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Abstract

To explore the limits of contemporary knowledge is a prime objective of studies in fundamental
physics. The group of systems of molecular hydrogen ions (MHIs) offers many prospects in this
regard: From spectroscopic data, one may extract fundamental constants or test theoretical
predictions. MHI spectroscopy, in particular that of HD™', has undergone exceptional progress
in recent years. A key achievement has been the recent determination of the ratio of its reduced
nuclear mass to the electron mass with state-of-the-art precision.

However, in order to extract generally applicable constants from spectroscopic data of HD™,
such as the proton-electron mass ratio, it is necessary to combine it with data from other ex-
periments. In particular, the deuteron-proton mass ratio, obtained from cyclotron frequency
measurements in Penning traps. To avoid this dependency and obtain purely spectroscopic val-
ues, an alternative approach is to measure transition frequencies in the closely related molecule
Hj . But, despite its unique status as the simplest molecule in the universe, the highly accu-
rate measurements necessary for such an endeavor have so far remained elusive, due to the
experimental challenges posed by Hj .

This thesis will demonstrate how these challenges can be overcome through the development
of a capable spectroscopy laser system and its integration into a spectroscopy apparatus with a
linear radio-frequency ion trap at its core. The laser system is characterized and found to have
a relative frequency stability of better than 1 x 107* over timescales between 1 and 107 seconds,
coupled with a frequency accuracy relative to the SI second of a similar magnitude. Its output
power is at the watt-level; sufficiently high in order to drive electric-quadrupole transitions in
molecular hydrogen ions. The combination of the spectroscopy laser and the ion trap allows
for two spectroscopic studies based on laser excitation of Hj to be performed.

The initial study encompasses the observation of a Doppler-broadened rovibrational transition
in Hy, thereby achieving an experimental objective that was envisioned decades ago. This
observation is accompanied by the first study of systematic effects on an electric-quadrupole
transition in a molecular ion, specifically of Doppler-free single Zeeman components in HD*.
These results represent only the second time that an electric-quadrupole transition has been
observed in a molecular ion, but with a precision that is a factor ~ 10° greater than that of
the first observation. The study demonstrates that achieving ultra-high accuracy for this type
of transition is a realistic prospect.

The second study improves the H -result, surpassing the Doppler-effect and achieving a rel-
ative accuracy of the transition frequency of 8 x 1072, This represents the most accurate
measurement of any HJ property to date, exhibiting a factor of ~ 103 improvement over the
previous record. The obtained line resolution also surpasses the highest resolution achieved
with HD". By combining the measurement with theory and constants obtained from hydrogen
spectroscopy, the proton-electron mass ratio is derived with an accuracy similar to that of the
current CODATA standard and independent of Penning trap mass spectrometry. It is the first
time that this fundamental mass ratio has been derived from spectroscopic data alone. The val-
ues for the mass ratio, obtained through different experiments and theories, are in agreement.



Furthermore, the result may be combined with HD™ data in order to yield the deuteron-proton
mass ratio with similar accuracy. Alternatively, the measurements can be compared with the-
ory to result in a test of the underlying theoretical framework, where agreement is found at a
relative level of 8 x 10712, representing one of the most accurate experiment-theory comparisons
in physics.

The work introduces precision spectroscopy of Hy into the field of fundamental physics. The
results demonstrate that ultra-high accuracy spectroscopy of transition frequencies of molecular
hydrogen ions, specifically of electric-quadrupole transitions, has the potential to become a
new standard for the metrology of fundamental constants. Furthermore, this work lays the
experimental foundation of a vision proposed decades ago: the comparison of Hy with its

antimatter counterpart, the anti-molecule Hy .

vi



1. Molecular hydrogen ions - applications
in fundamental physics

The field of fundamental physics is concerned with our elementary understanding of the world
we live in. At this level, fundamental theories of physics have been subject to rigorous scrutiny
and have undergone significant transformations. Because of this nature, fundamental physics
is heavily intertwined with the field of precision physics, in which experiments and theories are
compared at the highest level of accuracy. To date, such accuracies have reached a relative
level of up to 1072, demonstrated by some of the most accurate determinations of physical
properties: the g-factor measurement of the electron [1] and the transition frequencies of the
hydrogen atom. These examples are simple single- and two-particle systems, respectively. This
is not surprising, given that such a level of accuracy demands a highly sophisticated theoretical
model, the development of which is a daunting task for complex systems.

Where to draw the line between simple and complex systems may not be without discussion.
However, in all cases, the logical next step in the progression of complexity would be that of
three-particle systems. Among this category are the simplest molecules, the molecular hydro-
gen ions (MHIs). This group encompasses all molecules consisting of a single electron and two
singularly positively charged nuclei. Given that three variants of such nuclei are known, namely
the proton, the deuteron, and the triton, the group consists of three homonuclear isotopologues
(Hy, Dy, T3) and three heteronuclear isotopologues (HD™ ,HT" ,DT"). This distinction is
much more relevant as it may seem at first glance, since symmetry or asymmetry between
the center of mass and the center of charge of the two nuclei each lead to far reaching conse-
quences. Being such simple, yet complex systems, they are at the intersection of calculable and
interesting systems. They are sufficiently complex to be subject to a multitude of fundamental
interactions and potential new physics, while still retaining adequate simplicity to allow for
rigorous theoretical calculations. Consequently, they are ideal candidates to join single and two
particle systems in the realm of precision physics and contribute to the ongoing endeavor of
testing our theoretical models and our understanding of the universe.

The underlying theory for all these systems is quantum electrodynamics (QED). As a result
of its ability to accurately describe a multitude of phenomena and systems, including those
previously mentioned, it has been designated as the most accurate theory in physics and is
also regarded as one of the most tested ones. As is the case for one- and two-particle systems,
highly accurate predictions of MHIs’ quantum mechanical energy levels are calculated within
the framework of QED. It is therefore unsurprising that all aims of MHI studies involve QED
to some extent. Two principal approaches may be distinguished: One may either assume the
theory to be correct in order to extract fundamental constants or test the theoretical framework
for correctness and completeness by comparing it with measurements.

This dissertation is dedicated to the pursuit of ultra-high accuracy spectroscopy of Hy in order
to contribute to the aspiration of an ever-better understanding of our world at an elementary
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level. The structure is as follows: A general overview of the main objectives of MHI fundamental
physics studies is presented in Fig. 1.1 and discussed in greater detail in the subsequent Sections
1.1 and 1.2, followed by a discussion of the particular relevance of the MHIs Hj and HD*
in Sec. 1.3. In particular, the importance of studies on Hj will be highlighted to provide
motivation for the work presented in this thesis. A brief introduction into the theory and a
review of undertaken experiments with H; will be given in Chapter 2. For a more comprehensive
introduction, the reader is directed to [2]. In Chapter 3 the aims of this thesis will be discussed,
with details of the experimental setup and procedures in the subsequent Chapter 4. Chapter 5
will present manuscripts that are relevant to and developed in connection to this thesis, while
a summary of their results is given in Chapter 6. Chapter 7 will conclude the work with an
outlook.

1.1. Determination of fundamental constants

Two groups of fundamental constants can be distinguished: Those that describe an attribute of a
particle, such as mass or charge, and those that define a scale between a physical interaction and
the measured value, e.g. the Planck constant. Yet, all of these constants have in common that
they are fundamental in the sense that their numerical value does not result from the theoretical
model in which they are employed. Instead, their values must be obtained through alternative
means, which in the majority of cases is through measurement. In order to perform this
procedure, the theoretical model is essential; it defines the relationship between the measured
property, the constants, and the physical interactions. For example, if a model describes a
property A as depending on a set of constants {c;, ¢;, ...}, one may set up the equation

A9 L g (¢ o0y (1)

where “expt” and “theor” correspond to the experimentally measured and theoretically pre-
dicted value, respectively. Assuming the constants to be unknown, their value can be deter-
mined by imposing the correctness of the equation. Obviously, since already in the above
example the property depends on multiple constants, a single measurement does not contain
sufficient information. At the same time, there may exist multiple measurements of various
properties that have a partial or total overlap with respect to the set of constants they de-
pend on. Moreover, there can be correlations between different properties and constants which
should be taken into account.

A general and maximal unbiased method for determining a set of constants that best describes
all measurements and additional information is therefore required. One possibility is to set up
an equation similar to eq. 1.1 for each measured property and then adjust the set of constants
until, on average, all equations are best-matched. In light of the abundance of measurements
and corresponding models in today’s world, this is a demanding task. Nevertheless, the task
can be completed, which is done by the Committee on Data (CODATA) of the International
Science Council. Typically, updated values for fundamental constants are published every four
years, providing a set of reference values based on the most accurate measurements and their
models. The most recent set of constants has been published and is abbreviated in this work
as “CODATA22” [3]. Note that a detailed description of their determination, similar to that
provided for the preceding set (“CODATA18”, [4]), is available at this point in time only as a
pre-print [5].
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Figure 1.1.: Goals of studies with “simple” systems. Three groups of systems are dis-
tinguished: single, two- and three-body systems. For each group, an example is shown.
Respectively they are: a single particle with its spin precessing in a Penning-trap (left), the
hydrogen atom with the electron cloud in the ground state (right) and a molecular hydrogen
ion with a similar depiction for the electron (center-top). In the latter two examples, the size
of the nuclei is exaggerated, and the “shadow” beneath both electron clouds is their center
cross-section. The arrows and corresponding labels illustrate the type of information that
can be contributed by each system to the encircled goals in the center-bottom. The arrows’
colors are chosen to match with the most closely related goal. It should be noted that the
example systems and arrows are not exhaustive; for instance other three-body systems, such
as helium or helium-like ions, may offer similar or other prospects as MHIs. Additionally,
the shown systems may offer other possibilities for contributing to research goals that are
not shown. The term “single particles” is used loosely in the context of this figure, including
also multiple particle systems that are subject to an environment in which their composi-
tion can be neglected (e.g. atom interferometry). QED: quantum electrodynamics. CPT:
charge-parity-time conjugation.
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Table 1.1.: Values of constants relevant for the computation of MHI transition
frequencies for both recent data sets CODATA18 and CODATA22. A value for r; is not
provided by CODATA, instead the value is taken from [6].

Rydberg constant

cRy (Hz)

CODATA18 3.289 841 960 2508(64) x 10
CODATA22 3.289 841 960 2500(36) x 10

mass ratios
" My Me mq/m, me/my,

1836.15267343(11) | 1.999 007 501 39(11) 2.993 717034 14(15)
1836.152673426(32) | 1.999 007 501 2699(84) | 2.993 717 034 03(10)
nuclear charge radii
. rp () ra () e (m)
8.414(19) x 10716 2.12799(74) x 10~ -
8.4075(64) x 10~1° 2.12778(27) x 1071 -
(6] - - 1.7591(36) x 10~1°

Constant (unit)

MHI studies may contribute to this endeavor. Owing to a highly advanced theoretical model for
transition frequencies f between two internal states, an equation of the form of eq. 1.1 can be
set up. In the case of rovibrational transition frequencies of MHIs, the most relevant constants
are the Rydberg constant R.,, the mass ratio of the reduced nuclear mass p to the electron
mass m., and the charge radii of any involved nucleus r;, such that eq. 1.1 can be written in
the specific form

! eor
FlEP = fOROD (R i fme, mi) . (1.2)

Current CODATA reference values for these or related constants are given in Tab. 1.1.

In this context, an important property is the sensitivity of a frequency to a fundamental con-
stant, which also results from the theoretical framework employed. For the transition frequen-
cies, the sensitivities 5 can simply be defined as the derivative of the frequency to a constant

¢i € {Roos Ty 1/me}

B 8f(theor)
50i B 8cl- .

The sensitivities can be used to set up an approximate linearized form of eq. 1.2, by expanding
around the theoretical value obtained from the CODATA reference values [7]

fleed = f(theer) (Roo0s (11/M)0,Ti0) + Bro. AR + BAAN + B, A(r7) . (1.3)

Here, the subscript “0” denotes the CODATA reference values, and Ac¢; = ¢ — ¢;0 (note
that explicitly A(r?) = 77 — r7,). The equation is approximate, since the sensitivities are
defined as partial derivatives, and therefore correlations between constants are not taken into
account. There is, for example, a strong correlation between R., and r, [4]. Usually, such
correlations are considered in the adjustment algorithm by introducing an additional equation
which links the values of the two constants. Equation 1.3 contains an implicit summation over
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the index ¢ for heteronuclear MHIs, while it reduces to a single contribution for homonuclear
ones. To give a specific example and using the CODATA18 reference values, the transition
(v,N) : (1,0) — (3,2) in Hf (an introduction to these quantum numbers and the type of

vd

transition will follow in Sec. 2) can be expressed by the equation [7, §]

FEd 5o = 1244870324423  kHz

cAR
U (cRp)

A(m,/m

- 397 KHzx —oUM/Me) (1.4)
u ([mp/ me]g)

A(ry)
U (7“27())
The pure theoretical uncertainty associated with this value is 0.9 kHz, and does not account for
the constants’ uncertainties. The latter can be immediately calculated from the contributions,
which are given in a form relative to the uncertainty of the CODATA18 constants (compare
Tab. 1.1). The individual sensitivities will determine the level of accuracy obtainable for a
constant, when a certain accuracy is reached through experiment and theory. As illustrated by
eq. 1.4, the sensitivity is the highest for the mass ratio. This is not exclusive to the example
given here; it is rather a characteristic of all rovibrational transitions in MHIs. The underlying
reason can be found already in simple models: the rotary and vibratory motions of the nuclei
are strongly dependent on their masses (see Sec. 2.1.1). Importantly, the transition frequency
between two rovibrational states exhibits higher sensitivities to the mass ratios when compared
to many transition frequencies in atoms. In fact, these sensitivities are larger than those found

in the hydrogen atom [2]. This makes MHIs particularly well-suited for the determination of
these ratios.

+ 0.24 kHz x

— 0.16 kHz x

One may distinguish two approaches based on the above procedure.

The first is simply to contribute to the initially discussed endeavor for ever higher accuracy in
the fundamental constants. For this to be an attractive prospect, both theory and experiment
must become accurate enough to be able to challenge other means of determining the constants.
The determination of the MHI frequency (eq. 1.2) could then be considered in the adjustment
done by CODATA and contribute to the resulting constants’ accuracies. The inclusion of
results obtained with the MHI HD™ in the most recent set CODATA22 [3] demonstrates that
this prospect is achievable.

The second approach is to determine an independent value for a constant based on eq. 1.2
and then compare that value to the CODATA reference. In light of the sensitivities discussed
above, it is preferable to assume a fixed value for the constants with smaller sensitivity, namely
R, and the r;, and adjust the constant with the highest sensitivity, the mass ratio (values
for R, and r; may then be taken from CODATA). The comparison of the obtained mass
ratio with that of CODATA will contain rich information: Firstly, the competitiveness of
MHI spectroscopy in determining the mass ratio can be verified. Only if the accuracy of this
determination is competitive with the reference value, it can be reasonably expected that the
inclusion of the MHI data would significantly affect the CODATA adjustment. Secondly, it
will contain a consistency check of both the MHI result and the measurements and models
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underlying the CODATA value. This is especially noteworthy when one considers the main
historical methodologies employed in the determination MHI-relevant constants. While R,
and the charge radii are derived from measurements on atomic hydrogen (both electronic and
muonic) involving QED, the mass ratios have been determined primarily through measurements
of classical oscillatory motion of particles in a Penning trap. Consequently, an agreement
between mass ratios determined from MHI studies and those obtained through measurements
of cyclotron frequencies in Penning traps necessitates employment of identical fundamental
constants within both underlying theoretical frameworks. This may appear obvious at first
glance, but should not be taken for granted, given that two theories with significant conceptual
differences are being compared: Quantum mechanics and Newtonian mechanics. Therefore,
determining fundamental constants through MHI studies is not just an endeavor to achieve
higher accuracy; it also allows for a comparison of two of the most prominent theories of
physics.

These two approaches can be pursued with a single transition measurement in MHIs. When
considering measurements within multiple MHIs, the possibilities expand [7, 9]. Due to the de-
pendency of transition frequencies on the reduced nuclear mass, different masses of fundamental
particles are involved for different MHIs. A combined set of measured transitions of various
MHIs would therefore allow for the extraction of the individual mass ratios of proton-electron
myp/m., deuteron-electron my/m., and triton-electron m;/m., rather than of each reduced nu-
clear mass. For example, a transition frequency in HD™ depends on a combination of m,/m,
and mg/m.. If a measurement of Hy, that only depends on m,/m., were available in addi-
tion to a measurement of HD™, the data could be combined to yield both m,/m. and mg/m..
Importantly, the exact sensitivity differs for each transition, and as a result, optimized sets of
transitions can be found, whose measurement would enable the most sensitive determination of
the constants [7]. It is interesting to note that, in such a scenario, an improved determination
of the charge radii seems also achievable.

In conclusion, highly accurate values for fundamental constants, especially mass ratios, can
be obtained through measuring transition frequencies of MHIs. The resulting values can be
compared with those obtained through other methods, realizing a test of agreement of different
theoretical frameworks, or alternatively be combined with other data to improve the uncertainty
of common constants.

1.1.1. Time dependence of fundamental constants

It has been proposed, that fundamental constants, contrary to their name, are not in fact
constant but instead vary in time. Such a variation would have to be extremely small to
evade detection to date. The highly precise determination of fundamental constants sought
with MHIs, combined with their high sensitivity to some of the constants, makes them natural
candidates for searching for the presence or absence of such variations. One approach to
achieve this is to repeatedly measure the same transition over time. The presence or absence of
a variation in the transition frequency can be used to infer a time-dependence or independence
of the involved fundamental constants. For a more detailed discussion, see e.g. [10, 11].
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1.2. Comparing with theory and probing for new physics

The determination of fundamental constants assumes the correctness of the theoretical model.
It is likewise pertinent to ask if that model is correct.

The most straightforward answer to this question can be obtained through the second approach
already discussed in Sec. 1.1: utilize the set of constants provided by CODATA, insert them
into MHI theory, and then compare the result with an experimental determination of the same
property. In Sec. 1.1 the aim of this comparison was to determine fundamental constants.
However, an alternative approach would be to assume the reference values for the constants
to be correct and then test whether the theory is able to correctly predict the measured prop-
erty. In this case, the uncertainty attributed to each constant by CODATA will affect the
uncertainty of the theory prediction, thereby limiting the comparison between experiment and
theory. Similarly, the theoretical uncertainty stemming from the computation itself can limit
this comparison.

An approach to solve these limitations is to compute the ratios of transition frequencies of
MHIs, which have been introduced in [7, 12]. The principle idea is to compute the ratio of
two transition frequencies that exhibit comparable sensitivity to a certain constant or to the
theoretical uncertainty. The influence of these contributions on the ratio, and consequently also
the impact of their uncertainty, will be minimized. The idea can be extended by computing
the ratios to some power and adequately choosing the power in a manner that minimizes the
influence of a specific property. Given the varying dependency of each transition frequency
on a given constant and the numerous theoretical terms, it is generally impossible to entirely
eliminate all contributions. Nevertheless, the ratios strongly reduce the influence of the specific
contributions, thereby facilitating a comparison between theory and experiment that is mostly
independent of other measurements, models, and theoretical limits. Note that the ratios may
also be computed for two frequencies of different MHI species.

Naturally, an agreement between theory and experiment is not a certainty; rather, there may be
a discrepancy. Such a discrepancy may be indicative of an imperfect experiment, for example
caused by an error introduced by the experimenter or unknown or improperly calibrated sys-
tematic effects. Alternatively, or additionally, it may be indicative of an error in the theoretical
computation of the value. In the event that these errors can be entirely excluded, an intriguing
possibility presents itself: the theoretical model is unable to accurately describe the physics,
necessitating the development of new models to address the shortcoming.

Such new physics are, at the current point in time, of speculative nature and can be investigated
in various ways. In the context of MHIs, one example has already been mentioned above:
the test of time dependence of fundamental constants (Sec. 1.1.1). Other examples are the
comparison of an MHI with its antimatter counterpart, and the search for a potential fifth
fundamental force.

1.2.1. Matter-antimatter comparison

QED and as an extension also the Standard Model (SM) of particle physics are theoretical
models that are built upon the CPT theorem [13]. It states that the product of charge conju-
gation (C), parity (P), and time (T) of a particle must be even under reversal. This concept of
symmetry is challenged by the observation that there is a strong preponderance of matter in the
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universe. As a consequence, phenomenological theories (referred to as “SM extensions”) have
been developed which consider physics in the presence of small CPT and Lorentz invariance
violations.

The CPT theorem can be investigated experimentally by comparing matter and antimatter.
Since the current understanding is that these two forms of matter are identical except for the
sign of their charge, a comparison between them will investigate the CPT principle. A promi-
nent example of such an undertaking is the Baryon Antibaryon Symmetry Experiment (BASE).
Notable recent achievements include the comparison of the proton-antiproton magnetic moment
[14] and charge-mass ratios [15] at a relative level of 1.5x 1072 and 1.6 x 107!, respectively. For
both attributes, no difference between matter and antimatter was observed within the limits
of the measurements’ uncertainties. Similarly, experiments investigating antihydrogen, the an-
timatter counterpart to the hydrogen atom, have been conducted and have been able to verify
CPT invariance at a level of 1.6 x 1078 [16]. An improved test is anticipated in the near future,
based on the recently demonstrated spectroscopic precision of an antihydrogen transition at a
relative level of 10712 [17].

Continuing the trend of extending what has been achieved with one- and two-particle systems,
it has been proposed to compare Hj with its antimatter counterpart [18]. This is an attractive
proposition, as this molecule is more sensitive than hydrogen to a potential asymmetry in the
constituents’ mass ratios and their hyperfine interactions compared to hydrogen [19]. Addition-
ally, a CPT test based on Hj and anti-HJ would be more encompassing, as it would include
interactions between the nuclei. From an experimental point of view, it appears advantageous
to pursue because it is charged and therefore easier to confine. One could take advantage of
the techniques developed for the antiproton experiments, where antiparticle trapping times of
several months have been achieved [20]. However, a necessary requirement in order to compete
with the above limits are highly accurate measurements of the energy levels of both Hj and
anti-HJ . The results presented in this thesis pave the way towards such an experiment. As will
be demonstrated, ultra-high precision spectroscopy of Hj is realizable, representing the first,
albeit simpler, part of the comparison.

1.2.2. Fifth force

In relation to the four fundamental forces included in the SM, another proposed new model of
physical interaction is that of the fifth force. A simple yet general form for such an interaction
between two particles is given by the Yukawa-potential

e—r/A

Vuawa = 5
Yukawa (T) = B ,

where r is the separation of the two particles, between which the interaction takes place. The
parameters 5 and A are free parameters that describe the strength of the interaction and the
range of the potential, respectively.

Since the origin of the force associated with this potential is unknown, it may manifest between
any combination of particles that are part of the SM. To investigate all potential combinations,
a significant number of experiments is required. This is why it is attractive to study a potential
fifth force with MHIs. The different variants contain three of the most abundant SM particles:
the proton, the neutron, and the electron. Consequently, they could be sensitive to a force
between any combination of these particles.
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Due to the uncertainties associated with both experiment and theory, it is impossible to defini-
tively rule out the existence of a potential fifth force. Instead, if an agreement between experi-
ment and theory (one that does not take into account such a force) is found, an upper bound
for the interaction strength [, the range of the force A, or some combination thereof can be
determined. Recently, this could be done for a potential baryon-baryon interaction based on
measurements done in HD™ [12].

1.3. The particular MHIs H and HD"

The aims of MHI studies discussed so far could, in principle, be pursued with any member.
However, a clear hierarchy can be defined experimentally. The radioactivity and rarity of
tritium render its procurement challenging and expensive, which in turn makes the investigation
of MHIs containing it difficult. Excluding it, three isotopologues remain: Hy , HD" and Dj. Of
these, HD" is the only heteronuclear one and thus the only one that allows for electric-dipole
transitions (see Sec. 2.1.4); a clear advantage from an experimental point of view. It is therefore
unsurprising that recent experimental studies have focused on this member of the MHI family.
These studies have successfully accomplished the majority of goals discussed above in recent
years. Key achievements include a competitive determination of the mass ratios involved and
a constraint on a potential fifth force between the nuclei [21, 12, 22, 23, 24]. This was made
possible by significant advancements in the precision of spectroscopy experiments and a similar
progress in theory [25, 26]. However, these achievements would be greatly complemented by
results of comparable accuracy in the spectroscopy of Hy , for several reasons:

Firstly, the type of mass-related fundamental constants that can be extracted from MHI data is
always a convolution of all constituents’ individual masses. Specifically for HD™, the accessible
mass ratio is

W mpymg 1

mie_ (mp—f_md)ﬁe,

where p is the reduced nuclear mass and m., m,, my are the masses of electron, proton and
deuteron, respectively. Such a combination, however, is not as relevant as the individual masses
or mass ratios would be. It has therefore been customary to make use of the proton-deuteron
mass ratios obtained from Penning trap cyclotron frequency measurements [27] in order to
obtain the proton-electron mass ratio. An alternative and independent approach is to study
Hy . Given that HJ is a homonuclear molecule, the constant obtainable from its data is the more
attractive and simpler ratio of its nuclear mass to the electron mass, i.e. the proton-electron
mass ratio. Furthermore, it is possible to combine HJ and HD™ spectroscopic data to obtain
the proton-electron and deuteron-electron mass ratios, as previously discussed in Sec. 1.1.

A second reason is the potential of a CPT test, by comparing Hy and its antimatter counterpart.
Such a test appears to be much more feasible with the simplest MHI, given the inherent chal-
lenges associated with generating antimatter molecules. The generation of anti-HJ is actively
discussed [28, 29], and is suggested to be feasible based on already experimentally investigated
antihydrogen.

A third argument is the aforementioned desire to measure a multitude of transition frequencies
in several MHIs, as their combination is predicted to allow for a significant improvement in
the determination of fundamental constants [7]. This argument becomes even more relevant
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when one considers that the techniques developed for Hj should also be applicable to the other
homonuclear MHIs. It is therefore imperative to develop techniques for Hj spectroscopy and
to demonstrate that high-accuracy spectroscopy is possible, similar to HD™.

Finally, there is the issue of the generally complicated internal structure of a transition in MHIs
(see Sec. 2.1.3). Understanding and measuring this structure is a necessity for the objectives
detailed above. However, a substantial number of measurements are required to fully determine
the structure experimentally [2, 30]. This is a daunting task, given that successful experimental
techniques have been rather slow. To avoid this issue, recent measurements on HD™ have had
to rely, to some extent, on spin-theory results in order to extract the property of interest: the
spin-averaged frequency (for an introduction, see Sec. 2.1.2). An independent experimental
verification is highly desirable, given that there has been some tension between theoretical
predictions and experimental observations for some of the measurements [31]. In this regard,
HJ offers an attractive prospect: special cases exist, for which the spin-structure is drastically
simplified and only a few measurements are required in order to fully characterize all components
of a transition. The results could then be compared with the theoretical computation. A
verification of the theory results would provide greater confidence in its use for transitions,
for which a fully experimental approach seems unrealistic. Similarly, the comparison could
highlight potential oversights of previous HD experiments.

10



2. Introduction to HJ

This section will provide an introduction to the theoretical framework underlying H , followed
by an overview of the experimental achievements that have been made in the field. For a more
extensive discussion, as well as a broader historical review of MHI in general, both experimental
and theoretical, the reader is directed to [2].

2.1. From the atom to the molecule

In comparison to the hydrogen atom the additional proton in Hy gives rise to additional degrees
of freedom associated with nuclear motion. In a classical interpretation these degrees of freedom
reveal themselves as oscillatory motion of the two nuclei: they can vibrate and rotate around
their center of mass (see Fig. 2.1, left). From the perspective of quantum mechanics, this
motion translates to additional sets of quantum states, which are described by two quantum
numbers: v for vibration and N (or L) for rotation. As a consequence, the internal structure
of Hy is more complex than that of an atom. Each electronic state is comprised of numerous
sub-levels, which are termed rovibrational and are distinguished by individual sets (v, N).

The electronic ground state of Hj is typically in the focus of consideration, since it is the only
state with a deep potential minimum. The electronic wavefunction of this state is illustrated in
Fig. 2.1, on the right. All other electronic states are either only very weakly bound, or not at
all [32]. The total molecular energy in the electronic ground state and its internal rovibrational
sub-levels is depicted in Fig. 2.2. Immediatly accessible with spectroscopy experiments are not
the energy levels, but rather the transitions between them. For this reason, the subsequent
discussion will focus on transition frequencies f, which are related to two energy levels F; < Fy
by the well-known equation f = (Ey — Ey)/h, with Planck’s constant h. Some transitions of
interest are indicated within Fig. 2.2.

2.1.1. Simple models

Already during the early days of quantum mechanics, simple models of Hy were considered.
For instance, the rotational frequencies can be evaluated, using the model of the quantum
mechanical rigid rotor, in which the two nuclei are fixed by an (imaginary) rod and rotate
around a central axis that penetrates their center of mass. By solving this problem with the
Schrodinger equation, one can obtain expressions for the quantized rotational frequencies [2]:

frot ~ TZGCROO . (21)
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1so

R/2=1aq,

Figure 2.1.: Basics of Hj . Left: Semi-classical depiction of HJ . The two protons with mass
m,, shown in red, are separated by a distance . They may rotate around a central axis or
vibrate around their center of mass. The electron (blue) is at some distance to the nuclei.
The spins of the particles 1,1, I,2, and s, are indicated by corresponding arrows. Right:
The electronic wavefunction of the electronic ground state (1sog), shown as the probability
density and obtained in the Born-Oppenheimer approximation (see text) for a fixed distance
R = 2ay. R = 2ay is the approximate mean separation of the nuclei in the electronic ground
state, with ag being the Bohr radius.

With regard to the vibrational frequencies, a pedagogically useful model is provided by the
Born-Oppenheimer approximation [34]. In this approximation, the entire molecule is described
by a wavefunction, which is assumed to be the product of a nuclear and an electronic part.
Similar to the rigid rotor, the distance between the nuclei R is fixed, thereby enabling the
electronic wavefunction to be determined for “clamped” nuclei. The procedure is motivated
by the assumption that the electronic motion is significantly faster than that of the nuclei.
Consequently, the nuclear wavefunction is assumed to remain nearly constant during the motion
of the electron. An expression for the wavefunction of Hy as a function of R can be obtained
in this model [35], allowing for a depiction as the one shown in Fig. 2.2. In the vicinity of the
minimum, the potential is approximately harmonic. This reflects in the equation for vibrational
frequencies, which resembles that of a quantum mechanical harmonic oscillator [2]:

fvib ~ 1/ TZECROO . (22)

The dependence of the formulas 2.1 and 2.2 on the masses, i.e. the sensitivities of transition
frequencies to these fundamental constants, is one primary reason for an interest in MHI studies,
as it is stronger than in the case of the hydrogen atom. Consequently, if one desires to extract
these constants from spectroscopic data, the experimental accuracy required to achieve a certain
level of uncertainty for the constants is lower for MHIs.

However, the shortcomings of the models are apparent: For example, in contrast with the
discussion of Chapter 1, there is no contribution from the nuclear charge radius. This is not
surprising, given that the nuclear radius also enters as a reduced size effect in the hydrogen atom.
It is therefore essential to develop a more complex model for the aims of MHI spectroscopy, in
order to achieve the level of accuracy necessary for the research studies’ goals.

12
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Figure 2.2.: Total molecular energy and rovibrational states of Hj . Shown in is

the total energy of the molecule as a function of the separation of the nuclei R for the ground
electronic state, which can be obtained from the Born-Oppenheimer approximation (see
Sec. 2.1.1). Within the energetic potential well, rovibrational bound states exist, displayed
as gray lines. The states are labeled with their respective set of quantum numbers (v, N).
For the sake of clarity, only states with zero or even N and a maximum N, = 8 for v < 7
and Npa.x = 6 for v > 7 are shown; however, states with larger or odd N exist as well. For
each vibrational quantum number, the ground rotational state is indicated by a larger label
and in a darker color. Some transitions of interest, discussed in more detail in [7], are shown
as colored arrows, with their respective wavelengths given in the lower right in corresponding
color. The orange transition is of particular interest in the context of this thesis. The total
energy as a function of R can be found e.g. in [32]. The transition wavelengths have been
computed with the data provided in [33]. 1 Hartree ~ 27.2¢V.
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2.1.2. The spin-averaged frequency

A more complex model is realized with the spin-averaged transition frequency, which is com-
puted within the framework of non-relativistic QED (NRQED; for an introduction see [36]). As
the name suggests, this frequency is the expected theoretical value for a given transition when
the internal angular momenta dependent structure (spin structure, Sec. 2.1.3) is disregarded.
The accurate computation of this quantity is a complex topic that has been the subject of study
for multiple decades. Most recently, predictions have reached relative uncertainties at a level
of 8 x 10712 [25]. This uncertainty results from two contributions: not (yet) computed terms
in the QED expansion, and the uncertainties of fundamental constants, which serve as input
data for the computation.

The largest zero-order contribution is the non-relativistic frequency. It is obtained by solving
the three-body Schrodinger equation for the Coulomb interaction with so-called variational
wavefunctions [37, 38]. The principle idea is to solve the equation with a sum of analytically
relatively simple basis functions that have free (“variational”) parameters. The specifics of the
chosen ansatz and determination of these basis functions require both a priori and empirical
knowledge, as well as substantial computational power. It is therefore unsurprising that highly
accurate values for the non-relativistic energies could not be obtained until the advent of the
modern age, when computing power became inexpensive and readily available. The current
level of accuracy for the non-relativistic energy is significantly beyond the limits of what can
be achieved with current experimental techniques.

However, it is widely acknowledged that the Schrédinger equation does not accurately describe
quantum physics. Accordingly, corrections to this non-relativistic frequency of QED and rel-
ativistic nature must be computed [25, 39], distinguished in terms proportional to different
powers of the fine-structure constant «. The challenge of computing these terms increases like-
wise with their order. The current limit of theoretical accuracy is partially attributable to the
lack of computation of certain terms, which are instead only estimated in size and then treated
as the theoretical uncertainty.

Recently, the Dirac-equation has been solved for this system [410, 41], providing an alternative
approach to a zero-order term, which then already includes relativistic contributions.

An example of these individual contributions to the transition investigated in this thesis, namely
(v=1, N=0)— (v =3, N'=2) in HJ, is shown in Table 2.1.

2.1.3. Structure of a transition

The spins of elementary particles, in addition to the rotational angular momenta within the
system, can interact in a multitude of ways. As a consequence, a minuscule substructure that
depends on the specific values and orientations of the spins and angular momenta, exists for
each quantum state. In the case of the hydrogen atom, this is a part of the cause for the
well-known fine and hyperfine structure. For MHIs the complexity increases. In general, all
three constituents possess a non-zero spin, and even in the electronic ground state, rotational
angular momentum is present due to the rotation of the nuclei. Because of the numerous
possible combinations of relative spin and angular momentum orientations, the result is a
complex spin-structure, which must be considered alongside the spin-averaged frequency.

14



2.1 From the atom to the molecule

Table 2.1.: Contributions to the ab initio spin-averaged transition frequency of
the transition (v=1, N =0) — (v =3, N'=2) in Hj (Methods Section 3 of Sec. 5.3,
[42]). The individual contributions are computed within the framework of NRQED. The last
column lists the names of the main contributions to each order. For further details on these
contributions, see e.g. [25, 39]. The final prediction for the value of spin-averaged transition
frequency, fs(;?ffv)g, is given in the bottom row. In the computation, the CODATA22 set of
fundamental constants was used.

Term Relative | Contribution (kHz) Origin
order

fO 1 124 485 554 550.71 Non-relativistic three-body Schrédinger
solution

@ a? 2002 698.73 Relativistic corrections in Breit-Pauli
approximation; nuclear radii

) a’ —521345.53 Leading-order one-loop radiative
corrections

f® at —3689.05 One- and two-loop radiative
corrections; relativistic corrections

f©®) ab 228.67 Up to three-loop radiative corrections;
Wichmann-Kroll contribution

f© al —1.62 One- and two-loop radiative diagrams;
Wichmann-Kroll contribution

fother 0.54 Muon and hadron vacuum polarization

u ( fg;?f_(;?g) 1.32 | Combined uncertainty stemming from
QED theory and fundamental
constants

fg;?ﬁ?:\),g ‘ 124 487032442.5 (1.3) ‘ Total transition frequency

In detail, the three particle spins sy, s3 and s3 couple with the rotational angular momentum
N via the formulas

G1281+52, G2:G1+53, F:G2+N

The particle spins and first two coupled momenta are here denoted in a general way, since the
coupling schemes chosen in the literature for various MHIs are not always of the same type.
The total angular momentum F', which is independent of the chosen coupling scheme, is the
most important property, as it defines the physically measurable states. To give an example,
the left side of Fig. 2.3 illustrates the coupling scheme for a specific state of HD™.

The general form of the spin Hamiltonian, which describes all interactions between the an-
gular momenta, contains numerous terms and corresponding coefficients. For examples, see
[2, 43]. The coefficients can be computed with high accuracy, most recently with a relative
uncertainty at the level ~ 107¢ [31, 44]. In many cases, the resulting manifold of sub-states
is disadvantageous from an experimental standpoint, as it results in an exponential increase
in spin transitions between two given rovibrational states. As previously discussed (Sec. 1.3),
determining the full spin structure and obtaining the spin-averaged frequency solely through
measurements is challenging with the current experimental techniques.
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Chapter 2 Introduction to Hy

Figure 2.3.: Some angular momenta coupling schemes for MHIs. Left: Coupling
scheme for HD" shown as an example for the state (v, N,G1,Go, F) = (v,1,1,2,3). The
electron spin s, = 1/2 and proton spin s, = 1/2 couple to G; = 1, which then couples with
the deuteron’s spin s4 = 1 to Gy = 2. A final coupling step with the rotational angular
momentum N = 1 results in the total angular momentum F' = 3, which is precessing around
the z-axis. The orange cone illustrates the precession for an angular momentum projection
mp = 3. Right: The coupling scheme for para-H; and N = 2. Due to the anti-permutation
symmetry of the nuclei (see text), the two proton spins do not contribute to the coupling,
which is illustrated by the two anti-parallel purple arrows. As a result, only coupling between
se and N is possible, resulting in /' = Gy + N = s.+ N = 5/2. The precession (orange cone)
is shown for mp = 5/2.

However, there are a few special cases, in which the spin structure simplifies. One such case
is para-Hy, for which the total nuclear spin I = s, + s, is zero. This is a consequence of
the anti-permutation symmetry that must hold for the total nuclear wave function, since the
protons are fermions. Given that the spatial component of the wave function is symmetric for
N = 0 or N = even levels, the spin component must be anti-symmetric, resulting in a zero
total spin. The only remaining spins and angular momenta that may interact to split the levels
are the electron’s spin s, and the angular momentum of the nuclei N (the electron’s angular
momentum is zero, since only the electronic ground state is considered). The result is a spin-
structure comprising of only a single state for N = 0 and two sub-states for N being an even
number. The total angular momentum of the state is then simply given by F' = s, for N = 0
or ' = N £ s, for N > 0, see right side of Fig. 2.3 for an illustration of the latter. In this
situation, the spin Hamiltonian of a state reduces to a simple expression,

Hspin = Ce (Se : N) 5 (23)

since all other terms vanish. For example, consider a transition from N = 0 to N’ = 2
between any vibrational quanta v, v as shown in Fig. 2.4. In order to measure the complete
internal structure, only two components need to be measured: (F =s, — F' = N £ s.). From
the difference of these two transition frequencies, the coefficient ¢, of the upper level can be
determined immediately, while the spin-averaged frequency can be easily obtained by their
weighted sum (see Sec. 5.2).
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2.1 From the atom to the molecule

It should be noted that the spin structure of ortho-Hj (uneven N) is more complex (see e.g.
[2, 30]), since I # 0 in this case.

Importantly, the total angular momentum F' also defines the number of Zeeman sub-levels
present in a given spin state. Each of these states will be split into 2F + 1 states with quantum
number mp = —F, ..., +F. As is well-established, in the presence of a non-zero magnetic field,
the Zeeman effect gives rise to a splitting of these previously degenerate states, thereby further
complicating the situation. Given that a magnetic field is essential for the experiment (for
instance, to provide a clearly defined quantization axis for the polarization) the effect cannot
be disregarded. Fortunately, the Zeeman shift is well understood, and theoretical calculations
[30, 45] can serve to predict the splittings if the magnetic field value is known with sufficient
precision.

In this thesis, advantage will be taken of the simplicity of para-Hj by investigating a transition
of the type N — N’ : 0 — 2. It is therefore of interest to discuss the coefficient ¢, in more
detail. Physically, it is the coupling constant between the measurable energy splittings and the
interaction of the electron spin with the nuclear rotational angular momentum. It is computed
within the framework of perturbation theory, similar to the spin-averaged frequency. The
coefficient was initially addressed in theoretical works from the 1960s [40], with subsequent
improvements in calculations over the years [47, 48, 49]. However, for an extended period,
the theory was unable to find a good match with the limited experimental data available,
most importantly a set of hyperfine transitions observed by Jefferts in 1969 [50]. A part of the
challenge was related to the fact that the measurements predominantly comprised of transitions
of ortho-HJ and as a consequence more spin-spin and spin-rotation interactions had to be
considered. It was assumed that the issue could be resolved by computing higher-order terms
not yet considered in the calculation [48, 19]. Following a reconsideration of the effective spin
Hamiltonian in the form of the Breit-Pauli Hamiltonian [43], a satisfactory match was found for
the majority of transitions observed by Jefferts, although not for all of them. It took another
decade, and in total half a century after the transitions were measured, for theorists to be able
to explain all experimental data with a competitive level of uncertainty [51, 44]. The result is
a highly accurate and experimentally verified theoretical framework for the spin interactions
of Hy. In contrast and as previously mentioned, there has been some tension between recent
observations of spin splittings and their predictions for HD™. Therefore, a further experimental
investigation, also for Hy, is desirable.

2.1.4. Transitions in MHI

In principle, the frequency of a transition between any two states of a MHI can be calculated.
However, it does not yet include the relevant information whether or not that transition is
actually physical, i.e. if the transition can take place under any type of physical interaction.
This must be analyzed by computing the value of the interaction operator A between the
wavefunction of initial 1,5 and final g, states, i.e.

<¢initial |A| wﬁna1> . (24)

This quantity is termed transition moment and only if it is non-zero, the transition is physically
possible under the interaction A and therefore of interest to spectroscopy. Two important
properties can be derived from the transition moment. For one, its magnitude determines the
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Figure 2.4.: Schematic representation of the hyperfine structure of para-Hj for a
transition of the type N — N’ : 0 — 2. The angular momentum coupling scheme is shown
for each hyperfine sub-state. In the arbitrarily chosen energetically lower state (v, N = 0),
the only angular momentum is the electron’s spin s, and thus no sub-structure exists. In the
upper state (v, N’ = 2), s, couples with the rotational angular momentum N. Two coupling
variants are possible, resulting in two hyperfine sub-states, which are split due to the spin-
rotation interaction (s.- N') and weighted by the constant c.. The depictions of the coupling
of the angular momenta in the form similar to Fig. 2.3 are chosen for the maximum angular
momentum projection quantum number mp = F. Other projections mp € {—F,...,FF — 1}
are also possible. In the presence of an external magnetic field, these states would be further
split due to the Zeeman effect, a depiction of which will follow later (Sec. 4.2.3).

strength of the transition. From an experimental point of view, this property is significant as it
defines the relationship between the driving fields and the excitation probability per unit time.
Secondly, there are specific combinations of quantum numbers of the initial and final states for
which the transition moment vanishes and therefore the transition is “forbidden”. From this
principle, the so-called selection rules can be derived, which are rules that define a relation
between the transition’s initial and final quantum numbers.

In this context, an important property of Hj is the symmetry of center-of-mass and center-
of-charge of its nuclei. Essentially, this symmetry results in the permanent dipole moment of
the nuclei becoming null, thereby causing electric-dipole (E1) transitions between rovibrational
levels in the electronic ground state of H to be forbidden. In terms of the property 2.4, this
follows immediately from the fact, that the electric dipole operator sandwiched between the
two states vanishes, and therefore any combination of states will have a transition moment
equal to zero. The functional absence of El transitions in Hy poses a major challenge for
experimentalists, as these transitions are typically the strongest type and as such are the easiest
to interrogate. It is therefore unsurprising that recent experiments have focused on HD™, given
that in this isotopologue the asymmetry of the masses of proton and deuteron causes the nuclei’s
center-of-mass to shift, resulting in a non-zero dipole moment and allowing E1 transitions. For
H3 , however, an alternative has to be sought.

With the next higher-order electric interaction, electric-quadrupole (E2) transitions are intro-
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2.1 From the atom to the molecule

duced. These transitions are allowed in Hy, but are orders of magnitude weaker in comparison
to the dipole variant in HD™, as a consequence of the considerably smaller transition moments.
The first theoretical consideration of electric quadrupole transitions in Hj was conducted by
Bates and Poots [52], with subsequent, increasingly precise works published over the years
[53, 54]. A complete treatment that encompasses both the hyperfine structure and the influ-
ence of the electric field polarization has been presented by Korobov et al. [55]. Regarding the
selection rules for the quantum numbers v and N, these have been derived from the quadrupole
transition moments [55]. The result is that no selection rule exists for v (although the transition
moment has a strong dependence on v, see below). In contrast, selection rules do exist for N
of the following form: N’ = N, N +£2 for N > 0, and N' = N + 2 for N = 0. Therefore, the
type of transition N — N’ : 0 — 2 with a simple hyperfine structure, discussed in the previous
section 2.1.3, is allowed.

An alternative option to investigate are magnetic dipole transitions (M1) [56]. However, these
are predicted to be orders of magnitude weaker than E2 transitions and are thus not as attractive
to pursue. It should additionally be noted, that very weak E1 transitions are predicted in Hj
due to spurious spin interactions [57]. Similar to M1 transitions, their strength is far below
that of E2 transitions.

In order to compensate for the inherent weakness of E2 transitions, it is necessary to employ
higher field strengths of the driving electric field, a laser. A calculation of the rates of E2 transi-
tions is thus of interest in order to estimate the necessary parameters for the experiment. In the
following, estimates will be presented based on the quadrupole transition moments computed
in [55], to motivate the requirements for the spectroscopy laser system developed in this work
(Sec. 5.1). Typically, published values are given in the form of Einstein A coefficients, which
are properties related to the transition moment eq. 2.4. A straightforward and approximate
form of the relationship between these properties and the laser parameters can be obtained as
follows:

The probability per unit time Py; to excite a transition between a final state f and an initial
state ¢ is proportional to the transition’s squared Rabi-frequency §y; [58]

P o Q5] . (2.5)

The Rabi-frequency can be expressed in terms of the transition’s Einstein Ay; coefficient and
angular frequency wy;, in combination with the electric field strength £ [59]

ec Ay
= E . 2.
i B\ e (26)

Here, e, h, ¢ and « are the elementary charge, the reduced Planck constant, the speed of light,
and the fine-structure constant, respectively. The quantity o is a dimensionless factor of O(1)
that includes hyperfine and electric field polarization dependent contributions. A simplified
case will be considered, neglecting the hyperfine structure of a transition, and assuming a
linear polarization of the spectroscopy wave. In this case, 0 ~ 1. Substituting eq. 2.6 into 2.5
and considering the relation between electric field and intensity (I = (eyc/2) |E[%), the rate Py,
can then be expressed as

Qi

2¢%cl Ay
haey wh;

Py; o (2.7)
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MHI [ (v, N) = (v/,N') | Api (s7h | wpi/(2m) (s7)
— (1,2) ]0.160207 x 10~ 70.6 x 102
— (3,2) [0.784599 x 1077 124.5 x 1012

(3,2) | 0497870 x 105 | 190.2 x 10%2
HD" | (0,0) — (5,1) [0.015 | 259.8 x 10"

Table 2.2.: Values for the Einstein coefficients Ay, and frequencies wy; of selected
MHI transitions. Data for Hj are taken from [55]. Ay; for HD* is computed by inserting
the value of the oscillator strength of the transition, as found in [61], into eq. (2) of [62],
while wy; can be found, for example, in [12].

Y

(0,0)
Hy | (1,0)
(0,0) —

The aim of this discussion is to estimate the required laser power necessary within the present
apparatus to sufficiently excite an E2 transition. Accordingly, a target value for Py; can be
provided by previous experiments conducted in the same apparatus on HD". For example, the
transition HD* : (0,0) — (5,1) [12] has been measured under a nominal power of PELHPT) ~
0.6 mW [60]. If the same excitation rate for an E2 transition is required, the necessary E2-power
can be computed as
(E2,H} +
sz me JHDt)

7

. A (E1,HDT) A (E1,HD)
= () - <f )
+
A (E1,HD™) W3 (E2,H])
= PE2HY) — <pw§ ) (AJ;) : (2.8)
fi ¢

In order to obtain the bottom expression, it was additionally assumed that the E1 and E2

spectroscopy waves are similarly focused, such that [(F2H) /J(ELHDY) _ p(E2Hy) / p(ELHDY)
Values for the Einstein coefficients ASEQ’HQ) and frequencies w](% H) of selected E2 transitions

in Hy, as well as the transition (0,0) — (5,1) in HD*, can be found in Tab. 2.2. Data for a
wide range of E2 transitions in Hy are found in [55].

It is important to note that eq. 2.8 is valid only in the case that the exposure times to each
laser wave are (approximately) equal. Therefore, the resulting power level PE2HD) should be
understood as the necessary power level only in the case that other experimental parameters
remain unchanged. In practice, this was not the case, which can however be motivated by the
results discussed here. As will be seen, the necessary value PE2H) computed for the transition
of interest in the context of this work, (1,0) — (3,2) in HJ, is roughly 10 times larger than the
available power from the spectroscopy laser system (see Sec. 5.1). To compensate for this, the
exposure time to the E2 wave was chosen to be longer than that of the E1 wave by a similar
factor.

Figure 2.5 shows P(E2H3) computed according to eq. 2.8, for a range of transitions. It is evident
that smaller values of Av are more favorable, since the power level increases strongly with Awv.

Specifically highlighted in Fig. 2.5 as a red point is the transition (1,0) — (3, 2) with a required
power of PE2HT) — 198 W, which is chosen as an interrogation target for this thesis. This
choice is generally not straightforward, given the vast number of potential candidates. However,
a few key considerations significantly reduce the number of attractive transitions. Firstly,
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Figure 2.5.: The estimated necessary laser powers PE2H]) for various E2 transitions

(v, N) — (v, N') in HJ, computed according to eq. 2.8. The three colors correspond to
different ground vibrational levels of the transition: v = 0,1,2 is shown in orange, ,
blue, respectively. For these three cases, all transitions for which data is provided in Ref. [55]
are displayed. The data are sorted according to Av and AN of the transition. The red data
points highlight two transitions: (1,0) — (3,2), which has been studied in this work, and
(0,0) — (3,2), which has been proposed as an interrogation target [63].

there is the discussion of this section, i.e. that the necessary power level should be realizable
experimentally. Restricting the discussion to this argument, transitions of the type Av =1
are the first choice, given that they necessitate the lowest required power level. Expanding the
discussion, a second, simple argument is that the pursuit of the highest relative accuracy is
most readily accomplished by a transition of the highest frequency. It is therefore desirable to
maximize the frequency of the interrogated transition. Thirdly, the spectroscopy laser system
must be referenced and stabilized by some means, and in this context the majority of effort
has been directed towards wavelengths in the near-infrared regime. In light of all of these
considerations, transitions of the type Av = 2 represent a compromise: their required power
level remains within the capabilities of current commercial laser systems, while their transition
wavelengths (~ 2 — 3 um) fall close to the NIR range. In principle, any transition of the type
Av = 2 can be similarly considered. The specific choice of transition in this work is motivated
by other factors, both experimental and theoretical (e.g. the simple HFS already outlined in
Sec. 2.1.3), and will be further discussed in Sec. 4.2.3.

Similarly, the transition (0,0) — (3,2) has been proposed as an interrogation target [63].
The required power level is 721 W (see Fig. 2.5). This exceptionally high level is a daunting
task, especially considering the necessary frequency stability for a spectroscopic application.
However, the transition has been proposed in the context of single particle traps, in which the
regional constraint of the ion is much smaller than that in the cluster trap underlying this work
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Chapter 2 Introduction to Hy

(see Sec. 4.1.1). Therefore, a much tighter focusing of the spectroscopy wave should be feasible,
thereby reducing the necessary power level to achieve the desired intensity. If the radius of the
spectroscopy laser at the ion’s position is reduced by the reasonable factor 102, the transition’s
required power reduces to 0.7 W at a wavelength of 1.58 yum. At this wavelength such a power
level is widely available. An approach towards providing this radiation at a level suitable for
spectroscopic applications using the laser system utilized in this work is discussed in Sec. 5.1.

Note, that for a more precise calculation, the transition rates must be multiplied by a hyperfine
and polarizability dependent factor (see W' and WP in [55]), both of which are smaller
than one. Accordingly, the values presented here should be regarded as an upper bound for
the actual excitation rate of a single Zeeman component of a transition. As a consequence, a
higher intensity than the one estimated here is desirable for the experiment.

2.2. Historical overview

In light of the highly advanced theory, it is imperative that experiments are conducted with
equal accuracy as a means of achieving the aims of the physics studies discussed in Sec. 1. How-
ever, these types of experiments have been scarce, in part due to the difficulty of investigating
E2 transitions, which require, for example, a highly advanced laser system as discussed in the
previous section.

A limited number of studies have been conducted on the spin structure of the molecule, next
to a few measurements of its rovibrational intervals. An overview of these measurements is
provided in Figure 2.6. A distinction is made between direct and indirect measurements.
Direct measurements are those where the interrogation subject was always Hj , irrespective of
the technique employed. Indirect measurements have been done mostly on Rydberg states of
neutral Hy, from which energy intervals of Hy have been inferred. This method has proven more
fruitful in the past, since experiments with ions have historically presented a greater challenge
for a number of reasons, including the necessity of a more complex apparatus and the smaller
number of available particles.

With regard to the spin structure, one noteworthy study is that of Jefferts in 1969 [50], in
which relative inaccuracies of transition frequencies of up to 1.2 x 1076 were achieved. This
study is of significant interest as it permits a full description of the internal structure of the
interrogated transitions, thereby facilitating a comparison with theory, where agreement is
found [64]. Further improvements in accuracy were achieved by Menasian and Dehmelt in 1973
[65], with accuracies at a relative level of 1.3 x 1077, also in agreement with theory [44]. No
improvements in measurements of the spin structure have been achieved since. There have
been indirect measurements based on Rydberg spectroscopy of Hy, as well as one further study
on Hj [66], but these have not been able to improve the achieved accuracy. A very recent
work using quantum-logic spectroscopy of a single H shows a promising resolution at a level
of 1 x 1072 [67], but has yet to demonstrate a characterization of systematic effects in order to
enable a comparison with theory.

Greater attention has been devoted to rotational and rovibrational intervals of Hy, with a
number of direct and indirect measurements being conducted over the last five decades. The
highest relative accuracy achieved up until recently was 2.8 x 107, as reported by Arcuni et
al. [68]. This record has remained unchallenged for over three decades, and has been surpassed
by the first result presented in this thesis (Schenkel et al. in Fig. 2.6, more details in Sec. 5.2).
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Figure 2.6.: Historical overview of some Hj studies. The color of the data point serves
to indicate the property that was measured. The color blue represents vibrational or rovibra-
tional energy intervals, indicates rotational energy intervals, and orange denotes spin
structure measurements. The shape of the data point indicates the type of measurement,
where a square represents a measurement done directly on HJ , while a triangle denotes mea-
surements done on Rydberg states of Hy. The progress of theoretical calculations is shown
as dashed lines. The results presented in this thesis are labeled as “Schenkel et al.” (Sec. 5.2)
and “Alighanbari et al.” (Sec. 5.3). For a list of references of the shown works, see Sec. A.

A study based on Hy-Rydberg spectroscopy, contemporary to this thesis, measured the ground
vibrational interval of Hy with an improved relative accuracy of 7.8 x 1079 ([69], Doran et al.
in Fig. 2.6). Yet none of these measurements have reached an uncertainty competitive with
theory, which has left the aims of MHI studies unattainable.

Finally, as part of this thesis, our group has achieved the next leap, by determining a rovibra-
tional energy interval with a relative inaccuracy of 7.9 x 1072 and measuring the transition’s
spin structure (Alighanbari et al. in Fig. 2.6, more details in Sec. 5.3). The work represents
the first time, that an experimental determination of a rovibrational transition frequency in Hj
has achieved a level of accuracy competitive with theory.
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3. Aims of this work

With the primary objectives of MHI research studies laid out in Chapter 1, the necessity for
highly accurate spectroscopy of Hf becomes apparent. However, as outlined in the historical
overview in Sec. 2.2, prior experiments have not met the expectations set forth by the theory.
Thus, the main goal of this thesis was the spectroscopic investigation of a rovibrational transi-
tion in HJ, with the aim of improving the experimental accuracy to a level which approaches
that of theory.

In order to accomplish this goal, it was necessary to design, set up, characterize, and implement
a suitable spectroscopy-grade laser system. The system must provide high frequency stability
and accuracy, as well as sufficient power to drive E2 transitions in H (see Sec. 2.1.4). Further-
more, it is essential that the laser’s frequency is traceable to the International System of Units
(SI) to ensure comparability with CODATA.

Additionally, the experimental procedures developed by our group for HD' must be adapted
or replaced when transitioning to Hy . This is particularly relevant with regard to the quantum
state preparation of the interrogated species, which is tailored towards HD' and cannot readily
be transferred to Hj .

The experimental setup and details of the procedures will be presented in Sec. 4.1 and 4.2,
respectively. The developed spectroscopic laser system will be summarized in Sec. 4.1.2, with
additional details provided in Sec. 5.1. Following its development and characterization, the
spectroscopy laser system was then utilized together with the trapping apparatus to investigate
a rovibrational transition in Hj . The specifics of the chosen transition are detailed in Sec. 4.2.3.
The work was conducted in two subsequent studies.

First, the conditions under which the interrogation yielded discernible signals were identified by
measuring a Doppler-broadened rovibrational transition. This represents the first instance of
driving and detecting such a transition in Hj using lasers. The measurement was conducted in
combination with a study of the systematic effects of an analogous transition in HD'. Here we
demonstrated that a detailed systematic investigation of an E2 transition in molecular ions is
achievable at the level of accuracy desired for the research aims. The choice to demonstrate this
in HD™ was made in order to make use of the well-tested procedures that have been developed
for this isotopologue. The study is presented in Sec. 5.2.

Second, under a modification of the spectroscopy procedure, the accuracy of the determined
transition frequency in Hj was increased by three orders of magnitude compared to the first
study. This was achieved by resolving single Doppler-free Zeeman components of the transition,
including a study of their systematic effects. The determined transition frequency represents
the most accurate measured property of Hy to date. In Sec. 5.3 the results of the spectroscopic
study are presented. They allow for a state-of-the-art determination of the proton-electron
mass ratio, thereby achieving one of the primary objectives of MHI studies. Other evaluations
of the type discussed in Sec. 1.2 are also demonstrated. A summary of the results is provided
in Chapter 6.
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4. Spectroscopy of molecular hydrogen
ions

4.1. Experimental setup

In order to interrogate MHIs, it is necessary to prepare a controlled environment in which
to detect, store, and manipulate the particles. For this purpose, trapping techniques have
been envisioned for multiple decades, with some regarded significant enough to award their
development and realization with the Nobel prize in physics [70, 71].

Among these techniques, specifically the ones designed for ionized matter are of interest with
regards to MHIs. The main candidates in this subcategory are the linear RF trap (also known
as the Paul trap) and the Penning trap. The latter requires a strong magnet due to its reliance
on a large magnetic field to contain the particles along one Cartesian direction. Today, such
magnets are realized by the use of superconductors, which necessitates a considerable amount
of experimental effort and a continuous supply of liquid nitrogen for realizing the required
temperatures. For these reasons, the linear RF trap is arguably a more simple method.

It is therefore unsurprising that the first experiments achieving the controlled preparation of
MHISs have been performed on such traps [72, 73]. In order to simultaneously cool and detect the
trapped MHIs, Doppler-cooled beryllium ions were co-trapped. Although initially challenging,
the technique has now been adopted by multiple groups for regularly preparing ensembles of
cold MHIs [12, 24, 74, 75] or even single MHI [76, 77]. Recently, also the first experiments on
a single MHI confined in a Penning trap have been reported [78].

4.1.1. The ion trap apparatus

The apparatus used in this work is the same one used in recent experiments performed on HD™
[21, 12, 23]. The specifics of the design of its linear RF trap and other components have been
previously developed and described in detail [79, 80, 81, 82].

The trap is employed for the loading of clusters comprising a few thousand beryllium ions,
which can be Doppler-cooled using a laser with a wavelength of 313 nm. The thereby scattered
photons are partially collected by a specially designed imaging system and serve as the signal for
almost all applications. The apparatus is capable of achieving temperatures of a few millikelvin,
as determined through spectroscopic linewidth measurements. In these conditions, the confined
ions will form crystalline structures, known as Coulomb crystals. Once the beryllium crystal
has been prepared via electron impact ionization and subsequent Doppler-cooling, MHIs can be
loaded into the trap. This is achieved by leaking a small quantity of neutral gas of the desired
isotopologue into the vacuum chamber, which is subsequently ionized by electron impact. The
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Chapter 4 Spectroscopy of molecular hydrogen ions

ionized version of the molecule can then be confined by the RF field of the trap and cooled
through Coulomb interaction with the beryllium ions, a process known as sympathetic cooling.

After this procedure, the external degrees of freedom of the MHIs are adequately prepared.
Nevertheless, residual Doppler-broadening exists, with a magnitude of a few megahertz in
the case of MHIs contingent upon the transition frequency and the mass of the isotopologue.
Furthermore, and of significant importance for spectroscopy, the internal degree of freedom (the
quantum state of the molecule) has yet to be considered. Both of these issues are addressed
through the implementation of appropriate techniques. The methods used for preparing the
internal state and surpass the Doppler-broadening will be discussed in Sec. 4.2.1 and 4.2.2,
respectively.

An important property of particles confined within the linear RF trap, which is leveraged for
the spectroscopy, is their secular motion. It can be shown analytically that a particle in the
trap exhibits a specific resonance frequency, which is contingent on its charge-to-mass ratio
[71]. Assuming singly charged particles, this secular frequency wge.(m) is simply a function of
the mass m of the particle and can be employed to determine the type of particle present in the
trap. This is achieved by applying a voltage with a frequency w, which will excite the classical
motion of the confined ions if w is close to wse.(m). As a consequence of the Coulomb interaction
between all trapped particles, such an excitation will, to a certain extend, be transferred to the
beryllium ions. Since the fluorescence of the beryllium ions is dependent on their temperature,
the excitation will be visible in the fluorescence signal. The signal strength is hereby related
to the amount of trapped ions with mass m. In summary, by varying w and observing the
resonances in the correlated fluorescence signal, the confined amount of particles of any mass
can be determined. An example of the fluorescence trace when applying a voltage with a
scanning frequency w is provided in Sec. 4.2.2; Fig. 4.3.

4.1.2. Spectroscopy laser system
4.1.2.1. Setup

One of the main challenges of this work was the development of a laser system capable of
driving E2 transitions in H . As stated before, the system should provide: (1) sufficient power
to excite a rovibrational E2 transition of an MHI, (2) a high degree of frequency stability, and
(3) a highly accurate measurement of its frequency, which is linked to the Sl-standard. An
additional desirable feature would be the ability to tune the wavelength while maintaining the
former three requirements, thereby allowing for a certain degree of flexibility regarding the
target transition.

The demonstrated solution to provide all of these aspects simultaneously is a continuous-wave
(CW) optical-parametric oscillator (OPO), which is stabilized and measured through an optical
frequency comb (OFC). CW OPOs are capable of providing high output power at the watt level
over their signal and idler ranges, which are two radiations down-converted from the so-called
pump by three-wave mixing in a nonlinear optical material. For details, see e.g. [83]. The
relationship between the three is expressed by the simple equation w, = w, + w;, where w,,, w;
and w; are the pump, signal, and idler frequencies, respectively.

In this work, the idler radiation is of main concern, as it is typically the one with the proper
frequency to address many E2 transitions in Hi with Av = 2. Given that these wavelengths
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4.1 Experimental setup

Figure 4.1.: Artistic representation of the setup of the spectroscopy laser system.
The main devices of the apparatus are the OPO (blue box) and its pump laser (red box), next
to a frequency comb (black box) with a reference laser (magenta box and resonator). The
idler output of the OPO (red arrows) is frequency doubled in a SHG stage (top right). The
remaining idler radiation is sent to the linear RF trap shown on the right, while its second-
harmonic ( arrows and orange fibers) is split off to be measured with a wavelength
meter (“wavemeter”, green) and to generate a beat against the frequency comb. The beat
signal is then used to stabilize the idler frequency using various electronic components and by
acting on the pump laser of the OPO. The sequence of electronic components from the beat
detection to the pump laser is: A photodetector, an amplifier, a splitter, a mixer with one
input given by a local oscillator, and lastly, a servo acting on the pump laser’s modulation
input. The monitor (left) shows the RF beat signal in the locked state. Free space parts
of the setup are shown as semi-transparent arrows, while fiber optics are shown in orange.
Analog wires are shown in black.

fall within the mid-infrared range, where OFCs have yet to be well developed, a portion of the
idler radiation is frequency doubled through the use of second-harmonic generation (SHG). The
frequency-doubled radiation can then be overlapped with OFC-radiation, thereby generating a
heterodyne beat, while simultaneously being measured by a wavelength meter. The combination
of both realizes the aforementioned requirement of an accurate frequency measurement.

To additionally stabilize the frequency, the beat is employed further: Already from radio-
frequency technology, it is well established that two frequencies can be made essentially identical
by stabilizing the phase of their heterodyne beat. This procedure is referred to as the phase-
locked loop (PLL) scheme and is also commonly used for the stabilization of laser frequencies.
In the case of this work, the beat is employed to lock the phase of the idler radiation to the
OFC, with feedback applied to the pump laser of the OPO. The modulation of wy, is transferred
to w;, because wy is fixed by the OPO’s internal resonator. The OFC is itself stabilized to
an ultra-stable reference laser based either on ULE or on NEXCERA resonators [84, 85]. A
schematic representation of the setup is shown in Fig. 4.1. For long-term stability, the whole
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Chapter 4 Spectroscopy of molecular hydrogen ions

setup is referenced to a hydrogen maser (not shown), which is compared to the national time
standard via GNSS (Global Navigation Satellite System), thus providing SI-traceability of the
idler frequency.

To summarize, the entire setup transfers the stability of the reference lasers to the idler radiation
through the use of frequency conversion mechanisms, an OFC, and PLL stages, while long-term
stability is provided by a Sl-referenced hydrogen maser.

4.1.2.2. Performance

In order to provide an independent measurement of the stability of the idler radiation as well
as its frequency value, a second beat was generated with an independently stabilized OFC. A
comprehensive analysis of these measurements is presented in Chapter 5.1. The key findings of
the measurements are as follows:

The upper limit for the relative stability of the laser frequency in terms of linewidth and Allan
deviations was determined to be < 4 x 107! and < 1 x 107!, respectively. These limits
are mainly attributable to the stability of the reference laser employed, with additional minor
contributions from fiber-induced noise. It is therefore anticipated that the limits could be
improved by utilizing a better reference laser, which has been demonstrated by other groups
[86, 87]. The absolute inaccuracy of the laser frequency relative to the SI second, i.e. the
international time standard, is < 1.2x 1074, A major contributor to this limit is the instability
of the hydrogen maser. Similar to the reference laser, alternatives with better stability exist,
such as an optical fiber link to a metrology institute [88, 89, 90] or a technically more advanced
hydrogen maser. If one could be obtained, an improved accuracy were expected.

The locking scheme of the OPO coupled with the aforementioned stability could be demon-
strated at several output wavelengths of the OPO’s idler, all corresponding to a transition
in either H or HD". This demonstrates the potential of the developed setup to realize an
all-in-one system capable of interrogating numerous transitions within MHIs. The achieved
output power available for spectroscopic applications was as large as 1 W, depending on the
wavelength. It is anticipated that this could be increased further, given that the optical setup
is not currently optimized for maximum power throughput.

To the best of our knowledge, the combination of the above attributes is unique and represents
the most metrologically advanced OPO in the world.

4.2. Experimental procedures

In order to accomplish spectroscopy of a rovibrational transition in Hy | it is necessary to adapt
the procedures established in our group for HD™, the details of which have been published
elsewhere [23, 81, 82, 91]. This is primarily due to the previously described absence of rovi-
brational E1 transitions in Hy . These types of transitions underlie both, the state preparation
and spectroscopy methods employed for HD™. Therefore, replacements for both must be found
and implemented.
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Figure 4.2.: Loading and state preparation of Hj. Left: the curve depicts

the molecular potential of the electronic ground state of Hj, obtained within the Born-
Oppenheimer approximation as a function of the separation of the nuclei R. Within this
curve, bound vibrational levels are indicated and labeled with their respective quantum
number v. Center: Following electron impact ionization of neutral para-H, gas, the Hj
ions are distributed among many vibrational levels. For each level, the magnitude of popu-
lation is indicated by the size of the red circle (experimental data taken from [92]). Right:
After irradiation with 405 nm and 313 nm lasers, HJ in excited vibrational levels v > 1
are dissociated (“excited state purging”). The levels v = 0 and v = 1 remain unaffected,
since the photodissociation cross-section from both levels is negligibly small at the employed
wavelengths [93].

4.2.1. State preparation of MHIls

The distribution of internal states after electron impact ionization depends on the isotopologue.
The reason is the afore discussed presence or absence of strong E1 transitions (Sec. 2.1.4). If
E1 transitions are allowed (e.g., for heteronuclear isotopologues), the internal state will decay
to the ground rovibrational level on timescales of milliseconds [94]. This decay is counteracted
by black-body radiation (BBR), which is non-negligible due to the present apparatus being
operated at room temperature. At this temperature, rotational transitions of the vibrational
ground state can be driven by BBR. A steady state is formed, which has been described in
detail [95]. To counteract this, a sophisticated technique using lasers has been implemented
by our group [91], which can prepare a significant amount of HD" in the rovibrational ground
state (v =0, N = 0). The method works by driving E1 transitions between suitably selected
rovibrational states and awaiting the subsequent decay.

Due to the absence of E1 transitions in homonuclear isotopologues, this method is not appli-
cable. The lifetimes of excited vibrational and rotational levels are within the range of days
to weeks [52], which is considerably longer than the trapping times of our apparatus. Further-
more, the extensive distribution among vibrational levels after electron impact ionization [92]
and the small magnitude of E2 transition moments render a preparation technique using lasers
challenging.

As an alternative, we have developed a more straightforward method. A substantial amount of
HJ is loaded into the trap, after which the majority of molecules in undesired states is dissoci-
ated using lasers prior to the spectroscopy. This is made possible by the wavelength-dependent
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cross-section of vibrational levels [93]. As may be anticipated intuitively, energetically lower
levels will be largely unaffected by photons with an energy smaller than the level’s dissociation
energy. Moreover, the structure of the nuclear wavefunction gives rise to wavelength-specific
vanishing cross-sections, depending on the vibrational quantum number. As a consequence,
either a single or a combination of multiple dissociation lasers can be utilized to leave selected
vibrational levels unaffected, while all others are dissociated and thus removed from the trap.
The result is a vibrationally well-prepared ensemble of Hj .

This relatively simple method does not allow for a preparation of the other quantum numbers.
However, it can still work particularly effective for para-Hy due to the simplicity of its hyperfine
structure. As has been previously discussed, the internal structure of rovibrational states
in para-HJ is quite simple, consisting of either one or two states. Therefore, the remaining
population is with a relatively high probability in the desired hyperfine ground state, and no
further preparation is required. For many other MHIs, this procedure may not be as effective,
since the remaining population will distribute among all hyperfine levels, thereby decreasing
the effective population in a specific state. A schematic representation of the concept is shown
in Fig. 4.2.

Note that a state preparation of Hy that is better suited for transitions starting from a different
v as the one chosen in this work could be realized with the same method by exchanging the
employed dissociation lasers. In particular, their wavelengths should be chosen in a manner
that minimizes the dissociation cross-section of the target v, while maximizing all other cross-
sections.

4.2.2. Spectroscopy procedures
4.2.2.1. Surpassing the Doppler-effect

As outlined before, the sympathetic cooling technique achieves ion temperatures at the level
of a few millikelvin. The residual Doppler-broadening at these temperatures limits the achiev-
able spectroscopic resolution to a few megahertz, which is insufficient for the desired level of
accuracy of MHI research aims. To surpass the limitations imposed by the Doppler-effect and
achieve even higher resolution, novel spectroscopy techniques were developed. Trapped Ion
Cluster Transverse Excitation Spectroscopy (TICTES, [82]) managed to set new limits on the
relative precision, with which MHIs can be interrogated, and multiple advances have been made
since. The technique exploits the restricted transverse motion of ions, which under specific con-
ditions can be strongly confined to the trap axis. If the degree of confinement is sufficiently
tight, the motional extent of the ions is significantly reduced and the Dicke-regime is attained,
in which Doppler-broadening is suppressed [96]. This enabled the observation spectroscopic
linewidths that were much narrower than the Doppler-broadened limit. Other techniques, such
as two-photon excitation, have also been demonstrated successfully [97], although they are more
restrictive with regard to the transition that is to be interrogated.

4.2.2.2. Details of procedures

To ensure the efficacy of experimentation, it is imperative to implement a spectroscopy proce-
dure that enables the control of particles, facilitates the spectroscopic readout, and minimizes
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the influence of systematic effects. In general, all procedures adhere to the same principles, as
follows: (1) MHIs are loaded and their spectroscopic ground state is prepared (see Sec. 4.2.1),
(2) the amount of trapped MHIs is detected by making use of their secular frequency (see
Sec. 4.1.1), (3) the spectroscopy and additional auxiliary lasers are irradiated, and (4) the pop-
ulation is detected once more. Within the present apparatus, the spectroscopy is done in a
dissociative manner: following a successful excitation of the interrogated transition, the ion is
dissociated. The dissociation is performed by an auxiliary laser during step (3). The resulting
decrease in the number of trapped molecular ions between steps (2) and (4) is the spectroscopic
signal.

In order to determine and mitigate potential systematic effects, and due to the dissimilar state
preparation techniques for different MHIs, the details of the procedures vary. The procedures
for HD™ have been previously described in detail [23, 81]. The present discussion will focus on
the adaptations implemented when transitioning to Hj .

Firstly, no lasers are employed for rotational cooling. Instead, following the loading of Hy into
the trap, excited stage purging is performed through the irradiation of 405 nm and 313 nm lasers
for 30 s with respective power levels of a few tens and a few milliwatts. The wavelengths of these
lasers are chosen to minimize the dissociation in the desired spectroscopic ground state (v = 1)
while maximizing that of higher vibrational levels. It would be advantageous to additionally
dissociate ions in v = 0 during this phase. In view of the details of the photo-dissociation cross
sections [93], this requires the use of an additional laser with a wavelength of ~ 115nm. At
this wavelength, the cross section of ions in v = 1 is vanishing due to the specific structure
of the nuclear wavefunction of this state. However, the realization of a laser system at this
wavelength, although feasible, is technically highly challenging. Consequently, the decision was
taken to attempt spectroscopy without dissociating v = 0 ions. It was found that the additional
statistical noise introduced by the background loss of these ions was within acceptable limits,
and the experiment could proceed without having to rely on such an additional laser.

Secondly, the amount trapped Hj is detected in a different manner. In contrast to the approach
employed for HD™, where the secular motion is resonantly excited, a secular excitation spectrum
is recorded. In terms of the applied frequency w (see Sec. 4.1.1) this translates to it being
scanned over a large range, as opposed to remaining fixed. This is done in order to monitor
the amount of co-trapped Hj ions, which are generated parasitically in the system. From the
measured fluorescence trace, the amount of trapped Hy is determined through the strength of its
corresponding peak in the spectrum. A depiction of the employed procedure is shown in Fig. 4.3.
The procedure is repeated numerous times for a fixed spectroscopy laser frequency, in order to
obtain sufficient statistics for signal and background data. Note, that the spectroscopy wave is
blocked at all times during the background procedure. The value and uncertainty of signal and
background are computed as the mean and standard error of the mean of the corresponding
data sets. A spectroscopic line is obtained by repeating this for various spectroscopy laser
frequencies.

33



Chapter 4 Spectroscopy of molecular hydrogen ions

iBe fluorescence 10.74 Mcps
10.37 Mcps
---10.0 Mcps
fffffffffffffffffffffff [-1250 kHz
Secular excitation frequency :  _—— [ o L {450 kHz
[:"’?’s’é’ch’lé’r’ék’diiéiib’ri’éhibii’tu’dé’"3"| 777777777777777777777 R Lj:]g:f
[ Magneticfeld 1 N [ g
[ i2diumwave T S ot
B i (S T T e M on
[ [a05mmwave | e lof
B i RN EEEE R R R LR 4 mW
S S | | S 1
0 10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 4.3.: The H; spectroscopy procedure (ED. Fig. 1 of Sec. 5.2, first published in
Nature Physics). The black curve displayed at the top shows the fluorescence of beryllium
ions due to the Doppler-cooling laser over the course of a single run of the spectroscopy
procedure. One run of the experiment begins with the dissociation of vibrationally excited
Hy for a period of ~ 30s. Subsequently, an excerpt of the secular excitation spectrum of
the trapped ions is recorded. Peaks corresponding to Hj and Hj are detected. The ensuing
interleaved irradiation of the spectroscopy and dissociation wave excites the rovibrational
transition in Hy . The interleaved method is chosen to eliminate a potential influence of the
dissociation laser on the spectroscopy transition. The laser excitation is followed by a second
recording of the secular excitation spectrum. The decrease of the Hj-peak in the spectrum,
indicated by the red arrows, dashed lines, and shaded area, is the spectroscopy signal for
this run. For background runs, the spectroscopy wave is kept off at all times; otherwise, the
procedure is identical. The colored curves in the bottom half illustrate individually labeled
parameters and their adjustment during the run, each with corresponding labeling on the
right-hand ordinate.
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4.2 Experimental procedures

4.2.3. Laser spectroscopy of HJ

With the availability of a suitable laser system (Sec. 4.1.2), as well as a trap apparatus that has
already demonstrated the capability of ultra-high resolution spectroscopy of HD™, laser spec-
troscopy of HJ is the logical next step. It is therefore necessary to identify a target transition.
In light of the rovibrational levels’ internal structure discussed in Sec. 2.1.3, it is evident that a
transition of the type N — N’ : 0 — 2 or vice versa should be selected. Furthermore, the resid-
ual population of Hj remaining after state preparation (Sec. 4.2.1) indicates that the largest
signal strengths should be expected when the spectroscopic ground state is chosen to be v = 1.
Since the distribution of the population among rotational levels within v = 1 is unknown, the
transitions (v, N) : (1,0) — (3,2) and (1,2) — (3,0) have equal weight in consideration. Both
transitions are allowed under the selection rules of E2 transitions [55]. The former was selected
as an interrogation target arbitrarily.

A depiction of the target transition within the previously presented curve of molecular energy
is shown in Fig. 4.4 a, while its spin structure is depicted in Fig. 4.4 b. Additionally shown
are the Zeeman splittings for a finite magnetic field, which is present during the spectroscopy.
In order to determine the desired properties, namely the spin-averaged frequency fspin-ave and
the spin-rotation coefficient ¢, it is necessary to measure the two spin components f, and
f»- In the presence of the magnetic field applied during spectroscopy, f, and f, will split into
various Zeeman sub-levels. In order to extract them from measured Zeeman components of
the transition (shown as f,1, fp1 and fi2), a knowledge of the Zeeman shift coefficients or the
magnetic field, either theoretical or experimental, is imperative. This extraction was performed
through a fitting of the magnetic field to the observed transition with the help of the theoretical
Zeeman coefficients. Further details are given in Sec. 5.3.

35



Chapter 4 Spectroscopy of molecular hydrogen ions

b
-0.46} (v'=3,N'=2)
B=0T B=714 uT
mg

-0.481 52 1 -
© 112 g
g < A . -2 | 2
£ -0.50f = - 32 | T
© 14 1 S | ool —F—— 52 1IN
= 111213 it A e —
o -0520 10 S Sspin-avg 32 N
o L 9 N | -2 |2
N o o IRV e py e =
©-054r [/ Ig 0.75 F'=3/2 | i . : 5
© —t—7 &3 - :
: .0 2 - —
g 056 4 Ts i : fb12/2
o 3 = al . N
= ﬁT.Aﬁzpm 3 : 3

-0.58¢ 17 w | ;

— 1 0.25 F=1/2 i T
-0.60r v v=0 0 1 2 (V=1,N=0)
Rot. quantum number M
0 2 4 6 8 10 12

Internuclear separation R (agp)

Figure 4.4.: Energy diagram of Hj (Adapted from ED Fig. 1 of Sec. 5.2, first published
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in Nature Physics, and Fig. 1 of Sec. 5.3). a: Similar depiction as Fig. 2.2, showing the
total energy of Hj as a function of the separation of the nuclei in the electronic ground-state.
The transition of interest is indicated by the black arrow. The arrow illustrates the
laser used for the dissociation of excited ions. The inset shows the three energetically lowest
rotational states of the vibrational levels 1 — 3, with the abscissa representing the rotational
quantum number N. Note the change in scale and unit of the ordinate. b: The spin structure
of the target transition. Left: the structure at zero magnetic field. The two transitions f, and
f» are shown in purple and brown, respectively. They are separated by 5/2c.. The indicated
fspin-avg 1s the transition frequency without consideration of the internal angular-momenta-
dependent structure. It is not a directly measurable property. Right: the structure in the
presence of a finite magnetic field applied during spectroscopy. The three measured Zeeman
components are indicated by a blue, a , and a red arrow and corresponding labels. F,
mp and F’, mp are the total angular momentum and total angular momentum projection
quantum numbers of the ground and excited state, respectively. Note that the notation has
been adapted in comparison to ED Fig. 1 of Sec. 5.2, in order to match the one which is used
in Fig. 1 of Sec. 5.3.



5. Cumulative part of the dissertation

This chapter is comprised of three sections, each of which is a manuscript related to this thesis.

Sec. 5.1 provides a detailed description of the setup and characterization of the spectroscopy
laser system developed as part of this work. The results were previously summarized in
Sec. 4.1.2.2.

Sec. 5.2 comprises the first spectroscopic study of Hj, with the measurement of Doppler-
broadened components as well as a study of systematic effects of an E2-transition performed
on HD™.

In Sec. 5.3, the second spectroscopic study of Hy with the observation of Doppler-free single
Zeeman components of the transition is presented.

A summary of the results of Sec. 5.2 and Sec. 5.3 is given in Chapter 6.
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5.1. Metrology-grade spectroscopy source based on an
optical parametric oscillator

Copyright notice:

Published by Optica Publishing Group under the terms of the Creative Commons Attribution
4.0 License. Further distribution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI, see [98].

The supplementary material of this manuscript is presented in Appendix B.
My contributions to the work:

e [ contributed to the concept of the work.

I have set up the OPO laser system, frequency-doubling stage, and locking circuit.

I made significant contributions to the measurements underlying the work.

The majority of the data analysis and the generation of the corresponding figures were
performed by myself.

All authors discussed the data and interpretations of the manuscript.

e The manuscript was written partially by me.
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Abstract: Continuous-wave optical parametric oscillators (OPOs) are widely tunable and
powerful sources of narrow-linewidth radiation. These properties make them suitable for a
wide range of spectroscopic studies - but so far not at the metrological level. Indeed, although
important technical OPO developments occurred more than two decades ago, and commercial
devices have been available for nearly as long, the long-hoped-for the potential of these devices,
providing simultaneously ultralow linewidth, ultrahigh frequency stability, ultrahigh frequency
accuracy, and wide wavelength coverage has not yet become a reality. Here, we present an OPO
metrology system suitable for optical spectroscopy with ultra-high resolution and accuracy in
the 2.2 - 3.9 um range. The system relies on the second-harmonic generation of the idler wave
to bridge the gap to the near-infrared regime where frequency combs are readily available. By
actively controlling the pump laser frequency, the idler radiation is phase-locked to an optically
stabilized frequency comb, enabling a full transfer of the frequency comb’s spectral properties
to the idler radiation and measuring the idler frequency with ultra-high precision. We reach
fractional line widths and Allan deviations of the idler radiation at the level of 4 x 1074 and
1 x 1074, respectively. We also perform a thorough characterization of the stabilized OPO
via a comparison with a second, independent optically stabilized frequency comb and thereby
determine an overall idler frequency systematic uncertainty of less than 1.2 x 10~'%. Sources of
residual frequency noise are identified. The system delivered excellent results in high-accuracy
spectroscopy.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

High-resolution laser spectroscopy of atoms and molecules is a key branch of physics and physical
chemistry. The spectroscopic study of many species can be performed with semiconductor lasers
emitting in the near-infrared (NIR) spectral range and even in the visible range. But these sources
do not satisfy all needs. An important area of laser spectroscopy is rovibrational spectroscopy,
where one often wishes to measure a large set of transitions of a given molecular species, or of
several different species, hence requiring a wide tuning range. The mid-infrared (MIR) range
provides the most important window on rovibrational spectra. In this range, continuous-wave
(cw) optical parametric oscillators (OPOs) are a unique type of spectroscopy source; their output
can cover more than an octave in frequency, and the output power can be 1 W or higher. The
combination of these properties sets them apart from other important MIR sources, such as DFB
and quantum cascade lasers or difference-frequency generation.

Key developments in the design and performance of cw OPO devices and spectroscopy
demonstrations, occurred more than two decades ago, with the first demonstrations of mode-hop-
free oscillation [1-8]. Soon, the first commercial OPO devices became available. Since then,
many groups have successfully used cw OPOs for diverse applications in molecular spectroscopy

#538442 https://doi.org/10.1364/OE.538442
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[9-21], and in some instances atomic spectroscopy [22]. Only in the past decade has there
been a greater need to achieve ultra-high resolution and corresponding frequency accuracy
with OPOs. Metrology-grade OPOs would be useful, for example, in fundamental physics to
probe the hyperfine transition of highly charged ions [23], the rovibrational transitions of simple
(few-electron) molecules (such as the molecular hydrogen ions [24,25], the neutral hydrogen
molecules [26-31], and the helium hydride ions ([32,33] and references therein)), or to search for
a time-drift of molecular vibrational frequencies [34-37].

The wide tuning range of cw OPOs immediately raises the question of how to precisely
determine the actual emission frequency. With the invention of the optical frequency comb
(OFC) [38,39], a new tool emerged for measuring optical frequencies with an accuracy improved
by many orders of magnitude compared to previous means. Already early studies explored
how to combine an OPO with an OFC in order to enable OPO output frequency determination.
Importantly, an OFC also offers the possibility to serve as a reference for stabilizing the OPO
frequency by feedback control [40]. The latter option is superior to locking the frequency to
molecular absorption lines because they do not offer a continuous wavelength coverage. An
additional benefit would be a link of the visible and NIR regimes with the MIR regime [41].
These early demonstrations have been followed by further studies, and Table 1 presents a selection
of those performed over the past decade and aimed at metrology. It is evident that it has not yet
been possible to imbue an OPO with the four key properties of a metrology-grade spectroscopy
source: ultralow linewidth, ultrahigh frequency stability, ultrahigh frequency accuracy, and wide
wavelength coverage. The contrast with what has been achieved with diode lasers is striking: the
first three properties are achieved in many metrological studies (mostly for atomic spectroscopy,
e.g. for optical atomic clocks [42,43]). Clearly, there appears to be an unrealized potential for
OPOs, i.e. the opportunity for developing methods capable of pushing both the linewidth and the
long-term frequency instability down to the Hertz level.

Table 1. Comparison of some features of the present source in comparison to selected
published works of other groups. The acronyms are defined in the text. 7 is the integration time.

Frequency stability of idler
Ref. Technique Idler range radiation Idler
(pum) output
power
Short-term Long-term (Allan
(linewidth) deviation or other)
Ricciardi et al. | Frequency lock [2.7, 4.2] <200kHzat | oy <3X 10712 /+/7 for >1W
[14] of pump and 100 ms 7 €[1, 200] s
signal to NIR
OFC
Peltola et al. Frequency lock 2.7, 3.4] ~ 1 MHz oy € [10, 200] kHz for >0.5W
[44] of idler’s SH to 7<10s
NIR OFC
Ricciardi et al. | Direct cavity [2.7, 4.2] 920 Hz at not stated ~05W
[45] stabilization 100 ms
Karhu et al. OPO lockedtoa | [2.5, 4.4] 0.5 MHz at Standard deviation of up to
[46] MIR OFC 0.15s, 90 kHz over 20 min 0.8W
1.5MHz at
1s
Zhang et al. Pump locked to [2.6, 4.3] <20kHz at oy<lkHz for 7>1s ~04W
[20] NIR OFC, OPO 1-5s
cavity locked to
ULE resonator
This work PLL of idler’s [2.2, 3.9] < 5Hzat oy <3Hzforr>1s >1W
SH to NIR OFC 1-103s
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Here we present a general and effective method of OPO frequency stabilization that is fairly
independent of the desired output wavelength. By locking the OPO’s idler frequency to an OFC,
we simultaneously achieve all four of the key properties above, improving these parameters
by a combined factor of more than 10*. We thereby demonstrate a MIR spectroscopy source
with a fractional frequency instability < 1 x 10~'* on timescales between 1 and 10° s, an idler
linewidth on the order of a few Hertz, and an SI-traceable frequency. Our frequency stabilization
scheme can be operated at different idler wavelengths. This demonstrates that the method is
wavelength-independent.

1.1. Frequency stabilization approaches

Since the frequency conversion process in an OPO must satisfy energy conservation at the photon
level, the frequencies w),, wy and w; of pump, signal and idler waves, respectively, are related by

wp = Wy + w; . (1)

If the idler wave is the main interest for a spectroscopic application, two different approaches
to stabilize its frequency w; may be distinguished.

Consider first the approach where both w,, and w; are actively stabilized, so that according
to Eq. (1) the idler frequency is also stabilized. To do so, both the pump and the signal wave
frequencies must be stabilized separately. Both these frequencies usually fall into the NIR
range (e.g. A, = 1.06 um and A, € [1.45 um,2.07 ym] in this work), where narrow-linewidth
and ultra-stable optical frequency combs (OFCs) can be realized with relative routine. These
two properties can be achieved by phase-locking the OFC to a reference laser, which is itself
frequency-locked to an ultra-stable reference cavity.

The frequency of the pump wave can be stabilized to such a comb. It is more difficult to do so
for the signal wave because its frequency is determined by the resonance of the OPO cavity. One
needs the ability to control the optical path length of the cavity with high bandwidth. This is
challenging in view of the typical design of the OPO cavity and the cavity length actuator. The
task could be eased by employing either an OPO cavity that exhibits good passive stability or
an intra-cavity electro-optic modulator for fast path-length control [20]. However, both options
come with technical challenges.

For the most advanced applications, not only the provision of a narrow-linewidth spectroscopy
wave (idler), but also the determination of its absolute frequency w; is required. Therefore,
a second approach to idler frequency stabilization appears better suited: measure the idler
frequency and act only on the pump frequency to control the idler frequency (see Fig. 1(a)).
This control works by exploiting the 1:1 transfer coefficient from pump frequency change to
idler frequency change when the signal frequency is not acted upon, Eq. (1). The frequency of
the signal wave is at all times determined by the optical length of the OPO cavity, following its
variations due to perturbations. This is a source of frequency noise that needs to be compensated.
The pump frequency will be regulated so as to keep the idler frequency precisely fixed at a desired
value, compensating for both the OPO cavity length fluctuations as well as the pump laser’s own
fluctuations. Note that with this approach, neither the pump frequency nor the signal frequency
will exhibit a particularly low frequency instability.

An example of this approach is the work of Peltola et al. [44]. They used second-harmonic
generation (SHG) to bridge the gap between the idler frequency and the NIR, where the frequency
of the second-harmonic (SH) wave 2 w; can be compared to mode of an OFC. In that work,
the OFC was stabilized by locking the repetition rate to a hydrogen maser (H-maser) and the
frequency 2 w; was determined using a frequency measurement of its beat with the OFC. A servo
system acting on the pump frequency allowed obtaining a long-term stable idler wave frequency
with Allan deviations at the sub-MHz level, but no reduction of its linewidth. The achieved
frequency stability is summarized in Table 1.
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Fig. 1. Concept of the setup. a: The equation summarizes the concept. w, is regulated
in order to keep the measured w; constant in time, while wy is left unstabilized and is
affected by perturbations. b: An optically phase-locked OPO is implemented. The OPO is
pumped at a frequency wp to generate the signal (ws) and idler (w;) frequencies. w; is then
frequency-doubled in an SHG stage and mixed with an optically stabilized OFC, possessing
a mode at frequency w, ~ 2w;. The generated beat is mixed with a local oscillator (LO)
having a radio-frequency wr in order to generate an error signal. It is the input to the servo
that controls the pump frequency. Colored and black arrows are used for optical and analog
signals, respectively. More details follow in Fig. 2.

In this work, we expand on this method, by implementing an ultrastable OFC and a phase-locked
loop (PLL) of the idler frequency to this OFC, allowing to achieve not only long-term frequency
stability but also excellent linewidth narrowing. The principle is shown in Fig. 1(b).

2. Experimental setup

Our apparatus consists of three main units, shown in Fig. 2. Unit 1 (top) comprises the OPO
as well as the optical and electronic components of the locking subsystem. Unit 2 (center left)
contains a first OFC (OFC1) and its reference laser (L1). These are used for the stabilization
of the OPQO’s frequency. Unit 3 (bottom) serves to characterize the OPO in the locked state,
and therefore includes a second OFC (OFC2) with its own reference laser (L2). Unit 4 (center
right) provides the H-maser as a reference clock in the radio-frequency (RF) domain. It delivers
ultrastable RF signals to the other three units and is also required for the optical frequency
measurement. The H-maser is continuously compared to the national time standard PTB
(Physikalisch-Technische Bundesanstalt, Braunschweig) via a common-view Global Navigation
Satellite System (GNSS) technique. This ensures SI-traceability of the absolute frequencies. All
units are computer-controlled and connected via a network. We now describe the units in more
detail.

Unit 1 contains the actual OPO with its pump laser, a SHG stage to convert the idler radiation,
a wavelength meter (High Finesse WS-7 IR Super Precision), locking and monitoring electronics.
The OPO is a commercial system (TOPTICA DLC TOPO, [47]), that generates >1 W of output
power over the idler wavelength range of 2.2 — 3.9 um. The corresponding signal range is
1.45 —2.07 um. The system consists of the OPO laser head and a ytterbium-doped fiber amplifier
(Yb-FA) with up to 10 W output power. To seed the amplifier, we employ a separate commercial
semiconductor laser (1.06 um, TOPTICA CTL 1050) to benefit from its narrower free-running
linewidth (<10kHz at 5 us according to the manufacturer). When unstabilized, the linewidth
of the OPO’s idler was previously determined to be 1 — 2 MHz on a 25 ms timescale [47]. On
similar timescales, but with the above seed laser, we observe a linewidth of ~ 100 kHz, which
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Fig. 2. Schematic of the setup. The individual black-framed boxes designate different
units. Top: The OPO unit contains the OPO including pump and amplifier, the idler SHG
unit and the wavelength meter, as well as the locking and monitoring electronics. Center
left: The L1/OFC1 unit with the main reference laser L1, used to stabilize frep; of OFCI. A
pick-off from OFC1 (shown here as an example centered at 1.2 um) is sent to the OPO unit
for idler frequency stabilization. Bottom: The L2/OFC2 unit, with L2 as the reference laser
for frepz of OFC2. Center right: A hydrogen maser (H-maser) serves as the reference for all
relevant RF sources. Individual wavelengths are shown in the figure by mapping the visible
color spectrum to the wavelength range of the setup ([1.0 um, 2.4 um] — [purple, red]).
Performance and measurements are monitored by computer control, connected to the
individual components via network. Optical fibers are labeled for lengths >5m. The
H-maser analog signal, network connections, and other analog signals are shown in pink,
brown, and black, respectively. Free-space parts of the setup are indicated as dashed-frame
boxes. The padlocks symbolize active stabilization of the indicated frequency by a servo
system (not shown). The padlock color gold denotes either a PLL lock or a PDH lock,
while pink refers to a servo that implements a low-bandwidth frequency stabilization to the
H-maser frequency. More details in the text. BS: beam splitter. FC: fiber coupler. AOM:
acousto-optic modulator. EOM: electro-optic modulator. SA: spectrum analyzer.
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increases to 3 — 5 MHz on timescales of a few seconds, due to jitter. Typical frequency variations
are 200 MHz over several hours, with drift rates on the order of 0.6 MHz/min.

The seed laser can be frequency-modulated with a high bandwidth (several ten MHz) via its
current, which is crucial for realizing our locking scheme where the pump laser current is the
actuator. Before being sent to the experiment, the full power of the OPQO’s idler wave is sent
through a single-pass SHG setup containing a periodically poled lithium niobate crystal. In order
to be able to generate the harmonic wave of the whole idler spectral range, we employ a crystal
containing multiple grating periods, with periods between 33.3 um and 36.0 um, and operating
temperature in the range 20 — 200 °C. This combination of parameters allows us to find a suitable
phase-matching condition for any wavelength in the idler’s wavelength range. Owing to the high
power of the idler radiation, a few milliwatts of the second-harmonic wave are generated in the
single-pass configuration. This power is sufficiently high that the wave can be split into one part
for generating a high-signal-to-noise-ratio beat with OFC1 and a second part for the wavelength
meter, whose measurements are necessary for absolute frequency determination. To produce
the beat, a fraction of the OFC1 output, spectrally centered around the idler’s second-harmonic
wavelength, is sent to the OPO unit via a 35 m long optical fiber, and there overlapped with
the second-harmonic wave within the fiber, using a fiber combiner. The combined radiation is
coupled out of the fiber, reflected off a grating, and directed onto the photodetector (PD). The
signal-to-noise ratio of the beat generated in the PD is optimized by proper alignment of the
grating. This beat signal is phase-locked to a RF signal of stable frequency (local oscillator, LO).
To this end, the beat signal is mixed with the local oscillator (LO), and the low-frequency output
of the mixer is the input to an appropriate servo that controls the pump laser’s current, closing
the loop. Overall, the idler frequency is phase-locked to a mode of the OFC.

Unit 2 contains the reference laser L1 (1.06 um, Mephisto Innolight Nd:YAG) and OFC1
(Menlo Systems FC1500-250-ULN). Its repetition rate frep,; is stabilized by phase-locking one
comb mode to L1, while the carrier envelope offset frequency feeo.1 is stabilized to the H-maser.
L1 itself is stabilized to a ULE resonator with a finesse of =~ 500 000 (resonator 1) using the
Pound-Drever-Hall (PDH) technique, with the modulation applied to the laser’s frequency
actuator, a piezo-electric transducer.

Finally, in the lower part of Fig. 2, unit 3 contains the second OFC (OFC2) and a separate
reference laser L2 at a wavelength of 1.53 um (NKT Koheras Basik E15). Similar to above,
the comb’s repetition rate frep 2 is phase-locked to L2, while fce, > is stabilized to the H-maser.
Except for the shared H-maser that provides fe., stabilization, the two combs are completely
independent systems. L2 is also locked via the PDH technique to the resonator 2, a NEXCERA
resonator [48] with a finesse of 700 000. NEXCERA is a novel spacer material for resonators
[49], designed to be operated at room temperature. In contrast to L1, an acousto-optic modulator
(AOM) is required for providing fast control of the frequency of the L2 output wave, since the
laser itself does not have a high bandwidth modulation input. A sideband lock is implemented
[50,51], where the laser wave is phase-modulated using an electro-optic modulator (EOM), and
one of the modulation sidebands is locked to the resonator instead of the carrier. The sideband
lock is used in order to be able to compensate the drift of the resonator. A detailed explanation is
given in section 3.3. To characterize the performance of the two reference lasers, a portion of the
radiation of L2 is sent to OFC1 and then measured against it.

3. Performance

In order to characterize the spectral properties of the OPO’s idler radiation, beats between several
sources were produced. In Fig. 2 these beats are indicated by red circles together with their
corresponding optical frequency differences. First, a beat between OFC1 and L2, f1» — forci,
gives the combined instability level of the employed reference lasers L1, L2. Additionally, it
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includes the locking performance of the PLL of OFC1 to L1 and any fiber noise originating from
the 30 m long fiber used to send L2 radiation to OFC1.

In a second step, the PLL of the OPO is examined by monitoring the beat fsy — forc: in
the locked state. Finally, the absolute stability of the OPO’s idler frequency is investigated, by
measuring a beat between its SH wave and OFC2, fsg — forcz. This simultaneously gives the
most accurate upper limit of the frequency instability for the system as a whole, including all
fiber noise and other noises. The analysis for short timescales is presented in Section 3.1, and
the analysis for long timescales follows in section 3.3. These analyses were performed with the
OPO set to an idler wavelength of 2.81 um, corresponding to a signal wavelength of 1.71 um
and an idler second-harmonic wavelength of 1.40 um. In Sec. 3.5 we argue that the described
performance can be achieved at all wavelengths within the output range of the OPO.

3.1. Short-term performance of the idler radiation

The beat fi» — forci shown in Fig. 3, panel la, is an average of many consecutive sweeps of
the spectrum analyzer, each of duration 5s and measured at a resolution bandwidth (RBW)
of 1 Hz. Note that the individual traces could be averaged without any consideration of either
resonator’s drift, since the center frequency drifted by less than 1 Hz over the course of the entire
data acquisition. This has two different reasons: in the case of resonator 1 the drift is negligible
on the timescale of the measurement, and in the case of resonator 2 it is actively compensated,
see sec. 3.3. From the beat we deduce a full-width half-maximum (FWHM) linewidth of 9 Hz.
In the phase-noise spectrum of fi» — forci, Fig. 3, panel 1b, small sidebands at frequencies of
50Hz and 510 Hz can be observed. We believe that the origin is fiber noise occurring in both
fibers that deliver the radiation from L1 and L2 to OFC1. Due to the modest strength of the
sidebands, they are not significant for the current analysis and also have not impacted a recent
spectroscopic study [25].

Data on the OPO’s phase-locked loop performance, i.e. the frequency and phase noise of the
beat fsy — forci, is displayed in Fig. 3, center column. This data on the beat does not yet yield
any information on the absolute stability of the idler frequency, but rather on how well it follows
OFC1. The measured linewidth, 3 Hz FWHM, is caused by the RBW of the employed spectrum
analyzer - as is expected for a properly working phase lock. From the phase-noise spectrum,
panel 2b, we determine a signal-to-noise ratio of 70 dB in a RBW of 1 Hz. Additionally, a single
significant sideband is observed, at a frequency of 810 Hz. The source for this is intrinsic to
the setup: it is caused by acoustic noise originating from the Yb-FA, as was confirmed by a
comparing the acoustic noise spectrum in the proximity of the OPO with the Yb-FA turned on
and off.

Next, we consider the beat fsi — forcz. Its analysis is shown in Fig. 3, right column. Similar
to panel 1a, panel 3a shows consecutive beat spectra measured over a total time of more than 30
min, averaged without any re-centering of individual traces. A Lorentzian fit finds a linewidth of
10Hz (FWHM). This is only 1 Hz larger than the linewidth of the beat of the reference lasers
(panel 1a). The spectrum (panel 1b) also exhibits several sidebands with frequencies in the range
10 - 50 Hz. These sidebands are not observed in the beats in panels 1a and 2a. The reason for
this is that they are caused by fiber noise occurring in the 35 m long fiber guiding OFC1 radiation
to the OPO (see Fig. 2), which only contributes to the measurements underlying panel 3, see
section 3.2. In the phase-noise spectrum 3b, the sideband observed in the PLL signal at 810 Hz
is again visible.

3.2. Fiber noise

To investigate the noise observed in the beat of the idler’s second-harmonic and OFC2 (Fig. 3,
panels 3a and 3b), the optical path between OFC1 and the OPO was investigated. To this end, a
round-trip propagation path for the idler’s second-harmonic was set up, by using two fibers similar
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Fig. 3. Analysis of the beats between different units, marked by red circles in Fig. 2.
Left column: beat f; 5 — forc) between L2 and OFC1 locked to L1, showing the combined
instability of the two reference lasers. Center column is the PLL of the OPO, specifically
the beat between the second-harmonic of the idler and OFC1 in the phase-locked state, here
at a second-harmonic wavelength of 1.4 um. Right column shows the beat fsi1 — forc2
between the second-harmonic and OFC2, at the same wavelength 1.4 ym. This is a direct
determination of an upper bound for the instability of the OPO’s idler wave frequency
and includes all noise sources of the system (e.g. noise of the lasers themselves and fiber
noise). Each column is split into a determination of the linewidth of the beat (top) and
the phase-noise power spectral density (bottom, PSD). For the linewidth plots of the first
and last columns, the data are an average of many consecutive sweeps (order 102) of 5's
duration each, at 1 Hz RBW. The error bars are the standard error of the mean. The data
are fit by a Lorentz function, giving a FWHM linewidth of 9 Hz and 10 Hz, respectively.
For the middle column, the data is from a single spectrum analyzer sweep. It is fit by a
Gauss function (FWHM 3 Hz), the appropriate form considering the digital band-pass of the
spectrum analyzer.

to the one shown in Fig. 2 connecting OFC1 and OPO. The pick-off of the second-harmonic,
previously sent to OFC2, is now sent to OFC1 and then back to the OPO. There, a self-beat
is generated with a reference wave (the part that is usually sent to the wavelength meter).
Additionally, sidebands are modulated onto the OPO’s pump laser at 10 MHz, allowing a beat
signal to be obtained at an RF frequency rather than at DC.

The result is shown in Fig. 4. As can be seen, multiple side-peaks are observed at different
frequencies ranging from a few Hz to 80 Hz. This is not surprising, since the fiber is exposed to
the environment and thus transfers acoustic and mechanical perturbations onto the light passing
through it. Since the offset frequencies corresponding to the spectral peaks match well with the
sideband frequencies observed in the beat between the idler’s second-harmonic and OFC2, we
infer that the sidebands are caused by this fiber noise. Additionally, a minor broadening of the
carrier’s linewidth is observed, 2 Hz. This can also explain the small broadening observed in the
comparison of Fig. 3, panels 1a and 3a. We thus conclude that the fiber noise due to this fiber
is the main source of frequency instability of the entire OPO metrology system, apart from the
instability of the reference lasers themselves.
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Fig. 4. Fiber noise of the longest fiber path in the system (35 m), connecting unit 1
and unit 2. The self-beat of the SH, sent on a round-trip to OFC1 and back, is shown in red.
The blue curve is a Lorentzian fit to the central peak, yielding a FWHM linewidth of 2 Hz.
The data was recorded using a spectrum analyzer with a sweep time of 200s at a RBW of
1 Hz.

3.3. Compensation of the resonator drifts and frequency stability of the idler wave on
long time intervals

As mentioned above, we actively compensate for both resonators’ slow drifts. In the case of
resonator 1, this is done in order to keep the idler frequency at a fixed absolute value, which is
necessary for ultra-high precision spectroscopy. In the case of resonator 2, the OFC2 comb lines
are kept at fixed values.

The drifts of resonator 1 and 2 are compensated independently and at a different stage of the
optical setup. For laser L1, and consequently for OFC1, the resonator drift is not compensated.
Instead, the LO frequency of the PLL of the idler to OFC1 is corrected; therefore, only the OPO’s
idler frequency will maintain a fixed absolute value. For resonator 2, the compensation is instead
implemented via the EOM shown in the bottom unit in Fig. 2. Therefore, both the L2 output
frequency (after the AOM) and the entire OFC2 are drift-compensated.

For both units, the compensation is implemented in a similar manner: the drift of each resonator
is calculated from the absolute frequency value measured by each comb every 1 s relative to
the H-maser. A moving average of the frequency data is computed and compared to a target
frequency. The deviation of this average from the target is the error signal delivered to a digital
PID loop that acts on the LO frequency or on the EOM frequency, respectively, for OPO and L2.
Averaging times of 30 s for resonator 1 and 20 s for resonator 2 were found to lead to the best
performance.

As a consequence of the two drift compensations, the idler frequency instability on long
timescales shown in Fig. 5 (red) has to be interpreted in the following way. Since both of
our combs measure the absolute frequency of the lasers relative to the H-maser frequency, the
drift compensations described above effectively reference the idler’s second-harmonic and the
reference laser L2 (and thus also OFC2) to the H-maser. Since all RF devices used to record the
shown data are also referenced to this H-maser, we are effectively measuring one maser-referenced
frequency against another. Therefore, the instability averages down as the integration time
increases.

Determining the absolute value of the optical frequency relative to the atomic unit of frequency
(SI-traceability) requires that we continuously compare our H-maser frequency to a H-maser of
PTB that is steered to the international atomic time. Our comparison occurs via common-view
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Fig. 5. Fractional Allan deviations of different signals. The magenta, blue and red traces
show Allan deviations of an optical frequency. For magenta and red, the underlying data is
the beat frequency between two waves, while for the blue trace it is the data calculated from
Eq. (2), with feeo1 frep1 and foear) measured simultaneously. All RF frequencies are either
measured by a frequency counter or a spectrum analyzer, both of which are referenced to the
H-maser. The green and orange traces show Allan deviations of the H-maser, evaluated by
different methods. The upper limit of the blue shaded area depicts a conservative estimate of
the fractional instability of the OPO’s idler wave, inferred from the individual measurements.
See text for explanations.

GNSS. The comparison determines the frequency offset of our H-maser’s nominal 10 MHz
signal and also the time drift of the offset. With this information, we can finally compute the
lasers’ absolute frequencies and their instabilities relative to the atomic frequency standard.

To demonstrate that our system is stabilized over long time intervals and to summarize the
performance, we show in Fig. 5 six different fractional modified Allan deviations o.

The dashed orange trace is the instability of the comparison of the frequency of our H-maser
and the international atomic frequency standard at PTB. The upturn after approximately 1 day is
due to the drift of the maser. The time-varying offset of our maser is recorded and taken into
account in the OPO frequency data analysis in post-processing or in a feed-forward correction.
The fractional drift rate is approximately 3 x 10713 per day for this H-maser. The full orange
line is obtained by removing the linear drift from the measured data and re-evaluating the Allan
deviation. Since the GNSS receiver provides one reading every 15 min, no Allan deviation can
be determined for short integration times.

The green trace is the Allan deviation of a comparison of the H-maser with a similar device,
recorded at a different time. The Allan deviation reflects the combined instability of the two
masers. Since both are nominally equal, the instability of the maser used in the OPO stabilization
is expected to be slightly less than the values of the trace. This trace extends to integration times
shorter than 15 min. The low instability verified on such shorter timescales is an important
feature, since the drift compensation described above relies on locking the lasers’ frequencies to
the maser with time constants on the order of 10! — 10%s.

The magenta trace shows the Allan deviation of the drift-removed beat fi» — forci. This is
the relative instability of the two independent reference lasers. Note that OFC1 is not drift-
compensated, so that similar to the maser data, a linear function was fitted to the raw beat data
and subtracted from it, before computing the Allan deviation.

Finally, the red and blue traces refer to the Allan deviation of fsy, and are obtained by two
different methods. The first trace (blue) is the absolute frequency value fsy determined by OFCI.
This is achieved through the classic frequency comb equation for a to-be-determined optical
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where feeo1 = 35.600 000 00(1) MHz for OFC1, n is the index of the comb mode used for locking
and determined using the wavelength meter, and fiear1 = fsu — forci is the beat frequency
between the SH of the idler and the closest mode of OFC1. Under phase-lock, fyeat1 is equal
to the local oscillator’s frequency, typically in the range of 40 — 100 MHz. The repetition rate
Jrept = 250 MHz is here measured once per second by a high-resolution frequency counter
(Microsemi 3120A) referenced to the H-maser. The blue trace for fsy averages down with
increasing integration time. These Allan deviation values do not reflect the actual (absolute)
instability of the idler frequency, but indicate that it is locked well to the OFC1 on the short time
scale and to the H-maser on the long time scale.

The second trace for fsy (red) is the normalized Allan deviation o(fsu — forc2). Here, the
data was recorded with another frequency counter, also with 1 s integration time. In this
measurement, and for short averaging times, the Allan deviation results from the independent
frequency fluctuations of the idler SH wave and the OFC2 comb mode. Thus, the plotted
red values represent an upper bound for the instability of the idler SH wave. This bound is
oy(fsm) < 1x 10~'* and applies also to the idler frequency itself. The red trace is not extended
to longer integration times because it then no longer reflects the actual instability of the idler
frequency. As explained, fsy and forcy are not independent on long timescales.

3.4. Absolute frequency comparison

The two employed combs OFC1, OFC2 may be used not only to characterize the instability of
the system, but also to compare and verify that the same absolute frequency is measured by
both combs and associated equipment. The task is accomplished by measurements similar to
those presented in sections 3.1 and 3.3. Equation (2) is now applied to the two independent
combs, and (fceo, frep) are measured by independent frequency counters, n is calibrated using
a common wavelength meter, and the two beat frequencies foeat1, foearz are measured with a
spectrum analyzer and a frequency counter for OFC1 and OFC2, respectively. All counters and
the spectrum analyzer are referenced to the common H-maser. Thus, in this characterization we
focus on the optical metrology, and not on the performance of the RF reference. In a variation to
the previous sections, the data in this context was taken for an idler SH wavelength of 1.20 um.
Additionally, a different reference laser L3 and ULE resonator, at 1.53 um, were used to stabilize
OFC1. We confirmed that the stabilized laser L3 had a similar level of frequency instability as
the laser L1 used in the above sections, by characterizing it in a similar manner as is described
for the comparison of L1 and L2 in sections 3.1 and 3.3.

The result is shown in Fig. 6. The data underlying the figure was taken simultaneously with
the two combs and spans a duration of 2330 s. The raw fsy data were averaged with different
averaging times, and the mean of the averaged values is displayed in the figure. The statistical
error associated with the points is the standard error of the means. The frequency counter
used to count fre, with OFC2 has a lower precision than the counter for OFCl1, causing the
larger statistical uncertainty, particularly apparent for small averaging times. The systematic
uncertainty is given by the combined inaccuracy of the RF devices used in both measurements.
The dominant contribution is from the spectrum analyzer used in the OFC1 measurement, which
contributes 1.2 Hz uncertainty. All other contributions are on the order of a few millihertz or
smaller. We found that for all averaging times, the two frequency values obtained with the
two measurement systems based on OFC1 and OFC2 agree within the combined uncertainty.
For the longest averaging time 7 = 500s, the difference between the two measured values is
((fsmorct)r) — {(fsm.orca)<) = (0.2 + 1.4) Hz, or (0 + 6) x 1013 fractionally. Thus, 6 x 10713
is a conservative estimate for the total fractional uncertainty of the idler frequency measurement
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procedure by a single comb, excluding the uncertainty of the RF reference. (The latter is estimated
to be at a similar level.)
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Fig. 6. The optical frequencies fgg measured with OFC1 (red) and with OFC2 (blue),
for different averaging times. The data are shown relative to an (arbitrary) offset frequency
(approximately 249 THz). Two error bars are shown for each data set. The crosses represent
the statistical standard error of the measurement, while the error bars denote the combination
of statistical errors and systematic uncertainties. For clarity, the blue data points and errors
are shown with a horizontal offset.

3.5. Stabilization of different idler wavelengths

As mentioned, the idler SHG sub-unit has been implemented in a way that it is capable of
generating the second-harmonic wave over the entire tuning range of the idler. When changing the
idler wavelength, it is necessary to change either the SHG crystal temperature, the grating period
through which the laser wave propagates, or a combination of both. The crystal temperature is
controlled by a commercial oven and an oven controller unit, obtained together with the crystal.
We mounted the oven on a translation stage to allow for a fine adjustment of the crystal position
perpendicular to the laser propagation direction. With this setup, a temperature change is possible
within a few minutes, while a change of the grating period takes approximately thirty minutes
due to the need for minor alignment optimization.

Therefore, the actual limiting factor of our method is the output range of the comb. For our
OFCl, itis 1.0 — 1.6 um, thus limiting the overall system’s operation to the range 2.2 — 3.2 um.
Note that this could be extended by using OFC2 instead as the reference for the OPO, since
it has a larger wavelength range than OFC1, reaching up to 2.0 um. This potential exchange
should not have a significant effect on the stability of the OPO, since both combs possess similar
performance. For this reason, we believe that the full idler range of our OPO is lockable using
our method.

‘We have phase-locked the OPO when tuned to the wavelengths 2.40, 2.60, 2.70, 2.81 um,
corresponding to 1.20, 1.30, 1.35, 1.40 um for the SH. In all cases, we observed phase noise
spectra and linewidths of the PLL similar to those shown in Fig. 3. These are provided as a
supplemental document (see Supplement 1). We thus infer a similar level of idler frequency
instability for these cases. For the specific cases of 2.40 um and 2.60 um, we have verified the
performance by a beat with OFC2/L2, in the same way as was done for 2.80 um, see sections
3.1 and 3.3. Therefore, we believe that our scheme will work well at any idler wavelength (even
untested ones) and will provide similar frequency stability as the one presented above.
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3.6. Long-term operation of the system

For providing long-term stability of the idler, we rely on the following procedure. After a
thermalization of the setup, the range of the OPQO’s fast lock is sufficient to maintain the lock
for a few hours. During operation, the SH frequency is measured by the wavelength meter,
denoted fivm. Due to an imperfect calibration of the wavelength meter, the value fywu is offset
from the correct value measured by the comb, by an amount Afywm = fwMm — fsu.orc1, typically
10 — 30 MHz. Therefore, while the OPO is in the locked state, Afyww is calibrated. When the
OPO falls out of lock, fwwm will change. A digital control loop then pushes the frequency back
to the calibrated offset, with feedback applied to the pump laser’s piezo actuator. When the
frequency is close to the lock point, the fast lock automatically re-engages, restoring the locked
state. This procedure effectively re-centers the fast lock output and typically takes a few seconds.
We show in Fig. 7 fiym over the course of a day. In the locked state, the idler accurately
maintained the same target frequency, as confirmed by the continuous measurement with OFC1.
Occasionally, wavelength jumps were detected by the wavelength meter. These are situations,
where the OPO fell out of phase-lock and was quickly re-locked by the digital loop described
above. The jumps are a result of the thermal drift of the OPO, which in our current setup is not
compensated for by a slow lock, e.g. by controlling the piezo actuator of the pump laser.
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Fig. 7. Long-term stability of the system during of a typical measurement day. The
red trace shows the wavelength of the idler’s second harmonic measured by the wavelength
meter (converted to frequency) relative to the value measured by OFC1. The nearly constant
trace shows that the OPO was operating in the locked state nearly all the time. The offset
(Afwm =~ 18 MHz) and its drift (3 MHz over 1 day) are systematic errors of the wavelength
meter, consistent with its specifications. The green trace shows the voltage applied to the
piezo actuator of the pump laser, which is used to re-lock the OPO. Jumps in the recorded
wavelength meter reading correspond to instants when the OPO fell out of phase-lock and
was subsequently automatically re-locked by changing the piezo actuator voltage. Typically,
the out-of-lock periods lasted a few seconds.

The total unlocked time in Fig. 7 (67 s) relative to the measurement interval of 26 h corresponds
to a duty cycle of 99.93 %. Importantly, we have operated the system in this configuration at
multiple wavelengths daily over the course of more than two years, proving the stability and
robustness of the setup. No major flaws or issues arose during this time.

4. Conclusion, application, and perspectives

We have developed an optical frequency metrology system based on an optical-parametric-
oscillator. It exhibits a fractional frequency instability at the 1 x 10~'* level or smaller for
integration times between 1 and 10° s and a linewidth of similar magnitude. Both of these
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properties represent more than a hundredfold improvement over the previous state-of-the-art
[20,45]. Our scheme was employed at several wavelengths within the idler range, proving the
flexibility of the method. Additionally, the system has been operated long-term with a duty cycle
above 99.9 %. The idler frequency is SI-traceable through a hydrogen-maser-referenced optical
frequency comb that is continuously calibrated to the national standard via common-view GNSS.
The total uncertainty of the idler frequency measurement relative to the RF reference is less
than 6 x 107! and the RF frequency accuracy is approximately 1 x 10714, resulting in a total
uncertainty of less than 1.2 x 10714, The system has been thoroughly analyzed and sources of
noise have been identified. We find that the performance of the system is limited by the instability
of the reference lasers and of the H-maser, as well as by fiber noise. In principle, these limits
could be overcome by implementing a more stable reference laser [52,53], an optical fiber link to
a national metrology laboratory [54-56], and active fiber noise cancellation [57], all of which
have been demonstrated elsewhere.

In separate work, this system enabled the first Doppler-free spectroscopy of electric quadrupole
vibrational transitions in a molecular ion, and furthermore permitted a SI-referenced measurement
of their frequencies. Owing to the exceptional stability of the idler frequency, frequency scan step
sizes as small as 5 Hz could be taken. This enabled measurements of spectroscopic lines with
linewidths as small as ~ 6 Hz, corresponding to line quality factors of up to 2.2 x 10'3 [25,58].
This application example provides a separate confirmation of the results presented here. We have
thus realized a powerful tool for mid-infrared precision spectroscopy, in particular when high
power is required.

Based on the present work, we expect that the system can be expanded to alternatively stabilize
the OPQO’s signal wave frequency (1.45 - 2.07 um) to a similar stability level as shown here for
the idler wave. Most of the wavelength range of the signal can be beaten directly with OFC2. A
SHG unit is thus not required to bridge to the NIR regime, which simplifies the setup. However,
the locking scheme employed here does not work for the signal wave, due to the OPO’s cavity
being resonant for the latter. Instead, we propose to implement a feedback control scheme using
an AOM in the output path of the signal wave, which will act as a fast frequency shifter. A
down-stream beat with the OFC would enable both the generation of an error signal for a PLL
with feedback applied to the AOM as well as an absolute frequency measurement. Note that
long-term stability requires the absence of mode-hops. The mode-hop free tuning range of the
signal radiation is on the order of 10> MHz, which is similar in magnitude to its drift over a few
hours (inferred from the observation of the idler drift, see Sec. 2). Therefore, we expect that
long-term stability can be achieved by incorporating a slow servo that controls the OPO cavity
length. Note that in this case, the idler locking scheme does not need to be operated and that the
pump and idler radiations remain unaffected since the AOM frequency shift is applied once the
signal radiation has left the OPO. With such a scheme, it should be possible to extend the output
spectral range of the metrology system to include 1.45 - 2.07 um.

Longer wavelengths than those presented in this work should also be realizable as an extension
of our setup, as follows. With the use of an additional laser source in the NIR range, e.g. an
amplified fiber laser at 1.5 um, phase-locked to the same OFC, and a suitable crystal that allows
for difference-frequency generation (DFG), the generation of cw radiation up to = 8 um is
straightforward [59,60]. The 1.5 um radiation can be mixed with either the frequency-stable idler
wave or the frequency-stable signal wave, resulting in far-IR radiation with frequency stability
expected to be similar to that presented here for the idler.
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Comparison of precise predictions of the energy levels of the molecular
hydrogen ion H;—the simplest molecule—with measured vibrational
transition frequencies would allow a direct determination of the

proton-to-electron mass ratio and of the proton’s charge radius. Here we
report vibrational laser spectroscopy of trapped and sympathetically
laser-cooled HJ, which represents a step towards this goal. We studied a
first-overtone electric-quadrupole transition and measured its two
hyperfine components. The determined spin-averaged vibrational
transition frequency has a fractional uncertainty of 1.2 x 108 and is in
agreement with the theoretically predicted value. We measured an
analogous electric-quadrupole transitionin HD* to estimate systematic
uncertainties. Here, we observed a vastly improved line quality factor

compared to previous electric-quadrupole spectroscopy of molecular ions.
Our work demonstrates that first-overtone electric-quadrupole transitions
are suitable for precision spectroscopy of molecular ions, including H, and
that determining the proton-to-electron mass ratio with laser spectroscopy

could become competitive with mass spectrometry using Penning traps.
Furthermore, achieving precision spectroscopy of Hj is an essential
prerequisite for a future test of combined charge, parity and time reversal
symmetry based on acomparison with its antimatter counterpart.

In recent years, it has been shown that the accurate determination
of transition frequencies between rovibrational levels of molecular
ions can contribute to current endeavours in fundamental physics. In
particular, precision rotational and vibrational spectroscopy of the
molecular hydrogen ion (MHI) HD" has allowed testing some predic-
tions of quantum electrodynamics theory’, determining afundamental
constant and searching for physics beyond the standard model*>. Fora
discussion, see refs. 5-7. The heteronuclear HD* systemis advantageous
froman experimental point of view because it allows for electric-dipole
(E1) transitions. Such transitions can be driven by moderate laser
power. Also, any vibrational excitation decays on a timescale of tens
of milliseconds to the ground vibrational level v = 0 by spontaneous
emission (vis the vibrational quantum number). After thermalization
with black-body radiation, an ensemble of HD" contains a sufficiently
large fraction of molecules in any of a small set of rovibrational levels
(v=0,N=0,1,2,3,4,where Nis the rotational quantum number), a

favourable situation. However, HD" also has shortcomings. First, ithas a
complex hyperfine structure (HFS), complicating experimentation and
extraction of the spin-averaged (HFS-free) frequency, and second, the
key properties of its two dissimilar nuclei, namely the mass and charge
radius, cannot be independently deduced from spectroscopic data.
To overcomethe latter, intrinsiclimitation, thereisaneed toinves-
tigate at least one of the homonuclear MHIs, H} and DJ. Due to the
smaller spin of the proton (1/2) compared to the deuteron (1), the HFS
of HJ is simpler and this molecule may be preferred. In homonuclear
diatomics, E1 transitions between rovibrational levels in the same
electronicstate are forbidden. Asaconsequence, the natural lifetimes
of excited vibrational levels are extremely long, of the order of 1 week
for HJ (ref. 8). Thus,homonuclear MHIs lack a natural vibrational state
preparation: they do notreadily decay to the vibrational ground state.
Conversely, the natural linewidths of transitions between these levels
are extremely small. This leads to the exciting perspective of
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Fig.1|Energy levels of H;‘ and transitions relevant to thiswork. a, HY
molecular energy as a function of proton separation R in units of the Bohr radius
a, for the two energetically lowest electronic states 1s 0,and 2p o,. The indicated
vibrational energy levels (grey) are those for N=0. The inset shows the first three
rotational (Rot.) levels of the vibrational states v =1-3. The studied transition
(v=1,N=0) - (v =3,N' = 2)isshown by the magentaarrows. The
dissociation laser’s photon energy is indicated by the purple arrow. b, Hyperfine
and Zeeman structure of the two rovibrational levels pertinent to the present

study. The electron-spin-rotation coupling splits the upper vibrational level into
twostates F/ = 3/2and 5/2, separated by 86.8 MHz (green arrow). The magenta
arrows indicate the measured hyperfine components f, and f_. The Zeeman
splittingsin a finite magnetic field B=1uT are shown for illustration. During the
exposure of the molecules to the spectroscopy wave, the magnetic field was
substantially smaller. To show the Zeeman splittings, the vertical axis is broken at
two positions. Fis the total angular momentum of the molecule and m; is the total
angular momentum projection quantum number.

spectroscopy with extremely high line resolution, limited only by the
spectral purity of the laser. Such performance would be important for
implementing fundamental tests of physics, for which the highest
frequency accuracy is desirable’.

Furthermore, rovibrational transitions must be induced by
two-photon’® or electric-quadrupole (E2) excitation'2, The squared
Rabifrequency for E2 excitationin ahomonuclear MHI is substantially
smaller than for the E1 excitation of a comparable transition in a het-
eronuclear MHI (Methods), posing a challenge due to the requirement
for high laser intensities. Note that E1 transitions in homonuclear MHI
doexistbecause of the presence of spininteractions, but the transition
strengths between low-lying vibrational levels are predicted to be
orders of magnitude weaker than for E2 transitions®.

Although H; hasbeeninvestigated theoretically foralmostacen-
tury*®, no direct measurements of the vibrational structure of H} near
the bottom of the internuclear potential curve have ever been per-
formed. A few spectroscopicstudies of H} have addressed rovibrational
states close to the dissociation limit of the electronic ground state. Two
studies determined electronic transition frequencies, including rovi-
brational contributions, with 107¢-level uncertainty’®". A third study
measured a pure rotational transition with 4 x 107 uncertainty'®. An
alternative approach of studying transitions in highly excited Rydberg
states of neutral H, (refs.19,20) yielded two rotational transitions with
uncertainties (3, 5) x 10”. There has been no improvementin accuracy
orresolution since 1990.

E2transitionsin H;, firstdiscussed theoretically 70 years ago, have
never been observed in absorption and have been observed only in
spontaneous emission under extreme conditions. In fact, there has
sofarbeenonlyasingle study of E2 vibrational (laser) spectroscopy of
molecularions, on N; at4.6 pm (ref. 22). Note that E2 spectroscopy of
neutral H, is well developed® ™, because these molecules are readily

available at high density and absorption spectroscopy can be per-
formed at easily available near-infrared laser wavelengths.

In this work, we perform vibrational laser spectroscopy of H¥,
achievingatenfold higher fractional accuracy thanany other hitherto
measured transition frequency of this molecule. We also present a
precisionstudy of E2 spectroscopy inamolecular-ion systemto deter-
mine systematic shifts and explore its potential.

HFS of H]

The rovibrational Hj transition addressed in this work isillustratedin
Fig. 1a. HJ exhibits aHFS in all rovibrational levels, except when N=0
(Nistherotational quantum number). In homonuclear diatomics, the
HFS is simplified because of the anti-symmetrization principle for
fermions. The total nuclear spin/takes oneven or zero valuesinlevels
of even or zero N, the so-called para-levels. Thus, para-Hj (thatis,
N=0,2,4,...)has/=0. This leads to a very simple hyperfine Hamilto-
nian, containing only the interaction between electron spin and molec-
ular rotation, c.(v, N) S. - N.Here, c.is the coupling coefficient, S, is the
electron spin operator and N is the rotational angular momentum
operator. In contrast to the vibrational structure, the HFS of H2+ was
measured alongtime ago and accurately inlevels v = 4-8, with uncer-
tainties at the 1.5 kHz level, using radio-frequency (RF) spectroscopy?.
After a half-century-long development, ab initio theory was able to
match the experimental uncertainty” %,

The E2 transition with the simplest HFS is between levels with
N=0and N' = 2(orviceversa). We, therefore, chose to study this case,
selecting v =1and v’ = 3, as shown in Fig. 1b. The total angular
momentum of the lower spectroscopy level (v=1, N=0)is F=1/2,and
there is no hyperfine splitting. For the upper spectroscopy level
(V' = 3,N = 2),angular momentum coupling yields F' = 3/2 or 5/2,
andthelevelissplit by the electron-spin-rotationinteractioninto two
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Fig.2|The two electron-spin-rotation components of the E2 rovibrational
transition(v = 1, N = 0)> (v' = 3, N’ = 2)inH,". Thelaser frequency detuning
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areatalevel of 10 Hz. Fand F’ are the total angular momentum quantum numbers
oftheinitial and final states, respectively. The green arrow indicates the splitting
of the two hyperfine components Afs(eixnp). The measured linewidths (full-width at
half-maximum) are shown as red arrows and labelled by their respective values.

non-degenerate states in absence of a magnetic field. One, therefore,
expects two separate transitions: f_ : (F=1/2 > F =3/2) and f, :
(F=1/2 - F =5/2), since both satisfy the selection rules for E2
transitions.

Vibrational transitionin H;
To accomplish vibrational spectroscopy of H; and also obtain com-
petitiveaccuracy, we trapped ensembles of moleculesinalineariontrap
and sympathetically cooled them to millikelvin temperature using
co-trapped laser-cooled beryllium ions®. An ensemble of H2+ was pre-
pared from neutral para-H, gas leaked into the vacuum chamber and
ionized by electronimpact. This resulted in Hy molecules beinginawide
distribution of rovibrational levels**. Therefore, laser irradiation was
applied to deplete the population in the upper spectroscopic level
(v' = 3,N' = 2)andinrovibrational levels with equal or larger v. A spec-
troscopy beam with a wavelength of 2.4 pm was aligned to the trap’s
symmetry axis. Repeated cycles of H} loading, preparation and spec-
troscopic excitation followed by dissociation were required to accumu-
late sufficient data to give spectroscopic lines (Methods and Extended
DataFig.1). Our spectroscopy protocol gave Doppler-limited resolution.
The spectroscopy wave was produced by a continuous-wave optical
parametric oscillator (OPO) that provides sufficient power to drive the
E2 transition. To permit accurate frequency measurements at 2.4 pum,
we developed an optical frequency metrology system (Methods).
Figure 2 shows the measured hyperfine components of the vibra-
tional transition. The full linewidths of ~4 MHz are due to Doppler

broadening (see below). The transition frequencies are
7P Z 124,486,979.9(2.3) MHz,

FP = 124,487,066.7(1.9) MHz.
The lines exhibit low signal-to-noise ratios. We, therefore, assigned
the line half-width at half-maxima as the statistical uncertainties of
the frequencies.

Study of systematic effects

The systematic shifts of the HJ transition could not be determined
because the corresponding studies would have taken a prohibitively
long time. The reason is the small fraction of molecules in the lower

spectroscopy state obtained in each loading and purification cycle,
leading to alow data acquisition rate. This also precluded attempting
to search for Doppler-free transitions. To circumvent this difficulty,
weinstead studied in detail an E2 transition of the related heteronuclear
HD", for which a sufficient data acquisition rate can be realized. We
took advantage of the above-mentioned spontaneous decay of the
molecularion to v =0 levels after ionization of the HD precursor and
additionally applied laser rotational cooling® to transfer approximately
75% of the ions into the single rovibrational level (v =0, N=0). We,
therefore, chose to study the w=0,N=0)-> (' =2,N =2)
first-overtone E2 transition at A, = 2.6 umusing the same OPO system.
The quadrupole transition matrix element is a factor 2 smaller than
for the studied transition in H2+ (Methods). The spectroscopy beam
was aligned perpendicular to the trap axis.

As Fig. 3 shows, we observed ultra-narrow, Doppler-free reso-
nances, as we observed for the fundamental transitionv =0 - v’ =1
(ref. 4) and for the fourth-overtone transition v = 0 — v’ = 5(ref. 5).
Linewidths as low as ~40 Hz, thatis line resolutions of 2.7 x 102, were
achieved. This is a fourfold improvement compared to the best MHI
Eltransitionresult (6 x 10"; ref. 5) and is comparable to arecent molec-
ular E2 transition measurement of the neutral diatomic Sr,, which had
alineresolution of 2.9 x 10" (ref.36). Moreover, it isan improvement
by a factor of ~10° compared to the only previous study of a
molecular-ion E2 transition®’. The observed linewidths are due to a
combination of the natural linewidth (5 Hz; ref. 37), power-broadening,
short exposure, as well as the linewidth and frequency instability of
the spectroscopy laser.

Table 1 summarizes the characterized shifts. The transition fre-
quencies measured under nominal conditions must be corrected by
approximately —1.2 kHz or -1 x 10 " fractionally. The uncertainty of the
correctionsis1x 10 fractionally for one component and twice as large
for the other because of its larger linewidth. Light shifts might occur
due to off-resonant E1 coupling of the two spectroscopy levels by the
intense spectroscopy wave, but we did not observe such an effectand a
theoretical estimate gives a shift consistent with the non-observation.
The two studied stretched-state Zeeman components have equal and
opposite, purely linear Zeeman shifts. Therefore, the B= 0 extrapolated
frequency of the HFS component is the mean of the two corrected
frequencies. It has an uncertainty of 0.12 kHz or 1 x 10"? fractionally.

Turning to HY, notice that the Zeeman shifts of individual Zeeman
components of arovibrational transition are different from thosein HD*
(ref.38).Inthe absence of adirect measurement, werely onatheoretical
prediction®. The HJ Zeeman shifts of the various components |Am;| <2
of f,and f_arelessthan|g,u;| =~ 28 kHz pT'inmagnitude (Methods and
Extended Data Tables 1-3). During the HJ spectroscopy intervals, we
lowered the magneticfieldto |B| < 0.2 uT,so that the shifts were negligible
compared tothelinewidths. Any light shift due to off-resonant coupling
by the spectroscopy wave should be negligiblein H;due tothevanishing
Eltransition moments between rovibrational states (Methods).

Inview of these considerations, we deduced that in the H; experi-
ment, systematic shifts were not relevant compared to the measure-
ment resolution of 2 MHz. We estimated that power-broadeningis not
relevant (Methods), so that we associated the observed linewidths with
an H; ensemble temperature 7= 3.4 mK. In separate experiments on
strings of HD" ions, we found temperatures of =1.5 mK. The higher value
observed here could be due to the larger number of trapped HZ, result-
inginathree-dimensional rather thanstring-like arrangement and less
efficient sympathetic cooling.

Comparison of experimental and theoretical
results and the proton-to-electron massratio

The spin-rotation coefficient was deduced tobe c.(v' = 3,N' =2) =
2(f, —f.)/5 = 34.8(1.2) MHz, which is consistent with the most accu-
rate theoretical prediction cghe‘”)(u’ =3,N =2)=34.73025(12) MHz
(ref.32).

Nature Physics

61



Chapter 5

Cumulative part of the dissertation

Article https://doi.org/10.1038/s41567-023-02320-z
a Trap-field shift b d.c. Stark shift
_ . — 387 V (nominal) _ 0 — 0V (nominal)
=42 > =+4 =-2-> =-4
o 015 M o a7V i G 0.15 - — 5V (perturbed)
Q — 466 V (high)
E ‘
<.E ow0F | 3 | 0.0
6 % { T f “
8% oost [ 1 b\ 0.05 |-
@ / 1 \
9_) [ /’[ \
O
R i i
1 L L L L L L 1 1 L L L
0 02 04 06 08 10 1.2 0 0.2 0.4 0.6 0.8
Laser frequency detuning &f (kHz) Laser frequency detuning &f (kHz)
c a.c. Stark shift 1 d a.c. Stark shift 2
— lgc, (nominal) — lopor 1315 (nominal)
o] o5 — 07lge, 015 — 2lopor 2315
Q
g
— € 010+ 0.10
=R
8%
8% o005 0.05 -
[y ‘
(]
8 /
9 0 E 0 H H ﬁ
3 HHHL EH } & [
L L L L L L L L L L
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8

Laser frequency detuning &f (kHz)

Fig.3|Two Zeeman components measured under different operating
conditions. The two Zeeman components (mg = +2 — m;. = +4)and (m

= -2 - m = —4)ofthehyperfinetransition (v = 0,N = 0,6, =1,G, =2,F = 2)
> W =2,N =2, G{ =1, G; =2,F" = 4)inHD", measured for amagnetic field
strength of B=30 uT. These are transitions between stretched spin states, thatis
states of maximum Fand |my|. G, is the total spin of the proton-electron pair, and
G, isthetotal particle spin, including also the deuteron. a, Each Zeeman
component measured at trap-field amplitudes of 387,417 and 466 V. The shaded
regions group the same Zeeman component. b, Each Zeeman component
measured at 0 and 5 Vd.c. electric field. ¢, The a.c. Stark shift due to the quantum
cascade laser (QCL) used for rotational cooling (Methods, ‘HD* spectroscopy
procedures’) is studied by measuring the transitions at full (/) and 70%

Laser frequency detuning &f (kHz)

intensity. d, Thea.c. Stark shift induced by the spectroscopy source and the
cooling laser together, measured at nominal intensities (/opo and /5,5, respectively)
and doubled intensities. The lines measured under nominal conditions (blue
points and blue curves) were measured once and are reproduced in each panel
forillustration. The other points and corresponding curves in different colours
are thelines measured under various conditions. The laser frequency detuning 6f
isrelative to the optical frequency of the my = +2 - m;. = +4 component
measured under nominal conditions. The coloured curves are guides for the eye.
For display purposes, the data are divided into 25-Hz-wide bins and the average
value of each binis shown. The vertical error bars are standard error of the mean
inthe bin. The horizontal error bars are the frequency uncertainty of the
spectroscopy laser stemming from its linewidth (Methods).

Our spin-averaged frequency is S;’;‘f;vg =Gf, +2f)/5=

124,487,032.7(1.5) MHz. This is a directly measured vibrational fre-
quency in H;. Remarkably, our value improves on the previous meas-
urements of such afrequency by several orders of magnitude. The most
accurate (indirect) measurement was performed by G. Herzberg and
his team over half a century ago*’, using Rydberg series spectroscopy
of neutral H, to obtain the first-overtone vibrational frequency with
7 x10 S uncertainty. Withafractional uncertainty of 1.2 x 108, our value

jﬁ;"np_ivg isnow the most accurately measured property ofH;', including

the HFS?**'. Note that the experimental uncertainty was too large to
allow us to identify the presence or absence of a recoil shift (17.1 kHz).

The ab initio value for the frequency is fi;‘:‘;?g =124,
487,032.45(6) MHz (Methods). The experimental and theoretical
values agree.

Theabinitio value requires as input the proton-to-electron mass
ratio. This was taken from CODATA 2018. Instead, we can treat the mass
ratio asanadjustable parameterin order to match the experiment with
abinitio prediction, and obtain (Methods)

my/me = 1,836.152665(53).

The fractional uncertainty of this spectroscopically determined value
(2.9 x107®) is comparable to that which might be obtained from a
comparison of experimental and theoretical results for the analo-
gous transition in neutral H, (refs. 23,24). Note that the theoretical

uncertainty of that transition® is twice as large as that quoted in
refs. 23,24,

Outlook

Anear-termgoal of H spectroscopy is to achieveatransition frequency
UNCertainty tgea = Ur(fypimavg) ~ 2 X 10712, four times smaller than
today’s uncertainty for the quantum electrodynamics calculations
(8 x107%%; ref. 1). This would lead to a theory-limited mass ratio uncer-
tainty u,(m,/m,) ~1.8 x10™. The present result obtained for an E2 tran-
sition of HD" indicates that the goal is realistic, provided that the
Zeeman shifts can be controlled sufficiently well. For the present (or
analogous) rovibrational transition, we have identified a suitable
scheme (Extended Data Table 3). Four Zeeman components whose
frequencies have pairwise opposite linear Zeeman shifts and tiny quad-
ratic shifts canbe combined toyield the spin-averaged frequency. The
goal uncertainty u,, is reached if each Zeeman component is measured
withu,(f) <4 x10™(0.5 kHz) total uncertainty. This requires amagnetic
field stability 6B = 5 x 102 uT (Methods), which is fulfilled with our
apparatus. In the future, to achieve ultrahigh accuracy (10*-level
uncertainty) in an RF trap, it appears more favourable to use a
w,N=2) - (V',N' =2)transition***,

We briefly turn to the implications of this work for future vibra-
tional spectroscopy of anti-H}, which consists of two antiprotons
bound by a positron and has never been observed. The spectroscopy
would probe the charge and mass of the antiproton and of the
positron as well as the antiproton-antiproton interaction and
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Table 1| Error budget of an E2 transition of HD*

Effect fexp) _ flexp.nom) (kHz)
mg =+2 > m; = +4 mg=-2->m.=-4

Statistics 0.00(2) 0.00(6)

Trap field -1.18(10) -1.18(16)

a.c. Stark (OPO and 0.01(3) 0.00(8)

313nm laser)

a.c. Stark (5.5um laser) 0.03(4) 0.00(7)

d.c. Stark 0.00(3) 0.00(9)

Total -114(12) -119(22)

Measured systematic shifts and their uncertainties are given for two Zeeman components of
one HFS component of the first-overtone transition (v = 0,N =0) - (V' =2,N' =2) at
NM5THz. fP) is the extrapolated, unperturbed frequency. f(xPnom) js the frequency under
standard operating conditions. Here, m (my) is the projection of the total angular
momentum F (F’) of the initial (final) state onto the direction of the static magnetic field. See
Methods, ‘Systematics of the HD" E2 transition’, for a detailed discussion of these effects.

positron-antiproton interaction. A charge, parity and time reversal
symmetry (CPT) test would compare the vibrational frequency of anti-
HJ with its matter counterpart. Such a test is attractive because (1) a
potential ultrahigh accuracy (1077 fractional uncertainty) may be
reached, presumably exceeding the potential future performance of
antiprotonic helium spectroscopy*®and of antiproton mass spectrom-
etry, (2)italsoinvolves the antiproton-antiprotoninteraction, which
does not occur in other accessible antiparticle-containing systems,
and (3) it has a much higher sensitivity to the antiproton mass com-
pared toanti-hydrogen, for whichitis only areduced-mass effect. Both
anti-HJ spectroscopy proposals***’ have considered E2 transitions and
the non-destructive read-out of the internal molecular stateinacryo-
genic trap. Future anti-HJ production methods’® and established
non-destructive interrogation methods may favour the use of Penning
traps, whichare already used for studying antiprotons. Note that vibra-
tional transitions have Zeeman components that have particularly
small and opposite linear Zeeman shifts in the strong magnetic field
ofaPenningtrap (Methods), so that the corresponding uncertainties
would be negligible, even during long-term measurements.

A CPT test can be extended to a local position invariance test by
performing the anti-H; versus H} comparison over the course of ayear,
asthe Earth moves around the Sun and probes a varying solar gravita-
tional potential. Such a test would be similar to alocal position invari-
ance test that compares the mass-to-charge ratios of an antiproton and
anegatively charged hydrogenion H™ (ref. 47) but would be more accu-
rate and more encompassing, given the presence of the antiproton-
antiprotoninteractionin anti-H;.

The presentresults areanimportant step towards turning H into
a second member of the MHI family accessible to the metrology of
fundamental constants and, eventually, also D . The simplicity of
removing the HFS effects to obtain the spin-averaged frequency will
beanimportantadvantage. Since the studied E2 transitionsin both H
and HD"are not special cases, we believe that accurate E2 spectroscopy
should be achievable with many homonuclear molecular-ion species.
This underlines the potential of E2 spectroscopy of molecular ions
aimed at testing for a possible time-variation of the electron-nuclear
mass ratio”"*%,

Progress in H; and D3 spectroscopy would be greatly facilitated
if non-destructive internal state detection methods™** and efficient
state preparation that have been demonstrated for other species could
beapplied to these molecules. This will require measurements of single
ions, which also promises higher accuracy. Concerning state prepara-
tion, spontaneous decay in a cryogenic Penning trap® and
state-selective photoionization of H, (ref. 55) are demonstrated solu-
tions. Recently, non-destructive, high-resolution electron-spin

resonance spectroscopy of a single HD* molecule trapped for weeks
in a Penning trap has been achieved’®, demonstrating both
quantum-state identification and transition detection without mole-
culedestruction. InanRF trap, the preparation of asingle H; ion cooled
by asingle laser-cooled Be*ion to the motional ground state was dem-
onstrated”’. Together with the present result for the feasibility of
high-accuracy E2 spectroscopy, these milestones give support to pro-
posals for developing a CPT/local position invariance test based on
comparing the vibrational transition frequencies of H; and anti-HJ..

Online content
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Methods

Details of the experiment

H; spectroscopy procedures. The experimental apparatus is the same
we have used in our previous experiments*’. We employ a modified
spectroscopy scheme that allows us to perform spectroscopy of Hf
without requiring rotational state preparation.

First, the spectroscopy laser frequency is set to a desired value.
Onecycle (Extended DataFig.1) then starts by loading an ensemble of
Hy ions by electronimpactionization fromareservoir of para-H, admit-
tedintothe vacuumchamber by aleak valve. Thisis followed by deplet-
ingthe populationinlevelswithv > 2, including the upper spectroscopy
level (v =3,V =2), by performing photodissociation with two
continuous-wave lasers at wavelengths of 313 and 405 nm. Since for
both wavelengths the photodissociation cross section decreases
strongly with decreasing v (ref. 58), the dissociation of molecules in
v=1isnegligible. After asubsequent determination of the number of
trapped H} (see below), the vibrational transition (v =1,N=0) —
(v' =3,N' =2) is excited and detected using resonance-enhanced
multi-photon dissociation (REMPD), which has two steps: (1) excitation
ofthe spectroscopy transition with the OPO radiation and (2) dissocia-
tion of the molecule from the upper spectroscopy level with the 405 nm
laser (50 mW and intensity 25 W cm™). Toavoid alight shiftinduced by
the dissociation laser, aninterleaved shuttering scheme was employed
to prevent the simultaneous exposure of theions to both lasers. Com-
pleting the cycle, the number of still trapped H} is determined.

In the following cycle, the background is measured (blue data
pointsinFig. 2). All settings are unchanged except that the OPO beam
remains blocked. These alternating spectroscopy and background
cycles arerepeated many times until satisfactory statistics isaccumu-
lated. After completing each cycle, the ion cluster is purged from any
ions other than Be* and a new H} ensemble is loaded so that there is a
sufficient population in the lower spectroscopy level. During the
REMPD intervals of both signal cycles and background cycles, we
applied amagnetic field of B= 0.0(2) uT, whereas at all other times the
magnetic field was set to B, = 45 UT. Toacquire aspectroscopicline,
we set the OPO frequency to arange of values.

The spectroscopy signal was obtained by comparing the number
oftrapped H; ions before and after the REMPD. The signal was computed
as the normalized decrease of the number of trapped ions (N, - N;)/
(N;— N,), where N; and N; are the initial and final fluorescence peak
strengths of the secular excitation signal of HZ, respectively, and N, is
the background level of fluorescence without any secular excitation. To
determine the number of trapped H ions, the transverse secular motion
excitation spectrum was recorded over the range 450-1,250 kHz. The
resonance frequency of Hf under nominal conditions was approximately
1,000 kHz. The spectrum was fitted by two Gaussian functions. The peak
strengthof the H] signal, whichis proportional to the number of trapped
H; ions, was then determined. This approach differs from our previous
ones for which we usually resonantly excited the secular motion at fixed
frequency and did not record aspectrum. Here, the different approach
is necessary because chemical reactions generate H; ions in the trap,
andtheir presence modifies the Coulombinteractions within the cluster
and, thus, also modifies the secular frequency of the H} ensemble.

HD" spectroscopy procedures. HD" ions are prepared in a string
arrangement. The spectroscopy wave was aligned perpendicular to
the string, allowing us to obtain Doppler-free resonances. The v=0
rotational state preparation was implemented by a quantum
cascade laser tuned to the v =0,N=2) - (V. =1,N' =1) transition
(5.5 pm). The REMPD scheme comprises three excitations: the spec-
troscopy transition (v = 0,N = 0) - (v' = 2,N' = 2),asubsequent vibra-
tional excitation (v' =2,N' =2) - (v = 6,N" = 3) (1.56 um) and finally
photodissociation by a266 nmwave. The second excitation enhances
the dissociation rate because the photodissociation cross section of
thelevel (v = 2,N' = 2)issmallat266 nm.

The spectroscopy cyclesequenceisthe sameasinrefs. 4,5, except
that the REMPD duration was increased to 30 s. We mention only the
main aspects here. The spectroscopy wave was interleaved with the
other two waves to avoid systematic shifts. Before and after REMPD
the secular motion of HD* was resonantly excited to determine their
number. Signal and background data were taken during alternating
cycles. The cycles differ only in that the spectroscopy wave was kept
blocked during the background cycle. On average, five signal and
background cycle pairs can be executed before the HD* population
has declined substantially. Once this has occurred, the Be*ion cluster
is cleaned. That is, any ions other than beryllium are removed, and a
fresh string of HD" ions is prepared. The quantum cascade laser was
kept on during REMPD.

Spectroscopy laser system. The spectroscopy laser system is a
continuous-wave OPO with an output power of >2 W at the H} and HD*
transition wavelengths of 2.4 and 2.6 um, respectively. The OPO wave
was frequency-doubled to asecond-harmonic wave that s suitable for
generating a heterodyne beat with an erbium-fibre frequency comb.
The second-harmonic wave was phase-locked to acomb line using this
beat and feedback controlto the OPO pump laser frequency. This effec-
tively alsolocked the frequency of the spectroscopy wave to the comb.

Toensuretheultra-narrow linewidth of the spectroscopy radiation,
the comb was optically stabilized by phase-locking to a near-infrared
laser that is frequency-locked to a high-finesse resonator. Through
asecond beat with an independently optically stabilized frequency
comb, we determined that the fractional frequency instability (Allan
deviation) of the OPO spectroscopy wave frequency is below 1x10™
forintegrationtimeslongerthan1s.Anupperboundforthelinewidth
ofthe OPO radiation was obtained from an analysis of the beat. On the
5 stimescale, it was 10 Hz (full-width at half-maximum of a Lorentzian
fit). Thisis also the main contribution to the OPO frequency uncertainty
and as such determines the horizontal error bars showninFig. 3. Both
combs werereferenced to anactive hydrogen maser, whose properties
were characterized (Methods, ‘Maser shift’).

E2 transitions of Hf and HD"
E2in Hj. The E2reduced transition matrix element of the studied first-
overtonetransitionis Qy = QH;(U =1LN=0-v =3,N =2)=-0.053268
atomic units". Note that Q, is larger by almost a factor of 2 compared
to the first overtone starting from v =0: Qur (v=0,N=0
- v =2,N =2)=-0.028919 atomic units". However, Q, is smaller by
afactor of 9 compared to the fundamental vibrational transition start-
ing from the same lower level 0 =1,N=0 - v/ = 2,N' = 2). Our spec-
troscopy source has adequate power to compensate for this
difference.

For the upper rovibrational level, the Einstein coefficient for
spontaneous emission was computed as Ay (V' =3,N =2
v=1N=0)~78x10"8s 1 (refs.11,59).

E2 in HD". E2 transitions in this heteronuclear molecule have been
discussed inrefs. 45,60. The E2 reduced transition matrix element is
Qup+(W=0,N=0 - v =2,N =2)=0.025976 atomic units. The reduced
electric-dipole (E1) transition matrix elements for near-by transitions
are 0.00436 for the (v=0,N=0) > (2,1) transition and -0.00609 for
the (v=0,N=1) > (2, 2) transition, in atomic units®.. Thus, the Rabi
frequencies for these El transitions are approximately one order larger
than for the studied E2 transition of HD".

Power-broadening. The Rabi frequency for an E2 transitionin H; can
be estimated using equation (15) of ref. 11. Using the E2 transition matrix
element Q, and considering the peak intensity of the spectroscopy
wave (3.6 MW m™), we estimated an upper limit for the Rabi frequency
to be Q/(2m) = 0.5 kHz. Therefore, power-broadening is negligible
compared to the observed linewidth.
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The Rabi frequency foran E2 transitionin HD' between stretched
states can be obtained from the same equation. The peak intensity in
the E2 spectroscopy of HD" was 2.6 MW m 2, Taking into account the
angle between the magnetic field and the wavevector and its uncer-
tainty, we estimated the Rabifrequency to be Q/(2m) <15 Hz, consistent
with the observed linewidths.

Systematics of the HD* E2 transition

Zeeman shift. See Fig. 3, all panels. The magnetic field in our trap was
characterized by stimulated Raman spectroscopy to precisely measure
the Zeeman splitting of beryllium ions®® and, by comparison, of the
observed and calculated Zeeman splittings of the fundamental rota-
tional transition®. Comparing the measured Zeeman splitting of the
two components, 0.72(7) kHz, with the theoretical prediction, equation
(6)inref. 38, we deduced amagneticfield strength of 30 T, consistent
with the previous determinations for the same coil current settings.

Trap-field-induced shift. The RF electric field in the trap induces a
shift, which was determined for both Zeeman components at nominal
magpnetic field (Fig. 3a). Measurements at three different RF amplitudes
and extrapolation to zero amplitude indicate that there was a system-
atic shift of approximately +1.2 kHz for both components under the
nominal operating conditions. This type of shift was observed by us ear-
lier’; forarecentinvestigation of a different molecularion, see ref. 63.

a.c. and d.c. Stark shifts. The beryllium ion cooling laser, the spec-
troscopy wave and the rotational cooling laser potentially cause a.c.
Stark shifts (Fig. 3c-d). We measured the transition frequencies at
different laser wave powers but did not resolve any light shiftinduced
by these waves.

Also, we could not resolve any d.c. Stark shift upon comparing the
transition frequencies measured under the nominal conditions and for
anadditional d.c. voltage of 5 Vapplied to two trap electrodes (Fig. 3b).

Maser shift. All frequencies used for the HD* measurements were
corrected for the hydrogen maser frequency offset. The offset was
determined by continuously comparing the maser frequency to an
atomic time signal provided by a global navigation satellite systemat 1
pulse per second. The fractional offset from the atomic frequency and
the fractional drift were found tobe =8 x 102 and =1 x 10 per month,
respectively. Since the spectroscopy measurements were taken over
2 months, the laser frequencies obtained on a particular measurement
day were corrected for the offset on that day.

Systematics of the H} E2 transitions

Theory of Zeeman shifts. The Zeeman shifts in a weak field are dis-
cussedinrefs.44,45for N= 0 - N' = 2transitions, and inrefs. 42,43,45
for N =2 — N =2 transitions. For a strong field, ref. 49 gives a partial
discussionofa N =2 - N’ = 2 transition.

For completeness, we present in Extended Data Table 1the Ham-
iltonians Hy,i,(N) + Hzeeman(N) for N=2and for the trivial case N= 0. The
N =2 case uses the approximation of isotropic electronic g factor; for
the calculation of the anisotropy, see refs. 64,65.

Note that theelectronicgfactorg.(v, N) (refs. 64,65), the rotational
gfactorg(v, N)*’ and the spin-rotation coupling constantc (v, N) (ref.32)
depend ontherovibrational level. Because the dependencies are weak,
there are rovibrational transitions with low magnetic sensitivity. In
addition, by measuring two or more Zeeman components and suitably
averaging them, the net Zeeman shift can be made to cancel.

From the Hamiltonians, one can compute the Zeeman shifts for
transitions of the type ,N=0) - (v',N' =2), v,N=2) - (v',N' = 0)
and (v,N =2) = (v',N' = 2) for arbitrary field strength and perform
series expansions in the low-field limit (for RF traps) and in the
high-field limit (for Penning traps). These lead to the expressionsin
Extended Data Table 2.

The predicted frequencies of a few selected HFS components of
the transition studied in the present work are displayed in Extended
Data Table 3. The magnitude of the linear Zeeman shift of the com-
ponents £, +5.6 kHz x B/uT, determines an upper limit for the allow-
able instability of the magnetic field, 6B, for a desired total
uncertainty.

Next, we mention some examples of interesting transitionsin a
Penningtrap. The two Zeeman components (v=0, N=2, m,=+1/2, m;
=+1/2) > (v =1, N’ =2, my = +1/2, m; = +1/2) have sensitivities of
+8.2kHz T'atB=4T. The two Zeeman components (v=0,N=0, m,=
+1/2,m=+1/2) > (V' =1, N'=2, my=%1/2, m: = +1/2) have sensitivities
of 3.6 kHz T at B=4 T. These values are even lower than for the Zee-
man component discussed inref. 49, namely 150 kHz T*. The values of
vand v’ were chosen for comparison with that reference, but similar
results hold also for other transitions.

Light shifts. A potential light shift from the 405 nm photodissociation
laser is prevented by using appropriate interleaved shuttering.

Thelight shift due to the beryllium cooling wave (313 nm) and the
OPOradiation canbe estimated using acomparison with HD*, for which
it was determined to be less than 0.1 kHz.

Our analysis is based on ref. 66. For the transition in
HD*, the frequency-dependent polarizabilities should be considered.
At 2.6 pum, the differential scalar polarizability is a; (v' = 2,N' = 2)
—a, (v = 0,N = 0) ~ 1.5 atomic units. The tensor polarizability is esti-
mated as a, (v = 2,N' = 2) = —0.1 atomic units (it is zero when N=0).
Thisis tobe multiplied by aZeeman-state-dependent factor, which for
thetwo addressed (pure) Zeeman statesis 12.3. The maximum polariz-
ability of the transition is, therefore, approximately 2.3 atomic units.

For the 2.4 pmradiation interrogating HY, the light shift is essen-
tially determined by the static polarizabilities, because the E1 transition
dipole moments between rovibrational levels of the electronic ground
state are effectively zero and because the spectroscopy wave photon
energy is small compared to the excitation energy to higher electronic
states. Forthescalar polarizability, a; (v' = 3,N' = 2)—a, (v =1LN=0) = 2.1
atomic units. The tensor polarizability is a, (v’ =3,V =2) = -0.53
atomicunits. Thisisagaintobe multiplied by aZeeman-state-dependent
factor. The largest factors for the two studied transitions (which con-
tainall m; values) are 21/5for the F = 3/2multipletand 6 forthe F = 5/2
multiplet. The maximum polarizability of any Zeeman component of
thetransitionis, therefore, approximately 3.2 atomic units. This value
is close to that for the HD" case, and therefore, we may infer that
the light shift from the OPO radiation is negligible in the present H}
measurement and that it should be controllable at the 1 x 10 level in
anext-generation experiment.

For the wavelength 313 nm, the differential polarizabilities are
close to those at the spectroscopy wavelengths. Because of the much
lower intensity of the 313 nm radiation, the corresponding light shift
is negligible in comparison.

Other shifts. We have not measured the black-body shift of either HD*
or H}, but theory* predictsit to be at the 1 x 107 level for the present
H; transition at room temperature.

We hypothesize that the trap shift that we observed for HD* for
various transitions>*’, including for the present one, may in part be
due to off-resonant electric-dipole coupling to close rovibrational
levels (a quasi-static Stark shift). Since E1 couplings between rovibra-
tional levelsinthe ground electronic state are negligiblein HY, the trap
shift could be smaller than in HD". Relevant static Stark shift coeffi-
cients for H} are discussed above.

Abinitio theory of f ;..

The computation of the spin-averaged frequency follows ref. 67.
CODATA 2018 recommended values for fundamental constants are
used. The transition frequency is computed as a power series in the
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fine-structure constant a. Considering the present experimental accu-
racy, only the major contributions need to be included:

Sopinavg = 124,485,554.55 MHz (nonrelativistic)

+ 2,002.70MHz  (a?order)
—  521.35 MHz (a3 order)

—  3.69 MHz (a* order)

+ 0.24(6) MHz (a® order)

= 124,487,032.45(6) MHz. (total)

The orders arerelative to the non-relativistic contribution. The &’ con-
tributionis asimple estimate based onref. 67. Once the need arises, this
contribution can be computed accurately and so can contributions of
higher order. The sensitivity of the spin-averaged frequency to m,/m,
is computed by solving the non-relativistic Schrodinger equation for
two different values of m,/m.. We find 0fi.a,/0(m,/m.) = -0.43976

stpin-avg/(mp/me).

Data availability

Source data are provided with this paper. All other data that support
the plots within this paper and other findings of this study are available
fromthe corresponding author upon reasonable request.

Code availability
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Extended Data Fig.1| The H;r spectroscopy cycle. The black trace isthe Bet  actuality, there are 310 repetitions of duration ~ 62 ms each. Each consists of
fluorescence detected by a photomultiplier tube in mega counts per second two 30 ms and two 1 ms intervals. During the 30 ms intervals, either the
(Mcps). During the depletion of the excited state population (see Methods, 2.4 pumwave or the 405 nm wave is sent to the ions. The 1 ms intervals act asa
section 1.a), the fluorescence is multiplied by 0.5 for illustration purposes. buffers in-between. The cycle for measuring the background is analogous,
The red ovals indicate the radial secular excitation resonance of the trapped except that the 2.4 um wave is off during the whole cycle. During the
H} and H ions. The actual spectroscopy signal, that is the reduction of the exposure to the REMPD lasers, the magnetic field was |B|<0.2 uT, while at all
number of trapped H ions by the REMPD process, is highlighted in the top other times a magnetic field B oouing fOr the purpose of Doppler-cooling was
(black) signal by the red dashed lines and red arrows. The interleaved applied. The values and status of each parameter are displayed on the

shuttering during the REMPD is shown simplified with only 10 repetitions. In right-hand vertical axis.
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Extended Data Table 1| Hamiltonians for rovibrational levels (v, N=0,2) in H,"

me Hspin(N = @) /Ce | Hzeeman (N = @, mg) /b
T 1
-1 (e) 2 (8e)
1 1
. (@) ) (-8e)
mg Hspin<N = 2)/cCe Hzeeman (N = 2, mg) /b
—E 1 (B +481)
B (’3 e] L(73(ge—6g1> 4 (8e - 81) )
2 o 1 10\ 4(g8e-81) 3(8e+481)
1 [_i @) L[ -8.+681 zﬁ(ge‘gl)]
2 0 1 {246 (ge-g1) Be+481
1 (,% 0) L[ 8o - 681 Zv?(ge*gl)]
2 0 1 ?12V6 (ge-g1) g-4m
N (‘i e) L(3<ge—6g1> 4 (8e - 81) )
2 0 1 | 4(8.-81) -3(8e+481)
i 1 i(*ge*4g1)

Hqyin is the hyperfine structure hamiltonian. The Zeeman hamiltonian Hzeema, for N=2 levels is approximate. Here, c.(v, N) is the spin-rotation coefficient, m, is the projection of the total angular
momentum F onto the static magnetic field direction, g.(v,N) and g,(v, N) are the electron and rotational g factors, respectively, and b=p,B=ehB/2m, is the product of Bohr magneton piz and
magnetic field B, expressed in Hz, with the electron charge e, the reduced Planck constant A, and the electron mass m.. Note that g,~-2 is negative.
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Extended Data Table 2 | Approximate expressions for the energies of the states of H," in rotational levels N=2

Small-B expansion
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e Ce+ 5 b (ge+4g1)
S| L b (B Ge) - BUEE | ooy BETECEL L b (g1 dg)
-1 ﬁ—;uib(&—%ﬂ—%ff”—z Cﬁ%‘fﬁfﬁi*f_eb(gewg”
T | b(Be-6gy) - PR oo MBS Db (g dg)
S| RS b(Be -6y - SEESELS | oo STEELS 2 (g ag))
3 ce—ib(ge+4g1)
Large-B expansion
me | lower energy group, ms=-1/2 | higher energy group, ms=1/2
-2 Ce+ > b (Be+4g1)
-2 C;+?gi‘j)+§b(ge+2g1) —ce—iigjﬁbvgewgm
2 2
,i b_szJrT(ng;g’_m 7%72b—?gz;gﬁ+§b(fge+2g1>
% _%+%b(ge—2g1)+ﬁigﬁ ‘b_f“ﬁi?
i *Ce+§b(ge*4gl>+rgig? g;*%b(fgefzgl)irgig?
3 Ce—§b<ge+4gl)

Here, c.(v, N) is the spin-rotation coefficient, m; is the projection of the total angular momentum F onto the static magnetic field direction, g.(v, N) and g/(v, N) are the electron and rotational
g factors, respectively, m, is the electron spin projection quantum number and b=pgB=ehB/2m, is the product of Bohr magneton p; and magnetic field B, expressed in Hz, with the electron

charge e, the reduced Planck constant h, and the electron mass m,. Note that g.~-2 is negative.
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Extended Data Table 3 | Theoretical values of the spin and Zeeman contributions of some Zeeman components of the
studied transition (v=1, N=0)->(v'=3, N'=2), in weak magnetic field B in units of uT

’ HFS component contributions

F mp F’ mp» spin frequency (kHz) Zeeman shift

) 1 1 5 3 34730.3 +14Hz x B

£ i +1 3 +3 34730.3 —14Hz x B
1) 1 +1 3 -3 —52095.4 —5.6kHz x B — 1.4Hz x B
£ L -1 g +2 —52095.4 +5.6kHz x B — 1.4Hz x B

fopin—avg |58+ £ + HU + 1) 0 0.6 Hz x B

co LS+ 5 = L) + )y 34730.3 0.6 Hz x B2

Values are rounded. In future spectroscopy with Doppler-free resolution, the four frequenciesjf:[) should be measured in order to obtain f,, .., as shown in row 7. The linear Zeeman shifts
cancelin the computed f,;;,_.,g and also in the computed spin-rotation interaction strength c., leaving small nonzero quadratic shifts. Here, mg(my) is the projection of the total angular
momentum F(F") of the lower (upper) state onto the static magnetic field direction.
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Abstract

The molecular hydrogen ions (MHI) are three-body systems suitable for advancing our knowl-
edge in several domains: determination of fundamental constants, test of quantum physics, search
for new interparticle forces, tests of the weak equivalence principle [1], and, once the anti-molecule
ppeT becomes available, novel tests of charge-parity-time-reversal (CPT) symmetry and local posi-
tion invariance [1-3]. In order to achieve these goals, high-accuracy experimental - and in part also
theoretical - data on the vibrational and rotational transition frequencies in the ground electronic
state is necessary. So far, research has focused on the heteronuclear HD™ molecule [4-7]. Fully
exploiting the potential of MHI requires studying the other isotopologues [8]. The homonuclear
species H2+ is both complementary and simpler than HD™, but also presents greater experimental
challenges. Here, we achieve the first Doppler-free laser spectroscopy of a H;r rovibrational transi-
tion and accurately determine its frequency with 8 x 10712 fractional uncertainty, 10% times smaller
than any previous experimental determination of a H; property [9-11]. We also determine the spin-
rotation coupling coefficient with 0.1 kHz uncertainty, a 15 -fold improvement over the previous
result [12]. Our value is consistent with the state-of-the-art theory prediction [13]. The combina-
tion of our theoretical and experimental Hy data allows us to deduce a new value for m,/me. It
is in agreement with the essentially independent CODATA 2018 value, and has 2.5 times lower
uncertainty. From combined MHI, H/D, and muonic H/D data we determine the baryon mass
ratio mg/m, with 1.1 x 1071% uncertainty. The value agrees with the directly measured mass ratio
[14], Finally, we present one of the best matches between a theory prediction and an experimental
result, with a fractional uncertainty of 8.1 x 10712 . Both results imply a notable confirmation of
the predictive power of quantum theory and indicate absence of beyond-the-standard-model-effects

at these levels.

INTRODUCTION

The relative simplicity of the MHI allows for the impressively accurate computation of
their properties. Currently, the fractional uncertainty of the predictions of rovibrational
transition frequencies is 8 x 10712 [15], only a factor approximately 10 larger than for the
well-known 1s - 2s transition of the theoretically more easily tractable hydrogen atom [16].

The calculations can be performed with equal accuracy for any member of the MHI family.
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Crucially, the calculations require several fundamental constants as input: the Rydberg con-
stant R, the ratio m./m,, of electron mass to the mass of any present nucleus n, the charge
radius r,, of any such nucleus, and the fine structure constant a. These constants enter for
fundamental reasons: R., defines the energy or frequency scale of all atomic and molecular
energy differences; the mass ratios affect the rotational and vibrational energies through the
inertia of the nuclei. The nuclear charge radii subtly affect the electron’s potential energy.
Finally, o quantifies the strength of quantum electrodynamics (QED) contributions to the
electron’s energy. The latter two effects depend on internuclear distance, and therefore are
also discernible in transition frequencies. With the exception of «, the uncertainties u of the
constants are not negligible when considering comparisons between computed and measured
frequencies. Therefore, a high-accuracy measurement of any transition, rotational or rovi-
brational, of any MHI species can contribute to reducing the uncertainty of those constants.
Importantly, from MHI spectroscopy data and theory, combined with spectroscopy data and
theory on atomic hydrogen/deuterium, muonic hydrogen/deuterium (uH, pD), it is possible
to determine the proton-electron and deuteron-proton mass ratios m,/me, mq/m, [8, 17].
This approach is independent and complementary to the more established one based on mass
spectrometry [14] and electron spin resonance (ESR) in Penning traps [18]. Such a situation
is highly beneficial to the field of fundamental constants, as measurements of the same quan-
tities are made by different teams and moreover involve different theoretical calculations.
However, the same theoretical framework is employed, QED, specifically, its nonrelativistic
limit [19]. Until now, measurements of rotational and rovibrational transitions of MHI with

competitive accuracy have only been accomplished in the heteronuclear HD™ [4-7].

Table I presents an overview of selected approaches for determining mass ratios of elec-
tron, proton and deuteron, and r,, rq. While these constants can be determined with
well-known approaches (rows 2, 7), MHI results can in principle provide independent values
of the constants, or contribute data for a potentially more precise determination based on
the complete data set. For example (row 3) HDT rovibrational data and its theory, com-
bined with r, from pH spectroscopy, the R from atomic hydrogen spectroscopy, and ry
from the H/D isotope shift (and corresponding theory), yield the ratio of reduced nuclear
mass, fi,g = 1/(m;' 4+ m7"'), to electron mass m. [7]. This ratio result has furthermore
been combined with a very accurate measurement of m,/m,, obtained using a Penning trap

storing alternately a deuteron and a Hj ion [14], to provide the proton-electron mass ratio
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[my/me]up+. It can be compared with an independent determination from ESR on a single
hydrogen-like ion [18] (row 2). The two values are in agreement.

New possibilities arise if high-accuracy data for Hj become available (Tab. I, rows 4, 6,
8, 9). However, Hj experiments are challenging. In the past, determinations of rotational or
vibrational transition frequencies have been limited to uncertainties above 1 x 107 [20-22],
much larger than current theoretical uncertainty, 8 x 107'2. An experimental breakthrough
was recently reported by us, laser spectroscopy of sympathetically cooled Hy via an electric
quadrupole (E2) transition [10], reaching 1.2 x 10~® uncertainty. Studies of Rydberg states
of neutral Hy [23, 24] can also provide data on Hj , and a recent experiment determined a
vibrational frequency with 8 x 1079 uncertainty [11].

In the present work, we improve direct Hj spectroscopy by three orders of magnitude in
accuracy, and for the first time succeed in matching the theory prediction uncertainty for a
Hj vibrational transition. As we show, our measurement and the corresponding theoretical
calculation jointly provide a milestone in the field of fundamental constants: we obtain
a new, purely laser spectroscopic value of m,/m. and, together with our previous HD*
data, a purely spectroscopic value of mg/m,. In both cases atomic laser spectroscopy data
contributes. These two values can be compared with those obtained from respective Penning

trap experiments [14, 25]. Further combinations of measurement results are also considered.

LASER SPECTROSCOPY OF A VIBRATIONAL TRANSITION IN Hj

In order to accomplish vibrational spectroscopy of Hj, a suitable method is E2 spec-
troscopy [26]. As this is a particular type of one-photon spectroscopy, strong confinement of
the molecules in the direction along the propagation of the spectroscopy laser is necessary
in order to observe Doppler-free lines [6, 7, 10]. For this purpose, our experiment utilises a
linear radiofrequency (RF) ion trap to confine a small number of MHI, which are then sym-
pathetically cooled to millikelvin temperature via interactions with a cluster of laser-cooled
beryllium ions [27]. This results in the MHI being confined close to the symmetry axis of
the trap. The spectroscopy beam is aligned perpendicular to the trap axis. Previously, we
demonstrated the feasibility of Doppler-free E2 spectroscopy, using the heteronuclear HD™
for ease of experimentation [10]. A suitable continuous-wave laser system, with sufficient

power and narrow linewidth, is a key instrument for the spectroscopy [28]. Further details
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Method and System
Main s
. Classical Quantum o
be Electron spin CICIEREE
determined Cyclotron motion resonance, Laser spectroscopy, QED theory
QED theory
. hydrogen-
+ pt + +
p, ion H3,D Jike ion H,D pnH, uD HD H3 1
v v CODATA 2018 2
mﬂ v v v v [Alighanbari 23] & CODATA 2018 | 3
¢ v v v LSA 1: This work & CODATA 2018 | 4
mq v [Fink & Myers 21] 5
my v v v v LSA 2: This work & CODATA 2018 | 6
v v CODATA 2018 7
P
pld v v v v LSA 3: This work & CODATA 2018 | 8
Ty, rd,% v v v v 4 LSA 4: This work & CODATA 2018 |9
e
’ e e | (@
® &S @ 10

TABLE I. Overview of some approaches suitable for the determination of fundamental
constants with high accuracy. Check marks indicate a measurement required to obtain the
constant in column 1 of the same row. The column highlighted in red indicates the contributions of
the present work. (See text for details.) Note that the table is not comprehensive; for example, the
charge radii 7, and r4 can also be determined by electron scattering. Row 10: schematic depictions
of the systems used for the determinations. Orange ball: atomic ion, red ball: proton, blue ball:

deuteron.

on the experimental technique are provided in the Methods section.

It is advantageous to select a transition whose spin structure is simple, as this allows the
spin-averaged transition frequency to be obtained by effectively canceling the spin structure
[29]. The transition should also yield a sufficient signal to enable the measurement of sys-
tematic effects to a desired level of accuracy. We found that these conditions are met for
the (v = 1, N = 0) — (v = 3, N’ = 2) vibrational transition at a wavelength of 2.4 ym
(124 THz), which we have previously studied in the Doppler-broadened regime. Here, v
and N denote vibrational and rotational quantum numbers, respectively. Figure 1 b shows
the spin structure of the energy levels. It is simple thanks to the fact that for zero or even
rotational quantum numbers (so-called para-H ), the two proton spins must be in a singlet
total spin state, I = 0. This leaves as the only remaining spin interaction the electron-spin-
rotation interaction, hc.(v, N)Se-N. Here, ¢, is the coupling coefficient, S, is the electron

spin operator and N is the rotational angular momentum operator. The possible spin en-

79



Chapter 5 Cumulative part of the dissertation

a b
(v'=3,N'=2)
0.75 B=0T B=7.14n/:'2T

F'=5/2 BT 3

Er—— —— s

3 = A —A—— 32 | &

2 : ~—t—— 52 1N

=050 5| =

S ! P

w £ e — 2 78

=3 ) ——— T 5|

) F=3/2| i A f —1t 32 1 %
T 0.25 PP fa /J—A:_\

Joo

fa 12 1

3

v=0 R

0.00f ——
F=1/2 1 N T
0 1 2 -

Rotational quantum number N (v=1,N=0)

FIG. 1. Energy levels of H] and transitions relevant to this work. a: the lowest three
rotational levels of the vibrational states v = 0 — 3. The studied transition (v = 1,N = 0) —
(v/ = 3, N’ = 2) is shown by the black arrow, while the dissociation radiation is indicated by the
orange arrow. b: spin (left) and Zeeman structure (right) of the two rovibrational levels addressed
in the present study. The upper vibrational level v" = 3 comprises two states F’ = 3/2, 5/2 that
are split by 86.8 MHz by the interaction between rotation and the electron’s magnetic moment.
The two unperturbed spin components f, and f; of the transition are shown in purple and brown,
respectively. The spin-averaged transition frequency fspin—avg is not directly measured, but is
indicated schematically as a black-dashed arrow. On the right side, the Zeeman splittings are
shown for the nominal field applied during spectroscopy, Brempp = 7.14 'T. In order to show the
Zeeman splitting, the vertical axis is broken at two positions. On the far right, the three colored
arrows (blue, green and red) indicate the measured Zeeman components f,1, fp1 and fpo. F and F”
are the total angular momentum of the molecule, mg is the total angular momentum projection

quantum number.

ergies are hc.(v, N)(F(F + 1) — N(N + 1) — 3/4)/2, where the total angular momentum
may take on the values F' = |[N — 1/2| or N + 1/2. By virtue of the selection rules, the
vibrational transition exhibits two spin components, namely f,: (F = 1/2 — F' = 5/2)
and fp: (F'=1/2 — F’ = 3/2). The frequencies of the two components are separated by
fo — fo =5ce(v,N)/2. The spin-averaged transition frequency is fipin—ave = (3fa +2f5)/5.
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FIG. 2. Zeeman components of the rovibrational transition measured under nominal
operating conditions. The three Zeeman components fy, fp1, and fy1 (from left to right) of
Fig. 1 b are shown with the same colours. The component f,; (light blue) is split into a doublet by
the Autler-Townes (AT) effect (see Methods). The deperturbed frequency and uncertainty range
of this component are indicated by black full and dashed lines, respectively. We assume that also
the Zeeman components of the other spin component (red and green) are AT-split, but did not
measure the full AT doublets. The laser frequency detuning is given relative to different reference
values in the top and the bottom abscissae. Top: reference values are the deperturbed transition
frequencies of the respective spin component féeXpt) and féexm). Bottom: reference value is the

adjusted spin-averaged transition frequency f (exPY)  he colored curves are guides to the eye. For

spin-avg*
display purposes, the data is divided into bins and the average value of each bin is shown. For an
individual component, the bin size is kept constant, but it may vary between different components.
The vertical error bars are the standard error of the mean in the bin. The horizontal error bars

are due to the uncertainty of the spectroscopy wave’s frequency, and are smaller than the size of a

data point (see Methods).

EXPERIMENT

In order to observe Doppler-free lines in Hj, we followed the protocol of our previous

work on HDT. We achieve Doppler-free spectroscopy at the expense of substantially more
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effort than for HD™, because the preparation of a large fraction of molecules in the lower
spectroscopy level was not feasible. One data point in Hj spectroscopy took ~ 5 hours of
experimentation, while it took approximately 40 minutes in our study of the fourth overtone
transition of HD" [7]. The successful data collection leading to complete lines was only
possible thanks to the excellent long-term stability of our laser metrology system and trap
apparatus.

An excerpt of the recorded spectra is displayed in Fig. 2. The narrowest linewidths
observed were as low as ~ 6 Hz (see Supplemental Material, Fig. A 4), corresponding to a
line resolution of 2.2 x 10*3. This represents the highest published resolution in molecular
spectroscopy to date, to the best of our knowledge. It is higher by a factor 7 compared to a
cold-trapped-Sry spectroscopy experiment, where a line resolution of 2.9 x 10'? was reported
[30]. It is furthermore a factor of ~ 10° higher than the only previous two studies of
rovibrational spectroscopy of a homonuclear molecular ion transition [10, 31]. The observed
linewidths are due to a combination of power broadening, short exposure duration, finite
laser linewidth and laser frequency instability.

In order to achieve low uncertainty, it is important to understand the Zeeman shifts.
The theoretical Zeeman shifts have been discussed in ref. [10], ED Tab. 1-3. We performed
the spectroscopy at a finite, but small magnetic field so that it was possible to interrogate
specific Zeeman components while maintaining their shifts small.

Further shifts were also studied (see Methods, Sec. A 2). We present in Tab. I a summary
of the determined shifts. Note that this is the first characterization of the systematic shifts
of a rovibrational transition of a homonuclear molecular ion. The deperturbed transition
frequencies are

F3ePY - 194 487 067 172.9(6)expt kHz |

(P 194 486 980 347.5(8)expt kHz .

EXPERIMENT - THEORY COMPARISON

Spin structure. From our analysis, we obtain the spin-rotation coefficient ¢ (v =

3, N’ = 2) =34730.18(10) e, kHz . The most recent theoretical prediction is ¢ (v/ =
3,N" = 2) = 34730.25(12) kHz [13]. The values are consistent. We may compare this

agreement with previous results. An over-50-year-old measurement of five spin-rotation
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Component al Component bl Component b2

Effect i1l non-Fa¥PY (kHz) |Uncertainty (kHz) |fo1,non- P (kHz) [Uncertainty (kHz) |fuo,non-fo P (kHz) |Uncertainty (kHz)
Zeeman shift 80.2 0.46 120.02 0.68 39.87 0.23
a.c. Stark (2.4 um) -0.33 0.38 -0.35 0.41 -0.72 0.84
a.c. Stark (313 nm) 0.29 0.08 0.31 0.08 0.52 0.13
RF trap shift 0.05 0.06 0.05 0.07 0.11 0.14
AT splitting -0.1 0.01 0. 0.1 0. 0.1
Recoil 17.07 0. 17.07 0. 17.07 0.
Total 97.19 0.6 137.1 0.81 56.86 0.89

TABLE II. Error budget of the overtone transition (v = 1,N = 0) — (v = 3,N' = 2)

frequency of H; . ée"pt) and fb(eXpt) are the two deperturbed spin component frequencies given

in the text and fél_) fo1.nom and fp2 nom are the Zeeman components measured under nominal

nom?’

conditions shown in Figures 1 and 2. ftgl_jwm denotes the lower frequency component of the AT

doublet. See Methods, Sec. A 2, for a detailed discussion of these effects.

coefficients in (v = 4...8, N = 2) levels [12] is also in agreement with the theory, but
had substantially larger experimental uncertainties (~ 1.5 kHz). Very precisely measured
hyperfine splittings in levels (v =4, 5,6, N = 1) [9] agree with theoretical predictions within
the 0.05 kHz theoretical uncertainties [13], but do not allow extracting ¢.. Our measurement
thus provides the most accurate determination of a spin structure coefficient of any MHI so

far.

Spin-averaged frequency. The adjusted, deperturbed experimental spin-averaged

frequency is fs(gilpfévg =124 487032 442.69(0.95)cxpt kHz . We included a correction for the
recoil shift (17.1 kHz), as in our previous work [7]. The theoretical transition frequency is
computed as described in Methods. In order to obtain a numerical value, a value for m,/m.
must be assumed. CODATA 2018 provides such a value stemming only from Penning trap

measurements (ESR and mass spectrometry), and it leads to

fltheor) — 124487032 442.3(0.9) qen (3.3)coparats kHz .

Very recently, CODATA 2022 provided a more accurate new value [m,/m.|2, obtained by

including also some previous data of HD™' spectroscopy. Using this value yields

flieen) = 124487032 442.5(0.9)qrp (0.96) coparaze kHz . We point out that the two un-
certainties in this number may be correlated. Both CODATA uncertainties are dominated
by the uncertainty of the proton-electron mass ratio. Our experimental and theoretical

values for fe,in_ave are in agreement.
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DISCUSSION

Frequency ratios. Ratios of transition frequencies of the same MHI species X,
fi(X)/f;(X) have been introduced in ref. [7], and for different species X and X' in ref. [8].
They are illustrative quantities for comparison between experiment and theory, benefitting
from the independence of the theoretical ratios from the Rydberg constant and its uncer-
tainty. Ratios of suitably selected pairs ¢ and j additionally have a reduced sensitivity to
the mass ratios and charge radii. Taking into account the present rovibrational frequency
of HY, fepin—avg(H3) = f2(H3) and our previously reported HDT vibrational frequencies
fi(HD*), f5(HDT) [7], we find that a favourable choice is Rso = f5(HD")/fo(H3 ), where
transition f5 is the fourth vibrational overtone of HD™ We compare the experimental and

theoretical ratio by considering their fractional deviation. The result is

(RS;‘,"“ - Rgfgf‘“)) R = —2.4(8.0)expt (0.9)theor (1.)copatass x 1077

The combined uncertainty is 8.1 x 10712 . For the frequency ratio fi(HD")/f,(Hj ) we obtain

a similar good match,

(RIS = RE™) /R1zr = 13(8.0)expu (L )ineor(3-Jcomaratse x 10722,

(The asterics indicate that the recent accurate value [mg/my|rumo1 [14] was employed.) At an
operational level, assuming the correctness of the theoretical predictions, the match indicates
that our measurements performed on different species, at different epoch, and with in part
differing equipment, are consistent.

Determination of fundamental constants. We may now determine some fundamen-
tal constants using least-squares adjustments (see SM for details). We do not perform a
global analysis of all world data, a task that is the mandate of CODATA, but limit ourselves
to more restricted analyses that already provide important insights. An overview of our
analyses LSA 1 - 4 is presented in Tab. III. We focus on the CODATA 2018 adjustment
since it does not include results from MHI spectroscopy, thus allowing a clearer comparison
with the present results.

(1) The simplest analysis (LSA 1) consists in determining the proton-electron mass ratio.

The CODATA 2018 Rydberg constant R 13 and the proton charge radius 7,13 are input
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LSA with MHI data (CODATA 2018)

Type | n | M | MHT input |"®°° Fatio {)ther‘ A.(my/me) & (ma/mp) A(CR) ,kHz | A(rp),fm A(rq) ,fm Comment
input input u(my/me) u(mg/mp) U(cR.),kHz | u(rp),fm | u(rqg),fm
1 4 4 5 _ Ro 185 Fpoas -1.4x10 ; Adjusted mp/me FO be ?ompar‘ed
’ : 4.4x10°® with CODATA18 and with HD* & CODATA18
2 o | 8 | £y fifs - R -2.0x10% | 1.2x107%° ~0.1 ©.00000 0.00000 Adjusted'ma /mp to be compared
g : g 4.4x10°° 1.1x10°%° 6.4 0.0019 0.00074 with [mg/my] w21
3 |12 | 10 | for,Ffa,Fs | [Ma/mp)emn H, H-D ~2.0x167 | 1.2x10'% 3.4x10? 0.11 0.04 Adjusted mp/m?, R., rp to
1.0x10° 4.4%x10° 1.8x10° 0.58 0.23 be compared with CODATA18
4 |10 8 | farfifs | (ma/mlemsn |Rotss Fotss Fas “1.8xde® || L2x18" -0.1 ©.00000 0.00000 Adjusted T to be compared
’ ’ ’ 3.3x10°8 9.0x 1072 6.4 0.0019 0.00074 with CODATA18
Reference values
CODATA 2622 -4.x10° |[-2.10x10 12 —lg ) )
3.2x1078 8.4x 10712 3.6 0.00064 0.00027
CODATA 2018 0 e 0. 0.0000 0.00000
1.1x1077 9.0x 1072 6.4 0.0019 0.00074
Fink & Myers 2021, [m4/mp]em2 o, xie’“
o | 7 7 Bt ‘ _ Ry By R -4.6x10° 0. 0.00000 0.00000 ) mp/me is computed from
’ ’ ’ 3.7x10°8 6.4 0.0019 0.00074 adjusted ppg/me and [mg/mp,] pua1

TABLE III. Least-squares adjustments (LSA) of fundamental constants. See text for
a discussion and SM for details. n is the number of input data, M is the number of adjusted
constants. for is short-hand for the frequency measured in the present work. Columns 7-11 refer
to the adjusted fundamental constants. An exception is LSA HDT (bottom row), where fi,q/me
is adjusted (but not shown) and from it and [mg/mp|rm21 the value [my,/me]gp+ is then com-
puted. (LSA HD™ concerns the molecule HD*, and is given for reference.) For the other LSAs
mq/myp is derived from the adjusted m,/me. and ppq/me. Also adjusted, but not shown, are the
unknown theoretical corrections (") to the currently available theoretical predictions f(theor)
of transition frequencies in MHI, of the 1s - 2s transition in hydrogen (H), and of the 1s - 2s
hydrogen-deuterium isotope shift (H - D). R 18, 7p,18, 7d,18 denote the CODATA 2018 values.
A(z) is the difference between the adjusted constant x and its CODATA 2018 value. u(x) is the
uncertainty of the adjusted x, obtained from the LSA. The row “CODATA 2022” displays as A(z)

the values of the 2022 adjustment minus the 2018 adjustment values.

data of the adjustment, although they are not effectively adjusted. We recall that both
values are derived by combining the results of H and pH spectroscopy. The spectroscopically

determined value is

[my/ me|Lsar = 1836.152673416(44) .

It is consistent with three other values: (i) the CODATA 2018 value that relies mostly on
an electron-g-factor measurement of hydrogen-like carbon, [m,/m.|1s = 1836.15267343(11)
[25], whose uncertainty is 2.5 times the present one. (ii) the CODATA 2022 value
[my/ Me|aa = 1836.152673426(32) , which is based also on data from HD™ spectroscopy;
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(iii) the value [m,/ m.|yp+ = 1836.152673425(37) (LSA HD™ in Tab. III), determined from
our HD" vibrational data, and Reg 18, Tp 18, Ta.1s , and [mg/my]ryer- It should be emphasized
that the two CODATA determinations, too, rely on high-accuracy QED calculations.

The two values [m,/m.|rsa1 and [m,/me|ap+ from MHI spectroscopy are not independent
in a fundamental sense, since they originate from the same apparatus, researchers, theoret-
ical formalism and numerical routines (and are based on the same H/D, pH data/theory).
The two corresponding uncertainties are partially correlated. Nevertheless, the agreement
represents a powerful consistency test of our theoretical and experimental techniques.

(2) LSA 2 combines the present Hy data with our previous HD " rovibrational data, CO-
DATA values Ro 18, 7p18, and 7415 , but does not include mass data. Spectroscopic values

both for m,/m. and mg4/m, are obtained. The value of the latter is
[ma/ my)Lsaz = 1.99900750139(11).

It is in agreement with the independent value [mg/ my)pvo1 = 1.999007501272(9) from
mass spectrometry [14].

(3) With LSA 3 we check whether R, rp, 74, mp/m. can be obtained with a useful level
of uncertainty without relying on input data derived from muonic hydrogen experiments.
Therefore, instead of CODATA 2018 fundamental constants, we use specific data from H and
D spectroscopy, i.e. on the 1s - 2s transition [32-34], as supplementary input, in addition
to the accurate [mg/my]rpmo1. Note that the H - D isotope shift data furnishes, by itself, a
highly accurate value of rj —7> [32]. As a result of LSA 3, the proton radius is determined to
be [r,]Lsas = 0.95(58) fm. Its uncertainty is not competitive. The weakness of LSA 3 can
be traced to the current experimental uncertainties and the similar fractional sensitivities
of the MHI frequencies on the fundamental constants (see [8] for details).

(4) In LSA 4, an extension of LSA 2, we combine our MHI data with [mg/my]rmo1, Roo s,
Tp1s, and rq15. The adjusted proton-electron mass ratio is slightly more accurate than in
LSA 1, with an uncertainty three times lower than in CODATA 2018. The value is consistent
with the CODATA 2022 value (which includes f; in the adjustment).
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CONCLUSION

This work is the first demonstration of high-accuracy vibrational spectroscopy of a
homonuclear molecular ion and it permitted introducing Hy into the field of fundamental
constants, resulting in the first spectroscopic determination of the proton-electron mass ratio
at a state-of-the-art level. The value is in agreement but exhibits more than two-fold lower
uncertainty than the value obtained from the g-factor of hydrogen-like carbon. Our value
is also in agreement with the m,/m,. value obtained by combining HD* laser spectroscopy
and a mass spectrometric determination of mg/m,,.

Furthermore, we performed a stringent test of a specific aspect of MHI spin structure the-
ory, namely the spin-rotation coupling. The obtained experiment-theory agreement supports
the suitability of the application of spin structure theory for the analysis of experimental
HD* data.

Additionally, we deduced a new, spectroscopically determined value for the deuteron-
proton mass ratio. This value relies on spectroscopy and the bound-state QED theory of
the hydrogen atom, the muonic hydrogen atom, and the MHI. The most accurate value for
comparison is from an experiment in which an HJ ion and a deuteron were in classical motion
in a Penning trap, with only minor quantum corrections applied in the ratio extraction [14].
The two independent mg/m,, values agree at a fractional level of 5.4 x 10~ : therefore this
represents a strong test of the correct description of dynamics in the quantum and classical
realm: the mass values in the Schrodinger equation are the same as those of Newtonian
physics.

Finally, the finding that two ratios of experimental and theoretical frequencies of HD™
and Hj agree at the 8.1 x 107!2 level (limited by the present experimental uncertainty)
ranks among the most accurate comparisons of a theoretical prediction and an experimental
quantity. The uncertainty is within a factor 8 of the most accurate experiment-theory
comparison, the g-factor of the bare electron [35]. Near-future experimental improvements

may enable the reduction of uncertainties associated with particular ratios to a similar level

8].
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OUTLOOK

Within the theme of MHI research, it is desirable to pursue even higher accuracy on
Hy and furthermore extension to the remaining homonuclear ions, D5 and T3. Indeed,
according to a new analysis [8] important improvements in the accuracy of mass ratios (two-
hundred-fold compared to CODATA 2022) and proton, deuteron and triton nuclear charge
radii appear feasible. Our results (Methods, Sec. 2.g) indicate that a more than tenfold
lower experimental uncertainty is possible with our methods, by removing the uncertainty
associated with the limited number of measured AT doublets and by an improved determi-
nation of a.c. Stark shifts. We showed that by selecting a suitable transition and measuring
all its spin components, it is possible to remove the effect of spin structure entirely in the
determination of the spin-averaged frequency, thus avoiding the use of spin theory results.
This will become an important advantage compared to HD™. MHI spectroscopy at even
lower uncertainty levels could become possible with quantum logic spectroscopy [36], as pro-
posed early on [37]. This technique has already been applied to molecular ions [38-41] and
most recently to Hy [42]. Beyond MHI, our demonstration also supports efforts of utilizing
homonuclear diatomic ions for further fundamental physics studies, in particular for testing

the time-independence of the electron-nuclear mass ratio [37, 43-45].

The anticipated future improvement of the proton-electron mass ratio may have a sub-
stantial impact on ESR spectrometry in Penning traps. There, one measures the ESR
frequency v (B) and the cyclotron frequency v.(B) of one-electron ions in the same mag-
netic field B. These ions can be hydrogen-like atomic ions or MHI, with mass mj.,,
charge ¢;on, and bound-electron g-factor g;,,. Combining the two frequencies provides
Me/Mion = (Gion/2)(€/Gion)(Ve(B)/vr(B)). The proton-electron mass ratio [m,/me|yvm
from MHI vibrational spectroscopy may be employed to develop the expression into g;,, =
2[me/mp| v (myp/Mion) (Gion/€) (VL /Ve). Since the baryon mass ratio m,/m;,, can be mea-

sured separately and with high accuracy by Penning trap cyclotron mass spectrometry, this

(theor)
on )

expression then allows to compare experimental values ggjgpt) with predicted values g
for example for testing strong-field QED. Since already with the current MHI theory, near-
future MHI vibrational spectroscopy may achieve w,.([m./m,ymr) >~ 5 x 107'* [8], g-factor
determinations and g-factor-based QED tests may in principle become possible at the same

level. Alternatively, using theoretical g-factors, mass ratios m,/m;,, may be determined
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without the necessity of conducting a measurement on the proton.

A future test of CPT symmetry consists in the comparison of a single vibrational tran-
sition frequency of anti-H with the same in normal Hy . In refs. [1, 3, 10] the motivation
and accuracy potential for such a test have been discussed. The present work represents
progress towards this goal, since E2 spectroscopy is equally applicable to anti-Hy. While
the present work was performed in a radiofrequency trap, future anti-Hy spectroscopy might,
be performed in a Penning trap. The recent demonstration of long-term trapping and non-
destructive spectroscopy of HDT in a Penning trap supports such an approach [46]. More

sophisticated Penning trap techniques are under development [47].
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Appendix A: Methods

1. Details of the experiment

We employ the same apparatus that we used in our previous work [10] to perform laser
spectroscopy of an E2 transition in Hi and HD". We prepare a cluster of trapped and
sympathetically cooled molecular ions, where the sympathetic cooling is provided by the
Coulomb interaction between the molecular ions and the three dimensional cluster of laser
cooled Be™ ions. By loading a small number of molecular ions, they arrange as an ion chain
extending along the symmetry axis of the ion trap. The loading occurs by electron impact
ionization from background gas. When the direction of propagation of the spectroscopy

beam is perpendicular to the chain, a Doppler-free profile can be observed [7].

A partial state preparation of the trapped HJ ions is carried out by dissociating those in
excited vibrational levels v > 2 [10], using two lasers at 313 nm and 405 nm. We emphasize

that our method does not prepare the population in a specific rotational level.

Following the state preparation, the number of trapped HJ ions is determined by record-
ing the beryllium fluorescence signal accompanying the transverse secular excitation of Hy,
as a function of excitation frequency. The peak strength of this secular spectrum is propor-
tional to the number of trapped ions. Next, the MHI are subjected to resonance-enhanced,
multi-photon dissociation (REMPD). It comprises the excitation of the spectroscopy tran-
sition by an optical parametric oscillator (OPO) wave and the dissociation from the upper
spectroscopy level by a 405 nm laser wave. To prevent a light shift induced by the dissoci-
ation laser, an interleaved shuttering scheme is employed. The cycle is concluded with an
assessment of the remaining trapped Hj ions. Subsequent cycles alternate between spec-
troscopy and background measurements (in which the spectroscopy laser is blocked) until
sufficient statistics has been gathered. Between cycles, the ion cluster is purged of ions other
than Be' and a new Hy ensemble is loaded to ensure that the lower spectroscopy level has
sufficient population. Throughout the REMPD, a magnetic field of Breypp ~ 7.14(4) puT
was applied, determined as explained in Sec. A2g. The spectroscopic signal is derived by
comparing the number of trapped Hj ions before and after REMPD. This is computed as

the normalized decrease in ion number.

The spectroscopy laser system has been described previously [10]. We use the OPO’s idler
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wave as the spectroscopy wave, that is stabilized in frequency by referencing it to an ultra-
stable optical frequency comb [28]. The upper-bound linewidth of the idler wave depends
on the reference laser employed for the optical frequency comb. Over the course of the data
acquisition, two different reference lasers were employed. Characterization showed that they
produce a spectroscopy wave linewidth of approximately 5Hz or 20 Hz, respectively, on
timescales of 1 — 10%s. The measurements acquired under nominal conditions were taken
with a 20 Hz linewidth, while some systematic measurements (see SM) were obtained with
a 5 Hz spectroscopy wave linewidth. Since this linewidth is moderately smaller than the
observed linewidths, it appears to contribute to the observed molecular transition linewidths.
For long-term frequency stability, the optical frequency comb is referenced to a hydrogen
maser. Furthermore, we compare our hydrogen maser with the national standard via Global
Navigation Satellite System (GNSS), thereby ensuring Sl-traceability of the spectroscopy
wave’s frequency. The combined frequency error of the spectroscopy wave for timescales of
one REMPD cycle is < 1Hz, or < 1 x 107! in relative terms. This includes fluctuations
of the laser, statistical errors of the frequency comb measurement and maser frequency
corrections (see Sec. A 2f).

We deliberately performed a blind experimental search of the transitions, using as input

. . theo
information a value of fs(pin:a)vg

with an added offset that turned out to be approximately
80 kHz after unblinding. The narrow linewidth of the transitions and the large Zeeman

shifts of the components rendered their discovery tedious. f, (theor)

spin—avg

was disclosed only after
completion of all measurements. Its value was taken into account in order to identify the

observed transitions, a necessary step for performing the complete analysis.

2. Systematics of the H; E2 transition: experiment

We have measured all systematics effects that we believe to be of significant magnitude
compared to our spectroscopic resolution. For each shift, the measurements have been done
on a subset of the three Zeeman components f,1, fp1 and fy. Figures of the corresponding
lines are displayed in the SM. In total, we have measured 11 individual lines, 4 of which
under nominal conditions (Fig. 2). The remaining lines were Zeeman components perturbed
by a single parameter setting (a laser intensity or the trap’s RF amplitude). To evaluate all

(expt)

systematic effects as well as f (@t and b we performed an adjustment to all observed

spin-avg
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lines (see Sec. A 2). Below, we first enumerate the considered shifts and subsequently discuss

the adjustment.

a. Zeeman shift

In order to determine the Zeeman shift of the components, we rely on theoretical results
[29, 48]. The three measured components have substantial linear and small quadratic shifts.
The predicted shift coefficients are cjinq = 11.2kHz/uT, cinpn = 16.8kHz/uT, cinpe =
5.6 kHz/uT and cquad.a1 = 2.2 Hz/(uT)?, cquadpr = —2.2Hz/(uT)?, Cquaape = —1.4Hz/(uT)2.
In Sec. A 2 g we use these coefficients as input parameters in the determination of the Zeeman
shifts, and treat the magnetic field value B as an adjustable parameter. The adjusted value
Brempp =~ 7.14(4) pT is in agreement with, but more precise than, the value determined in

our previous spectroscopy experiments on HD™T.

b. a.c. and d.c. Stark shifts

During the REMPD, two laser waves were present: the spectroscopy wave (2.4 pm) and
the Doppler cooling wave (313 nm). These cause a.c. Stark shifts (light shifts) of the
transition frequencies.

We have therefore measured the component f,; at two different intensities of the spec-
troscopy wave (SM, Fig. 2). The a.c. Stark shift of other components are determined theo-
retically relative to this measurement by making use of the ratios of theoretically calculated
polarizabilities (see Sec. A2g).

We remark that alternatively, an estimate for the shift can be obtained from the theoret-
ical polarisabilities [49] and an approximate value for the spectroscopy wave intensity. This
estimate gives maximum 2.4-pm-light shifts on the order of —60 Hz for both components
fa and fy,, consistent with our observation, but one order smaller than the bounds resulting
from our evaluation (see Tab. II). However, we take a conservative approach, relying more
on our experimental data.

Regarding the shift caused by the 313 nm wave, we have measured two components, fu;
and fp1, at three intensities each. The more detailed investigation of this shift was motivated

by the unexpectedly large observed dependence on 313 nm wave intensity. For this wave,
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we similarly use theoretical polarizabilities to infer the shifts not directly measured.

In addition, we assume a linear dependence of the transition frequencies on both wave

intensities, with common sensitivity parameters kg3, ko4 for all components (see Sec. A2g).

We have not measured the shift of the transition frequency due to a spatial offset of
the Hy ensemble relative to the nominal location in the trap. This effect is expected to
be negligible, given that the trap is well compensated and that the residual static electric
field is should be small. This expectation is supported by the fact that we have previously
investigated the d.c. Stark effect in HD' E2 transitions and have not resolved any shift
at the level of 90 Hz [10], and that the static polarizability of the present Hj transition
is more than two orders of magnitude smaller than that of the HD* transition [49]. For
these reasons, we expect the trap offset effect to be negligible and assign it zero value and

uncertainty.

c. RF trap shift

We have measured the transition frequency f,; at two different trap RF amplitudes. In
contrast to HD™, where for an E2 transition we observed shifts of approximately 1.2 kHz
for two equivalent Zeeman components of the studied spin component [10], here we did
not resolve a shift. While a possible shift would increase with increasing RF amplitude,
we were unable to perform measurements at RF amplitudes larger or smaller than those
presented, because the background loss of the trapped HJ ensemble then increases. The
non-observation of a shift confirms our earlier hypothesis [10] that the trap-field induced
shift is smaller for homonuclear MHIs compared to heteronuclear ones, due to the absence of
off-resonant electric dipole coupling between each spectroscopy level and other rovibrational
levels. However, electric dipole couplings to excited electronic states of Hy are nonzero,
therefore a shift could still occur, albeit of much smaller magnitude. Therefore, we model
the RF trap shift, similarly to the a.c. Stark shifts above, by the use of theoretical polariz-
abilities, an overall sensitivity parameter krr and a quadratic dependence on the trap’s RF

amplitude. The quadratic dependence is known from previous experiments.
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d. Autler-Townes (AT) splitting (or a.c. Stark splitting)

The upper spectroscopy level interacts with two light fields 2.4 ym and 313 nm, of which
the latter couples to the continuum. We therefore observe a splitting of the line f,;. This
is known as the Autler-Townes effect (or a.c. Stark splitting) [50] and has been observed
for multi-photon processes in strong laser fields, both continuous-wave and pulsed. For the
case of HD™, we have previously investigated this effect in our apparatus and determined a
square-root dependence on the UV-laser intensity, consistent with reports in the literature
[51, 52]. We have measured the splitting for component f,;, for nominal and high trap RF
amplitudes. Both observed splittings agree within the combined uncertainties and the mean

amounts to A far nomae = 196(15) Hz at the nominal 313 nm intensity /313 n0m- We assume

that the ratio A far/v/Is13 = AfAT noma1/\/I313.nom 1S the same for all lines.

e. Black-body radiation shift

The black-body radiation shift of Hj is predicted to be of order 1077 fractionally at

room temperature [49], and is ignored.

f. Maser shift

As in our previous works [4, 6, 7, 10], the frequency of the spectroscopy wave is measured
relative to a hydrogen maser’s 5 MHz output. This frequency is continuously compared
with a 1 pulse-per-second signal provided by a GNSS receiver. Common-view GNSS data
allows us to determine the maser frequency with respect to the German national metrology
time standard. We determined the maser’s fractional frequency offset to be approximately
+1 x 107! and the fractional drift was approximately +3 x 107'°/day. The measured
laser frequencies are corrected for the time-varying maser offset. The uncertainty of this

correction was determined to be approximately 10 mHz.
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(expt)

g. FEvaluation of deperturbed values f S Ce

spin—avg

The determination of the quantities of interest in presence of the above systematic effects

is performed by a LSA. To this end, we model a measured transition frequency j as follows:

F s = LB e 4 Copin€ ™) + Ol i BReMPD + Cauad.i Bhpnipp + 058 + Seftectd e -

The subscript ¢ refers to both a particular spin-rotation component and a particular Zee-
man component. The index j denotes individual measurements, i.e. for a given ¢, the

superscript 7 may take on different values. f(j )

obs,i

is the measured line frequency with a
statistical uncertainty given by the line’s half width at half maximum and o fAT is its
shift due to the AT effect. The spin coefficients of the upper spectroscopy level copin; =
(F/(F/ +1) — N(N + 1) — 3/4)/2 (see main text) and Zeeman coefficients cjin;, Cquad,i of
component i are taken to be the theoretical values (see Sec. A 2 a).

For each systematic shift, we define the contribution as &% effocti = reﬁect,ikegecthgect,
with the relative sensitivity Tegect; Of a spin-rotation-Zeeman component ¢ and the global

sensitivity kegecy Of the rovibrational transition. The parameter ng)ect is one of the following:

the spectroscopy wave power, P2(Q, the Doppler cooling wave power Pg;, or the squared
trap’s RF amplitude <V1g?) )2. The parameters kego.t must be adjusted by the LSA, because
we do not know the precise light intensities and electric fields at the ions’ locations.

The values 7Tefect; are computed as the ratios of theoretical polarizabilities of the Zee-
man components [49]. The total polarizability of a component is the sum of a scalar
(spin-independent) and a tensor polarizability, where the latter can be expressed as a spin-
independent value multiplied by a state-dependent factor S and a polarization-dependent
factor G. The tensor polarisability is zero when N = 0, hence it is zero in the lower spec-
troscopic states. We have S(f,1) = —24/5, S(fy) = —21/5 and S(fp2) = 21/5. In order to
compute the total polarizability of the transitions, it is necessary to combine the values of
the scalar and tensor polarizabilities of the lower and upper levels, as given in [10, 49]. Note
that the 7;effect Of the same component ¢ are distinct for different effects, since the scalar
and tensor polarizabilities are, in general, frequency-dependent. A table of numerical values
Teffect; Used in the adjustment can be found in SM.

In order to perform the LSA, the equations should be linearized. The only non-linear

contribution is the quadratic Zeeman shift. We linearize the equations by expressing the
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magnetic field Breyvpp = Bo + 0B as the sum of a constant value By, approximately known
from previous experiments, and an adjustable small deviation § B. The term quadratic in
0 B may safely be neglected.

In summary, the LSA includes 11 observational equations to which 6 parameters are
adjusted, fs(;"rfiglg, APY SB. ko y, kays, krp. All input data is uncorrelated.

The AT effect is not considered in the same form as the other systematic effects, since it is
a splitting rather than a shift. For those lines, for which we have measured the splitting (note
that for these Ié{é = I313 nom), the shift is simply given by half the observed splitting, ¢ g) =
F1/2A farnom. Positive and negative signs correspond to the smaller and larger frequency
component, respectively. For the other lines, we present two approaches for accounting for
the effect:

Approach (I): Since the sign of 0 fng) is unknown for these cases, we set ¢ f}{’ = 0, but
with uncertainty u(6f%) = AfU)/2. Furthermore, the scaling with intensity is AfJ) =

[é{é/[glg’nom XA fAT nom,a1- Since A far nom q1 1 much larger than the statistical uncertainty
of the lines, and combined with the fact, that our measurements can neither resolve a shift

(expt)

expt .
f (exp) and el is far exceeds our

due to I 4 nor due to Vi, the resulting uncertainty of spin-avg

line resolution. The values presented in the main text of the manuscript result from this

approach. The values of systematic shifts of individual Zeeman components fe(élct

given in
Tab. II are computed using the resulting sensitivities Kegect-

Approach (II) is described in SM.

3. Ab initio theory of fipin_ave

Theoretical data have been obtained in two steps. First, the spin-averaged transition
frequency was calculated as an expansion in terms of the coupling parameter, the fine
structure constant a. We started from the nonrelativistic solution of the Schrodinger
equation. Second, higher-order corrections were obtained in a perturbative way along
the lines of the NRQED effective field theory [15]. The individual contributions are:
f© = 124 485 554 550.71 kHz (nonrelativistic three-body Schrédinger solution), f2) =
2 002 698.73 kHz (relativistic corrections in Breit-Pauli approximation; nuclear radii),
f® = —521345.53 kHz (leading-order one-loop radiative corrections), f = —3689.05 kHz

(one- and two-loop radiative corrections; relativistic corrections), f () = 228.67 kHz (radia-
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tive corrections up to three loops, Wichmann-Kroll contribution), f® = —1.62 kHz (one-
and two-loop radiative diagrams, Wichmann-Kroll contribution), f°ther = .54 kHz (muon
and hadron vacuum polarization). Here, f (") denotes a contribution proportional to cRea™.

The sum of all these contributions, f. (theor)

spin—avg?’

together with the theoretical uncertainty, is

given in the main text. The above values are for CODATA 2022.

The sensitivity of the spin-averaged frequency to m,/me. has been reported in [10],

afspin—avg/a(7np/7ne) = —0.43976 x fspin—avg/(mp/me>-

4. Ab initio theory of the spin-rotation coupling

cgtheor), given in the main text, is calculated theoretically using the Breit-Pauli Hamilto-

nian and then including higher-order corrections up to order m a” In . When higher-order
corrections are considered, other spin interaction terms may also appear, for example pro-
portional to I; - I. Firstly, they are a factor a®(m./m,)? smaller than the leading-order
hyperfine structure splitting of the state. Secondly, the total nuclear spin in every rotational
state NNV is fixed and thus also the value of I; - Iy is uniquely determined. This means that
these new terms do not contribute to the splitting, but to the spin-averaged energy. They

are included in f* above.

5. Ab initio theory of the Zeeman interaction

The interaction of para-Hj with an external magnetic field is described by the effective

Hamiltonian:

Hmag = —HB (gNN + gese) -B )

where up = |e|h/(2mec) is the Bohr magneton, gy(v,N) is the orbital g factor, and
ge(v, N) >~ —2.002319 is the bound-electron g factor. gy is calculated numerically from
the nonrelativistic three-body-bound-state wave function [53, 54]. For the upper level of the
transition, gy(v = 3, N = 2) = 0.48156 x 10~3. The computation of the Zeeman shifts is

given in the Supplemental material of ref. [1].
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6. Results and discussion

In this chapter the principal findings from the spectroscopic studies detailed in sections 5.2 and
5.3 will be summarized and consequences for the research aims will be discussed.

6.1. Observation of a laser induced transition in HJ

With the first study in Section 5.2, we have demonstrated the detection of the rovibrational
transition (v, N) : (1,0) — (3,2) in Hj. By irradiating the spectroscopy wave along the axis
of the RF trap, we were able to measure a Doppler-broadened transition of both f, and f,
(see Fig. 4.4). This study represents the second instance of driving and detecting an electric
quadrupole transition in a molecular ion using lasers, and the first instance of doing so in Hj .
Due to the Doppler-broadening, which was on the order of a few megahertz, it was not possible
to resolve individual Zeeman components. Interpreting the observed linewidth to be fully
attributable to the Doppler-effect, a temperature of 3.4 mK was determined for the ensemble
of Hy ions.

With the acquisition of f, and f;, the measurement comprises the full structure of the transition.
These have been determined to be

FOPY = 124487 066.7(1.9)expe MHz,
S5 = 124486 979.9(2.3) expe MHz.

Note that the notation has been adapted from Sec. 5.2 to align with the one used in Sec. 5.3.

Given the slow nature of the H; -spectroscopy procedure, it was deemed more prudent to exam-
ine potential systematic shifts through an investigation of a comparable E2 transition in HD™:
(0,0) — (2,2). By employing analogous methods as developed for E1 spectroscopy of HD*
to measure single Doppler-free Zeeman components [21, 12, 23], a comprehensive systematic
investigation of the transition could be performed. With linewidths as narrow as ~ 40 Hz and
corresponding line resolutions of 2.7 x 10!, the measurements represent a significant improve-
ment in resolution by a factor of ~ 10 compared to the first observation of electric quadrupole
transitions in molecular ions [100]. Moreover, the resolution of these measurements is compa-
rable to that of the most precise electric dipole transition measurements performed on HD™
[12, 97]. The present study demonstrates that E2 transitions in MHIs can be investigated
systematically at a level that is sufficient for fundamental physics purposes.

The shifts of the Hj -transition could be inferred from those measured on HD™ and were found to

be negligible in comparison to the H spectroscopic resolution. Consequently, the spin-averaged

frequency and the spin-rotation coefficient can be directly computed from f{&P and fb(expt):

flowt) = 124487032.7(1.5) MHz and ¢{®®) = 34.8(1.2) MHz. The values are in agreement
with the theoretical prediction. Due to the Doppler-broadening, the experimental uncertainties
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Chapter 6 Results and discussion

are significantly larger than those of the theory, and are not yet sufficiently small to allow
for competitive fundamental physics evaluations. Nevertheless, a value for the proton-electron
mass ratio could be computed and was found to be in agreement with the CODATA18 value,
although with an uncertainty that is more than two orders of magnitude larger.

6.2. Doppler-free measurement of a H transition

Following the observation of Doppler-broadened lines, an investigation into Doppler-free tran-
sitions using TICTES was conducted in the second study (Sec. 5.3). Accordingly, the spec-
troscopy laser was irradiated in a transverse arrangement with respect to the trap axis. Given
the narrow width of the transitions due to their small natural linewidth and a deliberately
imposed uncertainty in the theoretical prediction for the purpose of a blind search, the detec-
tion of Doppler-free transitions in Hy proved to be a challenging endeavor. Nevertheless, over
the course of approximately one year, a measurement of Doppler-free lines including a study
of the systematic effects of the transition (1,0) — (3,2) was realized. Three single Zeeman
components f,1, fp1 and fy have been resolved, with a minimum of one for each spin-rotation
component (see Fig. 4.4). Linewidths as small as ~ 6 Hz were observed, corresponding to line
quality factors of 2.2 x 103, a factor of 10 better than the first measurement presented in this
thesis (Sec. 6.1). From these measurements, the accuracy of the aforementioned spin-rotation
components could be improved by more than three orders of magnitude:

féeXpt) — ]_24 487 067 172-9(6)expt kHZ )
FLEPY = 124 486 980 347.5(8) exp kH2 .

Due to the particularities of the systematic shift determination, the uncertainties associated
with these two values are correlated. As a result, the reduction in uncertainty of fipin-ave and c.
in comparison to the initial observation is not as substantial as that observed for the individual
spin-rotation components. The deduced values for these are

FOPY 124487032 442.69(95) exp kHz |

spin-avg

Pt = 34 730.18(10) api kKHz .
They agree with the most recent theoretical computations

FUheon 124487032 442.5(0.9) gp (0.96)coparaz kHz

spin-avg

c{theer) — 34 730.25(12) qrp kHz,

provided in Sec. 5.3 and [44], respectively. The uncertainties are here distinguished between
contributions stemming from uncomputed theoretical terms (“QED”) and uncertainties of fun-
damental constants (“CODATA22”). Notably, for the first time in history, the uncertainties of
an experimental and theoretical determination of a spin-averaged frequency of a rovibrational
transition in HJ are approximately equal.

6.3. The proton-electron mass ratio

It has been discussed extensively in Chapter 1, that a spectroscopy result of the kind presented
in the preceding section 6.2 enables the determination of fundamental constants, most notably
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6.3 The proton-electron mass ratio

the mass ratio of the proton and the electron. It is computed by adjusting its input value to the
theoretical computation of fg;?f_‘;?g in such a way that theory and experiment agree (see eq. 1.4
in Sec. 1.1). Note, that the Rydberg constant and the proton charge radius are input data
used in the adjustment, with initial values taken from CODATA22. They are not effectively
adjusted however, since the measured transition does not express a large enough sensitivity to

these constants (see eq. 1.4). From fs(;i}gf;)vg of the previous section, we obtain

" _ 1836.152673416(44) ,

Me

where the uncertainty arises in equal parts from theory and experiment. A notable aspect of
this value is that it is derived purely through spectroscopic means, as all underlying experiments
investigate the quantized nature of matter: optical spectroscopy of the hydrogen atom furnishes
the necessary input values R, and r,, which are then utilized in conjunction with the present
result to yield m,/m..

The present value is in agreement with the most recent international standard of CODATA22,
with an uncertainty that is 1.4 times larger. Furthermore, it is in agreement with the former
value of CODATA1S8, but compared herewith has an uncertainty smaller by a factor of 2.5.
A graphical representation of these comparisons and earlier CODATA values is provided in
Fig. 6.1. It is sensible to make a comparison with both standards, since results obtained for
HD™ are partially considered in the CODATA22 adjustment, which was not the case prior. As
a consequence, only the CODATA18 value can be understood as a constant independent of MHI
spectroscopy results. The comparison of the present value and the CODATAI18 value therefore
can be understood as two independent measurements originating from different experiments
and theories developed and performed by different groups of researchers. Their agreement is
thus a powerful consistency test of the underlying work.

It should be noted that other constants, primarily the proton charge radius and the Rydberg
constant, are required as input data to obtain the proton-electron mass ratio. An adjustment
of these constants may also be considered, using the present result in addition to hydrogen
spectroscopy data as input. Doing so, it becomes evident that the present result is not yet
sufficiently accurate to allow for the determination of these quantities with a competitive degree
of accuracy. Consequently, the present result is not yet able to contribute to the discussion
that has evolved around the value of the proton charge radius. This is discussed in more detail
in Sec. 5.3.

The evaluation can be expanded to include recent measurements of transitions in HD™. A value
of the deuteron-proton mass ratio can then be extracted in a similar manner, thus enabling a
pure spectroscopic determination of both mass ratios from MHI data. The deduced value for
the deuteron-proton mass ratio

" _ 1.99900750139(11) ,
my

is in agreement with a value obtained from cyclotron frequency measurements performed in
a Penning trap [27], although not as accurate. The fractional deviation of the two values is
5.9(5.5) x 107! showing agreement at approximately one times their combined uncertainties.
This value realizes the comparison of Newtonian and quantum mechanics, as discussed in
Sec. 1.1, where agreement is seen.
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Figure 6.1.: The uncertainty and relative value of the proton-electron mass ratio
over the course of time. The fractional uncertainty of historical CODATA values (orange)
is shown in comparison to the uncertainty achieved in this work (blue). Additionally, the
inset shows the fractional offset of a selection of the values, with the same uncertainties
displayed as error bars. The shaded area represents the uncertainty range of the most recent
CODATAZ22 value. The result of this work is in very good agreement with recent CODATA
values (2018, 2022).

6.4. Frequency ratios

The agreement of experimental and theoretical values seen in Sec. 6.2 can be considered as a
confirmation of the underlying theoretical framework at relative level of 1.3 x 107!, Similarly,
a confirmation is inferred from the agreement seen for the values of the proton-electron mass
ratio. However, this test relies on fundamental constants derived from various measurements
and corresponding theories.

One may circumvent this dependency and improve the test by employing the frequency ratios
discussed in Sec. 1.2. A second measurement of a MHI transition is required, for which the
recent transition (0,0) — (5,1) of HD™ is taken [12], denoted as f5. The test is performed by
comparing the ratio R = f5/ fspin-ave Of experimental and theoretical values. Their fractional
deviation is
R(expt) _ R(theor)
R

The asterisk indicates that, in addition to the CODATA18 set of fundamental constants, a
recent value for the deuteron-proton mass ratio was used [27].

- _2-4<8-0)expt(0-9)theor(1-0)CODATA18* X 10_12-

This value has a combined uncertainty of 8.1 x 107!2 and therefore infers correctness of MHI
theory at that level. It represents a marginal improvement over the direct experiment-theory
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6.4 Frequency ratios

comparison mentioned at the beginning of this section, which is representative of the fact that
the frequency ratios can only serve to reduce theoretical errors. The leading contribution to
the uncertainty of the ratio is that of the experiment. Nevertheless, this value represents one
of the most precise matches between experiment and theory in physics, with a precision that
is only a factor ~ 8 less precise than that achieved in the g-factor measurement of the electron

[1].
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7. Outlook

The groundwork for the optical spectroscopy of the molecular hydrogen ion HJ established in
this thesis paves the way for a variety of further studies.

As an immediate next step, the accuracy of the present work’s findings could be improved
through a more rigorous determination of systematic effects. This is a particularly attractive
proposition, given that the accuracy of the spin-averaged transition frequency is inferior to
the spectroscopic resolution by two orders of magnitude. The primary reason is the conserva-
tive evaluation of systematic effects necessitated by the observed Autler-Townes splitting. In
principle, it should be feasible to determine the systematic shifts with an uncertainty that is
comparable to the resolution, thereby allowing an increase in accuracy by two orders of mag-
nitude. To achieve this, further measurements conducted under a range of parameter settings
are required in order to precisely characterize the Autler-Townes splitting and reduce the as-
sociated uncertainty. However, this alone would not be sufficient to obtain the same level of
improvement in the accuracy of fundamental constants, as a comparable advancement in theory
is also necessary. Nevertheless, an improved experimental result that would then be better than
the theory by two orders of magnitude would undoubtedly stimulate further research on the
theoretical side. Such an improvement would also facilitate a more rigorous test of QED.

Concurrently, the aforementioned improvement would render it a realistic prospect to contribute
to the determination of other fundamental constants, primarily the proton charge radius. This
property has been the subject of numerous studies, with partially conflicting results, which is
known as the proton radius puzzle. An improved determination of Hj transition frequencies
will, at some point, become sensitive to 7, and could contribute to the discussion.

A comparable improvement could be achieved by transitioning to more sophisticated trap-
ping techniques. At the forefront of the field are single-particle traps that no longer rely on
destructive spectroscopy, as is the case here. Instead, non-destructive techniques, such as
quantum-logic spectroscopy [101] or optical-dipole force detection [95, 102], are utilized. These
techniques reduce the spectroscopy cycle time by orders of magnitude, thereby increasing the
sample statistics and improving the resulting determination of line frequencies and systematic
effects. Non-destructive readout techniques have been demonstrated on MHIs, both in a linear

RF trap on Hy [67] as well as in a Penning trap on HD™ [78].

In addition to the evaluations presented in this thesis, the H spectroscopy results could be
employed to contribute to the search for a potential fifth force (Sec. 1.2.2), as has been done for
HD™ [12]. Such an analysis would be most sensitive when testing for a hypothetical baryon-
baryon interaction between the two nuclei. Since the present result agrees with the theoretical
prediction, it is evident that no conclusive determination can be made regarding the existence
of a fifth force. However, the result could likely improve the constraints on the free parameters
of a fifth force, given that the accuracy is comparable to that obtained in HD™ spectroscopy.

Further down the road lies the measurement of a set of transitions in MHIs, which would
allow for a stand-alone and improved determination of the involved fundamental constants. A
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Chapter 7 Outlook

recent study projects that an improvement in the accuracy of multiple constants compared to
CODATAI1S is possible, but will require the accurate measurement of multiple transitions in
Hy, HD" and D3 [7].

In the far future, a similar study to the one presented here could be conducted on the antimatter
counterpart of Hj . This would realize a matter-antimatter comparison that has been a long-
standing aspiration [18]. Currently, analogous experiments on proton-antiproton comparisons
are performed in Penning traps. Consequently, optical spectroscopy experiments on HJ in
Penning traps would be highly desirable.

112



Acknowledgments

First and foremost, I would like to thank my supervisor Prof. Stephan Schiller for the oppor-
tunity to contribute to this exciting research project. He demonstrated an inspiring strive for
perfection and taught me the importance of persistence. I am grateful for the knowledge he
shared with me, the advice he has given me, and for providing the means and funds necessary
for performing this work in his group.

I would also like to thank Prof. Axel Gorlitz for kindly agreeing to evaluate my thesis and work
as a second reviewer.

I am sincerely grateful to Dr. Soroosh Alighanbari, who has guided and aided me throughout
my time in the group. I cannot count the amount of skills and techniques I have learned from
him.

My gratitude also goes to the other current or former members of the group, who all have
helped me in their own way. Here, I would like to specifically mention Victor A. Vogt and
Chang J. Kwong for the friendship we have developed and the many fruitful, passionate and
educational discussions we have had; Dr. Gouri S. Giri and Dr. Christian Wellers for their ad-
vice and support during my early years as a scientist; Dr. Michael G. Hansen and Ivan V. Kor-
tunov for sharing their knowledge in laser systems and for setting up necessary infrastructure;
Dr. Eugen Wiens for providing a reference laser; Beate Rodding for handling administrative
tasks, and our skilled technicians Ulrich Rosowski, Dimitri Iwaschko and Rita Gusek for all
their indispensable assistance.

I am thankful to my family and friends for their continued interest in my work and for giving
support. Many of you have lent an ear when things were not going as planned and helped
changing focus, so that I could tackle problems with a fresh mind.

The style, grammar and overall writing of this thesis have been verified and improved with the
help of the artificial intelligence software “DeepL. Write” (ver. 24.8.2.13437) and through careful
proof-reading by Christiane Nitsche-Costa. Numerous comments on drafts of this dissertation
by Prof. Stephan Schiller are also gratefully acknowledged.

Finally, thank you, Leonie. Thank you for accepting the sacrifices I made to dedicate myself
to this work. Your love, support and patience have been unwavering and I will strive to repay
you in kind.

113






Appendix

115






A. Data for Fig. 2.6

Table A.1.: Raw data and references of experimental works for Fig. 2.6. Values given
as relative accuracy are best estimates based on details given in the corresponding work and
always correspond to the most accurate measurement performed. For a list of theoretical
works used in Fig. 2.6, see Tab. A.2.

Experiments

Name \ Year \ rel. accuracy \ Source
Marmet and Kerwin 1960 | 7.4 x 1072 [103]
Jefferts 1969 | 1.2x10°° [50]
Asbrink 1970 | 1.8 x 107* [104]
Takezawa 1970 | 4.6x 107 | [107]
Herzberg and Jungen 1972 | 9.1 x 1071 [106]
Menasian and Dehmelt 1973 | 1.3x107° [65]
Carrington et al. 1989 | 1.1x10°* [107]
Arcuni et al. (spin structure) | 1990 | 2.1 x 10~* [108]
Arcuni et al. (rotational) | 1990 | 2.8 x 1077 68]
Fu ot al. 1992 | 2.6 x10° | [108]
Carrington et al. 1993 | 52 x 107° [109]
Carrington et al. 1993 | 6.4 x 1077 [66]
Critchley et al. 2001 | 7.4 x107° [110]
Osterwalder et al. 2004 | 2.3x 1071 [111]
Haase et al. 2015 | 4.4 x 1077 [112]
Schenkel et al. 2024 | 1.2x 1078 [99]
Doran et al. 2024 | 7.8 x 107 [69]
Alighanbari et al. 2024 | 7.9 x 1072 [42]
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Table A.2.: Raw data and references of theoretical works for Fig. 2.6. Values given
as relative accuracy are best estimates based on details given in the corresponding work
and always correspond to the most accurate calculation performed. The first table gives the
result from the theory of rovibrational energies, and the second those from the theory of spin
energies. For a list of experimental works used in Fig. 2.6, see Tab. A.1.

Theory, rovibrational

Name \ Year \ rel. accuracy \ Source
Johnson 1941 | 25 x 1071 [35]
Cohen et al. | 1960 | 1.0 x 1074 [113]
Wind 1965 | 1.0x 1077 | [114]
Moss 1993 | 4.6 x 107° [33]
Korobov 2006 | 1.2 x 107 [39]
Korobov et al. | 2014 | 4.0 x 107 | [115]
Korobov et al. | 2021 | 8.0 x 10712 [25]

Theory, spin

Name \ Year \ rel. accuracy \ Source
Dalgarno et al. 1961 | 1.0 x 1072 [46]
Somerville 1968 | 7.1 x 1074 [116]
McEachran et al. | 1978 | 5.3 x 10~* [48]

Babb and Dalgarno | 1992 | 1.1 x 10~* [49]
Korobov et al. 2006 | 6.3 x 107° [43]
Korobov et al. 2009 | 1.1 x107° [117]

Haidar et al. 2022 | 3.5x10°° [44]
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A metrology-grade spectroscopy
source based on an optical parametric

oscillator: Supplement 1

1. FIGURE OF PLL BEATS AT VARIOUS WAVELENGTHS

Figure S1 shows the linewidths and phase noise spectra of the PLL for three different idler

wavelengths in the same style as Fig. 3 of the main text.
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Fig. S1. Beat spectrum shown as a zoom-in of the beat (top row) and the phase-noise power
spectral density (PSD, bottom row) of the beat between the idler SH and OFC1 in the locked
state for three different idler wavelengths. Columns 1, 2, 3 correspond to idler wavelengths
of 2.4,2.6,2.7 uym, respectively. For the top row, all data are taken with a RBW of 1 Hz and are
normalized to the peak level of the fitted function. Due to a different frequency resolution used
for the individual data sets, the center peak in panel 3a is not well resolved. In this case, the
Gaussian fit function is shown for illustrative purposes only. For the bottom row, individual
colors correspond to individual measurements, which are normalized to their RBW. The signal-
to-noise ratio is in all cases similar to the 70 dB stated in the main text. Compared to the PSD
measurement in Fig. 3, panel 2b of the main text, the PSDs exhibit additional noise peaks. This
is due to an incomplete optimization of the lock settings. Such an optimization is required after
tuning the wavelength of the idler, which results in a change of the beat signal level.
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Determination of the proton-electron mass ratio by high-accuracy

laser spectroscopy of Hj
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Institut fir Ezperimentalphysik, Heinrich-Heine-
Unaversitat Disseldorf, 40225 Disseldorf, Germany
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Bogoliubov Laboratory of Theoretical Physics,
Joint Institute for Nuclear Research, 141980 Dubna, Russia
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SUPPLEMENTARY INFORMATION

A. Figures of measurements of systematics
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Supplementary Information Figure 1:

The two AT doublets of Zeeman component f,; for two different values of the trap RF
amplitude. The two lines measured under nominal conditions (blue) are identical to the
data shown in Fig. 3 of the main text. The laser frequency detuning is given relative to the
deperturbed frequency of spin component féeXpt). The deperturbed frequencies and their
uncertainty ranges are indicated by full and dashed lines in corresponding colours. Points

in brighter colour are the signal values, while the darker ones are background. The coloured

curves are guides to the eye.
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Supplementary Information Figure 2:

The Zeeman component f,; for two different values of the intensity of the spectroscopy
wave (wavelength 2.4 pum). The line measured under nominal condition is identical to the
lower component of the AT doublet shown in Fig. 3 of the main text. The laser frequency
detuning is given relative to the deperturbed frequency of spin component f,. Points in
brighter colour are the signal values, while the darker ones are background. The coloured

curves are guides to the eye.
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Supplementary Information Figure 3:

The Zeeman component fy; for three different values of the power of the 313 nm wave.
In this case, a change in power is proportional to a change in intensity, since the beam
size was kept constant. The line measured under nominal condition is identical to the data
shown in Fig. 3 of the main text. For each intensity setting, only one line of the AT doublet
was measured and we did not indentify which of the two lines was observed. However, a
light-induced shift that exhibits a cleanly linear dependence on the 313 nm wave power is
only obtained if it is assumed that the three displayed lines are the same component of the
AT doublet. The laser frequency detuning is given relative to the deperturbed frequency of
spin component f,. Points in brighter colour are the signal values, while the darker ones are
background. The coloured curves are guides to the eye. We attribute the different linewidths
of the observed lines in part to a change in the reference laser of the optical frequency comb

that occured inbetween the measurements.
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Supplementary Information Figure 4:

Zeeman component f,; for three different values of the power of the 313nm wave. In
this case, a change in power is proportional to a change in intensity, since the beam size
was kept constant. The AT doublet measured under nominal conditions (blue) is identical
to the data shown in Fig. 3 of the main text. The laser frequency detuning is given relative
to the deperturbed frequency of spin component f,. Points in brighter colour are the signal
values, while the darker ones are background. The coloured curves are guides to the eye. We
attribute the different linewidths of the observed lines in part to a change in the reference

laser of the optical frequency comb.
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B. Polarizability ratios

effect r'effect,al reffect,bl Peffect,bz

a.c. Stark (2.4 um) 1.000 1.080 2.197
a.c. Stark (313 nm) 1.000 1.052 1.784
RF trap shift 1.000 1.080 2.203

Supplementary Information Table 1:

Table of polarizability ratios regect;. The ratios are normalized to the polarizability of
Zeeman component f,;. Consequently, the adjusted kqgect is the sensitivity of this particular
component. The values are distinct for each effect, since the polarizabilities depend on the
field frequency. For the last column (RF trap shift), the values of the static polarizabilities

were used, since the RF frequency is small.
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C. Approach (II) for spin-averaged frequency and spin-rotation coefficient

Here, we attempt to incorporate the knowledge of the discrete nature of the AT shift
and to identify the unknown AT shift signs. For this purpose, we assume a particular sign
o) = £1 for each line j and set § f/(fT) = oA f/(fT)/ 2. A fXT) has an uncertainty stemming

from A f/(ij) and we introduce an additional uncertainty uar (independent of j) in order

,nom,al’
to obtain agreement between the fitted model and the data, as follows. Evaluating the LSA

(expt)

with this input, the uncertainties of both £°*" “and c! are reduced by approximately

spin-avg
a factor of 5 compared to the approach (I). Since seven signs oU=1-7) are unknown, there
are 27 = 128 possible combinations to consider. To determine the likelihood of particular
combinations we can make use of the frequency ratios Rs 2 and R, o discussed in the main
text, as well as the reduced chi-squared parameter y? resulting from the LSA. We may
assume that not only the present but also our own previous experiments on HD™ and its
theory are correct at the level of the presented uncertainties. We then do not expect a
substantial disagreement between the experimental and theoretical ratios. And secondly,
we assume that the reduced chi-squared parameter shows a consistency between the model
and the data. Our criterion for absence of disagreement in both cases is a deviation smaller
than or equal to 3 sigma. For the ratios this is evaluated through their uncertainties, while
for the reduced chi-squared parameter we rely on the canonical bound y? < Xi,max =29
for the present number of degrees of freedom. If the uncertainty uar = 0, the minimum x?
for all 128 combinations is 4.1, indicating an underestimation of the experimental errors. A
total of 12 combinations have a x? similar to this value, while the next larger x?2 is 12.5,
showing a clear preference of the model for these combinations. We therefore increase the
uncertainty uar to reduce x2 until the above bound is fulfilled for the 12 combinations. We
obtain x2 values in the range of 2.8 to 2.9 for uar ~ 11 Hz. Turning to the frequency ratios,
only six of the 12 combinations show no disagreement regarding Rs o, Ri 2. From these

(expt)

. . t . .
six cases we derive values for f. (@0t and Corr - We conservatively estimate them as the

spin-avg,II

mid-values of the intervals containing all individual values with their uncertainties. The

uncertainties are taken as equal to half the widths of the intervals. We obtain fs(s;i)vg’ =

124487032442.59(67) kHz and c(?)ﬁ)t) = 34730.176(69) kHz. In summary, these uncertainties

e

are smaller by approximately a factor 1.4 compared to approach (I).
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D. Least-squares adjustment (LSA)

We perform the LSAs following ref. [1]. The basic algorithm is described in Appendix E of
ref. [2]. The number of input data is n, and this input can be experimental data, theoretical
data, or previously measured constants. This data can have correlations. The number of
adjusted constants is M, where this output are fundamental constants and other parameters.

n, M are given by

n = 2N (MHIinput) + N (mass ratio input and other input : Ry, 18, 7p.18, T'a.18)+
N (otherinput : H,H - D) + AV(2"YH - D datum) ,
M = N (MHIinput) + N (otherinput : H, H - D) + AV (fund. const.) ,

where N (Y') denotes the number of items of type Y.

(i) The M adjusted constants include, depending on the particular LSA, the fundamen-
tal constants ji,q/me, m,/Me, Roo, 7p,7q Or a subset thereof. The value of my/m, is com-
puted from the adjusted p,q/m. and m,/m. using the definition fi,q/m. = myma/me(m, +
mq). Further adjusted “constants” are the theoretical additive corrections for the MHI,
§ftheor) (HD') and/or 6 f®he")(HJ), the so-called missing contributions. The number of
adjusted MHI §f(theo") ig equal to the number of frequencies listed in the column “MHI
input”.

(i) Every MHI input data consists of the experimental frequency f,geXp), the theoretical
frequency f,gtheor)([upd/me]lg, [my/Mme)1s, Reo 18, Tpas, Ta.18), evaluated for the CODATA 2018
fundamental constants (fiducial value), and an associated theoretical additive correction
0 fr.. The latter is nominally zero but has nonzero uncertainty.The ¢ f;, of different MHI and
different transitions are correlated, the correlation coefficients being given in [1].

(iii) In those LSAs where “H, H - D” is listed under “other input”, “H” refers to two
hydrogen 1s - 2s transition measurements (items A6, A7 in table X of ref. [3]) and “H - D”
refers to one hydrogen-deuterium isotope shift measurement (A5 in table X). For the 1s - 2s
measurements there is a corresponding single theoretical correction 0 f(H), described by Bl,
B2 in table VIII. For the isotope shift the theory correction 6 f(H - D) stems from items B,
B2, B17, B18 in table VIII. Correlation coefficients between the corrections d f are given in
table IX.

Input data is analogous to the MHI input data, see (v) below. The additional adjusted

7
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constants are (e (H) and § £t (H - D). Analogous constants are considered in the
CODATA adjustments, see Tab. XI in ref. [3].

(iv) In the column “Other input”, we have used the short-hand notations R 1s, 7p.1s:
Td1s , to indicate the values of the CODATA 2018 compilation. The correlations between
these values are taken into account.

(v) For each spectroscopy input datum k (from MHI, H and H - D), the observational
equations are f{" =) (1 ime my/me, Rog, Ty 1) + 8 £ |8 fio==6 £ Tf the CO-
DATA 2018 fundamental constants are used as input instead of hydrogen spectroscopy data,
then the corresponding equations are: Ry 18=Roo, Tp18=7p, Td,18=Td-

(vi) If the deuteron-proton mass ratio is an input, we include the observational equation
[ma/my e =((my/me) (aga/me) = 1),

The observational equations are linearized around the fiducial values of the fundamental
constants, i.e. the CODATA 2018 values.

In LSA 1, the constants R, rp, rq are effectively not adjusted.

[1] S. Schiller, J.-P. Karr, Prospects for the determination of fundamental constants with beyond-
state-of-the-art uncertainty using molecular hydrogen ion spectroscopy, Phys. Rev. A 109 (2024)
042825. doi:10.1103/PhysRevA.109.042825.

[2] P.J. Mohr, B. N. Taylor, CODATA recommended values of the fundamental physical constants:
1998, Rev. Mod. Phys. 72 (2000) 351-495. doi:10.1103/RevModPhys.72.351.

[3] E. Tiesinga, P. J. Mohr, D. B. Newell, B. N. Taylor, CODATA recommended values of the
fundamental physical constants: 2018, Rev. Mod. Phys. 93 (2021) 025010. doi:10.1103/

RevModPhys.93.025010.



Bibliography

1]

[9]

[10]
[11]

[12]

[13]

X. Fan, T. G. Myers, B. A. D. Sukra, G. Gabrielse, Measurement of the Electron Magnetic
Moment, Phys. Rev. Lett. 130 (2023) 071801. doi:10.1103/PhysRevLett.130.071801.

S. Schiller, Precision spectroscopy of molecular hydrogen ions: an introduction, Contem-
porary Physics 63 (2022) 247-279. doi:10.1080/00107514.2023.2180180.

E. Tiesinga, P. J. Mohr, D. B. Newell, B. N. Taylor, The 2022 CODATA Recommended
Values of the Fundamental Physical Constants (Web Version 9.0), Database developed by
J. Baker, M. Douma, and S. Kotochigova, National Institute of Standards and Technology,
Gaithersburg, MD 20899 (2024).

URL https://physics.nist.gov/constants

E. Tiesinga, P. J. Mohr, D. B. Newell, B. N. Taylor, CODATA recommended values
of the fundamental physical constants: 2018, Rev. Mod. Phys. 93 (2021) 025010. doi:
10.1103/RevModPhys.93.025010.

P. Mohr, D. Newell, B. Taylor, E. Tiesinga, CODATA Recommended Values of the Fun-
damental Physical Constants: 2022 (2024). arXiv:2409.03787.
URL https://arxiv.org/abs/2409.03787

I. Angeli, K. Marinova, Table of experimental nuclear ground state charge radii: An
update, Atomic Data and Nuclear Data Tables 99 (2013) 69-95. doi:https://doi.org/
10.1016/j.adt.2011.12.006.

S. Schiller, J.-P. Karr, Prospects for the determination of fundamental constants with
beyond-state-of-the-art uncertainty using molecular hydrogen ion spectroscopy, Phys.
Rev. A 109 (2024) 042825. doi:10.1103/PhysRevA.109.042825.

J.-P. Karr, J. C. J. Koelemeij, Extraction of spin-averaged rovibrational transition fre-
quencies in HD™ for the determination of fundamental constants, Molecular Physics 121
(2023) €2216081. doi:10.1080/00268976.2023.2216081.

J.-P. Karr, L. Hilico, J. C. J. Koelemeij, V. I. Korobov, Hydrogen molecular ions for
improved determination of fundamental constants, Phys. Rev. A 94 (2016) 050501. doi:
10.1103/PhysRevA.94.050501.

W. J. Marciano, Time Variation of the Fundamental "Constants" and Kaluza-Klein The-
ories, Phys. Rev. Lett. 52 (1984) 489-491. doi:10.1103/PhysRevLett.52.489.

S. Schiller, V. Korobov, Test of time-dependence of the electron and nuclear masses with
ultracold molecules, Phys. Rev. A 71 (2005) 032505. doi:10.1103/PhysRevA.71.032505.

S. Alighanbari, I. V. Kortunov, G. S. Giri, S. Schiller, Test of charged baryon interaction
with high-resolution vibrational spectroscopy of molecular hydrogen ions, Nat. Phys. 19
(2023) 1263 — 1269. doi:10.1038/s41567-023-02088-2.

G. Luders, Proof of the TCP theorem, Annals of Physics 2 (1957) 1-15. doi:10.1016/
0003-4916(57)90032-5.

133


https://doi.org/10.1103/PhysRevLett.130.071801
https://doi.org/10.1080/00107514.2023.2180180
https://physics.nist.gov/constants
https://physics.nist.gov/constants
https://physics.nist.gov/constants
https://doi.org/10.1103/RevModPhys.93.025010
https://doi.org/10.1103/RevModPhys.93.025010
https://arxiv.org/abs/2409.03787
https://arxiv.org/abs/2409.03787
http://arxiv.org/abs/2409.03787
https://arxiv.org/abs/2409.03787
https://doi.org/https://doi.org/10.1016/j.adt.2011.12.006
https://doi.org/https://doi.org/10.1016/j.adt.2011.12.006
https://doi.org/10.1103/PhysRevA.109.042825
https://doi.org/10.1080/00268976.2023.2216081
https://doi.org/10.1103/PhysRevA.94.050501
https://doi.org/10.1103/PhysRevA.94.050501
https://doi.org/10.1103/PhysRevLett.52.489
https://doi.org/10.1103/PhysRevA.71.032505
https://doi.org/10.1038/s41567-023-02088-2
https://doi.org/10.1016/0003-4916(57)90032-5
https://doi.org/10.1016/0003-4916(57)90032-5

Bibliography

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

134

G. Schneider, A. Mooser, M. Bohman, N. Schon, J. Harrington, T. Higuchi, H. Nagahama,
S. Sellner, C. Smorra, K. Blaum, Y. Matsuda, W. Quint, J. Walz, S. Ulmer, Double-trap
measurement, of the proton magnetic moment at 0.3 parts per billion precision, Science
358 (2017) 1081-1084. doi:10.1126/science.aan0207.

M. J. Borchert, J. A. Devlin, S. R. Erlewein, M. Fleck, J. A. Harrington, T. Higuchi,
B. M. Latacz, F. Voelksen, E. J. Wursten, F. Abbass, M. A. Bohman, A. H. Mooser,
D. Popper, M. Wiesinger, C. Will, K. Blaum, Y. Matsuda, C. Ospelkaus, W. Quint,
J. Walz, Y. Yamazaki, C. Smorra, S. Ulmer, A 16-parts-per-trillion measurement of
the antiproton-to-proton charge-mass ratio, Nature 601 (2022) 53-57. doi:10.1038/
s41586-021-04203-w.

The ALPHA Collaboration, Investigation of the fine structure of antihydrogen, Nature
578 (2020) 375-380. doi:10.1038/s41586-020-2006-5.

C. L. Cesar, Antihydrogen laser spectroscopy to 13 significant figures and beyond, in:
International Conference on Precision Physics of Simple Atomic Systems, 2024.
URL https://indico.cern.ch/event/1329533/contributions/5917695/

H. Dehmelt, Economic synthesis and precision spectroscopy of anti-molecular hydrogen
ions in Paul trap, Physica Scripta T59 (1995) 423-423. doi:10.1088/0031-8949/1995/
t59/060.

E. G. Myers, CPT tests with the antihydrogen molecular ion, Phys. Rev. A 98 (2018)
010101. doi:10.1103/PhysRevA.98.010101.

S. Sellner, M. Besirli, M. Bohman, M. J. Borchert, J. Harrington, T. Higuchi, A. Mooser,
H. Nagahama, G. Schneider, C. Smorra, T. Tanaka, K. Blaum, Y. Matsuda, C. Ospelkaus,
W. Quint, J. Walz, Y. Yamazaki, S. Ulmer, Improved limit on the directly measured
antiproton lifetime, New Journal of Physics 19 (2017) 083023. doi:10.1088/1367-2630/
aa7e73.

I. V. Kortunov, S. Alighanbari, M. G. Hansen, G. S. Giri, V. I. Korobov, S. Schiller,
Proton-electron mass ratio by high-resolution optical spectroscopy of ion ensem-
bles in the resolved-carrier regime, Nat. Phys. 17 (2021) 569-573. doi:10.1038/
s41567-020-01150-7.

V. 1. Korobov, Precision Spectroscopy of the Hydrogen Molecular Tons: Present Status
of Theory and Experiment, Physics of Particles and Nuclei 53 (2022) 787-789. doi:
10.1134/S1063779622040086.

S. Alighanbari, G. S. Giri, F. L. Constantin, V. I. Korobov, S. Schiller, Precise test of
quantum electrodynamics and determination of fundamental constants with HD™ ions,
Nature 581 (2020) 152 — 158. doi:10.1038/s41586-020-2261-5.

M. Germann, S. Patra, J.-P. Karr, L. Hilico, V. I. Korobov, E. J. Salumbides, K. S. E.
Eikema, W. Ubachs, J. C. J. Koelemeij, Three-body QED test and fifth-force constraint
from vibrations and rotations of HD", Phys. Rev. Research 3 (2021) L022028. doi:
10.1103/physrevresearch.3.1022028.

V. I. Korobov, J.-P. Karr, Rovibrational spin-averaged transitions in the hydrogen molec-
ular ions, Phys. Rev. A 104 (2021) 032806. doi:10.1103/PhysRevA.104.032806.

V. I. Korobov, J.-P. Karr, Spin-orbit interaction in the HD* ion, Eur. Phys. J. D 76
(2022)197.doi:lO.l140/epjd/leO53—022—OO522—3.


https://doi.org/10.1126/science.aan0207
https://doi.org/10.1038/s41586-021-04203-w
https://doi.org/10.1038/s41586-021-04203-w
https://doi.org/10.1038/s41586-020-2006-5
https://indico.cern.ch/event/1329533/contributions/5917695/
https://indico.cern.ch/event/1329533/contributions/5917695/
https://doi.org/10.1088/0031-8949/1995/t59/060
https://doi.org/10.1088/0031-8949/1995/t59/060
https://doi.org/10.1103/PhysRevA.98.010101
https://doi.org/10.1088/1367-2630/aa7e73
https://doi.org/10.1088/1367-2630/aa7e73
https://doi.org/10.1038/s41567-020-01150-7
https://doi.org/10.1038/s41567-020-01150-7
https://doi.org/10.1134/S1063779622040086
https://doi.org/10.1134/S1063779622040086
https://doi.org/10.1038/s41586-020-2261-5
https://doi.org/10.1103/physrevresearch.3.l022028
https://doi.org/10.1103/physrevresearch.3.l022028
https://doi.org/10.1103/PhysRevA.104.032806
https://doi.org/10.1140/epjd/s10053-022-00522-3

Bibliography

[27]

[28]

[39]

[40]

[41]

D. J. Fink, E. G. Myers, Deuteron-to-Proton Mass Ratio from Simultaneous Measurement
of the Cyclotron Frequencies of Hy and DT, Phys. Rev. Lett. 127 (2021) 243001. doi:
10.1103/PhysRevLett.127.243001.

M. C. Zammit, M. Charlton, S. Jonsell, J. Colgan, J. S. Savage, D. V. Fursa, A. S.
Kadyrov, 1. Bray, R. C. Forrey, C. J. Fontes, J. A. Leiding, D. P. Kilcrease, P. Hakel,
E. Timmermans, Laser-driven production of the antihydrogen molecular ion, Phys. Rev.
A 100 (2019) 042709. doi:10.1103/PhysRevA.100.042709.

J. Taylor, B. Vargo, D. Hoffman, T. J. Price, R. C. Forrey, Formation of antihydrogen
molecular ions by associative ionization, Phys. Rev. A 109 (2024) 052816. doi:10.1103/
PhysRevA.109.052816.

S. Schiller, V. I. Korobov, Canceling spin-dependent contributions and systematic shifts
in precision spectroscopy of molecular hydrogen ions, Phys. Rev. A 98 (2018) 022511.
doi:10.1103/PhysRevA.98.022511.

M. Haidar, V. I. Korobov, L. Hilico, J.-P. Karr, Higher-order corrections to the spin-
orbit and spin-spin tensor interactions in HD', Phys. Rev. A 106 (2022) 042815. doi :
10.1103/PhysRevA.106.042815.

D. R. Bates, K. Ledsham, A. L. Stewart, Wave functions of the hydrogen molecular ion,
Philosophical Transactions of the Royal Society of London A: Mathematical, Physical
and Engineering Sciences 246 (1953) 215-240. doi:10.1098/rsta.1953.0014.

R. Moss, Calculations for the vibration-rotation levels of Hj in its ground and first
excited electronic states, Molecular Physics 80 (1993) 1541-1554. doi:10.1080/
00268979300103211.

M. Born, R. Oppenheimer, Zur Quantentheorie der Molekeln, Annalen der Physik 389
(1927) 457-484. doi:10.1002/andp.19273892002.

V. A. Johnson, Correction for Nuclear Motion in H3, Phys. Rev. 60 (1941) 373-377.
doi:10.1103/PhysRev.60.373.

G. Paz, An introduction to NRQED, Modern Physics Letters A 30 (2015) 1550128. doi:
10.1142/5021773231550128X.

V. 1. Korobov, Coulomb three-body bound-state problem: Variational calculations of
nonrelativistic energies, Phys. Rev. A 61 (2000) 064503. doi:10.1103/PhysRevA.61.
064503.

V. I. Korobov, Variational methods in the quantum mechanical three-body problem
with a coulomb interaction, Physics of Particles and Nuclei 53 (1) 1-20. doi:10.1134/
S51063779622010038.

V. 1. Korobov, Leading-order relativistic and radiative corrections to the rovibrational
spectrum of Hj and HD* molecular ions, Phys. Rev. A 74 (2006) 052506. doi:10.1103/
PhysRevA.74.052506.

O. Kullie, S. Schiller, Solution of the two-center Dirac equation with 20-digit precision
using the finite-element technique, Phys. Rev. A 105 (2022) 052801. doi:10.1103/
PhysRevA.105.052801.

H. D. Nogueira, J.-P. Karr, High-precision solution of the Dirac equation for the hydrogen
molecular ion using a basis-set expansion, Phys. Rev. A 107 (2023) 042817. doi:10.1103/
PhysRevA.107.042817.

135


https://doi.org/10.1103/PhysRevLett.127.243001
https://doi.org/10.1103/PhysRevLett.127.243001
https://doi.org/10.1103/PhysRevA.100.042709
https://doi.org/10.1103/PhysRevA.109.052816
https://doi.org/10.1103/PhysRevA.109.052816
https://doi.org/10.1103/PhysRevA.98.022511
https://doi.org/10.1103/PhysRevA.106.042815
https://doi.org/10.1103/PhysRevA.106.042815
https://doi.org/10.1098/rsta.1953.0014
https://doi.org/10.1080/00268979300103211
https://doi.org/10.1080/00268979300103211
https://doi.org/10.1002/andp.19273892002
https://doi.org/10.1103/PhysRev.60.373
https://doi.org/10.1142/S021773231550128X
https://doi.org/10.1142/S021773231550128X
https://doi.org/10.1103/PhysRevA.61.064503
https://doi.org/10.1103/PhysRevA.61.064503
https://doi.org/10.1134/S1063779622010038
https://doi.org/10.1134/S1063779622010038
https://doi.org/10.1103/PhysRevA.74.052506
https://doi.org/10.1103/PhysRevA.74.052506
https://doi.org/10.1103/PhysRevA.105.052801
https://doi.org/10.1103/PhysRevA.105.052801
https://doi.org/10.1103/PhysRevA.107.042817
https://doi.org/10.1103/PhysRevA.107.042817

Bibliography

[42]
[43]

[44]

[45]

[46]

[47]
[48]

[49]

[52]

[53]

[54]

[55]

[56]

[57]

136

S. Alighanbari, M. R. Schenkel, V. I. Korobov, S. Schiller, subm.

V. I. Korobov, L. Hilico, J.-P. Karr, Hyperfine structure in the hydrogen molecular ion,
Phys. RBV.AL74(2006)O40502.doi:10.1103/PhySRevA.74.O40502

M. Haidar, V. I. Korobov, L. Hilico, J.-P. Karr, Higher-order corrections to spin-orbit
and spin-spin tensor interactions in hydrogen molecular ions: Theory and application to
H3, Phys. Rev. A 106 (2022) 022816. doi:10.1103/PhysRevA.106.022816.

J.-P. Karr, S. Patra, J. Koelemeij, J. Heinrich, N. Silltoe, A. Douillet, L. Hilico, Hydrogen
molecular ions: new schemes for metrology and fundamental physics tests, in: F. Riehle
(Ed.), 8th Symp. on Frequency Standards and Metrology 2015, Vol. 723 of Journal of
Physics: Conference Series, 2016, p. 012048. doi:10.1088/1742-6596/723/1/012048.

A. Dalgarno, T. N. L. Patterson, W. B. Somerville, The hyperfine structure of the hydro-
gen molecular ion, Proceedings of the Royal Society of London A: Mathematical, Physical
and Engineering Sciences 259 (1961) 100-109. doi:10.1098/rspa.1960.0213.

W. B. Somerville, A Revised Radio-Frequency Spectrum for H , Monthly Notices of the
Royal Astronomical Society 147 (1970) 201-205. doi:10.1093/mnras/147.2.201.

R. McEachran, C. Veenstra, M. Cohen, Hyperfine structure in the hydrogen molecular
ion, Chemical Physics Letters 59 (1978) 275-280. doi:10.1016/0009-2614(78)89095-2.

J. F. Babb, A. Dalgarno, Spin coupling constants and hyperfine transition frequencies
for the hydrogen molecular ion, Phys. Rev. A 46 (1992) R5317-R5319. doi:10.1103/
PhysRevA .46 .R5317.

K. B. Jefferts, Hyperfine Structure in the Molecular Ion H3, Phys. Rev. Lett. 23 (1969)
1476-1478. doi:10.1103/PhysRevLett.23.1476.

V. 1. Korobov, J. C. J. Koelemeij, L. Hilico, J.-P. Karr, Theoretical Hyperfine Structure
of the Molecular Hydrogen Ion at the 1 ppm Level, Phys. Rev. Lett. 116 (2016) 053003.
doi:10.1103/PhysRevLett.116.053003.

D. R. Bates, G. Poots, Properties of the Hydrogen Molecular Ion I: Quadrupole Transi-
tions in the Ground Electronic State and Dipole Transitions of the Isotopic Ions, Proc.
Phys. Soc. A 66 (1953) 784. doi:10.1088/0370-1298/66/9/302.

A. G. Posen, A. Dalgarno, J. M. Peek, The quadrupole vibration-rotation transition
probabilities of the molecular hydrogen ion, Atomic Data and Nuclear Data Tables 28
(1983) 265-277. doi:10.1016/0092-640X(83)90017~7.

H. Olivares Pilén, D. Baye, Quadrupole transitions in the bound rotational-vibrational
spectrum of the hydrogen molecular ion, Journal of Physics B: Atomic, Molecular and
Optical Physics 45 (2012) 065101. doi:10.1088/0953-4075/45/6/065101.

V. I. Korobov, P. Danev, D. Bakalov, S. Schiller, Laser-stimulated electric quadrupole
transitions in the molecular hydrogen ion Hj, Phys. Rev. A 97 (2018) 032505. doi:
10.1103/PhysRevA.97.032505.

D. T. Aznabayev, A. K. Bekbaev, V. I. Korobov, Magnetic dipole transitions in the Hy
ion, Phys. Rev. A 108 (2023) 052827. doi:10.1103/PhysRevA.108.052827.

V. 1. Korobov, D. Bakalov, Forbidden ortho-para electric dipole transitions in the Hy
ion, Phys. Rev. A 107 (2023) 022812. doi:10.1103/PhysRevA.107.022812.


https://doi.org/10.1103/PhysRevA.74.040502
https://doi.org/10.1103/PhysRevA.106.022816
https://doi.org/10.1088/1742-6596/723/1/012048
https://doi.org/10.1098/rspa.1960.0213
https://doi.org/10.1093/mnras/147.2.201
https://doi.org/10.1016/0009-2614(78)89095-2
https://doi.org/10.1103/PhysRevA.46.R5317
https://doi.org/10.1103/PhysRevA.46.R5317
https://doi.org/10.1103/PhysRevLett.23.1476
https://doi.org/10.1103/PhysRevLett.116.053003
https://doi.org/10.1088/0370-1298/66/9/302
https://doi.org/10.1016/0092-640X(83)90017-7
https://doi.org/10.1088/0953-4075/45/6/065101
https://doi.org/10.1103/PhysRevA.97.032505
https://doi.org/10.1103/PhysRevA.97.032505
https://doi.org/10.1103/PhysRevA.108.052827
https://doi.org/10.1103/PhysRevA.107.022812

Bibliography

[58]

[59]

[60]
[61]

[62]

[63]

[69]

[70]

[71]

[72]

C. Cohen-Tannoudji, B. Diu, F. Laloé, Quantum Mechanics, Volume II, Wiley-VCH,
2020.

D. James, Quantum dynamics of cold trapped ions with application to quantum com-
putation, Applied Physics B: Lasers and Optics 66 (1998) 181-190. doi:10.1007/
s003400050373.

S. Alighanbari, private communications.

Q.-L. Tian, L.-Y. Tang, Z.-X. Zhong, Z.-C. Yan, T.-Y. Shi, Oscillator strengths be-
tween low-lying ro-vibrational states of hydrogen molecular ions, The Journal of Chemical
Physics 137 (2012) 024311. doi:10.1063/1.4733988.

H. Olivares Pilén, D. Baye, Dipole transitions in the bound rotational-vibrational spec-
trum of the heteronuclear molecular ion HD*, Phys. Rev. A 838 (2013) 032502. doi:
10.1103/PhysRevA.88.032502.

D. Holzapfel, F. Schmid, N. Schwegler, O. Stadler, M. Stadler, J. Home, D. Kienzler,
Quantum Logic Spectroscopy of the Hydrogen Molecular Ion, in: DPG Spring Meeting
2024 of the Atomic, Molecular, Quantum Optics and Photonics Section, 2024.

URL https://www.dpg-verhandlungen.de/year/2024/conference/freiburg/part/
q/session/26/contribution/6

J.-P. Karr, M. Haidar, L. Hilico, Z.-X. Zhong, V. I. Korobov, Higher-order corrections
to spin-spin scalar interactions in HD" and Hj, Phys. Rev. A 102 (2020) 052827. doi :
10.1103/PhysRevA.102.052827.

S. C. Menasian, High resolution study of the (F, Fy) = (3/2,1/2) — (1/2,1/2) HFS
transitions in stored Hy molecular ions, Ph.D. thesis, University of Washington (1973).

A. Carrington, C. A. Leach, M. R. Viant, Nuclear hyperfine structure in the electronic
millimetre wave spectrum of H3, Chemical Physics Letters 206 (1993) 77-82. doi: 10.
1016/0009-2614(93)85520-X.

D. Holzapfel, F. Schmid, N. Schwegler, O. Stadler, M. Stadler, A. Ferk, J. P. Home,
D. Kienzler, Quantum control of a single Hj molecular ion (2024). arXiv:2409.06495.
URL https://arxiv.org/abs/2409.06495

P. W. Arcuni, Z. W. Fu, S. R. Lundeen, Energy difference between the (v =0, R = 1) and
the (v = 0, R = 3) states of Hj , measured with interseries microwave spectroscopy of Hs
Rydberg states, Phys. Rev. A 42 (1990) 6950-6953. doi:10.1103/PhysRevA.42.6950.

I. Doran, N. Holsch, M. Beyer, F. Merkt, Zero-Quantum-Defect Method and the Funda-
mental Vibrational Interval of Hy, Phys. Rev. Lett. 132 (2024) 073001. doi:10.1103/
PhysRevLett.132.073001

H. G. Dehmelt, Nobel lecture: Experiments with an isolated subatomic particle at rest
(December 1989).
URL https://www.nobelprize.org/prizes/physics/1989/dehmelt/lecture/

W. Paul, Nobel lecture: Electromagnetic traps for charged and neutral particles (Decem-
ber 1989).
URL https://www.nobelprize.org/prizes/physics/1989/paul/lecture/

P. Blythe, B. Roth, U. Frohlich, H. Wenz, S. Schiller, Production of ultracold trapped
molecular hydrogen ions, Phys. Rev. Lett. 95 (2005) 183002. doi:10.1103/PhysRevLett.
95.183002.

137


https://doi.org/10.1007/s003400050373
https://doi.org/10.1007/s003400050373
https://doi.org/10.1063/1.4733988
https://doi.org/10.1103/PhysRevA.88.032502
https://doi.org/10.1103/PhysRevA.88.032502
https://www.dpg-verhandlungen.de/year/2024/conference/freiburg/part/q/session/26/contribution/6
https://www.dpg-verhandlungen.de/year/2024/conference/freiburg/part/q/session/26/contribution/6
https://www.dpg-verhandlungen.de/year/2024/conference/freiburg/part/q/session/26/contribution/6
https://doi.org/10.1103/PhysRevA.102.052827
https://doi.org/10.1103/PhysRevA.102.052827
https://doi.org/10.1016/0009-2614(93)85520-X
https://doi.org/10.1016/0009-2614(93)85520-X
https://arxiv.org/abs/2409.06495
http://arxiv.org/abs/2409.06495
https://arxiv.org/abs/2409.06495
https://doi.org/10.1103/PhysRevA.42.6950
https://doi.org/10.1103/PhysRevLett.132.073001
https://doi.org/10.1103/PhysRevLett.132.073001
https://www.nobelprize.org/prizes/physics/1989/dehmelt/lecture/
https://www.nobelprize.org/prizes/physics/1989/dehmelt/lecture/
https://www.nobelprize.org/prizes/physics/1989/paul/lecture/
https://www.nobelprize.org/prizes/physics/1989/paul/lecture/
https://doi.org/10.1103/PhysRevLett.95.183002
https://doi.org/10.1103/PhysRevLett.95.183002

Bibliography

[73]

[74]

[75]

138

B. Roth, J. C. J. Koelemeij, H. Daerr, S. Schiller, Rovibrational spectroscopy of trapped
molecular hydrogen ions at millikelvin temperatures, Phys. Rev. A 74 (2006) 040501.
doi:10.1103/PhysRevA.74.040501.

J. Schmidt, T. Louvradoux, J. Heinrich, N. Sillitoe, M. Simpson, J.-P. Karr, L. Hilico,
Trapping, Cooling, and Photodissociation Analysis of State-Selected H3 Ions Produced
by (3 4 1) Multiphoton Ionization, Phys. Rev. Applied 14 (2020) 024053. doi:10.1103/
PhysRevApplied.14.024053.

Y. Zhang, Q.-Y. Zhang, W.-L. Bai, W.-C. Peng, S.-G. He, X. Tong, An efficient prepa-
ration of HD™ molecular ions in an ion trap by REMPI, Chinese Journal of Physics 84
(2023). doi:10.1016/j.cjph.2023.01.004.

C. Wellers, M. R. Schenkel, G. S. Giri, K. R. Brown, S. Schiller, Controlled prepara-
tion and vibrational excitation of single ultracold molecular hydrogen ions 120 (2022)
€2001599. doi:10.1080/00268976.2021.2001599.

N. Schwegler, D. Holzapfel, M. Stadler, A. Mitjans, I. Sergachev, J. P. Home, D. Kienzler,
Trapping and Ground-State Cooling of a Single Hf , Phys. Rev. Lett. 131 (2023) 133003.
doi:10.1103/PhysRevLett.131.133003.

C. M. Konig, F. Heile, J. Morgner, T. Sailer, B. Tu, K. Blaum, S. Schiller, S. Sturm,
Hyperfine Spectroscopy of Single Molecular Hydrogen lons in a Penning Trap at AL-
PHATRAP, in: International Conference on Precision Physics of Simple Atomic Systems,
2022.

URL https://psas.fuw.edu.pl/program/

H. Schnitzler, Development of an experiment for trapping, cooling, and spectroscopy of
molecular hydrogen ions, Ph.D. thesis, Universitit Konstanz (2001).

U. Frohlich, Coulomb Crystal Studies, Sympathetic Cooling, and Mass Spectrometry
Using Laser-Cooled Be™ Tons, Ph.D. thesis, Heinrich-Heine-Universitét Disseldorf (2008).

S. Alighanbari, Frequency metrology of HD' by ultra-high resolution rotational spec-
troscopy, Ph.D. thesis, Heinrich-Heine-Universitat Diisseldorf (2020).

S. Alighanbari, M. G. Hansen, V. I. Korobov, S. Schiller, Rotational spectroscopy of
cold and trapped molecular ions in the Lamb-Dicke regime, Nat. Phys. 14 (2018) 555.
doi:10.1038/s41567-018-0074-3.

M. Dunn, M. Ebrahim-Zadeh, Optical parametric oscillators, in: OSA Handbook of
Optics, Vol. 4, McGraw-Hill, New York, 2000, pp. 2201-2272.

Q.-F. Chen, A. Nevsky, M. Cardace, S. Schiller, T. Legero, S. Héfner, A. Uhde, U. Sterr,
A compact, robust, and transportable ultra-stable laser with a fractional frequency in-
stability of 1 x 107!, Rev. Sci. Instrum. 85 (2014) 113107. doi:10.1063/1.4898334.

C. J. Kwong, M. G. Hansen, J. Sugawara, S. Schiller, Characterization of the long-term
dimensional stability of a NEXCERA block using the optical resonator technique, Mea-
surement Science and Technology 29 (2018) 075011. doi:10.1088/1361-6501/aac3b0.

S. Héafner, S. Falke, C. Grebing, S. Vogt, T. Legero, M. Merimaa, C. Lisdat, U. Sterr,
8 x 10717 fractional laser frequency instability with a long room-temperature cavity, Opt.
Lett. 40 (2015) 2112-2115. doi:10.1364/0L.40.002112.


https://doi.org/10.1103/PhysRevA.74.040501
https://doi.org/10.1103/PhysRevApplied.14.024053
https://doi.org/10.1103/PhysRevApplied.14.024053
https://doi.org/10.1016/j.cjph.2023.01.004
https://doi.org/10.1080/00268976.2021.2001599
https://doi.org/10.1103/PhysRevLett.131.133003
https://psas.fuw.edu.pl/program/
https://psas.fuw.edu.pl/program/
https://psas.fuw.edu.pl/program/
https://doi.org/10.1038/s41567-018-0074-3
https://doi.org/10.1063/1.4898334
https://doi.org/10.1088/1361-6501/aac3b0
https://doi.org/10.1364/OL.40.002112

Bibliography

[87]

[88]

[89]

[90]

91

[92]
[93]

[94]

[95]

[98]

[99]

A. Didier, J. Millo, C. Lacrotite, M. Ouisse, J. Delporte, V. Giordano, E. Rubiola,
Y. Kersalé, Design of an ultra-compact reference ULE cavity, J. Phys. Conf. Ser. 723
(2016) 012029. doi:10.1088/1742-6596/723/1/012029.

K. Predehl, G. Grosche, S. M. F. Raupach, S. Droste, O. Terra, J. Alnis, T. Legero,
T. W. Héansch, T. Udem, R. Holzwarth, H. Schnatz, A 920-kilometer optical fiber link
for frequency metrology at the 19th decimal place, Science 336 (2012) 441-444. doi:
10.1126/science.1218442.

D. Husmann, L.-G. Bernier, M. Bertrand, D. Calonico, K. Chaloulos, G. Clausen, C. Cli-
vati, J. Faist, E. Heiri, U. Hollenstein, A. Johnson, F. Mauchle, Z. Meir, F. Merkt,
A. Mura, G. Scalari, S. Scheidegger, H. Schmutz, M. Sinhal, S. Willitsch, J. Morel, SI-
traceable frequency dissemination at 1572.06 nm in a stabilized fiber network with ring
topology, Opt. Express 29 (2021) 24592-24605. doi:10.1364/0E.427921.

C. Clivati, M. Pizzocaro, E. Bertacco, S. Condio, G. Costanzo, S. Donadello, I. Goti,
M. Gozzelino, F. Levi, A. Mura, M. Risaro, D. Calonico, M. Tgnnes, B. Pointard,
M. Mazouth-Laurol, R. Le Targat, M. Abgrall, M. Lours, H. Le Goff, L. Lorini, P.-
E. Pottie, E. Cantin, O. Lopez, C. Chardonnet, A. Amy-Klein, Coherent Optical-Fiber
Link Across Italy and France, Phys. Rev. Appl. 18 (2022) 054009. doi:10.1103/
PhysRevApplied.18.054009.

T. Schneider, B. Roth, H. Duncker, I. Ernsting, S. Schiller, All-optical preparation of
molecular ions in the rovibrational ground state, Nat. Phys. 6 (2010) 275 — 278. doi:
10.1038/NPHYS1605.

W. Yang, R. Alheit, G. Werth, Vibrational population of HJ after electroionization of
thermal Hy, Z. Phys. D: At., Mol. Clusters 28 (1993) 87-88. doi:10.1007/BF01436971.

G. Dunn, Photodissociation of Hy and D3: Theory and Tables (92) (1968) 1-54, JILA
Pub. 381.

Z. Amitay, D. Zajfman, P. Forck, Rotational and vibrational lifetime of isotopically
asymmetrized homonuclear diatomic molecular ions, Phys. Rev. A 50 (1994) 2304-2308.
doi:10.1103/PhysRevA.50.2304.

J. C. J. Koelemeij, B. Roth, S. Schiller, Blackbody thermometry with cold molecular
ions and application to ion-based frequency standards, Phys. Rev. A 76 (2007) 023413.
doi:10.1103/PhysRevA.76.023413.

R. H. Dicke, The effect of collisions upon the Doppler width of spectral lines, Phys. Rev.
89 (1953) 472-473. doi:10.1103/PhysRev.89.472.

S. Patra, M. Germann, J.-P. Karr, M. Haidar, L. Hilico, V. 1. Korobov, F. M. J. Cozijn,
K. S. E. Eikema, W. Ubachs, J. C. J. Koelemeij, Proton-electron mass ratio from laser
spectroscopy of HD" at the part-per-trillion level, Science 369 (2020) 1238-1241. doi :
10.1126/science.aba0453.

M. R. Schenkel, V. Vogt, S. Schiller, Metrology-grade spectroscopy source based on an
optical parametric oscillator, Opt. Express 32 (2024) 43350-43365. doi:10.1364/0E.
538442.

M. R. Schenkel, S. Alighanbari, S. Schiller, Laser spectroscopy of a rovibrational transition
in the molecular hydrogen ion Hj, Nature Physics 20 (2024) 383-388. doi:10.1038/
s41567-023-02320-z.

139


https://doi.org/10.1088/1742-6596/723/1/012029
https://doi.org/10.1126/science.1218442
https://doi.org/10.1126/science.1218442
https://doi.org/10.1364/OE.427921
https://doi.org/10.1103/PhysRevApplied.18.054009
https://doi.org/10.1103/PhysRevApplied.18.054009
https://doi.org/10.1038/NPHYS1605
https://doi.org/10.1038/NPHYS1605
https://doi.org/10.1007/BF01436971
https://doi.org/10.1103/PhysRevA.50.2304
https://doi.org/10.1103/PhysRevA.76.023413
https://doi.org/10.1103/PhysRev.89.472
https://doi.org/10.1126/science.aba0453
https://doi.org/10.1126/science.aba0453
https://doi.org/10.1364/OE.538442
https://doi.org/10.1364/OE.538442
https://doi.org/10.1038/s41567-023-02320-z
https://doi.org/10.1038/s41567-023-02320-z

Bibliography

[100]

[101]

[102]

103]
[104]

[105]

[106]

[107]

[108]

[109]

[110]

111]

[112]

113]

[114]

140

M. Germann, X. Tong, S. Willitsch, Observation of dipole-forbidden transitions in sym-
pathetically cooled, state-selected, homonuclear diatomic molecular ions, Nat. Phys. 10
(2014) 820-824. doi:10.1038/nphys3085.

P. O. Schmidt, T. Rosenband, C. Langer, W. M. Itano, J. C. Bergquist, D. J. Wineland,
Spectroscopy using quantum logic, Science 309 (2005) 749-752. doi:10.1126/science.
1114375.

M. Sinhal, Z. Meir, K. Najafian, G. Hegi, S. Willitsch, Quantum-nondemolition state
detection and spectroscopy of single trapped molecules, Science 367 (2020) 1213-1218.
doi:10.1126/science.aaz9837.

P. Marmet, L. Kerwin, Experimentally measured vibrational levels in Hj, Canadian
Journal of Physics 38 (1960) 972-974. doi:10.1139/p60-107.

L. Aasbrink, The photoelectron spectrum of Hy, Chemical Physics Letters 7 (1970) 549
552. doi:10.1016/0009-2614(70)80169-5.

S. Takezawa, Absorption Spectrum of Hy in the Vacuum-uv Region. II. Rydberg Series
Converging to the First Six Vibrational Levels of the Hy Ground State, The Journal of
Chemical Physics 52 (1970) 5793-5799. doi:10.1063/1.1672861.

G. Herzberg, C. Jungen, Rydberg series and ionization potential of the Hs molecule,
Journal of Molecular Spectroscopy 41 (1972) 425-486. doi:10.1016/0022-2852(72)
90064-1.

A. Carrington, I. R. McNab, C. A. Montgomerie, Microwave electronic spectrum of the
H ion, Chemical Physics Letters 160 (1989) 237-242. doi:10.1016/0009-2614(89)
87589-X.

Z. W. Fu, E. A. Hessels, S. R. Lundeen, Determination of the hyperfine structure of
Hy (v = 0, R = 1) by microwave spectroscopy of high-L, n = 27 Rydberg states of Ha,
Phys. Rev. A 46 (1992) R5313-R5316. doi:10.1103/PhysRevA.46.R5313.

A. Carrington, C. A. Leach, R. E. Moss, T. C. Steimle, M. R. Viant, Y. D. West, Mi-
crowave electronic spectroscopy, electric field dissociation and photofragmentation of the
H3 ion, J. Chem. Soc., Faraday Trans. 89 (1993) 603-614. doi:10.1039/FT9938900603.

A. D. J. Critchley, A. N. Hughes, I. R. McNab, Direct measurement of a pure rotation
transition in H3 , Phys. Rev. Lett. 86 (2001) 1725-1728. doi:10.1103/PhysRevLett.86.
1725.

A. Osterwalder, A. Wiiest, F. Merkt, C. Jungen, High-resolution millimeter wave spec-
troscopy and multichannel quantum defect theory of the hyperfine structure in high Ry-
dberg states of molecular hydrogen H3, The Journal of Chemical Physics 121 (2004)
11810-11838. doi:10.1063/1.1792596.

C. Haase, M. Beyer, C. Jungen, F. Merkt, The fundamental rotational interval of para-HJ
by MQDT-assisted Rydberg spectroscopy of Hs, The Journal of Chemical Physics 142
(2015) 064310. doi:10.1063/1.4907531.

S. Cohen, J. R. Hiskes, R. J. Riddell, Vibrational States of the Hydrogen Molecular Ion,
Phys. Rev. 119 (1960) 1025-1027. doi:10.1103/PhysRev.119.1025.

H. Wind, Vibrational States of the Hydrogen Molecular Ion, The Journal of Chemical
Physics 43 (1965) 2956-2958. doi:10.1063/1.1697256.


https://doi.org/10.1038/nphys3085
https://doi.org/10.1126/science.1114375
https://doi.org/10.1126/science.1114375
https://doi.org/10.1126/science.aaz9837
https://doi.org/10.1139/p60-107
https://doi.org/10.1016/0009-2614(70)80169-5
https://doi.org/10.1063/1.1672861
https://doi.org/10.1016/0022-2852(72)90064-1
https://doi.org/10.1016/0022-2852(72)90064-1
https://doi.org/10.1016/0009-2614(89)87589-X
https://doi.org/10.1016/0009-2614(89)87589-X
https://doi.org/10.1103/PhysRevA.46.R5313
https://doi.org/10.1039/FT9938900603
https://doi.org/10.1103/PhysRevLett.86.1725
https://doi.org/10.1103/PhysRevLett.86.1725
https://doi.org/10.1063/1.1792596
https://doi.org/10.1063/1.4907531
https://doi.org/10.1103/PhysRev.119.1025
https://doi.org/10.1063/1.1697256

Bibliography

[115] V. I. Korobov, L. Hilico, J. P. Karr, Theoretical transition frequencies beyond 0.1 ppb
accuracy in Hy , HDT, and antiprotonic helium, Phys. Rev. A 89 (2014) 032511. doi:
10.1103/PhysRevA.89.032511.

[116] W. B. Somerville, The radio-frequency spectrum of H3, Mon. Not. R. astr. Soc. 139
(1968) 163. doi:10.1093/mnras/139.2.163.

[117] V. L. Korobov, L. Hilico, J.-P. Karr, Relativistic corrections of ma®(m/M) order to the
hyperfine structure of the Hy molecular ion, Phys. Rev. A 79 (2009) 012501. doi:
10.1103/PhysRevA.79.012501.

141


https://doi.org/10.1103/PhysRevA.89.032511
https://doi.org/10.1103/PhysRevA.89.032511
https://doi.org/10.1093/mnras/139.2.163
https://doi.org/10.1103/PhysRevA.79.012501
https://doi.org/10.1103/PhysRevA.79.012501




Nomenclature

BASE
BBR
CODATA
CPT theorem
CW

El

E2

GNSS

M1
MHI(s)
NRQED
OFC
OPO

PLL
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TICTES

Baryon Antibaryon Symmetry Experiment

Black-body radiation
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charge, paritiy and time reversal theorem
continuous-wave

electric-dipole (transition)
electric-quadrupole (transition)
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magnetic-dipole (transition)

molecular hydrogen ion(s)
non-relativistic quantum electrodynamics
optical frequency comb
optical-parametric oscillator
phase-locked loop

quantum electrodynamics
second-harmonic generation
International System of Units

Standard Model of particle physics

Trapped ion cluster transverse excitation spectroscopy
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