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Chapter 1

Introduction

Spectroscopy is the study of the interaction of electromagnetic radiation with
matter. In the nineteenth century, early spectroscopic experiments by Fraun-
hofer observed a set of dark absorption features in the visible part of the
solar spectrum, now called 'Fraunhofer lines.” Balmer and Rydberg gave the
first mathematical description for the observed spectral lines of the hydrogen
atom. This was followed by Planck’s quantum interpretation for the observed
intensity distribution of blackbody radiation as a function of wavelength that
had led to the advent of modern spectroscopy. Planck’s quantum hypothesis
formed the basis for the Bohr model of the Hydrogen atom suggesting the
quantization of its energy level structure. According to Bohr, electromag-
netic radiation is either emitted or absorbed by an atom only when the en-
ergy of the light quantum (photon) is precisely equal to the energy difference
between two levels (E; and Ey),

|AEfi|=|Ef_Ei|=thi (1.1)

where h is Planck’s constant and vy; is the frequency of the photon. This
quantization condition forms the foundation of line-resolved spectroscopy
for understanding the structure of atomic and molecular systems. Subse-
quently, the development of quantum mechanics with the seminal works of
Heisenberg, Schrodinger, and Dirac have provided the understanding of the
internal structure of atoms and molecules. Currently, high-resolution molec-
ular spectroscopy with the aid of these theoretical frameworks unravel the
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Figure 1.1 Potential energy curve of the electronic ground state of Hyp molecule.

fundamental physics aspects embedded in the quantum level structure of
molecules.

1.1 The hydrogen molecule

H, is the simplest neutral molecule in which two protons are held together
by a surrounding charge cloud of two electrons. Quantum mechanically, the
hydrogen molecule may be described as a linear combination of atomic or-
bitals of two H(1s) atoms where the electronic state can be represented by
a unified stable bonding molecular orbital (1sog)2. According to the Heitler-
London theory for H,, the reason for the strong attraction of H atoms lies
in the exchange degeneracy that is present when the atoms are separated
at large internuclear distances due to their indistinguishable original elec-
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tronic configurations. As the two atoms approach each other within a few
Bohr radii (ap), an electron exchange interaction causes the overlap of their
wavefunctions and then leads to splitting into two states of different energies.
These exchange interactions form an attractive potential for the antiparallel
spin configuration in accordance with Pauli exclusion principle [1].

In diatomic molecules, there are two additional modes of motion i.e. vibra-
tion and rotation of the nuclei. Due to their heavy mass, the nuclei move very
slowly compared to electrons and this leads to an hierarchy in their internal
energy structure, E,,,; first electronic (E,;), then vibrational (E,;;), and fi-
nally rotational energy (E,,;), as shown in figure 1.1.

Eyor = Ee1 + Eyip + Eror (1~2)

Molecular theory predicts the existence of 302 ro-vibrational bound states
in the electronic ground state of H, before it dissociates into two individual
H-atoms. Following the Boltzmann population distribution only the first 5
rotational states have a significant probability to be populated at room tem-
perature.

1.2 Tests of molecular theory

Due to the simplicty of the hydrogen molecule, its internal electronic energy
structure can to a large extent be accounted for using first principles: start-
ing with the Born-Oppenheimer (BO) approximation [2]. The Epp term in
eq.(1.2) essentially decouples the motion of electrons from that of the nuclei,
as the fast-moving and light electrons instantaneously respond to the slower
vibrational and rotational motion of the heavy nuclei.

Ejevet = Epo+ Eap + ENap +O(p™") (1.3)

Due to the finite nuclear mass, however, electrons follow the motion of nu-
clei adiabatically, and hence the molecule remains in the same electronic
state [3]. The adiabatic term, Ep, is a correction to the BO term that is less
than three orders smaller and scales with the electron-to-nucleus mass ra-
tio, (m,/p) where p is the reduced mass of the nuclei. These mass-dependent
corrections are treated, in general, using a perturbative approach. Similarly,
the leading order non-adiabatic effects, Ey 4p, are derived from second-order
perturbation theory to quantify the coupling between electron and nuclear
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motion which is ignored in the earlier BO case [3]. O(y™") represents mass-
dependent higher nth-order corrections in non-adiabatic perturbation treat-
ment. Until this point, the molecular level structure is discussed in the
framework of non-relativistic quantum mechanics and the non-relativistic
Schrodinger equation for this four body system is numerically solved with an
accuracy of 1077 cm™! [4-6].

Despite the high degree of accuracy obtained in the non-relativistic frame-
work, electrons moving in the vicinity of nuclei should be treated relativis-
tically [7]. For the Hydrogen atom, the most probable distance between ele-
ctron and nucleus is given by

h
Meca

ap (14)
where g is the Bohr radius, 7 is the reduced Planck’s constant and c is the
velocity of light. Due to its relativistic motion, the electron’s relativistic gain
in mass increases its binding energy as it moves closer to the atomic nucleus.
Here a is the fine structure constant and can be formulated as

o2

@ 4meyhic (1.5)
where € is the permittivity of the vacuum. Apart from relativistic mass de-
pendence, there are other relativistic contributions: the interaction between
spin and orbital angular momenta of the electron, and the Darwin term
which smears the effective potential seen by the electron. For the ground state
(Is) of H-atom there is no spin-orbit coupling, but the Darwin correction is
maximum for the £ = 0 orbital [7]. These relativistic contributions were ex-
tended to a compound sytem, the hydrogen molecule and calculated by com-
puting the expectation value of the Breit-Pauli Hamiltonian operator [8, 9].
The binding energies for the rovibrational levels of the electronic ground
state, H, 12;, are slightly reduced due to the relativistic effects [8, 10]. At
this juncture, the energy levels of hydrogen molecule can be precisely ex-
pressed in terms of & [10],

Epever(@) = EQ + E?a? + E¥a® + EWat + . (1.6)

where E(¥) is the non-relativistic energy given eq. (1.3). E(?)a? is the Dirac

term which deals with relativistic and fine structure effects.
The next higher-order terms (a3E(3), a4E(4),..), in the expression (1.6) are
due to subtle quantum electrodynamics (QED) effects [11, 12]. These QED

4
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contributions arise because of the electron’s self energy and vacuum polar-
ization. The former corresponds to the emission and reabsorption of vir-
tual photons by the electron, and the latter is ascribed to the creation and
the annihilation of virtual electron-positron pairs. In a nutshell, an electron
interacts with the zero-point energy of the vacuum field that results from
the quantization of the electromagnetic field as prescribed by QED theory.
This interaction induces the electron’s position to fluctuate and modifies the
Coulomb potential experienced by the electron. For 1s atomic orbital, QED
effects slightly reduce the binding energy of the electron. This translates into
more smearing out of the electron cloud and thus a slight reduction in bind-
ing energy of rovibrational levels of H,. These effects are calculated pertur-
batively and are proportional to (Za?)a?® or simply E® a3 for the first order.
The fine structure constant «, introduced in eq.(1.5) describes the interaction
strength between photon and electron, and thus it is one of the most im-
portant dimensionless fundamental constants in nature [13]. These radiative
corrections, in general for atoms and molecules, are evaluated in the non-
relativistic formalism of QED (NRQED), as bound electrons move at consid-
erably lower velocities than that of photons. Together, relativistic and QED
effects contribute at the 107> level to the binding energy of H, for its ground
state, X(v =0,] = 0) [10].

Ever since the Heitler-London approximation, significant improvements
have been made to molecular theory. Starting with the basis wavefunctions
developed by James-Coolidge [14] and aided by rapid progress in computa-
tional power, many significant contributions have been made by Kolos [15-
17] and Wolniewicz [16, 18, 19] using first principles. The ground state
potential has been refined to include relativistic and radiative corrections. In
recent years Pachucki and coworkers have performed calculations including
higher order QED effects to the order of ma® or E(¥a® term in the expansion
(1.6) which accounts for the two-loop self energy term [20, 21].

The quest for accurate calculations has been stimulated by tremendous
strides in ever increasing experimental precision. Ever since the advent of
laser-based spectroscopic measurements, experimental precision has outpaced
theoretical accuracy. For example, in the case of dissociation energy Dy(H,),
there has been an excellent agreement between precision spectroscopic mea-
surements and ab initio calculations up to a few p.p.b. level [22]. The expe-
rimental accuracy, in that case, was an order better than then existing theo-
retical uncertainty. Later, experimental investigations also quantified rela-
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tivistic, and QED contributions in the progression of rotational quantum
states (J = 0 —16) in the vibrational ground (v = 0) state of H, [23] and were
found to be in good agreement with theory. Precision spectroscopic mea-
surements were further extended to measure the fundamental vibrational
splitting (v = 0 — 1) of hydrogen and its deuterated isotopologues and the
measurements coincide within 1o uncertainty with ab initio calculations at
2x107* cm™! level [24]. At this level of agreement, molecular theory attempts
to address queries related to physics beyond the Standard Model, which is
briefly explained in the following section.

This thesis work extends the precision spectroscopic measurements on
the H, molecule in two different directions: (i) probing the quantum states
at large internuclear separation ~ 4 a.u., and (ii) probing the fundamental
vibrational quantum splitting of its heaviest isotopologue, T5.

1.3 Search for physics beyond the Standard Model

The Standard Model of physics provides a theoretical description for funda-
mental particles and how they interact via the fundamental forces in nature
i.e. electromagnetic, strong and weak interactions. The gravitational interac-
tion is not included within this framework. The gravitational force between
two protons is negligible and is 1037 times weaker than electromagnetic force
between them. The strong interactions are confined to nuclear length (femto-
meter) scales and can be completely ignored at Angstrom length scales corre-
sponding to molecular bond lengths. However, the nuclear spin (Iy) interacts
with that of the electrons leading to hyperfine splitting of energy levels. In
addition to this, the finite nuclear size or nuclear charge radius effects also
modify the wavefunction of the electron due its non-zero probability inside
the nucleus and causes a shift in its binding energy [25]. These nuclear struc-
ture effects contribute in the order of 107 cm™! to the rovibrational level
energies of H, [10]. The weak interaction, which influences fermions in SM
contributes only at the Hz level in electronic transitions for the hydrogen
atom and are assumed to contribute in similar order for H, [26].

The molecular theory that is explained in the previous section, has been
developed in the framework of NRQED which works in the realm of electro-
magnetic interactions. Precision molecular spectroscopic studies on rovibra-
tional level energies of neutral hydrogen molecules and its deuterated iso-
topologues are in excellent agreement with ab initio calculations and provide
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a stringent test on applicability of quantum electrodynamics in chemically
bound systems [22, 24, 27]. In other words, these studies serve as test of
the Standard Model of physics at atomic length scales. In most of the cases
the discrepancy between experiment and calculations (AE) has been verified
to be less than the quadrature (9E) of combined uncertainties in experiment
(0E,xp) as well as theory (0Ecq.) [28].

OF = \J0E2 + OE2,,. wL.7)

AE < 6E

With this conclusion, 6E can serve as a limit to constrain effects of physics
beyond Standard Model.

The manifestation of a hypothetical fifth force between two hadrons can
be parameterized using a Yukawa-like potential [29]

exp(—R/As)

= hic (1.8)

V5(R) = asN1N,
where a5 is the coupling strength of this force analogous to the previously
described fine structure constant, «, for electromagnetic interactions and A
is the range of the interaction. Using interpretations of quantum field the-
ory, this force is mediated by the exchange of a hypothetical force-carrying
bosonic particle of mass ms5 = h/Asc. Ny and N, represent the nucleon num-
bers for each hadron. For example, N = 1 for the proton, N = 2 for the
deuteron, and N = 3 for the triton. The latter makes the tritium molecule
(T,) a more sensitive test ground than the lighter isotopologues.

Interactions of this kind can be anticipated between two hadronic nuclei
that are bound on the Angstrom scale within a simple diatomic molecule like
H, and its isotopologues. The expectation value of a fifth force on the energy
of molecular state 1, ;(R) can be expressed as

(V5(R)) = asN No(Y))he (1.9)
where
(Y1) =y (R) w |7 (R)) Fic (1.10)

and R is the inter-hadronic or internuclear distance. The expectation values
can be numerically evaluated for various rovibrational levels using the ex-
act wavefunctions 1,;(R) developed by Pachucki and co-workers [8, 10, 30].

7
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Fifth force contributions to molecular transition frequencies (AY)) are ob-
tained by taking the differences in expectation values for ground (i, ~;7(R))
and excited states (i,/;-(R)). The difference between the precision spectro-
scopic measurement and ab initio calculations for the transition energy can
be used to limit the contribution to a fifth force. Constraints on its coupling
strength can be formulated as
OF

< S
Based on the combined analysis of various molecular transitions, at present,
the fifth forces are constrained to be at least a billion times weaker than
electromagnetic force, i.e. as/a <1077 [28, 29]. Suggestions have been made
to expand the parameter space and improve the sensitivity and hence derive
tighter constraints [31].

as (1.11)

1.4 Outline and summary of the thesis

In this thesis Chapter 2 focusses on precision measurements on large ampli-
tude vibrations of nuclei, especially on the Xl)Z;,r(v = 11) state of Hy. Due
to the proximity of these vibrational levels to the excited electronic states,
the non-adiabatic contributions increase by more than an order compared
to that for the vibrational ground state X(v = 0) [10, 32]. This also leads to
higher theoretical uncertainties, which are greater than 5 x 1073 cm™!, for the
binding energies of v = 8§ — 11 compared to those of 1 x 1073 cm™! for v = 0.
Due to the lack of an electric dipole moment in homonuclear molecules like
H,, these states cannot be populated by direct optical means. Instead, we
employ photochemical routes to generate vibrationally-hot neutral hydrogen
molecules [33]. It has been demonstrated that two-photon photodissociation
of H,S molecule at 290 nm produces Hj(v = 10 — 14) among other pathways.
Subsequently, the nascent photoproduct H}(v) is subjected to the high reso-
lution 2 + 1 Doppler-free REMPI spectroscopy on F — X electronic transitions
to determine accurate level energies for X,v = (11,]), similar to earlier stud-
ies [23, 24, 34]. These experimental results are in 10 agreement with first
principle calculations including relativistic and QED contributions, while
the achieved experimental accuracy (~ 45 MHz) is three times better than
that of the calculations [35].

Chapter 3 revisits the precision measurements on E,F — X transitions in
H, at an internuclear separation of R ~ 4 a.u. This chapter describes the pre-

8
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liminary preparation step, i.e., the photolysis of the precursor molecule, and
the final detection stage of resonant ionization scheme. The photofragment
imaging method is implemented for the photodissociation of H,S to under-
stand the quantum state specific kinetics of photoproducts. An approach
to determine the vibrational quantum specifics of H}(v) from the velocity
map imaging of HJ ions produced in the REMPI scheme is presented. The
role of autoionization resonances to greatly reduce the ac-Stark effect in 2+ 1
REMPI precision spectroscopic measurements, and to assign few unknown
F — X transitions using the combinational differences is explained. Finally,
the chapter attempts to understand the Rydberg structure of H, at R > 4 a.u.
from the autoionization spectra recorded from a doubly excited outer-well
state for the first time. The interpretation of the high lying molecular Ry-
dberg level structure covered by present studies would require extensions
to the multichannel quantum defect theory (MQDT) to provide a numerical
simulation of photoionization spectra..

In Chapter 4 and 5, precision studies are extended to the fundamental
vibrational tone of the tritium molecule, the heaviest and radioactive iso-
topologue of hydrogen. Spectroscopic investigations on a T, gas sample are
facilitated by a collaboration between VU-LaserLaB Amsterdam and Karl-
sruhe Institute of Technology (KIT), Germany. Unlike studies in the previ-
ous chapters, molecular beam methods cannot be implemented for T, due to
its radioactive nature. Like H,, T, also does not possess an electric dipole
moment, and thus, the non-linear spectroscopic technique of Coherent Anti-
Stokes Raman Spectroscopy (CARS) is employed to measure its fundamental
vibrational splitting (v = 0 — 1). Chapter 4 discusses the importance of spec-
troscopic measurements on T;, handling of a tritium gas cell and recording of
its CARS spectrum using a broadband pulsed dye laser (PDL) source. Tran-
sition energies Q(J = 0 — 5) are determined with an accuracy of 0.02 cm™,
which is a fivefold improvement over earlier studies on T, and are in good
agreement with nonrelativistic calculations [36]. Further improvement to
these transitions is achieved by implementing high resolution CARS studies
using a transform-limited narrowband pulsed dye amplifier (PDA) system.
These are described in Chapter 5. Line positions are determined with an
experimental uncertainty of 4x10™* cm™! through careful application of fre-
quency calibration procedures and systematic analysis of the ac-Stark effect.
This unprecedented accuracy enables us for the retrieval of relativistic and
QED effects in the fundamental vibration of T, experimentally for the first
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time [37]. These studies provide an impetus for ab initio molecular theory
which is yet to account for relativistic and radiative effects for tritiated iso-
topologues.

In addition spectroscopic investigations on these two different systems
(H, and T,) does not only provide a stringent test on QED theory, but also
help to increase the parameter space for searching for physics beyond Stan-
dard Model as explained in section 1.3. The precision measurements on
X(v = 11) of H,, corresponding to the vibrational splitting of Av = 11 or
v = 0 — 11 transition would show better sensitivity for probing fifth force
contributions ((AVs5) x AY},) compared to those on the fundamental vibration
splitting v = 0 — 1. This is because in the former case the spatial extential of
the wavefuction is increased by more than a factor five from the equilibrium
position [29]. The splitting v = 0 — 11 is observed to be consistent with QED
theory from the molecular theory based on the average deviation over four
rovibrational levels (AE ~ SE ~ 0.0056 cm™!). When it comes to T, the in-
herent sensitivity for hypothetical fifth forces is increased by almost an order
of magnitude compared to H, following the equation (1.8) where NN, =9
with the addition of two nucleons on each triton nucleus. However, at this
moment tests for new physics on T, are hampered due to the lack of fully
relativistic calculations.

Finally, Chapter 6 discusses perturbations in diatomic molecules due to
non-Born-Oppenheimer vibronic interactions among different electronic sta-
tes. The CO molecule has become the benchmark system for understanding
these effects. A detailed analysis of various perturbations in the A'TI(v = 0)
state of 12C!'80 molecule is presented. Accurate level energies of A'TT(v = 0)
and B!Y*(v = 0) are determined by employing three complementary spec-
troscopic methods —(i) Doppler-free two-photon laser on A'TT - X!%*(0,0)
band (VU-LaserLaB Amsterdam), (ii) Fourier- transform emission spectro-
scopy in the visible range on B'X* — A'T1(0,0) band (University of Rzeszow,
Poland), and (iii) One photon Fourier-transform absorption spectroscopy in
the VUV range on A — X(0,0) and B — X(0 — 0) bands (SOLEIL synchrotron,
France). Many optically forbidden extra/perturber lines are identified due to
spin-orbit and rotational-electronic (L-uncoupling) interaction of A'IT state
with triplet states, d3A, 3%, and a3X*. The deperturbed the term origin
of A'TI(v = 0) is determined with a precision of 0.001 cm™! which can be
compared with the isotope shift in A — X(0,0) band of other isotopologues
[38-43].

10



Chapter 2

Precision measurements and test of molecular
theory in highly-excited vibrational states
of H, (v=11)

Abstract

Accurate EF! 5- x! ¥§ transition energies in molecular hydro-
gen were determined for transitions originating from levels with
highly-excited vibrational quantum number, v = 11, in the ground
electronic state. Doppler-free two-photon spectroscopy was applied
on vibrationally excited H’,, produced via the photodissociation of
H,S, yielding transition frequencies with accuracies of 45 MHz or
0.0015 cm~!. An important improvement is the enhanced detec-
tion efficiency by resonant excitation to autoionizing 7pm electronic
Rydberg states, resulting in narrow transitions due to reduced ac-
Stark effects. Using known EF level energies, the level energies of
X(v =11,] = 1,3 -5) states are derived with accuracies of typically
0.002 cm~!. These experimental values are in excellent agreement
with, and are more accurate than the results obtained from the most
advanced ab initio molecular theory calculations including relativis-
tic and QED contributions.



2 Precision measurements and test of molecular theory in Hy (v =11)

2.1 Introduction

The advance of precision laser spectroscopy of atomic and molecular sys-
tems has, over the past decades, been closely connected to the development
of experimental techniques such as tunable laser technology [44], saturation
spectroscopy [45], two-photon Doppler-free spectroscopy [46], cavity-locking
techniques [47], and ultimately, the invention of the frequency comb laser
[48], developments to which Prof. Theodore Héansch has greatly contributed.
These inventions are being exploited to further investigate at ever-increasing
precision the benchmark atomic system — the hydrogen atom, evinced by
the advance in spectroscopic accuracy of atomic hydrogen measurements by
more than seven orders of magnitude since the invention of the laser [49].
The spectroscopy of the 1S-2S transition in atomic hydrogen, at 4 x 1071°
relative accuracy [50], provides a stringent test of fundamental physical the-
ories, in particular quantum electrodynamics (QED). Currently, the theoret-
ical comparison to precision measurements on atomic hydrogen are limited
by uncertainties in the proton charge radius r,. The finding that the r,-value
obtained from muonic hydrogen spectroscopy is in disagreement by some
7-0 [51] is now commonly referred to as the proton-size puzzle.

Molecular hydrogen, both the neutral and ionic varieties, are benchmark
systems in molecular physics, in analogy to its atomic counterpart. Present
developments in the ab initio theory of the two-electron neutral H, molecule
and the one-electron ionic H} molecule, as well as the respective isotopo-
logues, have advanced in accuracy approaching that of its atomic counterpart
despite the increased complexity. The most accurate level energies of the en-
tire set of rotational and vibrational states in the ground electronic state of
H, were calculated by Komasa et al. [10]. An important breakthrough in
these theoretical studies was the inclusion of higher-order relativistic and
QED contributions, along with a systematic assessment of the uncertainties
in the calculation. Recently, further improved calculations of the adiabatic
[5] as well as non-adiabatic [52] corrections have been performed, marking
the steady progress in this field.

In the same spirit as in atomic hydrogen spectroscopy, the high-resolution
experimental investigations in molecular hydrogen are aimed towards con-
fronting the most accurate ab initio molecular theory. For the H} and HD*
ions, extensive efforts by Korobov and co-workers over the years, have re-
cently led to the theoretical determination of ground electronic state level en-

12
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ergies at 0.1 ppb accuracies [53]. The latter accuracy enables the extraction of
the proton-electron mass ratio, #,/m,, when combined with the recent HD*
spectroscopy using a laser-cooled ion trap [54]. These are currently at lower
precision than other methods but prospects exist that competitive values can
be derived from molecular spectroscopy. Similarly Karr et al. [55] recently
discussed the possibility of determining R, using H} (or HD") transitions as
an alternative to atomic hydrogen spectroscopy. Even for the neutral system
of molecular hydrogen, the determination of r, from spectroscopy is pro-
jected to be achievable, from the ongoing efforts in both calculation [4] and
experiments [28]. Molecular spectroscopy might thus be posed to contribute
towards the resolution of the proton-size puzzle.

In contrast to atomic structure, the added molecular complexity due to
the vibrational and rotational nuclear degrees of freedom could constitute
an important feature, with a multitude of transitions (in the ground elec-
tronic state) that can be conscripted towards the confrontation of theory and
experiments. From both experimental and theoretical perspectives, this mul-
tiplicity allows for consistency checks and assessment of systematic effects.
In recent years, we have tested the most accurate H, quantum chemical cal-
culations using various transitions, for example, the dissociation limit Dy or
binding energy of the ground electronic state [22]; the rotational sequence in
the vibrational ground state [23]; and the determination of the ground tone
frequency (v = 0 — 1) [24]. The comparisons exhibit excellent agreement
thus far, and have in turn been interpreted to provide constraints of new
physics, such as fifth-forces [29] or extra dimensions [56].

Recently, we reported a precision measurement on highly-excited vib-
rational states in H, [32]. The experimental investigation of such highly-
excited vibrational states probe the region where the calculations of Komasa,
Pachucki and co-workers [10] are the least accurate, specifically in the v =
6 — 12 range. The production of excited H} offers a unique possibility on
populating the high-lying vibrational states, that would otherwise be practi-
cally inaccessible by thermodynamic means (corresponding temperature of
T ~47,000 K for v =11).

Here, we present measurements of level energies of v = 11 rovibrational
quantum states that extend the spectroscopy in Ref [32] and that implement
improvements, leading to a narrowing of the resonances. This is achieved
by the use of a resonant ionization step to molecular Rydberg states, thereby
enhancing the detection efficiency significantly. The enhancement allows for

13
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the use of a low intensity spectroscopy laser minimizing the effect of ac-Stark
induced broadening and shifting of lines. The ac-Stark effect is identified
as the major source of systematic uncertainty in the measurements, and a
detailed treatment of this phenomenon is also included in this contribution.

2.2 Experiment

The production of excited H, from the photodissociation of hydrogen sul-
fide was first demonstrated by Steadman and Baer [33], who observed that
the nascent H’, molecules were populated at predominantly high vibratio-
nal quanta in the two-photon dissociation of H,S at UV wavelengths. That
study used a single powerful laser for dissociation, for subsequent H, spec-
troscopy, and to induce dissociative ionization for signal detection. Niu et
al. [32] utilized up to three separate laser sources to address the production,
probe, and detection steps in a better controlled fashion. The present study,
targeting Hy(v = 11) levels, is performed using the same experimental setup
as in Ref. [32], depicted schematically in Fig. 3.2. The photolysis laser at
293 nm, generated from the second harmonic of the output of a commer-
cial pulsed dye laser (PDL) with Rhodamine B dye, serves in the production
of H} by photolysing H,S. The narrowband spectroscopy laser radiation at
around 300—-304 nm is generated by frequency upconversion of the output of
a continuous wave (cw)-seeded pulsed dye amplifier system (PDA) running
on Rhodamine 640 dye. The ionization laser source at 302—-305 nm, from the
frequency-doubled output of another PDL (also with Rhodamine 640 dye),
is used to resonantly excite from the EF to autoionizing Rydberg states to
eventually form HJ ions. This 2 + 1’ resonance-enhanced multiphoton ion-
ization (REMPI) scheme results in much improved sensitivities compared to
our previous study [32].

The H,S molecular beam, produced by a pulsed solenoid valve in a source
vacuum chamber, passes through a skimmer towards a differentially pumped
interaction chamber, where it intersects the laser beams perpendicularly. The
probe or spectroscopy laser beam is split into two equidistant paths and
subsequently steered in a counter-propagating orientation, making use of a
Sagnac interferometer alignment for near-perfect cancellation of the residual
first-order Doppler shifts[57]. Moreover, the probe laser beams pass through
respective lenses, of f = 50-cm focal length, to focus and enhance the probe
intensity at the interaction volume. Finally, the ionization beam is aligned
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Figure 2.1 Schematic of experimental setup indicating the three main radiation
sources: the photolysis laser at 293 nm for HY, production from H;S dissociation; the
probe laser from a narrowband dye amplifier (PDA) for the EF — X spectroscopy tran-
sition; and the ionization laser for resonant H} ion production, subsequently detected
as signal. Doppler-free two-photon excitation is facilitated by the Sagnac interfero-
metric alignment of the counter-propagating probe beams. Absolute frequency cali-
bration is performed with respect to I, hyperfine reference lines, aided by the relative
frequency markers from the transmission fringes of a length-stabilized Fabry-Pérot
etalon. The frequency offset between the cw-seed and PDA pulse output, induced by
chirp effects in the dye amplifier, is measured and corrected for, post-measurement.
[ew: continuous wave; PDL: pulsed dye laser; 2w: frequency-doubling stage; TOF:
time-of-flight region; MCP: multichannel plates; PMT: photomultiplier tube]
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2 Precision measurements and test of molecular theory in Hy (v =11)

in almost co-linear fashion with the other laser beams to ensure maximum
spatial overlap. To avoid ac-Stark shifts during the spectroscopic interroga-
tion, induced by the photolysis laser (~ 6 m] typical pulse energy; ~ 10-ns
pulse duration), a 15-ns delay between the photolysis and probe pulses is es-
tablished with a delay line. For a similar reason, the ionization pulse (~ 1 m]
typical pulse energy; ~ 10-ns pulse duration) is also delayed by 30 ns with
respect to the probe pulse. The 1 m] ionization pulse energy is sufficient for
saturating the ionization step.

The ions produced in the interaction volume are accelerated by ion lenses,
further propagating through a field-free time-of-flight (TOF) mass separa-
tion region before impinging on a multichannel plate (MCP) detection sys-
tem. Scintillations in a phosphor screen behind the MCP are monitored by
a photomultiplier tube (PMT) and a camera, culminating in the recording
of the mass-resolved signals. In the non-resonant ionization step as in Ref.
[32], predominantly H* ions were produced and were thus used as the signal
channel for the EF — X excitation. In contrast, the resonant ionization scheme
employed here predominantly produces HJ ions. In addition to the enhance-
ment of sensitivity, the H} channel offers another important advantage as it
is a background free channel, whereas the H" channel includes significant
contributions from H,S, as well as SH, dissociative ionization products. To
avoid dc-Stark effects on the transition frequencies, the acceleration voltages
of the ion lens system are pulsed and time-delayed with respect to the probe
laser excitation.

Niu et al. [32] confirmed the observation of H, two-photon transitions
in various EF — X (v’,10-12) bands, first identified by Steadman and Baer
[33], but only for transitions to the outer F—well of the EF electronic poten-
tial in H,. Franck-Condon factor (FCF) calculations, to assess the transition
strengths of the photolysis-prepared levels of X(v”) to levels in the combined
inner (E) and outer (F) wells of the EF double well potential, were performed
by Fantz and Wiinderlich [58, 59]. While Niu et al. [32] performed precision
measurements probing the X(v” = 12) levels, presently X(v” = 11) levels are
probed. Note that for the excited state two different numberings of vibra-
tional levels exist: one counting the levels in the combined EF well, and the
other counting the levels in the E and F wells separately. Then EF(v’ = 5)
corresponds to F(v' = 3), while EF(v” = 1) corresponds to F(v’ = 0). In the
following, we will refer to the vibrational assignments following the F-well
notation. The FCF for the F — X(3,12) band, used in Ref. [32], amounts to
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Figure 2.2 Potential energy diagram showing the relevant Hj electronic states in the
2 + 1’ REMPI study. Two-photon Doppler-free spectroscopy is applied on the F — X
(0,11) band. Resonant excitation to the 7pm state by the detection laser follows the
spectroscopic excitation, leading to subsequent autoionization yielding enhanced Hj

ion signal.
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2 Precision measurements and test of molecular theory in Hy (v =11)

0.047 [59] and that of the presently used F — X(0,11) band amounts to 0.17,
making the latter band’s transitions three times stronger.

2.2.1 Resonant ionization

The non-resonant ionization step was the major limitation in [32], since this
prohibits the spectroscopy to be carried out at sufficiently low probe laser
intensities. Due to ac-Stark effects, the lines were broadened to more than 1
GHz, while the expected instrumental linewidth is less than 200 MHz. More-
over, at higher probe intensities asymmetric line profiles are observed, reduc-
ing the accuracy of the line position determination and ultimately limiting
the ac-Stark extrapolation to the unperturbed line position.

While signal improvement was observed when employing a detection laser
in the range between 202-206 nm in Ref. [32], the enhancement was limited
since no sharp resonances were found, indicating excitation to some contin-
uum. For the present study, a thorough search for resonances from the F state
was undertaken. The npw and npo Rydberg series, with principal quantum
number n = 5-7 were identified as potential candidates based on the FCFs for
the outer F-well. The search was based on reported FCFs for the D'IT,, —F! )8
(v',1) bands[59]. It was further assumed that the FCFs for the np7 'IT, —F' £
electronic systems are comparable to that of 3pr D!TT,, — Flzg, since the po-
tential energy curves for the npm 'TT, Rydberg states are similar as they all
converge to the H ionic potential. Note the particular characteristic of the
n =5-7 np!Tl, Rydberg states, that dissociate to a ground state atom and
another with a principal quantum number H(n—1), i.e. 5pt — H(1s) + H(4f);
6prt — H(1s) + H(5f); 7pt — H(1s) + H(6d) [60-62]. The electron configura-
tion changes as a function of the internuclear distance R, e.g. the low vibra-
tional levels of the 5p 'TI, follow a diabatic potential that extrapolates to the
n =5 limit, and not the n = 4 dissociation limit at R — oco. This peculiarity is
explained by I-uncoupling [63], as the molecule changes from Hund’s case b
(Born-Oppenheimer) to Hund’s case d (complete nonadiabatic mixing) with
increasing principal quantum number, corresponding to the independent nu-
clear motion of the residual ion core HY and the excited Rydberg electron np.
Such transition in Hund’s cases occurs at n ~ 7 for low rotational quantum
numbers [61].

The npr 'T1, Rydberg states decay via three competing channels: by flu-
orescence to lower n electronic configurations; by predissociation, where the
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nascent H atom is further photoionized to yield H* ions; and lastly, by au-
toionization to yield H ions. Recent analysis of one-photon absorption mea-
surements using XUV synchrotron radiation in the range of 74-81 nm demon-
strated that autoionization completely dominates over the other two com-
peting channels in the case of n > 5[64]. Using the n = 5— 7 level energies
of the Rydberg levels reported in [60—62], the detection laser was scanned
in the vicinity of the expected transition energies, where it turned out that
transitions to 7p7, v = 5 resulted in sufficient H; signal enhancement. The
maximum FCF overlap for the D'TT, —F' T system is 0.34 for the (8,0) band,
while the corresponding D — F (5,0) band only has an FCF of 0.022 [59]. Al-
though the (8,0) band with better FCF could be used, the ionization step is
already saturated using the weaker (5,0) band. Autoionization resonances are
shown in Fig. 2.3 and assigned to R(3) and P(4) lines in the 7p7 'TT,, - Flzg
(5,0) bands, whose widths are in good agreement with the synchrotron data
[60]. The neighboring resonances of the R(3) line in Fig. 2.3 are not yet as-
signed but is not relevant to the F—X investigation here. Appropriate 7prt—F
transitions are used for the ionization of particular F — X two-photon Q(J)
transitions.

2.2.2 Frequency calibration

A representative high-resolution spectrum of the F!X{-X'XF (0,11) Q(5)
transition taken at low probe intensity is displayed in Fig. 2.4. Simultane-
ous with the H; spectroscopy, the transmission fringes of the PDA cw-seed
radiation through a Fabry-Pérot interferometer were also recorded to serve
as relative frequency markers, with the free spectral range of FSR=148.96(1)
MHz. The etalon is temperature-stabilized and its length is actively locked
to a frequency-stabilized HeNe laser. The absolute frequency calibration is
obtained from the I, hyperfine-resolved saturation spectra using part of the
cw-seed radiation. For the Q(5) line in Fig. 2.4, the I, B—X(11,2) P(94) transi-
tion is used, where the line position of the hyperfine feature marked with an
*is 16482.83312(1) cm™! [65, 66]. The accuracy of the frequency calibration
for the narrow H, transitions is estimated to be 1 MHz in the fundamental or
4 MHz in the transition frequency, after accounting for a factor of 4 for the
harmonic up-conversion and two-photon excitation.

For sufficiently strong transitions probed at the lowest laser intensities,
linewidths as narrow as 150 MHz were obtained. This approaches the Fourier-
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Figure 2.3 Autoionizing R(3) and P(4) resonances of the 7pm I, - Fl):; (5,0) band
which are crucial in enhancing the H} signal strength of the F — X spectroscopy .

transform limited instrumental bandwidth of 110 MHz, for the 8-ns pulse
widths at the fundamental, approximated to be Gaussian, that also includes a
factor two to account for the frequency upconversion. The narrow linewidth
obtained demonstrates that despite of the photodissociation process impart-
ing considerable kinetic energy on the produced Hj, additional Doppler-
broadening is not observed. Although not unexpected due to the Doppler-
free experimental scheme implemented, this strengthens the claim that resid-
ual Doppler shifts are negligible.

Since the frequency calibration is performed using the cw-seed while the
spectroscopy is performed using the PDA output pulses, any cw—pulse fre-
quency offset need to be measured and corrected for [67]. A typical recording
of the chirp-induced frequency offset for a fixed PDA wavelength is shown
in Fig. 2.5. While the measurements can be done online for each pulse, this
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Figure 2.4 Recording of the Fl):g —Xl)ig (0,11) Q(5) transition is shown at a probe

laser intensity of 280 MW/cm? and detection in the HY signal channel. The transmis-
sion markers of a length-stabilized Fabry-Pérot etalon (FSR=148.96 MHz) are used
in the relative frequency calibration, while the hyperfine feature marked with * of
the I B — X(11,2)P(94) transition serves as an absolute frequency reference (* at
16482.83312 cm™).

comes at the expense of a slower data acquisition speed, and was only imple-
mented for a few recordings in order to assess any systematic effects. A flat
profile of the cw-pulse offset when the wavelength was tuned over the mea-
surement range accessed in this study justifies this offline correction. Typical
cw—pulse frequency offset values were measured to be —8.7(1.2) MHz in the
fundamental, which translates to —35(5) MHz in the transition frequency.
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2 Precision measurements and test of molecular theory in Hy (v =11)

2.2.3 Uncertainty estimates

The sources of uncertainties and the respective contributions are shown in
Table 2.1. The contributions of each source are summed in quadrature in or-
der to obtain the final uncertainty for each transition. Data sets from which
separate ac-Stark extrapolations to zero-power were performed on different
days, and were verified to exhibit consistency within the statistical uncer-
tainty of 0.0014 cm~!. Note that the estimates shown in Table 2.1 are only
for the low probe intensity measurements used to obtain the highest reso-
lutions. The uncertainties of the present investigation constitute more than
a factor of two improvement over our previous study in [32]. The dominant
source of systematic uncertainty is the ac-Stark shift and is discussed in more
detail in the following section.
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Figure 2.5 Chirp-induced cw—pulse frequency offset of the fundamental radiation for
a fixed PDA wavelength. The solid line indicates the average and the dashed lines
indicate the standard deviation.
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2.3 AC-Stark shift and broadening

In the perturbative regime, the leading-order energy level shift AE, of a state
|n) induced by a linearly-polarized optical field with an amplitude &j, and
frequency v can be described as

(gl - 50|m)<m|ll 50|”>
ZZ«{ —-E,, —hv

2.1
E,—E,+hv (2.1)

=

(IR - &g lmym 72 - & |n>},
where (n|u|m) is the transition dipole moment matrix element between states
n and m, with an energy E,, for the latter [68]. Thus AE, has a quadratic de-
pendence on the field, or a linear dependence on intensity for this frequency-
dependent ac-Stark level shift. In a simple case, when there is one near-
resonant coupling to state m whose contribution dominates AE,, the sign
of the detuning with respect to transition frequency v,,, = |E, — E,,|/h de-
termines the direction of the light shifts with intensity. When the probing
radiation is blue-detuned, i.e. v > v,,,,, the two levels |n) and |m) shift toward
each other, while for red-detuning, v < v,,,,, the levels repel each other. In
the case when all accessible states are far off-resonant, both terms in Eq. (2.1)
contribute for each state m, and numerous m-states need to be included in
the calculations to explain the magnitude and sign of AE,.. The energy shifts
of the upper (AE,) and lower (AE;) levels in turn translate into an ac-Stark
shift,

hos = al, (2.2)

where «a is the ac-Stark coefficient. The measured transition energy is hv =
hvg + al, where vy = |E,, — E;|/h is the unperturbed (zero-field) transition fre-
quency. The ac-Stark coefficient @ depends on the coupling strengths of the
|u) and |I) levels to the dipole-accessible |m) states, as well as the magnitude
and sign of the detuning. We note that in a so-called magic wavelength config-
uration, the frequency v is selected so that the level shifts of the upper and
lower states cancel out, leading to ac-Stark free transition frequencies [69].
The first experimental study of ac-Stark effects in molecules associated
with REMPI processes was performed by Otis and Johnson on NO [70]. The
broad ac-Stark-induced features in NO were later explained in the extensive
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Table 2.1 Uncertainty contributions in units of 1073 cm™1.

Source Correction  Uncertainty
line-fitting - 0.5
ac-Stark ? - 1.0
frequency calibration - 0.3
cw—pulse offset -1.2 0.2
residual Doppler 0 <0.1
dc-Stark 0 <0.1
total 1.5

2 correction depends on transition

models by Huo et al. [71]. An investigation of ac-Stark effects on two-photon
transitions in CO was performed by Girard et al. [72]. For molecular hy-
drogen, various studies have been performed on the two-photon excitation
in the EF — X system over the years [24, 34, 73-75]. In the following, we
present our evaluation of the ac-Stark effect in F — X (0,11) transitions where
we first discuss line shape effects. This is followed by a discussion on the ac-
Stark coefficients extracted from the analysis and comparisons with previous
determinations on the EF — X system.

2.3.1 Line shape model

The line profiles of the F-X (0,11) Q(3) transition, recorded at different probe
laser intensities, are displayed in Fig. 2.6. The ac-Stark broadening and asym-
metry is readily apparent at higher intensities, and only at low intensities can
the profile be fitted by a simple Gaussian line shape. Note that the shift in
peak position at the highest probe intensity amounts to several linewidths of
the lowest-intensity recording.

The asymmetry at high intensities is highly problematic with regards to
the extraction of the line positions. In our previous study [32], a skewed
Gaussian function g(f) was used to fit the spectra,

_(f _ 2
() =%exp[—(f2r2fc’ ]
G

x{l +erf(c§ f\/_;—rf;)} (2.3)
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Figure 2.6 Line profiles of the F — X (0,11) Q(3) transition recorded at different probe
laser intensities. The vertical lines above each profile denote the peak position used
in the subsequent extrapolation.

where f. is the Gaussian peak position in the absence of asymmetry, I;; is
the linewidth, A is an amplitude scaling parameter and ¢ is the asymmetry
parameter. The center f. of the error function, erf(f), is arbitrarily chosen
to coincide with the Gaussian center. For sufficiently high intensities, a sat-
isfactory fit is only possible if a linear background B(f) is added, and thus
a revised fitting function, ¢’(f) = g(f) + B(f), is used. This phenomenolog-
ical fit function resulted in better fits than symmetric Lorentzian, Gaussian
or Voigt profiles. However, since it does not include any consideration of the
underlying physics, the interpretation of the extracted f, and & parameters,
as well as the background B(f), is not straightforward. The energy position
of the skewed profile maximum, instead of f, is used as the ac-Stark shifted
frequency in the subsequent extrapolations.
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Figure 2.7 F — X (0,11)Q(3) transition taken at high probe intensity (9.4 GW/cm?)
fitted with a skewed Gaussian (red solid line), with the fitted linear background in-
dicated by the black dashed line. The fitted curve for line shape model is plotted as
the blue solid line, which includes the effects of spatial and temporal intensity dis-
tribution. The red vertical line above the profile indicates the line position for the
skewed Gaussian fit, while the blue vertical line indicates position shifted by 6 ob-
tained from the line shape model. For comparison, the f. parameter obtained from
skewed Gaussian fitting is also indicated (dotted red line).

A more physically-motivated asymmetric line shape function was derived
by Li et al. [76] for the analysis of multiphoton resonances in the NO A2X* —
X 2T1(0,0) band. Their closed-form line shape model accounted for effects of
the spatial and temporal distributions of the light intensity. Here, we repro-
duce their line shape as a function of o, = v — vy, the laser frequency shift
from the zero-field line position

[ S
In (2
S(50,T, ;) :Kjdé’mnTWG(r,é’—éL), (2.4)
0

where ¢ is the maximum ac-Stark shift induced at the peak intensity I;. K
contains the dependence on the temporal profile, as well as the transverse
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(Gaussian beam profile) and longitudinal intensity (focused) distribution,
parametrized in [76] as
K(x) =[0.6366/x +2.087¢*/2
-1
—e/2(1.087 +0.90x + 0.45x + 0.3x%)| . (2.5)

G is a Gaussian distribution with full width at half maximum (FWHM) T,

1 2VIn2
G(T,o —o;)=—= V1

Vi T
2
Xexp[_(Z\/ln_2) (6'—6L)2], (2.6)

that accounts for other sources of line broadening, such as the spectral width
of the laser or natural linewidth. The parameter x = 1.189 is a normalization
factor which ensures that

JS((‘)O,F, 5p)ddy =1 (2.7)

for any I' and 0g. It appears that the spatial and temporal intensity distribu-
tion were also treated in the investigations of Huo et al. [71] and Girard et
al. [72], but the expressions were not explicitly given. When comparing dif-
ferent probe intensity recordings, the normalized profile given by Eq. (2.4),
should be multiplied by a factor that scales with light intensity as ~ 12, with
the exact form given in Ref. [76]. Note that the error function in the skewed
Gaussian model of Eq. (2.3) effectively captures the result of the integration
in Eq. (2.4). However, the physical interpretation of the f. and & parameters
from the skewed Gaussian model is ambiguous, while the background, B(f),
is an ad hoc addition.

Li et al. [76] presented intuitive explanations of qualitative behavior of
the line profile at two extreme cases: 1) of a perfectly collimated probe beam
and 2) of a conically-focused beam. In case 1) the laser intensity is spatially
homogeneous, so that the temporal intensity distribution is the dominant
effect. Almost all contribution to the resonant excitation comes from the peak
of the pulse, causing the line peak position to be shifted by almost 0y. In
case 2) the strongly inhomogeneous spatial intensity plays the dominant role,
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and molecules located at the focus, having the highest Stark shift 6y, have
a smaller contribution relative to those from the entire interaction volume.
The majority of the excited molecules come from a region of low intensities
outside the focus, therefore the integrated line profile is only slightly shifted
from the field-free resonance. Our experimental conditions lie in between
these two cases, where a loose focus is implemented and a molecular beam,
that overlaps to within a few Rayleigh ranges of the laser beam, is employed.

® Gauss
O skewed Gauss
o line shape model
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0 500 1000 1500 2900 2500 3000
intensity (MW/cm®)

Figure 2.8 Extracted line positions of the F — X (0,11)Q(3) transition from measure-
ments at different probe laser intensities. Squares (blue) are obtained from fits using
the line shape model of Eq. (2.4), while circles (red) are obtained from Gaussian fits.
The solid circles (red) are symmetric profiles fitted with a simple Gaussian, while un-
filled circles are fitted with skewed Gaussian profiles. The solid lines are linear fits to
low-intensity data points, while the dashed lines is a linear fit using the high-intensity
points only. The dash-dotted line is a second-order polynomial fit for the whole in-
tensity range using the data points obtained from the line shape model (squares).

Using the line shape model expressed in Eq. (2.4) and appropriate exper-
imental parameters, the asymmetric line profiles can be well fitted. For a
recording at a particular intensity I, the maximum ac-Stark shift from the
zero-field resonance, 9y, is obtained from the fit. The line shape asymme-
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try, in particular the skew handedness, is consistent with the direction of
the light shift observed at different intensities, validating the expected be-
havior from Eq. (2.4). In Fig. 2.7, fits using the physical line shape model
and skewed Gaussian profile are shown for the Q(3) transition recorded at
~ 9.4 GW/cm?. The linear background B(f) (dashed line) was necessary for
a satisfactory fit with the skewed Gaussian, while no additional background
functions were used for the line shape model. The extracted line positions are
indicated in Fig. 2.7 by vertical lines above the profiles, where the difference
in the line positions of the two fit functions amounts to about 0.006 cm™.
For reference, the f, position obtained by using Eq. (2.3) is also indicated by
a dotted line, although this is not used further in the analysis.

A comparison of the F — X (0,11) Q(3) line positions extracted from the
skewed Gaussian and from the line shape model based on Li et al. [76] is
shown in Fig. 2.8. The line positions show different trends that separate into
low-intensity, with symmetric line profiles, and high-intensity subsets, with
asymmetric ones. The line profile models are in agreement at low intensities
as expected, but show a discrepancy at higher intensities as explained above
(see Fig. 2.7). The extrapolated zero-intensity positions for the low-intensity
measurements converge to within 0.0001 cm~! for both line profile models.

When using only the high-intensity data to extrapolate the zero-intensity
frequency, a shift of ~ 0.02 cm™! with respect to the low-intensity subset is
found. The latter difference is a concern when only high-intensity data is
available as in Ref. [32] for the F — X (3,12) band. The ac-Stark coefficients,
however, are an order of magnitude lower for the F — X (3,12) band com-
pared the present (0,11) band, thus any systematic offset is still expected to
be within the uncertainty estimates in that study [32]. It is comforting to
note that a second-order polynomial fit, also shown in Fig. 2.8 as dash-dotted
curve, results in an extrapolated zero-field frequency that is within 0.0002
cm™! of the low-intensity linear fits.

The ac-Stark shifts of the different F — X (0,11) transitions exhibit a non-
linear dependence on intensity, contrary to the expected behavior in Eq. (2.2).
A correlation is also observed between the nonlinearity and the ac-Stark co-
efficient «, where the onset of nonlinearity occurs at a higher intensity for
transitions with smaller . The nonlinearity may indicate close proximity
to a near-resonant state, which may signal the breakdown of the perturba-
tive approximation in Eq. (2.1). Possibly, this requires contributions beyond
the second-order correction [72] that lead to a higher-power dependence on
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intensity. A similar behavior was observed by Liao and Bjorkholm in their
study of the ac-Stark effect in two-photon excitation of sodium[77]. In that
investigation, they observed the nonlinear dependence of the ac-Stark shift
at some probe detuning that is sufficiently close to resonance with an inter-
mediate state.

2.3.2 AC-Stark coefficients
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Figure 2.9 ac-Stark coefficients plotted against the upper J’-quantum number for
the different transitions of the F — X (0,11) band (blue circles). The a-values of the
F — X (3,12) transitions (black squares) from Ref. [67] are also plotted and displaced
for clarity. The datapoint indicated by a filled circle is obtained from the F — X (0,11)
O(3) transition, while the filled rectangle is from the F — X (3,12) S(1) transition.

The ac-Stark coefficient a, as defined in Eq. (2.2), was obtained by Hanne-
mann et al. for the H, EF12§ - Xlzg (0,0) band, where they reported +13(7)
and +6(4) MHz per MW/cm?, respectively, for the Q(0) and Q(1) lines [34].
Investigations on the E — X (0,1) band in Ref. [24], and more extensively in
Ref. [78], also resulted in positive ac-Stark coefficients for Q(J = 0 — 3) tran-
sitions that are about an order of magnitude lower than for the E — X (0,0)
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band. Eyler and coworkers [75] found that the ac-Stark slopes vary consider-
ably, typically at a few tens of MHz per (MW/cm?), for different transitions in
the H, E — X system. The Rhodes group in Chicago has performed a number
of excitation studies with high-power lasers on the EF — X system in hydro-
gen, where they also investigated optical Stark shifts (e.g. [73]). Following
excitation of molecular hydrogen by 193 nm radiation, intense stimulated
emission on both the Lyman and Werner bands is observed. Using excitations
intensities of ~ 600 GW/cm?, they obtained shifts in the order of 2 MHz per
MW /cm? for the EF—X (2,0) band. While the work of Vrakking et al. [74] was
primarily on the detection sensitivity of REMPI on H, EF — X system, they
also obtained ac-Stark coefficients of ~ 15 MHz per MW/cm? similar to the
value found in Ref. [34]. Vrakking et al. [74] also made reference to a private
communication with Hessler on the ac-Stark effect (shift) amounting to 3-6
MHz per MW/cm?, presumably obtained in the study by Glab and Hessler
[79].

The ac-Stark coefficients « obtained in this study for the F—X (0,11) tran-
sitions are plotted in Fig. 2.9. The error bars in the figure comprise two con-
tributions, with the larger one dominated by the accuracy in the absolute
determination of the probe intensity. The difficulties include estimating the
effective laser beam cross-sections in interaction volume, that should take
into account the overlap of the counterpropagating probe beams and also the
overlap of the photodissociation and ionization beams. The smaller of the
error bars are obtained from fits using relative intensities, shown here to em-
phasize that the differences in a-coefficients are significant. Also included in
Fig. 2.9 are the Stark coefficients for F — X (3,12) obtained in [67], that differ
by about an order-of-magnitude with respect to the values obtained for F - X
(0,11). The sign of the F — X a-coefficients are mostly negative for both bands
except for the F - X (0,11) Q(5) line.

The different signs in the ac-Stark coefficients, which are positive for the
E — X transitions and mostly negative for the F — X transitions, seem to be
a feature of the ac-Stark effect in H,. For the E — X (0,0) transitions probed
at around 202 nm and E - X (0,1) transitions probed at around 210 nm, all
intermediates states are far off-resonant with respect to transitions from the
E or X levels. Using Eq. (2.1), the ac-Stark shift is estimated based on the
approximation of Rhodes and coworkers [80, 81] for the E — X (2,0) band. In
those studies, they assumed that the intermediate states are predominantly
the Rydberg series at principal quantum number #n > 2, clustered at an av-
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erage energy of E,, = 14.7 eV. The present estimates of ac-Stark shifts via
Eq. (2.1), using the probe frequency and intensity in Ref. [34], are in agree-
ment to within an order of magnitude of the E — X (0,0) observations. A sim-
ilar estimate for E— X (0,1) transitions are also within an order-of-magnitude
agreement of the measurements in [24, 78]. The blue-detuned probe in the
aforementioned E — X transitions explains the observed light shift direction
as expected from Eq. (2.1).

Table 2.2 Measured two-photon transition energies of F—X (0,11) band. All values in
-1
cm” .

Line Experiment

Q(1) 66438.2920(15)
Q(3) 66250.6874(15)
Q(4) 66105.8695(15)
Q(5) 65931.3315(15)
O(3) 66189.5591 (15)

In F — X excitation from X,v = 11 and v = 12, the fundamental probe
wavelengths are around 300 nm. Rydberg np levels can be close to resonance
at the probe wavelengths, a fact that we have exploited in the resonant ion-
ization (using an additional laser source) for the REMPI detection. This could
explain the difference in sign of a between the E — X and F — X transitions.
Furthermore, Fig. 2.9 displays a trend the F — X (0,11) transitions, where a
small negative coefficient is observed for Q(1), increasing in magnitude at
Q(3), decreasing in magnitude again and eventually becoming positive at
Q(5). Interestingly, the F — X (0,11) O(3) transition displays a relatively large
a with respect to that of the Q(1) transition, despite having the same upper
Flevel ]’ =1. The Q(1) and O(3) fundamental probe energies differ only by
some 250 cm™!, but this results in significant change in a. These phenomena
hint towards a scenario where some near-resonant levels are accessed, so that
the summation (and cancellation) of the contributions in Eq. (2.1) depend
more sensitively on the detunings of the probe laser frequency with respect
to v,,,. The variation in @-magnitudes as well as the change from negative
to positive sign could be explained by a change from red- to blue-detuning
when traversing across a dominant near-resonance intermediate level. The
latter behavior was expected in the NO investigation of Huo et al., where
the a-coefficients for individual M sublevels varied from -4.1 to 53 MHz per
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MW/cm? [71]. The order of magnitude difference between a-values of the
F-X(0,11) and (3,12) transitions may be due to less-favorable FCF overlaps
of the near-resonant intermediate levels for the latter band. This is correlated
with the similar value of the F — X (3,12) Q(3) and S(1) transition, displaying
a different trend to that of the Q(1) and O(3) a-coefficients in the F—X (0,11)
band. The nonlinear intensity-dependence of the transitions discussed in the
previous subsection, may be consistently explained by the same argument
on the importance of near-resonant intermediate levels. For a quantitative
explanation of the F — X ac-Stark shift, a more extensive theoretical study
is necessary to account for the dense intermediate Rydberg levels involved
that should also include considerations of FCF overlaps and dipole coupling
strengths at the appropriate internuclear distance.

2.4 Results and discussion

The resulting two-photon transition energies for the F1 XX 1):;r (0,11) lines
are listed in Table 2.2. The results presented are principally based on high-
resolution measurements using transitions with symmetric linewidths nar-
rower than 1 GHz. This ensures that the ac-Stark shift extrapolation can be
considered robust and reliable as discussed above.

Combination differences between appropriate transition pairs allow for
the confirmation of transition assignments as well as consistency checks of
the measurements, where most systematic uncertainty contributions can-
cel. The Q(1) and O(3) transitions share a common upper EF level, and
the energy difference of 248.7329(21) cm™! gives the ground state splitting
X,v” =11,]” =1 — 3. This can be compared to the theoretical splitting de-
rived from Komasa et al. [10] of 248.731(7) cm™!. In analogous fashion, the
Q(3) and O(3) share the same lower X level, which enables the extraction of
the EF,v’ =1,]’ = 1 — 3 energy splitting of 61.1194(21) cm~!. This is in good
agreement to the derived experimental splitting of 61.1191(10) cm~! from
Bailly et al. [82].

To extract the ground electronic X Iy+ v =11,] level energies, from the
EF - X transition energy measurements, we use the level energy values of the
F(v’ = 0) states determined by Bailly et al. [82]. The derived experimental
level energies are listed in Table 2.3, where the uncertainty is limited by the
present F — X determination except for the ] = 4. The calculated values ob-
tained by Komasa et al. [10] are also listed in Table 2.3. The experimental
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Table 2.3 Experimental and theoretical level energies of the X ' 2}, v = 11,] levels.

J Experiment Theory Exp-Theo
1 32937.7554(16) 32937.7494(53) 0.0060(55)
3 33186.4791(16) 33186.4802(52) -0.0011(54)
4 33380.1025(33) 33380.1015(52) 0.0006(62)
5 33615.5371(18) 33615.5293(51) 0.0078(54)

and theoretical values are in good agreement, except for | = 5 that deviate
by 1.5-0. The combined uncertainty of the difference is dominated by the
theoretical uncertainty. However, improvements in the calculations of the
nonrelativistic energies, limited by the accuracy of fundamental constants
my,/m, and R, have recently been reported [4], and improved calculations
of QED corrections up to the ma®-order is anticipated.

As has been pointed out previously in Ref. [32], the uncertainties in the
calculations [10] are five times worse for the v = 8 — 11 in comparison to the
v = 0 level energies. Along with the previous measurements on the X, v =
12 levels in Ref. [32], the measurements presented here probe the highest-
uncertainty region of the most advanced first-principle quantum chemical
calculations.

2.5 Conclusion

H, transition energies of F 12;(1/’ =0)- Xlzg(v” = 11) rovibrational states
were determined at 0.0015 cm™! absolute accuracies. Enhanced detection ef-
ficiency was achieved by resonant excitation to autoionizing 7pm electronic
Rydberg states, permitting excitation with low probe laser intensity that led
to much narrower transitions due to reduced ac-Stark effects. The asymmet-
ric line broadening, induced by the ac-Stark effect, at high probe intensities
was found to be well-explained by taking into account the spatial and tem-
poral intensity beam profile of the probe laser. The extracted ac-Stark coef-
ficients for the different transitions F — X, as well as previously determined
E — X transitions, are consistent with qualitative expectations. However, a
quantitative explanation awaits detailed calculations of the ac-Stark effect
that account for molecular structure, i.e. including a proper treatment of
relevant intermediate states.
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Conclusion

Using the F level energies obtained by Bailly et al. [82], the level energies
of X(v =11,] = 1,3 - 5) states are derived with accuracies better than 0.002
cm™! except for ] = 3, limited by F level energy accuracy. The derived ex-
perimental values are in excellent agreement with, thereby confirming, the
results obtained from the most advanced and accurate molecular theory cal-
culations. The experimental binding energies reported here are about thrice
more accurate than the present theoretical values, and may provide further
stimulus towards advancements in the already impressive state-of-the-art ab
initio calculations.
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W. U. received funding from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation program (Grant No.
670168).
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Chapter 3

Precision spectroscopy of the EF'Y} — X'Y! system
in H, at large internuclear separation: A combined
study of photofragment imaging and
autoionization towards labeling and detection

Abstract

The rovibrational quantum levels of H, with the wavefunction
density at large internuclear separation, R ~ 4 a.u., are subjected to
Doppler-free two-photon laser spectroscopic measurements to deter-
mine their level energies to high accuracy. Such experiments verify
the binding energies obtained from full ab initio calculations includ-
ing quantum electrodynamical and relativistic contributions for this
benchmark molecule. The two-photon excitation from X 1Z§ (v*,])
proceeds through the Fl)::gr outer-well levels, which is further pro-
moted to the auto-ionization continuum by step-wise laser excita-
tion. The labeling of the vibrational quantum states, produced via
photodissociation of HyS molecules, is investigated with velocity map
imaging of H,(v) photofragments. Assignment of the precision mea-
surements on EF — X transitions based on the ab initio knowledge of
the X state [Komasa et al., JCTP, 7, 3105-3115 (2011)] and the ex-
perimentally determined level structure of the EF state [Bailly et al.,
Mol. Phys. 108, 827-846 (2010)] has a limited scope. In this study,
the transitions involving higher rotational states (] = 4 —7) in the
outer-well state F! ):g(v = 0) are assigned using information from the
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autoionizing excitation in the measurement scheme. The autoion-
ization spectrum obtained via laser excitation from the F! )Z§ levels,
bound at large internuclear separation (R ~ 4 -5 a.u.), to resonances
in the ionization continuum in the energy range 131,100 - 133,000
cm~! . The energy range as well as the large internuclear separa-
tion present a challenge for multi-channel quantum defect theory
(MQDT), and in particular, for inclusion of the doubly-excited elec-
tronic states within its framework. The present study delivers pre-
cise values for binding energies of X12§(v =11,] =6,7) levels. A
tentative assignment has been made for the F — X(2,14) band tran-
sitions involving the highest vibrational state, X(v = 14) of the H»
molecule.
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Introduction

3.1 Introduction

Precision spectroscopy on highly excited vibrational states in the X 12; elec-
tronic ground state of the hydrogen molecule is achieved through the prepa-
ration of these states via two-photon ultraviolet photolysis of hydrogen sul-
fide (H,S) molecules. This pathway was first demonstrated in the one-colour
laser studies by Steadman and Baer [33]. In subsequent investigations, ex-
ploring this pathway in a more refined manner using three independently
tunable lasers, it was found that the H,(v*) states prepared through pho-
tolysis could be further excited to F12§ outer-well states (see fig. 3.1) and
subsequently be ionized in a controlled manner. In such a scheme accurate
values of the binding energy of H,, X(v = 11,12) levels for various | could be
determined [32, 35]. In these spectroscopic studies, it was established that
the excitation from H,(v*) only proceeds through F! Xy outer well states, and
that excitation via the E 1E§ inner-well does not occur. Hence it is only the
wave function density at rather large internuclear separation (R ~4 -5 a.u.)
that is probed in such a three-step excitation scheme.

The identification of Flzg - Xl)Z:gr two-photon transitions is based on the
known energy separations between the F and X levels. Accurate knowledge
of the Xlzg (v,]) levels is obtained from the advanced ab initio calculations
including phenomenon of quantum electrodynamics (QED) as well as rela-
tivistic corrections (8, 10, 83, 84], that were tested in a number of laser preci-
sion studies [23, 24, 34, 75]. The most accurate knowledge of the Fl)::g’ (v,])
level structure stems from the combination of laser-based spectroscopic stud-
ies [85, 86] and Fourier-transform emission studies [82]. The information on
the quantum levels in the F outer-well is however limited and is particularly
lacking for the higher rotational quantum numbers (J > 4) of the F(v = 0)
state. Strong perturbations at high ] states between outer (F) and inner (E)
well levels prohibiting the use of a straightforward extrapolation of rotational
progressions [86]. As a consequence the dense line spectra of the F—X system
are not easily assigned. The usual spectroscopic labeling approach based on
the measurement of combination differences remains effective, and has been
used in this investigations.

In the present study the three-step excitation scheme, already used previ-
ously in [35], is explored in further detail. The information from the prepara-
tory photolysis step and that of the final resonant ionization step is extracted
in an attempt to assist in the labeling of quantum states probed in the two-
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photon F — X transitions. The photodissociation of H,S and hence the prepa-
ration of H; in v > 10 levels is energetically constrained. The initial vibra-
tional level can be determined by measuring the kinetic energy release of the
H, molecules using velocity map imaging (VMI) technique [87].
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Figure 3.1 The level scheme of electronic states H, involved in this study. Outer well
states F(v = 0,]) are populated from X(v = 11) produced by photodissociation of HjS.
Rydberg level structure in the range of 4—5 a.u. (shaded yellow in colour) are studied
using autoionization resonances recorded in the region of 6675 — 8525 cm~! (inset)
above the ionization potential.

Knowledge of autoionization resonances in the three-step approach fur-
ther assists in the identification of quantum states probed with the spectro-
scopy laser. Such resonances, arising from the interaction between continua
and bound Rydberg states converging to high-lying ionization limits, have
been studied over the years by various techniques. The studies range from
direct photoabsorption and photoionization studies [88], followed by multi-
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Experimental setup

photon studies [89, 90], and recently using synchrotron sources [60-62, 91].
Results from these studies are, in general, interpreted in the framework of
multi-channel quantum defect theory (MQDT) that was first applied to H,
in the pioneering study by Herzberg and Jungen [63]. However, these stud-
ies were limited to rotational quantum numbers | < 4 and small internu-
clear separations of R ~ 2 a.u. Franck-Condon (FC) overlap from the ground
state is significant only up to the first few vibrational states of the npr!'TI or
npo! Xt Rydberg manifolds converging to v* < 3 ionic states. Ionization of
the F! Yy outer well states involves excitation from larger internuclear sepa-
ration R ~ 4 -5 a.u. It requires excitation to the energy range above 130000
cm~! in the energy level scheme of the H, molecule in fig. 3.1. The combi-
nation of incorporating high J states, large internuclear separation, and the
high energy range would require extensions to the MQDT methods explored
so far in the H, molecule.

In this chapter, section 3.2 describes the experimental setup. Section 3.3
focusses on the high precision 2+1 REMPI studies on F—-X transitions involv-
ing the resonant detection method based on the knowledge of autoioniza-
tion resonances. An exact assignment procedure for the transitions involving
J > 5 levels in the F — X(0,11) band, and a tentative one for the F — X(2,14)
band transitions from the X(v = 14) state are explained based on the two-
photon Doppler-free measurements. The photofragment imaging studies on
H,S molecule and the identification of the vibrational quantum state of H(v)
using the velocity map imaging (VMI) technique are presented in section 3.4.
Finally section 3.5 attempts to understand the Rydberg level structure of H,
from its first singlet outer-well state by recording the autoionization spectra.

3.2 Experimental setup

The schematic of our experimental set up is as shown in fig. 3.2. In the initial
step, we produce vibrationally hot hydrogen molecules H’,(v = 10-14) with a
nonequilibrium distribution of population via two-photon photodissociation
of H,S molecule at 285-297 nm [33]. The dissociation laser (PDL I) produces
frequency-doubled UV pulses at 291.5 nm with 4m] energy, that are focussed
using a 30 cm lens onto a skimmed H;S molecular beam. In the second step,
we prepare F(v = 0,]) using a two-photon resonant excitation scheme from
a highly excited vibrational state, i.e. X(v = 11). The F - X(0,11) band ex-
hibits a favorable FC factor of 0.17 [58]. A narrowband pulsed (~ 30 MHz)
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Figure 3.2 Experimental set up. PDL I provides 292 nm pulses required for pho-
todissociation of HpS molecules. The nascent H(v) photoproducts are subjected to
the F—X two-photon Doppler-free spectroscopy, using 302—-306 nm pulses generated
by an injection-seeded narrowband PDA laser. A third laser, PDL II (300 — 317 nm)
is employed for studying the autoionization resonances from the F outer-well. Ions
are extracted by the electrostatic lens and detected at the end of the TOF tube that is
integrated with the velocity map imaging on a CCD detector (see the text for details
about the frequency calibration elements).

dye amplifier (PDA) generates a frequency-doubled output at 300-308 nm,
and pulses with 500 yJ energy are focussed with a 50 cm lens to excite the
F-X (0,11) band. A two-photon counter-propagating Sagnac interferometric
alignment geometry [57] is employed during the two-photon spectroscopy as
shown in figure 3.2. This circumvents the large Doppler-broadening result-
ing from a kinetically hot distribution of H; molecules. Moreover, the signal
strength is enhanced in the Doppler-free excitation with counter-propagating
laser beams. An optical delay line of 15 ns is introduced between photodis-
sociation and spectroscopy lasers for high precision measurements to avoid
ac-Stark broadening. The frequency of the PDA is calibrated using the trans-
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mission markers of a length stabilized etalon with respect to the hyperfine
spectral components of the B — X system of I, recorded through saturation
spectroscopy.

A third laser (PDL II) delivering frequency-doubled pulses at 300 — 317
nm interacts with the molecules excited to the outer-well states F(v = 0,]),
to produce ion signal and to record autoionization structure in the energy
range of 131,100 - 133,000 cm™!. The frequency of the PDL II is calibrated
using the Doppler broadened lines through an I, absorption cell kept at room
temperature. The ionization laser is electronically delayed by 25 ns with re-
spect to the spectroscopy laser and 1 m] ionization pulse energy focused on
the excitation volume using a 50 cm lens as shown in figure 3.2, again to
avoid ac-Stak broadening of F — X transitions. Resonant ionization detection
is achieved by extracting Hj ions using time-of-flight (TOF) plates, which are
triggered 50 ns after the ionization laser. Finally, ions are detected by the
microchannel plate (MCP) with phospor placed at the end of the 40 cm long
TOF tube and imaged by CCD camera for the VMI studies. The integrated
ion signal is recorded by a PMT for the spectroscopy.

3.3 Doppler-free precision spectroscopy on F — X transitions

This section discusses the methods for two-photon Doppler-free precision
spectroscopy on F — X transitions and the importance of finding autoioniza-
tion pathways to generate a sufficient signal strength, even when using lim-
ited laser intensities in the spectroscopy step. The difference between non-
resonant [32] and resonant excitation is discussed. The latter method was
employed previously for a measurement of Q(1), Q(3), Q(4) and Q(5) lines of
the F—X(0,11) band [35] (discussed in Chapter 2), and will be extended here
to determine precision values for Q(6) and Q(7). It is also discussed how the
autoionization resonances can be employed for the assignment of transitions
in the F — X electronic system. A provisional assignment has been made for
F —X(2,14) band transitions based on narrowband spectroscopic investiga-
tions.

3.3.1 Resonant detection and improved ac-Stark analysis

In the case of a previous study on X (v = 12) state, the experimental uncer-
tainty was limited by line broadening due to the ac-Stark effect [32]. This
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Figure 3.3 Comparison between (a) nonresonant and (b) resonant ionization detection
scheme for high precision REMPI studies on F — X two-photon transitions, using H*
and HJ signals respectively (see text for details).

can be attributed to two causes. One, the vibrationally excited states H}(v,])
produced via photochemical routes are poorly populated. Two, the Frank-
Condon overlap between the ion and molecular state wavefunctions from the
outer-well, i.e., H} (X*)-H,(F) is negligible, i.e.< 0.001 for the transitions up
to v* = 3 [92]. For these reasons, it turned out to be necessary to probe F — X
transitions at intensities well above GW/cm? leading to asymmetric ac-Stark
broadening. This shortcoming was overcome while measuring the X(v = 11)
level with the implementation of a resonant ionization detection scheme to
observe symmetric and narrower line profiles which are limited by instru-
mental bandwidth [35]. These autoionization resonances were shown to be
crucial to limit the ac-Stark broadening by reducing the probe intensities of
the spectroscopic step by a factor of 20. Figure 3.3. shows a typical com-
parison between Doppler-free two-photon spectra of F — X transitions using
non-resonant and resonant ionization detection schemes. In both cases the
X(v=11,] = 4) level is probed but the excitation proceeds through different
vibrational levels, v = 0 and 2, of the intermediate F state. A typical chemical
pathway for the non-resonant scheme is:
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Hz(F)%H(n:2)+H(1s)iho—n>H+H++e_ (3.1)
188 v

Here the population of the F outer well state is further promoted to a dis-
sociative continuum of the H, molecule, producing a H(n = 2) fragment.
The UV radiation present in the interaction region then readily ionizes this
H(n = 2) product into H* ions. Both steps proceed non-resonantly. The reso-
nant pathway proceeds via:
Ha(F) 2% Hy[(n > 5)pr] <% 1Y + e (1) (3.2)
Despite a small difference in FC overlap (~ 2x) [59] between the two
bands in fig. 3.3, a significant reduction (> 20x) in the ac-Stark broadening
is achieved by employing the resonant detection method. The non-resonant
pathway (Eq. 3.1) requires a threshold probe intensity of 9 GW/cm? whereas
in the resonant pathway (Eq. 3.2) it requires only 450 MW/cm? to achieve a
three times better signal-to-noise ratio. The ac-Stark broadening is reduced
by an order of magnitude for all transitions in the F — X(0,11) band and thus
allows for a more rigorous ac-Stark analysis including spatial and temporal
intensity effects [35].

3.3.2 Assignment of the transitions in F — X(0,11) band

Excited state level energies, taken from Bailly et al. [82], serve as a reference
for EF — X spectroscopy with uncertainties better than 0.001 cm™! for both
inner and outer wells. Especially for F(v = 0) knowledge of the level energies
is limited to | < 5. During our extensive survey scans in search of two-photon
transitions arising from X(v = 12 — 14) we have considered the possibility
of excitations to the higher angular momentum states FO(J = 6,7) starting
from X (v = 11). For the unambiguous identification of transitions involving
FO(J] = 5) levels we have adapted the combination difference procedure at
each stage of the multi-step spectroscopic scheme that is shown in figure 3.1.

We started with probing the O—branch transitions, O(6) and O(7), using
the ab initio level energies for the ground state X11(J = 6,7) taken from Ko-
masa et al. [10]. Subsequently, these O— transitions to FO(J = 4,5) states are
resonantly ionized with the help of the known autoionization resonances,
which were verified in the earlier studies as shown in fig. 3.4 (a) [35, 60]. The
F—X two-photon transition pairs in excitation stage Q(4), O(6) and Q(5), O(7)
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Figure 3.4 (clockwise) (a) Level scheme for assigning ] = 6 and 7 of F(v = 0) (see text
for details). (b) High precision Doppler-free spectrum of the Q(7) line calibratred
using etalon markers with an FSR of 300.01 MHz and with respect to a reference
(B—X) P(94) (12,3) al5 hyperfine line of 1271, at 16377.60438 cm™ L. (c) ac-Stark shift
and broadening of the Q(7) line. (d) Linear extrapolation of ac-Stark shift to deduce
the field free value for the Q(7) transition.
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are ionized by one-photon electric dipole transitions P(4) and P(5) in the
ionisation step, respectively. The P— branch transitions in the ionisation step
connect to a known Rydberg electronic state 7p7!TT};(v = 5) [60], which read-
ily autoionizes to H;. Futhermore, the F—X transition pairs, Q(J) and O(J-2),
obey the ground state combination difference for the X11 state. The energy
difference Q(J) — O(] — 2) agrees with the first principle calculations on the
ground state [10] and thus provides a confirmation for the J > 5 states in the
survey scan range.

Table 3.1 Results of high precision measurements on two transitions in the F-X(0,11)
band which are assigned using combination differences and autoionising resonances.
The experimental level energies are compared with the results from MQDT calcula-
tions for the F state from supplemetary information of Dickenson et al. [86]. Values
are givenin cm™".

Line/ Fv=0)/ Dickenson Exp-Calc.
Transition energy ? Level energy ° et al. [86]
Q(6)/65731.2825(20)  J=6/99619.7840(57) 99621.16  -1.38
Q(7)/65510.6124(20)  J=7/99704.6413(56) 99706.04  -1.40

@ Transition frequencies measured in this experiment
b Level energies are deduced using calulated energies of X(v = 11,])
taken from Komasa et al. [10]

Once the presence of the hot rotational states is confirmed, Doppler-free
REMPI studies are extended to Q(6) and Q(7) lines of the F—X(0,11) band to
measure the | = 6,7 level energies of F0. The recorded two-photon spectrum
is calibrated with transmission markers of a length stabilized confocal etalon
and saturated B — X hyperfine spectral lines of I, as shown in fig.3.4 (b). Sys-
tematic analysis to account for the ac-Stark effect on F — X two-photon transi-
tion is performed as illustrated in fig.3.4 (c) and (d), to deduce the field-free
value for the transition energy from the extrapolation. Table 3.1, summa-
rizes the assignment for the higher angular momentum levels of F(v = 0,])
using this procedure. Since the knowledge of ab initio [93] and UV-FT [82]
studies on the FO0 state is limited to J < 5, the level energies are compared
with the MQDT calculations provided in the supplementary information of
Dickenson et al. [86].

The previously explained empirical combination difference procedure can
also be expected to extend to the ionization step. The photoionization of FO(J)
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levels proceeds through the excitations to the three different autoionizing
Rydberg channels with J —1,],] + 1 extended into the continuum. Follow-
ing the symmetry selection rules the P— and R- branch ionization channels
connect to 'TT;; Rydberg states whereas the Q— branch channel involves 'IT;
states. This suggests there would be a partial overlap among autoionization
spectra of adjacent FO(J) levels. For instance, we have observed few common
resonances among the ionization spectra of Q(4) and Q(6) as well as Q(5)
and Q(7) transitions of F — X(0,11) band (presented in the later section 3.5).
However, the accuracy of the combinational differences in the ionization step
is limited for two reasons: (i) the natural width of the autoionization spec-
tral lines is greater than 2 cm™!, and (ii) the current knowledge of Rydberg
structure pertains only to ] < 4 for n > 2.
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Figure 3.5 ac-Stark shift coefficients for different Q-branch two-photon transitions of
the F — X(0,11) band. The coefficients for Q(J = 1,3 — 5) are taken from Trivikram et
al. [35].

Figure 3.5 indicates the rotational variation of ac-Stark coefficients (k)
for various Q-branch two-photon transitions of F — X(0,11) band. Follow-
ing the rotating-wave approximation and neglecting the Stark effect on the
X state, it can be written as AEgyf; = dgiarkl, Where I is the intensity (in
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MW /cm?) and the Stark shift of two-photon transiton (in cm™!) is given by

.
|l"mF'€|
- EFV"]" —how

AEgmi e ) = (33)
m

Here ji is the transition dipole moment and ¢ is the electric field of the laser.
Both the sign and magnitude of the coefficients result from the denominator
of )Eq. 3.3), which describes the detuning from all the allowed one-photon
resonances (E,, — Er) connecting to the intermediate Rydberg levels as ex-
plained in the section 2.3 [35]. The rovibrational level energies of F and inter-
mediate Rydberg states are given by Ep and E,, , respectively, and w is the
frequency of the PDA laser. In addition, a rotational dependence due to the
numerator of Eq. 3.3, was predicted theoretically for the double-minimum
states like EF by Huo et al. [94]. Similar qualitative features like in fig 3.5
were envisaged for Q(J > 10) transitions to the inner-well state E(v = 0) and
were attributed to the resonant tunneling in the double-well potential of EF
state [94]. To explain the current trend, a better understanding of the entire
excited quantum level structure is required which is beyond the scope of the
present chapter.

mv/];

3.3.3 Tentative assignments of transitions probing X(v = 14)

With more than an order improvement in the detection efficiency using the
resonant ionization scheme, prospects have been spurred to investigate rovi-
brational states with wavefunction densities far beyond 4 a.u. One such inter-
esting case is extending precision spectroscopic measurements to the highest
vibrational level X (v = 14,]), which has a binding energy less than 18 meV
only. Due to their proximity to the dissociation limit, apart from the current
precision studies, these loosely bound and far stretched molecular quantum
states have significance in the fundamental reactive scattering studies at low
temperatures [95] as well as in astrophysics and astrochemistry [96].
Though the preparation of v = 14,] levels via photodissociation of H,S
was reported in the work by Steadman and Baer [33], the assignment of
transitions contradicts with the advanced studies on the X and EF states
[10, 82]. For instance, reference [33] reported two-photon transitions from
the X(v = 14,] = 4,7) states. There exists only five bound rotational states
associated with X14 from the ab initio molecular theory of Komasa et al. and
the | = 4 level is weakly bounded (< 4 peV) in the non-adiatatic formalism
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only. The emission study of Dabrowski [97] also did not observe transitions
with J > 4. Since the (4,14) band of EF — X, corresponding to (2,14) band of
the F— X system, shows maximum wavefunction density overlap (FCF~ 0.38)
[58], a two-colour survey scan similar to that of [32] is performed around
304.3 nm with a PDL II laser (refer fig 3.2). Figure 3.5(a) shows the recorded
Doppler-limited REMPI spectra in the Q-branch region (65700—65730 cm™!)
of the F — X(2,14) band. The spectra are obtained independently using H* as
well as HJ ion signals by applying proper gating on the MCP. The resolution
of these transitions is mainly limited by the Doppler width associated with
recoiled photofragments H,(v) (see the next section for details), the instru-
mental width (~ 0.4 cm™!) for 2-photon transitions in UV) and the ac-Stark
broadening as the probe intensities are in excess of ~15 GW/cm?.

The spectral feature on the right is assigned as the Q(6) transition in the
F —X(0,11) band as discussed above. The three other features on the left
hand side are tentatively assigned as the Q(0), Q(1) and Q(2) two-photon
transitions in the F — X (2,14) band. Two of these lines, exhibiting the best
signal-to-noise ratio were subjected to a precision measurement with the nar-
rowband PDA-system, employing the Sagnac-based counter-propagating ge-
ometry. Results from the high-precision studies, limited only by the band-
width of the PDA laser (FWHM of 150 MHz on the linewidths) are displayed

(a) E-X 0.11)— - H*
(14)— T 1 Q(6) 2
Q(2) QM) Q(0) —H

J

T T T T T
65704 65712 65720 65728 65736 cm’

[continued]
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Figure 3.5 (a) Broadband F — X REMPI survey scan performed with PDL II and under
Doppler and ac-Stark-broadened conditions. The assignment of the F — X(2,14) Q-
lines is tentative. The upper panels of (b) and (c) show high resolution Doppler-

free spectra of the peaks Q(0) and Q(2) lines of (a) and their corresponding ac-Stark
analysis is illustrated in the lower panels of (b) and (c).
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in the upper panels of fig. 3.5(b,c). Also the ac-Stark effect on the transitions
is investigated and transition frequencies are determined from their zero-
intensity extrapolations as shown in lower panels of 3.5(b,c). From the ref-
erence etalon and saturated I, spectroscopic based calibrations the absolute
line positions of the Q(0) and Q(2) lines are thus determined to an accuracy
of 0.002 cm™!. The transition frequency of the Doppler-broadened Q(1) tran-
sition derives from the calibration of the overview spectrum as displayed in
fig. 3.5(a), resulting in an accuracy of 0.3 cm~!. The numerical values for the
transition frequencies are listed in Table 3.2.

Table 3.2 Measured transition frequencies of Q-branch lines in the two-photon F —
X(2,14) band, and comparison with predicted values from Refs. [10, 82]. All the
values are given in cm™!,

Line? Measured Reference Difference Probe® Comment
Line Position F-X(2, 14)b

Q(0) 65728.3572(20) 65725.6788(26) 2.6784 NB Doppler-free
Q(1) 65720.20(30)  65720.4139(17)  0.21 BB  Doppler, ac-

Stark-limited
Q(2) 65715.6128(20) 65711.9063(15) 3.7065 NB Doppler-free

2 Peak positions are as marked in the survey scan, fig 3.6(a).

b Transition energies are deduced from the level energies of X(v = 14,])
taken from Komasa et al. [10] and those for F(v = 2,]) from Bailly et al. [82].
¢NB - Narrowband studies with PDA laser, and BB - Broadband studies
with PDL II laser (refer fig 3.2).

The assignment of the three lines to transitions in the F — X(2,14) band
remains tentative, because the values are not in agreement with predictions
from the ab initio calculations of the ground state, X [10] and the empir-
cal values for the F levels from Bailly et al. [82]. Deviations of 2.678 cm™!
and 3.706 cm™! are found for the accurately measured Q(0) and Q(2) lines,
while the less accurately measured Q(1) line is found to be in agreement.
For numerical details see also Table 3.2. The relative separation between the
measured transitions Q(0) and Q(2) is found to differ by 1.028 cm™! from the
predicted separation.

Using the complete set of rovibrational level energies for the X state from
Komasa et al. [10], and all of those available for EF state from Bailly et al.
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[82], an exhaustive search for Q, S and O transitions did not yield an alterna-
tive assignment. These possibilities show larger deviations and can be safely
ruled out. It is known that to some extent the pairs of states, EO, FO and E1, F2
are vibrationally degenerate [93, 98]. The change of electronic character be-
tween E1 and F2 states at | = 2 and ] = 3 was experimentally noticed and is
attributed to tunneling across the double well potential [98, 99]. However,
the labeling does not match with the transitions involving the inner-well E
levels also.

3.4 H)(v) production via photolysis of H,S: Quantum-state spe-
cific kinetics
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Figure 3.6 (a) Experimental schematic for photofragment imaging studies on H;S.
The three-dimenssional distribution of photofragments from the interaction volume
are projected onto a two-dimensional surface. (b) Ion optics set up that focusses the
H}(v) onto the position sensitive detecor after being ionised by spectroscopy and ion-
ization lasers. Rep - Repeller, Ext - Extractor, Gnd - Ground and TOF- Time of flight
tube.

A photofragment imaging method provides the crucial information about
the quantum-state specific kinetics of the nascent H(v) produced from the
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photodissociation of H,S. The ion images depict the two-dimensional pro-
jections of the three-dimensional recoil of photoproducts [100] as shown in
figure 3.6. In our velocity map imaging (VMI) set up, similar to the one
developed by Eppink and Parker [87], both photodissociation (for H,S) and
photoionization or probe (for H}(v)) lasers are focussed perpendicular to the
direction of the molecular beam. The laser electric field polarization direc-
tion is kept parallel to the plane of imaging. Ions are focussed onto a position
sensitive device (an MCP with phosphor screen coupled to a CCD camera)
via extraction by an electrode grid whose field direction is normal to the
image plane. The radial position on the two-dimensional intensity profile
provides a direct measurement of the translational energy of the photofrag-
ments. Being heavier, the photoproducts like H,S*, HS* and S* acquire neg-
ligible translational recoil momentum and are projected onto the origin in
the image plane. The much lighter photoproducts H} and H* (mg/mpy = 32)
emanate with higher recoil velocity and their Newton spheres are projected
as concentric rings onto the 2-D image plane to represent the quantum-state
specific energetics.

Two-photon photodissociation of H,S at 292 nm (~ 8.5 eV) is mediated
through the excitations to its Rydberg states, labelled as (2b;)!(3b,)! or A,
and (2b;)'(6a;)! or !B, from the ground state, (2b;)? or 'A; [101]. Being
the members of np’b, and n’p’a; (a hybrid orbital with more-dominant ‘s’
character) Rydberg series, the dissociation dynamics of these electronic states
with 1A, and !B; symmetries were spectroscopically studied in references
[101, 102]. Both 4pb,/3b, and 4pa,/6a; molecular orbitals exhibit nodes
along the S—H bonds and therefore lead to dissociation either directly or after
following the excitation of a few vibrational states in these electonic states of
H,S [103]. However, the ' A, state dissociates into HS+H and the antibond-
ing nature of the H-H interaction in the 3b, orbital most likely produces
separate H atoms upon photodissociation (chemical reaction 3.4) [101, 103].

1 2hv o1 diss
H,S("A;) —— H,S5°("A;) — HS+H (3.4)
292 nm
Conversely, there is a nonnegligible bonding overlap between the spatial dis-
tribution of electrons between two H atoms, in case of the Rydberg 64; orbital
[103]. Thus, the other state with ! B; symmetry dissociates directly into H,+S
(chemical reaction 3.5).
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diss

HZS(lAl)%st*(lBl)%Hz(l)ZHS(lS or 'D) (3.5)
nm

Also in case of the H,O molecule, Mulliken [104] envisaged a possible disso-
ciation pathway into O(! D)+H,( 1E§), and an explanation via a similar kind
of transition (1b; — 4a;) was given by Herzberg [105]. Following the Frank-
Condon principle, the interatomic distance should remain unchanged during
the photodissociation. Since the interatomic separation between H-atoms in
the !B, state is 1.95 A, the nascent photoproduct H, should be formed in
highly excited vibrational quanta i.e. v = 10— 14. These states were first ex-
perimentally observed by Steadman and Bear [33]. Recently, Niu et al. [32]
reinvestigated hot vibrational states of H, by employing non-resonant H* ion
detection upon REMPI excitation.

The H,S molecule has C,, symmetry and for a transition between 'A;
to ! By states i.e. from the (2b;) to the (6a;) orbital, the transition dipole mo-
ment is perpendicular to the plane of the molecule. This was confirmed in the
earlier UV studies by measuring the anisotropy factor () for the photofrag-
ments to be in between -0.5 [106] to -1 [107]. For these perpendicular transi-

R/E ~ 2000/1450 V/ W R/E ~ 1000/730 V.

Figure 3.7 Two-dimensional projections of recoiled H molecules at two different

voltage combinations on ion optics, in their Xlzg(v =11,] = 5) quantum state. The
laser polarisation of the the photolysis laser is kept parallel to the plane of imaging as

shown in the inset.
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tions the photofragment distribution may be described as an equatorial belt
and a sin”6 intensity distribution is produced, unlike the cos?6 distribu-
tion for parallel transitions. This was further demonstrated from the two-
dimensional imaging of H atoms recoiled from the photodissociation of H,S

at 243 nm (H,S*— H+SH ; H/SH M, H*) and the observations pertained to
the first excitation continuum only [108].

Our studies are focussed on dissociative states above 65000 cm™ using
two-photon excitation at 291.75 nm similar to that in references [33, 109].
In this study, a second spectroscopy step exciting the F — X transition, and a
subsequent third ionization step, define a specific Hy(v*,]) quantum state to
be probed in the VMI-detection scheme for analyzing the dissociation. Apart
from quantum-state specific kinetics, imaging H} ions provides an additional
advantage of zero background from other dissociative pathways, which is not
the case for imaging H.

The raw 2-D projection of velocity distributions of recoiled H}(v) for its
Xlzg(v =11,] = 5) state are depicted in figure 3.7. The images are recorded
at two different combinations of voltages applied on an electrostatic lens.
The radius R of the Hj ion distribution in the image is related to the re-
peller voltage (Vz) and the kinetic energy (T) of H}(v) photofragments by
the relation, R o f,,4/T/(qVRg). The magnification factor f,, is estimated to be
1.3. The excited (4pa;)'B; state of H,S dissociates and leaves about 5.6 eV
available for the internal and translation energy of the photoproducts (H;+S)
[33, 106]. Following the Franck-Condon dissociation, the internal energy dis-
tribution for H}(v,]) in its electronic ground state (X 12;) is in between 3.85
eV to 4.45 eV. The internal energy of the S atom can be distributed among
its three low-lying atomic states, 3p, 1S and 'D, whose energies are 0 eV,
1.14 eV, and 2.75 eV, respectively. Though it is energetically feasible, the
dissociation pathway H,S ('B;) — Hy ('£§)+ S (*P) is disallowed by the spin
conservation rule, AS = 0 (singlets correlate with singlets) [33, 105, 109]. The
formation of S* (! D) in conjunction with H’(v) violates energy conservation.
The favorable dissociation channel is that with production of the S atom in
its 1S state, lying 9239 cm™! above the ground state (3P). Due to heavier
mass (mg/mp, = 16) the recoil momentum of the S* atom is negligible com-
pared to that of H}(v). From the radius of the recorded image, the vibrational
quantum state of H’(v) can be assessed. The radius of the recorded image is
estimated to be ~5.1 mm (each pixel of CCD corresponds to 35 microns). The
velocity of the photoproduct can be obtained by the relation, R = f,,ut, where

1
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u is the velocity of the photofragment that is projected in the image plane,
and t is the travel time to the detector. The corresponding recoil energy as-
sociated with 2-D projections in figure 3.7 is about ~ 0.31 eV. That means
an amount of ~ 4.14 eV is contained in the internal energy of H}(v), closely
coinciding with the level energy of X(v =11,] =5).

Figure 3.8 Velocity map image of H,S two-photon photolysis at A = 291.75 nm, prob-
ing the X(v = 11,] = 5) state of Hy. Rings indicate expected positions of adjacent
vibrational products.

Under similar experimental conditions, the molecules prepared in v = 10
and 12 states should acquire recoil velocities of 4750 m/s and 1250 m/s re-
spectively for ] = 5. The expected velocity projections for the H,(v)* molecule
in adjacent vibrational state v = 10 or 12 along with v = 11 are indicated in
figure 3.8. Given the quality of the acquired image, it is only possible to
identify vibrational quantum state. To obtain sharper images for extracting
also the rotational quantum number, improvements to the existing ion optics
have to be made.

The velocity map imaging method explained complements the E,F — X
Doppler-free REMPI precision measurements discussed in the previous sec-
tion. In future studies, it can be implemented in the F — X sysytem as dis-
cussed in the section 3.3.3. and to retrieve crucial information about the
ground vibrational quantum state. Another possible application of combin-
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ing the imaging with high precision spectroscopy on a resonance at 64, 890
cm~! observed in another two-colour broadband survey scan (not shown
here) on the F — X system. This resonance here can be ascribed to two pos-
sible transitions either the Q(4) line of the F — X(0,12) band or the Q(6) line
of the F — X(1,13) band, situated 0.7 cm~! apart from each other. These two
transitions can be resolved if their KER is projected onto a 2D image with
improved ion optics. Interestingly, the velocity associated H, molecules with
X(v =13,] = 6) state would be ~15 m/s only. Preparing such slowly moving
molecules in laboratory frame would improve the experimental accuracy of
high precision spectroscopic measurements of Hj.

3.5 Autoionization from outer-well levels F 1Z§ (v=0,]J=4-7)

The current study employs the H; super-excited states in the energy region
6,675—8,525 cm™~! above the ionization threshold for the resonant excitation
and detection of F(v = 0, ) outer well states in order to produce signal in the
spectroscopic study of F—X transitions. Earlier synchrotron investigations on
these superexcited states suggested that for the excitations beyond the ion-
ization potential (I.P.) and n > 5, the autoionization completely dominates
over the other two competing decay processes, fluorescence and dissociation
[64]. Autoionization spectra are recorded by scanning a frequency-doubled
output of pulsed dye laser (PDL II), after the photolysis (PDL I) and spectro-
scopy (PDA) lasers have been excited a certain F(v = 0, J) intermediate level.
Spectra are calibrated using standard Doppler broadened I, absorption lines
in the spectral region of 15,775 - 16,675 cm™!. Our frequency calibration
in the doubled UV regime is accurate to 0.05 cm™!. The photoionization
beam interacts with H, molecules in the FO state flying equatorially in all
directions with a recoil momentum of ~ 0.3 eV. It results in Doppler broad-
ening in the order of 10 GHz which is smaller than the natural linewidth
of autoionising resonances, generally about few wavenumbers broad [110].
Figures 3.9 to 3.12 show the observed autoionization spectra in the energy
region of 131,100 — 133,000 cm™! recorded from F(v = 0,]) levels.

The autoionization spectra of diatomic molecules, displaying Rydberg-
continuum state interactions, has been succesfully explained with the MQDT
formalism [110]. Briefly, MQDT is essentially a generalized form of scattering
theory that is extended to include bound states of a molecule (closed chan-
nels) along with different continua (open channels) associated either with ion
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Figure 3.9 Autoionization spectra recorded from F I)Z:gr (v=0, ] =4) state.
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Figure 3.10 Autoionization spectra recorded from F 1):;; (v =0, ] =5) state.
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Figure 3.11 Autoionization spectra recorded from F 1):;; (v=0, ] =6) state.
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Figure 3.12 Autoionization spectra recorded from F 1Z§ (v=0, ] =7)state
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Figure 3.13 Potential curves for the Rydberg states of the Hy molecule and the ion
states that are relavent for the current studies in the region of 1311000-133000 cm™!
(figure reproduced with permission from Ch. Jungen).

core or dissociation of the molecule. Though a similar energy region was cov-
ered in the recent VUV studies and explained by MQDT [60-62], the present
spectroscopic interrogations are distinct from previous studies on Rydberg
states of H, [60-63, 88-90] for the following reasons:

(i) Unlike the photoionization spectra of the ground (1s0)?X state and
inner-well states like (1s02s0)E, the spectra displayed in fig 3.9 to 3.12 probe
the autoionization from an outer-well state F(v = 0) where the wave function
density is situated around ~ 4.4 a.u. At this relatively large internuclear sep-
aration, the potential curve of F state is not parallel to that of X* state of the
ion, H} as shown in fig 3.13. In such a case, to interpret the spectra in the
framework of MQDT, it would require to develope R—dependent quantum
defects along with their energy dependent form [110, 111].

(ii) The current study probes the autoionization spectrum of a doubly ex-
cited electronic state (2po)? F! Yy of H,. Following the MQDT representation
of states, the F state has intrinsically more character of the excited electronic
state of the ion core, A*(2po,). The theory requires an extension to inter-
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Figure 3.14 Complex resonances observed in the same energy region from the excita-
tion of two ortho- states, F(v =0, ] =5 and 7).

pret simultaneously both the de-excitation of A* character to (1s0)X™ as well
as excitation outer well (2po)F electron to np Rydberg manifold, via a one-
photon electric dipole transition.

(iii) In the regions above 131,000 cm~! and as R — 5 a.u. the np Rydberg
structure of H, gets complicated by interactions with higher order partial
waves (f and h), and thus producing avoided crossings as shown in ab initio
potential curves of fig 3.13 [60, 62, 112].

(iv) Finally, the present observations are made for higher angular momen-
tum levels ] = 4 -7 of H,. This was not possible in the earlier VUV studies
[60-62] probing the ground state X(v = 0) at room temperature, with pop-
ulation limited to J < 4. The study of Glass-Maujean et al. [113] extends to
] = 6 of Rydberg states in D, but the probing was limited to R < 2 a.u.
Future MQDT-analysis may incorporate these considerations to interpret the
experimentally observed autoionsation spectra, i.e. figures 3.9 to 3.13.

Despite the lack of the theoretical interpretation, a few remarks can be
made from the observed spectra. There are few overlapping regions in the

64



Autoionization from outer-well levels F 12§ (v=0,]=4-7)

250 300 350 400 450 500 550 600
energy-131000 (cm™) (t]

Figure 3.15 Complex resonances observed from a para- state, F(v =0, | = 6)

autoionization spectra of two-ortho (J = 5,7) levels (fig. 3.10, 3.12) and those
of two-para (] = 4,6) levels (fig. 3.9, 3.11). Each F(v = 0,]) level is pho-
toionized via three different autoionizing Rydberg series converging onto
X*t(w*,J" =] +1,],] - 1) state of the ion. This is evident from a few isolated
spectral lines and also in the case of ‘complex’ resonances. For example, the
resonance shown in figure 3.14 represents a Rydberg series possibly arising
from R-branch transitions from J = 5 and P-transitions from J = 7, sharing
the same Rydberg structure. These complex resonances occur when the per-
turbing Rydberg configurations or series along with different continua, some-
times including dissociation, are coherently excited [114, 115]. Similar reso-
nance profiles were observed in earlier studies of Dehmer and Chupka [88],
and Glass-Maujean et al. [60, 61]. These profiles represent the typical nature
of the non-adiabatic coupling between the electron excitation, i.e. increment
in n of Rydberg series, associated with the corresponding change (decrease)
in the nuclear (core) vibrational quanta or vice versa [110]. Similarly, another
more complicated spectral feature observed from a para | = 6 level as shown
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in fig 3.15 strongly requires extensions to MQDT to understand the Rydberg
continuum interactions in H;, from internuclear separation beyond 4 a.u.

3.6 Conclusion

This chapter revisits the EF — X system in the H; molecule by probing the
wavefunction densities at R > 4 a.u. Doppler-free REMPI measurements are
extended to vibrationally as well as rotationally hot molecular levels X! Yi(v=
11,] = 6,7), produced via photolysis of H,S. The importance of resonant ion-
ization detection using autoionization resonances towards detection, assign-
ment and improving ac-Stark analysis of the F — X transitions is discussed in
detail. A tentative assignment for the transitions from the highest vibratio-
nal state, X(v = 14) has been made based on precision spectroscopic studies
measured with an accuracy of 60 MHz. The velocity map imaging method is
implemented for imaging the H}(v = 11) molecules to understand the quan-
tum state specific translational kinetics of H,S photofragments. Finally, the
study provides the autoionization spectra for the higher angular momentum
levels ] = 4 — 7 aiming to investigate the Rydberg-continuum interactions
from a doubly excited outer-well state F for the first time.
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Chapter 4

CARS spectroscopy of the (v =0 — 1) band in T,

Abstract

Molecular hydrogen is a benchmark system for bound state quan-
tum calculation and tests of quantum electrodynamical effects. While
spectroscopic measurements on the stable species have progressively
improved over the years, high-resolution studies on the radioactive
isotopologues T, HT and DT have been limited. Here we present
an accurate determination of Ty Q(J = 0 —5) transition energies in
the fundamental vibrational band of the ground electronic state, by
means of high-resolution Coherent Anti-Stokes Raman Spectroscopy.
With the present experimental uncertainty of 0.02 cm~!, which is a
fivefold improvement over previous measurements, agreement with
the latest theoretical calculations is demonstrated.
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4.1 Introduction

Molecular hydrogen and its isotopologues are benchmark systems where the
most refined quantum chemical theories can be applied. Its energy level
structure can be calculated to the highest accuracy of any neutral molecule,
which include the Born-Oppenheimer (BO) contribution, nonrelativistic BO
corrections as well as relativistic and radiative (quantum electrodynamic or
QED) contributions [8, 10]. Adiabatic and nonadiabatic effects are prominent
in molecular hydrogen due to the lightness of the nuclei, and thus analogous
studies on the different isotopologues provide a handle for a better under-
standing of these contributions to the level energies.

The ground state level energies and transitions in H,, HD and D, have
been determined at ever increasing accuracies, with the recent accurate stud-
ies employing cavity-enhanced techniques ( e.g. [27, 116-119] ) or pulsed
molecular beam spectroscopies [23, 24]. The dissociation energy Dy, a bench-
mark quantity in quantum molecular calculations, have also been determined
to a high accuracy [22, 120, 121] by combining the results of several precision
spectroscopies. The comparison of the results from measurements and cal-
culations enable precision tests of QED, and even test of new physics beyond
the Standard Model [28].an

While numerous precision spectroscopic studies on the stable molecular
hydrogen isotopologues have been performed, the tritium-bearing species
HT, DT and T, are not as well studied because of the limited access to ra-
dioactive tritium. The comprehensive classical spectroscopy of Dieke [122]
on all isotopologues of molecular hydrogen included tritium-containing spe-
cies. Laser Raman spectroscopic studies were carried out on the pure ro-
tational (0-0) and fundamental vibrational (1-0) bands by Edwards, Long
and Mansour [123] for T, and later for HT and DT [124]. Veirs and Rosen-
blatt [125] also performed Raman spectroscopy on all molecular hydrogen
species, however, they reported discrepancies with Ref. [123, 124] that ex-
ceeded the claimed uncertainties of those previous determinations. Chuang
and Zare [126] performed high-resolution measurements on the (1-0), (4-0)
and (5-0) bands of HT using photoacoustic techniques. They pointed out
discrepancies when comparing to the ab initio calculations by Schwartz and
LeRoy [127] that may stem from the treatment of nonadiabatic corrections.

The molecular structure of the tritiated hydrogen isotopologues in the
electronic ground state is also relevant in experiments which aim at the de-
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Experiment

termination of the mass of the neutrino, like the Karlsruhe Tritium Neutrino
experiment (KATRIN) [128]. The mass is deduced from high-resolution elec-
tron spectroscopy of the decay electrons from the molecular beta-decay of
tritium, T, —3HeT*+e” +7,. After the decay, the helium-tritium ion remains
in an excited electronic, vibrational and/or rotational state [129]. This inter-
nal excitation energy reduces the kinetic energy carried away by the electron,
which acts as the central kinematic observable in the neutrino mass measure-
ments. The probability of excitation of these states is currently only accessi-
ble via theory [130, 131]. These calculations crucially depend on the energy
levels of the initial states of T, and final states of 3HeT*.

In this contribution, we present our determination of the Q-branch transi-
tions of the T, fundamental band (v = 0 — 1) in the ground electronic state.
We employed Coherent Anti-Stokes Raman spectroscopy (CARS) [132] us-
ing narrowband pulsed lasers on a low-pressure gas cell containing tritium.
Comparison with previous experimental determinations demonstrate agree-
ment with Ref. [125], while comparison with calculations in Ref. [52] indicate
that relativistic and QED contributions are smaller than the present measure-
ment accuracy.

4.2 Experiment

For the high resolution CARS measurements a new tritium compatible cell
was developed based on the concept of the standard Raman cells at the Tri-
tium Laboratory Karlsruhe (TLK) [133, 134]. Tritium-compatibility is guar-
anteed by employing well-proven materials only, such as stainless steel or
certain fused silica windows with metal-to-window sealings. It should be
noted that rubber- or plastic-based materials cannot be used due to deteri-
oration by radiochemical reactions induced by the beta-emitter. The inner
volume of the cell should be a small as possible to reduce the activity of the
tritium gas sample at a certain pressure. On the other hand the length of the
cell needs to be long enough, so that the energy density of the laser pulses at
the window surface does not exceed the damage threshold. In our design a
good compromise was found at a length of 80 mm, which resulted in a total
inner cell volume of 4 cm3. Tritium gas was prepared at high purity by per-
forming displacement gas chromatography and gettering on uranium beds at
the TLK [135] and filled into the cell at about 2.5 mba. This corresponds to
an activity of less than 1 GBq which is the legal limit for handling tritium
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Figure 4.1 Schematic diagram of CARS setup. A/2: half-wave plate; L1, L2: lenses; IF:
interference filter; PD: photodiode.

outside of a licensed lab. The composition of the sample was measured by
Raman spectroscopy [136]: T,: 93.4%, DT: 4.9%, HT: 1.4%, H,: 0.2% and
D;: 0.1%. Subsequently, the cell was decontaminated to allow transporting
to the CARS setup at LaserLab Amsterdam.

A schematic diagram of the setup is shown in Fig. 4.1. The frequency-
doubled output, at 532 nm, of an injection-seeded Nd:YAG pulsed laser (Spec-
tra Physics 250-10 PRO, 10-Hz repetition rate) was used as the pump radi-
ation wpymp- The tunable probe beam wpiobe, at ~ 612 nm, is the output of
a pulsed dye laser (Lioptec LiopStar) running on a mixture of Rhodamine B
and Rhodamine 640 that is pumped by another Nd:YAG pulsed laser. The
pump and probe beams are spatially combined and subsequently focused by
a lens L2, focal length f = 30 cm, into the tritium cell and collimated by an-
other lens L1, focal length f = 10 cm, after the cell. The probe, pump and
anti-Stokes signal wanti-stokes = 2@Wpump ~ Wprobe beams are then dispersed by
a Pellin-Broca prism, where the signal beam (~ 470 nm) passes through an
optical interference filter (bandwidth 10 nm) before collection onto a pho-
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Figure 4.2 High-resolution spectrum of Q-branch in the fundamental band of T;. The
lines shown were recorded at pump/probe pulse energies of 5 mJ, except for | = 4
which was recorded at 7.5 m].

todetector. The temporal overlap of the pump and probe pulses is optimized
by changing the trigger timings of the Nd:YAG lasers.

During the measurement, the wavelength of wpymp is measured continu-
ously (around 18789.0302(10) cm™!) using a wavemeter (High Finesse Ang-
strom WSU-30). The probe radiation wprope wavenumber is scanned, while
simultaneously a portion of wpope is diverted into an I, absorption cell, where
the Doppler-broadened absorption lines of the latter are used as calibration
reference [137]. The iodine calibration lines are shown together with a se-
lected Raman line in Fig. 4.3. The wavenumber calibration of wpump is esti-
mated to be better than 0.002 cm™!, while the calibration accuracy of Wprobe

is estimated at 0.01 cm™!.

4.3 Results and discussion

The observed Q(0) — Q(5) transitions (v = 0 — 1,AJ = 0), plotted against the
Raman shift (wanti_stokes), are shown in Fig. 4.2. Good signal-to-noise ratio
is obtained even for the weakest lines for 7.5 m] pulse energy for both the
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pump and probe beams, where the linewidths are observed to be ~ 0.15 cm™!.
The relative intensities of the CARS signal follow the expected behaviour of
Icars « N2 with N being the number density by considering Placzek-Teller
Raman line strength coefficients and a room temperature partition function
[138].

The Doppler width of the T, Q transitions at room temperature is 0.014
cm™L. In order to estimate the effect of ac-Stark broadening, the Q(1) transi-
tion was recorded at lower pulse energies of 1 mJ for both pump and probe
beams, see Fig. 4.3. Even at these reduced pulse energies, the linewidth is ob-
served to be ~ 0.1 cm™!, which we attribute to be mainly limited by the probe
laser (wprobe) instrument bandwidth. This is confirmed by the fitted line-
widths of the I, calibration resonances of ~ 0.08 cm™ !, used for calibrating
Wprobe, While the expected I, Doppler width is ~ 0.03 cm~!. The instrument
linewidth of the pump laser wpymp is estimated to be ~ 0.005 cm™!, and thus
has a minor contribution to the T, linewidths.

The ac-Stark effect shifts the v = 0 and v = 1 energy levels due to effects
of the polarizability derivative and by a smaller contribution of the polariz-
ability anisotropy [139, 140]. Both these properties are different in ground
and excited states and the resulting ac-Stark coefficient for H, are found:
Aa = 20 MHz per GW/cm? for the polarizability derivative and Ay = 9 MHz
per GW/cm? for the polarizability anisotropy. Since this property is different
in the ground- and excited state, a shift of the resulting Raman lines appears.
Dyer and Bischel [141] showed that the experimentally determined ac-Stark
shifts are in perfect agreement with ab initio calculated polarizabilities and
that the ac-Stark effect for hydrogen always leads to a red-shift of the Raman
line. Using the formulas of Dyer and Bischel with polarizability values for
T, by Schwartz and Le Roy [127], one obtains a shift which is 40% smaller
than that of H,. When calculating the expected shift for a CARS signal with
typical pulses (pump/probe pulse energy E = 10 m], pulse duration 7 = 8 ns,
beam diameter in focus dgycys = 35 pm) we should expect a shift of about 0.1
cm~!. A shift like this should have been visible in Fig. 4.3. The effect on
our spectrum is less a shift, but more a broadening towards the red (lower
wavenumber) side of the CARS resonance. This observation may be ascribed
to a difference in our CARS experiment as compared to the dedicated setup
by Dyer and Bischel with a well-controlled auxiliary laser for quantifying
the ac-Stark effect. In our approach temporal and spatial integration over
the power densities has to be considered for the quantitative assessment of
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Figure 4.3 Top: Q(1) transition recorded at 1 and 10 m] for the pump and probe
beams. Bottom: Transmission through I, calibration cell. Blue lines indicate I, ab-
sorption lines which have been included in the calibration of the tuneable probe laser
(in cm™!). Note, that the wavenumber axis of the iodine spectrum is given by the
wavenumber of the pump (18789.0302(10) cm~!) - Raman shift.

the ac-Stark phenomenon, leading to the observed red-side broadening as
demonstrated by Li, Yang and Johnson [76]. As we measured the line profiles
for energies for 1 to 10 mJ while accounting for the asymmetric broadening,
we did not observe a shift above the uncertainty of the probe laser calibration
of 0.01 cm™.

May et al. [142] developed a model for the collisional shift in H;, as a
function of pressure. They measured the linear shift coefficient of the Q-
branch to be about ~ 0.003 cm™~!/amagat at room temperature (See also Rahn
et al. [143]). They predicted that the shift is proportional to the fundamental
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vibrational transition w, and thus to the inverse square root of the reduced
mass (o ¢#7/?) - a behavior which has been verified by Looi et al. [144] when
comparing shifts in D, and H,. Therefore, the linear shift coefficient in T} is
expected be about 1.7 smaller as compared to that of H,. At a pressure of 2.5
mbar, we estimate the collision shift to be negligible (< 1 x 1075 cm™!).

The accuracy of the present line position determination is then limited
by the line fitting uncertainty and by the Doppler-broadened I, calibration
reference. We provide a conservative estimate of 0.02 cm™! for the transi-
tions measured. Multiple measurements of the Q(1) transition demonstrate
reproducibility of the line positions to within 0.01 cm™! at the highest pulse
energy of 10 m]J, at lower pulse energies the reproducibility increases.

The fitted line positions of the Q transitions are listed in Table 4.1. The
transition values from the previous determination of Veirs and Rosenblatt
[125], as well as the calculations of Schwartz and LeRoy [127] and by Pachucki
and Komasa [52] are also included in the table. There is good agreement with
the previous experimental values of Ref. [125], with the present results repre-
senting a fivefold improvement. The calculation of Schwartz and LeRoy [127]
include early estimates of the relativistic and radiative corrections to the po-
tentials, where they estimate a 0.01 cm™! contribution to the level energies.
They also evaluate the nonadiabatic corrections by an isotopic scaling proce-
dure and estimate a total uncertainty of 0.015 cm™! for the level energies of
low rotational J states. The calculations of Pachucki and Komasa [52] only
dealt with nonrelativistic contributions including nonadiabatic corrections
for which they assign an uncertainty of 1077 cm™!, which is effectively exact
for our purpose. Although Ref. [52] does not include relativistic and radiative
(QED) contributions, good agreement is found with the present results. This
suggests that relativistic and QED corrections are below the present exper-
imental uncertainty of 0.02 cm~!. Since the corresponding relativistic and
QED corrections for Q transitions is ~ 0.002 cm™! in D, [10], the present
agreement with Ref. [52] is reasonable as it is expected that the analogous
corrections are less for T,. It is worth noting that the calculation by Schwartz
and Le Roy [127] agrees to within 0.004 cm~! when compared to Ref. [52].

The previous measurements of Edwards, Long and Mansour [123] devi-
ate by —0.2 cm™! in comparison to the present results on average, despite
their claimed accuracy of 0.005 cm™'. As the same disagreement persists
when comparing Ref. [123] with the experimental results of Veirs and Rosen-
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Table 4.1 Transition energies of the Q—branch in the fundamental band (v =0 — 1)
of Ty extracted from measurement with lowest possible pump/probe pulse energies
at sufficient high signal-to-noise ratio (J = 0,1,2,3,5: 5m]J; ] = 4: 7.5 m]). The present
results are compared to the previous experimental determination in Ref. [125] as well
as calculations in Ref. [52, 127]. See text for the discussion of uncertainties in the ab

initio calculations. The energies are given in cm™!.

J  thiswork  Ref.[125] Ref. [127] Ref. [52]
0 2464.50(2) 2464.498 (10) 2464.502
1 2463.33(2) 2463.343(10) 2463.346
2 2461.01(2) 2461.0(1) 2461.034(10) 2461.037
3 2457.57(2) 2457.5(1) 2457.575(10) 2457.579
4 2452.97(2) 2452.0(1) 2452.976(10) 2452.980
5 2447.23(2) 2447.3(1) 2447.245(10) 2447.249

blatt [125], we believe that determinations of Edwards, Long and Mansour
[123] may have unrecognized systematic errors.

4.4 Conclusion

We have determined the transition energies of the Q(0)—Q(5) lines in the fun-
damental band (v = 0 — 1) of the ground electronic state of molecular tritium
by employing CARS spectroscopy. The present results are in good agree-
ment with Veirs and Rosenblatt [125] and represent a five-fold improvement
over their previous experimental determination. Agreement with the most
accurate nonrelativistic calculation [52] implies that relativistic and radia-
tive effects for these transitions are below the present accuracy of 0.02 cm™!,
but may manifest in planned measurements using a narrowband probe laser
source. Our present results on T,, with the addition of spectroscopies on tri-
tiated species HT and DT, expand our ongoing program on testing the most
accurate quantum chemical theory.
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del of the Tritium Laboratory Karlsruhe for the welding of the cell, prepara-
tion of the tritium gas, the filling of the cell and the legal support for the cell
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Chapter 5

Relativistic and QED effects in the fundamental
vibration of T,

Abstract

The hydrogen molecule has become a test ground for quantum
electrodynamical calculations in molecules. Expanding beyond stud-
ies on stable hydrogenic species to the heavier radioactive tritium-
bearing molecules, we report on a measurement of the fundamental
T, vibrational splitting (v = 0 — 1) for ] = 0-5 rotational levels. Pre-
cision frequency metrology is performed with high-resolution coher-
ent anti-Stokes Raman spectroscopy at an experimental uncertainty
of 10—-12 MHz, where sub-Doppler saturation features are exploited
for the strongest transition. The achieved accuracy corresponds to a
fifty-fold improvement over a previous measurement, and allows for
the extraction of relativistic and QED contributions to T, transition
energies.
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5.1 Introduction

Molecular hydrogen is a quintessential system in the development of quan-
tum chemistry and has emerged as a benchmark for testing relativistic quan-
tum electrodynamics (QED) in simple bound systems. The accurate measure-
ment of the dissociation energy of the H, molecule [22], the measurement of
its fundamental vibrational splitting [24], as well as the accurate frequency
calibration of very weak quadrupole overtone transitions [27, 145, 146] have
been accompanied by ever increasing first principles calculations [4, 8, 10].
The comparisons between accurate theoretical and experimental values have
spurred interpretations in fundamental physics, such as contributions from
hypothetical fifth forces in the binding of the molecule [29] as well as con-
straining the compactification lengths of extra dimensions [56]. The various
contributions to the binding energies in the hydrogen molecule, in particu-
lar the adiabatic and nonadiabatic corrections [52] to the Born-Oppenheimer
energies, and to a more subtle extent the relativistic and QED contributions
[84], depend on the masses of the nuclei. The mass-dependency of the cor-
rections are accentuated in the lightest hydrogenic molecular system, and
spectroscopic precision tests were extended to other hydrogen isotopologues.
Measurements of the dissociation energy [120] and the quadrupole infrared
spectrum [116, 118] were extended to the D, isotopologue, while the mixed
HD stable isotopomer was targeted in studies of the dissociation limit [121]
and the near infrared spectrum [117]. For performing comparisons with QED
calculations the latter were performed for HD as well to high accuracy [147].

In contrast, there is a paucity of high-accuracy investigations on the ra-
dioactive tritium-bearing species of molecular hydrogen, such that relativis-
tic and QED effects are entirely untested for the tritiated isotopologues. Tri-
tium, containing two neutrons in addition to the charge-carrying proton, is
unstable with a half-life of about 12 years and undergoes beta decay as the
nucleus transmutes from 3H to 3He. Handling tritium in a typical spectro-
scopy laboratory is heavily restricted to dilute amounts, thus ruling out the
use of molecular beam techniques, while cavity-enhanced techniques face
severe difficulty in material degradation with tritium exposure. Examples
of the few gas-phase experiments on T-bearing hydrogen molecules include
spontaneous Raman spectroscopy on T, [123, 125] and optoacoustic spec-
troscopy of the fundamental and overtone bands in HT [126], performed
with sample pressures of a few hundred mbars. Here, we perform precision
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Experimental setup

tests on T, the heaviest molecular hydrogen species, by employing Coherent
Anti-Stokes Raman Spectroscopy (CARS). CARS offers excellent sensitivity
and has been previously applied to H, at 100 mbar [148], while a related Ra-
man technique has been applied to D, at 2-mbar pressures [149]. We have
recently demonstrated the feasibility of precision measurements in a gas cell
containing T, at 2.5 mbars [36]. In this letter, we present results with a fifty-
fold increase in precision, obtained by the use of a narrowband Stokes laser
source and improved absolute frequency calibrations. The application of ns-
pulsed narrowband laser sources on the low-pressure T, sample has enabled
the observation of narrow sub-Doppler saturation features in the CARS spec-
tra, which is exploited to obtain higher precision for the strongest transition.
Significant enhancement in the detection efficiency also allowed for the use
of much lower laser intensities, leading to a more accurate treatment of AC-
Stark effects.

5.2 Experimental setup

A schematic representation of the experimental setup is shown in Fig. 5.1.
Two nearly Fourier-transform (FT) limited laser pulses for the pump (wp,
A =532 nm) and Stokes (ws, A = 612 nm) beams are temporally and spatially
overlapped and focused with a f = 20-cm lens (L1) in the tritium gas cell.
The nonlinear frequency mixing (scheme represented in the lower left corner
of Fig. 5.1) produces an anti-Stokes coherent beam at wygs = 2wp — wg corre-
sponding to A = 470 nm, which is collimated (L2: f = 10 cm) and dispersed
using prisms, passed through an optical filter (IF) and finally detected using
a photomultiplier tube (PMT). The pump beam (pulse width: 8 ns; FT-limit:
55 MHz) is the output of an injection-seeded and frequency-doubled Nd:YAG
laser, while the Stokes radiation (pulse width: 6 ns; FT-limit: 74 MHz) is pro-
duced using a narrowband pulsed dye amplifier (PDA) system [150], which
is seeded by a continuous-wave (cw) ring dye laser and pumped by a differ-
ent injection-seeded Nd:YAG laser. The 4-cm? gas cell contains 2.5 mbar of
mixed molecular hydrogen isotopologues with 93% T,, prepared at the Tri-
tium Laboratory Karlsruhe and transported to LaserLaB Amsterdam [36].
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Figure 5.1 (Color online.) Schematic of the high-resolution CARS setup. Narrow-
band pump (wp) and Stokes (wg) laser beams are collinearly aligned in a sample cell
containing 2.5 mbar of T,. The generated anti-Stokes (wag) radiation is spatially
dispersed using prisms, passed through an optical interference filter (IF), detected
using a photomultiplier tube (PMT) and recorded (DAQ). A diagram for the CARS
frequency-mixing process in shown on the lower left.

5.3 Frequency calibration of CARS spectra

High-resolution CARS spectra are recorded for six Q(J) rotational lines (for
J = 0-5) of the Xlzg fundamental (v = 0 — 1) vibrational band. A typi-
cal recording of the Q(0) Raman transition, which is the weakest among the
detected lines, is shown in Fig. 5.2. The cw-seed frequency for the wg radi-
ation is calibrated in scanning mode using transmission markers of a HeNe-
stabilized etalon (free spectral range vgsg = 150.33(1) MHz) in combination
with a reference spectrum provided from saturation I, spectroscopy [65]. A
temporal and spatial cw-pulse frequency offset may be induced by intensity-
dependent frequency chirp effects in the pulsed-dye amplification [150-152],
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Figure 5.2 (Color online.) Spectral recording of the Q(0) line of the x! zg(o -1)

Raman band, probed at peak intensities of 9 GW/cm? for both lasers, and plotted
with respect to the Stokes frequency wg (lower frequency axis) and the Raman shift
w (upper axis). The solid red line through the T, data points is a Gaussian fit, while
the transmission of the stabilized etalon and saturated I, spectrum are plotted below
the spectrum for the relative and absolute frequency calibrations for wg, respectively.

which is measured and corrected for in the data analysis [34]. The frequency
of the wp pulse is monitored online using a high-resolution wavemeter (High
Finesse Angstrom WSU-30) that is periodically calibrated against several ab-
solute frequency standards in our laboratory, including calibrations against
a Cs standard via an optical frequency comb laser. The Raman shift w is de-
duced from the simultaneous frequency calibration of both incident lasers at
frequencies wp and wg, respectively.

5.4 AC-Stark effect

The spectral lines are typically broadened by the AC-Stark effect as shown
in Fig. 5.3, depending on the pulse intensities of the incident pump Ip and
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CARS signal (arb.units)
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Figure 5.3 (Color online.) Recorded CARS spectra of the Q(1) line profiles at vari-
ous wp and wg laser intensities illustrating the AC-Stark effect. (a) At low intensities,
symmetric profiles are observed that approach towards the instrument- and Doppler-
limited bandwidth, with the lowest intensity in (a) at (Ip +Ig) = 6 GW/cm?. (b) At
sufficiently high intensities, sub-Doppler saturation dips are observed, with the high-
est intensity in (b) at (Ip + Ig) = 125 GW/cm?. The amplitude scale is identical for
both panels (a) and (b).

Stokes Ig laser beams, respectively. The smallest peak in Fig. 5.3 (a) was
recorded with intensities of Ip = 6 and Is = 1.5 GW/cm?, and has a full-
width half-maximum (FWHM) of 420 MHz. This approaches the expected
linewidth limit from the convolution of the Doppler width (370 MHz) with
the instrumental bandwidths of both laser beams (75 MHz). At sufficiently
high pulse intensities (> 30 GW/cm?), sub-Doppler CARS saturation dips [148,
149] are observed as shown in panel (b) of Fig. 5.3. These saturation profiles
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Figure 5.4 (Color online.) Extrapolation to the field-free Raman shift for the Q(1) line
measured at different intensities. The solid black squares are obtained from Doppler-
broadened spectra while the unfilled blue squares are obtained from the sub-Doppler
features in saturated CARY spectra. The red line is a fit of the combined data sets.
The inset shows the FWHM linewidths, where the sub-Doppler features (solid black
squares) are up to four times narrower than those for the Doppler-limited spectra
(unfilled blue squares).

were fitted with the composite function,

2
W — wWp
Ysat(@) = Ag + Apopp €Xp {—(WO:?) }

2
w-w

_A _ sub ,

sub exp{ ( Awgyp ) }
to obtain the line positions w(.), linewidths Aw(,), and amplitudes A(.) in-
dicated by subscripts (Dopp) and (sub) for the Doppler-broadened profile
and sub-Doppler features, respectively. The lowest intensity scan in Fig. 5.3
(b) shows a resolved sub-Doppler dip with a FWHM linewidth that is four

times smaller than the Doppler-limited width and approaches the instrument
bandwidth.
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The AC-Stark shift for the Q(1) transition is plotted in Fig. 5.4 as a func-
tion of total intensity, Ip + I, of both pump and Stokes beams, respectively.
Due to the similar polarizabilities at Ap = 532 nm and Ag = 612 nm for both
the v = 0 and v = 1 levels for molecular hydrogen [141], a treatment of the
AC-Stark dependence on total intensity was performed. The AC-Stark analy-
sis includes the line centers of the Doppler-limited (unsaturated) profiles and
sub-Doppler saturation dips, and the true field-free Raman line positions are
obtained by extrapolating to zero total intensity. The Q(1) linewidths are
plotted in the inset of Fig. 5.4 for the Doppler-limited profiles and the sat-
urated sub-Doppler dips, showing the potential of improved line center de-
terminations for the narrow saturation features. Due to the lower signal to
noise ratio for the other Q(J) lines, sub-Doppler studies were only performed
for the Q(1) transition. Collisional shifts in molecular hydrogen have been
investigated in CARS studies [143] and are at the level of < 0.1 MHz at pres-
sures of 2.5 mbar and can be safely ignored for T,. The uncertainty contri-
butions, summarized in Table 5.1, lead to a final uncertainty of 12 MHz or
4x107* cm™~'for Q(J = 0,2 - 5) lines. The slightly smaller uncertainty of 10
MHz for Q(1) reflects the use of sub-Doppler features in the AC Stark anal-
ysis, and better statistics due to more measurements performed on this line
for the systematic shift assessment. The statistics entry in Table 5.1 indicates
the reproducibility of measurements performed on different days.

Table 5.1 Systematic and statistical contributions to the frequency uncertainties in
the fundamental vibrational Raman shifts in T,. Values are given in MHz.

Contribution Q(J=1) Q1)
Pump (wp) calibration 6 6
Stokes (wg) cw calibration 2 2
Stokes cw—pulse chirp correction 5 5
AC-Stark analysis 7 4
Collisional shift <1 <1
Statistics 7 5
Combined (10) 12 10
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5.5 Results and discussion

The Q(J) transition energies for | = 0—5 are listed in the second column of Ta-
ble 5.2. The present results are in agreement with our preliminary study [36],
but represent a fifty-times improvement in accuracy. The measurements here
are also two hundred fifty times more precise than all other previous inves-
tigations in T, e.g. in Ref. [125]. The Q(J) results of the present study are in
agreement with the calculations in Ref. [127] with partial treatment of rela-
tivistic and radiative effects, with a claimed accuracy of 0.02 cm~!. Calcula-
tions of the rotationless vibrational splitting Q(0), which includes relativistic
corrections [153] and leading-order QED estimates [18] are also consistent

with the present determination to within 0.01 cm™.

Table 5.2 Fundamental vibrational splittings of the Q(J) transitions in T, obtained in
this study are listed in the second column. Listed in the last column are the relativis-
tic and QED energy contributions, Eye+QED, to the transition energies extracted from
this experiment and nonrelativistic energy Epgnre] calculations in Ref. [52], given in
the third column. Values are given in cm™!, with uncertainties in between parenthe-
ses.

line this €xp Enonrel [52] E1rel+QED

Q(0) 2464.5052(4) 2464.5021 -0.0031 (4)
Q(1) 2463.3494(3) 2463.3463 -0.0031(3)
Q(2) 2461.0388(4) 2461.0372 -0.0016(4)
Q(3) 2457.5803(4) 2457.5795 -0.0008 (4)
Q(4) 2452.9817(4) 2452.9803 -0.0014(4)
Q(5) 2447.2510(4) 2447.2492 -0.0017 (4)

The nonrelativistic energies, E,onrel, Of the quantum levels in the ground
electronic state are now calculated to an accuracy at the level of 10~/ cm™!
(or kHz-level) for H, D,, and T, [4, 52]. Current efforts in first-principle
calculations target higher-order relativistic and QED contributions E,¢]+QgD,
including recoil corrections [4, 8, 10], and have recently been extended to
the ma®-order [83]. The evaluation of mass-dependent relativistic nuclear
recoil corrections currently dominate the systematic uncertainty of the ab
initio energies [84]. However, the E,|,qpp contributions to the level energies
of T, have not been calculated to date. Our measurement accuracy allows
for the extraction of E,..qgp contributions for T,, given in Table 5.2, with
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Figure 5.5 (Color online.) Relativistic and QED contributions to T, (v = 0 — 1),
Q(J) transition energies, extracted from the present measurements and nonrelativistic
calculations in Ref. [52], are shown in the lower panel. The analogous experimentally-
derived Ere,Qpp contributions for Hy and D; from Ref. [24, 78] are shown in the
upper panel, indicated by solid circles and slightly shifted horizontally for clarity.
For Hj and D; these can be compared to the full ab initio calculations [10], indicated
by unfilled circles in the upper panel.

the use of nonrelativistic level energies E,onre] from Ref. [52], which may be
considered exact for this derivation.

The extracted E,e4qpp contributions for T, are plotted in the lower panel
of Fig. 5.5. The analogous contributions of H, and D, using the Q(J = 0 -2)
transitions from molecular beam measurements in Refs. [24, 78] are plotted
in the upper panel. These experimentally-derived H, and D, Eij+qQgp con-
tributions can be compared to the direct ab initio calculations [10], but corre-
sponding ab initio calculations for T, are yet to be carried out. The relativis-
tic and QED contributions to the T, transitions measured can be larger than
those for H, and D,, presumably due to the suppression of mass-dependent
higher-order terms that scale with the inverse of the reduced mass [8, 10].
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5.6 Summary and outlook

In summary, we have determined Q(J = 0 — 5) transition energies of the fun-
damental band of T, with a 50-fold improvement in precision over our pre-
liminary study [36] and a 250-times accuracy improvement over all other
previous investigations. The extracted relativistic and QED energy contri-
butions for T, pose a challenge to high-accuracy calculations that has yet to
be pursued. Access to the tritium-bearing isotopologues (T, HT, DT) dou-
bles the number of the benchmark hydrogen molecule specimens, and greatly
expands opportunities for fundamental tests. Studies using the heavier tri-
tiated species may be useful in disentangling correlations between various
mass-dependent effects that currently limit the calculation uncertainty in
molecular hydrogen [84]. Furthermore, comparisons of experimental and
theoretical determinations of transition energies in molecular hydrogen can
be used to constrain hypothetical fifth forces [29], where the heavier T, may
inherently lead to nine times enhanced sensitivity relative to H,.

Future progress in the spectroscopy of molecular tritium holds the promise
of a determination of the triton charge radius which is poorly known at
present [154]. This would be of great relevance towards the resolution of the
proton size puzzle [25, 51], where analogous measurements of the deuteron
size [155] have been performed to shed light on the issue. Advancing our
understanding of QED through spectroscopy of tritium-bearing molecular
hydrogen may pave the way towards precision studies of nuclear structure.

We would like to acknowledge Meissa Diouf, Adonis Flores and Cunfeng
Cheng for assistance during the measurements, and Rob Kortekaas for tech-
nical support. We thank Tobias Falke, David Hillesheimer, Stefan Welte and
Jurgen Wendel of TLK for the preparation and handling of the tritium cell.
WU thanks the European Research Council for an ERC-Advanced grant (No
670168). The research leading to these results has received funding from
LASERLAB-EUROPE (grant agreement no. 654148, European Union’s Hori-
zon 2020 research and innovation programme).
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Chapter 6

Perturbations in the A!TI, v = 0 state of '>C!30
investigated via complementary spectroscopic
techniques

Abstract

The A!TI(v = 0) level of 12C!80 has been reinvestigated using
three different high-resolution spectroscopic methods: (i) 2+ 1’ res-
onance enhanced multiphoton ionization of the AT - X13+(0,0)
band using narrowband lasers in a Doppler-free geometry; (ii) Fourier-
transform emission spectroscopy in the visible range probing the
Blx+ — AlT1(0,0) band in a discharge; (iii) Fourier-transform ab-
sorption spectroscopy in the vacuum-ultraviolet range measuring
the AITT-X1X%(0,0) and B!£* — X1 $%(0,0) bands at multiple tem-
peratures ranging from 90 to 900 K. An effective-Hamiltonian anal-
ysis of ATT,v = 0 levels was performed up to J = 44 which quan-
titatively addresses perturbations by the e32~(v = 1), d3A(v = 4),
232t (v=9),D!IA(v=0),and I' £~ (v = 0,1) levels.



6 Perturbations in the ATI,v = 0 state of 12C180

6.1 Introduction

Spectroscopy of the carbon monoxide molecule and, in particular, its pro-
nounced 4" -positive or A!TT - X! *system has been investigated repeatedly
since the 1920s, beginning with Birge [156] and Herzberg [157]. It is a bench-
mark system for analyzing perturbations in diatomic molecules. A compre-
hensive theoretical framework for such analysis of perturbations in the A'IT
state was developed by Field et al. [158, 159]. The A'TI state of the specific
12C180 isotopomer has been investigated via emission spectroscopy of the
B'X* — A'TI Angstrém bands [160, 161], the C'X* — A'TI Herzberg bands
[162], and the E'TT — A'TT Kepa - Rytel system [163, 164], and in absorp-
tion via the A'TT «— X! 2* system using vacuum-ultraviolet (VUV) absorption
[165-167]. These experiments reveal multiple non-Born-Oppenheimer inter-
actions of the A!TT state with several other states, which do not themselves
readily appear in experimental spectra: d°A, e3%, a”®Y", DA, and 11X~
Previously, Beaty et al. [167] used their high-resolution A!TT — X!T* emis-
sion spectra to model the interaction of the A'TI(v = 0 - 9) levels with these
states and deduced deperturbed molecular constants. VUV-laser excitation
studies on the A!TT — X!X* system for 12C!30 have been performed as well
[168, 169].

Other spectroscopic studies involving '?C'80 have focused on the B!X* —
X!¥* system [170], on transition oscillator strengths [171, 172], and on the
measurement of lifetimes [173, 174]. The spectroscopy of the >C!'#0 ground
state has been studied to high accuracy in microwave [e.g., 175, 176] and far
infrared (FIR) experiments [e.g., 177]. A comprehensive analysis was made
by Coxon and Hajigeorgiou [178] leading to a very accurate model for the
ground-state in CO isotopologues expressed in terms of molecular parame-
ters.

The present investigation is one of a series analyzing perturbations in low-
v levels of the A'TT state in detail for various isotopologues. These studies
have provided a highly accurate description of the level energies and the cor-
responding perturbations of the A!TT state in the 12C'®0O main isotopologue
[39, 67,179, 180], and in the 13C'°0 [40], '?C'70O [181], and '3C!70O [41] iso-
topologues. One goal of this work is to quantify the electronic isotope shifts
in the A'IT state and determine whether it shows anomalous behaviour in
common with observations of the a®IT state [38, 182]. The new spectroscopic
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measurements of A'TI(v = 0) state presented here are necessary to obtain the
precision required to probe this effect.

The general methodology of this work is similar to our recent studies of
other CO isotopologues [40, 41, 181]. Three spectroscopic techniques are em-
ployed: Doppler-free two-photon laser spectroscopy of the A'TT—X!%*(0,0)
band, Fourier-transform emission spectroscopy in the visible range on the
B'Y*—A'TI(0,0) band, and Fourier-transform absorption spectroscopy in the
VUV range on the AT -X'2*(0,0) and B!X* — X12+(O,0) bands. The first
technique provides transition frequencies with ultrahigh accuracy and the
latter two provide high-resolution broadband measurements. These inde-
pendent measurements of the level energy separations for all combinations
of X!2*(v = 0), AlTI(v = 0), and B!Z*(v = 0) levels provide a check on the
absolute frequency uncertainties estimated for each experiment.

Based on this variety of complementary spectroscopic experiments, accu-
rate level energies are determined for the rotational levels of A!TT(v = 0) and
B!Y*(v = 0) and some levels in the perturbing d3A(v = 4), e3X~(v = 1), and
a”®¥*(v = 9) states. None of the latter states support allowed transitions in
our spectra due to spin and orbital angular momentum selection rules, but
appear due to their spin-orbit and rotational-electronic (L-uncoupling) inter-
actions with A'TI(v = 0). An effective Hamiltonian is used to model the level
structures and to determine deperturbed molecular constants for each of the
states. Mutual interactions, as well as interactions with some more remote
levels are included in the Hamiltonian matrix, leading to an accurate repro-
duction of the measured level energies to within experimental accuracy.

Hereafter, we abbreviate vibrational levels and transitions, for example,
A'TI(v = 0) and B'X*-X!X*(v' = 0,v” = 0) to A(0) and B—A(0, 0). Rotational
branches for transitions involving triplet states are labelled in the tables, pre-
sented in this paper, as, e.g., Q21fe, indicating a AJ = 0 transition with an
upper-state f-symmetry F, level and lower-state e-symmetry F; level. The
important cases are the d°A and e3X~ states for which the F;, F,, and F3 ro-
tational stacks correspond to Hund’s case (a) levels with ] = N -1, N, and
N +1, respectively. There exist e- and f-symmetry versions of all F; levels of
d3A whereas e3¥ is restricted to the pairs (Fy,e), (F,, f), and (F3, e).

91



6 Perturbations in the ATI,v = 0 state of 12C180

6.2 2+ 1’ REMPI laser spectroscopy

6.2.1 Experimental details

A narrowband tunable pulsed dye amplifier laser system at LaserLaB Ams-
terdam [183] was used in a molecular beam study. Doppler-free spectra of
the A-X(0,0) band of '2C!'80 were recorded using counter-propagating laser
beams of ultraviolet (UV) radiation perpendicularly crossing a molecular
beam of 80 isotopically-enriched carbon monoxide (Sigma Aldrich, 99.9%
12C and 95% '80). The excited molecules were ionized by a second pulse-
time-delayed laser at 202 nm, forming a 2+ 1’ resonance enhanced multipho-
ton ionisation (REMPI) process. Signal detection was established by moni-
toring 30 amu ions in a time-of-flight mass spectrometer. An accurate fre-
quency calibration was performed by simultaneously measuring a saturated
absorption spectrum of molecular iodine with reference to pre-calibrated I,
resonances [65] and a stabilized etalon, as was done in previous experiments
with other CO isotopologues [67, 180]. The measured transition frequencies
of the two-photon resonances were corrected for frequency chirp effects in
the pulsed dye amplifier [67, 183, 184] and extrapolated to zero intensity to
correct for AC Stark effects [39]. These procedures yielded two-photon tran-
sition frequencies with an accuracy of 0.001 cm™!, which corresponds to 30
MHz. This error estimate is composed of contributions from frequency chirp,
absolute frequency calibration, and the AC-Stark extrapolation, in order of
importance.

6.2.2 Results

Figure 6.1 shows a recording of the R(2) two-photon transition in the A-X(0, 0)
band of 12C!80. The I, saturation spectrum used for absolute calibration and
the transmission intensity from the stabilized etalon are also shown. The lat-
ter exhibits a low finesse at the wavelength of the fundamental, A = 617 nm,
but after fitting a sine function through the markers this does not contribute
significantly to the calibration uncertainty. In the '2C'80 molecular beam
expansion only the lowest J-values can be probed due to rotational cooling.
Accurate transition frequencies were measured for 10 lines in the two-photon
spectrum and their results are listed in Table 6.1.

After the laser spectroscopic measurements on '>?C'80, a separate mea-
surement was performed to correct for the chirp phenomenon [67]. Typi-
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two-photon energy (cm™)

64758.70 64758.75 64758.80 64758.85
T T T T T T
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Figure 6.1 Recording of the R(2) two-photon transition in the A'TT - X!¥*(0,0) band
of 12C180 measured by 2+ 1” REMPI (red points and fitted black curve). The lower
blue and black lines represent etalon markers and the saturated absorption spectrum
of I, used for frequency interpolation and calibration. The asterisk indicates the
al3 (7,7) hyperfine component of the B-X (10,3) R(81) iodine line at 16189.69559
cm~! [65] that was used for calibration.

cal values for the chirp-induced shift were —18(5) MHz at the fundamental
frequency. Even after quantitative assessment of this contribution to the sys-
tematic frequency shift it remains the major source of uncertainty in the error
budget for frequencies listed in Table 6.1.

The transition frequencies of all lines were measured under various in-
tensities of the laser field, providing information for making AC-Stark plots.
These are shown in Fig. 6.2 for four lines plotted I»against an absolute scale
of laser intensity in the focal region. The uncertainty of the absolute inten-
sity value may be as large as 25%, the relative intensities are accurate within
10%, allowing for an extrapolation to zero intensity to obtain an AC-Stark-
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Table 6.1 Rotational transition frequencies,! v, the deviations between observed
values and calculated values from a fit to the entire data set involving all laser, FT-
emission and FT-absorption lines A,ps _cq1¢., and AC-Stark slope coefficient?, Cac, of
AT -X!£%(0,0) in 12C!80 as measured in the 2 + 1’ REMPI laser experiment.

Line Vobs Aobs‘—calc. CAC
P(2) 64743.6807(10) -0.0022 0.45
P(3) 64738.7324(10)  0.0001  0.33
P(4) 64733.1271(10) -0.0007 0.44
Q(1) 64750.9905(20)  0.0006

Q(2) 64749.6591(10) -0.0021 0.37
Q(3) 64747.6367(20) —0.0016

R(1) 64757.0383(10) -0.0031 0.34
R(2) 64758.7614(10) 0.0019 0.43
S(0)  64760.6457(10) —0.0011  0.40

S(1)  64765.9457(10) —0.0016 0.43

1 Units of cm™! and 1o uncertainties given in parenthe-
ses in units of the 1east—si§niﬁcant digit)
2 Units of MHz/(MW/cm?).

free transition frequency. The values listed in Table 6.1 include such an ex-
trapolation. An AC-Stark slope parameter C4¢ was also determined for most
lines, representing the proportionality between the laser intensity in units of
MW/cm? and the AC-Stark induced line shift. For the Q(1) and Q(3) lines
only indicative values for the slopes were measured. On average a value of
Cac = 0.41(10) is found for the two-photon lines in the A-X(0,0) band of
12C18Q. This value falls within a factor of two of that found in an early high-
power study of the AC-Stark effect in CO [72]. Results on dynamic polariz-
abilities may provide information on the structure and internal dynamics in
molecules, but will not be discussed further in this paper, which focuses on
high resolution spectra and perturbations in the excited state.

6.3 Fourier-transform emission in the visible range (VIS-FT)

6.3.1 Experimental details

Visible (VIS) wavelength emission spectra of 12C!80 were recorded at the
University of Rzeszow using an air-cooled, carbon hollow-cathode (HC) lamp
operated at 780 V, 54 mA dc. The lamp was filled with a static mixture of
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Figure 6.2 AC-Stark-plots for four transitions measured by two-photon Doppler-free
spectroscopy in the ATT - X! £*(0,0) band of 12C!80.

180, and '°0, (Sigma-Aldrich, 98.1% '80,) at a pressure of 3 mbar. During
the discharge process, the O, molecules react with the !>C atoms ejected from
the carbon filler placed inside the cathode, thus forming '>?C'80 and '>C'®0O
molecules in the gas phase, in sufficient amounts to achieve a signal-to-noise
ratio (SNR) of 70 : 1 for the '?C!80 spectrum. For the current experiment, we
used an improved version of the HC lamp with respect to previous investiga-
tions [185, 186]. A higher temperature dc-plasma (up to 900 K) was obtained
at the center of the cathode and allowed for observations of B—A(0, 0) rota-
tional transitions with J as high as high 40. The associated line-broadening
increased by only 0.02 cm™! relative to previous studies [187, 188], in which
a dc-plasma temperature of about 650 K was used.

The discharge glow was focused by a plano-convex quartz lens onto the
entrance aperture (1.0 mm diameter) of a 1.71 m Fourier-transform (FT) spec-
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trometer [40, 41]. A recent modification of this spectrometer significantly
reduced the reflection of the HeNe laser beam, used for calibration and con-
trol of the position of a movable retroreflecting mirror, from optical elements
in the interferometer and detector compartments, and noticeably improved
its sensitivity in the VIS and UV regions. A visible-wavelength quartz beam-
splitter and a photomultiplier tube running in integration mode were used
to record the '2C'80 B-A(0,0) spectrum between 22100 and 22900 cm™!.
The spectrometer was operated under vacuum conditions (pressure below
0.003 mbar). Emission spectra were accumulated over 128 scans to obtain
the desired SNR with a spectral resolution of 0.018 cm™!. Under these set-
tings the observed widths of 2C1'80 lines did not depend on the spectrometer
resolution, but were limited by the Doppler broadening, yielding linewidths
of 0.1 cm~!. The molecular gas composition used to obtain the spectrum was
12C180: 12C160 =1:0.1.

The spectrum was frequency calibrated using the 633 nm line of an inter-
nal frequency-stabilized HeNe laser. The central positions of emission lines
were measured by fitting Voigt lineshape functions to the experimental spec-
trum using a least-squares fitting procedure. The estimated absolute cali-
bration uncertainty (10) is 0.003 cm~!. The fitting uncertainty of the line
frequency measurements is estimated to be 0.003 cm™! for single medium-
strength lines and 0.01 — 0.02 cm™! for weak and/or blended ones.

6.3.2 Results

An overview of the wavelength region studied in VIS-emission (437 — 452
nm), together with rotational assignments and a simulated spectrum, is shown
in Fig. 6.3. In this spectrum some '2C!80 B-A (0,0) lines are blended with
12C160 B-A (0,0) as well as with lines from B-A (1,1) bands of '?C!80 and
12C16Q. This contamination was taken into consideration during the analysis
of the spectral lines in the 12C180 B-A (0,0) band. In total, we assigned and
analysed 168 molecular emission lines of 12C!80, among which 119 belong
to B—A (0,0) band, and 49 to the so called “extra lines” associated with the
B!X* —e327(0,1), B'X* — d3A(0,4) and B'X* — a”3X%(0,9) transitions termi-
nating on perturber states and gaining intensity from mixing with the A'TI
state. Wavenumbers of the 12C180 B-A (0,0) band are listed in Table 6.2 and
transition frequencies of the extra lines are presented in Table 6.3.
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Fourier-transform emission in the visible range (VIS-FT)
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Figure 6.3 High resolution emission spectrum with rotational assignments of the
12¢180 Bly+ — AT (0,0), BIZ* — ¢35~ (0,1), BIX* — d3A (0,4), and B! 2+ — 35
(0,9) bands recorded with the VIS-FT spectrometer. Upper trace: experimental spec-
trum; Lower trace: simulation of 12C180 B2+~ AITI (0, 0) obtained with the Pgopher
software [189]. Lines indicated by red labels represent J-values with the strongest per-
turbations.
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for three different sample temperatures, T = 90 K, T = 300 K and T = 900 K, as

indicated.
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Table 6.2 Transition frequencies of the 12C!80 B!x* — AT (0,0) band obtained in
the VIS-FTS experiment. !

]// P 0 R ]rr P 0 R
1 22173.18 wb 22165.76 Wb 22162.06 Y 21 22 396.035 22314.806 22236.953
2 22178.31 wb 22167.13 Y 22159.76 b 22 22414.657 22329.714 22248.22Y
3 22184.191 22169.21 0 22158.220 23 22431.519* 22342.853 22257.736
¢ s 2imey st G BUSOC PSR o
25 22473, . 467
Lo RIAn R R aw nasews o nam
7 22218.343 5218514 gt 27 22510.07 22406.75627 22307.006
3 2217.920 219141 b 5> 154869 28 22 535,354; 22428.37 22324.962
9 22228.927 22199.06 " 22158.466 2 22559854 22449.219~ 22342.145
10 22240.030 22191.563 22162.16 30 2258631 22472.041 22361.33 >
11 22251.629* 22201.330 22166.36 ! 22599.42 % 22481.500 22367.17 ¥
12 2226402 22210.788 * 2217134 32 2262733 WZ 22505824 22387.81 :b
13 22277.546 22220.305 22177.458 * 33 22653.81 " 22528.868 22407.04
14 22293.024 22230.131* 22185.559 34 22680.43 22551.528* 22426.36 ¥
15 22297.486 22240.411 22182.639* 35 22707.45 WP 22574.959 22446.14 Wb
16 22313.068 22251.238 22190.84 b 36 22734540 22598.91 Wb 22465.98 wb
17 22328.66° 22262.659 22199.06 Y 37 22762.99 wb 22623.47 Wb 22487.27 Wb
18 22344.626 22274.700 22207.634 38 22791.78 Wb 22648.67 WP 22508.86 b
19 22361.130 22287.389 22216.770 39 22821.20 Wb 22674.20 Wb 22531.06 ¥b
20 22378.243 22300.745 22226.521 40 22700.89 Wb 9255397 wh

(1] In units of cm™!. Lines marked with w and/or b are weak and/or blended. For lines marked by an asterisk (*) a small perturbation in
the BLX* (v = 0) excited state was found. The instrumental resolution was 0.018 cm™!. The estimated absolute calibration uncertainty (10)
is 0.003 cm™!. The absolute accuracy of the line frequency measurements are estimated to be 0.003 —0.02 cm~! depending on line strength
and blending.
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Table 6.3 Spin-forbidden lines appearing in the VIS-FT absorption spectra.!

J”  °Ritee "Quief 1Py 14, "Rizee  1Quoef  PPige TR13ee PQy3er P3¢
Blzt-e327(0,1)

3 22131.60 Wb 22134.34 wb

4 22135.25 wb 22139.43 wb

5 22180.76 Wb 22139.93 wb 22145.73 wb

6 22193.56 Wb 2214533 wb 22153.20 wb

7 22206.250 22150.611 22161.824

8 2223236 Wb 22169.29 Y 22171.347Y

9 22178.58 wb 22181.422 22129.86 wb

10 22208.669 22136.72 Wb

11 22220.60 Y 22144.82 wb

12 22234.816* 22246.59 wb 22153.94 wb

13 22250.99 ¥ 22263.93 wh* 22163.83

14 22281.187 22173.717

15 22311.44 Wb 22196.57 b*

16 22332.51 wb 22210.27 %

17 2235557 wb

18

L All transition frequencies are in cm™!. Lines marked with w and/or b are weak and/or blended. Lines marked
with an asterisk (*) indicate a small perturbation in the BlX*+(v = 0) excited state. The branch-label subscripts e
and f indicate the upper-state/lower-state symmetry and superscripts o,p,q,r and s denote change in the total an-

gular momentum excluding spin.
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Table 6.3 (continued from last page) Spin-forbidden lines appearing in the VIS-FT ab-
sorption spectra.

J”  CRite "Qiief 1Py 1e "Rizee  1Quzef PPi2ee 1R13¢e PQuaer Pi3ee

BIx* —d3A (0,4)
23 22437.37 Wb* 22348.657  22263.57 Wb

27 22526.95 wb 22423.60 22323.88 Wb

30 22565.14 Wb 22450.816

31 22619.97 w0 22502.03 ¥ 22387.69 ¢
BlX*t —a35* (0,9)

33 22523.68 Wb

34 22473.76 wb*

L All transition frequencies are in cm™!. Lines marked with w and/or b are weak and/or blended. Lines marked with an
asterisk (*) indicate a small perturbation in the B X*(v = 0) excited state. The branch-label subscripts e and f indicate the
upper-state/lower-state symmetry and superscripts o,p,q,r and s denote change in the total angular momentum excluding
spin.
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6 Perturbations in the ATI,v = 0 state of 12C180

6.4 Fourier-transform absorption in the vacuum ultraviolet (VUV-
FT)

The Fourier-transform (FT) vacuum ultraviolet (VUV) spectrometer on the
DESIRS beamline at the SOLEIL synchrotron was used to record spectra of
the A-X(0,0) and B-X(0, 0) bands of 12¢C180), 1Its operation and performance
have already been described in detail [190, 191] as well as its application for
the measurement of CO spectra [179, 180, 192].

6.41 A'TI — X'X*(0,0)

Figure 6.4 shows three absorption spectra of A—X(0,0) recorded with succes-
sively greater sample temperatures and column densities. The quasi-static
CO gas was outflowing from a windowless cell under three different tem-
perature regimes: liquid-nitrogen cooled (90 K), room temperature (300 K)
and a heated cell (900 K) [193]. Doppler-broadening of the observed spectral
lines increases at higher temperatures and limits the accuracy of line-center
measurements. The advantage of high-temperature spectra is that more ro-
tational states can be probed, in the present study up to ] = 41. Analysis of
the combined spectra permitted precise frequency measurements for strong
A-X(0,0) lines and much-weaker forbidden transitions. Lines arising from
the A-X(1,1) hot band are also evident in Fig. 6.4(c) between 63 800 and
64130cm™".

The integrated cross sections of all lines were optimised to best fit the
900K spectrum after application of the Beer-Lambert law to their Doppler
broadened summation. This required consideration of the sinc-shaped in-
strumental broadening of the VUV-FT instrument, with a full-width half-
maximum of 0.27 cm™! (a higher spectral resolution, 0.07 cm™~!, was adopted
while recording 90 and 300K spectra). To improve the fitting of blended
lines, the spectra were analysed while assuming combination differences of
P- and R-branch transitions fixed to known ground state term values [178].
Also, no perturbers of A(0) have dipole-allowed transitions to the ground
state and we assumed no intensity-interference effects afflicting A-X(0,0) P-
and R-branch lines with common J’, which might otherwise arise from the
mixing of parallel and perpendicular transition moments [194]. Under this
assumption, the relative strengths of P(J'+ 1) and R(J’ — 1) lines are then
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Fourier-transform absorption in the vacuum ultraviolet (VUV-FT)

given by the ratio of their Honl-London factors and a Boltzmann distribution
of ground state J” level populations [1, 195].

Linearity of the FT frequency scale is intrinsically reliable, being dictated
by the macroscopic interferometrically-controlled stepping of a mirror in the
wave-front-division interferometer. An absolute frequency calibration of the
A-X(0,0) spectrum was obtained by comparison with our two-photon ab-
sorption laser-based measurements of low-J A'TT - X!X* lines, described in
Sec. 6.2. This required consideration of the parity of excited levels probed
in one- and two-photon absorption because of significant A-doubling of the
AT state. The estimated accuracy of this absolute calibration is 0.0015 cm™!.
The final list includes 126 rotational transitions of A-X(0,0), and 73 spin-
forbidden lines associated with the e3X~ — X!2*(1,0) and d3A — X'X*(4,0)
bands. All measured frequencies are listed in Tables 6.4 and 6.5.

In the zero-order model, only the A-X(0,0) band provides any oscilla-
tor strength and has a J’/J”-independent band f-value when dividing by the
Hénl-London factors for a 'TTI — !X+ transition [1, 195]. After level mixing
is considered, some transitions to d(4) and e(1) levels borrow intensity by
mixing with nearby A(0) levels.

The integrated cross sections of A—X(0,0) lines were converted into band
f-values by factorising their ground state populations and Honl-London tran-
sition factors and are shown in Fig. 6.5. Band f-values will be J” independent
in the absence of perturbations, whereas A—X(0, 0) shows locally reduced f-
values due to intensity borrowing by levels of d*A — X!¥*(4,0) and e3¥~ —
X1¥*(1,0). The integrated cross sections of extra lines of d3A—X'¥*(4,0) and
e3¥~ -~ X!X*(1,0) were converted into band f-values assuming Honl-London
factors for a !TT - !X transition and are also shown in Fig. 6.5. The summa-
tion of transitions to all interacting levels is J” independent and represents
the unperturbed A-X(0,0) band f-value. For P/R branch transitions con-
nected to e-symmetry excited levels J” = 7 and 14 the admixture of A(0) into
the F3 component of e(1) is nearly 50%, indicated by the equal sharing of in-
tensity. The f-symmetry J” = 10 levels of A(0) and e(1) are similarly affected.
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Table 6.4 Transition frequencies of A!TT—X!X*(0,0) from the VUV-FT experiment.!

]// R Q P ]u R Q P
0  64754.654(5) - - 23 64658.293(3) 64587.172(2) 64515.367(2)
1 64756.983(4) 64751.007(4) - 24 64645.698(3) 64570.634(2) 64499.653(3)
2 64758.614(4) 64749.716(3) 64743.668(5) 25 64631.218(3) 64554.432(2) 64479.510(3)
3 64759.504(3) 64747.779(3) 64738.674(4) 26  64626.582(4) 64536.348(3) 64459.674(3)
4 64759.522(3) 64745.156(2) 64732.982(4) 27  64609.894(4) 64528.103(3) 64437.960(3)
5 64758.297(3) 64741.852(2) 64726.550(3) 28  64594.030(4) 64507.805(3) 64426.097(4)
6  64755.022(3) 64737.805(3) 64719.248(3) 29  64576.222(5) 64488.336(9) 64402.190(4)
7 64763.192(2) 64732.927(2) 64710.704(3) 30  64571.798(6) 64466.916(4) 64379.114(4)
8  64759.989(2) 64727.040(2) 64700.111(3) 31  64552.592(6) 64 458.893(5) 64354.101(5)
9 64756.728(2) 64719.811(2) 64700.966(2) 32  64534.856(7) 64436.069(5) 64342.481(6)
10 64753.016(2) 64727.812(2) 64690.450(2) 33 64517.067(8) 64414.553(6) 64316.088(6)
11 64748.569(2) 64718.578(2) 64679.879(2) 34 64498.82(1) 64393.453(6) 64291.172(7)
12 64743.025(2) 64709.693(2) 64668.859(2) 35 64480.61(1) 64371.654(7) 64266.214(8)
13 64735.565(2) 64700.814(3) 64657.107(2) 36  64461.00(1) 64349.358(9) 64240.81(1)
14 64739.169(2) 64691.676(2) 64644.262(2) 37  64441.13(2) 64326.51(1) 64215.44(1)
15 64731.703(2) 64682.119(2) 64629.504(2) 38  64420.67(2) 64303.04(1) 64188.69(1)
16 64724.267(2) 64672.061(2) 64625.814(2) 39  64399.58(3) 64279.27(2) 64161.69(2)
17 64716.488(2) 64661.463(2) 64611.058(2) 40  64377.84(5) 64 254.42(2) 64134.11(2)
18 64708.217(2) 64650.289(2) 64596.337(2) 41 - 64229.12(2) -

19 64699.376(2) 64638.514(2) 64581.277(2) 42  64332.51(6) 64203.22(4) -

20 64689.910(2) 64626.117(2) 64565.730(2) 43 - 64176.64(4) -

21 64679.649(2) 64613.065(2) 64549.619(2) 44 - 64149.42(4) -

22 64671.189(3) 64599.202(2) 64532.887(2)

(1] In units of cm™!

0.0015cm™1 systematic uncertainty.

and with 1o fitting uncertainties given in parentheses in units of the least-significant digit that are additional to a
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Table 6.5 Spin-forbidden lines arising in the VUV-FT absorption spectra.!

J”  °Rilee "Qiife TPy1ee "Rizee  9Q12fe  PPigee TR13¢e PQisfe Pi3ee
e3x~—x!lx* (1,0)

1 64787.53(9) 64788.8(1) 64799.0(2)

2 64785.26(7) 64786.29(3) 64801.30(6)

3 64781.72(2) 64782.65(2) 64802.2(2)

4 64777.24(1) 64777.76(1) 64802.0(3)

5 64772.109(5) 64748.79(1) 64771.70(1) 64800.49(3)

6 64767.109(3) 64736.97(1) 64764.491(7) 64797.76(2)

7 64748.755(6) 64724.516(5) 64756.242(6) 64793.83(2) 64752.90(3)

8 64739.87(1) 64712.199(3) 64747.134(5) 64788.60(3) 64742.85(2)

9 64729.11(2) 64686.529(6) 64737.477(4) 64782.16(2) 64731.60(2)

10 64670.33(1) 64710.706(3) 64774.57(1) 64719.06(3)

11 64 652.26(2) 64699.299(6) 64765.974(6) 64705.31(2)

12 64 685.667(5) 64756.651(6) 64690.41(1)

13 64670.15(2) 64747.407(3) 64674.512(6)

14 64653.01(1) 64725.223(4) 64 657.888(6)

15 64 634.40(2) 64712.24(1) 64 641.346(3)

16 64614.45(1) 64697.36(2) 64611.868(4)

17 64593.08(1) 64591.59(1)

18 64569.43(2)

!'In units of cm~! and with 10 fitting uncertainties given in parentheses in units of the least-significant digit that are

additional to a 0.02 cm™! systematic uncertainty.
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Table 6.5 (continued from last page) Spin-forbidden lines arising in the VUV-FT ab-
sorption spectra.1

] “Ritee "Quife 1Py "Ri2ee TQ12¢e PProee IRy3¢e PQisfe Pi3ee

d3A-X12* (4,0)
22 64 665.341(5)
23 64581.366(7)
24 64493.805(5) 64 678.48(4)
25 64458.25(1) 64649.95(1)
26 64 609.73(1) 64 555.177(8)
27 64511.257(7) 64456.70(1)
28 64477.29(3) 64409.24(1)
29 64597.40(1) 64 522.68(
30 64551.25(2) 64 488.13(
31 64 438.39(
(

3
3
1
32 64401.58(1

)
)
) 64375.28(1)
) 64321.94(2)

I 'In units of cm™! and with 10 fitting uncertainties given in parentheses in units of the least-significant digit that are additional
toa 0.02cm™! systematic uncertainty.
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Table 6.6 Transition frequencies of B! X+

experiment.1

- X12%(0,0) in

12¢180 from the VUV-FT

]Il R P ]// R P

0 86920.396(2) - 26 87033.287(2) 86 837.519(2)
1 86924.156(2) 86913.022(4) 27 87038.218(2) 86 835.136(2)
2 86 927.966(2) 86909.411(2) 28 87 043.198(2)* 86832.803(2)
3 86931.826(2) 86 905.847(2) 29 87 048.207(2) 86 830.514(2)
4 86 935.730(2) 86902.334(2) 30 87053.252(2) 86 828.282(2)*
5 86939.680(2) 86 898.872(2) 31 87058.339(2) 86 826.086(2)
6 86943.681(2) 86 895.456(2) 32 87 063.460(2) 86 823.936(2)
7 86 947.730(2) 86892.087(2) 33 87 068.600(2)* 86821.835(2)
8 86951.826(2) 86 888.771(2) 34 87073.829(2) 86819.776(2)
9 86 955.967(2) 86 885.504(2) 35 87 079.060(2) 86817.746(2)*
10 86960.155(2) 86 882.287(2) 36 87 084.338(3) 86815.814(2)
11 86964.382(2) 86879.117(2) 37 87 089.643(3) 86813.894(2)
12 86 968.674(2) 86 875.998(2) 38 87094.978(4) 86812.029(3)
13 86973.010(2) 86 872.920(2)* 39 87100.346(4) 86810.202(3)
14 86977.379(2) 86869.911(2) 40 87105.745(5) 86 808.416(4)
15 86981.795(2) 86 866.949(2)* 1 87111.187(6) 86 806.672(4)
16 86 986.259(2) 86 864.024(2) 42 87116.669(7) 86 804.970(5)
17 86990.770(2) 86861.150(2) 43 87122.135(9) 86 803.322(6)
18 86995.319(2) 86 858.329(2) 44 87127.67(1) 86801.726(7)
19 86999.916(2) 86 855.559(2) 45 87133.20(1) 86800.125(9)
20 87004.557(2) 86 852.833(2) 46 87138.79(2) 86798.61(1)
21 87009.238(2) 86 850.158(2) 47 87 144.44(2) 86797.09(1)
22 87013.966(2) 86 847.534(2) 48 87150.03(3) 86795.65(2)
23 87018.739(2) 86 844.956(2) 49 87155.66(3) -

24 87023.542(2) 86 842.431(2) 50 87161.39(4) -

25 87 028.393(2) 86 839.956(2)*

(11 In units of cm™!

and with 1o fitting uncertainties given in parentheses in units of the least-significant digit that are additional to a

0.02 cm™! systematic uncertainty. Lines undergoing small perturbations in the BLE™* state are indicated with (*).
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6 Perturbations in the ATI,v = 0 state of 12C180

A—X(0,0) dp—X(4,0) ep — X(1,0)
d[nl — X(—l. 0) d[.g - X(4 ()) € — X(l. 0)
L L P S T T T S T L 1

P 1

e-parity upper levels
(P/R-branches)

(Q-branches)

o

= *

[¢]

>

N\j(_ s m
Lo ™ T rrrrrrrr e T
gO 5 10 15 20 25 30 35
.Q IS S T TR W T T | PO TN TN T TR T [N SN TN SN TN NN TN TN TN SN [N TN ST TN W [ W
‘ng f-parity upper levels e Exp. — Mod.
4+

<

Q

~

T T T

0 5 10 15 20 25 30 35
JI

Figure 6.5 Intensity sharing between A'TI - X!X*(0,0) and overlapping bands. Band
f-value for all transitions were calculated assuming the Honl-London factors for a
IT1 - 15" transition. Points / error bars: experimental data (circles: P/Q branches,
triangles: R branch). Lines: Results of the deperturbation model.

6.42 B!X* < XIX*(0,0)

A spectrum of the B—X(0, 0) absorption band near 115 nm is shown in Fig. 6.6,
recorded with the FT-VUV instrument set at a spectral resolution of 0.11 cm™!.
A list of experimental transition energies is given in Table 6.6. Transition
energies measured from this spectrum were combined with the VIS-FT spec-
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Fourier-transform absorption in the vacuum ultraviolet (VUV-FT)
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Figure 6.6 Photoabsorption spectrum of B X+ —X!1£+*(0,0) band with a sample tem-
perature of 1000 + 100 K. The B—X(1,1) band also appears due to the higher temper-
ature. The overall intensity slope is due to the continuum profile of the synchrotron
beam. Also shown is the residual difference of the experimental spectrum and its
modelled profile. Residuals are plotted on the same scale as the spectrum.

trum of A-X(0,0) to arrive at absolute term values for A(0), which can be
compared with those derived from the REMPI laser experiment. Addition-
ally, the direct measurement of small perturbations in the B(0) energy levels,
indicated with (*) in Table 6.6, prevented these from being misinterpreted
in B—A(0,0) spectra as arising from A(0). The nature of levels interacting
with B(0) interactions is beyond the scope of the current work and will be
subsequently studied.

An absolute frequency calibration of the spectrum containing B-X(0,0)
was made with respect to NIST data for several lines of atomic Kr, Xe, and
H contaminating the spectrum. These lines were induced by absorption up-
stream in the synchrotron beam line at the location of the gas filter used
for discriminating the harmonics produced by the undulator [191]. Since
these lines are Doppler broadened under static gas conditions there should
be no shift of their centre frequencies. Lines of '2C!80 itself, previously
measured in several high-resolution laser-based experiments [173, 174, 196]
concerning B—X(0,0) and other well-known transitions E'TT - X!X*(1,0) and
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Figure 6.7 Reduced term values (in cm™1) of the 12C180 AT (v = 0) level and the
perturbing rovibronic levels.

Cly+ - Xl)Z*(l,O) were used for calibration as well. The estimated accuracy
of this absolute calibration is 0.02 cm™!.

6.5 Perturbation analysis

The rotational term values of 12C!'80 A!TI(v = 0) are plotted in Fig. 6.7 in
reduced form. The crossing term series of e~ (v = 1), d3A(v = 4), a®L* (v =
9), and D'A(v = 0) are also indicated and are associated with shifts of the
A(0) energy levels.

The CO A!IT state, especially its v = 0 level, has one of the more compli-
cated rotational structures among low-lying states of diatomic molecules due
to the multiple rotational-electronic (L-uncoupling) and spin-orbit perturba-
tions that affect it. The spin-orbit interactions of A(0) with the e3X"(v = 1),
d3A(v = 4) and a”®X* (v = 9) levels, as well as electronic-rotational interactions
with D!'A(v = 0) and I' X~ (v = 0, 1) are responsible for these irregularities.
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Perturbation analysis

The strongest perturbation of A(0) rotational structure is due to spin-orbit
interaction with the e327(v = 1) at low J and is associated with a large split-
ting of e- and f-symmetry levels. An accurate treatment of this interaction
is essential for determining a deperturbed value for the A(0) term origin and
its mass dependence. All three spin substates of the d3A(v = 4) level strongly
perturb A(0) at mid-J. The F3 substate induces the largest shifts because of
the Hund’s case (a) selection rule limiting the spin-orbit interaction of 'IT
and 3A states to their Q = 1 components, in this case the F3 level of the in-
verted d3A. Relaxation of this rule by spin-rotational mixing then permits
the further interactions with F; and F, levels. The A(0)~a’(9) interaction is
weaker, with associated level shifts of ~ 0.5cm™! occurring between | = 33
and 39.

When comparing the perturbations evident in Fig. 6.7 with similar data
and figures addressing other isotopologues (e.g., 1>?C1°0 [39, 197], 13C1°0 [40,
198], and 13C!70 [41]) the crossings of A(0) with higher-v e(1), d(4), a’(9)
levels all occur at decreasing J with increasing reduced-mass, y, as is ex-
pected from the —/pw,(v + %) proportionality of first-order isotope shifts.
Conversely, the level crossings of A(0) and D(0) occur at higher ] for higher
mass because of the smaller vibrational constant, w,, of D'A.

To quantify the interaction energies and deperturbed molecular constants
of all directly and indirectly observed levels we employ the same methodol-
ogy as Niu et al. [39] and Hakalla [41] applied to other isotopologues. We
used 476 transition frequencies obtained from the laser, VIS-FT and VUV-FT
studies of A—X(0,0), B-A(0,0) and B-X(0, 0) transitions and their satellite ex-
tra lines. We computed level energies and transition frequencies in a matrix
diagonalization of all interacting levels. The effective Hamiltonian used has
matrix elements described in Niu et al. (see Table 6 in [39]) and the depertur-
bation was performed using the Pgopher software [189]. The interpretation
of the interaction parameters &£ and # were alaso discussed in [39] and in
[181]. The rotational structure of the ground state was fixed to the 12C!30
constants of Coxon and Hajigeorgiou [178] throughout the analysis in the
present paper and are listed in a footnote to Table 6.7.

The different sets of experimental data have different accuracies so we
use relative weights to integrate them into a single molecular-parameter fit.
A relative weight of 5 is assigned to data obtained from 2 + 1’ REMPI laser
spectroscopy; 2 to isolated and strong lines in the VIS-FTS spectrum, and
1 - 0.5 for weak and/or blended transitions; and 1 to isolated and strong
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Figure 6.8 Residual error of modelled line frequencies after deperturbation, shown
separately for each experimental measurement. The histograms consist of residuals
for the main bands and all observed extra lines.

lines in the the VUV-FTS spectrum and 0.5 — 0.1 to weak and/or blended
transitions.

Fitted deperturbed molecular constants and interaction parameters are
given in Table 6.7 with the same parameter definitions as in Niu et al. [39].
The root-mean-square error (RMSE) of unweighted transition-frequency resid-
uals is 0.014 cm™! after finalising the deperturbation fit. This measure of the
overall quality-of-fit of the model to the experimental data is dominated by
uncertainty in the least accurate B! X+ — X! X*(0,0) lines. This demonstrates
an overall high level of agreement between the experimental and model fre-
quencies. A correlation matrix was calculated during the least-squares fitting
procedure and checked to ensure satisfactorily low correlation coefficients
between the model parameters.

112



Perturbation analysis

Figure 6.8 shows the residual error of the deperturbation model when
compared with experimental frequencies. Histograms for each data set con-
tributing to the deperturbation fit have a width representative of the ran-
dom uncertainties for each experiment. As expected, the laser-absorption
REMPI frequencies are least scattered; all values are within 0.003 cm™! (see
Table 6.1). The greater scatter of VUV-FTS data in the A-X(0, 0) region rela-
tive to B—X(0, 0) is due to a combination of the somewhat better instrumental
resolution adopted for measurements of the latter and the greater number of
weak and overlapped lines present in the former. A small +0.005cm™! bias
of the VUV-FTS B-X(0, 0) model residuals indicates a slight disagreement of
the absolute calibration of this experiment relative to the others with a su-
perior calibration to the REMPI laser experiment. Actually, under optimal
conditions the VUV-FTS experiment is limited to an accuracy of 0.01 cm™!
[179], which is significantly larger than the systematic offset found here.

Modelled energies for all bands and excited-state term values are given
as an online data archive. All bands and levels are extrapolated to | = 60
but increasing errors are expected for levels which are not well constrained
by the observed lines and crossings. There are also archived experimental
spectra and the Pgopher input file used to perform our deperturbation.

The level mixing deduced from deperturbing the interaction of A(0) and
its perturbers also provides a means to calculate the linestrength borrowed by
extra lines that appear in the experimental B—A and A« X spectra. Modelled
band f-values are compared with A<X(0,0) absorption f-values in Fig. 6.5
and show good agreement, further validating the deperturbation model de-
duced from level energies.

The careful absolute calibration of our laser-based measurements with
respect to the ground state energy means that the value for the deperturbed
A(0) T, constant can be determined at high accuracy. Least-squares fitting
of the deperturbation model returns a statistical uncertainty of 0.0006 cm™!
for this parameter. However, this statistical uncertainty is smaller than the
0.001 cm™! absolute frequency uncertainty of our data (tied to the REMPI-
laser experiment) and we conclude that the estimated uncertainty of Ty is
0.001 cm™!. We list all residual differences of laser-measured and modelled
frequencies in Table 6.1 and these show agreement between 0.0001 and 0.003
cm~L,

A deperturbation analysis of 12C!80 A(0) and perturbers was previously
performed by Beaty et al. [167] based on comprehensive emission spectra of
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6 Perturbations in the ATI,v = 0 state of 12C180

A-X(0,0) and extra lines from perturbing states, with their deperturbed con-
stants also listed in Table 6.7. A similar scale of experimental information
was used in that previous work but with frequency uncertainties of 0.05 cm™!
or more. Our new measurements, with uncertainties between about 0.001
and 0.02cm™!, enable the determination of more constants defining the A(0)
and perturber levels than previously, and with better precision. All compa-
rable parameters show consistency between this work and that of Beaty et al.
[167], given their estimated uncertainties, apart from the A(0) and d(4) term
origins and the #74()~4(4) interaction parameter. The T, discrepancies likely
arise from correlation of this parameter with high-order rotational constants
and our inclusion of an additional constant, H, relative to Beaty et al. [167].

Some parameters in Table 6.7 are experimentally determined for the first
time, for example, the & parameters that control the L-uncoupling matrix
elements (A(0)|/,L_|D(0)) and (A(0)|/.L_|I(1)). We do not experimentally
observe spectral lines associated with D(0) nor I(1) and their avoided cross-
ings with A(0) occur above our highest-observed ] level. Fixed molecular
constants representing the D(0) and I(1) levels are nevertheless included in
our perturbation analysis by isotopically rescaling their electronic-state equi-
librium constants found in the literature [199-202]. The D(0)~A(0) and
I(1)~A(0) interaction parameters then exhibit quantitatively well-defined val-
ues &4(0)~p(0) = 0.0229(48) cm~! and Ea(o)~1(1) = 0.0944(24) cm~! when in-
cluded in the deperturbation optimisation. The 4(p)~p(0) parameter is con-
sistent within its uncertainty with a value calculated from the isotopically-
invariant rotational-interaction parameter determined by Lefloch et al. [197]
(parameter b in their Table. IV). A similar mass-scaling calculation is de-
scribed by Hakalla [41]. The newly-determined &4(g)~(1) does not show such
good agreement, differing by 36% from its rescaled value. This may be due
to a poorer determination of this parameter in our deperturbation than sug-
gested by its estimated uncertainty. The crossing point of A(0) and I(1) ro-
tational series in '>C!80 occurs near | = 49 while the maximum ] of our
experimentally-constrained term values is significantly lower | = 44, sug-
gesting the possibility of some uncertainty.
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Table 6.7 Deperturbed molecular parameters of 12C180 for the A(0) state and its
perturbers, and B(0).% Perturbation parameters as discussed in Refs. [39, 181].

Constant AlTI(v = 0) AlTI(v = 0) BlX*(v=0) DIAw=0) 1'Z-(w=0) 12 (v=1)
(this work) Ref. [167]¢ (this work) (this work) (this work) (this work)
T, 64755.71358(61)  64755.7020(92)  86916.6923(15)  65435.784/  64558.877"  65604.206"
B 1.527662(10) 1.527624(29) 1.8554295(50) 1.18878f 1.20084" 1.184498"
D x 108 6.610(19) 6.700(16) 6.1022(28) 6.38f 6.218 6.238
Hx 1012 —36.6(85) -0.268 2.598 2.598
3 0.0229(48) 0.0944(24)
Etheoret® 0.0247 —0.04104 0.06942
oc? 7.1 36.0

sIsATeue UOI}eqINIId]
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Table 6.7 (continued from last page) Deperturbed molecular parameters of 12C180 for

the A(0) state and its perturbers, and B(O).”’b Perturbation parameters as discussed in
Refs. [39, 181].

Constant e3x " (v=1) e3y " (v=1) d3A(v = 4) d3A(v = 4) a3yt (v =9) a3yt (w=9)
(this work) Ref. [167]¢ (this work) Ref. [167]¢ (this work) Ref. [167]¢
T, (F1) 64787.6689(13)  64787.651(10) 64982.44(13)  65281.120(11)  65281.14(63)
T, (F3) 65015.4993(38)  65014.71(19)
T, (F3) 65048.25(12)
B 1.197568(17) 1.1759189(60) 1.12877
A —16.5441(41)
A 0.5311(27) 0.562(17) 1.257(17) ~1.15/
yx103 ~2.11(25) —9j
D x10° 6.18" 5.98/ 5.81/
Hx 1012 -1.738 -0.698 -0.358
Ap x 104 —0.1/
y 14.7564(21) 14.780(14) -21.9065(53) —21.273(36)! -2.538(22) —2.54(14)!
Heheoret® 14.6659 14.6659 —21.7426 —21.7426 —2.554 —2.554
&y 0.6 0.8 0.8 2.2 0.6 0.5

@ All values are in cm™! except for relative errors which are given as percentages. ¥ Molecular constants fitted during the

model optimisation have uncertainties indicated in parentheses (1o, in units of the least significant digit). All other parame-
ters were fixed during the fitting procedure. The 12C180 fundamental ground state level, X(v = 0), was fixed to the follow-
ing constants determined by Coxon and Hajigeorgiou [178]: G, = 1055,7172740, B, = 1,830980706, D, = 5,55078179-107°,
H, =5,01843-10712, L, =-3,0008-10"17, M, = -3,80-10"23, N, = —6,0- 10728, and O, = -3,0-10733 cm™!.

¢ Theoretical rotation and spin-orbit interaction parameters calculated on the basis of isotopically-invariant scaling and calcu-
lation of vibrational overlap integrals for 12C180. 4 Difference between theoretical value, based on isotopic scaling, and the
experimentally determined value in terms of a percentage: 6, = (Ytheoret = 1)/ Mtheoret X 100. ¢ We only list the free parameters

fitted in [167].  f Obtained by isotopic scaling values taken from [202]. & Obtained by isotopic scaling values taken from
[197]. " Obtained by isotopic scaling values taken from [199]. ' Recalculated to the current definition of the spin-orbit
parameter, 1/, using the relationship # = @ x V3. J Obtained by isotopic scaling values taken from [167].
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Conclusion

The isotopologue-independent A!TI~a”*~* perturbation parameter has a
typical magnitude for spin-orbit interactions in CO [41], 84.02(10) cm™!, and
the weakness of the fitted A(0)~a’(9) interaction energy is then due to a rela-
tively small overlap of vibrational wavefunctions. We calculate a normalised
value for this matrix element, <vA(0)|va/(9)> = 0.071 using the method of Refs.
[41, 181] and find a value similar to other CO isotopologues, e.g. 0.070 and
0.072 with respect to 12C!70 and '3C!70.

6.6 Conclusion

Three different state-of-the-art techniques were employed to gather transi-
tion frequencies of the A'TI-X'¥*(0,0), B *-X!%*(0,0), and B! 2 *-A'T1(0, 0)
bands in 2C!80 with the highest resolution and accuracy obtained to date.
The spectra show many extra lines probing optically-forbidden transitions to
the d3A(4), e3X7(1), and a”>£*(9) levels, due to their interaction with A'TI(0)
by spin-orbit and rotational-electronic L-uncoupling. This spectroscopic data
was included into an effective Hamiltonian model of all observed levels and
their interactions.

Lines probing the d3A(4), e3X7(1), and a”*X*(9) triplet state perturbers
were observed directly, while interactions with the further remote perturber
states D!A(0) and I'X7(1) were found to measurably affect the A(0) term
values. As expected, the extents and strengths of perturbations arising in
A'TI(0) in 12C'80 level are similar to the cases of 12C'°0 [39], 13C'°0 [40],
and 13C170 [41].

The deperturbed term origin of A'TI(v = 0) is found with a precision of
0.001 cm~!. This term origin will be compared with our past and future
measurements in other CO isotopologues to determine the precise magnitude
of the A'TT—X!%*(0,0) electronic isotopic shift.
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