondly, the experimental data show
that the 2 f-demodulation spectra exhibit a better signal-to-noise ratio (SNR) than
the 1f-demodulated spectra, while the 1f spectra display a much better SNR than
the direct NICE-OHMS spectra. For these reasons the comparisons and the de-
tailed analyses of rotational line shifts is based on 2f demodulated spectra in the
following.
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Figure 10.2: Recordings of saturated spectra of the R(3) and P(3) (2-0) overtone
lines in HD with NICE-OHMS at 2 f-demodulation for pressures of 1 Pa and 2.5 Pa. The (grey)
bars indicate the estimated spin-averaged transition frequencies and their uncertainties of 100
kHz.

In Fig. 10.1 the transition frequency of the R(1) line and its uncertainty are
indicated by the (grey) vertical bar. A result for the R(1) transition frequency was
initially reported from a NICE-OHMS study only considering the Lamb-dip feature
and fitting its line centre; this procedure resulted in a value then considered to be
accurate to 20 kHz [28]. However, in a competing study using cavity-ring-down
spectroscopy a strongly deviating transition frequency was reported [261]. For this
reason a systematic study was performed in which the observed complex line shape,
consisting of Lamb-peak and Lamb-dip contributions, was computed via an Optical
Bloch Equation (OBE) model from which resulting ih a spin-averaged transition
frequency of 217105181901 kHz with an uncertainty of 50 kHz [78]. This is the
result displayed by the (grey) vertical bar in Fig. 10.1. Tt shows that the modelled
center frequency coincides rather accurately with the Lamb-peak feature in the 1f
NICE-OHMS signal channel, and with the zero-crossing in the 2f signal channel.

For the R(3) line an accurate result was reported in a previous study [28], but
this was not substantiated with an explicit OBE-model computation. The P(3) line
in the (2-0) overtone band has not been reported before from a saturation exper-
iment. Based on the finding that the line shapes of the R(1), R(3) and P(3) lines
exhibit similar line shapes (this paper) it is assumed that the central spin-averaged
transition frequencies are all in close proximity of the zero-crossing point in the
2f spectral features at the lowest pressures. In view of this assumption the tran-
sition frequencies of R(3) and P(3) lines in the observed 2f-spectra are extracted
from the zero-pressure extrapolated 2f crossings, displayed in Fig. 10.2, with an
uncertainty bar estimated conservatively at 100 kHz. Based on the measurements
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Figure 10.3: Level scheme of HD showing how the three lines R(1), R(3) and P(3)
correspond to rotational level spacings in the v = 0 ground and v = 2 excited vibrational level.

performed at 1.0 and 2.5 Pa, pressure shifts of -23 kHz/Pa for R(3) and -26 kHz/Pa
for P(3) are determined. This leads to values of 220704 304 963 (100) kHz for R(3)
and 203 821936 786 (100) kHz for P(3).

In Figs. 10.1 and 10.2 it is documented that recorded saturation spectra for
the HD resonances deviate from expected and generic line shapes in NICE-OHMS.
However, visual inspection indicates that the line shapes of the R(1), R(3) and P(3)
lines are very similar. This forms the basis for extracting information on rotational
level spacings as illustrated in Fig. 10.3.

In Fig. 10.4 recordings of 2f-demodulated spectra for the three HD lines are
compared. For quantifying the similarities auto-correlation functions are computed
as well as cross-correlation functions [315] for the pairs R(1)-P(3) and R(3)-P(3).
The resulting cross-correlation curves are found to mimic the auto-correlations in
a near-perfect fashion, with a peak overlap of 95%. The cross-correlation computa-
tions yield values for the frequency differences A between the line pairs R(1)-P(3)
and R(3)-P(3) representing rotational line spacings in the v = 0 and v = 2 levels.

Because the computation of the cross-correlation does not straightforwardly de-
liver an uncertainty to the values for the line spacing, the 2f modulated spectra
for the R(1) and R(3) lines were subjected to a standard cubic spline interpola-
tion [316] to produce a functional form closely representing the data. The cubic
spline curves and plotted residuals in Fig. 10.4(e) and (f) show that such cubic
splines indeed accurately represent the experimental data for the R(1) and R(3)
lines. These resulting functional forms, g(f), were then used to fit the third P(3)
line in both cases. Aside from adjustment parameters for the amplitude (A) and
zero-level (B) a frequency shift term A between the R(1)/P(3) and R(3)/P(3) pairs
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Figure 10.4: Comparison of the 2f demodulated saturation spectra for three lines
in the (2-0) overtone band of HD, all recorded at a pressure of 1 Pa; (a) Comparison
for the pair R(1) and P(3); (b) Comparison for the pair R(3) and P(3). Note that the amplitudes
for the corresponding spectra are adapted to match each other. (c) Results of auto-correlation
and cross-correlation calculations for the R(1)-P(3) pair and (d) for the R(3)-P(3) pair. In panels
(e) and (f) fits are made using a cubic spline interpolation for which residuals are computed and
plotted (thin grey line). The resulting cubic spline functional form is then fitted to the line shapes
of the P(3) lines in (g) and (h). Residuals of the latter are again plotted in grey.
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Figure 10.5: Stick spectra of hyperfine components for (a) the R(1) line, (b)
the R(3) line; and (c) the P(3) line in the (2-0) overtone band of HD based on the
computations of Ref. [317]. These stick spectra were convolved with 1f-NICE-OHMS spectral
features for each component to yield the curves as plotted.

was included, which results in a general fitting function A - g(f + A) + B. The
latter fits then deliver values for A as well as an uncertainty:

AU2s) - (g=1) = 13283245098 (5) kHz

(724 (J=2) = 16882368179 (5) kHz

in the v = 0 ground and v = 2 excited vibrations in HD. While the results for A
are similar as in the computations of the cross-correlations (deviations as small as
2 kHz and 3 kHz found, respectively), the procedure based on cubic-spline fitting
delivers a statistical uncertainty as small as 5 kHz for the spacing between the
corresponding line pairs.

Systematic effects should be considered that contribute to the error budget for
the frequency spacings between lines. The results presented in Fig. 10.4 pertain
to measurements at a pressure of 1 Pa. A similar analysis was performed for data
sets obtained at 2.5 Pa leading to values for combination differences A within 2
kHz. Indeed, the pressure effects on level spacings between rotational lines are
expected to be small in view of common-mode cancelation of collisional shifts in
the combined transitions.

In the previous study [28] it was established that power broadening does play
a role in the saturated NICE-OHMS spectroscopy of HD, but power shifts are
constrained to < 1 kHz. Also the frequency calibration reaches kHz accuracy.

The observed composite line shapes, consisting of Lamb-peaks and Lamb-dips,
were in our previous studies interpreted as resulting from underlying hyperfine
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structure and cross-over resonances for which a quantitative model was devel-
oped based on optical Bloch equations (OBE) [78]. Such an analysis supported
by OBE modeling was developed for the R(1) line. In the derivation of the fre-
quency spacings A it is assumed that underlying hyperfine structure does not affect
the accuracy of this treatment. To assess a possible shift caused by differences in
the hyperfine structure of the three lines the underlying hyperfine structure of all
three lines is compared, based on the computations of Ref. [317]. In Fig. 10.5 stick
spectra of hyperfine components in the spectra of R(1), R(3) and P(3) lines are dis-
played, convolved with a 1f-demodulated NICE-OHMS function (a 1f derivative
of a dispersive line shape) to produce a final width commensurate with the width
(T = 400 kHz FWHM) obtained in the auto-correlation functions in Fig. 10.4(c,d).
For each of these convoluted functions it is computed in how far the line center
deviates from the center-of-gravity of the hyperfine structure, i.e. the deviation
for the spin-averaged frequency. From these calculations it follows that the center
frequencies are shifted from the center-of-gravity of the hyperfine structure by -20
kHz, -10 kHz and 410 kHz for the R(1), R(3) and P(3) lines respectively. These
shifts are included as systematic uncertainties in the error budget for the pure
rotational line spacings. Hence for the P(3)/R(3) line pair a contribution of 20
kHz, and for the P(3)/R(1) pair a contribution of 30 kHz is included as a system-
atic uncertainty. These estimates on the uncertainty arising from the underlying
hyperfine structure make this contribution the dominant one.

Having established values for the combination differences between the pair
P(3)/R(1), including uncertainty, this result can be combined with the accurate
result for the transition frequency of the R(1) line based on the OBE-model [78],
yielding the transition frequency 203821936805 (60) kHz for the P(3) line, de-
viating some 19 kHz from the estimate based on the 2f crossing point. Further
combining the pair P(3)/R(3) then delivers a transition frequency for the R(3) line,
yielding 220704 304 984 (65) kHz, deviating 21 kHz from the estimates from the 2 f
crossing point. These frequency separations, obtained via two distinct methods,
are in agreement with each other within 0.30. The values obtained through the
combination differences, considered to be most accurate, are included in Table 1.

10.3. Discussion and Conclusion

In the present study the vibrational transitions R(1), R(3) and P(3) in the
(2-0) overtone band of HD were measured in saturation via the NICE-OHMS tech-
nique. These results are compiled in Table 1 including all precision measurements
on ro-vibrational and purely rotational transitions hitherto performed. Older data
on Doppler-broadened spectroscopy of vibrational overtone transitions [25, 27, 308]
are not included. While for the transition frequency of the R(1) line the result based
on the systematic study of the line shape, at an accuracy of 50 kHz, was taken 78],
results in the present study of R(3) and P(3) are accurate to 65 and 60 kHz, respec-
tively. The experimental results are compared with values obtained via advanced
ab initio calculations as in the H2SPECTRE program suite [301]. In this program
some level energies and transitions are computed via non-adiabatic perturbation
theory (NAPT) [263], while for some specific levels the non-relativistic part is com-
puted via pre-Born-Oppenheimer or 4-particle variational calculations [275, 23].
The theory entries included in Table 1 are partly based on the more accurately
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computed values, although some matrix elements and the Bethe-logarithm were
computed on a BO-basis [318].

Inspection of the Table shows that for the vibrational transitions there are a
large number of entries marked by 17, where the experimental values are more
accurate than the theoretical ones and where the uncertainty is fully determined
by theory. Although the deviations are all in the range 1.6-1.90, or at 10 ppb, it
is remarkable that the offsets are so consistently equal and of the same sign. This
may be considered as an indication that the ab initio calculations of H2SPECTRE
systematically underestimate the vibrational level spacings in HD. Also in the Do
molecule a recent study yielded a similar underestimate of the theoretical value for
the S(0) (1-0) vibrational ground tone frequency by 1.20 [319]. Also in that case,
with an experimental accuracy of 17 kHz, the uncertainty was fully determined by
theory [300].

Table 1: Comparison between experimental data on purely rotational and
ro-vibrational data on transitions frequencies for HD with results of computed
results using H2SPECTRE [301]. All frequencies given in MHz. Differences are

presented in terms of MHz and in terms of the combined standard deviation (o)
of experiment and theory. For the entries assigned with T’ the deviations are
entirely determined by the theoretical values from H2SPECTRE.

Band Line Exp. (MHz) Ref. H2SPECTRE (MHz) Diff. (MHz) Diff. (o)
(0-0)
R(0) 2 674 986.66 (0.15) [288] 2 674 986.071 (0.022) 0.59 (0.15) 3.9
2 674 986.094 (0.025) [81] 2 674 986.071 (0.022) 0.023 (0.033) 0.7 (T)
R(1) 5 331 560.6 (4.8) 289 5 331 547.053 (0.045) 13.5 (4.8) 2.8
R(2) 7951 720.9 (5.1) 289] 7 951 697.887 (0.066) 32 (5) 6.4
R(3) 10 518 306.8 (3.6) 289 10 518 308.641 (0.087) -1.8 (3.6) -0.5
R(6) 17 745 695.9 (9.0) 309 17 745 686.540 (0.140) 3.8 (6.6) 1.0
S(1)* 13 283 245.098 (0.030) Present 13 283 244.944 (0.110) 0.15 (0.11) 1.4 T
(0)
Q(0)* 108 889 433.0 (6.6) 312] 108 889 420.2 (0.5) 3.8 (6.6) 0.6
R(0) 111 448 815.477 (0.013)  [302] 111 448 814.5 (0.6) 1.0 (0.6) 16 T
Q(1)* 108 773 832.4 (6.6) 312] 108 773 828.4 (0.5) 4.0 (6.6) 0.6
=0
P(1) 209 784 242.007 (0.020)  [310] 209 784 240.1 (1.0) 1.9 (1.1) 1.7 T
P(3) 203 821 936.805 (0.060) Present’ 203 821 935.0 (1.0) 1.8 (1.0) 18 T
R(1) 217 105 181.901 (0.050)  [78] 217 105 180.0 (1.1) 1.9 (1.1) 7 T
217 105 182.111 (0.240) 311 217 105 180.0 (1.1) 2.1 (1.1) 1.9 T
217 105 181.901 (0.076) 313 217 105 180.0 (1.1) 1.9 (1.1) 1.7 T
R(2) 219 042 856.621 (0.025)  [28]° 219 042 854.7 (1.1) 1.9 (1.1) 17 T
R(3) 220 704 304.951 (0.028)  [28]° 220 704 303.0 (1.1) 1.9 (1.1) 17 T
220 704 304.984 (0.065) Present® 220 704 303.0 (1.1) 1.9 (1.1) 17 T
PRy
S(2)* 16 882 368.179 (0.020) Present 16 882 367.976 (0.140) 0.20 (0.14) 15 T

a .
Derived from a spacing between lines, or a combination difference.
Results from vibrational transitions in the present study.

¢ Results from fitting center frequency of a Lamb-dip without considering the complex line shape.

For the measurements of pure rotational transitions performed so far there is
only a single experimental result claiming the same accuracy as that of theory:
a measurement of the R(0) line reported in Ref. [81]. For this result the experi-
mental value is again higher by 0.70 of the combined uncertainties. The present
measurements of rotational level spacings, deduced from combination differences of
measured transition frequencies, represent equally accurate determinations, with
their 20-30 kHz systematic uncertainties.
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So when comparing the most accurate experimental data with the most ad-
vanced ab initio calculations, including relativistic and QED effects [320, 263, 300]
the body of experimental data, both vibrational and rotational, are some 1.5-1.9¢
larger than theory. This might be viewed as an offset scaling with energy. How-
ever, that finding cannot be extrapolated to results on dissociation energies of the
Hs molecule, where the most accurate experimental result [278] is found to be in
excellent agreement with theory [275, 23]. A recent experimental value for the
dissociation energy of the Ds species [321] was found to be off from theory [23]
by 2 MHz, corresponding to 1.60, but here the uncertainty contributions from ex-
periment and theory were the same. As for the case of the dissociation energy of
the HD isotopologue the current experimental value [322] is off from theory [23]
by 2.70. While this might be viewed as another discrepancy for the HD species,
where g —u symmetry-breaking plays a role, it should be considered however, that
in this case the uncertainty is fully determined by experiment.

Inspection of results from the H2SPECTRE on-line program [301] reveals that
the uncertainties for the rotational splittings on the theoretical side fully depend
on the uncertainty in the evaluation of the E® leading order QED-term. For the
AE’J::O )—(J=1) splitting the uncertainty in £®) amounts to 107 kHz, compared to a
full uncertainty over all terms of 110 kHz. For A€f34)_(J:2) this is 137 kHz out of

140 kHz uncertainty contributed from E(®). These uncertainties in the rotational
splittings imply already strong cancellation of common-mode contributions, where
the uncertainties in the £(®)-term in the binding energies of HD-levels (v = 0,.J = 1
and 3) amount to 5.5 MHz [301]. For specific low-lying levels the E(®) contributions
to their binding energy are much more accurate, like for the Hy (v = 0,J = 0)
ground level where E(®) is accurate to 5 kHz [279], while for HD (v = 0,.J = 0)
the F(®)-term is accurate only to 120 kHz [23]. This reflects the higher level of
computation pursued for Hy, an approach that might resolve the presently found
discrepancies between experiment and theory for the HD molecule. In this sense
the presently determined splittings in HD form a test bench theory for the further
development of theory for the hydrogen molecular species.
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Chapter 11

Summary and outlook

Our NICE-OHMS setup, designed for highly sensitive measurements, was specif-
ically built to study saturation spectra of HD rovibrational lines. In 2017, two
separate research groups (Amsterdam and Hefei) simultaneously measured the sat-
uration signal of this molecule for the first time [28, 29]. Interestingly, the extracted
transition frequencies of the R(1) line exhibited significant differences, which posed
a puzzle and motivated us to improve our experimental setup.

Crossover resonances

ﬁd—‘—

Vg
(a) (b)
V-scheme A-scheme
‘dip-like’ ‘peak-like’

EmsmpEmn
A

_|E1>

Vo Vo

1G2)
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Figure 11.1: Tllustration of the two types of crossover resonances occurring during an excitation
by the two counter-propagating waves of similar frequency detuning vg. At the top, the projected
velocity along the laser axis z' of the molecule is represented by v.. These crossovers appear at
the frequency positions matching the difference of energy between (a) the two excited states and
(b) the two ground states. Additionally, to match the condition of saturated resonance of the
two counter-propagating beams, the effective Doppler shift of the molecule needs to match the
following equation: k- v, = vy = %(El + E3) or %(Gl + G2)

Upon further investigation, we discovered that the observed lineshape did not
match our initial expectation of a symmetric Lamb-dip. In the first chapter of Part
IT (also [78]), we presented an improved measurement of the saturated Lamb-dip
of R(1), which exhibits a dispersive-like lineshape. We attributed this lineshape to
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the rich hyperfine structure of the transition. Our hypothesis was that crossover
transitions, virtual transitions between two lines sharing either the same excited
state (referred to as "V" type) or the same ground state (referred to as "A” type),
create a peak-like shape in the Lamb-dip profile. The two different mechanisms are
illustrated in Fig 11.1. The "V" type is very well known, documented and known
to produce normal Lamb-dip profiles. We then postulated that the novelty was in
the ”A” type, where the population of one ground state can be moved to another
ground state hence enhancing the absorption at this frequency.

To validate this hypothesis, we utilized an optical Bloch equation (OBE) frame-
work, inputting the 21 hyperfine transitions of R(1) along with their splitting and
respective strengths. It is worth noting that the crossovers were not explicitly pro-
grammed into the OBE but naturally emerged when integrating over the velocities
contained in the Doppler broadened profile. Our calculations demonstrated that,
for certain relaxation parameters, the experimentally observed lineshapes can be
reproduced. Interestingly, the peak of the dispersive-like lineshape closely matches
the hyperfineless position of R(1). However, it was emphasized that many approx-
imations were made in the numerical determination, in particular the relatively
large values of the relaxation parameter +,,,, which leads to a large uncertainty of
50 kHz in this study.

Building upon these findings, we extended our investigation to another rovibra-
tional HD line, the P(1) line [310]. If our postulate was correct, this line should
exhibit a fully peaked lineshape, as it is composed of five ground states connected
to two excited states, with only ”A” type crossovers present. As anticipated, the ex-
perimental results aligned with our expectations, and the OBE calculations agreed
with the observed spectra. Both the experimental and calculated spectra could be
superimposed. It is important to mention that approximations on the relaxation
parameters remained the same, but we were able to assign a smaller uncertainty
to the determination of the P(1) line.

However, it was found out that the agreement between experiment and OBE
calculations were proven incomplete when the R(0) line was first recorded under
saturation conditions [323]. R(0) exhibits a hyperfine structure inverted in compar-
ison to the P(1). We then expected a normal Lamb-dip as only V-type crossovers
should be present. However the measured lineshape exhibits a similar dispersive-
like lineshape as R(1) as seen in Fig 11.2.

The similarities in the line profiles for many of the rovibrational transitions
in HD led to chapter 10 where different rovibrational lines were superimposed to
extract rotational intervals. In addition to measurement of combination differences
between R(1), R(3) and P(3) lines [324], combination differences between R(0),
R(2) and P(2) [323] were used to extract level splittings between rotational levels
in HD.

Although, the OBE used in the HD studies could reproduce the shapes of R(1)
and P(1), it has been shown that it was incomplete and the model definitely needs
improvements. In our NICE-OHMS studies it was found that a weak transition
in CO3, measured under saturation conditions, also shows a dispersive-like line
shape [323]. From the fact that CO2 does not exhibit hyperfine structure it must
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Figure 11.2: Recordings of the first overtone rovibrational lines in HD of P(1) and R(0). Stick
spectra of hyperfine components and two types of crossover components are displayed below the
observed spectra. Due to their inverted hyperfine configuration, P(1) exhibits A-type crossovers,
while R(0) is characterized by V-type crossovers.

be concluded that other mechanisms play a role in producing an asymmetric line
shape in such studies.

Simultaneously, the Hefei group put forth a model based on a Fano profile. Ini-
tially, it was hypothesized that collisions occurring inside a gas cell could generate
a continuum, potentially resulting in a Fano profile [311]. Subsequently, a second
hypothesis was proposed, centered around the far-lying electronic B state. It was
suggested that the wings of the electronic transition could serve as the continuum
necessary for a typical Fano profile. However, this model was also found to be
incomplete, requiring further improvements and refinements.

By comparing various experiments conducted on different isotopologues, in-
triguing observations come to light. In the context of Doppler broadened stud-
ies [313, 325], as well as in molecular beam experiments [312, 302], the recorded
line profiles do not exhibit any asymmetry. The key difference between these ex-
periments and the ones carried out in Amsterdam and Hefei lies in the utilization
of powerful intracavity standing waves for the latter. This distinction led to the
proposal of two distinct hypotheses based on the presence of standing waves near
weak resonances.

At Hefei the Fano-line shape model was further elaborated by investigating
various weak COg lines under saturation in a cavity [326]. Molecules traveling
through a standing wave were proposed to undergo periodic excitation and periodic
modulation to a far-away lying electronic state occurring simultaneously. The
combination of the two effects lead to a perturbation of the probed resonance
giving rise to a Fano-like lineshape.
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Conversely, in Amsterdam, in a saturation study of a vibrational transition in
Hs we suggest that the dipole force, enhanced by the proximity of resonance, alters
the velocity distribution of the Doppler effect, thus distorting the resulting line-
shape, especially in the presence of strong standing waves [327]. This hypothesis
draws inspiration from the seminal work of Letokhov and Chebotayev [133], where
it was proposed that molecules flying along the beam can be trapped or rather
slowed down, resulting in a peak observed at the center of the transition. Our ob-
servations on the S(0) quadrupole line of Hy illustrate the effect of a strong standing
wave probing an extremely weak line. By varying the intracavity power by two or-
ders of magnitude, the recorded spectra transition from a peak to a dispersive-like
lineshape and eventually to a symmetric Lamb-Dip at low intracavity power. From
these observations it becomes apparent that the presence of powerful intracavity
standing wave are key to contributing to the distortion of the lineshapes of the
saturated absorption spectra of HD. Future quantitative investigations, both on
the experimental as well as on the theoretical side should provide a more complete
understanding of those line shapes. Such better understanding will allow a more
accurate determination of quantum level splittings in these systems, and provide
an enhanced test of quantum electrodynamics theory in molecules.
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