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Abstract

Homonuclear diatomic molecules, such as Hy or N9, are usually not expected to show
a vibrational spectrum. Although this is true within the electric-dipole approximation,
higher-order terms in the interaction of matter and radiation give rise to very weak
spectroscopic transitions. These “electric-dipole-forbidden” transitions are spectrally
extremely narrow and thus of interest to precision spectroscopy and tests of fundamen-
tal physical theories by high-precision measurements.

Until recently, such forbidden transitions have only been observed in neutral molecules,
but not in molecular ions. In this thesis, we report the observation of electric-quadrupole
rotation-vibration transitions in the molecular nitrogen cation N;—to our knowledge
the first observation of a dipole-forbidden vibrational transition in a molecular ion.

For this observation, Nj ions produced state-selectively by photoionization of neutral
Ny molecules were trapped in a radio-frequency ion trap (linear Paul trap) and cooled
to millikelvin temperatures through interaction with cotrapped, laser-cooled atomic
Cat ions (sympathetic cooling). Vibrational excitation of Nj was achieved with high-
intensity mid-infrared radiation from a frequency-stabilized quantum cascade laser.
Vibrationally excited ions were detected through a state-dependent charge-transfer
reaction of Nj with Ar atoms.

Addressing these extremely narrow transitions in a molecular ion enables the applica-
tion of techniques developed for manipulation and control of atomic ions that exploit
the long-range Coulomb interaction of charged particles, such as trapping, sympathetic
cooling and non-destructive state detection through mapping of the quantum state to
a cotrapped, experimentally more easily accessible ion (quantum logic spectroscopy).

Besides reporting the observation of electric-quadrupole rotation-vibration transitions
in a molecular ion, this thesis gives a detailed description of the mechanism underlying
these transitions and a derivation of their line strengths in fine- and hyperfine-resolved
spectra based on spherical tensor algebra.

Moreover, a model for fine- and hyperfine-structure effects in molecular photoionization,
an essential method for production of molecular ions, is presented. The model was
successfully applied to analyze photoelectron spectra from the literature and is used to
study future hyperfine-state-selective molecular photoionization schemes.

Finally, a quantum-logic state-detection method for molecular ions is discussed. The
method is based on state-dependent optical dipole forces acting on a hybrid molecular-
atomic two-ion system. By inducing a geometric quantum phase, these forces map the
state of the molecular ion onto the atomic one, from which it may be detected through
interrogation of a closed optical cycling transition. Here, feasibility of this method
for the Ng‘-Ca"r system is positively assessed by estimating the relevant experimental
parameters.

Our observation and the theoretical framework developed here might considerably in-
crease the precision and accuracy of molecular spectroscopy and therefore open up a
new route to study fundamental scientific questions by means of high-precision molec-
ular spectroscopy, such as a possible variation of fundamental physical constants or the
search for yet unknown fundamental interactions.






Feliz, qui potuit rerum cognoscere causas.
Lucky who was able to understand the causes of things.
(Publius Vergilius Maro)
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Chapter 1

Introduction

Understanding nature

The goal of science is to understand the causes behind the phenomena observed in nature. Under-
standing, in physics means to describe these phenomena with mathematical models. Such models are
regarded correct, when they properly predict the results of quantitative observations, or measure-

ments.

In the endeavour to achieve ever deeper insights, new models are tested that have been suggested to
incorporate new observations or observations so far not described by a unified model. The previous
models are not wrong—they have been proven correct by observation—but they may not be applicable
in regimes they were not tested for and where discrepancies between predictions and measurements
hence were not noticed. Moreover, even in the regime in which a model was tested discrepancies
between measurements and predictions of the model could also have been too small for having been

discovered at the uncertainty of the measurements done as tests.

We may, e.g., use the model of classical mechanics to describe mechanical phenomena of our everyday
life, say, the dynamics of a bicycle. This means, predictions of that model will closely reproduce
observations. However, we know that classical mechanics is not the whole truth. At speeds much higher
than reached with a bicycle, we would notice deviations between measurements and predictions. So, we
had to replace the model of classical mechanics by relativistic mechanics. The former is not wrong, but
just not applicable for such high velocities. We would notice the same, if we were to study phenomena
at everyday-life velocities with classical mechanics, but measure physical quantities with uttermost
precision: we would encounter discrepancies between theory and observations not noticed previously

and hence not covered by the model of classical mechanics.

So, to test established physical models for deviations between predictions and observations and to
search for more fundamental models, we may either perform experiments in a regime not yet or hardly
examined or we may increase the precision of our measurements to unveil discrepancies so far obscured
by measurement uncertainties. A situation similar to the one described here, prevails currently at the

level of fundamental models in physics.
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The present view on the world in physics

The two big pillars our most fundamental understanding of the world in terms of physics lies on are
the standard model of particle physics and the general theory of relativity. According to the standard
model, matter consists of fundamental particles, quarks and leptons. Quarks make up hadrons and as
such protons and neutrons in atomic nuclei that form together with the electron, a lepton, the matter
around us [1]. Between these particles, four fundamental interactions are observed, the electromagnetic,
the “weak” and the “strong” interaction as well as gravity. The former three are covered by the
standard model, the latter is described by the general theory of relativity [2]. These models have been

proven correct in numerous observations.

This picture, however, is challenged by astrophysics and cosmology as well as theoretical considerations.
For example, the nature of the “dark matter”, introduced in cosmological models to account for the
dynamics of visible matter, as well as the one of “dark energy”, proposed to describe the accelerated
expansion of the universe, are unknown [3, 4]. Concerning gravity, a generally accepted model unifying

gravity with the other three fundamental forces has not yet been found [2, 5].

Furthermore, the “fundamental constants”, meaning the free parameters used to fit the predictions of
these models to experimental results, cannot be predicted within these models. Hence, rationalizing
their values by a more fundamental description is desirable. Also, the values of these constants, or
more precisely their low-energy limits, are assumed to be the same—or “constant”—everywhere and
at every moment in time—an assumption that might be questioned given that we live in a changing,

steadily expanding universe.

Therefore, theories beyond these established models involving additional particles, presently unknown
forces or extra dimensions have been developed. Hence, experimental data to test such theories are

desired.

Following the scheme described above, such tests may either be done by searching for new phenomena
in a regime established models were not tested for, say, at very high, so far hardly explored or un-
reached interaction energies—the approach followed in elementary particle physics—or by increasing
the precision of measurements in well studied regimes to search for signatures of phenomena so far
concealed by measurement uncertainties. The latter approach is the one followed in high-precision
atomic and molecular spectroscopy. Effects beyond the standard model are expected to manifest in
the low-energy limit probed by spectroscopic experiments as tiny changes in the frequencies of spec-
troscopic transitions. Although these deviations are tiny, the overwhelming precision and accuracy
achieved in spectroscopy and frequency metrology over the last decades might enable their detection

and renders these techniques promising ways to search for such “new physics”.

Among the phenomena studied by high-precision experiments and particularly among those benefitting
from the properties of high-precision molecular spectroscopy are investigations of possible variations

of fundamental constants and the search for yet unknown fundamental interactions.

Many cosmological models and models unifying gravity with the other fundamental interactions predict
a change of fundamental constants over the evolution of the universe. Among others, variations of the
fine-structure constant « or the proton-to-electron mass ratio u = mp/me are claimed. Indeed, data
from quasar absorption spectra, from the Oklo natural nuclear reactor as well as other observations

suggest values for these constants over the evolution of the universe and during the history of earth
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different from their present-day figures. However, no conclusive evidence has been found so far [6, 7,

8, 9].

Variations in both of these constants, a and u, have been investigated using high-precision spectro-
scopic experiments (recent measurements include [10, 11, 12]). Molecular experiments are particularly
suited to search for possible variations in u, since the frequencies of molecular rotation and vibration
transitions show a more prominent dependence on the mass ratio p than transitions in atoms. Hence,
molecules have been proposed as probes for u-variation already four decades ago [13] and have been
employed in various astrophysical studies (see [14, 15] for two recent investigations). High-precision

laboratory studies with molecules are hence promising [16, 17, 18].

Certain extensions of the standard model suggest additional fundamental interactions, known as a
“fifth force” [20, 21]. Thus, searches for unknown forces are an interesting route to look for new
physics. High-precision spectroscopy on simple systems, such as the hydrogen or the helium atom,
treatable with ab-initio quantum-electrodynamics (QED) calculations may provide a test for such
unknown forces. If existing, they might manifest as deviations of the measured transition frequencies
from ab-initio predictions. Whereas the H and He atom provide a test ground for unknown hadron-
lepton and lepton-lepton interactions, respectively, simple molecules also treatable with ab-initio QED
such as the hydrogen molecule Hy and the molecular hydrogen cation H;r as well as their deuterated
cousins HD, HDT and Do, D2+ may be used as probes to search for unknown hadron-hadron interactions
[20].

Contributions of high-precision molecular spectroscopy to fundamental science besides these two ex-
amples include measurements of the electric-dipole moment of the electron [22, 23, 24] or the search
for signs of parity violation in stereoisomers due to the weak interaction [25], whose parity-violating
character is well-known from nuclear and elementary particle physics [26, 27]. Considerable interest

in this effect exists because of a possible link to the homochirality of biomolecules [28].

Spectroscopy: Allowed and forbidden transitions

For high-precision measurements, the atomic or molecular transitions examined need to be spectrally
narrow, i.e., they must exhibit a small natural linewidth. This is only possible for “weak” transi-
tions, meaning transitions hardly excited by electromagnetic radiation—in the language of quantum

mechanics, transitions with a small transition matrix element.?

The excitation of spectroscopic transitions by electromagnetic radiation occurs via the coupling of the
charges in an atom or a molecule to the electromagnetic radiation field. Usual transitions are driven
by the coupling of the system to the field via the quantum mechanical electric-dipole operator. These
“electric-dipole-allowed” transitions are often “too strong” for high-precision studies, meaning their
linewidths are too large. Therefore, high-precision measurements rely on transitions with either an

exceptionally low or even a vanishing electric-dipole transition matrix element. The latter are known

1Strictly speaking, measurements of rotational-vibrational transition frequencies in most molecules do not probe the
proton-to-electron mass ratio directly, but rather the ratio of some effective mass of the molecule, depending on the
masses of the nuclei in the molecule, to the mass of the electron. In general, it is assumed that the neutron mass follows
the same behaviour as the one of the proton and that no effects depending on quark structure persist such that molecular
rotational-vibrational frequencies may be used to probe the proton-to-electron mass ratio [19].

2The transition matrix element is in general a complex quantity and “small” thus refers to its absolute value.
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as “electric-dipole-forbidden” transitions. Though dubbed “forbidden”, these transitions do occur due
to the coupling of the charges to the electromagnetic field via higher-order terms in the respective
multipole expansion, most prominently via the magnetic-dipole and the electric-quadrupole term.
However, forbidden transitions are very weak. Typical transition rates are several orders of magnitude

lower than those of electric-dipole-allowed transitions.

Although their low intensity renders these forbidden transitions challenging to observe, they also
exhibit natural linewidths orders of magnitude smaller than those of allowed ones, rendering them
well suited for high-precision measurements. Indeed, spectroscopic experiments aimed at fundamental
effects largely rely on such forbidden transitions. For example, measurements of forbidden transitions

in atomic ions have been used to search for a variation in the fine-structure constant « [11, 12].

Electric-quadrupole rotation-vibration transitions

The mechanism of forbidden transitions is particularly well conceivable in the case of vibrational
transitions in diatomic molecules. According to the usual tenet of molecular spectroscopy, a diatomic
molecule may only exhibit a vibrational spectrum, if the molecular electric-dipole moment changes as a
function of the internuclear separation. For homonuclear diatomic molecules, such as Hg, No, etc., the
electric-dipole moment vanishes due to symmetry reasons for all internuclear distances. Consequently,

it does not change with distance and thus vibrational transitions are not supposed to occur.

This reasoning, however, is only valid within the electric-dipole approximation. Higher-order terms
in the multipole expansion of the charge distribution of homonuclear diatomics, such as the electric-
quadrupole term do exist and couple to electromagnetic radiation. This coupling may excite vibrational
transitions. However, the intensities of these transitions are reduced by roughly a factor 10~® compared

to dipole-allowed transitions [29, 30].

The first observation of electric-quadrupole vibrational transitions, or “lines” in the jargon of spec-
troscopy, dates back over half a century to an absorption experiment of Hy done by Herzberg [31].
Because of the extreme weakness of electric-quadrupole lines, an equivalent absorption path length of
several kilometres was needed for this measurement. Later on, electric-quadrupole rotation-vibration
spectra of other species such as O2 and Ny have been reported [32, 33]. Recently, such experiments
attracted renewed interest in view of precision studies. With the technique of cavity ring-down spec-
troscopy, spectra of electric-quadrupole rotation-vibration lines were recorded with high precision
[34, 35, 36, 37, 38]—some of them subsequently being interpreted in terms of fifth-force searches
[20].

Advantages of ions: trapping, shielding, cooling, detection

For high-precision spectroscopy, the narrow forbidden lines must also not be impaired by additional
broadening mechanisms such as thermal motion (Doppler broadening) or collisions (pressure broaden-
ing). These effects are reduced by observation in a well controlled, shielded, collision-free environment

at low temperatures.
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Tons, and particularly molecular ions, offer a couple of advantages to achieve this control compared to
their neutral counterparts. Because of their charge, ions may be electrically trapped, allowing for long
interrogation times in the largely collision-free environment of an ultra-high vacuum. The Coulomb
interaction between ions also allows “sympathetic cooling”: the ions to be investigated, known as the
“spectroscopy ions”, are cooled via the exchange of kinetic energy with nearby, laser-cooled ions of
another species, known as the “refrigerator ions”. Since laser cooling is a well-established technique
for atomic ions but—apart from a very few exceptions—is not applicable to molecules, sympathetic
cooling of molecular spectroscopy ions with atomic refrigerator ions offers a method to significantly
reduce Doppler broadening of molecular transitions and as such represents an important technique for

high-precision molecular spectroscopy.

Finally, the Coulomb interaction between a pair of trapped ions may be used for indirect state-detection
schemes. In such schemes, the quantum state of a spectroscopy ion is mapped to another ion, known
as the “logic ion”, which is more easily accessible for state detection. This technique is known as
“quantum logic spectroscopy”, since it is based on techniques borrowed from trapped-ion quantum
information processing experiments. Concerning molecular spectroscopy, the method allows to detect
the quantum state of a molecular ion in a non-destructive way, which is otherwise prevented by the lack

of closed optical cycling transitions used for state detection in atomic ions [39, 40, 41, 42, 43, 44].

Because of these advantages, some of the most precise measurements in physics have been achieved

with electric-dipole-forbidden transitions in trapped atomic ions [11, 12].

Forbidden transitions in molecular ions

Concerning molecular ions, however, no electric-dipole forbidden rotation-vibration spectra have been
observed until recently. The advantages of ions have thus not fully been exploited in precision molecular
spectroscopy. For example, the above-mentioned studies on a possible time variation of the proton-to-
electron mass ratio have been carried out either with weak, electric-dipole-allowed transitions or have

been restricted to neutral species.

In this thesis, we show that electric-dipole-forbidden rotation-vibration transitions in a molecular ion
may be addressed. More precisely, we report the observation of electric-quadrupole infrared funda-
mental lines in trapped and cooled molecular nitrogen cations N2+. To the best of our knowledge, this

is the first observation of an electric-dipole-forbidden vibrational transition in a molecular ion.

On the basis of our measurement as well as theoretical estimates based on ab-initio calculations from
the literature [45], we estimated the natural linewidth of the observed transitions to reach down to
the nanohertz range. Correspondingly, lifetimes of the vibrationally excited states of several months

are expected.

Therefore, our measurements open the way to study fundamental questions such as those mentioned
above with a novel, promising approach. Indeed, dipole-forbidden rotation-vibration transitions have
been proposed as molecular clocks and to search for variations in the proton-to-electron mass ratio p
[46, 47]. In particular, transitions in N;’ have been shown promising for such studies based on estimates
for the sensitivity of transition frequencies on spurious electromagnetic fields [16, 48] and given that

N3 ions are well suited for sympathetic cooling by Ca™ ions.
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As usual for a new observation, our findings not only open up new opportunities, but also raise new
questions: how can we understand the measured spectrum, particularly its fine and hyperfine structure?
Which effects of our experimental approach do we need to take into account when analyzing our data?
Do we, e.g., understand the details of our ion production method? Which new tools do we need for

further experiments to exploit the full potential of our discovery?

Apart from reporting the first observation of electric-dipole-forbidden rotation-vibration transitions
in a molecular ion, the goal of this thesis is to provide the theoretical framework for discussing these
questions and to explore possible routes for future experiments fully exploiting the potential of these
narrow transitions—with the goal of opening up a new route for investigating questions of fundamental

physics.

Outline of this thesis

The points just mentioned already give an overview of the contents of this thesis. In the follow-
ing chapter, the general theory of spectroscopic transitions and in particular of electric-quadrupole,
rotation-vibration transitions in diatomic molecules is developed. There, the ideas outlined above
about the “weakness” of electric-quadrupole transitions are formulated in an exact way. In Ch. 3, this
theory is applied to the N;‘ molecular cation and extended to cover the fine and hyperfine structure
of this species. The experimental setup for the observation of electric-quadrupole rotation-vibration
transitions in N2+ is described in Ch. 4. The results of the measurements with this setup are presented
and critically discussed. In Ch. 5, a model for the photoionization of diatomic molecules covering fine-
and hyperfine-structure effects is developed. In view of open questions raised in the analysis of the
experimental results in the previous chapter as well as of future high-precision experiments, this model
provides essential insights into molecular photoionization. In Ch. 6, a non-destructive state-detection
method, a form of quantum logic spectroscopy, for molecular ions is presented. Finally, the findings
of this thesis are summarized and discussed as well as an outlook on a possible continuation of the

experiments is given.



Chapter 2

Theory of rotation-vibration

transitions in diatomic molecules

2.1 Introduction

In the introductory chapter, we have already mentioned electric-dipole and electric-quadrupole transi-
tions and emphasized the weakness of the latter. In this chapter, these concepts are discussed rigorously

by working out the fundamental principles of spectroscopic transitions.

First, the theory of spectroscopic transitions is developed for a generic single-particle system. Essential
concepts and the corresponding terminology, such as the formulation of the interaction of matter and
radiation in a series expansion, which leads to the classification of spectroscopic transitions in electric-
dipole lines, magnetic-dipole lines, electric-quadrupole lines, etc., are introduced. The corresponding
transition rates are calculated for excitation by a plane electromagnetic wave as well as by isotropic
radiation. Based on the latter, the Einstein rate coefficients are worked out leading to a phenomenolog-
ical treatment of spontaneous emission. We deduce these concepts in a clean and consistent way based
on time-dependent quantum mechanical perturbation theory as an underlying principle. After having
developed this theory for a single-particle system, we apply it in an appropriately extended form to

spectroscopic transitions in diatomic molecules, particularly rotation-vibration transitions.

Obviously, this theory has not been developed originally in this thesis but rather has been around for
quite some time already. However, it seems that a complete and consistent text treating electric-dipole-
forbidden rotation-vibration transitions in molecules is hardly readily available. Even though forbidden
transitions are discussed in a couple of textbooks on atomic spectroscopy (among others [49, 50, 51]),
these treatments are not directly applicable to molecular spectroscopy. Textbooks on molecular spec-
troscopy, on the other hand, present forbidden transitions usually only in a brief way—if at all. In the
theory and review articles available on the subject (e.g., [52, 53, 54]), the results presented are not de-
rived from first principles, which hinders a profound understanding of the underlying physical concepts
and comprises the risk of applying expressions wrongly for lack of understanding of the underlying
definitions and assumptions. Furthermore, many of the texts mentioned above were published several
decades ago—some of them even less than a decade after the advent of quantum physics in its present
form—which does not ease accessibility. Therefore, we give here a clear and consistent description of

these concepts as a theoretical basis of this thesis.
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2.2 Interaction of a quantum mechanical system with electromag-

netic radiation

2.2.1 The quantum mechanical system

In spectroscopic experiments, the reaction of a quantum mechanical system (an atom, a molecule,
a crystal, a quantum dot, etc.) exposed to electromagnetic radiation is studied. On one hand, the
system may influence the radiation field, as by absorption of radiation or inducing a phase shift, on
the other hand, the radiation may change the population of the different quantum states of the system
as well as affect the relative quantum phases between them. States not populated prior to exposition
to radiation can, e.g., get populated. This change can be detected, e.g. by the fluorescence when the
population in such an excited state decays to a lower state or—as in the experiment described in
Ch. 4—by a change in the chemical reactivity of the system. In the following, the dynamics of the
simplest quantum mechanical system exhibiting these effects, a two-level single-particle system, under

the influence of an external perturbation will be studied.!

We begin with a two-level quantum mechanical system governed by a time-independent Hamiltonian
H° with two known eigenstates, the energetically lower one |¢),) and the energetically higher one |t,).
They are solutions of the time-independent Schrédinger equation of the system with the corresponding

energies E, and E}, (with Ey, > E,),

HO |1/)a> =FE, |¢a> ) (2.1&)
HO [ypy) = By 9hp) . (2.1b)

As noted above, we are interested in the reaction of the system when affected by an external time-
dependent perturbation described by the Hamiltonian H' (t) with ¢t denoting the time variable. The

total Hamiltonian (system and perturbation) thus reads,
H(t) = H° + H'(t), (2.2)
and we would like to find a solution |¥(¢)) for the Schrédinger equation,
A (1) [W(1)) = ih - [W(1) (2.3)

Because the states |¢,) and |1¢p,) form a basis of the relevant Hilbert space, we may express the solution

as a linear combination of them with time-dependent coefficients and use the ansatz:
[W(t)) = ca(t) [¢0a) exp(—iEat/h) + cu(t) [b) exp(—iEnt/h). (2.4)

The solution is thus obtained when having found expressions for the coefficients ¢, (t) and cp(t). In

particular, the populations in the lower and upper state P,(t) and Py(t) are given by these coefficients
as Py (t) = |cam) ()%

This problem is discussed in many physics and spectroscopy textbooks (see, e.g., [55]) and is thus not

'The following treatment is mainly based on the texts by Griffiths [55] and by Park [56] as well as to a minor extent
on the one by Bransden and Joachain [57].
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reproduced here. With the abbreviation Hl’7 = <1/)i|H’|1/Jj> for i, j = a, b and the additional assumption
of vanishing diagonal elements of the perturbing Hamiltonian? (H!, = H{, =0), the solution is given

in the form of two coupled, first-order differential equations as,

1

h
ép(t) = _ﬁHéa exp(iwpat)ca(t), (2.5b)

éalt) = — Hly, exp(—iwpat)ep (1), (2.50)

with wp, = (Ey, — Ea)/k and dotted symbols (7) denoting the respective temporal derivatives.

As for every temporal differential equation, initial conditions are needed to solve equation (2.5). They
are assumed here as ¢,(0) = 1 and ¢,(0) = 0, meaning that the system is in the lower state at
t = 0. For a vanishing perturbation (H' "= 0), this state would be preserved forever. We obtain an
approximate solution for equation (2.5), within first-order perturbation theory (known as the “weak
field solution”), when substituting this “zeroth-order” result into the right-hand side of equation (2.5).

Integration then yields,
I
i )
op(t) = _ﬁ/ H{ (') exp(iwpat’)dt. (2.6)
0

Within first-order perturbation theory, the whole dynamics of the system is described by this coeffi-

cient.

2.2.2 The radiation field

So far the physical meaning of the perturbing Hamiltonian H’ has not been specified. It could represent
any effect influencing the system. In spectroscopic experiments, this perturbation is usually caused by
electromagnetic radiation. Here, this radiation is treated as a classical electromagnetic field. Although
this treatment fails in describing phenomena involving few-photon effects and restricts our treatment
of spontaneous emission to a phenomenological one, it is appropriate for describing many spectroscopic

experiments.

The electromagnetic field is therefore governed by Maxwell’s equations, which read in free space,

V-E=0, (2.7a)
V-B=0, (2.7b)
0B
V x 5 (2.7¢)
1 OE
B= -2 2.
V x 250 (2.7d)

with E and B the electric and magnetic field respectively, ¢ the speed of light in vacuum and V the

nabla operator.

Solutions for these equations can be given in terms of a vector potential A and a scalar potential V'

2If this condition is not met, the solution retains a similar form but with additional phase factors [65]. For simplicity,
here, this assumption is assumed to hold.
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according to:

B=VxA, (2.8a)

0A
E=-VV - —. 2.8b
ot ( )
In the experiments described in Ch. 4, the electromagnetic field used to study the system (a molecular
ion) is the electromagnetic field of a laser beam. For a region of the size of a molecule, the electro-
magnetic field in such a beam is described to a good approximation by a plane electromagnetic wave.3

The vector potential A of a linearly polarized plane wave may be written as,
A(r,t) = Apegcos(k - r — wt), (2.9)

and the scalar potential is chosen to vanish (V' = 0). Here, the independent variable r represents
the position vector, Ag is the amplitude of the field and ey a unit vector describing the direction of
polarization. Moreover, k is the wavevector that points in direction of propagation and is perpendicular
to the polarization vector (eg - k = 0). Finally, w is the angular frequency of the wave and is related

to k by |k| = k = w/c. The vector potential given above is divergence free, i.e., V- A = 0.
The electric field corresponding to this vector potential is,

E(r,t) = —W = Epepsin(k - r — wt), (2.10)

with Fy = —Apw and the magnetic field is,
B(r,t) =V x A(r,t) = Bosin(k - r — wt), (2.11)

with BO = Aoeo x k.

2.2.3 Interaction of matter and radiation

After having found the general dynamics of a quantum mechanical system affected by an external
perturbation as well as the description of the electromagnetic field generating this perturbation, we
may set up the interaction Hamiltonian and study the dynamics of the system in this particular

case.

The interaction Hamiltonian of a single charged particle in an electromagnetic field is given by
[56],

b= ﬁ b — qAP + qV(®). (2.12)

Here, m and ¢ are the mass and the charge of the particle, p represents the momentum operator, A
designates the vector potential introduced in the last section and V() is the potential appearing in
HOY, i.e., the potential of the quantum mechanical system of its own (if, e.g., the system studied is the

electron of a hydrogen atom, V(&) would be the Coulomb potential of the proton). This potential is

In a more accurate (but yet idealized) model, the laser beam could, e.g., be described as a “Gaussian beam” [58].
In such a description, the wavefronts are curved (instead of plane) and the intensity of the radiation varies over space.
However, as these effects are taking place on length scales much larger than the size of an atom or molecule, it is sufficient
to describe the electromagnetic radiation as a plane wave with the intensity of the beam at the relevant position.
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not to be confused with the scalar potential V' from the last section, which has been set to zero. As

the scalar potential of the last section will no more appear below, no confusion should arise.

Expanding the Hamiltonian yields:

N 1 .. R R A~
H=g—[p*—qp A—qA p+qA’]+qV () (2.13)
~H+ H'(t). (2.14)

The term ¢?A? may be neglected as it is small for usual radiation intensities [56].* The Hamiltonian

then has the form of equation (2.2) with the Hamiltonian of the unperturbed system,

“0 f)2
H =— I 2.1
o +qV(t), (2.15)
and the perturbing Hamiltonian,
Ht)=—L[p A1) + A, t) bl (2.16)

2m

The matrix element of H' for the two states of the two-level system is given by:
(v ( H( ‘ a) = ——L /% A(r, 1) + A(r, 1) - plva(r)dr, (2.17)

with ¥, (r) = (r|va) and ¥ (r) = (r|¢p) the wavefunctions belonging to the states |t,) and |iy),
respectively, and the integral extending over the entire space. The term in brackets in (2.17) can be

simplified when using p = —iAV and that A is divergence free (V - A = 0), yielding:

(o] @) |0a) ==L [vimAED - poa. (218)

Inserting this expression into equation (2.6), we obtain the coefficient ¢,(t) that contains the complete

description of the dynamics of the system within first-order perturbation theory:

it
cp(t) = — ﬁ/o H,(t") exp(iwpat’)dt’ (2.19)
-
- / (| H'(t') | ba) exp(iwpat')dt (2.20)
/ / BE)A(, ¢) - Da(r)dr expliwopat’)dE (2.21)
ZqAO/ /wb r)eg - peos(k - T — wt' ), (r)d3r exp(iwpat’)dt’ (2.22)
_iqAp

¢
=5 [wb leg - pexp(ik - ) | 1) /0 exp(i(wpa — w)t')dt!

+ (Yp | eo - pexp(—ik - 1) | 1a) /0 exp(i(wpa + w)t')dt' | . (2.23)

As shown above, the spatial and temporal integrals can be separated and the former has been written

4At high intensities, this term may give rise to “two-photon transitions”, see [50], p. 76 and 95.



12 2 Theory of rotation-vibration transitions in diatomic molecules

in bra-ket notation as,

(o | eo - Pexp(akik - ) | ha) = / W(r)eo - pexp(ik - r)a(r)dr. (2.24)

Moreover, the temporal integral can be given explicitly,

! i(wha £ w)t) — 1
(wpa + W)ty = SPUba 2.2
/0 exp(i(wpa £ w)t')dt (s £ ) , (2.25)
such that we arrive at:
_ qAp . PN exp(i(wpa — w)t) — 1
(1) =gt | (0o Bexpliic-) ) L=
. oA exp(i(wpa +w)t) — 1

+ (] oo pexpl(—ik- ) 1) SR £ (2.26)

Wha + W

In spectroscopic experiments, the frequency w of the radiation lies typically close to the resonance
frequency wp,. In this case, the expression above is dominated by the first summand and the second

one may be neglected. In this “rotating wave approximation” we get:

_iqdp sin[(wpa — w)t/2]

. . ~ w .
ep(t) = s (Y | e - pexp(ik - T) | 1a) P expli(wpa — w)t/2]. (2.27)
The population in the upper state at time ¢ is hence given as,
A3 2 5in*[(Wha — w)t/2]

Py(t) = |ep(t)]? (¢ | €0 - Pexp(ik - T) [1a)] : (2.28)

T mZh? (Wpa — w)?

In principle, equation (2.27) describes the whole dynamics of a single-particle two-level system in a
single-photon spectroscopic experiment within first-order perturbation theory. However, for evaluating
it, the actual spatial forms of the wavefunctions ¥,(r) and ¥y (r) are needed. A simpler treatment,
providing also more physical insight, is obtained when expanding the exponential function in (2.27)
in a Taylor series around the origin, i.e.,

. .
mmm-ﬂ:1+uof_§m.ﬂ?_gkff+”. (2.29)

The wavelength X of electromagnetic radiation at a frequency close to resonance with a usual transition
in a quantum mechanical system, such as an atom or a molecule, is much larger than the size of such
a system. The extent of an electronic orbital in an atom, e.g., is on the order of a few A (1 A=
10719 m). The radiation inducing electronic transitions is usually in the optical or ultraviolet part of
the electromagnetic spectrum, i.e., the wavelength is > 100 nm = 10~ "m. Therefore, the wavelength
accounts for ~ 1000 times the size of the system. In molecular vibrational spectroscopy, the length
of typical bonds being vibrationally excited, is also on the order of a few A and the radiation at
resonance with vibrational transitions typically lies in the infrared spectral region with wavelengths

2 1 um. Thus, the wavelength of the radiation is about 10000 times the size of the system.

Saying that the size of the system is considerably smaller than the wavelength A\ of the radiation
means, in a quantum mechanical description, that the absolute values of the wavefunctions 1, (r)
and 1y (r) appearing in the integral in (2.24) (and in bra-ket notation in (2.27) and (2.28)) differ only
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significantly from zero in a region, which is small compared to the wavelength A (and essentially vanish
outside of this region). This means there exists some length scale 7.y characterizing the extent of

that region with rpax < A.

When choosing the origin of the coordinate system at the position of the quantum mechanical system,

we may thus restrict the integral (2.24) to a cube around the origin with edge length 2ryax:

/wﬁ(r)eo -pexp(Lik - ),(r)d’r

o0 o0 e}
= / / / Yp(r)eg - pexp(Lik - r)i,(r)drydry,dr, (2.30)
—00 J —00 J —00
Tmax Tmax Tmax
s / Py (r)eg - pexp(Lik - r)y,(r)drydrydr,. (2.31)

Because the magnitude of the wavevector k is proportional to 1/ and because® |r| < v/3rmax < A for
all possible values of r in the integral (2.31), the scalar product k- r in (2.31) is much smaller than 1.
Therefore, only the first few terms of the Taylor series (2.29) contribute significantly to this integral
and each following term in (2.29) is significantly smaller than the previous one for values of r relevant

for this integral.

If, e.g., we assume the maximal length of r relevant for the integral in (2.24) to be 1 A and A = 100 nm,
we obtain k - r < 6.3 - 1073. Therefore, each term in (2.29) only amounts for less than a fraction of
about 6 - 1073 of the previous one. A rather accurate value for the integral in (2.24) can thus be

obtained by just considering the first few terms of this expansion.®

2.2.4 Electric-dipole approximation

For the description of many spectroscopic experiments, it is even sufficient to just consider the first
term of the Taylor series in (2.29). Physically, this means that the whole spatial dependence of the
electromagnetic wave is neglected and that it is simply regarded as a spatially constant, oscillating

field. This is the well-known “electric-dipole approximation”.

Applying it, we obtain the matrix element in (2.27) approximately as,

(tbp |0 - Pexp(ik - T) [¢a) = (1 €0 - P |¢a) - (2.32)

For further simplification, we would like to take advantage of |¢,) and |¢,) being eigenstates of the
Hamiltonian H° of the unperturbed system. This is achieved by expressing the momentum operator
in terms of the commutator of H° with the position operator f as [56],
b= %[ﬁo,f]. (2.33)
Thus, we get,
LMo - 70
eo-pzf(Hr-eg—r-eoH), (2.34)

5The factor v/3 stems from the space diagonal of the cube and is not relevant for our reasoning.
5 This argument can be formulated analytically for hydrogen-atom-like systems. The expansion (2.29) then corresponds
to an expansion in powers of the fine-structure constant o = 1/137 (see [59, 56]).
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and, when using that |¢,) and |¢y) are eigenstates of HO,

Ey— E,

(¥ le0 - B|ha) = im =" =" (e - £ ¥a) = imina (| €0 - £ 0) (2:35)

Substituting this result into (2.27) and using the label “E1” for electric-dipole transitions, we ob-

tain:
() = —%be%q (] €0 - F[ ) sinl(whn — w)t/2 explifwna —w)t/2]  (236)
=Py (g |t ) snn — )t/ D e~/ (237
_ _%%eo - b Sin(wha — w)t/2] expli(wpa — w)t/2)- (2.38)

Here, we have used the “electric-dipole operator” defined as,”

i = g, (2.39)

and its matrix element for the states |¢p) and |1,), the “electric-dipole transition matrix element”
given by:
Hba = <¢b | p | wa> : (240)

In the electric-dipole approximation, the population in the upper state at time t is obtained as:

2,2 2
(E1) 1) 2 _ AdWha 98in° [(wpa — w)t/2]
Pt = ] = Lhale, - . 2.41
b ( ) |Cb ( )‘ 72 ‘eo V’ba| (wba — w)g ( )

The amplitude of the vector potential Ay used here to specify the “strength” of the radiation field
is not a quantity usually measured in the laboratory or widely used in spectroscopy, it is thus worth

replacing it by the time-averaged spatial energy density u given as [55],

1 1
u= §EOE§ = Esoszg, (2.42)

with €¢ the vacuum permittivity. We then get the upper-state population as:

2 5in2[(whe — w)t/2)

(Wha — w)?

Quw?
P(El) t — ba
b ( ) o h2,2

leo + fbal (2.43)

Until now, it has been assumed that the electromagnetic wave is purely monochromatic. In reality,
electromagnetic radiation is never completely monochromatic, but rather shows a non-vanishing spec-
tral (and spatial) energy density p(w) for some range of angular frequencies w. Therefore, we replace
the spatial energy density of a monochromatic wave u with p(w)dw and integrate over the whole

spectrum. The population in the upper state is then:

2 o] 2
(E1) 2wy, 9 p(w) sin®[(wpa — w)t/2]

P - - e . 2.44
b () eoh? €0 - Frba| /0 w? (Wpa — w)? dw (2.44)

“From here on, the Greek, small letter x (in several typographical variations) is used for the electric-dipole moment
(operator) instead of for the proton-to-electron mass ratio as in Ch. 1. As we will no more refer to the latter, no confusion
should arise.
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The second factor in the integral above exhibits a narrow peak at w ~ wy,,, whereas the term p(w)/w?
does not change much over this narrow frequency interval. We may thus replace w by the constant wy,
in the first factor and take this factor out of the integral. By the same argument we may also extend

the lower limit of the integral to —oo such that it may be given in analytical form (namely as tm/2),

ie,

2  sin?[(wpa — w)t/2]
PEV Y ~ —Zleg - tnal? p(wha / a d 2.45
b ( ) thg leO b | p(wb ) 0 (wba _w)g W ( )

2 2  sin?[(wpa — w)t/2]
N — . d 2.46
e g plan) [ Tl (2.46)

tm

= coh? leo - Hba|2p(wba)- (2.47)

The transition rate is given by the derivative of the population with respect to time, i.e.,

(E1) _ dp™)

R = N —s
a—b dt eoh?

leo - thbal® p(wha)- (2.48)

2.2.5 Electric-dipole-forbidden transitions

As seen in the previous section, every term in the series expansion of exp(ik-r) is considerably smaller
than the previous one, and it is thus sufficient to just take into account the first (constant) term of
this expansion for the description of many spectroscopic experiments, i.e., to use the electric-dipole

approximation.

However, if the transition moment calculated within the electric-dipole approximation vanishes, the
next-higher-order term in (2.29), the term ik - , gets important, as this term may give rise to a non-
vanishing transition moment. Such transitions are called “forbidden transitions” or more precisely
“electric-dipole-forbidden” transitions. As mentioned in Ch. 1, they may be observed, but their tran-
sition rates are several orders of magnitude lower than those of electric-dipole-allowed transitions (i.e.,

those with a non-vanishing transition moment in the electric-dipole approximation).

In the following, such dipole-forbidden transitions are studied. Hence, we assume the transition moment
due to first term in the expansion (2.29), the electric-dipole term, to vanish and study only the effect

of the second term in this expansion. We obtain for the transition matrix element:
(b e - pexp(ik - 1) [va) =i (¢p | (eo - P) (k- F)[ta) . (2.49)

Substituting this expression into (2.27) yields:

(1) = =220 (0| (en- )i 1) ) L2 Z T

expli(wpa — w)t/2]. (2.50)
We want again take advantage of |1,) and [¢1,) being eigenstates of the Hamiltonian H°. To this
end, we express the transition operator in a similar way as we did for the dipole operator using the
commutator with H°. This can be achieved with the two relations [56],

m

S, (oo 7) (0 1)) = (eo - B)(k - £) + (k- p) o - 1), (2.51)
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and

kxey-.Z =(e-p)(k-t)— (k-p)(eo- 1), (2.52)
where & ==t x P
Adding (2.51) and (2.52), we obtain,
(eo-D)(k-T) = % <k X ey L+ %[HO (eo-1)(k- f‘)]) , (2.53)

and thus for the transition matrix element (with 2= hf_l)

(oo D)) ) = 5 (e x e (oulLign) + G (ol (oo D)k D)) (250
-1 <hk x €0 (Up[Lla) + (B — Ea) (e - 7)(k f~)|¢a>> (2.55)
= % (hk x € - (1hp|Llta) + imwn, (n](eo - 1) (k - f)|¢a>) , (2.56)

When inserting this expression for the transition matrix element into (2.50), we obtain,

eult) = — 220 [k x e - (L) + i (G20 - £) - )l
W expli(wpa — w)t/2]. (2.57)

The second term in brackets is treated in a componentwise notation. Denoting the Cartesian compo-

nents of ey, k and t with Greek letter indices o and 8 (where o, § = x,¥, z), we may write,

(eg-1)(k-1) <Z €o am) (Z kgfg) = Z Z €0,akgrals (2.58)
= kZZeo akplafg = — ZZ@O akpTalg, (2.59)

where in the second line a unit vector & in direction of k was introduced such that k = kx = %n. We

thus obtain for the second matrix element appearing in (2.57),

(Wela(eo - £)(k- D)) = = 373" coars (Wolaratslia) (2.60)
a B

%Zzeaa (| Qapltha) - (2.61)
a5

Here, the two symbols €,3 and @aﬁ defined as €, = €gorg and éaﬁ = @773 have been introduced.

They are components of the two Cartesian tensors (matrices) € and CNQ, respectively.®

The tensor € describes the direction of the variation of the electric-field in space. It is related to the

8In this text, Cartesian tensors are typeset in bold upright symbols, their components in italic symbols with Greek
small letter indices.
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Jacobian matrix of the electric field (loosely speaking, the electric-field gradient)? by the relation,

4B _ By
dr c

cos(k - r — wt), (2.62)

which reads in a componentwise notation:

E, E
0Fa _ eagﬂ cos(k - r — wt). (2.63)
c

8Tﬁ

Equation (2.62) for the electric-field “gradient” corresponds to equation (2.10) for the electric field
itself: both of these equations consist of a scalar factor for the “strength” of these two quantities (Fy in
(2.10) and Eypw/c in (2.62)), a directional factor (ep and ¢, respectively) and finally a factor expressing

the time-dependence.

As suggested by the notation, @ag is related to the electric-quadrupole tensor operator. However, the
calculations below are simplified by defining the quadrupole tensor in a traceless form. Because the
polarization vector of an electromagnetic wave in free space is always perpendicular to the direction
of propagation, we have:
k- ey = kK - ey = kZ Ra€0,a0 = 0. (264)
o

We may thus add an arbitrary operator f to the diagonal elements of @ag without changing the sum

in (2.61), i.e., using the Kronecker delta d,g, we may write:

DD an (WblQapltra) =D Y cap (bl Qap + Sapftha) - (2.65)
a g a B

Making use of this freedom, we define the electric-quadrupole tensor operator Q with the components

Qaﬁ aS:10
22

A A T
Qap =1q (Toﬂ"ﬁ - 5o<ﬂ3) ) (2.66)

+ 72. This tensor is traceless, meaning that

trQ =" Qoo =0. (2.67)

Furthermore, Qis symmetric: Qaﬁ = Qﬁa.
Using this definition for the electric-quadrupole operator, the matrix element in (2.61) is given as

(Yplgleo - £)(k - £)|voa) = % D> eap (V6] Qaplta) - (2.68)
a B

Substituting this expression into (2.57) and also using the relation By = Ageg x k between the vector

9Mathematically, the gradient of a vector field is not defined and we should rather speak of the Jacobian matrix.
Physically, however, “gradient” might give a better picture of what is meant.

108everal definitions for the electric-quadrupole tensor are used in the literature differing by constant factors and
whether or not they are given in traceless form. Relations between different definitions are discussed in Appendix A.1.
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potential A and the magnetic field amplitude By, we obtain the coefficient ¢, (t) as

1 . i A A A
en(t) =5~ |aBo- (p|Lla) = NS ey (U] Quslv)
a p
W expli(wna — w)t/2, (2.69)
and the population in the upper state as,
2
1 o i A a a 2
Pol0) = gz [Bo (ufEiu) = ST cas 0l Qul| Alra =2 o

B

The first term within the absolute value in this equation describes the interaction of the quantum
mechanical system with the magnetic field (a first-rank tensor) of the electromagnetic wave. It gives
rise to the “magnetic-dipole” transitions. The second term describes the interaction of the system with
the “gradient” of the electric-field at the position of the system (represented by the second-rank tensor
€ap)- This term entails the “electric-quadrupole” transitions. In the frame of this thesis, the electric-
quadrupole transitions are primarily of interest and we will in the following only study those. Since
these two kind of transitions are due to different radiative processes, no interference term between
them exists [56] and we may simply omit the magnetic-dipole term. We get for the population excited

to the upper state due to an electric-quadrupole transition (labelled as “E2”):

2
A 2 R ) N 9
A0 = A 155 o 0l Q)| S (271)
a B
2
_Ag in?[(wpa — 2
- Z;;};ZQ ZZeaﬁQba,aﬂ = ([Liz_wu;lt/ ] (2.72)
a B

Here, the symbol Qpa o3 denotes the electric-quadrupole transition matrix element for the states |1,
and [¢a), i.e
Qba,aﬁ = <wb|Qaﬂ|wa> . (273)

Upon substituting the amplitude Ag of the vector potential A with the spatial energy density u (see
equation (2.42)), we obtain,

P () = ko Zzeaﬁ (60|Ouslién) sl (ona /2] (2.74)

2e9h?c? (Wpa — w)?

Likewise as for electric-dipole transitions, we are again interested in the reaction of the system to a
radiation field with a certain spectral profile instead of an (unphysical) monochromatic wave. Thus we
replace u by p(w)dw and integrate over the whole spectrum. Once more, we make use of p(w) varying
slowly with the angular frequency w, whereas the other frequency-dependent term shows a steep peak
around w = wp,. Therefore, p(w) may be substituted by p(wp,) and taken out of the integral. By the

same argument, the lower limit of the integral is again extended to —oo such that it can be given in
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an analytical form:

2
2 R o0 102 _ t/2]
pE) ) Y . / sin®[(wpa — w) d 5
b ( ) 260h262 g % €ap <d}b|Qo¢ﬁ|w > 0 p(w) (Wba — w)Q w ( 75)
2 ? 2
wi, A * sin?[(wpha — w)t/2]
~ a a a d 2.76
o |2 2 (0l Qo) e )| e e
, 2
tmw N
= 45071522 Z Z €ap <7/}b|Qaﬂ|wa> p(Wha)- (2.77)
a B
The transition rate is obtained, as before, by the derivative of the upper-state population with respect
to time:
(12) 5 ?
m2) _ dBy T mwi, 5
Ra—»b T ~ 4th262 za: zﬂ: €ap <wb|Qaﬁ‘wa> p(wba)- (2'78)

2.2.6 Excitation by isotropic radiation and spherical tensor formalism

Until now, we have assumed the transitions to be induced by an electromagnetic field described by
a vector potential A pointing into one particular direction ep, in other words, by a plane-polarized
electromagnetic wave. Now we are considering a system in an isotropic radiation field. To this end,
the expression for the excitation rate is averaged over all possible orientations of the vector eg with

respect to the transition matrix element.

Below, we will show this averaging separately for electric-dipole and electric-quadrupole transitions. At
the same time, we will introduce the spherical tensor formalism—a very useful tool for the description
of spectroscopic transitions in molecules, particularly when several angular momenta are involved, as
we will see in Sec. 2.3 and Ch. 3.

Electric-dipole transitions

For an electric-dipole transition, we need to average the expression,

E1l us
R = ol €0 - tbal” p(wha), (2.79)

for all possible orientations of py, relative to eg. This is done below using the spherical tensor formal-

ism.

In general, for every Cartesian vector v a first-rank spherical tensor T} [v] (where p = 0,+£1) can be
defined as [60]:

Tg [v] = vs, (2.80a)

T, [v] = $%(vx + i), (2.80D)

These spherical tensors behave with respect to rotations exactly as quantum mechanical angular mo-

mentum states |7, m) with the angular momentum quantum number j, which describes the magnitude
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of the angular momentum, corresponding to the rank of the spherical tensor, here 1, and the projection

angular momentum quantum number m corresponding to p.

The scalar product of two Cartesian vectors v and w is written in spherical tensor notation as,

1

Vew= > wawe= Y (=1)PTL, [V]T)[w]. (2.81)

a=z,y,z p=-1

Using this relation, the transition rate for an electric-dipole transition is

2
1

(E
R0 = s | 2 CU T ool Ty el | ol (2:82)

In the following, we assume the polarization vector ey to be aligned along z-axis of the coordinate
system, i.e., g = (0,0, 1), and the normalized wavevector k along the z-axis, i.e., k = (1,0,0). As we
will average over all possible orientations, this assumption does not imply any loss of generality. We
then have T} [eg] = 1 and TL, [eo] = 0.

Additional to the frame of reference (z,y,z) used so far, whose orientation is chosen such that the
electromagnetic field adopts a simple form, we now introduce an additional frame of reference (z',y/',2")
with an origin coinciding with the that one of the previously used frame of reference, but which is
oriented such that the vector of the transition dipole matrix element is oriented along the z’-axis.
Denoting the triple of the components of this vector in the primed coordinate system as p1,, we thus

have
Bba = (0,0, iba). (2.83)

In spherical tensor notation, this implies T§ [p,,] = 0 for ¢ = 1 and T§ [p),] = fiba-

Here, we have assumed py,, to be real. This is true for the vibrational transitions in molecules of prime
interest here that are discussed further below. In the general case of complex p,,, the calculation may

be separated into a real and a complex part as shown in [55].

The components of the dipole transition matrix element in spherical tensor notation in the original
coordinate system are expressed in terms of the respective ones in the primed system by a Wigner
rotation matrix _@,(,;)(qb, 0, %), with the Euler angles!! ¢, 6, x describing the relative orientation of the

two frames of reference [60, 61], as

1

Th el = 3 [280)(6,6.00] T} (1] (2:84)
q=—1

= [250(6.0.%0]" T} [wsh] (2.85)

= [25)6.0.] (2.86)

" The third Euler angle x is not defined due to the symmetry. As we integrate over all values for the Euler angles this
does not pose any difficulties.
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Using the above results, the scalar product relevant for the transition rate is,

1

€0 * Uba = Z (_1)pT£p [eo] |:‘@]§10)(¢a 07 X):| i Hba = |:-@[§[1])(¢7 97 X)] ’ Hba- (287)
p=—1

To obtain the orientation-averaged transition rate, we need to calculate the average of the squared
absolute magnitude of this term. This is done by integrating over all Euler angles and normalizing

accordingly. Indicating this orientational average by a bar, we have,

2T [T eo - pbal? sin 0dfddx

2.88
22T [T sin §dfdedx (2.88)

leo - pal® =

These integrals are readily calculated when making use of the properties of the Wigner rotation
matrices [62, 60] or by just noting that @éé)(d), 0, x) = cosf. They yield:

ﬁ/Mo 2
- T b
leo - pbal? = SST (2.89)
The transition rate for an electric-dipole transition driven by isotropic radiation is therefore:
El, iso. m 2
Ra(t—>b150) = 3€0h2 |l1'ba| p(wba)~ (290)

Here, the 2’-component of the transition dipole matrix element has been replaced by the norm of
this vector and the absolute magnitude has been taken to allow for complex transition matrix ele-

ments.

Electric-quadrupole transitions

For an electric-quadrupole transition, the averaging of the transition rate over all possible orientations
of the polarization vector ey relative to the quadrupole-transition moment is done along the same
lines as for an electric-dipole transition. However, as the quadrupole tensor is a second-rank tensor,

the calculations tend to be more involved.

The transition rate to be averaged is:

2
(E2) _ TWhy :

R, = Iegh2c? ZZ%/J (Ub]Qaplta)| p(wba) (2.91)

a 8

9 2
W

= 4&70% ZzﬁaﬁQba,aﬁ P(Wha)- (2.92)

a B

Here, we have used the symbol Qo for the a3-component of the transition matrix element of the
corresponding component of quadrupole operator Qag for the particular states |i) and|¢,). Likewise
as for the quadrupole operator, the quadrupole transition matrix element!? Qba,as is the af-component

of the Cartesian tensor Q.

12Tn this context the term “matrix element” refers to the value of a quantum mechanical operator “sandwiched” in
between a bra and a ket. It does not refer to the component of a Cartesian tensor for some particular indices a and S.
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As before, we use spherical tensor notation to orientationally average equation (2.92). Generally, for a
second-rank Cartesian tensor A (a matrix) with Cartesian components A, for o, 3 = , ¥, z, spherical

tensors of zeroth, first and second rank are defined as [60]:

THIA] = ——= (dor + Ay + o). (2.93)
T [A] = % (Auy — Aya) (2.93b)
TLy A = o (Ays — Asy £ i(Ans — A4,2)) (2.93¢)
TG [A] = % (24.. — Az — Ayy) (2.93d)
T3 A = F5 (Aue + Aua £ i(Aye + As)), (293)
T2, [A] = % (Ao — Ayy £ i(Any — Aya). (2.931)

For two second-rank Cartesian tensors A and B with Cartesian components A,z and B,g (with
a,3 = x,y,2), respectively, the sum of all products of their components'® is obtained in spherical

tensor notation as,

> > AwsBas= Z Z( 1)“7PT"  [A] T [B]. (2.94)

a=x,y,z f=x,y,z u=0p=—u
With this relation, the sum appearing in (2.92) may be written as,

2

Z Z eaﬁQba,aﬂ Z Z u pTu ] Z [Qba] = Z (71)pT27p [E] T?y [Qba] . (295)
o B

u=0p=—u p=—2

As the quadrupole tensor Qp, is traceless, the zeroth-rank spherical tensor defined by (2.93a) vanishes:
TY [Qba] = 0. Since it is also symmetric, the first-rank spherical tensors defined by (2.93b) and (2.93c)
vanish, t00: T§ 4 [Qba] = 0. The double sum in (2.95) is therefore equal to a single one.

Substitution of this result into (2.92) yields the electric-quadrupole transition rate in spherical tensor

notation:

2
2
R = e | S™ (C1PT? (€] T2 [Qual| p(wha)- (2.96)
=

The term to be orientationally averaged in order to obtain the excitation rate in an isotropic radiation
field is the sum given in (2.95). With the assumption ey = (0,0,1) and & = (1,0,0), we get for the

components of the Cartesian electric field tensor,

e =1 for a=zand f=rx, (2.97a)
€ap =0 else. (2.97b)

!3This expression is known as the “Frobenius product” of A and B and written as (A, B), or A : B (see, e.g., [63]).
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In spherical tensor notation, this implies:

T3 [e] = 0, (2.98a)
1
T [e] = ¥5, (2.98b)
T2, [¢] = 0. (2.98c¢)
Equation (2.95) then becomes,
1
> €apQuaas = 3 (T2 [Qba] = T [Qua)) - (2.99)
a B

If we proceed in the same way as for electric-dipole transitions and assume that Qy, is real (or, if
not, can be separated into a real and an imaginary part that may be treated separately), we have
T2, [Qba) = — (T2 [Qpa))” and hence,

Z Z GaﬁQba,aﬂ = _% [(T% [Qba])* + T% [Qba]] . (2.100)
a B

Again we introduce a new coordinate system (z’,y',2') aligned such that Qp, takes a simple form. As
Qpa 18 a real, symmetric matrix, a coordinate system can be found (the system of eigenvectors), in

which it yields a diagonal form, i.e.,

Qi)a,w’w’ 0 0
QL. = 0 Qhayry 0 . (2.101)
0 0 Q{)a,z/z/

In spherical tensor notation this implies: T%, [Q},,] = 0. To obtain the transition matrix element in the
original coordinate system, we again use a Wigner rotation matrix with the Euler angles describing

the relative orientation of the two systems. Using the properties just worked out, we get:

2

T2 Qul = 3 [226.0.0] T2[QL] (2.102)
q=—2
= Y [720.0.0] T2 Q] (2.103)
g=—2,0,2

Substituting this result into equation (2.100) yields:

SN cas@uuas =5 O (20,000 [12 QL]+ [7206.0.0] T2 QL)) 2100
a B

q=-2,0,2

To obtain the transition rate in an isotropic radiation field, the squared absolute magnitude of this

expression is integrated over the Euler angles and normalized accordingly. The integral is once more
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calculated using the properties of the Wigner rotation matrices [62]. The result is:

2 027T 027T f()Tr ‘ Za Zﬂ €a6Qba,aﬂ|2 sin #df@d¢dx

‘;%:eaﬂQba’aﬂ B 27 (2 [T sin 0ddgdy (2.105)
_ (T2, Q) P+ T3 (@) P + 73 (1) ) (2106)

82
= % (1T, [Qa] I + IT2 [Q)a] 2 + T2 [Q)a] 1) (2.107)
Zj%ﬂngyF+WngyP+wQ5jﬂﬂ (2.108)
- %QT’*“ (2.109)

where the sum of the squared absolute magnitude of the diagonal elements of Qj, i.e., of the eigen-

values of the matrix Qp,, has been denoted Qp,.

The excitation rate for an electric-quadrupole transition driven by isotropic radiation is therefore:

) 2
RFZB0) _ _Tha ) . 2.110
a—b 40eph?c? Quap(wha) ( )

2.2.7 Einstein coefficients and spectroscopic line strength

A neat way to express the “strength” of a spectroscopic line is the Einstein A-coefficient of spontaneous
emission. Stemming from a model presented by Einstein in 1916 [64], this coefficient describes the
interaction of a large number of two-level quantum mechanical systems such as the one discussed
above. When we let N, and Ny, be the number of systems in the lower and upper state, respectively,
the change of Ny, is given in this model as (see, e.g., [55]):

dNy,

o - —NpApa — NpBpap(Wha) + NaBabp(wha)- (2.111)

Here, p(wpa) is the spectral and spatial energy density at the angular frequency wpa, Bap the Ein-
stein coefficient of stimulated (or induced) absorption, By, the coefficient of stimulated (or induced)
emission and Ap, the coefficient of spontaneous emission. Even though a causal understanding of
spontaneous emission is beyond the semiclassical model used here, this coefficient can be determined

in a phenomenological treatment.

As the quantum mechanical systems are supposed to be in thermal equilibrium with the radiation
field, the number of systems in the upper state is constant: dN,/d¢ = 0. Furthermore, the ratio of the

number of systems in the lower and upper state is given by a Boltzmann factor,

N.  exp(—E,/ksT)

2 2 AP ) exp(hwwa/kpT), 2.112
Nb exp(—Eb/kBT) p( b/ B ) ( )

and the energy density by Planck’s law,

h w3
p(w

(W) = m2c3 exp(hw/kpT) — 1’ (2.113)

with T the absolute temperature of the system and the radiation field and kg the Boltzmann con-



2.2 Interaction of a quantum mechanical system with electromagnetic radiation 25

stant.

From (2.111), (2.112) and (2.113) the following relations can be deduced (see, e.g., [55]):

Bab = Bha, (2.114)
hesia
Aba = WBba. (2115)

The Einstein Byp,-coefficient can be readily obtained from the result for the excitation rate in an

isotropic radiation field. For an electric-dipole transition it is according to equation (2.90):

(B1) _
ba T 3e h2

|1al®. (2.116)

Hence, the Einstein Ay,-coefficient for an electric-dipole transition is:

A(El)

2
— 2.11
ba 371'5 h63|uba| ( 7)

Likewise, the Einstein By,-coefficient for an electric-quadrupole line is obtained from equation (2.110)

as,
2
(B2) _ _ TWha w7
Bba - 40€0h302 Q{)a’ (2'118)
and the Einstein Ayp,-coefficient is:
5 PR
AP - ey (2.119)

40meghcd P2

For the calculation above, the energy levels of the two-level system studied (i.e., of the Hamiltonian
H 9) with energies E, and F}, have been assumed to be non-degenerate. In general, these levels are
degenerate and characterized by some statistical weights g, and gp. The states |¢,) and [¢,) are
thus replaced by the states |¢,, m,) and |¢p, mp) with m, and mj, quantum numbers distinguishing

between the several degenerate states.

In this case, the relation between the two Einstein B-coefficients is [65]:

Ba, = 2By, (2.120)

a

A system in a particular upper state |¢1,,my,) may decay into any of the lower states |1,, m,). The
total decay rate is therefore obtained as the sum of these individual rates and is in the case of an

electric-dipole transition,

(ED) _ _ @
Aba 37T€037%,C3 Z |l"b mp,a, ma ) (2'121)

with the transition matrix element,

Bb,myam, = (Vb M | 1] a, ma) - (2.122)

The expression (2.121) must be independent of the quantum number my, as the lifetime of degenerate

states must be equal in an isotropic environment [65]. Thus, it may be written in a more symmetric
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form as,

A(El): wga i Z | Ib,my,a,m ? (2.123)
ba 371'5077,03 an s, a,Ma

Ma, Mp
3
Wha 1 g(E1)
= —>2 - . 2.124
3meohed g, P2 ( )

The double sum appearing above is known as the “line strength” Sl()]jl) of the transition. In spherical

tensor notation, it may be given as,

2

1
51(3];1) = Z Z ’T;l) [/J«b,mb,a,ma]

(2.125)
Ma, Mp pzfl
When substituting the angular frequency wy, by the corresponding wavelength Ap,, we get,
].671'3 E1
ABY 0T (B 2.126
ba 350h}\iagb ba ( )

as found, e.g., in [66].

Likewise as shown above for an electric-dipole transition, the Einstein A-coefficient for an electric-

quadrupole transition between degenerate levels is:

b1
AED) _ Wha 1 — -
ba 407T50h05 an Z Qb,mb,a,ma ( )
Ma, Mp
5
_ W, 1 / 2 , 9 , )
- ngb mzr:nb ’Qbmb’a’ma’xl‘vl’ + |Qb,mb,a,ma7y’y’| + ‘Qb,mma,ma,z’z/’ (2.128)
5
w 1 (B2
S (2.129)

= 10megh ab

Here, S](DEQ) denotes the line strength of the electric-quadrupole transition, which may be written in

spherical tensor notation as,

2

2
Sk(?) = Z Z |T;12; [Qbymb,ayma]

(2.130)
Ma, My p=—2
In terms of the transition wavelength Ap,, we get for the Einstein A-coefficient,
8’/T5 1 E2
AED T - () 2.131
ba 550}1)‘21) an ba ( )

the value for the Einstein A-coefficient of an electric-quadrupole line given in [66] or, in CGS units,
in [49], for which, however, a clear, quantum mechanical derivation seems hardly available in the
literature. The Einstein A-coefficient of an electric-quadrupole line scales with 1/A%, whereas the one of
an electric-dipole line scales only with 1/A3. This is due to the fact that electric-quadrupole transitions
are driven by the “gradient” of the electric field rather than just the field strength. For a smaller

wavelength, this gradient increases as evident from the factor w/c = 27/ in equation (2.62).
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2.3 Rotation-vibration transitions in diatomic molecules

In the last section, the interaction of a single-particle quantum mechanical system with electromag-
netic radiation was studied. We have shown that this radiation might induce transitions between the
eigenstates |1,) and |¢p) of the unperturbed system and that these transitions are governed by the
matrix element (¢, | (€g - p)exp(ik - r) | 1,). Furthermore, we have found that this matrix element
can be expanded in a Taylor series with terms of rapidly decreasing magnitude, since the wavelength
of the radiation is typically several orders of magnitude larger than the extent of the wavefunction
of the particle and thus k - r is considerably smaller than one in the relevant range. Therefore, our
discussion was restricted to only the first and second term of this Taylor expansion, corresponding to

electric-dipole and electric-quadrupole transitions, respectively.

Here, we will apply these findings to rotation-vibration transitions in diatomic molecules. As a diatomic
molecule is a many-particle system, both the states |[¢,) and |¢)p) as well as the electric-multipole
operators f1 and Q will involve many degrees of freedom. However, it can be shown that the problem
might be described approximately by only a few independent variables. In the first part of this section,
approximate expressions for the quantum states of a diatomic molecule when not perturbed by external
electromagnetic radiation will be developed. They represent the molecular counterparts to the single-
particle states |¢,) and [1p,) from the last section. Thereafter, we will study how transitions between
these states are driven by the interaction with electromagnetic radiation. In particular, rotation-
vibration transitions will be studied. In order to work out similarities as well as differences between
the electric-dipole-forbidden transitions that are at the focus of this work and ordinary electric-dipole-

allowed transitions, the theory of the latter is developed along with that one of the former.

2.3.1 Quantum states of a diatomic molecule

The Hamiltonian of a molecule with two nuclei, 1 and 2, at positions Rga) and Rga), with masses M;
and My and charges g1 = Zie and ¢qo = Zse as well as IV electrons at r&a), réa), o rgs) with charge —e
and mass m is given in position representation and without spin interactions in an arbitrary (hence

the superscript (a)) inertial frame of reference as:

ago_ " - V2 L I G2 v (RO RO b0 o) 2.132
tot—_%; rga)—m RY’)_M Ré&)“‘ ( 1 g T 7, Ty 7...,I'N)v ( )

with the potential energy:

N 2 2
@ (p® p® @ (@  @)__ 1 Zye Zze
v (R1 SRy, 177,19 7...,I‘N) 47eg ~ <|r(a) Rga)l + |r(a) Rga)|
N (2.133)
N
71 Ze? 1 e?
+ —_.
47T60|R§a) _ Réa)‘ 4meg ng ; ‘rga) _ rl(a)‘

This Hamiltonian is too complex to be solved analytically and even if a solution could be found
numerically, it would probably be hard to gain physical insight from it because of its complexity.
Therefore, we need to find approximate solutions. To this end, several coordinate transformations and

approximations are made, which separate the Hamiltonian in several terms, whose mutual couplings are
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small and can be neglected for an approximate treatment. These transformations and approximations
are rather involved in all their details. Here, we only describe them in a shortened and simplified way.
Particularly, all effects of electron and nuclear spin are neglected and the orbital angular momentum
of the electrons is also treated in a simplified manner, i.e., only molecules in 'Y states are considered.
A complete treatment can be found in several textbooks [67, 68, 60, 69]. For the discussion below, the

texts by Levine [70], Bransden and Joachain [57] and Bunker [68] have served as a basis.

First, we separate the translational motion of the molecule as a whole from the relative motion of its
constituents by expressing all coordinates relative to the center of mass of the molecule. This means
we define R; = Rga) —Rem, Ro = Rga) —Rem and ry = rga) —Repm, r9 = réa) —Remy oo, 'y = rg\?) —Rem
with Rep the center-of-mass position. If we follow the treatment in [57] and neglect the influence of

the electrons, Ry, is given approximately as,

_ MR + MR

Rem &~ ; 2.134
A, M, (2.134)
and the positions of the two nuclei are given by,
My
Ri~Rm+———R 2.135a
1 cm Ml T Mz ( )
M,
R~ Ry — ——R, 2.135b
2 C Ml + MQ ( )

with R = Réa) — Rga) = Ry — R their relative position vector.

As a quantum mechanical description of the translational motion of the molecule is usually not needed
in spectroscopy,’ Rem is set equal to zero by switching to a frame of reference moving with the
molecule in a way that the molecular center of mass remains always at the origin. This moving (but
not rotating) frame is called the “space-fixed” or “laboratory-fixed” frame. The total internal molecular
Hamiltonian Hipn (i.e., the Hamiltonian without translation'®) can be approximately'® written as a
sum of the electronic kinetic energy operator, the nuclear kinetic energy operator and the potential

energy function,

I:Iint :Tclcc +Tnucl+V(R:rlvr27~'~:rN)7 (2136)
with
. B oen
Tetee = =5 — > Vi, (2.137)
j=1
N k2 9
Toel = — , 2.1
ucl 2Meff vR ( 38)

14The translational motion causes the Doppler broadening of spectral lines and is thus important, but this effect
is usually treated by a classical description of the translational motion. A situation, in which a quantum mechanical
description of the translational degrees of freedom is needed, is, e.g., a spectroscopic experiment with a trapped ion
cooled close to the absolute motional ground state such that the coupling of the motional and the internal states can be
observed as “side-band transitions”.

5Here, “internal” refers to all degrees of freedom but the translational ones and thus includes also the rotational ones.
Strictly speaking, the latter could be understood as external, but because of their coupling to the electronic and nuclear
spin considered in the following chapter, it seems reasonable to regard them as internal here.

In a more detailed treatment (see, e.g., [68, 67, 60]) small additional terms appear. They are neglected here for
brevity and comprehensibility.
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N
Z16 Z262 >

V(R,ry,re,...,rN) =
(Ror1,72, 2 4W60;<|W Ril [, R

g2 N P (2.139)
142
+ dmegR 47750 ZZ |r; — 1|’
J=11=j

and Mg = My Ms/(My + My) the “effective” or “reduced” mass of the two nuclei.!”
The corresponding internal Schrédinger equation is:

Hinging (R, 1,12, .o, ) = Bingting (R, 11,12, .., TN). (2.140)
To solve this equation, we use the ansatz Yint (R, 11,72, ., TN) = Yelec (R, r1, T2, oo, TN )Unua (R). When

this ansatz is inserted into (2.140), nucl operates on both Pnucl as well as Peec. However, because
the factor 1/Meg in Tl 18 considerably smaller than the factor 1/m in Telec, we may neglect the

former at first such that we arrive at the purely electronic Schrodinger equation,

[Telec + V(R; ry,ra,..., rN)] welec,n(Ra ry,r,..., rN) = Eelec,nwelec,n(R, ry,ro,..., rN)~ (2-141)

Here, we have added the index n to distinguish between the different solutions of this equation. In
equation (2.141) no operator acting on R appears, hence R can be regarded as a mere parameter,

meaning that there is a different solution for each value of R.

Supposed we have found a solution for the electronic Schrédinger equation (2.141), we substitute it
into (2.140). By the aforementioned approximation of neglecting the effect of Tl o1 Yelec, We get

the following purely nuclear Schrédinger equation:

Tnucl + Eelec7n(R)i| wnucl(R) = Eint¢nucl,n(R)~ (2-]—42)

In this equation the electronic energy Eegjecn(R), i.€., the eigenvalue appearing in (2.141) for an eigen-
function 9ciec,n, and a given value of the parameter R, plays the role of an effective potential for the
motion of the nuclei. Neglecting the effect of Tnucl on Peec means that the electrons will—due to
their low mass—always immediately follow the motion of the nuclei. This is the well-known Born-
Oppenheimer approximation [71]. For studying energetically low-lying vibrational states of a stable

molecule in its electronic ground state, this is a reasonable approximation.

In order to solve the nuclear equation (2.142), we will express R in spherical coordinates (R, 6, ¢) with
0 and ¢ its polar and azimuthal angle, respectively, and write T e as a sum of a radial, i.e., vibrational,

part Tvib and an angular, i.e. rotational, part Trot according to Tnud =T + Tror With

. K2 0 0

oo Y (2 2.14
Vb T T OM g R? OR (R az%)’ (2.143)
. K2 1 0? 1 9 0

Trot — 2MeH~R2 l:sing 9 W + sind 80 (Sln 089):| (2144)

Q

R 11 a
2M g Re? |sin? 6 0¢?  sinf 90

sin e)} . (2.145)

"We use the symbol Mg for the effective mass instead of p, as often found in the literature, in order to avoid confusion
with the electric-dipole moment.
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Besides switching to spherical coordinates, we have also replaced the variable R in Trot by the constant

Re. The meaning of R, will be explained below where this approximation will also be justified.

Correspondingly, we express the nuclear wavefunction in spherical coordinates and use an ansatz for

Unucl (R, 0, ¢) as a product of a radial, i.e, vibrational, and an angular, i.e., rotational, function:

Y (R, 0,0) = Tt (R)Y11(6,9), (2146)

with Y;/(0, ¢) a spherical harmonic.

Upon substituting (2.143), (2.145) and (2.146) into (2.142), we arrive at the vibrational Schrodinger

equation,
_ h? 0? n R2J(J +1)
2Meﬁ‘R2 OR2 QMeHReQ

+ Eclcc,n(R) wvib(R) = Evib(R)wvib(R) (2147)

The solution of this equation depends on the form of Eejec,(R), the “potential curve” or “potential
surface” of the particular electronic state n. However, for a bound state of a stable molecule Egjec n(R)
has a minimum at some value R, for R and only the shape of the potential curve in vicinity of this
minimum is relevant. This can be understood in a classical picture by realizing that the amplitude of the
vibrational motion of the nuclei around this “equilibrium” position accounts for just a small fraction
of R.. Quantum mechanically speaking, the vibrational wavefunction exhibits values significantly
different from zero only for R ~ R.. The potential curve Egec,(R) can thus be expanded into a

Taylor series around Re:

aEjelec,n
OR R=R.

2
2 0 Eelec,n

Eelec,n(R) ~ Eelec,n(Re) + (R - Re) aRQ
R=R.

+ %(R —R,) (2.148)

1
= elec,n(Re) + ikncza (2.149)

where we have used that Ee.(R) has a minimum at R = R., i.e., its first derivative vanishes,
as well as the definitions ( = R — R, the displacement from the equilibrium position, and k, =

O?E elec / 0R2\ R=R,, the “force constant” of the chemical bond formed by the two nuclei.

Based on the same argument, namely that R deviates only sightly from R, we have also replaced
R in (2.144) by R. and thus treat the diatomic molecule as a rigid rotating object (“rigid rotor

approximation”).

By defining a shifted vibrational function zZVib according to ¥yip(R) = Jvib(R — R.) and the vari-
able,

R2J(J +1)
W = Fint — Feolecn _-— 2.1
¢ tec.n(fe) M o Ro2 (2.150)
we get the following vibrational equation:
0% 1 ~ ~
_ k| B (€) = Wi (O). 2.151
l: IM o 6C2 + 2 ¢ :| ( 1b(<) ( 1b(<) ( 5 )

This is the Schrodinger equation of a harmonic oscillator with the solutions (see, e.g., [72, 70]):

- 2\ /4 2,42
Yyibw(C) = (£> WHU(&) exp <—€2<) (2.152)

™
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where the “vibrational quantum number” v = 0,1,2,... has been introduced to label the different

solutions.'® H,, denotes the Hermite polynomial [72] of order v and ¢ is,

Meffwe,n

2.153
=y Monen, (2.153)
with the (angular) vibration frequency,
kn
Wen = . 2.154
' Mo ( )

Collecting these results, we may conclude that the internal quantum state of a diatomic molecule in

a 'Y electronic state can be approximately represented by the wavefunction,

1
Yint(R, 1,12, ..., TN) = Yelecn (R, T1, T2, ..., I'N)E@Z)vib,v(R)YJM(oa ®) (2.155)

with 6 and ¢ the polar and azimuthal angles of R when expressed in spherical coordinates and ;p

a (shifted) harmonic oscillator wavefunction.

2.3.2 Rotation-vibration transitions due to the electric-dipole operator

Having found suitable approximate internal quantum states for a diatomic molecule, we can now study
transitions between these states due to the interaction with electromagnetic radiation. The separation
of the different degrees of freedom of a diatomic molecule—rotational, vibrational and electronic—
turns out to be very fruitful and will considerably simplify the description of such transitions. In
particular, we will study here rotation-vibration transitions. First, electric-dipole transitions will be

treated, thereafter transitions due to the electric-quadrupole operator.

To describe electric-dipole transitions in a molecule, the single-particle electric-dipole operator f
introduced in Sec. 2.2.4 needs to be replaced by a many-particle operator, which is given by the sum
of the single-particle position operators multiplied with the corresponding charges. For a diatomic
molecule, this many-particle electric-dipole operator can be written (using the notation from above)

as,
N

[l,(s) = —e Z r;+ qlf{1 + QQRQ. (2.156)
=1

The superscript ) has been added to make clear that this definition is given in the space-fixed

coordinate system.

The states of the unperturbed molecule, i.e., the counterparts of the states |1,) and |¢y) from Sec. 2.2.1,

18Strictly speaking, the vibrational equation for a diatomic molecule differs from the one-dimensional harmonic-
oscillator equation by the boundary conditions. For the latter, the wavefunction is supposed to vanish for +o00, whereas
for the former this should be the case for 0 (i.e., both nuclei are at the same position) and +oco (nuclei at infinite
distance). Since the harmonic approximation is only applicable to energetically low-lying vibrational states and as their
wavefunctions decrease quickly in magnitude unless R & R., this does not pose a problem (see also [70]).
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are given by the internal molecular wavefunction just determined, i.e.,

<R> ry,r2,...,ry ‘ 1/&») = ¢elec,n(R> ry,ra,..., rN)R_lz/)vib,’U” (R)YJ”JW”(67 ¢) (21573)
<R,7 ry,ro,....r'n | wb> = welec,n(R, ry|,ro,..., I‘N)R_l’(ﬁvibm/(R)YJ/M/((g, (;5)7 (2.157b)

where the angles § = (R) and ¢ = ¢(R) are understood as functions of R. The labels “a” and “b”
stand now for the two tuples of quantum numbers (n,v”, J”, M") and (n,v’,J’, M'), where we have
adopted the common spectroscopic notation with double primed () and single primed (') symbols for
the lower and upper quantum state, respectively. Transitions between these states due to the electric-
dipole operator are given by the transition matrix element that takes the form of a multiple integral

over the full space of all nuclear and electronic coordinates,

(v

ljl’(Q) ’ wa> = / / //‘/):lec,n(R’ r;,ra, ... rN)R_lwiib,v’(R)Yj’kl’(ev ¢)/}’(q)
Veleen (R, 11,12, ooy ') R yit, o (R)Yragn (0, ¢) dPry dPry ... dry °R, (2.158)

where again the angles 6 = 6(R) and ¢ = ¢(R) depend on R. The transition matrix element can be

simplified when collecting the electronic terms:

(v

A |0 = [ B0, (Y5 0,0)
|:/ / w:lec,n(R> ry,ro,..., rN)lj"(s)'(/)elec,n(Ra ry,ro,..., I'N) d3r1 d31‘2 dSI‘N
Ryt o (R)Yyag (0, ¢) &R (2.159)

Because the electronic state n is equal for the lower and the upper state of a rotation-vibration
transition, the term in brackets is exactly the dipole moment of the molecule in the electronic state n
or, more precisely, the expectation value of the dipole operator in the electronic state n at a certain

value for R. Thus we get for the transition matrix element,

<1/Jb ‘ e

vn) = / R 55,00 (R)Y g (6, &)1y (R)R™ i (R)Y g (0, 6) °R, - (2.160)
with the expectation value,

1S (R) = (Yoteon(R) ‘ 1) | aeen(R) ) (2.161)

:/ /¢:lcc,n(R’ I‘1,I‘2,...,I‘N)/AJ,(S)l/Jelecm(R,1‘1,1‘2,...,I‘N) d31‘1 d3r2...d3rN. (2162)

Because R is treated as a parameter in the electronic states, we replace in the dipole operator from

equation (2.156) the position operators of the nuclei R, and R; by the corresponding vectors R; and
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R multiplied with the identity operator on the electronic coordinates ielem i.e., we redefine!?

N
ﬂ(b) = —€ Z f‘j + ielechRl + ielecq2R2 (2-163)
j=1
N
R M, My
= — i+ IR - , 2.164
e;r] + Lelec <Q1 M, + M, Qle +M2> ( )

where Ry and Ry have been substituted using equation (2.135).

To exploit the symmetry of a diatomic molecule, we switch to a coordinate system with the z-axis
aligned with the internuclear axis of the molecule. This is known as the “molecule-fixed” system. In

this system the dipole operator is given as,

a™ = ™ 4§ Re(m My My 2.165
1 Hoee T Lelectie, q1 M+ M, q2 ML)’ ( . )
with eém) a unit vector along the z-axis and the purely electronic dipole operator given by,
(m) - (m)
frogee = —€ Y )", (2.166)
=1

(m)

where f'j denote the position operators of the electrons in the molecule-fixed system.

The electronic contribution to the dipole moment is given by the expectation value of the electronic

dipole operator, namely:

uled o (R) = (0l (R) | G2 [0l (R) ) (2.167)
— [ [ R e GG (R e ) ) @ .

(2.168)

Here, we have omitted the explicit vector notation of the internuclear vector because it is always

aligned with the z-axis in the molecule-fixed system.

Because the dipole operator is a sum of position operators and because the position operators in
a position basis merely appear as a multiplication by the corresponding position vectors, the above
expression is just a sum of integrals of the squared absolute value of the electronic wavefunction
multiplied by the electronic position vectors. As the absolute value of a many-particle wavefunction
does not change upon permutation of its arguments, this expression may be rewritten in a more
compact and easier comprehensible form using the particle density of the electrons p(r). This density

is given by the square of the absolute value of the many-particle wavefunction integrated over all but

19We adopt the usual convention that in single-particle operators acting in a many-particle tensor product Hilbert
space, identity operators are understood for all but the explicitly mentioned particles (see, e.g., [72], pp. 135ff.). Therefore,
the electron position operators r; implicitly embody identity operators for all electrons with indices # j as well as for the
nuclear coordinates. However, due to the Born-Oppenheimer approximation, no quantum mechanical operators appear
in the middle and the right most summand in (2.163), therefore the identity operator for the electronic coordinates has
been written explicitly in these terms.
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one of the single-particle position vectors [73, 74]:

p(R,x™) = N/ /wgsgjkn(R, r™, rém)7 s rg\rfn))wg:in(R, r™, rém)7 s rg\rfn)) dgrém) d3rgm)...d3r5\rfn).

(2.169)
Using this definition, the electronic contribution to the dipole moment is calculated as,
WL () = —e [ xR ) @b, (2.170)
and the total dipole moment takes on the form:
M. M
(m(R) = — / ) (R, r™) @™ 4 Re(™) < 2 _ ! > . 2.171
P () = —e [ 2 p(R ) ) 4 Rl (e — g (2.171)

Molecular dipole moments are usually calculated in this form, see, e.g., [75].

For a diatomic molecule, the charge density in molecule-fixed coordinates is invariant under an inver-

sion of the coordinates perpendicular to the internuclear axis:
p(R, (Tgm), ’I“(m), T(m))) — ,O(R, (—T(m), ’I“(m), Tgm))) _ p(R, (T(m), _T(m)’ T(m))) (2172)

In other words, the electron density is an even function with respect to the x- and y-argument. As the
(m)

elec,n vanish.

position vector r™ is an odd function, the integrals for the z- and y-components of p
Because the nuclear part of the dipole moment, too, only exhibits a z-component, the total dipole

moment does also only posses a z-component, the x- and y-component vanish.

Expressed in spherical tensor notation, this means that all but the zero component of the dipole
moment in molecule-fixed coordinates vanish, whereas the former is equal to the z-component in

Cartesian coordinates, i.e.,

T [ (R)] =0, (2.173a)
Th [ (B)] = u)(R). (2.173D)

For the subsequent calculation, the dipole moment must be expressed in space-fixed coordinates be-
cause the radiation field driving spectroscopic transitions is described in this frame of reference. This

is accomplished by a Wigner rotation matrix 2 with the two Euler angles ¢ and 6 [67, 60, 61]

1

T e (R)] = 3 [206,0,0)] L [ut(R)] (2.174)
g=—1
= [2816.0.0] 1 [t ()] (2.175)

= \/fm(e, Sl (R). (2.176)

The third Euler angle is of no relevance due to symmetry and is thus set to zero. The Wigner rotation

matrix is therefore proportional to a spherical harmonic.

If we substitute this result into equation (2.160), adopt spherical tensor notation and use spherical

coordinates for the integration (d°R = R?sinfdfd¢dR), we get the following expression for the
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electric-dipole transition matrix element:

(ol 1] o) =5 [ [ i R v

Y0 (0, 0)Y1,(0, @) Yynam (0, ) R*sin@df dpdR (2.177)
=/ (J, M, J" M" p) Z(W',0"). (2.178)

As indicated above, this expression factorizes into an angular (rotational) term
] 4w [T [T * :
JZ%(J ,M ,J 71\4 ,p) = ? YJ/]\/[/(G,(;S)Ylp(a,QS)YJHM//(H,d)) s1n9d0d¢> (2179)
o Jo

and a radial (vibrational) term

B0 = / o (B) i (R) oo (R) AR, (2.180)
0

The angular term can be conveniently calculated with the Wigner-Eckart theorem [61, 62, 76]. Using

this theorem together with the particular value of &7 for vanishing projection quantum numbers,

2
, " Jl 1 J//
(J,0,J",0,0) = V2J +1v2J" +1 , (2.181)
00 0

to get the reduced matrix element, we obtain the result:

, A R AN (A W L
(T M T M p) = (—1)M V2T £ 1V2T" 1 . (2.182)
M p M")\0 0 0

Here, the double-row symbols in parentheses are Wigner 3j-symbols [77, 61, 62, 76]. Based on their
properties, we obtain the angular momentum selection rules for an electric-dipole rotation-vibration
transition within an electronic '3 state. The 3j-symbols vanish if their upper row does not fulfill the
“triangle condition” or if the sum of the lower row is not equal to zero. We thus get the following
well-known selection rules for the change in the magnitude of the angular momentum AJ = J' — J”

and its projection on the space-fixed z-axis AM = M’ — M":

AJ = +1, (2.183)
AM =0, +1. (2.184)

In order to calculate the radial term, we need to know the electric-dipole moment as a function of the

internuclear separation R. For an approximate treatment, however, we may proceed in a similar way

as we have done for the potential energy curve in the last section and make use of R being normally

restricted to values close to R.. Thus, we expand the dipole moment in a Taylor series up to linear

order around Rg:

dpl)
dR

™) (R) ~ p™) (Re) + (R — Re) (2.185)

R=R.
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In this approximation, we get:

B ") = W (Ry) /0 Wi (R)tnipr (R) AR
dpl)

* R

/0 '(/}jib,v’ (R) (R - Re) 7vz)vib,v'/ (R) dR. (2.186)
R=R.

The first integral in this expression vanishes because vibrational wavefunctions with v’ # v” (which
is given by definition in a vibrational transition) are orthogonal to each other. The second integral
can be approximated using the harmonic vibrational states introduced in the last section. With the

variable ( = R — R, and the corresponding position operator é we obtain

/0 Usibr (R) (R — Re) Yyin,or (R) AR = [ . Ui () C Wiy (€) AC (2.187)
~ [ T OO (2.188)
= <{z;vib,v’ é {pvvib,v”>7 (2.189)

where we have used that the vibrational wavefunction rapidly decreases in magnitude for |R — R¢| =
|| > 0 such that the integral may be extended to —oo. The radial integral is thus approximated
as,

(m)
,n

dpz
B V") ~ ZR

<1/1vib,v'

¢ ‘ {bvvib,vu> : (2.190)

=Re

The position operator é may be written with the raising and lowering operators, a' and @, and the
constant ¢ from (2.153) as [72]:

(= \ég (dT + a) : (2.191)

Because the raising and lowering operators @' and @ change the vibrational quantum number v by

+1, the following selection rule for the change in the vibrational quantum number Av = v' — v for

an electric-dipole rotation-vibration transition is obtained:
Av = £1. (2.192)

Note that this selection rule is only valid within the so-called “double-harmonic approximation”,
meaning that we have assumed harmonic oscillator states for the vibrational states (“mechanical
harmonicity”) and have neglected all terms higher in order than the linear one in the Taylor expansion

of the dipole moment (“electrical harmonicity”) [78, 79, 30].

The line strength for an electric-dipole rotation-vibration transition is given, as for a single-particle
system discussed in Sec. 2.2.7, by the squared absolute magnitude of the transition matrix element

summed over all spherical tensor components and all degenerate states in the upper and lower level,
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ie.,
- J’ J" 1 9

seh= Y > <¢b‘T;17 {ﬂ(ﬂ ‘¢a> (2.193)

M!'=—J' M!"=—J" p:—l

J’ J" 1

=3 X N @ ML M) | R ) (2.194)

M!'=—J' M!"=—J! szl

2
! "

=(2J +1)(2J" +1) ({) (1) {)) |2 (', o). (2.195)

To derive the last equation, the orthogonality properties of the 3j-symbols have been used.

Concluding, we have shown that a rotation-vibration transition in a diatomic molecule within a certain
electronic state can only be induced by the electric-dipole operator, if the dipole moment (meaning the
expectation value of the dipole operator in that particular electronic state) does change as a function

of the internuclear separation (see equation (2.186)).

For a homonuclear diatomic molecule, an additional symmetry, besides those discussed above, exists:
the electron density is not only invariant under an inversion of the coordinates perpendicular to the
molecular axis (2- and y-coordinates), but also for the coordinate along the internuclear axis (z-
coordinate), i.e. p(R, (rg(cm)7 r?(/m), rﬁ‘“))) = p(R, (r;gm), r?(,m), —rgm))). In the same way as shown above for
the z- and y-components, the electronic contribution to the z-component of the dipole moment thus
vanishes, too. Furthermore, the nuclear contribution to the dipole moment vanishes as well because
we have in the homonuclear case, M; = My and ¢; = g2 in (2.171), i.e., the total molecular dipole

moment vanishes.

As this argument holds for all possible internuclear separations, the dipole moment does also not
change as a function of the internuclear distance. We thus arrive at the tenet mentioned in Ch. 1,
saying that a diatomic molecule does not show rotation-vibration transitions within the electric-dipole
approximation. However, as we have discussed further above, the electric-dipole operator represents
just the first term in a series expansion of the Hamiltonian describing the interaction between matter

and radiation, thus a discussion of the next-higher-order term is of interest.

2.3.3 Rotation-vibration transitions due to the electric-quadrupole operator

After having described how the interaction of the electromagnetic radiation with the charged parti-
cles in a diatomic molecule mediated by the electric-dipole operator may induce rotation-vibration
transitions in this molecule, we now show, how such transitions may also be driven by the electric-
quadrupole operator. Again, the separation of the many-particle wavefunction of a molecule into a
rotational, a vibrational and an electronic function considerably simplifies the treatment—and jus-
tifies the terminology used. Also the symmetry of the molecule, once more, substantially simplifies
the transition operator. The crucial result of this section is that the quadrupole operator may induce
rotation-vibration transitions even in homonuclear, diatomic molecules where they do not occur due

to the electric-dipole operator as we have shown in the last section.

Similar to the electric-dipole operator, the single-particle electric-quadrupole operator introduced in

Sec. 2.2.5 needs to be replaced by the corresponding many-particle operator to describe electric-
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quadrupole transitions in a molecule. When we use the same notation as above, the electric-quadrupole

operator for a diatomic molecule reads:
« N 72 . . R2 ~ R R2
Qap = —ez Fjalj3 — 6aﬁ§j +q1 | Rialp— 50&?1 +q2 | R2aR2p — 5&[3?2 - (2.196)
j=1

In contrast to the last section, where the dipole-operator was treated as a vector operator, a compo-
nentwise notation is adopted here, i.e., the transition matrix element of one particular component of

the quadrupole tensor operator Qag (with a, 8 = z,y, 2) is studied.

The matrix element of this operator for a transition between the molecular rovibronic quantum states
[ta) and |¢p) from (2.157) is given by,

<¢b ‘ Qas

vay = [ [ [ teen(Rorsracs i) R0, (R0 6,) Qs
d)elec,n(R, ry,ro,..., rN)R71¢Vib7U// (R)YJ”M”(O, (;S) d3r1 d31‘2 dBI‘N ng, (2197)

where the angles § = §(R) and ¢ = ¢(R) are understood as functions of R.

The terms involving the electronic coordinates may again be collected into a separate integral. Because
we are interested in rotation-vibration transitions within the same electronic state, this integral repre-
sents the electric-quadrupole moment of the molecule in the electronic state n, or, more precisely, the
expectation value of the electric-quadrupole operator in the electronic state n. Doing so, the transition

matrix element reads,

<7/)b ‘ Qas

wa> = / R™'% o (R)Y a0, 0) Qapin(R) R i o (R)Yragn (6, ¢) E°R, - (2.198)
with the electric-quadrupole moment in the electronic state n given by:

Qasan(R) = (Wetoen(R) | Qas | Yeteen(R) ) (2.199)

= / /w:lec,n(Rarth’"'arN) Qaﬂ welec,n(Ry I‘1,I'2,...,I‘N) d3r1 d31'2...d31'N. (2.200)

Similar as in the case of the electric-dipole moment, the electric-quadrupole moment, too, is a function
of the internuclear vector R, since both, the contribution to the quadrupole moment due to the nuclei
as well as the one due to the electrons (via the dependence of the electronic wavefunctions), depend on
R. As R appears as a parameter in the electronic wavefunction, we treat the position operators R; and
R, in the quadrupole operator in the same way as we did for the dipole operator in the last section,
i.e., we replace them by the corresponding vectors R; and Ro multiplied with the identity operator

for the electronic coordinates felec- Hence we rewrite the electric-quadrupole operator as:

N A2

N T

Qag==¢3 <fj,afj,ﬁ — 0o 5)
Jj=1

2

. R R R2
+ Telecq1 (Rl,aRl,ﬂ - 504[331> + Telec@2 <R27OLR2,ﬂ - 504[332) . (2-201)
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Substituting, Ry and Reg by equation (2.135) we obtain:
N 2
g=—ey (fj,afm Oap s )
j=1

~ R2 M2 Ml
I — — . 2.202
+ Lelec <RaRﬂ 5(15 3 > <Q1 My + M, + @2 M+ Mg) ( 0 )

In order to take advantage of the symmetry of diatomic molecules, we again switch to molecule-fixed

coordinates and separate the quadrupole operator into an electronic and a nuclear part,

Qz(x chcc a8 + Qnucl 8" (2'203)

Since the nuclei are located along the molecule-fixed z-axis, the nuclear part can be simplified, yield-

ing

S p g2 _ 1 My M 2.204
Qnucl,aﬁ elec 6aﬂ <5a2 3) <Q1 M, + M, + q2 M+ My ) ( .20 )

As indicated by the Kronecker delta d,g, the nuclear part of the electric-quadrupole operator exhibits
only diagonal Cartesian components in molecule-fixed coordinates. Furthermore, the zx- and yy-

components are equal: Qnucl I Qnud’yy.

The electronic part of the electric-quadrupole operator is given by,
(m) S 7
A(m o
Qelec,aﬁ = 762 (Tj,oérj,ﬁ - 6aﬁé> 5 (2205)
=1

and the electronic quadrupole moment is obtained as the expectation value of this operator in the

electronic state n, i.e.,

Q((eiz():,n,aﬁ(R) = < elec n ‘ Qelec af ‘ welec n > (2206)
/ /wclccn R rlm) (m)7 )chcc ,af
Y (Roe™ e rY) d3r(1m) g™ e (2.207)

This expectation value can be expressed in terms of the electron density in a similar manner as we

have done for the electric-dipole moment, namely as:

(m))2
Q) L as(R) = *6/ (r&m>rém) — 6o r 3 ) ) p(R, r(™) @3r(™) (2.208)

Again, we can make use of the symmetries of the electron density in molecule-fixed coordinates. Doing
so, we notice that the off diagonal Cartesian components of the electronic part of the quadrupole

moment tensor, i.e. Q with « # (3, vanish: as p(R, r(m)) is an even function with respect to

(m) (m)

ry ~and gy, ie.,

clcc n,af

PR, (g, ™ e ™)) = p(R, (=™, e i) = p(R, (1§, —rf™ i), (2.209)

whereas the terms r,(lm) and rém) in (2.208) are odd functions and because « # § implies that at least
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one of the indices « or 3 is x or y, the integral in (2.208) vanishes for o # (. Furthermore, because p

is invariant under permutation of the z- and y-coordinate, i.e.,
p(R, (r{™ (™ ™)) = p(R, (r{™, r{™ (™)), (2.210)

the first two diagonal components are equal: Q elec - (R) = Q(m) (R).

elec,n,yy

As the same properties have already been shown for the nuclear part, we may conclude that the total
quadrupole moment of the molecule shows these properties. The molecule-fixed coordinate system
corresponds thus to the system of eigenvectors of the electric-quadrupole moment tensor mentioned in
Sec. 2.2.6. Because the quadrupole moment tensor is also traceless, only one independent parameter
appears in the quadrupole moment of a diatomic molecule in molecule-fixed coordinates. This is usually
chosen to be ng?z, which is then called the quadrupole moment of a certain molecule (in the electronic
state n, which is often implicitly assumed as the ground state) [52]. Examples for electric-quadrupole
moments of some diatomic molecules can be found in [80] and [75]. The particular values for N are

given in [45] based on a computational study.

Summarizing, we have,

Qn aﬂ( )=0 for a#p, (2.211)
and,
1
or written as a matrix,
-0 0
Q™ (R) = 0 —1QM.(R) 0 . (2.213)
0 0 Q™. (R)

In spherical tensor notation, these symmetries cause all but the zeroth component of the quadrupole

moment to vanish in molecule-fixed coordinates, i.e.,

T2 [Q(m)} —0 for q=+1,+2, (2.214a)

\[ Q.. (2.214b)

The quadrupole moment in space-fixed coordinates is obtained, likewise as for the dipole moment,
by a Wigner rotation matrix with the Euler angles ¢ and 6, which again is expressed as a spherical

harmonic:

2

T, [QS)(R)} = [9,(,2)(¢,9,0)]*T§ [Q;m)(R)] (2.215)
q=—2
- [@;3)(¢,9,0)TT2 [Q<m>(R)] (2.216)

=/ Ev,0.00 2o (2217)

Upon substituting this result into (2.198), adopting spherical tensor notation and switching to spherical

coordinates for the integration over R, we obtain the following expression for the transition matrix
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element:

(T [@0]u) =y s [ [ vt @ )

Y (0, 0)Yap(8, ¢)Ynam (0, 6) R*sin@df dpdR (2.218)
_ \/gﬂ(J’, M, J" M p) B ). (2.219)

Here, again a separation into an angular (rotational) part,

o (J, M, J", M, p) = \/f/o% /07r Y000 (0, 6)Yap(0, 6)Yn (6, 6) sin 0 d6 do, (2.220)
and radial (or vibrational) part,
R0 = [ Vi (B) QU (R) i (R) AR, (2221)
has been achieved.

The angular part is again readily calculated using the Wigner-Eckart theorem with the reduced matrix
element obtained from the particular value for vanishing projection quantum numbers. The result

is

/ Joo2 " J o2 g
o (J M, T M p) = (-1)M V20 + 12T +1 ( o M”) <0 0 0 ) . (2.222)
- p

From the properties of the 3j-symbols appearing in the above expression, the angular selection rules
for an electric-quadrupole rotation-vibration transition within an electronic ' state are obtained,

namely:

AJ =0,+£2 (but not J' = J" =0), (2.223)
AM =0,+1,+2. (2.224)

So, in contrast to electric-dipole transitions, the angular momentum quantum number may change by
two in an electric-quadrupole transition. Formally, this reflects the character of the quadrupole tensor
as a second-rank spherical tensor. Physically, the transfer of two units of angular momentum to (or
from) the molecule is possible, because the molecule interacts with the “gradient” of the electric field
over an extended region. If the interaction of the molecule with the electric field is pictured as an
absorption (or emission) of a photon, this photon carries orbital angular momentum additional to its
spin (with magnitude one) and the total angular momentum transferred to or from the molecule may

thus be higher than one angular momentum unit [30].2°

The radial term in (2.219) is calculated along the same lines as for an electric-dipole transition: in
absence of precise information about the molecular electric-quadrupole moment as a function of the

internuclear separation R, the quadrupole moment is expanded into a Taylor series up to the linear

20However, as mentioned at the beginning of this chapter, the electric field is treated here as a classical field. The
concept of a photon does not fit in this description. Therefore, this pictures goes beyond the theory described here.
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term around R = Re:
Qi
dR

QML (R) ~ QM. (Re) + (R — Re) (2.225)
R=R.
This treatment is justified by calculations of the quadrupole moment of diatomic molecules showing

a smooth variation with the internuclear separation (see e.g. [45] or [81]).

If, moreover, we approximate the vibrational states by the states of a shifted harmonic oscillator and

extend the lower bound of the radial integral to —oo, we get,

(m) )
RV ~ Lg"’zz ¢

R

Jvib,vw> : (2.226)

<wvib,u’

—1te

In the double-harmonic approximation, we therefore obtain the same vibrational selection rule as for

an electric-dipole rotation-vibration transition, i.e.,
Av = =+1. (2.227)

Within this approximation, we thus have v" = v”+1 and the matrix element in (2.226) can be calculated

explicitly by expressing the position operator é in terms of the raising and lowering operator:

Dyibr1 | C | Yyibr ) = L vt | (@1 4 @) | Yyip (2.228)
< )= 7z
- \/155 (\/m <{/;vib,v”+1 ’ 'lZvib,v”Jr1> + V" <’lZvib7v//+1 ‘ {/;vib,v”—1>>
(2.229)
= VL (2.230)

V2¢

Here, as before, £ denotes the characteristic constant of the harmonic oscillator wavefunctions given
in (2.153). As £ is not a quantity usually found in the spectroscopic literature, it is worth expressing it
in terms of quantities usually given in the literature, such as the rotational constant B, the harmonic
vibrational frequency we and the equilibrium internuclear distance R, of a molecule. Substituting the

relation between the rotational constant B, (in units of energy) and the effective mass Mg [57],

h2
- 2MeﬁRg ’

| hwe
= N (2.232)

~ i~ [B
<1/Jvib,v”+1 ’C ’ wvib,v“> = R hwe Vo' + 1. (2.233)
e

In molecular spectroscopy, spectroscopic constants are often expressed in units of inverse length by

B. (2.231)

into equation (2.153), we get,

and thus:

referring to the inverse of the wavelength (“wave number”) of electromagnetic radiation with a corre-

sponding photon energy. The constants B and @ in these units are related to those defined above
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by,
~ Be
= 2.234
e = 5 ( )
~ We
_ 2.235
We = oo ( )

such that we get:
~ o~ |B
<1/)vib,v”+1 ‘ C ‘ wvib,v”> = Rc ajie V v + 1. (2236)
e

The radial part of the transition matrix element of an electric-quadrupole rotation-vibration transition

is thus given in the double-harmonic approximation as:

dQi, B
R V") = % Ret| ==Vv" +1. (2.237)
R=R. ¢

This result is given in equation (18) of [82].2! Tt is usually used to estimate the intensity of an electric-

quadrupole rotation-vibration transition, such as in [83, 33, 84].

The line strength of an electric-quadrupole rotation vibration-transition is, likewise as for a dipole
transition, obtained by summing the squared absolute magnitude of the transition matrix element
over all spherical tensor components of the quadrupole operator and all degenerate states in the upper

and lower level, i.e.,

J" 2

J’ A 9
=3 3 > ’<¢b ‘ T2 {QS)} ‘¢a> (2.238)
M/'=—J' M"=—J" p=—2
J’ J" 2 3
= > X X Sleu M) A ) (2.239)
M'=—J' M"=—]J" p=—2
2
! "
= g(QJ'+ 1)(2J" +1) (}7) 3 {)) 120", (2.240)

where we have once more made use of the orthogonality properties of the 3j-symbols.

The most remarkable difference between the electric-dipole and the electric-quadrupole operator from
the point of view of molecular rotation-vibration spectroscopy is that the latter may induce rotation-
vibration transitions even in homonuclear diatomic molecules. As mentioned in the last section, the
electron density of a homonuclear diatomic molecule is an even function with respect to the inversion
of the z-coordinate (as well as with respect to the - and y-coordinates). However, as the prefactor
roTo = 72 for the diagonal terms of the quadrupole matrix element in (2.208) is an even function too,
this does not imply the diagonal terms to vanish. Furthermore, the nuclear part of the quadrupole
moment also contributes to the transition matrix element: since the two terms in (2.204) related
to nucleus 1 and 2 are summed—instead of subtracted from each other, as in the corresponding
expression for an electric-dipole transition—this term, too, yields a non-vanishing contribution. If the

total molecular quadrupole moment does also change as a function of the internuclear distance (which

2INote that there is a slight inconsistency with the units in the article of Karl and Poll [82]. The rotational constant
B used there is defined exactly as our Be, i.e., in units of energy. Furthermore, their w “denotes the harmonic-oscillator
frequency”, which implies the dimension of inverse time. However, the ratio B/w is then not dimensionless as it is
supposed to be. So strictly speaking, an additional factor i should appear in their expression, as it does here in (2.233).
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it does in general), the quadrupole operator may induce rotation-vibration transitions. However, as
discussed in the preceding chapter in the context of the general interaction between matter and
radiation, the intensity of rotation-vibration transitions driven by the electric-quadrupole operator
is very low, since the extent of the molecular wavefunction is small compared to the wavelength
of electromagnetic radiation at resonance. Hence, the “gradient” of the electric field—the quantity

relevant for electric-quadrupole transitions—is small over the extension of the molecule.

2.4 An intuitive picture

In this chapter, the physics of electric-dipole and electric-quadrupole rotation-vibration transitions
in hetero- and homonuclear diatomic molecules has been described quantum mechanically. These
transitions may also be described in an intuitive, less mathematical way: as the electronic state does
not change in these transitions, they are governed by the diagonal matrix elements of the electric-
dipole or quadrupole operator with respect to electronic states. These diagonal elements describe the
expectation value of the respective electric multipole moments in a particular electronic state. We
may thus think of the vibrational excitation of a molecule in an electric field in a similar way as of
a classical electric charge distribution and we may equally well speak of different multipole moments
of the charge distribution as of the multipole moments of the interaction operator of matter and
radiation. In contrast, spectroscopic transitions in atoms are driven by the off-diagonal elements of

the transition operator that lack an obvious intuitive meaning.

In a heteronuclear diatomic molecule, the charge distribution may in general be divided into a more
positively and a more negatively charged part, an electric dipole. In an electric field these two parts
experience a force parallel and antiparallel to the field, respectively. In an oscillating field, the molecule
vibrates. For a homonuclear molecule such a partition into a region with a positive and a negative
(relative) charge cannot be achieved. However, a partition into four regions, two of them more positively
and two of them more negatively charged, i.e., an electric quadrupole, is usually possible. This electric
quadrupole may be considered as two spatially separated electric dipoles (such as an electric dipole
may be regarded as two separated electric monopoles, i.e., charges). If the electric field were uniform,
these two dipoles would oscillate in phase and the relative motion of the two nuclei in the molecule,
the vibration, would not be excited. However, because the field of an electromagnetic wave is not
uniform but rather exhibits a phase shift over the extent of the molecule, these two dipoles oscillate
slightly out of phase and thus the vibration is excited. As the molecule is considerably smaller than
the wavelength of the wave, this phase shift is rather small and hence electric-quadrupole vibrational

transitions are weak.



Chapter 3

Theory of electric-quadrupole
rotation-vibration transitions in the

molecular nitrogen cation

3.1 Introduction

In this chapter, the particular system used in this work to probe electric-quadrupole rotation-vibration
transitions in a molecular ion is introduced, namely the infrared fundamental transition within the
electronic ground state of the molecular nitrogen cation N;‘. First, the general properties of the
nitrogen cation and particularly, the energy level structure in the electronic ground state are presented.
Emphasis is placed on the fine and hyperfine structure of 14N§r because this structure allowed us
to assign the observed spectrum unambiguously as due to electric-quadrupole vibration transitions
in the nitrogen cation. Subsequently, the theory of electric-quadrupole transitions presented in the
previous chapter is extended to include fine- and hyperfine-structure effects. As we are not aware of
any treatment covering hyperfine-structure effects in electric-quadrupole rotation-vibration spectra,
this theory has been newly developed as part of this work and represents a major result of this thesis.
The theory is not limited to the N ion, but may be applied to other molecular ions or neutral
molecules showing a similar angular momentum coupling structure as well. A shortened version of this

chapter has been published in Molecular Physics [85].

3.2 Spectroscopic investigation of the molecular nitrogen cation

The molecular nitrogen cation is one of the most extensively studied molecular ions in spectroscopy.
The investigation may be traced back to the first half of the twentieth century with the observations
of Fassbender [86], Coster and Brons [87] and Childs [88], among others (see [89]), and has continued
until today. The interest in the Nj ion was driven by natural phenomena such as aurorae or comet
tails [90, 91] which show the spectroscopic signature of this molecule as well as technical applications
such as the atmospheric reentry of space probes [92, 93]. Compilations of the spectroscopic data on
the NJ ion may be found in the review articles by Lofthus and Krupenie [94] and Gilmore, Laher and
Espy [95].
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The electronic ground state XQEg of NJ shows the dominant molecular orbital configuration [96]
10§10320§20330é17r3 and is thus obtained from the ground state of the neutral Ny molecule XlZg
with the dominant configuration [94] 10’;10’320;20330‘;17‘(‘3 upon removal of an electron from the 3o,
orbital. For the spectroscopic investigation, two excited electronic states are of particular importance,
the A%II, state and the B2X} state. Rovibronic transitions between the X and the A state lie mostly
in the visible and near infrared part of the electromagnetic spectrum and form the “Meinel system”,
those of the X-B or “first negative” system also reach into the ultraviolet. Both of these systems
have been extensively studied with ever increasing precision. Relatively recent studies include the
ones from Miller, Suzuki and Hirota [97], Ferguson et al. [98] and Harada, Wada and Tanaka [90] for
the Meinel system, as well as the ones by Dick et al. [99], Gottscho et al. [100] and Michaud et al.
[92, 93] for the first negative system. From these measurements, a set of spectroscopic constants for the
rotational and vibrational terms in the Hamiltonian of the electronic ground state of N; is available
(see Tab. 3.1).

Beginning in the 1980s, the hyperfine structure of the N;‘ ion has also been extensively investigated
using Doppler-tuned laser fluorescence spectroscopy, e.g., in the studies by Rosner, Gaily and Holt
[91, 101] and the one by Scholl, Holt and Rosner [102]. These investigations culminated in a laser-rf-
laser double-resonance study by Berrah Mansour et al. [96] that yielded a set of molecular hyperfine-

structure parameters with precisions in the kHz range or even better (Tab. 3.2).

The ion sources used in these experiments, such as electrical discharge sources, hollow cathode lamps,
etc., produce N;’ ions with thermally populated internal quantum states. However, N; ions may also
be produced by the method of resonance-enhanced multiphoton ionization (REMPI) as in the exper-
iments by Vrakking, Bracker and Lee [103], Lykke and Kay [104] and Hanisco and Kummel [105].
This technique was refined by Mackenzie et al. into a two-colour REMPI scheme and combined with
the method of delayed pulsed-field ionization to produce N;r ions in selected rotational-vibrational
quantum states [106]. A similar technique known as “pulsed-field-ionization zero-kinetic-energy pho-
toelectron spectroscopy” (PFI-ZEKE) was later utilized by Seiler et al. [107] to precisely determine
the ionization potential of the Ny molecule. Finally, the method of threshold REMPI was employed by
Tong, Winney and Willitsch [108] and Tong, Wild and Willitsch [109] and combined with ion trapping
and sympathetic cooling to produce rotational-vibrational state-selected, translationally cold and spa-
tially confined N2+ ions. This state preparation was achieved in the same laboratory as the experimental
data for this thesis were taken. The N;‘ ion also is particularly suited for such experiments, because a
well-studied charge transfer reaction of N with Ar atoms [110] may be used for state detection (see
Ch. 4). For these reasons, the N2+ ion was chosen as a test system to demonstrate the addressability

of electric-quadrupole rotation-vibration transitions in a molecular ion.

3.3 Energy level structure of the molecular nitrogen cation

The Hamiltonian of the NJ ion in the electronic ground XQEg state consists of several terms de-

scribing the vibration, the rotation, the fine and the hyperfine structure:

Hint(N;aXQEg) :-Hvib+ﬁrot+ﬁfs+ﬁhfs- (31)
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The vibrational and rotational Hamiltonians are treated by common models for diatomic molecules
[60, 79] and are thus only briefly discussed here. The contributions due to the electronic spin (fine
structure) and the nuclear spin (hyperfine structure) are more involved and the relevant expressions

are given below.

For the vibrational Hamiltonian, the anharmonic oscillator model may be used (as in [97, 98]) with

the corresponding term values G(v) (in units of cm™!) given as [79),
G(v) = we(v 4+ 1/2) — wee(v + 1/2)? + weye(v + 1/2)3. (3.2)

Some of the most accurate measurements of relative vibrational term values AG(v) = G(v) — G(0) of

N3 are reported in [93]. These values are shown in Tab. 3.1.

The angular part of the N;‘ Hamiltonian involves several angular momenta, which are due to the
rotation of the nuclear frame of the molecule, the electronic and the nuclear spin. As a doublet state,
the XQEgr state exhibits a total electronic spin of S = 1/2. Furthermore, each of the two N nuclei in
14N§" exhibits a nuclear spin of Iy = 1 giving rise to a total nuclear spin of I = 0 or 2 (ortho-Nj)
and I = 1 (para-Nj). The spin-rotational part of the Hamiltonian may be well described with a
Hund’s case (bg,) coupling scheme [111, 112, 60] meaning that the rotational angular momentum of
the molecular frame! N is first coupled with the electronic spin S to form J = N—l—S, the total angular
momentum excluding nuclear spin.? The resultant angular momentum J is then coupled to the total
nuclear spin I to form the total angular momentum F according to F = J +1. The basis states related
to this coupling scheme are the states |[NSJIFMp) with N, S, J, I and F the eigenvalues of the
above-mentioned angular momentum operators and Mg the eigenvalue of F., the projection of the

total angular momentum on the space-fixed z-axis.?

These quantum numbers are associated with energy levels of the molecular Hamiltonian on different
levels of precision. The rotational levels labelled by N are spaced by more than hundred GHz between
each other for low values of N. J labels the fine-structure (fs) levels with spacings of a few hundreds
of MHz and F' the hyperfine-structure (hfs) levels, lying only a few tens to about one hundred MHz
next to each other. This hierarchy is depicted in Fig. 3.1.

The rotational Hamiltonian up to the fourth order in N reads [97, 42]
H.o. = B,N? — D,N*. (3.3)

Here, B, denotes the rotational constant and D, the centrifugal distortion constant for a particular

vibrational quantum state v (both in units of cm~!). This Hamiltonian is diagonal in the Hund’s case

IThe projection of the electronic angular momentum on the internuclear axis A vanishes, as we are considering a ¥
state.

2The symbols used here for the different angular momenta, follow the usual conventions for the Hund’s case (b) angular
momentum coupling scheme. In the previous chapter, J was used for the angular momentum quantum number of the
nuclear frame of the molecule following the usual terminology in angular momentum theory of closed-shell molecules.
Here, N is the analogue to J from Ch. 2.

30ther nuclear spin coupling cases include the (ag ;) scheme, where F is also the resultant of J and I but with J
obtained according to the Hund’s case (a) coupling hierarchy, and the (bg, ) scheme, where the nuclear spin is first coupled
to the electron spin and subsequently their resultant to N. In principle, quantizing the nuclear spin in the molecule-fixed
frame is also possible. Such schemes are known as case (aq) and (ba), for Hund’s case (a) and (b), respectively. In
practice, these cases are unlikely to occur because of the low coupling energies of nuclear magnetic moments as compared
to electron moments. A systematic treatment of nuclear spin coupling cases is given in [112].
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Figure 3.1. Energy level scheme of the angular quantum states of 0r1:ho—14N;r in the electronic
ground state. The rotational levels are denoted by the rotational quantum number N. The level scheme
is shown here for the rotational ground state (N = 0), the first rotational excited state allowed by the Pauli
principle for ortho-'NJ (N = 2) and for a general state with N > 4. For N > 0, the rotational levels are
split into two spin-rotation components, observable in a spectrum as the fine structure (fs), corresponding
to the two possible values of J: J = N—1/2 and J = N+1/2. For N = 0, only one spin-rotation component
exists and no fs splitting occurs. The spin-rotation components are further split by the interaction with the
nuclear spin giving rise to hyperfine-structure (hfs) levels which are labelled by the quantum number F.
Because the hfs Hamiltonian is not diagonal in the Hund’s case (bg,) basis, each hfs state exhibits a small
admixture of the state belonging to the other of the two spin-rotation components with the same value
for F'. This effect is indicated by the dashed lines connecting these levels. No mixing occurs for the state
F =9/2, N =2 as well as for the states with F = N —5/2 and F = N +5/2 for N > 4 as they exist only
for one of the two spin-rotation components of the respective rotational state.
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Table 3.1. Vibrational term values, rotational and centrifugal constants for the XQZ;;" state of 14N7 .

v AG(v) B, D, x 10°
0 0 1.922316(5) 0.5919(1)
1 2174.746(1) 1.903380(5) 0.5958(1)
2 4316.977(1) 1.884265(5) 0.5996(1)
3 6426.445(2) 1.864985(5) 0.6039(1)

All values in units of cm™* and taken from [93].

Values in parentheses correspond to one-standard-deviation (1o) uncer-
tainties and apply to the last digits (converted from the 20 uncertainties
given in [93] and rounded to the original number of significant digits).

(bg,)-basis and exhibits the matrix elements (see Appendix B in [42]),

(N'S"J'T'F'Mp|Hyot|NSTIFMp) = 5 Nr8550.0.00 0110850 p1,011, [BuN (N + 1) — Dy [N(N + 1)]7].
(34)
One of the most recent measurements of the rotational and centrifugal distortion constant for N is
the one by Michaud et al. [93]. Their results for the XQE;: state have been compiled in Tab. 3.1.

The fine structure in the spectrum of N;‘ is described by the coupling of the electronic spin S with
the rotation of the molecule N,
Hi =N -8, (3.5)

with 7, the (effective)? spin-rotation coupling constant for a particular vibrational quantum number
v which is given in Tab. 3.2 for v = 0 and v = 1. The fine-structure Hamiltonian is also diagonal in

the chosen basis with the matrix elements (see Appendix B in [42]),

<N/S/J/I/F/M1/:s|HfS‘NSJIFMF> = 5NN’655’5JJ’5II’6FF’6MFM},%[J(J + 1) — N(N + 1) - S(S + 1)]
(3.6)
In molecular spectroscopy, the rotational and fine-structure terms of the Hamiltonian are sometimes

merged into a spin-rotational Hamiltonian with the eigenvalues [97],

Fi(N) = B,N(N +1) — D,[N(N + 1)]? + 1/27,N, (3.7a)
Fy(N) = B,N(N + 1) — D,[N(N +1)]*> — 1/27,(N + 1), (3.7b)

for the two spin-rotation components F corresponding to J = N +1/2 and F, for J = N —1/2. (The
symbols F} and F5 are not to be confused with the angular momentum quantum number F and are
not related to the latter.)

The hyperfine-structure Hamiltonian exhibits several contributions and may be written as [96],
-ths = f{bp +ﬁt+ﬁqu+ch (38)

with Hp, describing the Fermi-contact interaction, H; the dipolar hyperfine interaction, Heqg the

quadrupolar hyperfine interaction and H., the magnetic nuclear spin-rotation interaction. The latter

4Physically, the effective spin-rotation constant mainly incorporates second-order spin-orbit and rotation-electronic
couplings to nearby 21T states [101, 96].

5The spin-rotation constant shows itself a slight dependence on N. In [96], 7 is thus replaced by a sum consisting of
a constant part and a part dependent on N: v, — v, + yNN(N + 1), where yx is an additional spectroscopic constant.
Because of the low value of |yn| (= 400 Hz or 1.4 ppm of v, for v = 1), this term may be neglected for the values of N
considered and the level of accuracy aimed at here.
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Table 3.2. Fine- and hyperfine-structure coupling constants for the X2E;’ state of 14NJ.

Constant Value for v = 1 [MHz]* Value for v = 0 [MHz]"
Yo 276.92253(13) 280.25(45)

bE o 100.6040(15) 102.4(1.1)

ty 28.1946(13) 23.3(1.0)

eqQy 0.7079(60) -

Values in parentheses represent lo-uncertainties and apply to the last digits.

* from [96]

b from [102]

is neglected here as the corresponding coupling constant of ~ 11kHz is far below our experimental
precision (see Ch. 4). The coupling constants bp,, t, and eqQ, appearing in ﬁbw H, and erqQ,
respectively, are given in Tab. 3.2 for the 14N2+ ion in the vibrational ground state and the first

vibrational excited state of the electronic XQEg+ state.

In the basis introduced above, the matrix elements of the Fermi-contact Hamiltonian are given by
[96]:

(N'S"J'I'F' M| Hy,.|NSJIFMp)

= bF,v5N'N5S/S5I'15F/F5MgMF(—1)F+I+JI+J+N+S+1 I(I+1)(21 +1)

7 I J F|[s J N (3:9)
\/S(S+1><25+1>(2J+1)(2‘]“){J I 1}{J s 1}'

Here, the two-row expressions in curly brackets are Wigner 6j-symbols [61, 76, 77, 62]. The Fermi-
contact Hamiltonian is not diagonal in this basis but rather mixes states differing in their J quantum

numbers but identical in the other quantum numbers.

The matrix elements of the dipolar hyperfine Hamiltonian are [96]:6
(N'S"J'T'F' M| H;|[NSJIF Mp)
= tu051501 10m RO prp (— 1) TN BON(T + 1) (21 + 1)
VS(S+1)(2S +1)(2J +1)(2J + 1)(2N + 1)(2N' + 1)

I J F N 2 N
S S 1 )
J I 1 0 0 O

JoJ 1

where the three-row expressions in curly brackets are Wigner 9j-symbols [61, 76, 77, 62]. This Hamil-
tonian, too, is not diagonal in the chosen basis and mixes states with different N and J quantum

numbers.

Finally, the Hamiltonian describing the electric-quadrupole hyperfine interaction is given by the matrix

SLike 7., also t, shows a slight dependence on N. Therefore, an additional N-dependent term is incorporated in t, in
[96], i.e., ty — ty, +ENN(N +1). As the value of ¢, too, is very small (= 74 Hz or 2.6 ppm of ¢, for v = 1), it is neglected
here as well.



3.3 Energy level structure of the molecular nitrogen cation 51

elements [96]:

(N'S'J'I'F' M| Hego|NSTIF Mp)

eqQv (D' + (="~
2 2

/ T2 T L 2 T
2N 1) (2N’ (-1 F+2J+TI 1 211 +S+2N 1 1
VN + 12N +1)(-1) (1) PRT & (3.11)

N 2 N] (N 2 N 11211*1
J S J 0 0 0/\-, 0 L ’

where I} = sy = 1. This Hamiltonian shows off-diagonal elements with regard to the N, J and I

VEI+1)@2I+1)(2] +1)(2J +1)

05780 FONY Mp

quantum numbers.

Concluding, we see that the rotation and the fine-structure Hamiltonian are diagonal within the
|NSJIF MFp) basis, but that the hyperfine-structure Hamiltonian contains off-diagonal elements that

mix states with different IV, J and I quantum numbers.

Therefore, the Hamiltonian needs to be diagonalized to obtain term values and frequencies of spectro-
scopic transitions. Mixing of different rotational states (i.e., matrix elements off-diagonal in N) was
not considered here, because interactions between them were found to be negligible in [96], as were
matrix elements off-diagonal in the nuclear spin I. For the rotational ground state (N = 0), the hfs
Hamiltonian then only shows the Fermi-contact term that is diagonal in the chosen basis, because only
J = N +1/2 is possible for N = 0. For rotational excited states (N > 0), the Hamiltonian is block
diagonal with each value of the total angular momentum F' exhibiting contributions of either value of
J: J=N+1/2and J = N — 1/2. Diagonalization within the Hilbert subspace of a certain rotational
state N may then be achieved analytically with a computer algebra package (Wolfram Mathematica
8.0, Wolfram Research, Inc., Champaign, IL, USA).

In terms of Fig. 3.1, mixing of the two possible values of J for a given N means that each state in the
set belonging to J = N + S is mixed with the corresponding state of the set J = N — S with the same
value of F, if such a state exists, as indicated by the dashed lines in Fig. 3.1. These mixed states are
expressed as linear combinations of Hund’s case (bg,) basis states. The state lying second highest in

energy for N = 2, e.g., is expressed in Hund’s case (bg,) basis as

NI~ NI~

‘¢example> = 0.9837 |N = 2, S =
+0.1800 [N = 2,5 =

T
J

)

). (3.12)

NI—= Nl

F
F

Nl Njot

7I:27
I =2,

Obviously, when taking this mixing into account, J is no more a good quantum number. However,
as seen from the expansion above, one of the two values of J dominates in this linear combination.
Therefore, J may still be used as a near “quantum number” [67] and may serve as a label to distinguish
the two states. For this near quantum number the symbol J is used here and the eigenstates of the

Hamiltonian are written as |N.SJIFMg). The above-mentioned state is thus written as

=

rojot
~
I
N
B
Il
[NJEN]
~

(3.13)

N

‘(bexample) = |N = 275 =

In general, the expansion of the eigenstates of the hfs Hamiltonian in the Hund’s case (bg,) basis may
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Table 3.3. Expansion coefficients for the eigenstates of the hfs Hamiltonian of YN} (v = 1,N = 2) in a
Hund’s case (bg,) basis.

State Coefficients
Jo F ey Nn_sF CToN+SJF
5/2 9/2 | 0.0000 1.0000
3/2 1/2 | -0.9946 0.1033
5/2 1/2 | 0.1033 0.9946
3/2 7/2|-0.9837 0.1800
5/2 7/2| 0.1800 0.9837
3/2 3/2 | -0.9846 0.1748
5/2 3/2 | 0.1748 0.9846
3/2 5/2|-0.9793 0.2024
5/2 5/2 | 0.2024 0.9793
be written as
N+8S
‘NSfIFMF>: S ¢j,p INSIIFMp). (3.14)
J=|N—-5]|

N+S

Here, ¢, are real expansion coefficients, normalized such that J=[N—5| = 1. They are given

e

for all hyperfine states of 14NJ with N = 2 and v = 1 in Tab. 3.3 as obtained g/}iche diagonalization of
the Hamiltonian with Wolfram Mathematica using the fine- and hyperfine-structure coupling constants
from Tab. 3.2. States with a value for F'; which does only appear for one of the two values of J, do
not mix. For N = 2, this applies only for the F' = 9/2 state, for higher N, this is true for the states

with the maximal (minimal) F for J = N+ S (J =N — 9).

3.4 Fine- and hyperfine-structure effects in electric-quadrupole

rotation-vibration transitions

As shown in the preceding section, electronic and nuclear spin play an important role in the 14N2+
ion via the fine- and hyperfine-structure Hamiltonian and need to be considered for high-precision
spectroscopic experiments. Therefore, the theory of electric-quadrupole rotation-vibration transitions
from the previous chapter is extended here to include effects of electronic and nuclear spin. At the
same time, our treatment is extended to cover electronic orbital angular momentum appearing in
non-Y states. We will first consider the approximation of completely separable quantum states and
subsequently regard spin-rotation coupling (fine structure) and coupling of the electronic and rotational
angular momenta to the nuclear spin (hyperfine structure). Fine- and hyperfine-structure effects will
be discussed in a Hund’s case (b) and (bg,) angular momentum coupling scheme, respectively. Finally,
the influence of the mixing of the Hund’s case (bg,) states by the hfs Hamiltonian on the line strength

is studied.

3.4.1 Electric-quadrupole rotation-vibration transitions in the approximation of

completely separable quantum states

In the approximation of completely separable quantum states, a molecular state is regarded as a tensor

product of an electronic state [nA), a vibrational state |v), a rotational state |[NAMy), as well as an
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electronic |SMg) and nuclear [IMr) spin state. Here, n is a label for the electronic quantum state
of the molecule, v stands for the vibrational quantum number and A denotes the quantum number
of the projection of the electronic orbital angular momentum on the internuclear axis. The quantum
number N describes the magnitude of the total molecular angular momentum N excluding electronic
and nuclear spin and My the corresponding projection on the space-fixed z-axis. S and I are the
quantum numbers for the magnitudes of the electronic and nuclear spin, respectively, and Mg and My

their projections on the space-fixed z-axis.

Denoting the quantum numbers for the upper and lower state as in the previous chapter by ’ and ”,

respectively, the upper and lower quantum states are represented by,

InA) [v) |N'AMY) |S'ME) [T'M}) = [nA, o, N'AMY;, S' MY, IM}) (3.15a)
A o) [N AMYY |S" MEY 1" M) = |[nA, 0", N"AMY,, 8" M§, I" M}, (3.15b)

where the tensor product states have been written as single kets for brevity. As we are regarding
rotation-vibration transitions, the electronic quantum numbers n and A are identical in the upper and

lower state.

The line strength is calculated as before by the squared absolute value of the electric-quadrupole
operator summed over all spherical tensor components and all degenerate states contributing to the

upper and lower level, i.e.,”

SICIEED DD DD M S
Uﬁ,l)(;,,/s,,/l/, My, MY ML MY M MY p=—2

<nA, o, N'AMY, §' M, I' M)

T2 {Q@)Hm\,u”,N”AM S" MY, I MY >’ . (3.16)

Here, the sums over the projection quantum numbers include all possible values, i.e. My, = —N', —N'+
1,...,+N’ and likewise for My, Mg, Mg, M; and M]. As indicated in the above equation, we will

first calculate the line strength for two particular nuclear spin quantum numbers I’ and I” and later
sum over all contributions of the several possible nuclear spin values allowed for particular rotational

levels by the Pauli principle.

Since the electric-quadrupole operator does not act on the electronic and nuclear spin states, they

may be separated from the transition matrix element, yielding:

<nA o', N'AMY,, S' MY, IM]

2[QO] [ na, v, N"AME, S"ME, "M )

= (M| 1My (S'M | " M) (nd, o,

2[Q0] | na, o, NTAME) . (3.17)

Assuming orthonormal spin states, we have (I'M}[I"M]) = oppépyyy and (S'Mg|S"Mg) =

0575 OnrL M-

In the same way as in the last chapter, the electric-quadrupole operator in the space-fixed frame is

"Following usual conventions, a capital letter S is used as a symbol for both, the total electronic spin as well as the
line strength. Confusion is avoided by the different sub- and superscripts.
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expressed in terms of the molecule-fixed frame by a Wigner rotation matrix:
2 *
2 [As (2 2 |A(m
30 - 3 [og] 13 fam) o9
q=—2

As we are using bra-ket notation and abstract operators here, the Euler angles are not written and
rather appear only when evaluating this operator for particular quantum states. The matrix element of
the abstract T)gq operator is then given by the concrete Wigner rotation matrix used in the preceding

chapter according to,

(0101x1|Df, | d202x2) = (d1 — 62)8(01 — 02)5(x1 — x2) 2 (1,01, x1), (3.19)

where ¢ is the Dirac delta distribution.

We thus get for the rovibronic transition matrix element:

<nA, o', N'AMY,

TZ {Q(S)} ‘nA, UII7NI/AM]/\//>
2

= Z <nA, o', N'"AMy
q=—2

[D@] 12 [Q] [0, 0", N"AME ). (3.20)

As the Wigner rotation matrix depends only on the Euler angles and since the angular dependence of
the molecular state is described by the rotational wavefunction, whereas the molecule-fixed quadrupole
operator involves only the vibronic coordinates that appear only in the vibronic function, the transition

matrix element may be factorized as follows [67, 60]:

<nA, o', N'AMY

TZ {Q(s)} ‘nA, v”7N"AM]/\',>

2
= 22 <nA, v’

q=—

(PR | Namg) . 321)

T2 {Q(m)} ‘nA,v"> <N’AM]'\,

To calculate the angular matrix element, we notice that the angular functions are themselves repre-

sented by Wigner rotation matrices, i.e. [60],

ON" £ 11w ,
(0 X|IN"AMYy) = \/87 [@%,{(ql),@,x) ; (3.22a)

2N’ +1
82

(N'AMN[60x) = 9%%(@&)(). (3.22b)

Hence, the angular matrix element is a product of three Wigner rotation matrices integrated over the
Euler angles. Integration is readily achieved when exploiting the properties of the Wigner matrices
[62]:

<N’AM1’V
_ \/2N”+ 1\/2N/+1 2m 2m Q (Nl) (2) (N//) * .
- [ 200000 [2820.0.00206.0.0] sinsasaca

872

(3.23)
:\/2NII+ 1\/2N/ ¥ 1(—1)M;V_A N’ 2 N”" N’ 2 N" .
-My p M{)\-A ¢ A

[P] [V
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Because of the selection rule —A 4+ ¢ + A = 0 for the second Wigner 3j-symbol, the above expression
vanishes for all values of ¢ but ¢ = 0. Therefore, only the term with ¢ = 0 contributes to the sum in

equation (3.20). The transition matrix element appearing in (3.17) is thus:

<nA, o', N'"AMy, §' M, IM]

T2 [QO] [ nA, o, N"AME, S"ME, 1" M) (3.24)

=8Oy ardsrsmOnpary V2N + 12N + I(—1)Mn—A
N 2 N'\ [N 2 N"

. ; <nA,U'
My p My -A 0 A

Substituting this result into (3.16), we obtain for the line strength:

(3.25)

T(Q) [Q(m)} ’nA,v"> .

(sep.) _
S"TX;/S/,/ =ds50rrr Y Sy >, Onay
Z”N”S’/I” M;,M}/ Mg,Mg
2
N 2 N’ A 2
(2N’+1)(2N”+1)( ‘o A) ‘<nA,v’ T2 [Q(m)HnA,v”>

2 N2 N\’
Z Z _M! M : (3.26)
My, My, p=—2 N PMN

The sum over M}, M}, and p is calculated using the orthogonality properties of the 3j-symbols (see,
e.g., [61]), yielding:

2 (N 2 N7
Z Z —_M M =L (3'27)
My MY p=—2 N P N
The sum over the total electron spin projection quantum numbers accounts for,
Z Onrgary = 28" + 1, (3.28)
MY, MY
and similarly the one over the projections of the nuclear spins is,

Z 5M}M}’ =2I" + 1. (329)
M MY

Thus, the contribution to the line strength of an electric-quadrupole rotation-vibration transition

between two states of particular nuclear spin quantum numbers I’ and I” is:

S’SSX;; L, Tossrorr I "+1)(28" +1)(2N' + 1)(2N" +1)

UI/N/ISIII// ! 1" 2
v N 2 N
‘<nA, v
—A 0 A

As expressed by the two Kronecker delta symbols, electronic as well as nuclear spin does not change

T2 [Q(“ﬂ} ’nA, v”> ’ (3.30)

in such a transition and the two selection rules

AS =0, (3.31)
Al =0, (3.32)
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for AS =5 — 8" and AT = I' — I" apply.

The selection rule for the change in the rotational quantum number AN = N’ — N” is less restrictive

for non-X states than the one deduced in Ch. 2 and reads in general,
AN =0,£1,+2, (3.33)

with AN = #£1 forbidden in ¥ states as well as AN = 0 forbidden for N’ = 0.

The vibronic transition matrix element in equation (3.30) may be separated into a vibrational and an
electronic part. The integration over the electronic coordinates may be formally carried out. Because
the electronic quantum numbers do not change in a rotation-vibration transition, the result of this
integration is—as discussed in the preceding chapter—the electric-quadrupole moment of the molecule
in the electronic quantum state considered, i.e.,

QN-

3 [a] ) = 3 (v

Here, QSX) stands for the electric-quadrupole moment of the molecule in the electronic state |n, A)

<nA, v’

15[ o) = (v

v”> . (3.34)

understood as an operator acting on the vibrational state (i.e., the internuclear distance R appearing
in the quadrupole operator is replaced by the corresponding quantum mechanical operator R acting
on the vibrational state [v")). Within the double-harmonic approximation, the vibrational transition

matrix element may be calculated according to equation (2.237) of the previous chapter.

When the hyperfine structure is not resolved in a spectrum, the line strength is the sum over all
hfs components. In other words, transitions differing only in the nuclear spin quantum number, but
identical in the others (such as, e.g., N =0,I"=0—-> N =2I"=0vs. N"=0,I"=2 - N" =
2,I' = 2) are not resolved and observed as a single spectral line. The observed line strength is thus

the sum of the contributions of all these transitions:

S(sip.) _ Z S(Sep~) ; (335)

'N'S’ I',I” o' N'S'I’

v//N//S// U//N//S//I//

where the sums over the nuclear spin quantum numbers I’ and I” include all values for I’ (I") that
are allowed by the Pauli principle for a given N’ (N”), (see [29], pp. 130ff. and [66]). Because of the
Kronecker delta ;. appearing in (3.30), the double sum turns into a single one, which is commonly
absorbed together with the factor (27" +1) from (3.29) into a nuclear spin statistical weight factor gps
[67]. For N7 in the electronic ground state X*%}, we have I = 0 or 2 for even values of N and I = 1
for odd ones. Therefore, the nuclear statistical weight factor is gns(N) =(2x0+1)+(2x2+1) =6
for even N and gns(N) = (2 x 1+ 1) = 3 for odd N.

In conclusion, the line strength of an electric-quadrupole rotation-vibration line in the approximation

of completely separable quantum states is:

2
(3.36)

13 o] )

o/ N'S’ -A 0 A

2
N 2 N”
SR S gngns (2N + 1)(2N" +1)(28" + 1) ( > ‘<v'
U//N//S//

In order to verify this result, the line strength for transitions in the particular case of vanishing
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electronic and nuclear spin has been calculated and compared with the values obtained from the
expressions derived by Farley and Cattolica [113] for the Hund’s case (a) coupling scheme (which
corresponds to Hund’s case (b) for vanishing electron spin). Using the expressions from Tab. 2 in [113]
for AP = 0 (corresponding to AA = 0 in our notation), perfect agreement was found for both, ¥ and

non-X states.

3.4.2 Fine-structure effects in electric-quadrupole rotation-vibration transitions

As outlined in Sec. 3.3, the rotation of a molecule may couple to its spin. If so, the tensor product states
|INAMp)|SMg) used in the preceding section are no more eigenstates of the molecular Hamiltonian.
The eigenstates are rather the states |[NASJM ) belonging to the coupled angular momentum J=
N +S. They may be expressed as linear combinations of the previously used tensor product states

with Clebsch-Gordan coefficients or 3j-symbols according to,

S J
NASJMj) DN=SHM 9T 11 NAMy) |SMs). (3.37
| 7) Z Z (- MN Ys | N) [SMg) . (3.37)

My=—N Mg=—8 Ms

Whereas the quantum numbers N and S, describing the magnitude of the rotational angular momen-
tum and the spin, respectively, are still good quantum numbers, the corresponding projection quantum
numbers My and Mg are not well-defined, because the coupled states are linear combinations of states

with different My and Mg quantum numbers.

The upper and lower states for a rotation-vibration transition considering spin-rotation interaction

are thus,
InA) [v') [N'AS'J M%) |I'M7) = |nA, o', N'AS" ' MY, I'My) , (3.38a)
InA) [o) |N"AS" T MY [T M}y = |nA, v, N"AS".J" MY, T"MY) . (3.38D)

Accordingly, the line strength for an electric-quadrupole rotation-vibration line is calculated as,

oA Z Z Z
Sﬁ/}V’S’J’I’ "
NN M’ JWN M’ I p=—2

N 2
p{Q@] ‘nA,v",N"AS"J”M}’,I"M}'>’ . (3.39)

<nA, o', N'AS' J' M), I' M}

Like in the previous section, we will first calculate the line strength for specific nuclear spin values I’
and I” and will later include all possible nuclear spin components allowed by the Pauli principle for

particular rotational states.

As in the previous section, the electric-quadrupole operator does not act on the nuclear spin states

such that the transition matrix element may be factorized:

<nA o, N'AS'J M, I' M)

(69 . s

= ("M | 1"M7) (nA o, N'AS' T My

T2 [Q@)} ‘nA, " N"AS" T M > . (3.40)

with <I/M} | I”M}/> = 51,1”51”}]»[1”.
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Expressing the electric-quadrupole operator in the molecule-fixed frame and exploiting that the Wigner
rotation matrix involves only the Euler angles, whereas the molecule-fixed quadrupole operator acts
only on the vibronic coordinates, the transition matrix element on the right-hand side of the above

equation is:

<nA, o', N'AS' ' M,

72 [Q9] [n, o7, N"AS" )

2

=3 (na o NAS M | [DR)] T2 [Q0V] [0, o, NTAS" MY ) (3.41)
q=—2

_ i <nA,v' T2 [C)(mq ‘nA,v”> <N’AS'J'M3 {ﬁ;?]* ’N"AS”J"Mj,’>. (3.42)
q=—2

The spin-rotational matrix element appearing in the last equation is evaluated with the Wigner-Eckart
theorem [61, 62, 76]. The matrix element is thus expressed as a product of a prefactor depending on
the three space-fixed projection quantum numbers (M’, M/, p) and a “reduced” (double-bar) matrix

element independent of them:

<N’AS’J’M3

[25}33)} ' ‘ N"AS"J"M" >

Yy Joo2 g
— (-l , | (VAT
-Mj5 p Mj

[15.(3)} ’ H N”AS”J”> . (3.43)

Here, we have adopted the notation from [60] with a dot in the subscript of the Wigner rotation
matrix indicating that this matrix element is reduced with respect to the space-fixed, but not to the

molecule-fixed coordinates.

As shown in (3.37), the spin-rotational states may be expressed in the tensor product basis of spin
and rotational states. The Wigner rotation matrix 151(31) acts only on the rotational part of this tensor
product states. We may thus employ the relation for reduced matrix elements of operators acting only
on one part of coupled angular momentum states (equation (5.72) in [61]) to factorize the reduced

matrix element:

<N’AS’J/

{15(112)} * H N//AS//J//>

’ ! " N/ JI SI Ky *
= Sgrgn (~ )N BT T2 1 {J” P } (V[ [BD] [ va). (3.a9)

In this way, spin quantum numbers have been eliminated from the reduced matrix element, leaving
only the rotational and electronic orbital angular momenta. The resultant reduced matrix element
may be calculated by comparing the value obtained from the integration of the three Wigner rotation
matrices from the previous section (equation (3.23)) with the corresponding expression given by the

Wigner-Eckart theorem. The result is:

(3.45)

(N[ [BP] [ va) = (—)MA VaNTETVENT (f\ z T) .

As in the preceding section, the expression above vanishes for all values of ¢ but ¢ = 0 and thus only
the term with ¢ = 0 contributes to the sum in (3.42). Substituting equations (3.42), (3.43), (3.44) and
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(3.45) into (3.40), we get for the complete transition matrix element,

<nA, o, N'AS' ' M), T' M)

T121 |:Q(s)] ‘TIA7’UH, N/IASIIJ/lMg,]//M}/>

= 0y prOagayBsrs (—1)S T MM ANTETVANT + 1V2) + 1v2)7 + 1
NI 2 N/I Jl 2 J/l Nl Jl Sl < A ,
ni\,v

-A 0 AJ\-M, p MY)|J" N" 2

Taking the squared absolute value of this expression and evaluating the sums appearing in (3.39), we

T2 {Q@n)} ‘nA,v">. (3.46)

obtain for the line strength for particular nuclear spin values I’ and I":

SS/S\) = 5515//61111/(2N/ + 1)(2N” + 1)(2J/ + 1)(2.]” + 1)(2[" + 1)
/NISI iag

v J'T 2 2
o' NS g N/ 2 N// N/ Jl S/
‘ <nA, v’
—A 0 A J// N// 2

Here, the orthogonality properties of the 3j-symbols have been used again, i.e.,

2 (g o2 g\
> , L] =1 (3.48)
-M; p M}

MY, MY p=—2

2
(3.47)

150 [

As seen from (3.47), the selection rules for AN, AS and AT are exactly as before, namely,

AN =0,+1,+2, (3.49)
AS =0, (3.50)
AT =0, (3.51)

with the aforementioned constraints on AN for ¥ states and for transitions involving the rotational
ground state. The selection rule for the change in the total angular momentum excluding nuclear spin
AJ=J —J"is,

AJ =0,+1, £2, (3.52)

and is thus in the case of ¥ states less restrictive than the one for AN.

As in the last section, the observed line strength when only resolving the fine and not the hyperfine
structure is given as a sum over all possible values for the nuclear spins I’ (I") for certain values of N’
(N"). Again, this sum of the terms depending on I” in (3.47) is usually expressed as a nuclear spin

statistical weight factor gns such that the total line strength is:

S\ =8g57gus(2N' + 1)(2N" + 1) (2" + 1)(2J" + 1)
o' N'S"J’

V"' NS N/ 2 N// 2 N/ J/ S/ 2
’ <nA, v’
-A 0 A J" N" 2

The vibronic matrix element appearing above may again be expressed as shown in equation (3.34) of

2

15 ] .7

(3.53)

the previous section.

In order to verify this result, the particular case S’ = S” = 0 is considered. In this case, we have

J' = N’ and J” = N”. For quadrupole-allowed transitions, the squared Wigner 6j-symbol is then
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Figure 3.2. Scheme of electric-quadrupole rotation-vibration transitions in a 2Y state with
spin-rotation interaction. The lines are labelled by O, Q and S according to AN = —2,0,+2. Two
subscripts 1 or o are used to denote the spin-rotation component F; and F» in the upper (v') and lower
(v") vibrational state.

equal to 1/[(2N" 4+ 1)(2N’ + 1)] such that, when multiplied with the prefactor (2J” 4+ 1)(2J' + 1) =
(2N" +1)(2N’ + 1), the result from the previous section is reproduced. For S’ = 5" > 0, the same is
true, when the total line strength of all fine-structure lines belonging to a certain rotation-vibration
line is considered, i.e., when the above expression is summed over all J' and J” values belonging to
certain values for N’ and N”: using the orthonormality of the Wigner 6j-symbols (equation (4.11)
in [61]), it may be shown that the result from the last section is reproduced again. Hence, upon
resolving the fine structure in a spectrum, the line strength is distributed among the several fine-
structure transitions belonging to one rotational-vibrational line with the total line strength of that

line remaining constant.

To label the fine-structure-resolved lines, we use the notation Si1(4), Q12(2), etc. Here, the number
given in parentheses is the lower-level rotational quantum number N”, the code letters O, P, Q, R
and S stand for AN = —2,—1,0,+1 and +2, respectively, and the two subscripts 1 or o refer to the
fine-structure component Fy or F in the upper and lower state (with F; corresponding to J = N + S

and Fy to J = N — S as mentioned earlier).

For a 2% state, there could be in principle twelve fine-structure transitions for a given N” (with
N" > 3): with P and R lines being forbidden for A = 0, each of the three possible rotational transitions
0O, Q and S could in principle be combined with any of the four possible subscripts for the fine-structure
components 11, 12, 21 and 99. From these twelve possibilities, the O9; and Si9 lines are forbidden as
they imply |AJ| = 3. The allowed transitions are illustrated in Fig. 3.2. The spin-rotational factor
appearing in the expression for the line strength (known as “Honl-London factor”) of these transitions
is given in Tab. 3.4. For Q12 and Qo; transitions, the line strength is equal due to the symmetry

properties of the Wigner 6j-symbol [77].

From dipole-allowed transitions, it is known [60] that the lines fulfilling the relation,
AJ = AN, (3.54)

i.e., transitions between states of the same fine-structure component (such as Ojj, Sa2, etc.), show
considerable higher intensities than those violating this condition. The former are known as “principal

lines”, the latter as “satellite lines”. Thus, the question arises, if this propensity rule holds for electric-
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Figure 3.3. Relative line strength of “principal” and “satellite” lines in fine-structure-resolved
electric-quadrupole spectra. (a) Infrared fundamental S(6) transitions due to the I = 0 nuclear spin
isomer in N7J: the principal lines S11(6) and Ss2(6), which fulfill the propensity rule AN = AJ, are
intense, whereas the satellite line So;(6), which violates this rule, shows considerably reduced intensity. (b)
S(0) transitions in the same system: both, the Sq1(0) line, which satisfies AN = AJ, as well as the Sz1(0)
line, which does not, show roughly comparable intensity, i.e., for N = 0 no clear propensity is observable.
(Intensities have been normalized to unity for the most intense peak in each spectrum. Line frequencies
are given relative to the pure rotational-vibrational term value and have been calculated as described in
Sec. 3.3 using the spin-rotation constants given in Tab. 3.2. Gaussian line shapes have been assumed for
the peaks with a full width at half maximum (FWHM) of 10 MHz.)
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Figure 3.4. Scaling of the line strength of fine-structure-resolved electric-quadrupole rotation-
vibration transitions as a function of the rotational quantum number. Relative line strength of
S11 (circles) vs. Sy (crosses) transitions within the XS state of ortho- (a) and para-N3 (b) as a function
of the lower-level rotational quantum number N”. In accordance with the propensity rule AN = AJ, the
S11 transitions (“principal lines”) show considerably higher line strength than the Sy; transitions (“satellite
lines”) for all but the lowest values of N”. For N” = 0, however, no clear propensity is observed. (Values
have been normalized to unity for the lowest possible N”'.)

quadrupole lines as well. In general it does, as illustrated in Fig. 3.3 (a) by the example of the fine-
structure transitions of the S(6) line due to the I = 0 nuclear spin isomer of 14N;‘: the principal lines
S11(6), S22(6) that fulfill the rule (3.54) are intense, whereas the satellite line S9;(6) that violates (3.54)
shows considerably reduced intensity. For low N”, however, also lines not fulfilling the propensity rule
(3.54) show significant intensity as illustrated with the S(0) line in the same system in Fig. 3.3 (b).

The transition between these two regimes is shown in Fig. 3.4.

Physically, the low line strength of transitions connecting the two spin-rotation components reflects
the spin flip they involve and are hindered by. With the electric field, which drives rotation-vibration
transitions, not coupling directly to the electron spin, this spin flip is only possible via coupling of the
electronic spin to the rotational angular momentum. Mathematically, this effect is represented by the

Wigner 6j-symbol expressing the recoupling of spin and rotational angular momentum.
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For example, in the case of the S11(N") transitions the squared 6j-symbol is,

2 2
NS ) N"+2 NT45/2 120 1 (3.55)
J// N// 2 N// 4 1/2 N// D) 4N//2 + 14N + 10’ .

and thus exhibits a factor N”’? as a leading order in the denominator. The prefactor in (3.53) accounts

in that example for,
2N'+ 1)(2N" +1)(2J" + 1)(2J" + 1) = N"* + 9N"3 4 USN"2 4 36N" + 63, (3.56)

and thus contains N as the highest-order term in N”. Furthermore, the Wigner 3j-symbol appearing
in (3.53) is,

N/ 2 N// 2— 3(N//+1)(N//+2) (3 57)
0 0 0) 202N"+1)2N"+3)(2N" +5)’ '

and thus scales asymptotically as 1/N”. The product of the terms (3.55), (3.56) and (3.57) therefore
scales as N” and hence asymptotically shows the linear increase of the line strength noticeable in
Fig. 3.4.

For an S91(N") transition, on the other hand, the Wigner 6j-symbol is,

2 2
N J S| N'+2 N'43/2 1/2| 1 (3.58)
J" N// 2 - N// 4 1/2 N// 2 - 4N//4 + 24N//3 + 49N//2 + 39N/ + 10’ :

and hence exhibits a factor N4 as a leading-order term in the denominator. When multiplied with the
other N”-dependent terms in (3.53), this results in a scaling of the line strength according to 1/N"
which for increasing N” thus asymptotically approaches zero. As evident from Fig. 3.4, significant
deviations from this asymptotic behaviour occur only for N” = 0, in which case the expressions (3.55)

and (3.58) are equal.

In a similar form, this effect is also observed for O and Q lines as can be seen from Tab. 3.4: the
line strengths of transitions within the same spin-rotation component (first and last row) scale as N
whereas the line strengths of those connecting these two components (second and third row) scale as
1/N".

3.4.3 Hyperfine-structure effects in electric-quadrupole rotation-vibration transi-

tions

With the techniques developed in the last section, the line strength of an electric-quadrupole rotation-
vibration line with resolved hyperfine structure is now readily calculated. As outlined in Sec. 3.3,
the angular momentum related to the hyperfine structure is the total angular momentum including
nuclear spin F, which is formed by coupling the spin-rotational angular momentum J to the total
nuclear spin I. F=1+J. The corresponding eigenstates [NASJIF Mp) are related to the previously

introduced ones by a Clebsch-Gordan expansion:

J I
J I F
NASJIFMg) = 1)/ Mr\oF 1

| F) Z Z( ) M, M, My

) INASJM;) [IM;). (3.59)
My=—J My=—1
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The upper and lower states for a rotation-vibration transition are thus given by,

[nA) [0 IN'AS'J T'F'My) = |nA, o', N'AS'J'T'F' M) , (3.60a)
[nAY [v") IN"AS"J'T"F"ME) = |nA, ", N"AS" J"T" F" MY . (3.60b)

The line strength for a hyperfine-structure-resolved electric-quadrupole rotation-vibration line is then

calculated as:

2
~ 2
) -y % ‘<nA,v’,N’AS’J’I’F’M}; T2 [Q(S)] ‘nA,v”,N”AS”J”I”F”MQ‘ .
U;/JVI/L‘/;IL/]/,I///F:/ " M4 ML p==—2
V' N"S"J"T" F PR

(3.61)
In contrast to the two previous sections, sums over different I’ and I” values are not needed here, as
the transitions belonging to them are all observed as separate lines in a hyperfine-structure-resolved

spectrum. Accordingly, a nuclear spin statistical weight factor g,s will not appear either.

Expressing the electric-quadrupole operator in terms of molecule-fixed coordinates and separating

spin-rotational from vibronic terms yields:
<nA, o', N'AS' J'T'F' M},

2
= 22 <nA, v’

q=—

Tz [Q(s)} ’ nA, UU, N//AS//J//I//F//M%>

{75;%)} ’ ’ N”AS”J”I”F”M§> . (3.62)

T2 [Q] [ n,v") (N'AS'I'T'F My,
The spin-rotational matrix element is again calculated by the Wigner-Eckart theorem yielding,

<N’AS’J’[’F’M1’;

M F 2 F
— (_1)F My, ( ) ”> <N/AS/J/I/F/
-Mp p Mpg

{ﬁ;ﬂ ’ ‘ N”AS”J”I”F”M§>

N *
{D.@} HN”AS”J"I”F">. (3.63)
As the Wigner rotation matrix elements do not act on the nuclear spin, the same relation (equa-
tion (5.72) in [61]) as used before for the electronic spin, may now be applied to eliminate the quantum

numbers related to the nuclear spin (I, I” and F’, F"') from the reduced matrix element:

<N’AS’J’[’F’

{@Fj)} " H N”AS”J”I”F”>

A ! 1 J/ F/ I/ Fad *
= S (= 1) R AT T2 1{ 2} <N’AS’J’ [Df)} H N”AS”J”>. (3.64)

FII JI/

The resulting reduced matrix element is calculated exactly as shown in the previous section, i.e., by
applying the above mentioned relation once more but with S’, §”, J', J” playing the roles of I’, I",
};‘/7 lj‘l/7

<N’AS’J’

{f)(q?)} * H N//AS//J//>

1 1 g N/ JI SI ~(2)1*
= Sggn ()N HSH R BT T2 4 1 {J” o } (N'A H P?] H N"A), (3.65)
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and recalling the value of the corresponding rotational reduced matrix element:

* , ! "
<N’A H {15.(3)} H N”A> N Ve s Vol R (3.66)
-AN g A

As before, only the term with ¢ = 0 contributes to the sum in (3.62) because of the Wigner 3j-symbol

in the above expression.

Substituting equations (3.63) to (3.66) into (3.62), we obtain for the transition matrix element of an

electric-quadrupole rotation-vibration transition,

<nA, o N'AS"J'I'F' M}y

T[Q] {Q(s)} ‘ nA, U”, N”AS”J”]"F”M%>

:5S’S”51’1”(*1)S,+1,+J/+J”+FI+F”7M%7A\/QN/ ¥ 1\/2N” ¥ 1\/2J/ T 1\/2J// +1

N’ 2 N F 2 F
V2F' +1V2F" +1
-A 0 A -Mp p M}

N J 9 J  F I
/
{J" N"” 92 } {F/I J" 9 } <nA’ v

The line strength for a hyperfine-structure-resolved electric-quadrupole rotation-vibration line is thus:

(3.67)

Tg [Q(m)} ’nA, v"> .

ShE) = 8515670 (2N' + 1)(2N" + 1) (2" + 1)(2J" + 1)(2F + 1)(2F" + 1)

o' N'S' J'T'F' 9 9 9
o N S! J T N, 2 N// N/ J/ S/ J/ Fl II
YR VIR E R

‘<nA, v T(Q) [Q(m)] ’nA,v”> ’

: (3.68)

where the orthogonality properties of the 3j-symbols,

2 (o2 P\

Z Z M M =1, (3'69)
MMy p=—2 \"MF P MF

have been used once more. Equally as in the two preceding sections, the vibronic matrix element

appearing in the expression for the line strength may be calculated with equation (3.34) and estimated

within the double-harmonic approximation by equation (2.237) from Ch. 2.

The selection rules for AN, AS, AJ and AT are exactly as in the previous section. For AF = F/ — "

the same selection rule as for AJ applies, i.e.,

AF = 0,41, +2. (3.70)

For molecules with non-vanishing electronic and nuclear spin, quite a few different combinations of J,
J" and F’, F” quantum numbers are obtained for a transition with particular N’ and N” quantum
numbers. For 0rtho-14N2+ in the electronic ground state X2Zg, e.g., we have S = 1/2 and I =0 or
2. Thus, as discussed in Sec. 3.3, all rotational excited states (N > 0) are split into two spin-rotation
components, one with J = N 4 1/2 and one with J = N — 1/2. For I = 2 and J > 5/2, each of
them is further split into 5 hyperfine-structure states with values for F' reaching from F, = J — 2

in unit steps upto Fax = J + 2 (see Fig. 3.1). In total, there are therefore 2 x 5 = 10 hfs levels in the
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upper and equally many in the lower rotational-vibrational state, resulting in 10 x 10 = 100 potentially
possible transitions. For a Q transition, 74 thereof are allowed by the selection rule |[AF| < 2. For
O and S transitions, 48 out of the total of 100 transitions fulfill the AJ and AF selection rules, the
others exhibit |[AJ| > 2 or |AF| > 2 and are thus forbidden. So, even with the restrictions imposed
by the selection rules, the number of possible hyperfine-structure lines is rather substantial and some

kind of ordering principle seems desirable.

For electric-dipole allowed transitions, the propensity rule,
AN = AJ = AF, (3.71)

is well established ([60], p. 21). Likewise as in the case of fine-structure-resolved spectra, lines satisfying
this rule are called “principal lines” and show significantly higher line strength than those violating
it, which are known as “satellite lines” [91, 101, 96, 102]. The question arises, if such a propensity rule
is also applicable for electric-quadrupole rotation-vibration lines. If so, it could substantially simplify
the interpretation of a hfs-resolved spectrum, as only 10 out of the 74 (48) lines allowed in a certain
Q (O, S) transition fulfill this rule.

Calculations of the line strengths given by equation (3.68) for particular values of N’ and N” show
that the propensity rule (3.71) is indeed applicable to electric-quadrupole transitions. In Fig. 3.5,
the line strength for different hyperfine-structure transitions of the infrared fundamental S(6) line in
ortho-'4NJ is shown: Fig. 3.5 (a) shows an ordered chart of the line strength of the 28 most intense
lines belonging to the I = 2 nuclear spin isomer. The propensity towards lines obeying the rule (3.71)
is clearly visible. Furthermore, the lines group in categories with decreasing intensity, fulfilling at least
one of the equalities in (3.71). Fig. 3.5 (b) and (c) show simulated spectra of the S(6) line in the
same system. Here, too, the propensity is clearly visible. For low N”, however, no clear propensity
is observable as illustrated in Fig. 3.6 by the example of the S(0) infrared fundamental transition in
NS

Physically, the propensity rule (3.71) may be understood on the same grounds as the fine-structure
propensity rule presented in the previous section: transitions not fulfilling (3.71) involve a flip of the
electronic and/or nuclear spin. With the electric field not directly coupling to these spins, spin flips
may only occur via the recoupling of the several angular momenta expressed by the Wigner 6j-symbols.

As a consequence, the relative intensities of transitions violating (3.71) are small.

3.4.4 Intensity alteration due to mixing of Hund’s case (bg,) states

In the preceding section, the line strength of electric-quadrupole rotation-vibration transitions for pure
Hund’s case (bg,) angular momentum states has been calculated. For this result to be applicable, the
molecular Hamiltonian must commute with the angular momentum operators N, S, J , i, F and F, o
i.e., the Hamiltonian must be diagonal in the Hund’s case (bg,) basis. As shown in Sec. 3.3, this is not
true for the hyperfine-structure Hamiltonian of N3 . This Hamiltonian exhibits off-diagonal matrix
elements with respect to the N, J and I quantum numbers. Whereas the matrix elements off-diagonal
in the N and I quantum numbers may have been neglected at the level of accuracy appropriate for
the interpretation of our experiments (see Ch. 4), mixing of states with different J quantum numbers

needs to be considered. Each eigenstate of the hfs Hamiltonian in 4NJ is thus given according to
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Figure 3.5. Line strengths of hyperfine-structure-resolved electric-quadrupole rotation-
vibration transitions of the infrared fundamental S(6) line in ortho-*Nj. (a) Bar chart of
the normalized line strengths of the 28 most intense transitions belonging to the I = 2 nuclear spin isomer
in decreasing order (labelled as (J”,F") — (J', F’) below the chart). The 10 transitions in accordance
with the propensity rule AN = AJ = AF (bars with bold edges) are most intense. They are followed by
transitions fulfilling at least one of the equalities in this propensity rule. The remaining 20 lines (not shown)
out of the total of 48 electric-quadrupole-allowed lines exhibit almost negligible line strength. (b) Simulated
spectrum of the S(6) line in ortho-'*NJ as seen at lower resolution (FWHM: 10 MHz). The labels indicate
the positions of the lines belonging to the I = 0 nuclear spin isomer. The principal hfs lines belonging to
the I = 2 nuclear spin isomer lie close to the I = 0 lines. They are accompanied by satellite lines visible
as small humps next to them. (c¢) Detailed view showing the gray-marked area in (b) at higher resolution
(FWHM: 0.25MHz). The different hyperfine-structure lines are resolved. The principal lines (AF = 2)
show again considerably higher line strength than the satellite lines (AF = 1). The peaks due to the I =2
nuclear spin isomer are labelled by the corresponding F”' quantum numbers below the assignment bars.
The peak next to the one of the AF = 2, F” = 15/2 transition is due to the J” = 13/2 — J' = 17/2,
I = 0 transition. (The frequencies in (b) and (c) are given relative to the pure rotational-vibrational term
value and have been calculated as described in Sec. 3.3 using the molecular constants given in Tab. 3.2.
The intensities are normalized to unity for the most intense peaks. Gaussian line shapes are assumed.)
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Figure 3.6. Line strengths of hyperfine-structure-resolved electric-quadrupole rotation-
vibration transitions of the infrared fundamental S(0) line in ortho-'*NJ. (a) Bar chart of the
normalized line strengths of all electric-quadrupole-allowed S(0) transitions (labelled as (J”, F") — (J', F”)
below the chart). The two transitions fulfilling the propensity rule AN = AJ = AF are marked with bold
edges. Despite one of these two transitions (J” =1/2, F" =5/2 — J' =5/2, F' = 9/2) showing the highest
line strength among all of them, the other one (J” = 1/2,F" = 3/2 — J' = 5/2,F' = 7/2) does not
exhibit particularly high line strength and seven other transitions not satisfying this propensity rule show
higher or equal line strength. (b) Simulated spectrum of the S(0) line in ortho-'*NJ: in contrast to the
spectrum of the S(6) line shown in Fig. 3.5, no clear propensity is recognizable and both, lines satisfying
the propensity rule (3.71) as well as those that do not, show considerable line strength. Peaks due to the
I = 2 nuclear spin isomer are labelled with the F” and J' quantum numbers of the respective transitions
above and the F’ quantum numbers below the assignment bars. The peaks near —400 MHz and +300 MHz
are due to the J” =1/2 — J' = 3/2 and the J” = 1/2 — J' = 5/2 transitions of the I = 0 nuclear spin
isomer, respectively. (Line frequencies have been calculated as described in Sec. 3.3 using the molecular
constants given in Tab. 3.2 and are given relative to the pure rotational-vibrational term value. Intensities
are normalized to unity for the most intense peak. Gaussian line shapes are assumed for the peaks with a
FWHM of 10 MHz.)
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equation (3.14) as a linear combination of the two Hund’s case (bg,) basis states that correspond to
the two possible values of J for a given rotational quantum number N. The upper and lower states
for a rotation-vibration transition when taking into account the mixing of the Hund’s case (bg,) basis

states due to the hfs Hamiltonian are thus given as,

N'48’
[nA, o', N'AS" T I'F' M},) = Z 5 o NNV N'AS" T T F M) (3.72a)
J=IN"-|
N'"48"
nA, o N'AS"T'TF'Mpy = S Inh " NTAS" T T E M) (3.72b)
JI=|N""—8"|
with normalized expansion coefficients ¢, . c%, ., € R. The near quantum numbers J' and J”

are used to label such transitions.

The line strength of an electric-quadrupole transition between these states is calculated in a similar
way as in the preceding section. The upper and lower quantum states used so far in the transition

matrix element with well-defined J’ and J” quantum numbers are replaced by the expansions (3.72a)

and (3.72b). The terms depending on J’ and J” are thus weighted by the coefficients c}, e and
c}lj//F,/. The line strength obtained in this way is:
S,,(:Xixed) = 55!5!/5111//(2]\]/ + 1)(2N” + 1)(2F/ + 1)(2F” + 1)
uNSILE N 2 N7\’ 2
V' NS J M F ‘<n/\,v’ T(Q) {Q(m)HnA,v">
-A 0 A
NI+S/ N//+S//
/ " J'+J"
> 2 (D
J’=‘N’—S"J”=|N”—S”‘
2
N J 9 J F T
\/2‘]/ + 1\/2], +1 {J// N"” 2 } {F// J" 2} (3'73)

For the particular case of S(0) transitions, only one value for J” (namely J” = S”) is possible and no

mixing in the lower state occurs. Equation (3.73) may thus be simplified (for a X state) to:

Sﬁlzgdl = 55/5/151/1//(2N2’ +1)(2J" + 1D)(2F +1)(2F" + 1)
/N/SIJII/F/
z”N”:O S//J//:S//IIIFH N/ 2 O ‘<n0 v/ T2 |:Q(m):| ‘no v//> 2
0 00 N ’
N'+S' 2
/ N J S [ FTr
/ J
> D 2J/+1{J,, 0 2}{}7" L 2} . (3.74)
J’:‘N’—S"

In order to verify this result, we derived the analogue of equation (3.74) for the electric-dipole, rotation-
vibration-electronic R(0) line (N” = 0,.J” = 1/2 — N’ = 1,J’ = 1+ 1/2) of the X*sf 0" =0 —
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Figure 3.7. Effect of the mixing of the Hund’s case (bg,) basis states by the hfs Hamiltonian
on the line strength in an electric-quadrupole rotation-vibration spectrum. Simulated spectrum
of the electric-quadrupole infrared fundamental S(0) line in ortho-'*NJ. The red, solid curve shows the
spectrum with intensities calculated from (3.74), i.e. with mixing of the Hund’s case (bg,) basis states
taken into account. For the blue, dashed curve, intensities have been calculated using equation (3.68) from
the previous section, i.e., mixing of basis states has been neglected. The mixing of the basis states results in a
significant redistribution of intensity among the lines. Peaks due to the I = 2 nuclear spin isomer are labelled
with the F” and J’' quantum numbers of the respective transitions above and the F’ quantum numbers
below the assignment bars. The peaks near —400 MHz and +300 MHz are due to the J’ =1/2 — J' =3/2
and the J” = 1/2 — J' = 5/2 transitions of the I = 0 nuclear spin isomer, respectively. (Line frequencies
are given relative to the pure rotational-vibrational term value and have been calculated as described in
Sec. 3.3 using the molecular constants given in Tab. 3.2. Intensities are normalized to unity for the most
intense peak. Gaussian line shapes are assumed for the peaks with a FWHM of 10 MHz).

B2, v/ = 1 band in Ny

2
mix 110 N 2
syt —ooer 0@ (300 (o= 1] s —o)

JI'F 9
I//F// 3/2 , , , ,
, IR Vo I O N L
S () VR 2Ly | (3.75)
o 12 0 1 [ |F 1/2 1

Comparison of the relative line strength of different R(0) hfs transitions calculated using this formula
with the simulated spectrum in Fig. 4 from Rosner, Gaily and Holt [101] shows good agreement within

the precision of their data.

The effect of the mixing of the Hund’s case (bg, ) states by the hfs Hamiltonian is illustrated in Fig. 3.7,
showing a simulated spectrum of the S(0) line in NI with and without taking into account the
admixture of the non-dominant term in the expansion (3.72a). Considerable redistribution of intensity
among the several hfs transitions due to mixing is observed. For higher rotational states, mixing of
Hund’s case (bg,) states becomes negligible because of the increasing energetic separation of the two
spin-rotation components, which scales linearly with N: Fy(N) — F»(N) = ~,(N 4+ 1/2).

Concluding, we see that with the material presented in this chapter, the whole theory of electric-
quadrupole rotation-vibration transitions in the N;‘ molecular cation, including fine- and hyperfine-
structure effects, has been developed. The fs and hfs Hamiltonian—determining the line frequencies—
has been given, line strengths have been calculated and selection, as well as propensity rules have been
derived and their applicability has been discussed. In the following chapter, we will show how such

transitions were observed experimentally.



Chapter 4

Observation of electric-quadrupole
rotation-vibration transitions in the

molecular nitrogen cation

4.1 Introduction

As mentioned in the preceding chapters, a major result of this thesis is the observation of electric-
quadrupole rotation-vibration transitions in a molecular ion. To our knowledge, this is the first such
observation reported so far. In this chapter our observations of electric-quadrupole rotation-vibration
transitions in the N2+ molecular cation are presented. First, our experimental setup is portrayed.
The physical backgrounds of the experimental techniques employed are explained qualitatively and
the technical details of their implementation are shortly discussed. For more detailed explanations,
references to the relevant literature are given. Thereafter, the measurement of infrared fundamental
S(0) transitions in N with this setup is described. The measured spectrum is presented and discussed
within the frame of the theory of electric-quadrupole rotation-vibration transitions presented in the two
preceding chapters. The results presented in this chapter have been published originally in a “letter”
having appeared in Nature Physics [114] as well as in a subsequent invited article in CHIMIA [115].
Therefore, this chapter is partly based on these two publications written jointly by Stefan Willitsch,
Xin Tong and the author of this thesis.

4.2 Experimental setup and experimental techniques

4.2.1 Overview

An overview of the experimental setup is shown in Fig. 4.1. In contrast to the experiments addressing
electric-dipole-forbidden transitions in neutral molecules discussed in Ch. 1, our experiment is not
based on high particle densities or a long absorption path. We rather made use of long interrogation
times combined with a highly sensitive detection technique to observe even single absorption events.
The N2+ ions were trapped in a radio frequency (rf) ion trap, which forms the centre of our experimental

setup. N;‘ ions were produced by photoionization of neutral Ny molecules from a molecular beam
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Figure 4.1. Experimental setup for the observation of electric-quadrupole rotation-vibration
transitions in N;’ ions. Transitions were observed with N;‘ ions trapped in a linear radio frequency ion
trap. NJ ions were loaded into this trap by state-selective photoionization of neutral Ny from a molecular
beam and sympathetically cooled by simultaneously trapped laser-cooled Ca™ ions to form bicomponent
Coulomb crystals. The electric-quadrupole S(0) rotational-vibrational transition was excited with mid-IR
radiation produced by a quantum cascade laser (QCL). The fluorescence light of the Ca™ ions was collected
by a CCD camera to image the crystals. The frequency of the mid-IR radiation is monitored and stabilized
with an IR wavemeter calibrated to NoO absorption lines (see text for details).

with ultraviolet (UV) radiation from two pulsed dye lasers (202 nm and 375 nm). Within the ion
trap, the N;r ions thermalized with cotrapped, laser cooled Ca™ ions by the Coulomb interaction
and were cooled to millikelvin temperatures. For laser cooling, diode lasers at 397 nm and 866 nm
were used. The fluorescence light due to laser cooling was captured by an imaging system consisting
of a microscope and an electron multiplying CCD camera (Andor Luca R, Andor Technology Ltd.,
Belfast, UK). Electric-quadrupole rotation-vibration transitions in N; were excited by mid-infrared
(mid-IR) radiation produced by a quantum cascade laser (QCL) [116, 58]. Excited ions were detected
by a state-selective charge transfer reaction with Ar atoms. Vibrationally excited ions are neutralized
in this reaction and were lost from the trap, which was observable as a change in the structure of
the Coulomb crystal as seen with the camera. By comparing images of the crystal taken before and
after the IR-excitation-CT-reaction sequence, the quadrupole transition was probed at the frequency
addressed with the QCL. Repeated application of this scheme while scanning the QCL frequency

enabled us to take a spectrum of the electric-quadrupole infrared fundamental transition in N;

4.2.2 Ton trapping

In our setup, N2+ and Cat ions were trapped in a radio frequency quadrupole trap. Charged particles
may not be trapped by purely electrostatic fields in charge free space as may be seen from the first
of Maxwell’s equation. In free space, the charge density vanishes and the first of Maxwell’s equation
describing the electric field corresponds to the Laplace equation for the electrostatic potential. The
sum of the second derivatives of the electrostatic potential thus vanishes. This is contradictory to the
properties of a continuous function exhibiting a minimum at this position. The electrostatic potential
may thus not exhibit a minimum in free space, as would be needed for trapping—a tenet known as
Earnshaw’s theorem [117]. One solution to this issue is trapping of charged particles by oscillatory
(instead of static), inhomogeneous electric fields. A type of apparatus exploiting this technique was
developed by Paul [118] and is known as a “Paul trap”. The theory of charged particle trapping

by this and similar setups is well-known and described in many monographs and review articles
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[119, 120, 121, 118, 122, 123, 124, 125]. In short, for suitable chosen experimental parameters, the
motion of a charged particle in an inhomogeneous, oscillatory electric field may be separated into two
components: a fast oscillation at the frequency of the field evolving around an equilibrium position,
which itself moves considerably slower. The oscillatory motion at the frequency of the electric field is
known as “micromotion”, the comparatively slow motion of the mean position as “secular motion”.
For suitably chosen experimental conditions, the time-averaged kinetic energy of the charged particle
is conserved (which is in general not true for a system with time-varying external forces). Furthermore,
the time-averaged micromotion amplitude (observed on time scales >> rf period) solely depends on
the position of the particle and not on other variables such as the time, etc. Hence, the part of
the kinetic energy associated with the micromotion may be expressed mathematically in terms of a
scalar potential. This potential is known as the “effective potential” or “pseudopotential”’. In regions
of higher electric field strength, the micromotion amplitude and, correspondingly, the pseudopotential
energy increases. Accordingly, the kinetic energy associated with the secular motion decreases—and
vice versa in regions of lower electric field strength. An inhomogeneous electric rf field thus creates a
pseudopotential for the secular motion of the ion pushing it in direction of decreasing rf amplitude in

the inhomogeneous electric field.

Unlike electrostatic potentials, for the pseudopotential electrode geometries may be found creating a
pseudopotential minimum in free space. Hence, ions may be trapped in free space in such a pseudopo-
tential. In our setup, this was achieved with an apparatus known as a “linear Paul trap”. This trap
consists of four cylindrical stainless steel rods with a diameter of 8 mm arranged as the four long edges
of an elongated cuboid at a distance of 3.5 mm from the symmetry axis of the trap (see [109, 126] for
details). On these rods, sinusoidally oscillating voltages with an amplitude of Vif, sero-to-peak = 120V
and a frequency of Q. = 27 x 3.2 MHz with opposite polarity on neighboring rods were applied. Each
rod is segmented into three isolated electrodes, with additional dc voltages of ~ 1.5V applied to the
end-segment electrodes for axial confinement. For this configuration, the pseudo and the electrostatic
end-segment potential form together a nearly harmonic potential well with respect to all three dimen-
sions in vicinity of the trap centre. The equations of motion for a single trapped ion may then be
solved analytically [124, 123, 125]. For large ensembles of ions, the equations of motion are integrated

numerically (see Sec. 4.3.2).

4.2.3 Laser cooling of Ca™ ions

As mentioned above, the N; ions were sympathetically cooled using Doppler laser-cooled Ca™ ions.
Doppler laser cooling is a well-established method of atomic physics and has been described in several
textbooks (e.g. [127, 128, 119, 120]). In essence, an atomic ensemble is exposed to a laser beam
with a frequency slightly red-detuned from an atomic transition. Due to the Doppler effect, the laser
frequency is shifted closer to resonance for atoms moving against the direction of propagation of the
laser beam in the moving frame of reference of the atoms and away from resonance for those moving
along with the laser light. Atoms exhibiting a velocity component antiparallel to the laser beam—or
more precisely, to the wavevector of the optical wave—experience thus an increased probability for
absorbing a photon compared to those without such a component or with a component parallel to the
wavevector. In an absorption event, the momentum of the photon is transferred to the atom, which
thus looses momentum and is decelerated. The subsequent emission is isotropic and therefore the

momentum antiparallel to the direction of propagation of the laser is diminished effectively in average
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over many absorption-emission cycles. Although a single laser beam in principle only decelerates atoms
in one direction, the coupling of the motion along different directions by the Coulomb interaction in
an ensemble of trapped ions results in an efficient cooling along all directions. A prerequisite for laser
cooling is a closed optical cycling transition being addressable in the particle to be cooled. This restricts
laser cooling usually to simple atoms or atomic ions (mostly alkali atoms and alkaline earth ions) and
excludes molecules (aside from a few very particular species [129, 130]). Therefore, N ions may not

be laser-cooled and sympathetical cooling by atomic Ca™ ions was used for our experiments.

In our setup, the 45281/2 — 4p2P1/2 transition in Ca™ at 397 nm was used for Doppler laser cooling.
The trap was loaded with Ca™ ions by photoionization of the skimmed effusion from a Ca oven heated
to 300 — 350°C. Ca atoms were non-resonantly photoionized using the same laser (375nm) as for
the third photon in the ionization of N;r (see below). During laser cooling, Ca™ ions excited to the
4p2P1/2 state may decay with a small probability to the metastable 3d2D3/2 state. These ions were
repumped into the cooling cycle with an additional laser at 866 nm addressing the 3d2Ds /2 — 4p?P, /2
transition. Both, the cooling and the repumper beams were introduced along the trap axis. The cooling
beam (397 nm) was reflected with a mirror behind the vacuum chamber and reinserted into the trap
in order to balance radiation pressure forces on the Ca™ ions. Using this setup, the Ca™ ions were
Doppler laser cooled to a secular temperature of T,+ ~ 18mK and a secular temperature for the
sympathetically cooled Ng‘ ions of TN; ~ 20mK was achieved (as determined by comparison with

numerical simulations of the ion dynamics, see Sec. 4.3.2).

4.2.4 State-selective production of N ions

In order to observe the extremely weak electric-quadrupole transitions in N;r , the N2+ ions were pro-
duced state-selectively in the rotational-vibrational ground state. This way, the Ng’ population is
confined to the to the lower rovibrational quantum state of the electric-quadrupole transition studied.
This state-selective production is achieved with a two-colour resonance-enhanced multiphoton ioniza-
tion (REMPI) scheme (see Fig. 4.2). In this scheme, neutral Ny molecules in the rovibronic ground
state (XlZg, J" =0, v" =0) are first excited to the a” 12; J' =2, v = 0 state of neutral Ny by two
photons at =~ 202 nm. From this intermediate state, Ny is ionized by a third photon at ~ 375 nm. The
ionization process is governed by the selection rule AN = N — J' = even [131, 132] and the strong
propensity rule AN = N+ —J' = 0,42 ([105, 106], see also Ch. 5). Therefore, only the ionic rotational
states N = 0 and N™ = 2 are accessible from the J’ = 0 level in the neutral a’ 12; state. Here,
J" (J') and v" (v') stand for the rotational and vibrational quantum numbers in the X'¥} ground
(a 'S} excited) state of neutral No. N*” denotes the rotational quantum number in the vibrational
ground state (v = 0) of the Né" ion. The energy for the third photon is chosen to reach just above the
ionization threshold for the rotational ground state, but not above the threshold for N™" = 2, the ener-

getically lowest accessible rotational excited state. Hence, state-selective production is achieved.

UV radiation for photoionization was produced by two pulsed, 532 nm-Nd:YAG-pumped dye lasers: a
“Radiant Dyes NarrowScan” (Radiant Dyes Laser & Accessories GmbH, Wermelskirchen, Germany)
and a “FindeAdjustment Pulsare” (ERU Kunststofftechnik GmbH, Radevormwald, Germany) for
375 nm and 202 nm, respectively. For 375 nm, the frequency-doubled emission from a Styryl 8 dye
solution was used, whereas 202 nm radiation was generated by the frequency-tripled emission from a
Rhodamine B / Rhodamine 101 dye mixture.
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Figure 4.2. REMPI scheme for state-selective production of molecular nitrogen ions.
Resonance-enhanced [24-17]-photon threshold ionization scheme used to produce N ions state-selectively in
the rotational-vibrational ground state (v = 0, N*" = 0): neutral N3 molecules in the rovibronic ground
state (v” = 0,.J” = 0) are excited by two photons at 202nm to the a” 'S} o' = 0,.J" = 2 state. From this
intermediate state, Ny is ionized by a third photon at 375 nm. State selectivity is ensured by setting the
energy of the third photon to reach just slightly above the lowest ionization threshold (dotted line).

The two counterpropagating laser beams were focused to beam diameters of a few hundred micrometers
inside the ion trap, where they intersected with each other as well as with a double skimmed N
molecular beam. The molecular beam was formed by the supersonic expansion of Ny gas from a pulsed
valve (pulse duration 10ms, repetition rate 10 Hz, stagnation pressure ~ 1bar) into a high-vacuum
vessel (base pressure 1078 —10~"mbar). The supersonic expansion internally cooled the Ny molecules to
typical rotational temperatures of ~ 10 K [133] increasing the population in the rovibrational ground
state addressed by our REMPI scheme. The skimmers collimated the beam and separated three
differential pumping stages to sustain ultra high vacuum conditions in the trap region (background
pressure &~ 3 x 10~ mbar). In order to avoid state changing collisions of previously loaded N;‘ ions
with neutral No molecules from the molecular beam, the beam passed the trapping region ~ 250 um

beside the trap centre.

The intensities of the two REMPI laser beams were chosen such that non-resonant, one-colour ioniza-
tion of Ng, which depreciates state-selectivity, is suppressed. Typical pulse energies were about 0.15 mJ
per pulse and 3mJ per pulse for 202 nm and 375 nm, respectively. The ratio of the one- to the two-
colour ionization rate was periodically checked between measurements of N;‘ quadrupole transitions.
As shown in [108, 109], high state-selectivity in the production of N; ions may be achieved with this

scheme.

4.2.5 Mid-infrared radiation source

Electric-quadrupole vibrational transitions in N; were excited with mid-IR radiation from an external-
cavity continuous-wave QCL (Daylight Solutions 21045-MHF, Daylight Solutions, Inc., San Diego,
CA, USA) delivering an effective power of ~ 170mW at a wavelength of 4574nm (2186 cm ™) with
a nominal bandwidth < 0.001cm™! [134]. The mid-IR beam was focused to a spot size of ~ 140 um
FWHM at the position of the N;r ions resulting in a IR irradiance of ~ 7.7 x 10 Wm™2.

The frequency of the QCL was monitored with a mid-IR wavelength meter (Bristol Instruments 621-
A IR, Bristol Instruments, Inc., Victor, NY, USA) with a quoted resolution of 9MHz which was
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calibrated with an accuracy of 8 MHz against absorption lines of NoO with frequencies known from
the HITRAN database [135]. Absorption spectra of NoO were taken using a 15 cm long absorption
cell filled with NoO at a pressure of a roughly 1 mbar. The transmitted intensity was measured with
a PbSe photoconductive detector (Hamamatsu P9696-03, Hamamatsu Photonics K. K., Hamamatsu
City, Shizuoka, Japan). For suppressing electrical as well as optical noise present on the photodetector
signal, the IR beam was mechanically chopped at a frequency of about 250 Hz and the photodetector
voltage was capacitively coupled to a digital oscilloscope. The amplitude of this modulated signal was

used to detect the relative IR intensity nearly background- and noise-free.

Active stabilization of the QCL frequency was achieved with a PI (proportional integral) feedback
loop. The frequency measurements of the wavelength meter were processed on a personal computer
and compared to a given set point. Based on the observed deviation, a correction voltage was applied
to a piezo element acting on the external cavity grating of the QCL. The piezo voltage was updated
about once every second. In order to sweep the QCL frequency, the set point was slowly scanned by
the control program with the locked laser frequency following accordingly. For QCL frequency locking
and scanning, a control program based on the LabVIEW software package (National Instruments
Corporation, Austin, TX, USA) has been developed.

4.3 Measurement of hyperfine-structure-resolved IR fundamental

S(0) transitions in N7

Using the experimental setup and the experimental techniques presented above, the spectrum of the
IR fundamental S(0) transition, i.e., the transition (v =0, N*”" =0) — (v =1, N™" = 2) within
the electronic ground state XQES; of N;r was measured. More precisely, the principal hfs-resolved
transitions, meaning those fulfilling the propensity rule AN = AJ = AF, were probed. There are in
total three transitions fulfilling this rule: two for the I = 2 nuclear spin isomer of N2+, namely the
Ft" =3/2 — F* =7/2 and the F*” = 5/2 — F*' = 9/2 transition, as well as one belonging to
the I = 0 nuclear spin isomer, namely the Jt” = 1/2 — J*/ = 5/2 transition (see Fig. 4.3 for a level
scheme). Here, N™" (NT), J*" (J*') and F*" (F*') denote the rotational angular momentum, the
total angular momentum without nuclear spin and the total angular momentum including nuclear spin
in the vibrational ground (first excited) state of NJ (see Sec. 3.3 for details on the angular momentum

coupling in NJ).

Though, in view of the theory of hfs-resolved electric-quadrupole rotation-vibration transitions from
Ch. 3, there are in the particular case of the S(0) line other transitions exhibiting similar or even
higher line strengths than these “principal” transitions, they were chosen here in lack of any detailed
knowledge about the strength of the different hfs-resolved line components—the theory presented in
Ch. 3 was only developed after having measured this spectrum in the process of interpreting the

experimental data.

4.3.1 Experimental procedure

In a typical experiment, first a pure Ca™t crystal of ~ 1000 ions was loaded, followed by the loading

of about 20 — 25 N3 ions. Due to the dependence of the pseudopotential on the ion mass (lighter ions
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Figure 4.3. Level scheme for S(0) electric-quadrupole rotation-vibration transitions in NJ . (a)
I = 0 nuclear-spin isomer: the excited level is split by the spin-rotation interaction into two fine-structure
components associated with different J* quantum numbers. (b) I = 2 nuclear-spin isomer: the levels are
further split by the hyperfine interaction into several hfs levels labelled by F*” and F*' quantum numbers.
The principal electric-quadrupole transitions (those in accordance with AN = AJ = AF) are indicated by
vertical arrows. (See Sec. 3.3 in the preceding Ch. for details about the fine and hyperfine structure in N3".)

show a larger micromotion amplitude and therefore experience a steeper pseudopotential), the N;
ions accumulated at the centre of such a bicomponent Coulomb crystal, observable as a dark, non-
fluorescent core (Fig. 4.4 (a)). Immediately after loading NJ, mid-IR radiation was irradiated on the
crystal to excite electric-quadrupole rotation-vibration transitions in N;‘. Simultaneously, Ar gas was
introduced into the chamber through a leak valve at a partial pressure of about 2 to 4 x 10”8 mbar.
Ar atoms react with vibrationally excited NJ ions in a charge transfer (CT) reaction according to (see
[110))

Ny (vt > 1)+ Ar — No + Ar'. (4.1)

Neutral Ny molecules formed in this reaction were lost from the trap, whereas the newly produced
Art ions diffused into the Ca™-Coulomb crystal because of the similar masses of these two species.
The CT reaction was thus observable as a shrinking of the dark Né"—core in the Coulomb crystal. For
ions in the vibrational ground state, the above reaction is endothermic and thus suppressed [110].
The number of lost N;‘ ions therefore directly resembles the number of vibrationally excited N;‘ ions.
After ~ 2min, the Ar leak valve was closed and the pressure in the chamber dropped to ultrahigh
vacuum levels again. Loss of ions due to other processes than laser excitation was excluded by “blind”
experiments with the QCL beam blocked done regularly in between actual measurements. In the very
rare cases (only two out of 136 individual measurements comprising the spectrum shown in Fig. 4.5),
in which such background ion loss was observed, a background loss rate was determined and the data

were corrected accordingly.

To pin down the frequency of the IR fundamental S(0) line in N, the QCL frequency was first scanned
over adjacent frequency intervals in vicinity of the theoretically predicted transition frequencies (see
Sec. 3.3 and 4.3.4). Upon indication of CT, the interval was split and the procedure repeated to
subsequently further constraining the transition frequency. Finally, the electric-quadrupole IR funda-
mental S(0) hyperfine transitions were probed by scanning the QCL frequency in steps of 0.0003 cm™*
(9MHz).
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Figure 4.4. Fluorescence images of bicomponent Ca*/N; Coulomb crystals. (a) Images taken
during one experimental cycle before and after IR irradiation and charge-transfer (CT) detection of NJ ions.
The N ions appear as a non-fluorescent core in the centre of the crystals. Slight changes in the structure of
the core indicate the removal of NJ ions by CT reactions following their excitation (see highlighted regions).
(b) Synthetic images obtained from numerical simulations of the ion dynamics containing different numbers
of N;’ ions. The simulated images with 21 and 17 N; ions best fit the experimental images taken before
and after CT, respectively.

4.3.2 Data analysis

In order to accurately determine the number of CT events, i.e., of vibrationally excited N; ions,
the experimental images of the Coulomb crystals were compared to synthetic images generated from
numerical simulations of the ion dynamics (see, e.g., [136] for details on these methods) with known
numbers of N2+ ions. Trajectories of the ions were calculated by numerical integration of the classi-
cal equations of motion incorporating the relevant forces for ion trapping and cooling as well as the
Coulomb interaction between ions. These simulations were done with the ProtoMol software package
[137] combined with custom-written extensions. From the simulated ion trajectories, three-dimensional
histograms were generated, which, when projected onto an imaging plane, reproduce the experimental
fluorescence images of the Coulomb crystals. The blurring of the experimental images, caused by the
finite depth of focus of the imaging system, was emulated by Gaussian smoothing of the synthetic
images implemented as a post-processing code based on MATLAB (The MathWorks, Inc., Natick,
MA, USA) and MathWorks’ Image Processing Toolbox. By careful tuning of simulation parameters,
synthetic images were obtained, which reproduce even subtle details in the experimental ones. Com-
paring experimental with synthetic images allowed the determination of the number of vibrationally
excited NJ ions with an accuracy of £1 (see Fig. 4.4) [108, 109].

4.3.3 Measured spectrum

The spectrum of electric-quadrupole IR fundamental S(0) hfs-resolved transitions in Nj obtained
by this method is shown in Fig. 4.5. Each data point represents the mean number of CT events
averaged over 8 or 16 individual measurements shown as a function of the excitation frequency. The

spectrum shows two well-separated peaks: a broader one around 2186.173 cm ™! (65539.82 GHz) and
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Figure 4.5. Spectrum of hyperfine components of the S(0) electric-quadrupole rotation-
vibration IR fundamental transition in ortho-Nj represented as the mean number of CT events
per experimental cycle as a function of the excitation frequency. Data points marked with squares (circles)
were averaged over 16 (8) experiments. The horizontal and vertical error bars correspond to the relevant 1o
uncertainties. The dotted lines represent Gaussian fits of the three spectral transitions to the data points,
the solid blue line shows their sum. The theoretically predicted positions of the hyperfine transitions be-
longing to the I = 2 (I = 0) nuclear spin isomer indicated in Fig. 4.3 are shown by solid green (pink)
vertical lines. These values were calculated as outlined in Sec. 3.3 and 4.3.4 based on the spectroscopic
constants taken from [96, 102, 93]. The shaded areas represent their 1o uncertainties.

a narrower one at 2186.1804(4) cm~! (65540.039(12) GHz). The higher-frequency peak is assigned to
the F™" =3/2 — F*' = 7/2(I = 2) transition based on theoretically predicted transition frequencies
(see Sec. 4.3.4) that are shown as solid vertical lines in Fig. 4.5. The width of this peak (~ 19 MHz
FWHM) is attributed to the bandwidth of the IR laser radiation (specified to be < 30 MHz [134] as
mentioned above). Collisional broadening is widely suppressed for trapped ions in an ultra high vacuum
environment and the Doppler width of ~ 1.3 MHz at the secular ion temperature of TN; ~ 20mK
as well as the natural linewidth (nanohertz range, see Appendix B) are considerably smaller. The
lower-frequency peak is assigned to the two overlapping transitions F™" = 5/2 — F™' =9/2 (I = 2)
and J*" =1/2 — J¥ = 5/2 (I = 0), which are not resolved at the present laser bandwidth. This
overlap is reflected in the higher width of this peak of ~ 30 MHz FWHM.

The frequencies of these transitions were determined by fitting a model consisting of three Gaussian
peaks to the measured spectrum. The individual peaks of this model are shown as dotted lines in
Fig. 4.5 and their sum as a blue, solid line. The line intensities are constrained by the theory of
hyperfine-structure-resolved electric-quadrupole rotation-vibration transitions presented in Ch. 3. For

fitting this model to the experimental spectrum, the frequency of each transition was treated as an
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individual free parameter. The integrated intensity, the linewidth and the ratio of the populations
in the two hfs levels of the I = 2 nuclear spin manifold, which are not thermal but rather reflect
the photoionization dynamics of the REMPI process the ions are produced with (see Ch. 5), were
treated as common free parameters for all peaks. The ratio of the total population in the I = 2 to
the I = 0 nuclear spin manifold was fixed at 5:1 according to nuclear spin statistics. From this fit, the
transition frequencies of the F*” =5/2 — F' =9/2 (I = 2) and the J"" =1/2 — J* =5/2 (] =
0) transitions were determined as 2186.1729(4) cm~! [65539.815(12) GHz] and 2186.1734(4) cm™!
[65539.831(12) GHz], respectively. The relative positions of the peaks, i.e., the hyperfine splittings of
the rovibrational line, have been obtained as 16(1) MHz, 209(17) MHz and 225(17) MHz.

4.3.4 Comparison with theoretical predictions
Line positions (transition frequencies)

The fine and hyperfine splittings of the S(0) IR fundamental line may be calculated using the Hamilto-
nian from [96] and the molecular constants compiled in Tab. 3.2 as explained in Sec. 3.3. The absolute
transition frequencies are obtained when adding the rovibrational term value using the spectroscopic
constants from Tab. 3.1. The frequencies obtained from this calculation are given in Tab. 4.1 and
shown as vertical lines in Fig. 4.5. Their 1o-uncertainties are indicated by shaded areas in Fig. 4.5 as
obtained by propagating the uncertainties in the spectroscopic constants from the respective sources

96, 102, 93].

As evident from Fig. 4.5, all transitions appear at slightly (= 1 standard uncertainty) lower abso-
lute frequencies than predicted. This deviation might indicate the vibrational frequency and/or the
rotational constant of NJ in the excited state being slightly lower than the values used in our calcu-
lations. Vibrational frequencies of NJ have so far only been determined indirectly from the analysis
of electronic spectra. The values from such studies reported in the literature [97, 98, 90, 93] differ by
a few hundreds of MHz. Though, one of the most accurate and latest studies [93] was used for our
calculations, deviations from the calculated values are to be expected at the level of precision of our
measurements. Put into that perspective, the observed deviations between measured and predicted

absolute transition frequencies thus seem acceptable.

For the relative line positions, i.e., hyperfine splittings, the values of 18(1) MHz, 187(2) MHz and
206(3) MHz were predicted. The observed splittings are thus in reasonable agreement with these
predictions and allowed the aforementioned assignment of the observed features in the spectrum.
Together with the control experiments described above, we may thus conclude that we indeed did
observe electric-quadrupole rotation-vibration transitions of N; and that we were able to assign the

features in the measured spectrum to the different fs and hfs components as mentioned above.

Line intensities (excitation rates)

The observed excitation rates (CT events per unit time interval) are considerably lower than expected
from the theory developed in Ch. 2 and 3. When using for the derivative of the electric-quadrupole
moment the result from the computational study by Bruna and Grein [45], we obtain an excitation
rate of & 9.1 x 1072571 per ion for the F*" = 3/2 — F*' = 7/2 (I = 2) transition at our experimental
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Table 4.1. Transition frequencies for principle S(0) IR fundamental hfs line components in N;r.

Rovibrational transition frequencies (absolute line positions)

Transition Measured [cm™1]? Predicted [cm~1]*P
FH" =5/2 — F =9/2 (I = 2) [Peak 1] 2186.1729(4) 2186.1747(10)

Jt" =1/2 = J*' =5/2 (I =0) [Peak 2] 2186.1734(4) 2186.1753(10)
FH"=3/2 — F' =7/2 (I = 2) [Peak 3| 2186.1804(4) 2186.1816(10)
Hyperfine splittings (relative line positions)

Splitting Measured [MHz]* Predicted [MHz]*P
Peak 1 to Peak 2 ¢ 16(1) 18(1)

Peak 1 to Peak 3 225(17) 206(3)

Peak 2 to Peak 3 209(17) 187(2)

& Values in parentheses correspond to one standard uncertainty and apply to the last digits.

b Based on spectroscopic constants from [96, 102, 93] compiled in Tab. 3.1 and 3.2.

¢ The higher precision in this splitting was achieved because the data this value is based on were taken in
close succession (for the most part within a few days). The other splittings involve measurements over a more
extended period of time (a few weeks). As a result, their uncertainties include estimates for additional long-term
drifts in the IR frequency.

conditions (see Appendix B). This translates into a total excitation rate of ~ 0.76s~! for 25 ions when
a fraction of 1/3 of them is supposed to be in the F*" = 3/2 (I = 2) state (according to the degeneracy
of the three N™" = 0 levels). Therefore, almost all N2+ ions addressed are expected to undergone CT
reactions during the experimental period of ~ 2 min. Observed were, however, only about 1.5 excitation
events during that period, corresponding to an excitation rate of ~ 1.5/120s ~ 1.3 x 10~ 2s~ 1. This
experimental excitation rate accounts for only roughly 1/60 of the theoretically expected value. In
addition to the absolute excitation rate being lower than expected, also the relative excitation rates
for the different hfs transitions, i.e., the ratio of the peak heights in the spectrum of Fig. 4.5, deviates
from the theoretical calculations presented in Ch. 3 (cf. Fig. 3.7).

The reason for this discrepancy has been investigated quite extensively but no definite answer has been
found so far. The deviation might be either due to an erroneous or inadequate theoretical calculation
or unconsidered or wrongly determined experimental factors. In general, determination of line inten-
sities from “action spectroscopy” experiments, such as the laser-induced charge-transfer spectroscopy
used here, is difficult because the measured signal (here the number of neutralized N;r ions) is only
indirectly linked to the actual spectroscopic excitation (see Fig. 4.6). The processes linking the initial
spectroscopic excitation to the measured signal compete with other processes diminishing this signal.
Deviations of the observed from the theoretically expected excitation rate may thus result from the

interplay of these processes.

In detail, the following factors have been considered as possible reasons for the observed discrep-

ancy:

Electric-quadrupole transition matrix element. The dominating uncertainty in the theoreti-
cally calculated excitation rate lies in the value of the derivative of the molecular electric-quadrupole
moment with respect to the internuclear separation. In lack of any experimental data, we used the
above-mentioned value obtained by Bruna and Grein [45] from an ab-initio calculation. Generally,

ab-initio calculations of accurate values for molecular multipole moments and their derivatives are
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Ny, vt =0,Nt =0 R excitation , Ni, vt =1,Nt =2 —CT  , jeutral Ny (+Art)
rot. inel. coll. vib. quenching
Ny, vt =0,Nt >0 Ny, vF =0

Figure 4.6. Processes involved in N; CT spectroscopy. The actual spectroscopic excitation (labelled
“IR excitation”) is not observed directly, but is indirectly linked to the observed signal (number of neutral-
ized N7 ions). The processes forming this link (horizontal arrows) compete with other processes (vertical
arrows), such as rotationally inelastic collisions or vibrational quenching (see text for other potentially pos-
sible processes), diminishing the number of neutralized N3 ions and thus reducing the apparent excitation
rate. Hence, this apparent rate does not only depend on the actual spectroscopic excitation rate, but also
on the rate constants (and associated particle densities) of these competing processes.

challenging and assessing the accuracy of the result in [45] is difficult in absence of other theoretical
studies or experimental measurements. Indeed, even the authors of this study admit that their “N;‘
value is probably about 10% too high” ([45], p. 73).

On the other hand, many diatomic molecules (see [80]) exhibit electric quadrupole moment derivatives
on the order of roughly eag = 8.5 x 1073° Cm (e: elementary charge, ag: Bohr radius) such that at least
the order of magnitude of the value used might be assumed correct. Nevertheless, as the excitation rate
depends quadratically on this quantity, still, a too high value for the quadrupole moment derivative

could at least partially explain the observed discrepancy.

Besides on the derivative of the molecular quadrupole moment, the predicted excitation rate also de-
pends on how the rovibrational transition matrix element is derived from this quantity and particularly,
if the double-harmonic approximation (equation (2.237)) is applicable. In general, this approximation
is reasonable for calculations of electric-quadrupole rovibrational line strengths between low-lying vi-
brational states in the electronic ground state of stable molecules (see, e.g., [83, 33, 84]). On the
contrary, deviations from this approximation are known for electric-dipole vibrational transitions in
certain heteronuclear molecules ([70], p. 165). Nonetheless, it seems unlikely that higher-order terms

in the expansions (2.225) and (2.148) shall substantially diminish the harmonic contributions.

Over estimation of the IR intensity at the position of the N; ions. The intensity of the
IR radiation to which the N2+ ions were exposed depends on the diameter of the IR beam as well
as on the position of the ions within the beam. As the mid-IR radiation is neither visible by the
naked eye, nor with the CCD camera and because the centre of the ion trap is not directly accessible,
these quantities are not easily determined. The beam diameter was determined from a beam profile
recorded by measuring the transmitted power when introducing an absorbing mechanical target in the
beam path. Despite some uncertainty in the beam diameter inherent to this method, a deviation in the
diameter large enough to fully explain the discrepancy in the excitation rate seems unlikely. Alignment
of the IR beam was verified on a daily basis using the same target. The accuracy of this alignment
method was found to be better than ~ 50 pm (at a beam diameter of 140 um FWHM). Concluding,
misalignment of the IR laser beam and underestimation of the beam diameter may possibly partially,

but not fully account for the observed discrepancy in the excitation rate.
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Accidental excitation of electronic transitions in N;’. N; exhibits a dipole-allowed electronic
transition at 391nm due to the X*%f, v = 0 — B2}, v = 0 band (see Ch. 3 and 6). Possibly,
this transition could have been excited by the weak, broadband background emission of the 397 nm
laser used for Ca*t cooling. Decay of ions from the excited B2X; state then resulted in rovibrational
redistribution of the population from the in initially prepared rovibrational quantum state to other
rovibrational levels of the electronic ground state, i.e., in a diminished population in the level addressed
by the QCL. This process, however, was ruled out, because the decay of the excited electronic state had
resulted in populating vibrationally excited states of the electronic ground state (according to known
Franck-Condon factors [94, 95]). Therefore, CT reactions would have been observed even without IR
excitation. Such reactions were not observed in several dozens of “background” measurements with

the QCL beam blocked done regularly in between actual measurements.

Effective Ar particle density. The CT reaction rate depends directly on the Ar particle density
at the position of the N; ions. The pressure in the vacuum chamber while leaking in Ar gas was
monitored with a cold cathode vacuum gauge (IKR 270, Pfeiffer Vacuum Technology AG, AfBlar,
Germany) mounted at the side of the chamber. As the distribution of the gas is subject to the so-called
“molecular flow”, meaning that gas molecules fly in straight lines in between collisions with surfaces
(mean free path length > chamber dimensions), a deviation between the particle density inferred from
the pressure reading and the actual Ar particle density within the trapping volume, which is partially
screened by the trap electrodes, might be suspected. However, a rough model of the gas flow with the
ion trap approximated as a one-side-open cuboid showed in and outside pressure to equilibrate within

milliseconds. Hence, these effects are negligible on the time scale of our experiments.

Vibrational quenching of N; by Ar. Quenching of vibrationally excited N; competes with CT
and hence could result in a lower apparent excitation rate (see Fig. 4.6). With the CT rate constant
accounting for about half of the Langevin collision rate, a decrease by a factor of two in the apparent
excitation rate could be reached when assuming all non-CT-reactive collisions being vibrationally
inelastic. However, previous measurements of the vibrational quenching rate constant of N;r in Ar by
Kato et al. [138] yielded an upper bound of kyin. quench. < 1.2 X 107" ecm® s or less than 1.7 % of the

Langevin rate constant. Therefore, this effect seems not to be an issue.

Rotationally inelastic collisions of N2+ with Ar. Collisions of N;“ ions with Ar atoms prior to
IR excitation would result in a redistribution of the population from the initially prepared rotational-
vibrational quantum state (see Fig. 4.6). Similar as for accidental electronic excitation, part of the
population would then no more be addressed by the QCL resulting in a diminished apparent excitation

rate.

The rotationally-inelastic N3 -Ar collision rate constant was measured by Schlemmer et al. [110] to
account for = 1/50 of the Langevin rate constant. Using their value, we found rotationally inelastic
collisions to play a minor role in our experiment, based on a simple kinetic rate model (see Fig. 4.7 (a)).
To asses the sensitivity of the apparent excitation rate on the rotationally-inelastic collision rate, we
repeated this calculation for a rotationally-inelastic collision rate constant higher by about one order of
magnitude. For that value, a considerable decrease in the vibrationally excited population is observed
in our model (Fig. 4.7 (b)).
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The low rotationally-inelastic rate constant found in [110] has already by the authors of this publication
been considered a “surprising result”, because Nj and Ar may form a strongly bound intermediate
complex [110] and reaction mechanisms based on such an intermediate complex usually result in a
mixing of all accessible product channels (see, e.g., [133]). Hence, a rotationally-inelastic collision
rate close to the Langevin rate would be expected and no explanation for the considerably lower
value reported in [110] has been found. Indeed, simulations of Nj + Ar collisions motivated by our
observations that were done in the Computational Chemistry Group of Prof. Markus Meuwly at the
University of Basel showed rotationally inelastic collisions to occur considerably more frequently at

our experimental conditions [139].

Moreover, rotationally inelastic collisions may already partially explain the observed discrepancy be-
tween the measured and the expected excitation rate—even when as infrequent as found in [110]—if
also a reduced vibrational excitation rate is assumed. A reduction of the electric-quadrupole excitation
rate constant (e.g., due to an overestimated IR intensity or transition matrix element) by just a factor
of 1/30 (instead of the above mentioned 1/60) yields the experimentally observed result of about 1.5
excitation events during a period of ~ 2 min, if rotationally inelastic collisions with the rate constant

given in [110] are taken into account (Fig. 4.7 (c)).

Therefore, we may speculate that rotationally inelastic collisions may—at least partially—account for
the low apparent excitation rate measured. This effect could possibly explain both, the discrepancy in
the absolute excitation rate as well as the deviation of the relative intensities of the several hfs transi-
tions probed from the theoretical expectations. Measurements to investigate this issue and eventually

support this hypothesis are in preparation at the time of this writing.

4.4 Conclusion

The observations reported in this chapter show that very weak electric-quadrupole rotation vibration
transitions in Né" may be addressed with our experimental approach. This is—as mentioned earlier—
to our knowledge the first such observation in a molecular ion. It was achieved by a combination
of advanced and partly just recently developed techniques of atomic and molecular physics, namely
state-selective production, trapping and sympathetic cooling of molecular ions as well as detection of
excited ions by a state-selective charge transfer reaction and the use of a frequency-stabilized QCL as

an IR radiation source.

The features observed in our spectrum were successfully assigned to hyperfine-structure components
of the S(0) IR fundamental transition of N; The reasonable agreement of the observed hfs splittings
with theoretical predictions as well as the exclusion of other loss-mechanisms than laser induced CT by
numerous background experiments prove that indeed electric-quadrupole rotation vibration transitions
were addressed in our experiments. The mentioned discrepancies in the vibrational excitation rate are
not yet fully understood but a thorough analysis of this issue yielded strong hints to possible reasons

causing this discrepancy.

The observation of electric-dipole-forbidden rotation-vibration transitions in a molecular ion opens up
numerous new applications such as those discussed in Ch. 1 due to the ultra small natural linewidth

of these transitions and—correspondingly—the extremely high lifetime of their excited states.



4.4 Conclusion

8r @ Nexc.

number of ions
EN
:

2 L
Nother
ol ‘ : : Minit.
0 20 40 60 80 100 120
time [s]
8r (b)
26
K}
° Nother
= 4l
é Nexc.
=
= 2 L
ol ‘ ‘ ‘ ‘ _Minit._
0 20 40 60 80 100 120
time [s]

number of ions

0)2 . . . .

0 20 40 60 80 100 120
time [s]

Figure 4.7. Evolution of the N;’ population during an electric-quadrupole-excitation/CT-
reaction experiment. The evolution was studied by means of a kinetic model based on the reaction
pathways shown in Fig. 4.6 (with neglected vibrational quenching). The initial population in the F*” = 3/2
level is depleted by two competing processes: rovibrational excitation with subsequent CT and inelastic
collisions with Ar atoms. The evolution of the populations in the initial level ni,;s. (¢), in other rovibrational
states Nother (¢) and in the vibrationally excited (and hence CT-reacting) state nexc. (t) are given as a function
of time ¢ by the equations,

dninis. (t)/dt = —(Kvib. exc. + Kinel. coll.)Tinit (t),

Anexc. (t)/dt = kyib. exc.Minit (1),

Nother (t) = Mot — Ninit. (t) — Nexc. (),

21
2 -1

with niet the total number of N; (a) When using the excitation rate constant kyip. exe. = 9.1 X 10~
as calculated in Appendix B and the rotationally-inelastic collision rate constant kipel. con. = 1.0 X 10~
(based on the value of 1.4 x 107! em®s~! from [110] and an Ar particle density of 7.2 x 108 cm™%), nearly
the whole population addressed by the QCL is expected to become vibrationally excited and undergo
CT reactions. (b) Assumption of an inelastic collision rate constant higher by one order of magnitude
considerably diminishes the number of vibrationally excited ions, even with the same vibrational excitation
rate constant as in (a) because of the noticeable competition between these two processes. (c) If, on the
other hand, the inelastic collision rate constant from [110] is used, a reduction of the vibrational excitation
rate by a just a factor of 1/30 (instead of the ratio between measured and calculated excitation rates of
1/60) reproduces our experimental finding of ~ 1.5ions being excited during a period of 2 min. Hence,
rotationally inelastic collisions may partially explain the observed discrepancy in the excitation rate, even
at this low value for the inelastic collision rate constant, if at the same time a reduced vibrational excitation
rate is assumed.
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A prerequisite for such applications are stable, spectrally narrow mid-IR radiation sources. In view
of recent developments in this area, such as mid-IR frequency combs [140] or novel frequency stabi-
lization techniques that provide spectrally exceptionally narrow emission, high frequency stability and
frequency accuracy by linking a quantum cascade laser to a near-infrared frequency comb [141] or even

directly to primary frequency standards [142], such applications may soon come into reach.

The full potential of electric-dipole-forbidden transitions in molecular ions will be exploited when
these narrow radiation sources are combined with non-destructive, coherent quantum-state-detection
techniques based on the long-range Coulomb interaction—unique to ions and not present in neutrals—
such as the one described in Ch. 6.



Chapter 5

Fine- and hyperfine-structure effects in

molecular photoionization

5.1 Introduction

Molecular photoionization, as a major method to produce molecular ions for trapped-particle exper-
iments, represents a crucial technique for high-precision studies of molecular ions. Particularly, the
ability to produce molecular ions state-selectively and hence to initialize them for subsequent exper-
iments renders molecular photoionization a valuable technique for high-precision studies. A detailed
understanding of the photoionization process is thus essential for precision experiments with molecular

ions.

With the electronic, vibrational and rotational structure being investigated for several decades in
molecular photoionization and photoelectron spectra, models describing the rovibronic effects in
photoionization are nowadays well established. These models, i.e., their selection and propensity
rules, laid the basis for the production of rovibronic state-selected molecular ions by photoioniza-
tion [106, 143, 108, 109].

In contrast to the rovibronic effects, the roles of the electron and the nuclear spin, associated with
the spin-rotational fine structure and the hyperfine structure, respectively, are not covered by com-
mon photoionization models, as these features are usually—we will encounter exceptions below—not
resolved in (traditional) photoionization or photoelectron spectra. The limited knowledge about these
effects is reflected in the electric-quadrupole rotation-vibration spectrum of the N;’ ion presented in
the preceding chapter: with the relative populations in the hfs levels of the N2+ ions produced in our

REMPI scheme being unknown, they had to be described by a free parameter.

Motivated by this issue and in view of the importance of photoionization for future high-precision
experiments, we have developed a model for fine- and hyperfine-structure effects in molecular pho-

toionization which is presented in this chapter.

Besides the application in high-precision experiments, our model is also of interest from a general point
of view in molecular physics. Photoionization and photoelectron spectroscopy provided valuable infor-
mation on central aspects of molecular structure theory, supporting the development of such essential

concepts as, e.g., molecular orbital theory (see, e.g., [144], p. 415 or [145]). Since the first photoelectron
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spectroscopic studies of molecules in the 1960s, their resolution has steadily been improved, such that
vibrational and thereon rotational structure were resolved during the following decades [146]. Along
with experimental progress, the theoretical models have been refined. Vibrational structure has been
understood in terms of the Franck-Condon principle (see, e.g., [147]). Concerning rotational structure,
Buckingham, Orr and Sichel presented in 1970 in a seminal paper [148] a model to describe rotational
line intensities in photoelectron spectra, now known as the “BOS model”. During the 1980s and 1990s,
extended models, such as to describe resonance-enhanced multiphoton ionization (e.g., [149]) or to in-
terpret not only the total ionization intensity but also the angular distribution of the photoelectrons
(e.g., [150, 151]) have been developed. Also, the BOS model has been rephrased in terms of spherical

tensor algebra [132], the form it is used here, and extended to asymmetric rotors [143].

However, spin-rotational fine structure has been resolved only in a few photoionization experiments,
e.g., in the ionization spectra of Oz from Palm and Merkt [152] and of HoO from Merkt et al. [153],
and we are not aware of any hyperfine-structure-resolved direct photoelectron spectrum of a molecule.

As a consequence, models for direct photoionization so far do not cover these effects.

Studying fine and hyperfine structure in molecular photoionization is the domain of PFI-ZEKE (pulsed-
field-ionization zero-kinetic-energy) and Rydberg spectroscopy [152, 153, 154, 155, 156, 157]. In these
techniques, data obtained from electronic transitions to highly excited neutral states are interpreted
as series converging to certain ionic states. Results from these experiments are well understood within
the framework of multichannel quantum-defect theory (MQDT) and provide detailed information on
the fine and hyperfine structure of molecular ions [154, 155, 156, 158, 157]. For the direct ionization
process utilized in trapped-ion experiments, a less involved treatment is possible by including fine- and

hyperfine-structure effects into the BOS model. This is the approach pursued in this chapter.

The chapter is structured as follows: first, a model for the spin-rotational fine structure in direct, i.e.
one-photon, photoionization is developed. Then this model is extended to cover transitions between
individual hfs levels in photoionization. To validate our model, we apply it to the fine-structure-resolved
photoelectron spectrum of Oy recorded by Palm and Merkt [152]. The implications of our model for
hfs-resolved ionization transitions are illustrated with the example of the photoionization of molecular

nitrogen.

Thereafter, we consider the three-photon, two-colour REMPI process used in the experiment of the
previous chapter to produce N;r ions. This [241°] REMPI scheme is regarded as two subsequent
processes: a two-photon excitation step, followed by a one-photon ionization step. For both of these
steps, a hfs-resolved description is developed. The REMPI model obtained from these descriptions
is first applied to the non-hfs-state-selective ionization technique described in the previous chapter.
After that, implications of our model for possible future hfs-state-selective ionization schemes are
discussed. The chapter finishes by concluding the findings obtained and discussing the suitability of

the approximations employed in our model.

5.2 Direct photoionization

We consider the ionization of a diatomic molecule AB yielding the molecular ion AB™ by ejection of

a photoelectron e~ through interaction with electromagnetic radiation via the electric-dipole opera-
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tor fu:

AB P AB*t e (5.1)

In the language of quantum mechanics, this process is described by the transition matrix element

(Yap+] (Ye-Dir[¥aB) , (5-2)

with the symbols |ap) and |1, g+) standing for the internal quantum states of the neutral molecule AB

and the molecular ion AB™T, respectively, and |+, ) for the quantum state of the photoelectron.

In analogy to the spectroscopic line strength for transitions between bound states, we define the
quantity P(AB — AB™), proportional to the ionization probability per unit time, as the squared
absolute value of the transition matrix element summed over all the quantum states contributing to

the observed ionization rate, i.e.,

P(AB— ABY) =3 3" > " |((ap+| (e it lan)|*- (5.3)

YAB Ypap+ Ve

Here, the sums over ap and ¢, g+ include all degenerate (or unresolved) states of the neutral molecule
and the molecular ion, respectively, belonging to the neutral and the ionic energy level of the transition
studied. The sum over 1.— includes the orbital angular momentum and the spin state of the emitted
photoelectron. We suppose that neither the energy, nor the angular distribution or the spin state of

the photoelectron is detected in the photoionization experiment.

The quantity of interest here is the ionization rate. This rate R(AB — AB™) is proportional! to the
above-defined transition probability multiplied by the population p(Eap) in the addressed neutral
level and divided by the degeneracy g(Fap) of that level,

R(AB — AB™) P(AB — AB)p(EaB), (5.4)

9(EaB)

with Fap the energy of the neutral level.

For a neutral-state population following a Boltzmann distribution (with the temperature T' and the
Boltzmann constant kg),
p(EaB) x g(EaB) exp(—Eas/ksT), (5.5)

the ionization rate thus accounts for,

R(AB — AB™) «c P(AB — AB") exp(—Exp/ksT). (5.6)

In the following, explicit expressions for the ionization probability P(AB — ABY) for particular
neutral and ionic fs and hfs levels will be derived. That way, the roles of the electron and the nuclear

spin in molecular photoionization are studied.

!See the relation between the line strength and Einstein B-coefficient of excitation discussed in Ch. 2 as well as
equation (1) in [148].
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Table 5.1. Angular momentum quantum numbers relevant to the photoionization of diatomic molecules.

Magnitude Mol.-fixed Space-fixed
quant. num. projection projection Description

N A My Orbital-rotational angular momentum of the neutral molecule (AB)

S - Mg Total electron spin of the neutral molecule

J - My Total angular momentum of the neutral molecule excluding nuclear
spin

I - My Nuclear spin of the neutral moleculef

F - Mp Total angular momentum of the neutral molecule’

Nt AT M Orbital-rotational angular momentum of the molecular ion (AB™)

St - M. ;‘ Total electron spin of the molecular ion

Jt - M j Total angular momentum of the molecular ion excluding nuclear
spin

It - M} Nuclear spin of the molecular ion'

Ft - ]Mz: Total angular momentum of the molecular ion'

l - my Orbital angular momentum (partial wave) of the photoelectron

s - ms Spin of the photoelectron (s = 1/2)

- o Angular momentum due to the electric-dipole interaction

with the electromagnetic field

k q P Total orbital angular momentum transferred to/from the molecule
in the ionization process (p = —my + o)

U - w Total angular momentum transferred to/from
the molecule in the ionization process (w = —ms + p)

TOnly used in the hfs-resolved photoionization model (Sec. 5.2.2).

5.2.1 Fine-structure effects in molecular photoionization

In order to study spin-rotational, i.e. fine-structure effects, in molecular photoionization, we express
the quantum states of the neutral molecule |[¢)ap) and the molecular ion [1),p+) in Hund’s case (b)
bases as [nA,v, NASJMj) and |n+A+,v+,N+A+S+J+Mf>, respectively. Here, n (n™) and v (v*)
denote electronic and the vibrational quantum number in the neutral molecule (molecular ion). The
angular momentum quantum numbers have their usual meanings summarized in Tab. 5.1. The state
of the photoelectron |¢,-) is expressed as |s,ms) |l,m;), a tensor product of its spin state and its
orbital angular momentum state. The former is characterized by the single-electron spin s = 1/2 with
associated space-fixed projection mg. The latter, which is also referred to as the electron “partial
wave” in the terminology of scattering processes, is given by the quantum number [ for the magnitude
of the electron orbital angular momentum and the corresponding projection m; on the space-fixed

z-axis.
The quantity P(.J,.JT) may then be written as?

PUIN=E S S S S [ NS o

=0 my=—Ilms=—s Mjffjj\/[_*'—f

2
f|nA, v, NASJTM;) ’ : (5.7)

We follow the approach of Xie and Zare [132] and identify the electric-dipole operator fx with a spherical

tensor T}LO as well as the photoelectron state (I,m;| with a spherical tensor T" m,- We then contract

2From here on, the parentheses around the bras to the left of the transition operator are omitted, as it is clear from
their physical meaning that they are to be regarded as a single entity.
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the product of these two spherical tensors according to spherical tensor algebra [61, 77, 60],

I+1
! 1
T, @Th = Y. C7 ..k (5.8)
k=1—1]
where p = —my; + po. Here and in the following, symbols as ij stand for the Clebsch-Gordan

Jimijama
coefficient (j1my, joma|j1j2jm), which is expressed in terms of a Wigner 3j-symbol as

; ‘ : L i (1 J2
CJJ{ZH]'zmz = <]1m1a]2m2|31]23m> = (_1)J1 Jam 2j+1 ( ) ’ (5.9)
myp Mg —Mm
The spherical tensor operator T’; newly introduced in (5.8) describes the combined effect of absorbing
electromagnetic radiation via the electric-dipole operator and ejecting a photoelectron in the state

|l,ml>.

The term with & = [ does not contribute to the sum in (5.7) because of parity selection rules and may
be omitted [132, 131]. The matrix element in (5.7) is thus expressed as,

<n+A+,v+,N+A+S+J+M+’ s,mg| (L,my| o lnA, v, NASTM )
= O (WTAT T NTATST M| (s, mg| T [nA, v, NASTM), (5.10)
k=Il£1

where negative values for k are to be excluded.

Since the tensor T’; does not operate on the spin state, we decouple spin and orbital-rotational angular
momenta in the molecular quantum states, i.e., we express the spin-rotational state of the molecular
ion and its neutral precursor in the tensor product basis of pure spin and rotational-vibronic states

according to

InA, v, NASTM;) = Y CXW sare In, v, NAMy, SMg) (5.11a)
Mp,Ms
+_ TEMy + +
(AT ot NTATST I M = ) CN+M%S+M;<n+A+,v+,N+A+MN,S+MS]. (5.11b)
MM

The transition matrix element in (5.10) then reads,

(n* AT v, NTATSTIT M| (s,mq| TF [nA, v, NASJTM))

- Y Y el
NMynSMg N+M+S+M+

My,Ms M ME (5.12)

(n* AT vt NYATAGE, STME| (s, m| TE [nA, v, NAMy, SMs) .

Exploiting that T]; does not operate on the spin states, we separate the matrix element on the last

line of the above expression into a rotational-vibronic and a pure spin factor:

(n* AT ot NFATMGG, STME| (s, mg| TE InA, v, NAMy, SMs)
_ <n+A+,v+, NAT MY ‘ v ‘ nA,v,NAMN> ((STME| (s,msl) [SMg) . (5.13)
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In order to calculate the rotational-vibronic factor, we transform the spherical tensor operator Tzlﬁ from
space-fixed to molecule-fixed coordinates using a Wigner rotation matrix,
k
k Nk k
TH = > [Dh Ty, (5.14)

q=—k

where the superscript / has been added to indicate that this tensor refers to molecule-fixed coordi-

nates.

The Wigner rotation matrix involves only the angular coordinates, whereas the tensor T’ 5 operates

only on the vibronic state. Therefore, we have:

<n+A+, vt NTAY M ‘ T ’ nA, v, NAMN>

k
= 7 (WAt NTATM | (D5 T | 0 v, NAMY ) (5.15)
q=—k
k
-3 <n+A+,v+‘T’§ nA,v> <N+A+MIJ\; ] 2 NAMN>. (5.16)
q=—k

Upon substituting the angular states of the neutral molecule and the ion, which are themselves given

by Wigner rotation matrices,

2N +1 N
8772 [QI(L[;A(d)vg?X)}

2N+ +1 +
(NFAPM [60x) = \| g5 Py )1 (6.0.%). (5.17b)

we obtain for the angular part in (5.16) an integral over a product of three Wigner rotation matrices,
which accounts for [62, 60]:

(60 x| NAMy) = " (5.17a)

(NN MG | 1D, | NAMy )
+ +
VAN FIVaN Fa-nMiar (N R N ENT RN g
fM; p My —At ¢ A

Because of the second Wigner 3j-symbol, this expression vanishes for all values of ¢ but ¢ = AT — A = AA.

Hence, only this value contributes to the sum in (5.16) and we may write
<n+A+, vt NTAY M ‘ T ‘ nA, v, NAMN>

Nt k N Nt k N
NN v |G ]

MY p My) \-AT AA A
(5.19)

Having calculated the rotational-vibronic part of (5.13), we now turn to the spin part. To this end, we
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couple the spin of the ion and the photoelectron to get the total electronic spin after ionization,
St+s Stot Y
(STME, sm| = > > CS;‘J;@S;;;S (Stot My, | » (5.20)

Stot:\S+—s\ Mstot:_stot

Assuming orthonormal spin states, we thus obtain for the spin factor in (5.13):

St+ts Stot
Stot M,
(STME, smg| SMg)y = > > CS;;WS;;; (S0t Ms,,, | SMs) (5.21)
Stot=|St —s| M5, =—Stot s
St+s Stot .
- Z Z Csjrojt\/[;its;séstotséMsths (522)
Stot=|ST—s| M5, =—Stot
_ ~SMg
T Y stMEsm, (5.23)

Collecting these results and substituting them into (5.10), the complete matrix element for spin-

rotation-resolved photoionization transitions is:

(nTAT 0t NTATST I M| (s, m| (1, mu| fu|nA, v, NAST M)
= V2N + 1V2ZN +1vV25 + 1V/2JF + 13V/2T F 1(—1)} - 1HPENENT A —S—s My +M;

ZW(Z ! k><n+A+,U+’T/ZA‘nA,U><N+ g N)

k=i+1 —my fo —P —AT AA A

S s e (NS (s ) 52
+ +  _art _
ME Mg M, My My Mg —-Mj;) \My Ms —M;

Nt k N St s S
~My p My) \M& ms —Ms)’
where the Clebsch-Gordan coefficients have been replaced by Wigner 3j-symbols.

In principle, this matrix element completely describes the fine-structure-resolved photoionization pro-
cess and could (when substituted in (5.7)) be used for analyzing measured photoionization and pho-

toelectron spectra and predicting fine-structure-resolved photoionization line intensities.

However, the complexity of the above expression hinders a deeper insight into the physics of the
photoionization process and the multiple sums render the evaluation of this expression time consuming

even when working with a computer algebra system.

Fortunately, the matrix element may be simplified considerably when exploiting the properties of the
Wigner 3j-symbols. Moreover, the expression obtained in this way may be further simplified when
calculating its absolute value summed over the projection quantum numbers appearing in (5.7). In
that way, an expression more convenient for numerical evaluation as well as better comprehensible

regarding its physical insight is obtained.

We first consider the sums over M ; , Mg, M;, My on the last and next-to-last line in (5.24). Using
the symmetries (equation (2.29) and (2.30) in [61]) and the selection rules of the Wigner 3j-symbols,
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the phase factor appearing in this term may be separated from the sums:

+ gt +
S e (NS ()
VAt ME T My ME -MF) \My Ms —M,

Nt k N st s S
—My p My) \M& ms —Ms

— (—pEN kST, 3§ < Jt NT S+> ( J N S )
M7t + + . _
MF Mg M7 My My My Mg ) \M; —My —Ms

(5.25)
Nt &k N St s S
M]T[ —-p —Mp MS+ ms —Mg

Applying now the relation between Wigner 9j- and 3j-symbols given in Appendix C.2, the quadruple

sum in (5.25) is expressed in form of a 9j-symbol as

Z Z JT Nt ST J N S Nt &k N St s S
—M:}_ MI—VF M;_ MJ —MN —MS M; —p —MN M;f mg —MS

ME Mg My, My

Jt J
ks Jt ouw J v k s Y
= > (u+1) Nt k Ny. (5.26)
M7 w M w —p m
u=|k—s| J J p s St s 9

Here, the angular momentum quantum number « with the associated space-fixed projection w (given
by w = —mg + p) has been introduced. u represents the resultant of the coupling of k and s. Its

physical meaning is described further below.

Substituting these results into (5.24), we obtain for the transition matrix element

(AT T NTATSYTYMT| (s, m| (I, my| fuInA, v, NASJ M)
= V2N + 1V2N + 1vV28 + 1V/2J+ + 1V/2J + 1(— 1)l 1A N+ T s 2M M7

I 1k i Nt &k N

> (-D)FV2k+1 (_m ) _p) <n+A+,U+’TIAA‘TLA,v> (_A+ ar A)

h=l1 PR . (5.27)
J J

’f CTRETY SAE AR N LR b e Z N

A —Mj w My w —p My

u=|k—s| St s S



5.2 Direct photoionization 95

According to (5.7), the transition probability is thus:

P(J,JY) = (@2NT +1)(2N +1)(2S + 1)(2JF +1)(2J 4 1) ZZZ Z

me Mms Ay M

e, S e (24 5)

k=l£1
Jt J
o Jtouw J u ks Y
> (2u+1) . Nt k Nyl . (5.28)
e fes| M7 w Mj;) \w —-p ms [T

When calculating the square of the absolute magnitude in the expression above, several cross terms
due to the sums over k and u appear. However, since we are summing over all possible values of M
and M7, these cross terms vanish because of the orthogonality of the 3j-symbols (equation (2.32) in
[61]). Equation (5.28) hence may be simplified® to:

P(J,JY)=2NT+1)2N +1)(2S + 1)(2JF + 1)(2J + 1)

Z S 2k +1) ( Ai A’“A JAV)QK bt | Ty [na, o)

k=Il£1

ks Jt ou J ? l - 2 L 2
S Qut )Nt kN Z( > Z(“ S) . (5.29)

u=|k—s| St s S my o Ho TP) Ty \W TP s

For linearly polarized radiation (as in our experiment), we have ug = 0 in a suitably chosen coordinate

system. The sums over m; and mg then account for 1/(3(2k + 1)) and we get:

2
1 kN
P(J,ﬁ):§(2N++1)(2N+1)(2S+1)(2J++ )(2J + 1) Z > ( A An A>
k=141
9 kts Jtou J
‘< AT, +‘ ’nA v>| > @u+D{Nt k Ny o (5.30)
u=|k—s| STt s 9

The physics described by equation (5.30) may be understood as follows: the photoelectron ejected in
the ionization process is described as a partial wave [. The probability of a transition from a certain
neutral to a certain ionic state is given by a sum over all partial waves. The partial waves possible
for a particular electronic state of the ion and the neutral precursor are constrained by the parity of
these states. If neutral and ionic states have the same parity (& < =+ transitions), only odd values
of [ occur, i.e., terms with [ = 1,3,5,... appear in the sum in (5.30). In case of unequal parities of
neutral and ionic state (£ < F), only even values are allowed for [, i.e., the sum over [ includes the
values [ = 0,2,4,... [132].

3The complete derivation of this simplification is rather lengthy and thus not reproduced here. In essence, the sums
over u and k are expanded and the relation |x1z1 + @220 = 23|21 + 23|22)? + w122]2125 — 2] 22| for 1,22 € R and
z1, z2 € C is applied. Then, the sums over My, M are evaluated and the orthogonality of the 3j-symbols is used to show
that the cross terms vanish.
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Additional to the angular momentum carried by the departing photoelectron, the molecule also ex-
changes angular momentum with the electric field as described by the electric-dipole operator. The
angular momenta associated with the photoelectron partial wave and the electric-dipole excitation are
thus coupled to form k. Since the dipole operator is a first-rank spherical tensor, k exhibits the values
k=1—-1or k=1+1 with k = forbidden because of parity selection rules [132, 131]. We thus have
k=0,2,4,... for + < + transitions and k = 1,3,5,... for & < F transitions [132].

The value of k determines the maximal change of the orbital-rotational angular momentum in the
photoionization process, i.e., |[AN| = [NT — N| < k, as may be seen from the 3j-symbol or the middle
row of the 9j-symbol in (5.30). Transitions with & = 0, e.g., do not allow any change in the orbital-
rotational angular momentum, i.e., NT = N. For transitions with k& = 2, the values AN = 0,£1 and
+2 are possible (with AN = +1 forbidden for ¥-¥ transitions). Which transitions occur, as well as
their relative abundance is determined by the absolute value of the vibronic transition matrix elements
<n+v+ ‘ %
AA

and its precursor must be known. Thus, they either may be obtained from an ab-initio calculation

n, v>. To calculate these matrix elements, the electronic structure of the molecular ion

or treated as free parameters when describing a measured photoelectron spectrum. Usually, only the
vibronic transition matrix elements with the few lowest values of k (such as & = 0 and k& = 2)
contribute substantially to the total transition probability and for higher k-values they essentially
vanish. Hence, only a few free parameters are needed to describe the intensities in a rotationally

resolved photoelectron spectrum of a diatomic molecule.

As the (squared) absolute values of the vibronic transition matrix elements have first appeared as free
parameters in the photoionization model by Buckingham, Orr and Sichel (“BOS model”, [148]) they

are known as the “BOS coefficients” Cy, i.e.,

Cr = ‘<n+v+ ’ T'ZA ‘ n, v> ‘2 . (5.31)

For our purposes, the vibronic transition matrix elements are just treated as free parameters. If the
electronic structure of the system considered is known, they may be calculated by expressing the
electronic state of the molecular ion and its neutral precursor as well as the photoelectron partial
wave and the electric-dipole operator in the molecule-fixed frame [148]. An intuitive understanding
of the vibronic transition matrix elements is achieved when approximately describing the electronic
state of the molecule by a single Slater determinant in the Hartree-Fock formalism and assuming that
the photoelectron is ejected from one particular molecular orbital, while the others are not affected by
the ionization process (Koopman’s theorem). We may then picture the removal of an electron within
a set of occupied electron states as creating a “hole” among these states. The quantum number k& may

then be associated with the angular momentum of this hole [143].

As well as the orbital angular momentum [, the photoelectron also carries its spin s = 1/2. This spin
is coupled to k to form u. The possible values for u are thus v = |k — 1/2] and uw = k + 1/2. Similar to
k determining the change in the orbital-rotational angular momentum, v determines the change in the
total angular momentum (excluding nuclear spin) according to the selection rule [AJ]| = |JT —J| < u,
as inferred from the first row of the 9j-symbol in (5.30). For k = 0, e.g., only u = 1/2 is possible and
thus only transitions with |AJ| = 1/2 are allowed. For k = 2, on the other hand, u = 3/2 and u = 5/2
are possible, allowing values of |AJ| up to 5/2.
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Since the values of u are determined by the values of k, the vibronic transition matrix elements
<n+v+ ‘ T/ Z A } n, v> describing the relative intensities of different rotational lines in a photoelectron
spectrum also determine the relative intensities of transitions of different fine-structure components.
Hence, our model describes the spin-rotational effects in photoionization without additional free pa-

rameters.

Summarizing, we see that the whole interplay between the different angular momenta is expressed by
the 9j-symbol in (5.30) in a compact way: the couplings in the ionic and the neutral state are expressed
by the first and the last column, respectively. The coupling of the angular momenta transferred to or
from the molecule is described by the middle column: the spin of the photoelectron s is coupled to k
(the angular momentum associated with the photoelectron and the interaction with the electromag-
netic field) to form u. The rows of the 9j-symbol represent the angular momentum transfer during
photoionization: according to the first row, u determines the change in the total angular momentum
(excluding nuclear spin), whereas k decides on the change in the orbital-rotational angular momentum
(second row). Finally, s describes the spin removed from the molecule in the ionization process, as

seen from the last row in the 9j-symbol.

Besides elucidating the role of the electron spin in molecular photoionization and its effect on the
probability of transitions between particular fine-structure levels in photoionization, equation (5.30)
also provides an efficient way for numerical calculation of these transition probabilities as compared
to direct evaluation of the transition matrix element in (5.24) and summation over projection angular
momentum quantum numbers (as in (5.7)), since the computationally demanding multiple sums are

largely avoided.

Our result may be compared with the findings of Dixit et al. [159]. Indeed, when taking the squared
absolute value of their matrix element (equation (6) in [159]), integrating over the entire unit sphere
and making use of orthogonality properties of Wigner symbols and spherical harmonics, the result in

our equation (5.30) may be reproduced in essence.

Often, the neutral molecule AB is in a singlet state, i.e, S = 0. If so, we have J = N and ST =
s = 1/2 and our result may be simplified even further. The 9j-symbol then equals a 6j-symbol (see
equation (4.25) in [61]),

2
Jt uw N . g+ N 2
u
Nt k N} =—— , 5.32
2(2N+1){k N+t s} ( )
St s 0

and equation (5.30) becomes,

1 + + Ntk N
Ps=o(N.J*) = (2N + 1)(2N* + 1)(2/ +1)Y > At AA A
I k=l*+1

. 9 Kkts J+ u N 2
‘<n+A+7U+‘T’AA’nA,'U>‘ 3 (2u+1){k - s} (5.33)

u=|k—s|
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5.2.2 Hyperfine-structure effects in molecular photoionization

Having developed a photoionization model describing the relative intensity of transitions between fine-
structure levels in Hund’s case (b), i.e., spin-rotation components, we now extend this model to cover
transitions between different hyperfine levels in the photoionization process. To that end, we need to
consider the role of the nuclear spin in the neutral and ionic levels. We assume that both of these
levels may be described with the Hund’s case (bg,) angular momentum coupling scheme as discussed

in Ch. 3. The transition probability is then proportional to the quantity

PEFH) =3 > > > [(ntAT Wt NTATSTITTTEYME| (s, mal (1,my
f|nA, v, NASJTF M) |, (5.34)

Here, I and F' (I™ and FT) denote the nuclear spin and the total angular momentum quantum number,
respectively, in the neutral (ionic) state. Mp and M;f denote the projection angular momentum

quantum numbers with respect to the space-fixed z-axis associated with F and FT .

As outlined in Ch. 3, the coupled angular momentum states are expressed in the (decoupled) tensor

product basis of the spin-rotational-vibronic and the nuclear spin states as

InA, v, NASTIFMp) => "> " C 5 InA, v, NAST M, M), (5.35a)
Mp My
FAY ot NTAYSE IR A = FHMy
(ntAT ot NTATST T FT M ZZCJ+Z\/[+I+M+

(ntAT ot NTATST I M T M.
In this basis, the transition matrix element appearing in (5.34) accounts for

(AT 0t N+A+S+J+I+F+M+| (s,mg| (I, my| i1 |nA, v, NASJTIFMp)
FM
= > > CJ+M+1+M+CJMfIM (At ot NYAYST T MG 1 M| (s, ms| (1,
MM MF My (5.36)

ﬂlnA,U,NASJMJ,IM[>.

Since the nuclear spin is neither affected by the absorption of electromagnetic radiation, nor by the
ejection of the photoelectron, we may separate the nuclear spin states from the remaining transition

matrix element, obtaining

(AT v NTAYSYT M T M| (s,ms| (L my| fu|nA, v, NAST My, IM)
= (I"M; | IM;) (n AT vt NTATSTITMT| (s, m| (1, mu| fu[nA, v, NASTM ;) (5.37)
= 61+15MI+MI (nTAT T NTATSYTYMT| (s, ms| (I, my] o [nA, v, NASJTMy) . (5.38)

For orthonormal nuclear spin states, the first factor, as indicated above, simply results in two Kronecker
deltas, expressing the conservation of the nuclear spin. The remaining transition matrix element is

known from equation (5.27) in the previous section. Substituting this result into (5.38), replacing the
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Clebsch-Gordan coefficients by 3j-symbols and evaluating the sum over MI+ yields:
(nTAT Wt NTATSTIFT I ME| (s, ms] (L,my| o |nA, v, NASJIF Mp)
=V2NT +1V2N + 1V25 + 1V/2JF + 1vV2J + 1/ 2F+ + 1vV2F + 1+

(_1)1—1—A+—s+N+2J+J+—2I+MF+M; Z (_1)k 2%+ 1 ! Ik
kelt1 —my Mo —P

: Jt J
<+A++’T’k‘A>N+kN]i(Q—i—l)uks N+:N
n ) nA,v U
Al AT AA A w —p ms) | gy S
S

u=|k—s|
T 1)2MJ+M;<J+ u J><J+ I F+><J I F )
MF M, M; ~My w M;)\My M; —Mg)\M; M; —Mp

(5.39)

As in the previous section, we aim at a simpler expression for the product of 3j-symbols summed over
projection quantum numbers. The selection rules for the 3j-symbols imply the relations M; = Mp— M
and M}L = M;f — M. Therefore, the phase factor in the last line above is

(_1)2MJ+Mj _ (_1)2MF+M;—3MI _ (_1)21VIF+M;(_1)—2MI(_1)—MI. (5.40)

The nuclear-spin quantum number I may either be integer or half-integer. If I is integer, so are all
possible values for My (M; = —1I,—1+1,...,I), and vice versa if I is half-integer. For integer I (and
thus integer M), we have (—1)72M1 = 1 for all possible M. For half-integer I, we have (—1)72M1 = —1
for all possible M;.* In either case, the value of (—1)721 does not depend on M; but only on I. We

may thus define a function n(I) according to,

1 for integer 1
n(l) = (5.41)
—1 for half-integer I

and write the phase factor in (5.40) as (—1)2MJ+M; = (—1)2MF+M;77(I)(—1)_MI.

With these manipulations, the last line of equation (5.39) equals

wf It uw J Jt I Ft J I F
S (C1)PMEM ( . ) ( . +> ( ) (5.42)
M7T My, M; M7 w M;) \M; M; —Mpg My M; —Mp
Jo )
_ (—1)2MF+M;:7](I) Z (_1)*M1 JT u J Jt I Ft J I rF
M+ My M; -Mj; w M;)\Mf M; —-M{)\M; M; —Mp)’
Jo 5

where we made use of n(I) being independent of M; such that it may be put in front of the sums.

The term within the sums on the right-hand side of the above equation has the form of the general

relation between Wigner 3j- and 6j-symbols shown in Appendix C.1. Applying equation (C.2) from

1Proof: let I = k/2 be half-integer with some odd integer number k. The possible values for M; are then M;
—k/2,~k/2 +1,—k/2 + 2,..,k/2 or generally M; = —k/2 + n with n € N. Therefore, (—1)72M1 = (-1)F72"
(=1)¥(=1)72" = —1 x 1 = —1, since n is integer and k is integer and odd.
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this appendix, we obtain for the transition matrix element in (5.39)

(nTAT T NTATST I I ME| (s, mg| (L, fu|nA, v, NASJITF Mp)
= V2NT + 1V2N + 1V2S5 + 1/2J+ + 1V2J + 1/ 2F+ + 1V2F + 16,1+

(— 1)1—1—A+—5+N+J+2J+—31—F+ —F+3Mp+2M}: (1)

S (-1 2k+1<l ! k><n+A+,v+]T"gA'nA,v><N+ g N)

k=i%1 —my po —Pp —AT AA A
k+s J+ u J
k J Jt Ft F
S (1) u 1) (“ S) N* k N {u . }( o )
u=|k—s| wo—=p Ms St s S I r F _MF w Mg

(5.43)
Substituting this result into (5.34) and employing |n(I)| = 1 yields

P(F,F*)=@Nt+1)@2N + D)2S + )27 + )2 + DERFT+ D)RF+ 153 > > >

Lome Ms Mp M

> (-1t 2k:+1<l ! k><n+A+7v+‘T’kAA‘nA,v><N+ K N>

k=l+1 -myp po —p —AT AA A

k+s w k s J+ u J
> (—1)“+w(2u+1)< ) Nt k N

u=|k—s| W TP M St s S
u J JT Ft o F
I Fr F[\-Mf w Mp

Like in the previous section, the cross terms in the above equation vanish when summed over all possible

values for Mr and M;E due to the orthogonality of the Wigner 3j-symbols.? Hence, we obtain

2

. (5.44)

PF,Ft) = 2NT +1)(2N + 1)(2S + 1)(2J " + 1)(2J + 1)(2Ft + 1)(2F + 1);7+

ZZ(2k+1)‘<H+A+,'U+’T/ZA‘TLA,U>‘2<N+ F N>2

1 k=l+1 —AT AN A
2
Jt ouw J 2
k+s
J Jt
ST @u+D{Nt kN {u . }
u=|k—s| St s S I F F

lek2zuk52 5.15)
= \-m po —p) SZ\w o —p omg) '

The terms on the last line above account for 1/(3(2k + 1)) for linearly polarized radiation (uo = 0),

5Similarly as in the previous section, this can be shown in a rather lengthy calculation, where the sums inside the

absolute value function in (5.44) are written explicitly. Then the terms are summed over Mr and Mj= while applying
the orthogonality properties of the Wigner 3j-symbols (equation (2.32) in [61]).
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i.e.

P(F,F') = %(2N+ +1)(2N +1)(2S + 1)(2JT +1)(2J + 1)(2F " + 1)(2F + 1)8;7+

35 fae e (55 V)

k=l+1
2
ks JT ou J 7 2
S @ui{Nt & Ny Y (5.46)
u=|k—s| S+ S I F* F
- S

In essence, we have reproduced in (5.46) the result from (5.30) with an additional Wigner 6j-symbol
describing the influence of the nuclear spin, i.e., the hyperfine-structure effects. Since the photoelectron
does not carry nuclear spin, the same selection rule as for AJ applies also for AF, namely |[AF| = |F*—
F| < u. Once more, due to the separability of the transition matrix element, the relative intensities
of transitions between particular hyperfine levels in the neutral molecule and the molecular ion are
determined by the magnitude of the vibronic transition matrix elements, which also determine the
intensity of different rotational lines in a photoelectron spectrum. Thus, no additional free parameters
need to be introduced when extending the BOS model for the rotational structure in photoelectron

spectra to hyperfine-structure effects.

Expressions related to those derived above have been found for high-resolution Rydberg spectra of

rare gas atoms and hydrogen molecules within the frame work of MQDT (see, e.g., [154, 155]).

5.2.3 Example 1: Fine-structure effects in the photoionization of oxygen

In order to validate our model and to illustrate its physical content, we applied it to a measured
photoelectron spectrum. One of the few spin-rotation-resolved photoelectron spectra reported in the
literature is the PFI-ZEKE spectrum of oxygen recorded by Palm and Merkt [152]. They presented
a spectrum of the Oq X3Eg — O;r b42g band with several spin-rotation-resolved lines. Since both,
the neutral as well as the ionic state of the oxygen molecule exhibit a non-vanishing electron spin, this

species is well-suited for testing our model.

Often, PFI-ZEKE spectra are affected by channel interactions and models for direct photoionization
are not necessarily applicable to them [160]. For the transitions studied in [152], however, the authors
state that “the observed line intensities are not dominated by channel interactions” and we may thus

attempt to interpret this spectrum with our model.

The energy level structure of neutral Og in the electronic ground state X3Zg_ and of the O3 molecular
ion in the b42g’ state is shown in Fig. 5.1. We are interested in the Q(1) line of the v =0 — v =

band, i.e., in the transition v = 0,N =1 — vt = 0, Nt = 1, as this transition has been measured
with the highest resolution. Neutral Os exhibits an electron spin S = 1 in the X3Eg state, such that
there are three spin-rotation components for N = 1: J = 0, 1 and 2. For O; in the b42g state, the
total electron spin is ST = 3/2 giving rise to three spin-rotation components with J* =1/2, 3/2 and
5/2. Hence, there are in total nine different transitions between the fine-structure components of the

neutral and ionic state making up the Q(1) line.
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Figure 5.1. Energy level structure of the oxygen molecular ion and the neutral oxygen
molecule. The electron spin gives rise to spin-rotational fine structure in both, the ionic b42g as well

as the neutral X32g state. Levels are labelled by their total angular momentum quantum number, J and

J*, for the neutral and ionic state, respectively, as well as their relative term value (adapted from [152]).

The photoelectron spectrum of the fine-structure-resolved Q(1) line measured by Palm and Merkt
[152] is reproduced in Fig. 5.2 (a). This spectrum shows three well-separated peaks spaced by about
2cm~!. These peaks reflect the spin-rotation splitting in the X3Eg state of neutral Oy with a spacing
of about 2cm™! between adjacent spin-rotation components. The peaks are themselves composed of
three partially overlapping lines, which stem from the spin-rotation components of the ionic b42g’
state that are spaced by about 0.4cm™!, totaling to the nine spin-rotation transitions of the Q(1)

line.

To compare the measured spectrum with our model, the experimental line intensities have been ex-
tracted from the spectrum by fitting it with a set of Gaussian peaks. The empirical intensities found

this way are shown as blue circles in the stick spectrum of Fig. 5.2 (b).

Even without any further calculations, we may rationalize this spectrum with our model. From the
analysis of rotationally, but not fine-structure-resolved spectra [161], it is known that the photoion-
ization of oxygen mainly occurs via the vibronic transition matrix element <n"‘A‘*‘7 vt ‘ 5 A ’ nA, v>
with £ = 0 and to a smaller extent via the one with k£ = 2 indicating that ionization occurs out of a
molecular orbital with a predominant s character. The absolute value of the vibronic transition matrix
elements in equation (5.30) is thus large for £ = 0 and substantially smaller for k = 2. For k > 2, the

matrix element essentially vanishes.

According to our model, we have for k = 0, the value u = 1/2, allowing lines with AJ = +1/2 and we
may thus infer that such lines might show high intensities. Indeed the lines with the highest intensity
within each of three peaks for J = 0, 1 and 2 obey this criterion. On the contrary, transitions with
|AJ| > 1/2 are only possible via the £ = 2 vibronic matrix element with a considerably reduced

magnitude. Indeed, such lines show only low to medium intensities.

For a more in-depth analysis and in order to validate our model, we fitted the normalized intensities
shown as blue circles in the stick spectrum of Fig. 5.2 (b) to the relative ionization rates as given by the
transition probabilities from equation (5.30) substituted into equation (5.6). For the Boltzmann factor
in (5.6), we used the relative term values shown in Fig. 5.1 together with the rotational temperature
of 7K reported in [152]. The two squared absolute values of the vibronic transition matrix elements
’<n+A+, vt ‘ T'ZA ‘ nA, v> ’2 for k = 0,2, i.e., the two BOS coefficients Cy and Co were treated as free
parameters. The intensities obtained from our model with this fit are shown as green diamonds in

Fig. 5.2 (b). As seen from this figure, our model reproduces the measured photoionization intensities
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Figure 5.2. Fine-structure effects in molecular photoionization. (a) Measured fine-structure-
resolved photoelectron spectrum of the Oy X35, (v =0,N =1) — OF b*S_ (v = 0,NT = 1) transition
recorded by Palm and Merkt (reproduced from [152]). Peaks are labelled with the total neutral-state angu-
lar momentum quantum number .J above and the corresponding ionic one J T below the assignment bars.
The spectrum shows three well-separated peaks reflecting the three spin-rotation components in the neu-
tral X3Zg_ state. These peaks are themselves composed of three partially overlapping lines associated with
the spin-rotation levels in the ionic b42; state. (b) Stick spectrum showing the normalized intensities of
individual spin-rotation-resolved transitions. The experimental intensities extracted from the spectrum in
(a) are shown as blue circles. The green diamonds show a fit of our photoionization model to the measured
intensities with the two BOS coefficients Cy and Cy treated as free parameters. Good agreement between
measured and theoretically calculated intensities is observed. The red squares show the spin-rotation re-
solved intensities as obtained from our model when using the values of Cy/Cy = 0.6/0.4 determined in [161]
from intensities of a rotationally, but not fine-structure-resolved spectrum. Although, no free parameter
affecting the relative intensities is left, these are well reproduced by our model. (For clarity, the sticks
showing the theoretically calculated line intensities are horizontally offset by 0.06 cm™! and 0.12cm~!. All
intensities are normalized to unity for the most intense transition.)
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well. Furthermore, the ratio of the two BOS coefficients, which entails the relative line intensities,’
obtained from our fit accounts for Co/Cy = 0.3/0.7. This result is in agreement with the values of
Cy =04 £0.1, Cy = 0.6 £0.1 found by Hsu et al. (Fig. 7 in [161]) in the analysis of the relative

intensities of different rotational—instead of fine-structure—Ilines.

As a further test of our model, we directly substituted the BOS coefficients from [161] into equa-
tion (5.30). Though, in this way no free parameter affecting the relative intensities of the lines appears
in the model and the only free parameter left is a global normalization factor, the line intensities
predicted by our model (red squares in Fig. 5.2 (b)) reproduces well the measured intensities. This
supports our assumption that the influence of the electron spin on transition probabilities in molecular
photoionization may be described without additional free parameters, i.e., that the transition matrix
element may be separated into a spin and a rovibronic factor according to angular momentum coupling
theory (see also [162]).

5.2.4 Example 2: Hyperfine-structure effects in the photoionization of nitrogen

We are not aware of any hyper-fine-structure-resolved photoelectron spectrum reported in the lit-
erature that could serve as a benchmark for our photoionization model. So, in order to illustrate
the implications of our model in its hfs-resolved form (equation (5.46)), we calculated the relative
intensities of hfs-resolved photoionization transitions of nitrogen. In particular, we studied the hfs
lines of the transition Ny XlEg N =2 — N;“ XzEg Nt = 4 as an illustrative example. A level
scheme is shown in Fig. 5.3. As the neutral electronic ground state of Ny is a singlet state, the to-
tal electron spin vanishes and we have N = J. The nuclear spin, by contrast, does not necessarily
vanish and we expect hyperfine levels characterized by the total angular momentum quantum num-
ber F=N+I,N+1-1,...,|N —I|. According to the Pauli principle, the values I = 0 or 2 are
possible for N = 2. Being interested in hyperfine-structure effects, we study the later case here. The
N;r ion exhibits fine and hyperfine structure as discussed in Ch. 3, i.e., the rotational levels are split
by the spin-rotation interaction into two spin-rotation components labelled by the quantum number
J, which may take the two values J* = NT* +1/2 and J* = Nt — 1/2. The spin-rotation lev-
els are split further into hyperfine levels associated with the quantum number F+ with the values
Fr=Jgt+I1t Jgt+1t—1,...,|Jt —TI7].

Like in the previous example of Og, the photoelectron spectrum of Ny is dominated by the vibronic
transition matrix elements <n+A+, vt ’ T/ Z A ‘ nA, v> with £ = 0 and k& = 2. Transition matrix elements
with k& > 2 show considerable reduced magnitude [166, 167] and are neglected here. For the N = 2 —
NT = 4 transitions, we have J = N = 2 and J* = 9/2 or 7/2. Since for both of these transitions
we have |AJ| > 1/2, they may solely occur due to the k = 2 vibronic transition matrix element.
Hence, the relative magnitude of the two vibronic transition matrix elements with £ = 0 and k = 2
is not relevant to predict relative intensities of these hyperfine-structure transitions and their relative

intensities are not subject to any free parameters.

The intensities calculated from equation (5.46) are shown in Fig. 5.4. Obviously, a propensity towards
transitions obeying the relation AJ = AF is observed in these line intensities, i.e., the hyperfine-

structure-resolved ionizing transitions studied here are governed by a similar propensity rule as the

5The values of the BOS coefficients on an absolute scale are of no significance when analyzing relative line intensities.
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Figure 5.3. Level structure of the nitrogen molecular ion and the neutral nitrogen molecule.
The Xzﬁg electronic ground state of N;’ exhibits fine- and hyperfine-structure levels as discussed in Ch. 3. In
the XIEg ground state of neutral N, the total electron spin vanishes and spin-rotational fine structure does
not occur. Coupling of the rotational angular momentum to the nuclear spin (I = 2 nuclear spin manifold
shown here) results in hyperfine levels denoted by F' = 1,...,4. (The energetic order of the hyperfine levels
in the neutral Ny 12;’ state has been estimated using electric-quadrupole coupling constants extrapolated
from spectroscopic data on the neutral Ny A3X7 state and from Ny complexes [163, 164, 165].)

electric-quadrupole bound-bound transitions studied in Ch. 3. This finding reflects the similar treat-
ment of the hyperfine structure in our models for both of these processes: in both cases the hyperfine-
structure states are expressed in the tensor product basis of the fine-structure (spin-rotational) and
the nuclear spin states according to angular momentum algebra. As both, the electric-quadrupole
operator studied in Ch. 3, and the photoionization operator T’ I; with k& = 2 are second-rank spherical
tensors, the same angular momentum coupling coefficients (expressed as a Wigner 6j-symbols) appear

in the formulae governing the respective line intensities.
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Figure 5.4. Hyperfine-structure effects in molecular photoionization shown by the example of
the relative intensities of the Ny X'SF N =2 — NI X®5} Nt = 4 jonization transitions: chart of the
relative intensities of transitions between different hyperfine levels in the neutral N5 molecule and the
N;‘ molecular ion labelled by their total angular momentum quantum number F and F7T, respectively.
(a) J* = 9/2 spin-rotation component, (b) J* = 7/2 spin-rotation component. The photoionization
transitions follow the propensity rule AJ = AF, similar to the propensity found for electric-quadrupole
transitions between bound states discussed in Ch. 3. (For clarity, transitions with relative intensities < 1073

have been suppressed.)
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5.3 Resonance-enhanced multiphoton ionization

5.3.1 Introduction

In the preceding section, a model for fine- and hyperfine-structure-resolved photoionization intensities
has been developed. Although this model describes the one-photon ionization satisfactorily, it is not
directly applicable to the [24+1’] REMPI scheme used in the experiments presented in Ch. 4 to produce
N7 ions.

Such a three-photon, two-colour REMPI scheme is sketched in Fig. 5.5: the neutral, diatomic molecule
AB is first excited from the electronic ground state to some neutral, electronically excited state (AB*)
by absorption of two photons at some (angular) frequency wq. Thereafter, the molecule is ionized by

absorption of a third photon at a different frequency ws forming the molecular ion AB*.

Following this picture, we describe the [2+1’] REMPI scheme as a sequence of two independent pro-
cesses: a transition from the electronic-ground-state molecule AB to the neutral, electronic-excited

molecule AB* and a subsequent ionization of this molecule yielding the molecular ion AB™.

For the excitation step (AB — AB*), a model for hfs-resolved two-photon transitions between bound
states will be developed. With this model we may calculate the excitation rate R(AB — AB*) and
hence the population p’ of excited molecules AB*. The ionization of the excited molecules is then
described by our ionization model developed in the preceding section, with the excited-state population
0’ used in lieu of the thermal ground-state population (equation (5.5)) having appeared in the model

for direct ionization.

The excitation of the neutral molecules AB to AB* by polarized radiation leads to an aligned popula-
tion p’, meaning that the several Zeeman states of a certain spin-rotational or hfs level in the excited
state are unequally populated. Since so far isotropic populations have been implicitly assumed in our

photoionization model, the model needs to be adapted for these anisotropic populations.

These two effects, hfs-resolved two-photon transitions and ionization of molecules from anisotropic
populations, are first treated separately and later combined to a model for the [24+1°] REMPI process.

Finally, the implications of this model are illustrated by a couple of representative examples.

AB+ p*
—_—
W,
AB* p
—_—
Wy
A
W,
AB p”

Figure 5.5. Schematic view of a [2+1’] resonance-enhanced multiphoton ionization process.
The neutral, electronic-ground-state molecules AB are excited by absorption of two photons at some (an-
gular) frequency w; yielding electronic excited molecules AB*. Those are then ionized by absorption of a
third photon at a different frequency ws, resulting in the molecular ions AB*. The populations associated
with AB, AB* and AB™ are denoted p”, p’ and p™, respectively.
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5.3.2 Excitation step: Hfs-resolved two-photon transitions

Two- and multiphoton transitions in diatomic molecules have been discussed in several publications,
e.g., by Bray and Hochstrasser [168], Mainos [169], Lefebvre-Brion and Field [170] or Hippler [171].
These transitions follow the so-called “Goppert-Meyer mechanism” first described by Goppert-Meyer
in [172, 173]. Here, we will extend these results to cover hyperfine-structure-resolved transitions. Our
treatment covers 1Y states as found in the [241'] REMPI of No.

In essence, in a two-photon transition following the Goppert-Meyer mechanism, ground and excited
state are connected by two virtual one-photon transitions via an intermediate state. As excitation is
possible via different intermediate states, the several virtual transition routes are summed, weighted
by the inverse mismatch between the energy of the photons absorbed and the one-photon transition

energies.

Like for one-photon transitions, the transition rate Rs_.. for the excitation of the molecule from the
ground state |g) to the excited state |e) is expressed as a factor depending on the intensity of the
radiation field and a factor specific to the transition addressed, namely the two-photon line strength
See [171]:

Rg—e < (I9)*Sge- (5.47)

In contrast to one-photon transitions, the square of the radiation intensity Iy enters in the two-photon

transition rate.

The two-photon line strength factor S, is given according to [171] as

2

See= 30 | Y0 o (el Al fileo )| (549

Mo, Mg | i

Here, |i) is the intermediate state of the virtual one-photon transition route with the sum over i
including all accessible intermediate states. M, and M, label the different Zeeman states in the
ground and the excited state, respectively, and fwjg is the energy difference between the ground and
the intermediate state. Therefore, the term wj; — wi represents the mismatch between the ground-
intermediate-state transition energy Awig and the photon energy hw (see Fig. 5.6 (a)). Moreover, f is
the electric-dipole operator and e, the unit polarization vector of the radiation. The index ¢ indicates

the polarization: o = 0 stands for linear, ¢ = %1 for circular polarization.

Assuming that all the molecular states involved may be written as a tensor product of an electronic-

vibrational state (labelled “ev”) and a nuclear-spin-rotational state (labelled “nsr”),

|g> = ‘gev> |gnsr> = |gevagnsr>7 (549&)
|1> = |iev> ‘insr> = |ievainsr>a (549b)
|e> = |eev> |ensr> = ‘eewensr> , (5.490)

the two-photon line strength in (5.48) takes the form:

Z Z Z 1 L . .
Sge = <eeva €nsr | €; - ‘ lev, 1nsr> <levv Insr | €; | LZev, gnsr> . (550)
Moy | oy inee V18~ W1

e,iVig ev lnsr
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Figure 5.6. Mechanism of two-photon transitions. (a) Two-photon transitions are described by vir-
tual one-photon transition routes connecting the ground state |g) to an excited state |e) via an intermediate
state |i). The two-photon line strength is given by a weighted sum of the several one-photon transition routes
via different intermediate states |i). Their weights—illustrated here by different grey tones—are determined
by the inverse of the energy mismatch fi(wig —w1) between the photon energy hwy and the transition energy
Twig. (b) Two-photon transitions between two ¥ states may occur via 3 or II intermediate states. Transition
routes are labelled by the effective electric-dipole matrix element (uH,u‘/“ pap’, g plf, see equation (5.80))
and the relevant spherical tensor component of the electric-dipole operator in the molecule-fixed frame

(’7'1’2 = 0, il).

Here the sum ), over all intermediate states has been written as a sum over all electronic-vibrational

intermediate states ) ; ~and all nuclear-spin-rotational intermediate states ) ; .

Expressing the scalar product e, - {1 using spherical tensor notation and changing to the molecule-fixed

frame by the aid of Wigner rotation matrices as well as factorizing the two transition matrix elements

into purely angular and purely vibronic matrix element, yields

<eev; Cnsr ‘ €5 - ﬂ ‘ ieV7 insr>

1

= § <eeva €nsr

T1=—1

{15(1)

1

= 37 (e | T 1] fiew) (cnr

T1=—1

and

<iEV7 insr | €5 ﬂ | LZev, gnsr>

1
= § <ieV7 inse
1

To=—

1

- Z <ieV ’ T71—2 [£] ’ gev> <insr

To=—1

such that we obtain:

Sge= Y

Me,Mg

Wig — W
e Lrim

<ensr

lev lnsr

oT1

| 16
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[@(1)

oT1

oT2
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1ev i lnsr >
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[P0 T, ]| e e
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SN L S e | T [ o) Gl | T, 1] )
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2

(5.51)

(5.52)

(5.53)

(5.54)

(5.55)

The energy difference between ground and intermediate level hw;, depends in principle on both, the

vibronic and the nuclear-spin-rotational state of the intermediate level, i.e., wiz = Wi, i, However,
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since the nuclear-spin-rotational contribution to wjs is small compared to the vibronic one, we may
neglect the latter and approximate the energy mismatch for far-off-resonant excitation as wig — w1 =
Wigyinerg — W1 & Wi,,g — w1. Doing so, the term 1/(wjy — w1) = 1/(wi,,¢ — w1) may be put in front of

the sum over the nuclear-spin-rotational intermediate states (> . ) and the expression for the line

Insr

strength separates into a product of two independent sums, Ziev and Zimr:

Sge= Y.

Me,Mg

> (Z ﬁ (Cov | TY, (1] |iev) (ev | TL, (]| gev>>
(Z <ensr insr> <insr [bg‘)z} ’ ’ gnsr>>

Insr

2

(53] ’ (5.56)

Without any weighting factors, the sum over the intermediate nuclear-spin-rotational states boils down
to a sum of projection operators. Since this sum includes all nuclear-spin-rotational states, the sum
of the projection operators is equal to the identity operator for the nuclear-spin-rotational states,
i.e.,

Z |insr> <insr| = fnsra (557)

Insr

such that we arrive at

Sge= >

Me,Mg

2] [Pa]

S lews

71,72

gnsr>

> % (Cev | T7, [] [iev) (lev | Tr, [A] | gev) | - (5.58)

- Wievg -

To proceed, we need to choose a basis for the molecular states. As we only consider 'Y states, Hund’s
case (a) or (b) basis sets are equally well suited. We chose the Hund’s case (b) notation here and write

the electronic-vibrational ground, intermediate and excited states as,

|gev) = [n"A", 0", (5.59a)
liev) = [Riey Aicy s Viey ) 5 (5.59b)
leev) = |’I’LIA/,UI>. (5.59¢)

Here, n”, n;.,, n’ denote the electronic state in the ground, intermediate and excited level, respectively.

"

v” v, v/ stand for the corresponding vibrational states and A”, A;_,, A’ are the projections of the

iev

total electron orbital angular momenta on the internuclear axis.

The angular part of the ground and excited state are written as

|gnsr> — |N//A//I//F//Mg‘> , (560&)
|ensr> = |N/A/I/F/M/F>, (560b)

with N and N’ the rotational quantum numbers in the ground and the excited state, I"” and I’ the
respective nuclear spin quantum numbers, F” and F”’ the total angular momentum quantum numbers

as well as M., M}, the corresponding angular momentum projection quantum numbers. (For reference,
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Table 5.2. Symbols used in the model of the [241’] REMPI process.

Quantum number Mol.-fixed Space-fixed

(Magnitude) projection  projection Description

n” - - Electronic quantum number in the neutral ground state (AB)

v - - Vibrational quantum number in the neutral ground state

N A" My Orbital-rotational angular momentum in the neutral ground state

I - My Nuclear spin in the neutral ground state

F" - Mp Total angular momentum in the neutral ground state

Niey - - Electronic quantum number in the intermediate state of the
two-photon transition in the excitation step (AB — AB*)

Vigy - - Vibrational quantum number in the intermediate state of the
two-photon transition in the excitation step

n’ - - Electronic quantum number in the neutral, excited state (AB*)

v - - Vibrational quantum number in the neutral, excited state

N’ A My Orbital-rotational angular momentum in the neutral, excited state

I - M; Nuclear spin in the neutral, excited state

F - M Total angular momentum in the neutral, excited state

nt - - Electronic quantum number of the molecular ion (AB™)

vt - - Vibrational quantum number of the molecular ion

NT AT M3 Orbital-rotational angular momentum of the molecular ion

St - M. ; Electron spin of the molecular ion

Jt - M ;r Total angular momentum of the molecular ion excluding nuclear spin

It - M} Nuclear spin of the molecular ion

Ft - M} Total angular momentum of the molecular ion

1 71 (=7) o Angular momentum of the first photon in the excitation step

T2 o Angular momentum of the second photon in the excitation step

K T + T2 20 Total angular momentum transferred to/from the molecule in the
excitation step

1 - 140 Angular momentum of the photon in the ionization step (AB* — AB™)

- my Orbital angular momentum of the photoelectron

s - ms Spin of the photoelectron (s = 1/2)

k q P Total orbital angular momentum transferred to/from the molecule
in the ionization step (p = —m; + o)

U - w Total angular momentum transferred to/from the molecule in the
ionization step (w = —ms + p)

important symbols used in our REMPI model are compiled in Tab. 5.2.)

As we are assuming ¥ states for the ground and the excited state, we have A” = A’ = 0. For the

intermediate state, also states with A;_, # 0 need to be considered (Fig. 5.6 (b)).

lev

In this notation, the line strength for the two-photon transition is,

Siv=3% Z<N’A’I’F’Ml’p

M, MY | 71,72

{755,1)1} " [755,1)2} " ‘ N”A“J”F”Mgi>

1
Z m <nIAI7 U/ ‘ T71'1 [[1’] ‘ nicv Aicv’ vicv> <nicv Aicv’ Uicv | T':IL'Q [[1’] ‘ n”A”’ 7}”>
levg

lev

(5.61)

To exploit that the nuclear spin states are not affected in rovibronic transitions, we decouple the

nuclear spins from the total angular momenta in the ground and the excited state by expressing them
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as

|N//A//I//F//M// o Z C]I\:]ZA/[[Z sy N”A”M],\/], I”M},> 7 (5.62&)
M// M//
(N'NTF'Mp| = Y CN,M/ poay (NN M, T (5.62b)
MYy, M}
with the Clebsch-Gordan coefficients Cﬁ,,%{;{ My and Cﬁ,ﬁf}v -

The angular matrix element in (5.61) thus accounts for:

<N/A’I’F’M’

(1) * (1) * N AV
{D 1] [D(m} ’N A'T'F MF>
/ F//Al// ’ ’ ’ ’ /
- Z Z CN’M’ a0 Oty oy <NAMN7IMI
M/ M/ MII M//
FIM/ F//J\/]// ’ ’
S S O (N
M/ ]\/[// {// N I

F/]y[/ F//M// o ,
= Z Z CN’M’ IIMI N”]V[” I”M” <N A MN
M/ M/ M// 1\/[//

[D(l)} { } ‘N”A”M” 1”M}’>

{150) } [DU) } ’ N”A”M]’(,> (I'M} | 1" M)

oT1 oT2

T1 T

[15[(;1) } ) [Dc(rl)z} ) ’ NNA//MJ,\/I> O1/ 17Oy ay

F' M/, F" M, I Al ) A 1* Tam T* 1A A
5,,1,,2 > Crintt Oty (NN My | [DI ] [P | N8y

M/I MI/

= 8y ()N M () NN DT L TVRFT 1

* * ’ " ' " " 1
{ﬁ(l)] {@(1)} ’N"A”M]’\’,> ) N I F NI F
oT1 oT2 YA M],V M}’ _Mfw M]/\'[ M}/ _Mg‘

(5.63)

3 <N’A'M;v
MY, MY,

The product of the Wigner rotation matrices may be expanded in a Clebsch-Gordan series according
to equation (3.116) in [61],

J1+j2 . . . . . .
DU P NS gy (2 B (S T T ) g (5.64)
myma T myms is= il my mh mh) \mi ma ms s

Applying this relation to the product {25((717)1] [155,17)2} and using the properties of the Wigner rotation
matrices (equation (4.2.7) in [62]) as well as those of the Wigner 3j-symbols (equation (2.30) and
(2.31) in [61]) yields,

[ﬁgg] [73(1)} 22:(2K+1)<1 ! ”)(1 Lo ) PY .. (5.65)

! -0 —0 20 —Ty —T1 T1+T2

The rotational matrix element in (5.63) is thus

PO 0" |anag) - 2(2 N S S A S R
[ } [ ‘ > Z ) -0 —0 20 =Ty —T1 T1+T2

k=0

<N’A’M;V

fD(”)

20, —T1—T2

<N’A’M’

N”A”Mj’\’,> . (5.66)
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Inserting appropriately normalized Wigner rotation matrices for the rotational states (with the three

2N + 1 N *
(@OXIN"NMR) =\ = 240 A (0.6.0] (5.67a)

INT 1 (w1
872 QIVIZ/VA’(% 07X)a (567b)

Euler angles ¢, 6, x),

(N'A' M0 x) =

we obtain for the matrix element in (5.66) an integral over three Wigner rotation matrices that may

be expressed in form of 3j-symbols as

G

—20, —T1—T2

<N’A'M;v

N”A"MJ'\’,> — V2N £ IV2NT 4 1(—1)MA—A"

Nk N” N’ K N
My —20 MY \N -1 -7 —A") (5.68)
N N 1— T2

where we made use of equation (4.2.7) and (4.6.2) from [62].

Substituting this expression into (5.66) yields,

<N’A'M;V

2] [P |aarask)

oT1 oT2

2
= V2N + V2N + 1(~1)ME A 3 (26 4 1) (_1 ! “) ( bbb >

o —0 20
Nk N\ (N kN (5.69)
My —20 —MY} N -1 -1 —A")’ '

and subsequent substitution into (5.63) gives

<N’A’I’F’Ml’p

[755,1,)1} " {155,122} " ‘ N"A”I"F”M;;>

= 8 (= )N M ()N M () AT V2R £ 1V2NT + 1V2NT + 1

2 R ™ 11 K N K N
E (2k+1)
= —0 —0 20 —Ty -7 T+ AN —r -1 —A (5.70)

Z ( B 1 ) MJ/\’[ Nl K N// NI I” FI NII I/l F// .
My —20 MY ) \My My —Mp) \My My My

’ "o
My, My, MY

To simplify the matrix element in equation (5.70), we seek for a more compact form for the terms

on its last line using a Wigner 6j-symbol. With the properties of the 3j-symbols, these terms may be
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expressed as follows:

Z ( 1)M1’\’, (N/ P N ) (N/ I Jad ) (N// I’ Jad )
S My 20 -y ) \oary ap -y ) \aag ar

(o (1)M§’< N ok N’/)(N/ R ><N// " F//>
AT MY 20 MU)\My Myo—M ) \ My MY -y

(5.71)
" 1" / 1 N,/ N/ F/ F//

= (~)MEIEeET " , (5.72)
" PR \-ML 20 M

where equation (C.2) from Appendix C.1 has been used to derive the last equation.

Substituting into (5.70) yields for the matrix element,

<N’A’I’F’Mg

{D(l)} { } ‘N”A”I”F”M”>

= Oy (= )N FNI AT ST = Mt 2M S BT L1/ FT + 1V2NT + 172N + 1

2 1 1 & 11 K N K N
> (@2k+1)
= -0 —0 20 —Ty —T T+ T AN —r =1 —A (5.73)

K NII N/ F/ K FII
I" F' F"|\-Mp 20 M})

The two-photon line strength from (5.61) thus accounts for:

Sir = (2F" + 1)(2F" + 1)2N' + 1)2N" + D)oy Y
M’ ]L[”

2,%—1—1
= 0 —0 20

K N// N/ F/ 5 Fl/ Z 1 Nl/
I F F" —-Mp 20 Mj T\ T Tt -1 —19 —A"

1
Z T <n/A/’ IUI ’ T71'1 [[1’] | niev Aiev’ viev> <niev Aiev7 viev

o Wievg — W1
ev

[i] | n" A", 1}"> (5.74)

The first 3j-symbol vanishes for k = 1 and we may thus omit the x = 1 term in the sum over x. By
writing the sum over k explicitly, it may be shown that the cross terms (appearing when expanding the
absolute magnitude) vanish when summed over all values for M}, and M}, because of the orthogonality
properties of the 3j-symbols.

Moreover, the terms in the double sum over 71, 75 not fulfilling the relation 7y + 70 = A’ — A” vanish.
As we consider transitions between Y states, we have A’ = A” = 0 and hence 5 = —7;. Skipping the

subscript 1 on 71 by setting 7 = 7y, we thus obtain,

2
11
Sver = (2F +1)(2F" + 1)(2N' + )2N" + 1)dppn > (26+1) ( " )
£=0,2 i

2 2
K NI/ Nl N/ K NII
o U(r), (5.75)
" FF 0 0 O
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with
LI T T 1
— IA sl AL )
2
<nieVAieV’viev Tl—T [/:L] n” A”:O,U”> (576)

We study the expression U(k) separately for k = 0 and x = 2. For k = 0, evaluation of the 3j-symbol

yields
/1 1 0 1
U(0) = ———— (WA V| TE ] | i Ay, v
) _Z( . O>i2wievg_wl< [T (] s i)
2
<nieVAiev’Uiev Tlf’T [ﬂ] ’n//A//7U//> (577)
_ ]‘ ! / n o n 2 5 78
=5 |ml = el — (5.78)
1 2
= 5.79
3/’617 ( )
with the abbreviations [168, 105]”
1 N N
u|\ui|=zm<n/A/»v’|T6 (8] | Ty Aiey s View ) (Miew Ay s Viey | Tg (2] [ A", 0") (5.80a)

: ev
lev

1
pypl = Z O — w1 <n/A/> v’ | T}d (2] ’ Nigy Nigy 5 Uiev> <nievAiev7 Viey T1—1 (] [n"A" "), (5.80b)
v 8
1
Wl = Zﬁ (' A TL (]| i iy Viey ) (Piy Ay s Viey | Ty [8] [ 07A",0"), (5.80¢)
fov levg
and )
i = ’uuuﬁ — pppl — pl (5.81)
For k = 2, we obtain similarly
U(?)—iQ /+ /+// //2_i2 (582)
= 30 |28+ e+ TR = oS, .

2
where we have set p% = ‘2“\\/‘1\ + pgp A+t

The hfs-resolved two-photon line strength between '3 states is thus:

Suc = (2F + 1)(2F" + 1)(2N’ + 1)(2N" + 1)671 10
2 2
1 1 1 1 0 0 N'" N’ ,
3 QN// + ]. —0 —0 20- I” F/ F// IU’I
2 2 9
1 (N 2 N" 1 1 2 9 N" N ,
- 60 0 o0 -0 —0 20 VN A Hs| - (5.83)

For the signs of p4u’_ and p” w!| different conventions are found in the literature. Here, the same sign convention as

in [105] has been chosen, differing from the one used in [168].
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For circular polarized radiation, we have ¢ = £1. As o denotes the projection associated with  on the
space-fixed z-axis, we must have x > o. Hence, the term with x = 0 in (5.75), i.e., the first summand
in the brackets in (5.83), does not apply for circular polarization. With the last 3j-symbol accounting
for 1/5, we thus obtain:

2 2
; 1 N 2 N”" 2 N' N
SS) =~ (2F 4+ 1)(2F" + 1)(2N' + 1)(2N" + 1)51pn 5 (584
) — 5P DEF  DEN DN+ D () ST L e (580
For linear polarization, we have ¢ = 0 for a suitable chosen space-fixed frame of reference. The two
squared 3j-symbols involving o then account for 1/3 and 2/15, respectively, and the line strength

is

SU = 2F + 1)(2F" + 1)(2N' + 1)(2N" + 1)51
2 2 2
11 0 N N1, 1 (N 2 N\ [2 N' N| ,
s i oM B 0 0 o) (1 B[ S| B8

In order to validate these results, the total line strength for all hfs-resolved transitions belonging to

the same rotational line,

_ N'+1' N'417 )
gicire ot - §° >oos (5.86)

F/:|N/7[/| F//:|N//7]//|

and

N/+I/ N/+I//

simt = N >oos (5.87)

F/:lN/7I/| F//:|N//7]//|

are considered. Evaluating these sums, using the symmetry and orthogonality properties of the 6j-
symbols (equation 9.8(3) in [77]) yields,

2
circ, to 1 N 2 N
S/(/(_}/, tot) _ %(QNI + 1)(2N” + 1)(2]—// + D)o ( 0 0 0 ) /Lg (5.88)

and

2
(lin, tot) / ” ” 1 1 2 1 N 2 N”" 9
"yt = (2N 1)(2N 1)(21 1 5/// 76 INV ———— — . .
Sy (2N +1)( +1)(21" + 1)o7 [9 NN N Mt I 0 o0 o) "8 (5.89)

Apart from the factor 2I” + 1, reflecting the degeneracy due to the nuclear spin, these are exactly the
expressions given in Tab. 3 of [168] (for = 0). Hence, our expressions for hfs-resolved two-photon
line strengths correctly reproduce the results for the rotationally resolved two-photon line strength
derived in [168].

So far, the line strength associated with the total population in a (N’, I’, F”) level has been considered.
This is the quantity usually of interest for transitions between bound states. For our particular purpose,

namely to describe the REMPI process, the population in a certain Zeeman state |N', I’, F', M},) is
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needed. The relevant quantity is thus:®

2

1 ST .

Sge(Me) = Z Z P (eleg - puli) (iles - fr|g) (5.90)
Mg | i T8
For hfs-resolved transitions, this quantity is written in our notation as
S(F”, F/7 M};) _ Z Z <NIA/IIFIM;: [ﬁgr)l} {25((717)2} ‘ N”A”I"F”M%>
My 111,72
2

)

1
Z - <n/A/7 7*/ | T’}'l [ﬂ] ’ niev Aiev? ,Uiev> <nievAiev7 Uiev

Wieyg — W1

T}-Z [ﬂ} | n//A//7 'U//>

lev

(5.91)

where, as before, the nuclear-spin-rotational contribution to the energy mismatch has been neglected.

Substituting the angular transition matrix element from (5.73) and applying the above-mentioned

restrictions and substitutions for 71, 75 yields for X-X transitions:

S(F",F',Mp) = (2F' + 1)(2F" + 1)(2N" + 1)2N" + 1)d 10
My,

N' k N" 1 1 w k N" N’ F’ Kk F"
00 0)\-o -0 20) 1" F F'[\-M, 20 M

11 1 A
2 ( - fi) > 5 (N = 0 T A

T 3
T lev

> (2k+1)

xk=0,2

2
<nievA

vi,, Tlﬂ_ (1] |n” A =0, v”>

(5.92)

iev i

In contrast to the total line strength considered before, the above expression does not include a sum
over the excited-state projection angular momentum quantum number M. As a consequence, the
orthogonality of the 3j-symbols may not be used to get rid of the cross terms. Hence, evaluating (5.92)
is in general only possible when knowing both, the magnitude and the phase of the vibronic transition
matrix elements. If the phases are unknown, angular terms may not be separated from vibronic ones

and relative nuclear-spin-rotational intensities may not be determined.

Fortunately, the schemes commonly used for state-selective preparation of molecular ions (as discussed
in Ch. 4 of this thesis and in the literature [106, 108, 109]) are based on O or S lines in the excitation

8The quantity S(Me.) defined in (5.90) does not fully comply with the usual definition of a line strength, which
involves sums over all degenerate states of the initial and the final level. S(Me) is rather just a quantity proportional
to the excitation rate populating a certain M.-Zeeman state and hence to the population in this state after a given
excitation period. Nonetheless, the symbol S is used for this quantity here as well.
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step. As those exhibit |[AN| = 2, only the £ = 2 term in (5.92) is relevant for them and we obtain:

2
5 11 2
Ss, o(F", F', Mp) = é(zF/ + 1)2F" +1)(2N’ + 1)(2N" + 1)y 17 ( ) )
—0 —0 g

2 N’ N ’ F 2 F ? N 2 N ’ 9
" / " Z RV " Hs) (5’93)
" PP S \-Mp 20 M} 0 0 0

F

with p2 as in (5.82).
In the case of linearly polarized radiation (o = 0), this results in

: 1
SU(F" F', M) = §2F + DERF” + 12N+ )N + 1)y
14 ! 2 / /! 2 ! 1" 2
{2// N/ Nv//} < i ! ’ F/) <N 2 ) M%' (5'94)
" F F M, 0 M,) \0 0 0

5.3.3 Ionization step: Effects of anisotropic populations

Having developed a model for the excitation step AB — AB* of the [24+1’] REMPI process, we will now
consider the ionization step AB* — ABT. The population of the excited molecules AB* produced by
the two-photon excitation is in general anisotropic, i.e., different Zeeman states of the spin-rotational

or hfs levels are unequally populated.

This effect is illustrated in Fig. 5.7 with hyperfine structure and fine structure in the neutral molecule
omitted for clarity: diatomic molecules AB in the neutral ground state are excited by absorption
of electromagnetic radiation at an (angular) frequency wy yielding a population p’ of neutral, excited
molecules AB*. These excited molecules AB* are then ionized by electromagnetic radiation at another
frequency wy forming the molecular ions ABT. In the case of excitation with linearly, z-polarized
radiation, only transitions without change in the projection angular momentum quantum number,
i.e., with M} = M}, are allowed. Therefore, the entire excited-state population p’ is confined to the
M}, = 0 Zeeman state. As a consequence, ionization may only occur from this particular Zeeman
state and the strengths of ionization transitions from other Zeeman states of the excited level do not

contribute to the ionization process.

For other polarizations or more complicated level schemes (fine and hyperfine structure), this effect
is similar: the population p’ of the neutral, excited molecules AB* to be ionized is subject to the
polarization of the radiation in the excitation step and thus in general anisotropic. Therefore, the
strength of the ionization transitions addressing particular Zeeman states must be weighted by the
population in these states. In the following, we develop a model for ionization of anisotropically
populated states based on this weighting. First, we only consider spin-rotational fine structure, next,

the model is extended to cover hyperfine structure.

Denoting the population of excited molecules AB* in a certain Zeeman state by p'(J’, M), the quantity

P(J',JT), proportional to the photoionization transition probability between fine-structure levels, is
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AB*  p* J=1/2 M =-1/2 1/2
W,
AB* p’ N'=2
My'=-2 1 0 1 2
W
3
W
AB  p" N"=0
My =0

Figure 5.7. Anisotropic population in the excited state of REMPI. Example of the N = 0 —
N’ =2 — Nt = 0 REMPI scheme with linear polarization for excitation: because of the selection rule
M}, = M} only the My, = 0 Zeeman state of the neutral, excited level is populated. Ionization may thus
only occur from this particular Zeeman state.

given by

PUSTD =200 3 0 M) (AT o NEATSTTEM | sl (@ ol
my; Ms M’ M+

[nA o, N'N'S" T MNP (5.95)
For a normalized, isotropic population, this expression is identical to equation (5.7) of Sec. 5.2.1.

Substituting the matrix element from (5.27), we obtain

P(J,JY) =@2N' + DN+ )28 + DRI+ DRI+ Y Y Y J(J, M)

Lome ms o My

l 1k Nt kE N’
Z (-1 V2k +1 <n+A+,v+‘T'2A‘n'A',v'>
—-my g —p —AtT AA N

k=I+1
s 7w [
Jt ouw J u k s
(2u+1) Nt k N (5.96)
Z MY w M w —p m
u=|k—s| J J p S St s 9

As the terms in the sum over M/, are weighted by the populations p'(J’, M), we may not use the
orthogonality properties of the Wigner 3j-symbols to get rid of the cross terms in the above expression.

nA, U> may not be isolated from the

Hence, the vibronic transition matrix elements <n+A+, vt ’ T Z A
other terms in (5.96) and, since these matrix elements are in general complex quantities, the transition
probability may not be calculated unless the magnitudes and the phases of these matrix elements are
known. In other words, for ionization of an anisotropic level, interference effects between different

vibronic transition matrix elements become important.

In order to illustrate this effect, we study the transition probability for a !X — 2¥ ionization process
for the spin-rotation levels N'=.J =2 - Nt =2 Jt=3/2and N'=J =2 —> Nt =2, Jt =5/2
under the assumption of a population in the J' = 2 level confined to the M’ = 0 Zeeman state (i.e.,
p(J =2,M;=0)=1and p/(J' =2, M, #0) = 0) as it results from two-photon excitation from the
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rovibronic ground state with linearly polarized radiation. When writing the vibronic transition matrix

elements as complex numbers in polar form,”
<n+A+ =0,0" ‘ T/IS:O ‘ n'A =0, v/> = +/Coexplipg), (5.97a)
<n+A+ =0,0" ‘ Tk 'n’A’ =0, q/> = /C explida), (5.97b)

with Cy,Cy € R,Cy,C2 > 0 and ¢g, ¢2 € [0,27) and assuming the matrix elements with k& > 2 to

vanish, evaluation of (5.96) yields

P(J =2,J"=3/2) =0.13Cy + 0.07Cy — 0.111/CoCs cos(¢g — ¢2) (5.98)
and
P(J' =2,J"=5/2) =0.20Cy + 0.10 Cy — 0.16+/CoCs cos(pg — ¢2). (5.99)

The transition probability for ionization of an anisotropic populated level thus clearly depends not
only on the magnitude, but also on the relative phase ¢g— ¢2 of the vibronic transition matrix elements
(unless the ionization process is dominated by only one of these matrix elements, i.e. Cy > C3 or vice
versa). This effect is illustrated in Fig. 5.8. The relative strength of the ionization transitions may
therefore in general not be calculated without information about the relative phases of the vibronic
transition matrix elements. Despite rendering the description of intensities in the REMPI process
complicated, this effect, on the other hand, means that measuring REMPI intensities could in principle

provide a probe, not only for the magnitude, but also for the phase of these matrix elements.

Besides the above mentioned transitions with N’ = 2 — NT = 2 Fig. 5.8 also shows the strength
of the N' = J =2 — Nt =0, J" = 1/2 transition. Since this transition exhibits |AN| = 2, the
k =0 term in (5.96) vanishes and it occurs entirely due to the k = 2 term in equation (5.96). Hence,
interference effects are not present and a dependency on the phase of the matrix elements is not

observed.

To describe the state-selective preparation of molecular ions with REMPI, we may once more exploit
that usually S and O lines (i.e., |AN| = 2) are employed in these ionization schemes such that
interference effects, as in the example above, are not an issue. We will therefore focus on these lines

in the following.

The transition probability for such lines between ¥ states may be simplified to:

PEOJ T =52N + 1)2NT + 128"+ )2 + DERJT+ 1)) D> 3~ p(J, M)
Lome ms A M

2 2
2 l 1 2 Nt 2 N/
—my fo —P 0 0 0

<n+AJr =0,v" ‘ T/ISZQ ‘ n'A =0, v/>

2
Jt J’
L 7 w2 12\,
> (u+1) . Nt 2 N . (5.100)
u=5/2 “Mpw My Aw e s ) ey g

9The square root in the magnitude of the vibronic transition matrix element has been introduced in order that the
2
relation Cj = ‘<n+A+,vJr ‘ T A n'A','u’> still holds.
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Figure 5.8. Interference effects in photoionization of anisotropically populated states. When
ionizing a neutral molecule from an anisotropically populated level, interference effects between different
vibronic transition matrix elements may occur. The intensity of different ionization transitions may then
not only depend on the magnitude of the vibronic transition matrix element (i.e., the BOS coefficients),
but also on their relative phase. Here, this effect is shown for the N’ =2 — N+t =2 J* = 5/2 (solid, red
line) and the N’ =2 — NT =2, J+ = 3/2 (dashed, red line) transitions, when assuming the entire neutral
population being confined to the N’ = 2, M), = 0 Zeeman state. Because of the interference of the vibronic
matrix elements with £ = 0 and k& = 2, the transition probability depends on the relative phase A¢ between
these matrix elements. For the N’ =2 — N* = 0,J" = 1/2 transition (solid, blue line), on the contrary,
no interference effects are observed, as this transition may only occur due to the k = 2 vibronic transition
matrix element. (For the values shown, the BOS coefficients have been assumed as Cy = 0.8, C5 = 0.2 and
all other BOS coefficients are supposed to vanish.)
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The effects discussed so far for spin-rotation-resolved transitions are analogously found in hfs-resolved
lines. Particularly, interference effects may occur when ionizing a molecule from a hfs level with
anisotropically populated Zeeman states. As a consequence, transition probabilities may in general
only be calculated when knowing both, the magnitude and the phase, of the vibronic transition matrix

elements.

The transition probability for photoionization of excited molecules with populations p/(F’, M) of the

Zeeman states of the hfs levels is given by:

P(JF' Jt, F) = ZZZ S PF M) (n AT ot NYATSTITTYEYME] (s, ma (1l
m; Mms ]\4/ M+
fu | Ao N'A'S T T MG | (5.101)
When substituting the matrix element from (5.43), we obtain (with AA = At — A’),

P(J,F,J", FT)=(2N' +1) 2N +1)(25 + 1)(2J + 1)(2J T + 1)(2F' + 1)(2F " + 1)d:7+

ZZZZ (o) | S (-1 %H(l 1 k)

mpoms A 1\/[+ k=l£1 Ny Ho P

k+s
<n+A+,v+ ’T/ZA’TZ/A/,U/> <N+ k N/> Z (=1)"“(2u + 1)

—AT AN N e hs|
2
Jt J
u k s Y w JJT Ft u F
Nt k N B , n , . (5.102)
w —p Mg ot 4 g I' F F My w My
Again, interference effects do not occur for transitions with |AN| = 2 under the assumption that

all vibronic transition matrix elements with k& > 2 essentially vanish. In this case, equation (5.102)

simplifies to:

Ps o(J,F',JT,Ft)=52N" +1)2NT +1)(25" + 1)(2J + 1)(2J T + 1)(2F' + 1)(2F " + 1)6 1+
2 (Nt 2 N\’
0 0 0

2| 5/2
LYY Y o F'MF(Z : ) S (1) w1

‘<n+A+ =0,v" ‘ T'SZQ ’n'A’ =0, 1/>

1=1,3 m; ms Mj, ]\/[Jr —mu fto TP u=3/2
2
JT J'
w 2 1/2 " w J IR [ Ft ou F
N* 2 N’ / + / + /
w —p myg st 12 8 I F~ F My w My
(5.103)

If the neutral, excited molecules AB* are in a singlet state (such as for Ny in the a” !X} state), we
have S’ = 0 and J' = N’. The 9j-symbol may then be substituted by a 6j-symbol and equation (5.103)
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takes the form,
PS(%:O*““)(N', F,JV FH) = 2@Nt + 1)@N + 1)(2J1 + 1)2FT + 1)(2F + )01+

2
NT 2 N _ 2
< ) ‘<TL+A+ =0,0" ’ T/S_Q ‘ n'A =0, 1/>

N | Ot

0 0 0
Y S JF, M) ( P 2>2 S (20t )
I=13 my ms ok - 0omy) | 2,

u 2 12\ |Jt uw N uw N JF
—my—ms My Mg 2 Nt 12| |I' F+ F
Fr u I ?

—M; —m; — Mg Mlly

Here, linear polarization (uo = 0, i.e., p = —my and w = —m; — m;) has been assumed.

(5.104)

When including the mixing of the pure Hund’s case (bg, ) basis states by the hfs Hamiltonian occurring

in low rotational states of N2+ as discussed in Sec. 3.3, the ionic states are expressed as

Nt4s5+
nt At T, NYATST T FITFY M| = e~ nt AT ot NTATST I IV FY M.
F Jt+ . J+ F+ F
JH=|Nt-s+
(5.105)
The transition probability then becomes:
‘013 —~ 5
PESOM(NY FL T FT) = SCONT DN+ 1DRFT + 1)@F + 1o
2
Nt 2 N _ 2
‘<n+A+ =0,v" ’ I\ ’ n'A' =0, v'>
0 0 O
9 Nt4s+
/!
13051 (NI B o ERTE) ») i S oS
1=1,3 my ! ) Mt ms | JH=|NT -5
5/2
2 1/2
V2JT 1= 3 u+1) “ /
u:3/2 —my —mg MMy ms
2
Jt u N’ u N J* Ft u F'
2 Nt 12| |\I' Ft F | \-Mj -m—ms; M}
(5.106)

5.3.4 A Model for the [2+1’] REMPI process

Having discussed the ionization of anisotropically populated levels as well as derived the line strength
of hyperfine-structure-resolved two-photon transitions, we may now combine these results to a model
for the [241’] REMPI process. This model then may be used to calculate the relative hfs populations
of NJ ions produced by the [241’] REMPI scheme described in Ch. 4.

The populations of the hfs levels of the neutral, electronically excited molecules AB* in the REMPI

process (a” 12; state in the case of N;‘) are proportional to the excitation rates of the transitions
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populating these levels multiplied with the populations of the relevant levels of the electronic ground

state:
J”—‘,—I”

P(F' Mp)oc > Rpr_poag, p"(F"). (5.107)

F”:|J”—I”‘
Here, the sum over all the ground-state hfs levels has been included since hyperfine structure is
supposed to be unresolved in the two-photon excitation step. The electronic-ground-state populations

are given by a Boltzmann distribution according to the relevant thermal energies kT,
pN(FN) = grr €Xp (—E‘F///k‘]_Q,T)7 (5108)

with Epv the energy of the level F” and gp~ its degeneracy. Since the hfs splittings are usually small
compared to the thermal energies (AEyws < kpT'), the energies Fpr are almost equal for all hfs levels
belonging to the same rotational level and the above exponential factor is nearly constant for them.
The relative hfs populations within the same rotational level are thus approximately given by the
degeneracy of the hfs levels: p”(F") oc gpr. The excitation rate Rpw_ gy, on the other hand, is
proportional'® to the line strength Sg’irg (F",F’, M},) of this transition multiplied with 1/gp~. Thus,
these degeneracy factors cancel and the populations in the electronically excited state are proportional

to the line strength of the transitions populating these levels:

-I”+I”
P M) S SUSE P M), (5.109)
F//:‘J//_Illl

where Sélirg (F",F', M},) is the line strength of the two-photon transition in the excitation step given

by equation (5.94) of Sec. 5.3.2.

To obtain the relative populations p™(JT, FT) of the molecular ions AB* we are finally interested in,
we may thus substitute the neutral, excited-state populations p'(F’, M};) appearing in our ionization
model for anisotropic populations (equation (5.104) of Sec. 5.3.3) by the total two-photon excitation
line strength from (5.109) and (5.94). With this substitution, the relative populations in the ionic hfs

levels are given by:

P (JT FP) oc @2NT + 1)(2N' +1)?(2N" + 1)(2J " + 1)(2F T + 1)(2F' + 1)?

2 2
Nt 2 N’ N 2 N" _ 2
( 0 0 0) <0 0 o) (AT = 0,07 157 [ h =0, 18
J"+1" " , 2 , " 2
2 N' N F 2 F
/!
Z (2F" +1) {I" b F//} Z <—M' 0 M >
Fl'=|J"—1"| M;, F F
2 5/2
l 1 2 2 1/2
zz( : )zz Z(2u+1)< ’ /)
1=1,3 m; \_ " M g My |l u=3/2 —my—ms My My
2
J¥ w N\ fu N JT| [ F* u F (5.110)
2 Nt 12 |I" FTOF M —my—ms My '

As these populations are calculated for ionization via a particular hfs level of the neutral, excited

198ee remarks to equation (5.4) on p. 89.
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state, the subscript g has been added.

If the polarization vectors of the radiation used for excitation and ionization are not parallel, but tilted
by some angle « relative to each other, we need to take into account that the projection quantum
numbers used in the excitation and the ionization step are not referring to the same frame of refer-
ence.!! This is achieved by multiplying the populations calculated in the excitation frame (labelled

below by projection quantum numbers M;; as arguments) with a squared Wigner rotation matrix

@%, v (0, v, 0) and summing over the projection quantum numbers in the excitation frame M’F (see
rMp
[150, 174]):
F’ 5 /
/ / 1N\ F’ e Vi
PalF' Mp) = 3 |24 0 (0,000)](F' TT) (5.111)
Myp=—F"
F/ 2 J//+I// (14 1 ) .
y o in. pol. 7
x 3 [@M/FM% (0, a70)} S s el (g B BT (5.112)
M;‘:—F’ F//:IJ//_I//l

Substituting this expression into (5.104) and again using (5.94) for the two-photon excitation yields

the following result for the ionic populations:
ph o (JT FT) oc @2NT + 1)(2N' + 1)2(2N" + 1)(2J 1 + 1)(2FT + 1)(2F + 1)?

2 2
Nt 2 N/ N 2 N”" _ 2
( ) < ) ’<n+/\+ =0, vt ‘ T/lg_z ‘ n'A =0, v'> p%

0 0 O 0 0 O

J' 1" " N 2 y o\ 2
2 N' N F 2 F / 2

Z (2F” + 1) { " / //} Z < kv /) Z {Q%l M} (07a’0)}

Fr=|Jr— 11| - r F 7 -Mp 0 Mg M rME
2 5/2
l 1 2 2 1/2

>y )Tl e, ?)
=1,3 my —my 0 my ms M;: u=3/2 —myp—ms My Mg

2

Jt uw N u N Jt Ft U F' 1
2 Nt 12|\ 1" Ft OF [ \-Mf —-m—ms M (5.113)

"Eor both, the excitation and the ionization step, the polarization of the radiation has been assumed parallel to
the z-axis of the space-fixed frame. Allowing for an angle between the two polarization vectors thus implies that the
calculations for these two steps refer to two different space-fixed frames.



126 5 Fine- and hyperfine-structure effects in molecular photoionization

Mixing between Hund’s case (bg, ) basis states is taken into account when substituting the excited-state

populations from (5.112) into (5.106) and results in:

ph o (JF F) o @NT 4 1)(2N' + 1)2(2N" +1)(2F + 1)(2F +1)°

2 2
Nt 2 N’ N 2 N” _ 2
(0 0 0) (0 0 0) ‘<”+A+:O’”+‘T/S_2‘"/A/:0’”/> i
1" " N 2 ' n\ 2
2 N' N F 2 F 2
Z (2F”+1){ " / //} Z( SViR /) Z [‘@]}\:f M, (0,&,0)}
Fri=|Jr—1"| I F F Mié;‘ _MF 0 MF M, r
NT+S+
31 (PERA 5 i 5 oS
1=1,3 my my m) M| JH=|NF -5+
5/2
2 1/2\ | J* N’
V2T 1127 Y ey " / Y
ary —m; —ms My My 2 NT 1/2
2

u N Jt Ft U F’ (5.114)
" F+ F | \-M} -m—m; M '

Below, the implications of our model are shown by a couple of representative examples for the [241’]
REMPI scheme of nitrogen with the Ng a” 12;‘ as the neutral, excited state, i.e., for the scheme

discussed in Ch. 4. First, we apply our model to study the relative populations in different hfs levels
when not resolving the hyperfine structure in the ionization step. This means, the contributions owing
to all the transitions from the several hfs levels in the neutral, excited a’ 12; state leading to the

same hfs level in the ion are summed. In other words, the total ionic populations given by

Pt (THFT) = ph (T FT), (5.115)
F/

Piora ST FT) = ZpF, (J* FY), (5.116)

Protal J )= ZPF/ '] JF), (5.117)

for parallel or tilted polarization vectors when neglecting mixing of Hund’s case (bg,) states, as well

as with this mixing taken into account, are studied.

This treatment reflects the current state of the experiment described in Ch. 4: since the bandwidth
of the ionization laser is too large to resolve individual hfs transitions between the Ny a’ 12;‘ and the
N;r XQZér state, all of them contribute to the population of a certain hfs level in the ion. Only after
ionization, these populations are probed in a hfs-resolved way by vibrational spectroscopy of the N

ion.

Thereafter, the populations obtained when only addressing particular hfs transitions between the No
a’’ 12;‘ and the N; XZEg state are shown. This scenario may not be realized at present with our
experimental setup because of the bandwidth of the pulsed dye laser used for ionization, but might

become feasible when employing a spectrally narrower radiation source for ionization.
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Figure 5.9. Level diagram for the S(0)-O(2) REMPI of nitrogen showing the relevant fs and hfs
levels as well as the Zeeman states for the REMPI sequence N =0 — N’ =2 — NT =0 of the [ = 2
nuclear spin manifold of Ny /N7 . (As the exact hyperfine structure of the a” lEg state is unknown, levels
of this state are ordered by their degeneracy.)

5.3.5 Non-hfs-resolved photoionization of molecular nitrogen

S(0)-0O(2) REMPI sequence As a first application of our model, the ionization scheme presented
in Ch. 4 to produce N;‘ ions state-selectively in the rovibrational ground state, i.e., the REMPI
sequence N =0 — N’ =2 — Nt =0 for the I = 2 nuclear spin manifold of Ny/N7 is studied. The
hyperfine structure is supposed to be unresolved in both, the excitation and the ionization step, as it
is currently the case in our experiment. The energy levels and corresponding Zeeman states involved
are shown in Fig. 5.9. As evident from this diagram, quite a few hfs levels and Zeeman states are
involved even in this relatively simple case. This complexity is reflected in the calculation of the ionic

hfs populations with our model.

The results obtained are shown in Fig. 5.10 and 5.11. Fig. 5.10 shows the populations in the neutral,
excited Ny a” 12; state. In the left column, these populations are shown with reference to the excitation
frame, in the right one, the corresponding values after transformation to the ionization frame are
given. The effect that only a subset of the Zeeman states may be populated by excitation with linearly
polarized radiation is clearly visible in the left column of Fig. 5.10: Zeeman states with M% > 2 are
not populated due to the selection rule M’F = M}, for excitation with linearly polarized radiation

(polarization vector parallel to quantization axis).

For the right column of Fig. 5.10, an angle of & = 90° between the two polarization vectors of
excitation and ionization has been assumed. Such an angle may result when using a frequency tripled
laser for excitation and a frequency doubled one for ionization. The frame transformation described by
equation (5.111) leads to a redistribution of the population such that previously unpopulated Zeeman

states are populated, when regarded with respect to this frame of reference.

The relative populations in the different hfs levels of the N; ions produced in this REMPI process are
shown in Fig. 5.11 as blue and red bars for parallel (o = 0°) and perpendicular (o = 90°) polarization

vectors, respectively.
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Figure 5.10. Populations in the neutral, excited state of the S(0)-O(2) REMPI scheme of
nitrogen. Bar charts of the relative populations in the a” 'Xf state for the REMPI sequence N = 0 —
N’ =2 — N+t =0 of Ny. The charts in the left column show the relative populations in the Zeeman states
of the hfs levels with F” = 4 to 0 (top to bottom) with respect to the excitation frame of reference. In
the right column, the same populations are shown in the ionization frame of reference, when assuming an
angle of a = 90° between the polarization vectors of excitation and ionization. The bars are labelled by
the projection angular momentum quantum numbers below the horizontal axis.
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Figure 5.11. Populations in the rovibrational ground state of NJ produced by S(0)-O(2)
REMPI. Relative populations of the two hfs levels of N ions produced by the REMPI sequence N =
0 — N’ =2 — NT = 0. The blue bars show the populations as obtained for parallel polarization vectors
for excitation and ionization (o = 0°), for the red ones an angle of & = 90° between the two polarization
vectors has been assumed. For reference, the populations expected from the “pseudo-thermal” model (see
text) are indicated by the white, dash-edged bars. For the example shown, our REMPI model predicts the
same relative populations for parallel and perpendicular polarization vectors. Moreover, identical relative
populations are also obtained by the “pseudo-thermal” model. These coincidences, however, do in general
not occur, as illustrated in Fig. 5.14. (Values are normalized to yield equal total populations for parallel
and perpendicular polarization, as well as for the “pseudo-thermal” model, then normalized to unity for
the highest value.)
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For reference, the white, dash-edged bars show the relative populations when assuming them to be
proportional to the degeneracy of the levels. We refer to them as the “pseudo-thermal” populations,
since these are the relative hfs populations of a thermal ensemble in the limit of the thermal energy

kT large compared to the hfs splittings.

Surprisingly, the pseudo-thermal model yields identical results as our ionization model. As a conse-
quence, the deviations from the expected relative line intensities observed in the electric-quadrupole
spectrum of N; in Ch. 4 may not be explained by the relative populations of the hfs levels of the ionic
rovibrational ground state prior to vibrational excitation, but rather seem to be caused by the same

effects the total intensity deviations are attributed to (see Sec. 4.3.4).

However, as shown below, this coincidence is particular for the S(0)-O(2) ionization sequence and does

in general not occur for other ionic rotational levels.

S(2)-0(4) REMPI sequence As an example with a richer structure, the ionization sequence
N" =2 - N'=4 — NT = 2 in the same system as before is analyzed. The relevant energy levels
and Zeeman states are depicted in Fig. 5.12. Compared to the previous example, even more levels and

Zeeman states are involved.

The populations in the neutral, excited Ny a’ 1Zg and the ionic N2+ XQE;r state are shown in Fig. 5.13
and Fig. 5.14, respectively. Like in the previous example, the left column of Fig. 5.13 shows the
populations in the Zeeman states belonging to the hfs levels of the a” 12; state with respect to the
excitation frame of reference, whereas the right column shows them with respect to the ionization
frame. As before, an angle of a = 90° is assumed between the two polarization vectors. The effect
of diminished populations in Zeeman states with high absolute values for the projection angular
momentum quantum number due to the selection rules for the excitation step is observed once more.
Also observed again is the redistribution of population in course of the frame transformation described
by equation (5.111). The relative hfs populations in the J™ = 3/2 and J™ = 5/2 spin-rotational levels
are shown in Fig. 5.14 (a) and 5.14 (b), respectively. Here, pure Hund’s case (bg,) states are assumed
and the mixing among them is neglected. The populations are shown for both, parallel (blue bars)
and perpendicular (red bars) polarization vectors for ionization and excitation. For comparison, also
the pseudo-thermal populations are indicated (white, dash-edged bars). In the lower row of Fig. 5.14
(panels (c) and (d)), the corresponding values are shown, when taking into account the mixing of the

Hund’s case (bg,) states with the mixing coefficients given in Tab. 5.3.

In contrast to the previous example, the relative hfs populations obtained by our REMPI model now
deviate from the pseudo-thermal populations. The deviations, however, are rather small and might
only have a minor influence on experiments with molecular ions produced by REMPI. The differences
between the values calculated for pure Hund’s case (bg,) states to those obtained when taking into
account the mixing of the two spin-rotation components by the hfs Hamiltonian are as small as they

are hardly noticeable in Fig. 5.14.

5.3.6 Hfs-resolved photoionization of molecular nitrogen

So far, we have analyzed hfs-state populations of N;r ions generated by hfs-unresolved photoionization.

This means, ions were assumed as being produced in a REMPI process, in which the hyperfine structure
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Figure 5.12. Level diagram for the S(2)-O(4) REMPI of nitrogen showing the relevant fs and hfs
levels as well as the Zeeman states for the REMPI sequence N’ =2 — N' =4 — Nt =2 of the I = 2
nuclear spin manifold of N/ N2+ . (For details on the hfs of neutral Nj, see Fig. 5.3 and 5.9.)

Table 5.3. Expansion coefficients for the eigenstates of the hfs Hamiltonian of 14N3' (vF=0,NT =2)in
the Hund’s case (bg,) basis.

State Coefficients
JtFt Cr% g+=3/2,7+ CJ% g+=5/2,F+
5/2 9/2 | 0.0000 1.0000
5/2 7/2 ] 0.1756 0.9845
3/2 7/2 | -0.9845 0.1756
5/2 5/2 | 0.2003 0.9797
3/2 5/2|-0.9797 0.2003
5/2 3/2 | 0.1752 0.9845
3/2 3/2]-0.9845 0.1752
5/2 1/2| 0.1046 0.9945
3/2 1/2 | -0.9945 0.1046
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Figure 5.13. Populations in the neutral, excited state of the S(2)-O(4) REMPI scheme of
nitrogen. Bar charts of the relative populations in the a”/ 12; state for the REMPI sequence N = 2 —
N’ =4 — N7T =2 of Ny. The charts in the left column show the relative populations in the Zeeman states
of the hfs levels with ' = 6 to 2 (top to bottom) with respect to the excitation frame of reference. In
the right column, the same populations are shown in the ionization frame of reference, when assuming an
angle of @ = 90° between the polarization vectors of excitation and ionization. The bars are labelled by
the projection angular momentum quantum numbers below the horizontal axis.
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Figure 5.14. Ionic populations due to S(2)-O(4) REMPI of nitrogen. Relative populations of the
fs and hfs levels of the NT = 2 rotational state of N3 produced by the REMPI sequence N” =2 — N’ =
4 — NT = 2. Upper row: values for the J* = 3/2 (panel (a)) and J* = 5/2 (panel (b)) spin-rotation
component when assuming pure Hund’s case (bg,) states. The blue bars show the populations obtained for
parallel polarization vectors for excitation and ionization (o = 0°), for the red ones an angle of o = 90°
between the two polarization vectors is assumed. For reference, the populations expected from the pseudo-
thermal model (see text) are indicated by the white, dash-edged bars. Lower row: corresponding values,
when taking into account the mixing of the Hund’s case (bg,) states. (Values are normalized to yield equal
total populations for parallel and perpendicular polarization, as well as for the “pseudo-thermal” model,
then normalized to unity for the highest value in each diagram.)
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Figure 5.15. Populations in the rovibrational ground state of Nj due to S(0)-O(2) REMPI
for specific ionizing hfs transitions. Relative contributions to the two ionic hfs populations F™ = 3/2
and F* = 5/2 from individual hfs levels of the neutral a” 'S} state (F' = 0,...,4) for parallel (a) and
perpendicular (b) polarization vectors. Ionization from all neutral hfs levels populates both ionic hfs states,
no clear propensity is observed.

is not resolved, but the ionic populations were then supposed to be probed in a hfs-resolved manner,

e.g., by hfs-resolved vibrational spectroscopy as discussed in Ch. 4.

Having achieved control over the vibronic and spin-rotational degrees of freedom [108, 109], extending
state-selectivity to the hfs domain, i.e., producing molecular ions also in a hfs-state-selective manner,
is appealing. Particularly, for future non-destructive and coherent spectroscopic techniques [42] hfs-
state-selective preparation might become important. As mentioned above, such a hfs-state-selective
production is not achievable with our current setup, because of the limits imposed by the bandwidth
of the dye lasers used for REMPI. This limitation could be overcome by using a spectrally narrower
radiation source for the ionization step of the REMPI sequence, e.g., a cw-seeded pulsed dye amplifier

(see, e.g., [175]) or a pulsed titanium:sapphire oscillator-amplifier system (see, e.g., [176]).

Here, we study the implications of our REMPI model for such a hfs-state-selective preparation scheme
by analyzing the relative populations of N; ions for hfs-resolved ionization transitions. This means, we
suppose the same neutral, excited populations as before (Fig. 5.10 and 5.13), but calculate the relative
ionic populations for particular F/ — F'T transitions. We are interested, if certain propensity rules for
these hfs-resolved ionization transitions exist. Such propensity rules could help achieving considerable

state-selectivity, even with the hyperfine structure not entirely resolved in the ionization step.

The results obtained for the S(0)-O(2) REMPI sequence are shown in Fig. 5.15. As seen from this figure,
ionization from all hfs levels of the neutral, excited Ny a” 12; state leads to ionic populations in both

hfs levels of the rovibronic ground state of N2+. In other words, no clear propensity is observed.

Hfs-state-selective production of N; in the rovibronic ground state hence would have to be achieved
almost entirely by spectroscopic addressing. If this is possible, depends on the bandwidth of the
radiation used for ionization and the hfs splitting in the No a” 12; state. On the latter, no information
seems available, as the spectroscopic investigation of this state [177, 104, 103, 178] has not yet achieved

the resolution needed to resolve the hyperfine structure.

The hfs-resolved results from our model for the S(2)-O(4) REMPI scheme are shown in Fig. 5.16 and

5.17 with and without considering the mixing of Hund’s case (bg,) basis states, respectively. For the
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Figure 5.16. Ionic populations due to S(2)-O(4) REMPI of nitrogen for specific ionization
hfs transitions. Upper row: contributions to the relative hfs populations of N;‘ ions for the J* = 3/2
(panel (a)) and J* = 5/2 (panel (b)) spin-rotation components from individual hfs levels of the neutral
a’ 1%f state assuming parallel polarization vectors of excitation and ionization (a = 0°). Lower row:
corresponding values for perpendicular polarization vectors (o = 90°). For most transitions, a distinct
propensity is observed: ionization from a particular neutral hfs level (F’ = 2,...,4) preferentially results
in a population in only one, eventually two, ionic hfs levels. For all ionic states, pure Hund’s case (bg,)
coupling has been assumed, mixing of the two spin-rotational states has been neglected. Values < 1072

have been suppressed for clarity.

NT = 2 state produced in this scheme, the relative populations exhibit a pattern remarkably different
from that seen in the previous example. Certain hfs levels of the neutral, excited a” 122‘ state populate
almost exclusively certain particular hfs levels in the N; ion. In other words, a clear propensity is
observed. For the majority of the transitions, this characteristics is summarized by the propensity rule

AJ = AF (with AJ = Jt — N’ and AF = F* — F’). Deviations from this rule are observed for
Jt =3/2 at low values of F".

As a consequence of this propensity, reasonable hfs-state-selectivity might be achieved even without

full spectroscopic addressing of individual hfs transitions.

5.4 Summary and Conclusion

In this chapter, a model for fine- and hyperfine-structure effects in molecular photoionization has been
developed. With this model, relative populations of fine- and hyperfine-structure levels of molecular

ions produced either by direct, one-photon ionization or by resonance-enhanced multiphoton ionization
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Figure 5.17. Ionic populations due to S(2)-O(4) REMPI of nitrogen for specific ionization
hfs transitions including spin-rotation mixing. Same contributions to the relative hfs populations
of NJ for the two spin-rotation levels J* = 3/2 (panel (a) and (c)) and J*+ = 5/2 (panel (b) and (d))
as in Fig. 5.16, but with the mixing of the two spin-rotation components by the hfs Hamiltonian taken
into account. Charts in the upper (lower) row apply for parallel (perpendicular) polarization vectors of
ionization and excitation. Values < 1072 have been suppressed for clarity.
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may be estimated. Our model has been successfully applied to describe and interpret the fine-structure-
resolved photoelectron spectrum of oxygen recorded by Palm and Merkt [152]. Furthermore, it has
been employed to calculate the relative populations of N2+ ions produced by the [24+1°] REMPI scheme
used in experiments with rovibrational state-selected nitrogen ions, such as the one described in Ch. 4
of this thesis or in the literature [108, 109, 133]. Finally, the implications of our model for future

ionization schemes to produce hfs-state-selected molecular ions have been studied.

Regarding the present non-hfs-resolved production of N2+, the relative populations of the hfs levels
deviate only slightly from those expected on the basis of the degeneracy of these levels (“pseudo-
thermal” populations). For future hfs-state-selective ionization schemes, the propensity rule AJ = AF
has been found, which might be exploited to achieve reasonable state-selectivity even without fully

resolving the hyperfine structure in the ionization process.

Our photoionization model involves several approximations. In particular, the model is based on
the separation of the quantum states of the molecular ion and its neutral precursor into a vibronic
and an angular state. Moreover, the angular state is expressed as a tensor product of a rotational,
an electron spin and a nuclear spin state according to angular momentum algebra. In the case of
REMPI, we describe the [24+1’] REMPI process as two independent steps: an excitation step providing
electronically excited, neutral molecules, which is described as a two-photon bound-bound transition,

and a subsequent ionization step, in which these excited molecules are ionized.

The separation of the molecular quantum state is validated by the successful description of the mea-
sured fine-structure-resolved photoelectron spectrum of oxygen. In the case of nitrogen, applicability
of this approximation is assumed to be correct, as spectra between bound states in Ny and N; do not
show substantial rotational-vibronic interactions. The description of the REMPI process as a two-step
sequence has proved correct before [150, 149, 179] and therefore is assumed to be applicable for the
[2+1’] REMPI of nitrogen as well. However, to prove the veracity of our model, validating its predic-
tions by comparison with experimental data is desirable. Measurements for such a validation are in

preparation at the time of this writing.



Chapter 6

Non-destructive state detection and

quantum logic spectroscopy

6.1 Introduction

A challenge in high-precision experiments with molecular ions is quantum-state detection. As molecular
ions do in general not exhibit closed optical cycling transitions, their quantum state is usually detected
either by state-dependent photodissociation [180, 181, 182, 18] or—as described in Ch. 4 of this
thesis—by a state-dependent reaction. Both of these methods are destructive: as soon as the quantum
state of an ion has been detected, the ion is lost. Repeated measurements on the same ion are not

possible.

Destructive detection limits experimental efficiency and requires reloading of the ion trap after each
measurement, potentially impairing the well-controlled, isolated environment of trapped ions. More-
over, to compensate for the limited efficiency, destructive measurements are performed on ensembles
of several dozens to hundreds of ions. This averaging of measured quantities might imply an increased
measurement uncertainty due to inhomogeneities in the environment of the ions such as electromag-

netic stray fields or blackbody radiation.

To get around these limitations, a non-destructive quantum-state-detection technique to be employed
in an experiment with just a single molecular ion would be ideal. Such a technique allows repeated

measurements of the same ion without these disturbances.

Molecular ions exhibit a remarkable potential advantage towards this goal over neutral molecules
thanks to their Coulomb interaction. The Coulomb interaction couples the motion of several ions
trapped in the same ion trap. This coupling may be used to circumvent the lack of optical cycling
transitions in molecules. Exploiting it, we may realize an experiment for repeated, non-destructive
interrogation of a single molecular ion by use of a hybrid two-ion system: a single molecular ion,
which is of spectroscopic interest—referred to as the “spectroscopy ion”—and a cotrapped atomic
ion—denoted the “logic ion”—used for state detection. When perturbing the motional state of the
spectroscopy ion, that one of the logic ion is perturbed as well. If such a perturbation is made dependent
on the internal—say electronic or rotational-vibrational—state of the spectroscopy ion, the motional

state of the logic ion becomes dependent on the internal quantum state for the spectroscopy ion as
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well. This change in the motional state may be mapped on the internal state of the logic ion, which

finally can be detected via a closed optical cycling transition.

Such a scheme—known as “quantum logic spectroscopy”, since techniques from trapped-ion quantum
information processing are borrowed—has first been demonstrated by Schmidt et al. [39] with two
atomic ions. In that experiment, the quantum state of the spectroscopically favorable AlT ion was
mapped on a Bet ion for detection. That way, the lack of accessible optical cycling transitions in A"
was circumvented. This and similar methods were subsequently used in ultrahigh-precision experiments
with atomic ions [183, 184, 185, 186].

Several schemes have been proposed [187, 40, 188, 189, 41, 190, 42, 43]—and one recently realized
[44]—to employ similar techniques for detecting the quantum state of a molecular ion by means of an
atomic ion. Here, we discuss a scheme originally proposed by Mur-Petit et al. [42]. This scheme is based
on “geometric quantum phases” rendering it largely independent of the ion temperature and resilient
to certain ambient disturbances. In the language of quantum information processing, it consists of a
“controlled phase gate” [191, 192, 193, 194] controlled by the spectroscopy ion and acting on the logic
ion. In combination with a Ramsey type interferometric measurement, such a phase gate may be used

to map the state of the molecular ion onto the atomic ion and hence to detect it.

This chapter is structured as follows: in the next section, we explain the general theory of our state-
detection method. We begin with an overview on the state-detection protocol. Then, the dynamics
and in particular the quantum phases of trapped ions subject to transient forces are derived. They
are first discussed for a single ion modeled as a forced harmonic oscillator. Subsequently, the theory is
extended to two ions. We will see that a controlled phase gate may be realized with time-dependent
forces acting on the two-ion system and we will calculate the relevant contribution to the phase of such
a system. In the penultimate section, we discuss a concrete implementation of the proposed scheme
for N;‘ and Ca™ as a spectroscopy and a logic ion, respectively, driven by optical dipole forces induced
with Gaussian laser beams. Experimental parameters, such as beam intensities, beam radii and laser
frequency detunings are estimated. Moreover, effects of experimental imperfections and disturbances

are qualitatively discussed. The chapter finishes with a concluding summary.

6.2 Theory

6.2.1 State-detection protocol

An overview on the proposed state-detection method may be obtained from Fig. 6.1. The two ions, a
molecular N ;r ion as a spectroscopy ion and an atomic Ca™ ion as a logic ion, are trapped in a linear
rf ion trap. Two focused Gaussian laser beams are inserted perpendicular to the trap axis. Each of
them addresses a strong, electric-dipole transition in one of the two ions. They induce a shift of the
ionic energy levels known as “light shift” or “ac Stark shift”. With the ions located in the flank of the
beams, the light intensity and hence the energy shift is inhomogeneous. Thus, a force is exerted on
each ion, known as “optical dipole force”. These forces are used to manipulate the motion of the ions

along the trap axis.

The relevant level schemes are shown in Fig. 6.2. The transition ultimately of interest is the

X*¥f, v = 0— X?5f,0 = 1 electric-quadrupole vibrational transition in NI (v is the vibrational
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Figure 6.1. Experimental setup for molecular quantum logic spectroscopy. Sketch of the exper-
imental setup for detection of the quantum state of a molecular ion via an atomic ion through quantum
logic operations. Both ions are trapped in the same linear quadrupole trap. Their motion along the trap
axis is manipulated with optical dipole forces exerted by Gaussian laser beams. The coupling of the motion
of the ions is used to map the quantum state of the molecular “spectroscopy ion” on the atomic “logic ion”,
from where it may be readout.

(a) Ca (0) N,

laux) Jaux)
4?P, }Dcar B2%,Y, v=0 A

le) D
397nm  / 3Dsr. 391 nm gy
. X2Z gt v=1
729 nm 4574 nm
42S,, — X2zt v=0 —
"2 lg» o 9>

Figure 6.2. Energy level scheme for the proposed quantum logic spectroscopy experiment.
(a) Cat ion, (b) NJ ion. Both ions exhibit a weak, electric-quadrupole transition between the ground state
|g) and a metastable state |e) as well as a strong, electric-dipole transition connecting the ground state to
an auxiliary excited state |aux).

quantum number). We assume a spectroscopic experiment addressing this transition has been made
prior to employing the state-detection method. Our goal is to determine the quantum state of the N;r

ion after this experiment with respect to that vibrational transition. To exert the optical dipole force

+
g

This electronic and the aforementioned vibrational transition originate from the common N ;r ground

needed for state detection, the strong, electric-dipole X?YF v = 0 — B2S}, v = 0 transition is used.

state and form a V-shaped three-level system.

In the Ca™ ion, a similar V-shaped system is formed by the electric-quadrupole transition connecting
the 4281/2 ground to the metastable 32D5/2 state (lifetime ~ 1s, see [195], p. 146) together with the
strong, electric-dipole 42S; /2 — 4%p, /2 transition.

We will refer to the ground state of either ion as |g), the excited (metastable) state of the quadrupole
transition as |e) and the upper state of the dipole transition, which serves as an auxiliary state, as
laux).!

In short, the proposed state-detection method works by mapping the population ratio of the |g) — |e)
system in the spectroscopy ion to the |g) — |e) system in the logic ion and to then probe this population

ratio by observing the fluorescence through optical cycling on the |g) — |aux) transition in Ca™.

To this end, the motion of the ions along the trap axis is controlled with optical dipole forces exerted by
the Gaussian laser beams, which address the dipole-allowed |g) — |aux) transitions. They are detuned

from resonance to (largely) avoid excitation.

'The |g), |e) and |aux) states are of course different ones for the logic and the spectroscopy ion. Emphasizing their
corresponding roles, we use the same symbols for both of them here. From context it will always be clear, which state
we are actually referring to.
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Spectroscopy ion  |p©)) = ? UOmp (recycled)

LOgiC ion NJU)) = |g> I:1Had |—| l:Jcphase |—| l:J(I)cornp |—| I’;'THad )

Figure 6.3. State-detection protocol visualized as a circuit diagram. After having initialized the

logic ion in the ground state |g), a superposition of the |g) and the |e) state is generated by the Hadamard
o)
—io, m/4

transformation H Had = € . A controlled phase gate Ucphase acting on the ground state of the logic
ion senses the state of the spectroscopy ion. Neglecting single-particles phases, the effect of this controlled
phase gate may be written as Ucphase = Pés)(lsél)ew + ]50<1)) + 15§S>f(1). The former can be compensated
by appropriate single-particle operations Uc(})rs{l)p Thereafter, the Hadamard transformation is reversed to
translate the phase into a population difference that is finally measured. Here, ]5;') = |g)(g| and Py = le)(e]
are the projectors on the ground and the excited state of the logic O and the spectroscopy ®) ion. IO and
o@(,l) = i(le){g| — |g)(e|) are the identity operator and the Pauli y matrix of the logic ion, respectively.

The forces exerted on the ions give rise to a non-trivial phase in the quantum state of the two-ion
system. For properly tailored forces, a controlled phase gate may be realized. This controlled phase

gate is used together with single-particle manipulations for the above-mentioned mapping.
In detail, the proposed state-detection protocol consists of the following steps (see Fig. 6.3):
1. The logic ion is initialized to the |g) state by optical pumping.

2. A “m/2” laser pulse on the |g) — |e) transition of the logic ion generates an equal superposition
state of the |g) and the |e) state.

3. Gaussian laser beams addressing the |g) — |aux) transitions of the logic and the spectroscopy
ion are employed to exert optical dipole forces on both ions. The forces give rise to a non-trivial
phase acquired by the two-ion system. This phase includes a contribution due to the Coulomb

interaction of the two ions.

4. With appropriate individual manipulations on both ions, spurious single-particle phases induced

in the previous step are canceled.

5. Using another laser pulse addressing the |g) — |e) transition of the logic ion, the transformation

of step 2 is reversed.

6. The state of the logic ion is measured by probing the population in its |g) state on the |g) — |aux)

transition.

In step 1, the internal quantum state of the logic ion |1/} is initialized to the ground state: [y} = |g).
The spectroscopy ion is assumed to be in a superposition state of its ground and excited state as a result
of the spectroscopic experiment done prior to state detection. Its internal quantum state |w(s)> hence
is: [®)) = a|g) + b |e) with unknown coefficients @ and b (normalized such that: |a|? + [b]? = 1).

In step 2, the logic ion is taken to the superposition state ¢! = % (lg) + le)). The transformation
done in this step is known as a “Hadamard gate” in the context of quantum information processing
[196]. It distributes the population in the logic ion equally between the ground state |g) and the
excited state |e). As the optical dipole force in the following step only acts on the ground state |g),
the excited state |e) provides a phase reference for the subsequent measurement of the ground-state

quantum phase.
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Step 3 represents the actual controlled phase gate. The force on the logic ion results in a phase acquired
by its |g) state relative to the |e) state. This phase is altered by a force acting simultaneously on the
spectroscopy ion owing to the coupling of the motion of both ions via their Coulomb interaction. The

phase therefore depends on the quantum state of the spectroscopy ion.

In step 4, the single-ion phases induced in the previous step are compensated, such that the total
phase acquired in the gate operation only consists of the contribution caused by the interaction of the

two ions.

In step 5, depending on the relative phase between the |g) and the |e) state of the logic ion, a different
fraction of the logic-ion population is transferred to the ground state. Hence, the phase difference is

translated into a population difference.

Finally, in step 6, the population in the |g) state of the logic ion is measured. As the |g) — Jaux) system
of the logic ion forms a (nearly) closed cycling transition, the population may be probed by repeated
laser-excitation-spontaneous-decay cycles while observing the fluorescence. A bright logic ion indicates
population in the |g) state, a dark one a populated |e) state. In other words, the two-ion wavefunction
collapses and the previously unknown coefficients in the state of the spectroscopy ion are obtained as
either (Jal,]b]) = (1,0) or (|al, |b]) = (0, 1).

The crucial point is the change of the phase acquired in step 3, as a consequence of a force acting
simultaneously on the spectroscopy ion while the one on the logic ion is exerted. Since the force on the
spectroscopy ion only acts, when it is in the ground state |g) and does not occur in the excited state
le), there is a contribution to the relative phase between the |g) and |e) state of the logic ion dependent
on the state of the spectroscopy ion. For suitably chosen forces, the state of the spectroscopy ion is

mapped on the logic ion, where it is detected.

By analogy with the “electron shelving” method used for atomic ions, we may refer to the method pro-
posed here as “vibrational shelving spectroscopy”, since it is based on the screening of the spectroscopy

ion from the optical dipole force dependent on its vibrational state.

6.2.2 Dynamics of a trapped ion subject to a time-dependent force

We begin the quantitative discussion of our proposed state-detection method by studying the dynamics
of a single ion in a linear rf ion trap subject to a time-dependent force. We assume that the confining
potential is weakest along the symmetry axis of the trap and considerably stronger perpendicularly.
The ion is supposed to be as cold as no relevant motion perpendicular to the symmetry axis occurs.

Furthermore, the axial trapping potential is assumed to be harmonic.

We may then describe the motional degrees of freedom of the ion in essence by a one-dimensional har-
monic oscillator. For an ion of mass m, confined in a potential characterized by the angular frequency

w, the relevant Hamiltonian is:

A2 22

~ D mwt
Hyo=—+ 6.1
HO m 9 ’ ( )

with & and p the position and momentum operator, respectively.?

2In accordance with the usual terminology of the one-dimensional harmonic oscillator, we use the symbol & for the
operator of the ion position along the symmetry axis of the trap. In the context of charged particle trapping, this axis
is usually chosen as the z-axis. As no other directions than the axial one are relevant here, no confusion should arise.
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With an additional time-dependent force F(t) acting along the trap axis, the Hamiltonian becomes,

~2 252
~ P mw-x .

Using the dimensionless operators & = 82 and p = hiﬁﬁ with® 8 = / 7 as well as expressing the force
in units of energy as f(t) = %F (t), this Hamiltonian equals to:

H(t) = % (5* +2%) — f(t)z. (6.3)

In terms of the ladder operators, a = % (& +ip) and af = % (Z —ip), it is written as,

H(t) = hw (eﬁa + ;) - in) (a* + a) , (6.4)

or when ignoring zero-point energy as,

agl At A f(t) ~ ~
H'(t) = hwi'a — ol (aT + a) . (6.5)

To solve the time-dependent Schrédinger equation,

0 ,
iy [Ym(t)) = H'(t) [¥m(1)) (6.6)

for the motional state |1y, (t)) of the ion, it is convenient to use the “quasi-classical” or “coherent”
states |z) (see, e.g., [197] or [72] pp. 509 ff.). These states are defined in terms of the phonon-number

states |n) as

|2) = e71#1/2 g 7= (6.7)

and are eigenstates of the lowering operator ¢ with complex eigenvalue z. They form a “complete
set” meaning that any state of the relevant Hilbert space can be written as a (continuous) expan-
sion of them. Restricting our discussion to quasi-classical states therefore does not imply any loss of

generality.

The quasi-classical states exhibit a remarkable time evolution in a purely harmonic potential: for
f(t) =01in (6.5), a quasi-classical state |zg) characterized by the complex parameter zg at time ¢ = 0,
remains a quasi-classical state |z(¢)) with the parameter z(t) evolving on a circle in the complex
plane:

2(t) = zge ™t (6.8)

The real and the imaginary part of z are proportional to the expectation value of the position and
momentum operator, respectively. Hence, z is often written as z = X + P with X, P € R. Due to
the evolution of z(t) according to (6.8), these expectation values oscillate sinusoidally with time—
exactly as for a classical harmonic oscillator—while the position-momentum uncertainty product is
minimal. Moreover, the curve in the complex plane described by z(¢) corresponds to the classical phase

portrait.

3The quantity 1/3 is the “characteristic length” of the harmonic oscillator.
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If an additional time-dependent force is applied (f(t) # 0 in (6.5)), a solution of (6.6) is found in the

form of a quasi-classical state with an additional time-dependent phase factor,*
() = 0 [2(1)). (6.9)
where the parameter z(¢) and the phase ¢(t) follow the equations [194]:
dz(t) o1
= — t —f(t 1
ir iwz( )+z\/§hf( ), (6.10)
de(t) 1 .
— = —f(t t t)"). 6.11
= S O =0 (6.11)

Equation (6.10) is solved by [194]:

2(t) = e~ <zo + ﬁ /Ot e“T f(7) dT) . (6.12)

The first factor on the right-hand side above is due to the evolution of the harmonic oscillator without
an additional force (cf. equation (6.8)). We may get rid of this factor when regarding z(¢) with respect

to a corotating frame in phase space by defining z,(t) = e**z(¢). Equation (6.10) then becomes,

dzr _
dt \fh

and the phase ¢(t) evolves according to,

dﬁff) =Im [dzd’”lft) zr(t)*] , (6.14)

e (1), (6.13)

with Im[] denoting the imaginary part of the term in brackets.

Integrating this expression, we obtain the phase at time ¢ as,

#lt) = Im [\Z/ioh/ .l T)d7+2h2// W) f(1y) f () dradmy | (6.15)

for a state initially given as |zg) at time ¢ = 0.

Further below, we will use state-dependent forces to generate a phase depending on the internal state
of the ion. In order to neither entangle the internal and the motional degrees of freedom, nor to
permanently affect the motional state, we require the force to cease after some fixed point in time tg,
and to fulfill the condition:

/ " T () dr = 0. (6.16)
0

The quasi-classical state then arrives at tg, at the same phase-space position, as it had without the

force f(t), as may be seen when substituting (6.16) into (6.12) and comparing with (6.8).

4The phase factor ¢'*®) appearing in the quantum mechanical treatment of the forced harmonic oscillator is not to
be confused with the constant of integration, called “phase” too, appearing in the solution of the classical equation of
motion of a harmonic oscillator, such as z(t) = zo cos(wt + 0). This “classical phase” 6 corresponds here to the argument
of the complex parameter z characterizing the quasi-classical state |z).
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The phase accumulated up to then is independent of zy and accounts for,

1 thn LTI |
otnn) = gt [ [ ) ) dradn, (617)
0o Jo
as obtained when substituting (6.16) into (6.15).

The independence of the acquired phase from the initial phase-space position zg is crucial for our state-
detection technique being resilient to experimental imperfections and environmental disturbances.
Moreover, it ensures that an ion in any initial motional state, not only in a quasi-classical state,
acquires the same phase. In particular, for an ion in a thermal state, the phase acquired is independent

of the ion-temperature owing to this independence.

Being independent of zg, equation (6.17) may easily be adapted for the more general case of a transient

force acting in the interval from tini, to tg, (and vanishing otherwise), which fulfills the condition,

tfin )
/ e“Tf(r)dr = 0. (6.18)
tinit
We obtain the phase acquired upon such a force has been exerted as,
1 ten LTI
S(tin) = 5r1m / e@M=72) £ (1)) f(15) drodry . (6.19)
tinit / linit

This phase is interpreted in a neat way when regarding the curve described by z,(t) in phase space with
respect to the rotating frame introduced above. Since the quasi-classical state returns at ¢ = tg, to the
initial phase-space position, z,(t) describes a closed curve: z;(tinit) = 2r(tsn). Writing equation (6.14)

in terms of the real and the imaginary part of z, = X, + iP,, we get:
¢(t) =Im [ (t)2(1)*] = Pr(t)Xr(t) - Pr(t)Xr(t)a (6.20)

where the dots (') indicate time-derivatives. Integrating this equation over the closed curve z,(t) for

t € [tinit, tin], We obtain the phase as:

thn | .

Oinit—fin = ?{ P.(t)X,(t) — P.(t) X, (t) dt = 2A. (6.21)
tinit

By means of “Leibniz’s sector formula” (see, e.g., [198], pp. 246ff.), we can understand the above

integral as twice the area A enclosed by the curve of z,(¢) in phase space. Fig. 6.4 shows an example for

the evolution of a quasi-classical state in phase space subject to a transient force fulfilling (6.18).

Regarding the experimental realization, a convenient time-dependence for the force is a Gaussian
time-profile:
F(t) = fOem @I, (6.22)

For such a Gaussian “force pulse”, the condition (6.18) is not exactly fulfilled. However, for times long
before and long after the peak value of the force (compared to the pulse duration 7T'), i.e., in the limit
tinit — —00, tan — +00, this condition is approximately met for a pulse duration considerably longer
than the harmonic-oscillator period. Mur-Petit et al. [42] found the lower limit T' > 57 /w. The phase
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@ P (b) Pr

Figure 6.4. Phase portrait of a forced harmonic oscillator. (a) Evolution of a quasi-classical
harmonic-oscillator state in position-momentum phase space subject to a force F(t) o sin(2wt) (solid
trace) as opposed to unperturbed, pure harmonic evolution (dashed trace). The force complies to the con-
dition (6.18) and the oscillator returns to the initial phase-space position (small, black circle). (b) Evolution
with respect to a rotating frame. The curve described by the forced oscillator is closed and the quantum
mechanical phase acquired due to forcing equals twice the area enclosed by this curve. (Adapted from
[194].)

acquired in this asymptotic limit® is obtained as,

2

0

Gfin = % (f;)> Im/00 /T1 (M=) =21 /T)? o =(2n2/T)? (7o 7y (6.23)
—00 J =00

This integral may be given in analytical form within the “adiabatic approximation”. Here, this approx-
imation implies that the pulse is sufficiently long, and hence “smooth”, that the condition %%(tt) ~0

is met [194]. Integration by parts then yields,

[z (O 2_ =T (FO)
i =\ 21 (n) —\fm ) (6:24)
with F(©) = 03,

Forces with an arbitrary time profile may be treated by numerical integration of equation (6.18) and
(6.19).

6.2.3 Two ions: Normal mode decomposition

If there are two ions in the same ion trap, they both localize on the trap axis when being cooled
for suitably chosen experimental parameters, i.e., they form a Coulomb crystal in form of an ion
string. Thus, we may still treat their motion as a one-dimensional problem. The motion of both ions,
however, is coupled and in order to apply the theory developed above, we need to decouple it using
the concept of “normal modes” [200, 201, 202, 203]. Below, this normal mode decomposition is first
presented for the classical motion of two ions in a pure harmonic potential, i.e., without additional
forces. Thereafter, the problem is treated quantum mechanically and the effect of additional forces on

the two-ion quantum state is studied.

5Here, the analogy of the problem of a harmonic oscillator with a transient force to a scattering problem becomes
evident—a point nicely worked out by Carruthers and Nieto [199], who solved it using the Green’s function formalism.
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The classical Lagrangian for two ions with masses my, mo and charge @ at positions x1, x5 reads,

1 1
E(l’l, T1,x2, i’g) = §ml.’)3% + §m2x% — V(ib'l, (L'Q), (625)
with the potential energy,
1 1 2
V (21, 2) = =miw?a? + —mowiza + @ (6.26)

2 2 dmeg w1 — 22|’

and &1, T2 the temporal derivatives of x1 and xo, respectively, as well as g9 the vacuum permittiv-

ity.

Obviously, the equations of motion for x; and xs,

d 0L oL

105, 0z (6.27a)
d 0L oL

) _ = 2

dt 0o Oxs’ (6 7b)

are coupled by the Coulomb interaction term in the potential V' (z1,z2). In the following, we will show

that decoupled equations of motion may be obtained under certain conditions.

As both ions are trapped by the same external potential, we have mjw? = mow3 and hence,

Q2

_— 6.28
47‘(’80 ‘1’1 7$2| ( )

1
V(zy,22) = imlw% (ac% + IE%) +

Without loss of generality, we assume my > mq and define the mass ratio 4 = my/mg > 1. Dropping

the index 1, we then write m = m; and mg = m/u as well as w = w;.

When the two ions are cooled to a sufficiently low temperature, they form a Coulomb crystal and

locate at the minima of the potential energy, namely at the positions:

1/3

o _ Q*

zy = (167rsomw2> , (6.29a)
1/3

0 _ Q*

) _<16m0mw2> . (6.29b)

Assuming the ions to only exhibit small excursions from these equilibrium positions, we may ap-

proximate the potential energy in their vicinity by a Taylor expansion up to second order in the

displacements Z1 = 1 — xgo) and Tg = 19 — xéo):
ov v
V(z1,z9) =V (xgo)’xéo)) — T+ —
0z (x§o>7xg0>) Oz <x§o>7$§0))

1 0%V o, 10%V 9 v _
P T+ 5 s T5+ ——— T1T2 (6.30)
2 Oxf (zﬁo),z§0)> 2 Oz (zgo),z§0)> 0x10x9 (z§°>,z;°))

=V (cho), x§0)> + mw%ﬁ“% + mw%% — mw?E1 T, (6.31)

where we have used that the first derivatives of the potential vanish at the minima.
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Using matrix notation, we may write this expression for the potential energy as,

1 2mw?  —mw? T
V(Z1,%T2) = Vo + 5 (o‘cl 51—02) ) wQ ), (6.32)
2 —mw*  2mw T2

with the constant term Vo =V (ng)’ xgo))

Defining the mass-weighted displacements,

Q1 = /My = /miy, (6.33a)
m
G2 = \/MaT2 = 1/ZCE27 (6.33b)
we may furthermore write (6.32) as,
Ve =V s (aw) (20, V) (2 (6:39)
qa1,492) = Vo o \41 2 —\/ﬁwQ 910? 0 . .

Ignoring constant terms, the Lagrangian in these new coordinates q;, g2 is given as

. ) 1. 1.
L(q1,q1,92,G2) = 5‘1% + 5‘1% - Vg1, q2), (6.35)

where as before the dots indicate time derivatives.

Decoupling the equations of motion for ¢; and g2 hence boils down to diagonalizing the matrix in

(6.34). This matrix is diagonalized when using the coordinates grp and gop defined as

qip = ug2 + vqi, (6.36a)
qop = Vg2 — uq1 (6.36Db)
with
2\ —1/2
(1—/,L— 1—u+u2)
u= |1+ , (6.37a)
n
v=(1-u>)"2 (6.37Db)
The potential energy then becomes,
1 wip 0 qip
V(qp, qopr) = Vo + 3 (QIP CIOP) 9 (6.38)
0 wip/ \qor

with

wlp:w\/l—i—,u—\/l—,u—f—/ﬂ, (6.39a)
wop:w\/1+u+ V1—p+p? (6.39Db)
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The Lagrangian in these “normal coordinates” is thus,

. . 1. 1. 1 1
ﬁ(QIP, q1p, 4OP, QOP) = §QI2P + 3 (2)P - §w12pql2p - iw(Z)PQ%)}n (6-40)

and the equations of motion for gip and gop are decoupled. Furthermore, they are both solved by the

usual harmonic-oscillator ansatz.

The two coordinates qp and gop correspond to the two normal modes of oscillation, the “in-phase
mode” and the “out-of-phase mode”. If, e.g., the initial conditions at time ¢t = 0 are grp(t = 0) # 0 and
gop(t = 0) = 0, the two ions oscillate in phase at angular frequency wip. In the case, gop(t = 0) # 0 and
qip(t = 0) = 0, they oscillate out of phase at angular frequency wop. For arbitrary initial conditions,

a solution of the equations of motion is found as a combination of these two normal modes.

In order to work with quantities of familiar dimension, we define the variables xp = qrp/y/m and
zop = qop/+/m. The Lagrangian then takes the form
1 . 1 .

. . 1 1
L(x1p, &1p, ToOP, LOP) = §mx%}> + §m:p%P - §mw12px12p - §mwépx%p. (6.41)

In view of the quantum mechanical problem, we now switch from the Lagrangian to the Hamilton
formalism. The classical Hamiltonian function is given as the Legendre transform of the Lagrangian,

which yields:

2 2 2 .2 2 .2
Pip | Pop | MWipTip | MWopTop
H(x x = + + + 6.42
( 1P, PIP, OPapOP) 2 9 9 2 3 ( )
: _ oL __ . _ oL __ .
with the momenta prp = Bas = MATP and pop = Fics = MEop.

The quantum mechanical Hamiltonian operator is obtained by substituting the position and momen-
tum variables in the classical Hamiltonian function (6.42) by the corresponding quantum mechanical
operators Z1p, £op and prp, Pop:

9 o) 2 42 2 A2

i Prp | Pop | MWiplip  MWopTop

H=—" 4+ == . 6.43
2m + 2m 2 * 2 ( )

This Hamiltonian is the sum of the Hamiltonians of two harmonic oscillators. Therefore, we may apply
the well-known formalism of the quantum mechanical harmonic oscillator. In particular, we may define

the dimensionless operators,

Zrp,op = Bip,0rPZ1P, 0P, (6.44a)

- 1 .

PIP,OP = 7,——DIP,OP, (6.44b)
hBip,op

with Bip op = ,/% as well as the ladder operators,

1
P op = — (F1p.op + 5 , 6.45a
IP, OP \/i( P, OP + iPIP,0P) ( )

R | o
aIP,OP VG (Zrp, 0P — PP, 0P) , (6.45b)
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to bring the Hamiltonian in the standard form,

2 R 1 N 1
H = ﬁwlp <aIPa’IP + 2) + thp (G’I)PG’OP + 2) 5 (646)

which, when ignoring the zero-point energy, is equivalent to:

H' = hwipapagp + hwopilpaop- (6.47)

6.2.4 Two ions: Effect of time-dependent forces

Having discussed the problem of two ions in a pure harmonic potential, we now include additional
time-dependent forces acting on the ions. As before, we start with the classical Lagrangian that reads

in this case,

. . 1 .
£(I1,$1,CE27I2) = émlx% + ngx% — V(Il,l‘g) + Fl(t)I1 + Fg(t)CEQ, (648)

with Fy(t) and Fy(t) the forces acting on ion 1 and 2, respectively, and V(z1,z2) defined in (6.26).
Applying the same “small-displacement approximation” as above and ignoring constant terms, we see

that this expression corresponds to:

. ) 1 ., 1 .
L(Z1, 31, To, To) = §m1£% + §m2§:§ — V(Z1, %) + F1(t)Z1 + Fo(t)s. (6.49)

The terms in this Lagrangian not involving the forces Fi(t), F»(t) may be treated by exactly the same
normal mode decomposition as above. The quantities Z; and Zo in the force terms are expressed by
inverting equation (6.33) and (6.36) as 1 = varp — uzop and Zo = /g (urre + vrop). In that way,

we obtain the Lagrangian:

1 1 1
. . .9 .2 2 2 2 2
L(x1p, 1P, TOP, TOP) = §m331P + §m$0P - §mw1P$1P - §mw0P330P

+ Fi(t) (vep — uzop) + Fa(t) /1 (uztp + vzop) - (6.50)

As in the previous section, the two equations of motion for zp and zop have thus been separated.
However, a force acting on only one of the two ions affects both normal modes and hence also both

ions. It is exactly this coupling that lies at the heart of the phase gate described here.

The Legendre transform of the Lagrangian (6.50) yields the classical Hamiltonian function as:

2 2 2,2 2 .2
P P MWHH T MWEDT
H(xtp, prp, ToP, pop) = ﬁ + % + I; P4 O; ol

- Fl(t) (’UQZIP — uxop) — Fg(t)\/ﬁ(uxlp + ”U.”L’()p) . (6.51)

For a quantum mechanical description, the Hamiltonian operator is again obtained by substituting

the position and momentum variables by the corresponding operators, i.e.,

~2 ~2 2 22 2 22
~ mwipT mw, X N ~ ~ N
H= % + ’% + 1; P O; OF _ Py (t) (vip — udop) — Fa(t)y/i (udtp + viop). (6.52)

Rearranging terms and switching to the dimensionless operators defined in (6.44) and then to the



150 6 Non-destructive state detection and quantum logic spectroscopy

ladder operators from (6.45), the Hamiltonian becomes:
L1 _ - 1 N -
H = s hwp (e +2fp) + 5 fwor (Bop + &dp)
z z
- <F1 (tyo + Fg(t)\/ﬁu) ap g (F1 (t)u — Fg(t)\/ﬁv> Tor (6.53)
Bip Bop

At A 1 o 1
= hwrp <a}LPaIp + 2) + hwop <agpaop + 2>

- \f%ﬁll? (Fl(t)v + FQ(t)\/ﬁU> (&IP + d}LP)
+ \@;OP (Pt — () viav) (agp +abyp) - (6.54)

Neglecting zero-point energy, we realize that this Hamiltonian has the form of a sum of two single-
particle, forced-harmonic-oscillator Hamiltonians, Hip and Hop, discussed in Sec. 6.2.2 (cf. equa-
tion (6.5)),

H' = hwpélpay, — f?};ﬂ (arp + e ) + hwopdbpae - ! (2/1}(” (aop +bp) (6.55)
— it + for. (6.56)
when setting
fie(t) = %P (Fi(t)o + Fa(t) i) (6.57a)
for(t) = = (Pa(t)iiw = Fi(t)u). (6.57b)

The time-dependent Schrédinger equation associated with the Hamiltonian (6.55) can thus be solved
by a tensor product ansatz for the motional state |ty (t)) = |¥rp(t)) [vop(t)) with |¢rp(f)) only
evolving according to Hip and |op(t)) only according to Hop.

Moreover, when using the complete set of quasi-classical states, we may find a solution of the Schrédinger

equation as,
[Ym(t)) = e Oeor () 21 (1)) |20m(1)) , (6.58)

with the parameter zip(t) evolving according to equation (6.10) and the phase ¢rp(t) according to
(6.11), when substituting f(¢) therein by fip(¢) from (6.57a). Equivalently, zop(t) and ¢op(t) evolve
according to (6.10) and (6.11), respectively, when using fop(¢) from (6.57b).

For transient forces, satisfying the two criteria,

tin .
/ PT fio(7) dr = 0, (6.59a)
tini
tﬁtn .
/ WOPT fon(r) dr = 0, (6.50b)
tinit

the quasi-classical states return to their initial phase-space positions at tgy: 21p, 0P (tinit) = 21p,0p (tfin)»
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and the phases accumulated are:

1 thn fT1
QZSIP,OP(tﬁn) = ﬁlm/ / BMIP’OP(Tl772)fIP,OP(7'1)fIP,OP(7'2) dTQdTl. (6.60)

tinit Jinit
When we express the acquired phase in terms of a single phase factor, according to

[Ym(t)) = € |z21p (1)) [z0p (1)), (6.61)

with ¢t = é1p(t) + dop(t), this total phase is given as,

1 thn fT1 |
anlton) = gyt [ [ o) o)
t t

init init

+eor ) fop (1) fop (1) dTadry. (6.62)

6.2.5 State-dependent forces

In the previous two sections, we have only discussed the motional degrees of freedom of the ions.
Primarily of interest, however, are the internal degrees of freedom. As outlined in Sec. 6.2.1, the
internal degrees of freedom may be treated effectively as a two-level system. The internal states of ion

1 and 2 are thus given as,

i) = eV e) + eV [g) (6.63a)
W) = le) + <P lg). (6.63D)

with coefficients céj), cg) € C fulfilling |cg)|2 + |c£j)\2 =1(j=1,2) and |g), |e) the ground and excited
state of the respective ion. The complete effective quantum state of the two-ion system is thus formed

as a tensor product of the motional and the internal states: |{iot) = |¥m) |’(/J(1)> |z/)l(§t)>

int

Expressing the motional state in terms of normal modes and using the complete set of quasi-classical

states, we may write the effective total quantum state as:

[ior) = |210) [20p) [0 |42 . (6.64)

As explained in Sec. 6.2.1, the forces only act on the ions, when these are in their ground state and
vanish in the excited state. Mathematically, this state dependence is expressed by multiplying the
forces with the projection operators pg(1,2) = |g){g|, which are 1, if the respective ion is in the ground

state |g), and 0, if it is in the excited state |e), i.e, by the substitutions:°

Fi(t) — BV (2), (6.65a)
Fy(t) — PO Fy(t). (6.65b)

The quantum mechanical Hamiltonian for the two-ion system with state-dependent forces hence

5 As before, we use the same symbols for the ground and the excited state of both ions. The corresponding states are
to be understood in the definitions of the projection operators.
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is:
52
g D1 p2 (1 - H(2 -
H= s T e V(@1,42) — PV ()1 — P Fa(t)io. (6.66)
By means of normal mode decomposition, we may bring this Hamiltonian in the form of (6.55), but
with fip(t) and fop(t) therein substituted by:

Fip(t) = i (P(l Fi(t)o + PO Ry(t )fu) (6.67a)
IP
For(t) = ﬁé (Pg(Q)Fg(t)\/,Tw ~ BF (b)) (6.67b)

Provided the conditions (6.59) are met, the motional quantum state returns at tg, to the initial one,
except for an additional phase. This phase ¢iot(tan) is, as before, given by (6.62), but with fip(t) and
fop(t) therein substituted by their counterparts from (6.67). The phase thus involves the projection

operators.

Realizing that the projectors acting on different ions commute (Pél)ﬁéQ) = Pg(Q)Pg(l)) and that they

are idempotent (pg(l’Q)PéLZ)

= pélﬁ))’ we see that the phase ¢iot(tg,) decomposes into a sum of three
terms according to:

Prot (tan) = ¢>1Pg(1) + ¢2Pg(2) + ¢>12Pg(1)Pé2). (6.68)

Here, we are first of all interested in the term ¢15. This is the contribution to the phase relevant for a
controlled phase gate. To clarify this point, we may rewrite the phase factor using the above-mentioned

properties of projection operators to simplify the matrix exponential as,

Gt PV P PO [PMeitrz 4 Pe(”] + PO, (6.69)

with Pe(l’2) = |e)(e| the projectors on the excited state of ion 1 and 2, respectively, and I!) the identity
operator belonging to ion 1.7 The term in brackets in (6.69) gives rise to a phase shift of the ground
state of ion 1 (the logic ion) relative to its excited state, i.e., it describes a phase gate. The projector
ﬁg@ constrains the phase gate operation to the case where ion 2 (the spectroscopy ion) is in the ground

state. Thus, the overall effect on the two-ion system is that of a controlled phase gate.

From (6.62) and (6.67) we obtain the relevant phase ¢ for given forces Fi(t) and Fy(t) as

ww tein ewip(T1—72)  iwop(T1—T2)
P12 = 2%{ / - 5 (FiL(m1)Fa(m2) + Fi(12) Fa(11)) dradmy. (6.70)
tunt tmlt ﬁIP ﬁOP

For forces following a Gaussian time profile,

Fi(t) = FOe /T, (6.71a)
Fy(t) = F{V e /1), (6.71b)

the conditions (6.59) are approximately met for 7' > 57 /wip.® Within the adiabatic approximation, the

"The identity operator of one part of a tensor product Hilbert space is of course the identity operator of the whole
space and hence could be omitted. For clarity, it is explicitly written in (6.69).
81f so, the analogous criterion for wop is met as well, since wop > wip.
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integral in (6.70) can then be given analytically for the asymptotic limit tin;, = —00, tay, = +00:
UVVE [T (0) 1(0) 1 1
P12 = —FET — . 6.72
22 \ 271 72 Brwp  BEpwop (672

Using the definitions of fip and Bop together with the relation,
1 1!
2
U’U\/ﬁ = <3w <2 — 2>> 5 (673)
Wip  wWop
we may express the quantity ¢12 in terms of the single-particle axial trapping frequency w and the

(0) 12(0)
T e
P12 = \/;%hwgm : (6.74)

mass m of ion 1 as:

6.3 Implementation

6.3.1 Optical dipole force

Having studied the dynamics of a two-ion system subject to state-dependent, transient forces, we
may now turn to the implementation of our state-detection method based on optical dipole forces
as outlined in Sec. 6.2.1, i.e., forces induced by off-resonant Gaussian laser beams addressing the

|g) — |aux) transitions in the two ions.

In general, the optical dipole force is given as ([128], p. 199):

hA Q(r)
2 A2 4+Q(r)2/24T2/4

F(r) = — VQ(r). (6.75)
Here, A is the detuning of the laser frequency from the |g) — |aux) transition, I' the natural linewidth

of this transition, Q(r) the Rabi frequency and VQ(r) its gradient at position r, respectively.

The Rabi frequency—a quantity usually encountered in the context of the coherent evolution of two-
level systems—serves here as a measure for the laser intensity with the same dimension as the detun-
ing.? The squared Rabi frequency is proportional to the laser intensity I(r) and hence to the total

laser beam power Pyo divided by the squared beam radius w:

(6.76)

Typical Rabi frequencies for the |g) — |aux) transition in the Ca* and N3 ion as a function of the

laser beam radius are shown in Fig. 6.5 for a number of beam powers.

For detunings large compared to the Rabi frequency (JA| > ) and the latter also large relative to

9When studying the dynamics of two-level systems perturbed by electromagnetic radiation, as we have done in Ch. 2,
but for nearly monochromatic instead of broadband radiation, the population is found to oscillate between the two levels.
The Rabi frequency corresponds to the frequency of this oscillation for a radiation field in resonance with the two-level
transition. Here, we study off-resonant radiation, almost not exciting any population. The Rabi frequency just serves as
a convenient measure for the radiation intensity.
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Figure 6.5. Typical Rabi frequencies. Rabi frequencies for the 4281/2 - 42P1/2 transition in Ca™ (left
panel) and the XQZ;' v=0,N=0-B2Zv =0,N =1 transition in NJ (right panel) as a function of
the 1/e2 beam radius w for a total beam power of 10, 20, 50, and 100mW at the position of maximum
intensity gradient. (v and N denote the vibrational and the rotational quantum number, respectively. See
Appendix D for the calculation of the values shown.)

1/2¢

normalized intensity /(r)/ Iy

0 I I I

radial position r/ w

Figure 6.6. Transverse intensity profile of a Gaussian laser beam. Normalized intensity I(r)/Iy
as a function of the radial position in units of the 1/e? beam radius w. The intensity follows the relation
I(r) = Ipexp(—2r? /w?) with Iy the intensity at the beam centreline and r the radial distance from the
centreline. At r = +w/2 the intensity gradient is maximal, resulting in a maximum optical dipole force.

the natural linewidth (Q > T'), the dipole force may be approximated as,

F(r) = —%VQ(I‘)Q. (6.77)

In our proposed setup, the intensity gradient is formed by the transverse beam profile of a Gaussian
laser beam (see Fig. 6.6). For the ions being in the plane of the beam waist of a Gaussian laser beam,
the tangential and the axial derivative of Q(r) vanish due to symmetry reasons. The optical dipole

force hence only exhibits a component radial to the beam,'? which is given by,

Fraalr) = 0. (6.78)

The Rabi frequency of an ion in a Gaussian laser beam, same as the intensity, follows a Gaussian

profile,

2

Q(r) = Qoe™ w7, (6.79)

107f the ion is not exactly in the plane of the beam waist, the optical dipole force also acts in direction of the beam.
The radial component, however, still dominates and the present treatment is a fairly good approximation. Moreover, the
beam radius w that corresponds to the “waist size” (hence the symbol w) in the plane of the beam waist, increases with
increasing distance from this plane and the intensity is lowered accordingly.
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where €2y is the Rabi frequency at the beam centre and r the radial distance from the beam centre-

line.

The radial component of the gradient of the squared Rabi frequency at the position of maximum

intensity gradient (r = +w/2) hence is,

202 202
Zaw)? — 520 2 (6.80)
or w2 w w

with Q' = Q(r = w/2) = Qoe*% the Rabi frequency at this position. Substituting these results
into (6.78), we obtain the magnitude of the optical dipole force at maximum intensity gradient of a

Gaussian beam as,
hQ/Q

With the Rabi frequencies of the Ca™ and N ions at these positions denoted as Q,+ and QN; as
well as the respective detunings and beam radii as A+, AN; and we,+, (N the magnitude of the

optical dipole forces exerted on the ions are:

EQ2
Fo4=——Ca" 6.82
Cat 2wCaJr ACa»+ ( a)
hQQNJr
Fy+ 2 (6.82b)

2 2wN2+ AN;

For the phase-gate operation discussed in the previous section, we want the forces to follow a Gaussian
time-profile according to (6.71). To this end, the laser intensities are attenuated appropriately, e.g., by

means of an acousto-optic modulator (see [58], pp. 804ff.). The quantities F,+ and Py from (6.82)

then correspond to the time-independent coefficients Fl(o) and FQ(O) in (6.74), respectively.!!

Substituting them into (6.74), we obtain the relevant contribution to the phase of the two-ion system

02 .02
m hT Cat  'NF 1
P12 =17 = (6.83)

2 24mw2 ACa* AN;r wCa+wN;r ’

as,

Here, m and w and are the mass and the single-particle axial secular trapping frequency of the Ca*

ion, respectively.

6.3.2 Photon scattering

An issue with optical dipole forces is photon scattering. If photons from the laser beams exerting these
forces are absorbed by the ions through excitation of the |g) —|aux) transition, their coherent evolution

is disturbed. Therefore, photon scattering must be avoided.

Scattering events of photons from a coherent light source follow a Poisson distribution [204]. The

probability that at most n scattering events occur during a period T is given by the cumulative

" Because of the choice m1 > my in Sec. 6.2.3, quantities with index 1 from the previous section correspond to the
Ca™ ion, those with index 2 to the NJ ion.
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distribution function,
n k

Pn)=e ") % (6.84)

k=0
with 7 the mean number of scattering events during this period T. The probability of no photons

n

being scattered during this period thus is: P(n =0) =e™ ™.

The mean number of photons scattered is the product of the scattering rate Rs. and the duration of

laser irradiation T: 7 = Rs.T. '? The scattering rate is given by ([128], p. 180),

r 02/2 r /)2
Re=sxrornsma ¥ 1 <A> ’ (6:85)

where, as before, the approximation |A| > € > IT" has been used.

The probability that no photon is scattered within 7' is thus:
—rg (%)’
Pn=0)=e *1\2/ . (6.86)

As we want this probability to be near unity, the opposite probability € of scattering at least one

photon while exerting the optical dipole force is close to zero and may be approximated as,

elP(nO)%?<g>2. (6.87)

With the values I',+ = 132 x 108571 and I‘N; =3.80 x 10%s~! from Appendix D, we may calculate
this scattering probability for both ions for any given Rabi frequency and detuning Q.+, A+ or
QN;, AN; and irradiation time 7. Vice versa, we may work out the mutual dependencies of these

quantities for a given scattering probability e.

6.3.3 Parameter estimation and feasibility

Having worked out the relevant formulae for our state-detection scheme with optical dipole forces, we
may now estimate the parameters relevant for an experimental implementation and asses feasibility
of our method. The stage is set by the equations (6.83) and (6.87) that yield the phase ¢12 and
the scattering probability e, respectively, as well as (6.76) that relates the Rabi frequencies to the

experimentally accessible quantities of beam power and beam radius.

There are in total eight parameters, we need to choose such that the required phase is obtained,
the scattering probability € is acceptable and technical limitations are not exceeded: the laser pulse
duration 7', the axial secular trapping frequency w, the Rabi frequencies Q¢+, QN;, the detunings

Aga+s AN; and the beam radii wg,+, Wy -

Before calculating actual values, we shortly analyze the mutual dependencies and the scaling behaviour
of these parameters. For the two-ion system to accumulate the geometric phase needed, the optical

dipole force must be high enough, while the scattering rate must be kept low. As the inverse detuning

2Here, we assume the laser intensity to be constant during the period T. For the Gaussian time profile of equa-
tion (6.71), this is not the case. In an exact calculation, the value of € is reduced by a factor \/7/2 = 0.89 for otherwise
identical parameters. This factor being close to unity, we neglect it for simplicity in the order-of-magnitude estimation
done here.
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appears linear in the force (see equation (6.81)), but squared in the scattering probability (see equa-
tion (6.87)), while the Rabi frequency appears squared in both of them, a force sufficiently large as
well as a low scattering probability, may be achieved by a large Rabi frequency together with a large

detuning.

A large Rabi frequency may be either achieved with a high beam intensity or a small beam radius.
Both of these quantities are constrained by technical limitations such as available laser power, quality
of focusing and beam shaping optics and beam pointing stability. Therefore, a trade-off between these
conflicting requirements must be found. The beam radius is a particularly crucial parameter as it

affects both, the Rabi frequency at the position of the ions as well as its gradient.
For a quantitative analysis, we need to reduce the number of parameters. We proceed as follows:

e We chose the secular trapping frequency as w = 27 x 100kHz, a typical value for our trap,

corresponding to wip = 2w x 108 kHz for the Ca+—N;'—system.

e We chose a value for the scattering probability e. Here, the values ¢ = 0.1 and ¢ = 0.01 are
studied. Together with the pulse duration 7', the ratio of the Rabi frequency Q¢+ (QNj) to the
detuning A + (AN;) then is fixed by equation (6.87) and we may eliminate the detunings from
equation (6.83).

e We assume the radii of the two beams addressing the Ca™ and the NJ ion to be equal, we,+ =
Wy =W, as these two beams are to be focused by the same optics and their wavelengths differ

by less than two percent.

o As the phase ¢12 depends only on the product of the two Rabi frequencies Q,+ and QN;, rather
then on their individual values, we substitute them by the mean Rabi frequency ) defined as
the geometric mean of the Rabi frequencies of the Ca™ and the N; ion: Q =,/ Qe+ QN;

In so doing, we have eliminated all but the two parameters w and € from the right-hand side of
equation (6.83). In particular, we have eliminated the pulse duration T', meaning that our results will
be independent of 7. Hence, we may use the shortest pulse allowed by the condition in Sec. 6.2.5,
namely T = 57 /wip = 23.2 us, in order to minimize the requirement for the coherence time and thus
the sensitivity to magnetic field fluctuations.'® We set ¢12 = 7, as needed for a population inversion in
the Ca™ ion depending on the NQ+ quantum state, and solve the equation obtained from the parameter

reduction to get the mean Rabi frequency  as a function of the beam radius w.

As can be seen from the red curves in Fig. 6.7, a linear dependence of the mean Rabi frequency 2 on
the beam radius w is obtained. Along with this required mean Rabi frequency, we also show in Fig. 6.7
the achievable mean Rabi frequency (blue curves), i.e., the mean Rabi frequency achieved for a given

beam radius at a certain beam power as obtained from the values shown in Fig. 6.5.

For a point on one of the blue curves to the left of the intersection with a chosen red one, the required
Rabi frequency is lower than the one achievable for the respective beam power. Hence, realization

is possible under these conditions. On the contrary, for points to the right of this intersection, the

BFrom equation (6.83), the reader might be tempted to infer that the same phase could be achieved with a lower Rabi
frequency (and hence lower beam power) when increasing the pulse duration 7'. However, since the ions then are exposed
to radiation for a longer period of time, the ratio of the detuning to the Rabi frequency must be increased as well in order
to keep the scattering probability € at a given value. Therefore, no reduction in the Rabi frequency is accomplished.
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Figure 6.7. Mean Rabi frequencies as a function of the beam radius. The two red lines show
the mean Rabi frequency Q needed to accumulate a phase of ¢12 = 7 as a function of the beam radius
w (= Wt = wN;) for a scattering probability of € = 0.1 and € = 0.01, respectively. As the intensity
gradient—and hence the optical dipole force—decreases with increasing beam radius, the Rabi frequency
required for the given phase increases with the beam radius. The blue curves show the mean Rabi frequencies
obtained as a function of the beam radius for the given laser beam power. A beam radius smaller than at
the intersection of a red with a blue curve indicates that the Rabi frequency is high enough to realize the
geometric phase gate for the respective beam power and the scattering probability. For a beam radius larger
than this limiting value, the achievable Rabi frequency is too low for the two-ion system to accumulate the
phase needed without exceeding the chosen scattering probability, i.e., realization is not possible for the
given parameters.

required mean Rabi frequency exceeds the one achievable with the given beam power, i.e., the proposed

phase gate cannot be realized under these conditions.

For an eligible beam radius and beam power, the mean Rabi frequency 2 needed, can be realized with
various individual Rabi frequencies for the two ions and these are associated with different detunings.
As two representative examples, we study here the laser beam powers of 50mW and 100 mW at
€ = 0.01. The maximum possible beam radii for these values are 8.1 um and 9.7 um, respectively.
These values lie in a regime feasible when using frequency doubled, amplified diode lasers and common
optical components for beam shaping and focusing. The mean Rabi frequencies at these maximum
beam radii are Q = 3.75 GHz and Q = 4.46 GHz, for 50mW and 100 mW, respectively. These mean

Rabi frequencies may be achieved by any combination of individual Rabi frequencies 2-,+ and QN,}

obeying Qq,+ QN; — 0%, This mutual inverse-proportional dependence of the two Rabi frequencies is

shown in Fig. 6.8.

Having chosen suitable Rabi frequencies, appropriate detunings Aq,+, AN2+ are to be determined.
Owing to equation (6.87), the detunings of both ions depend linearly on the respective Rabi frequencies
for a chosen scattering probability e: Aq,+ o< Qy+, AN; o QN;. However, since the Rabi frequencies
of the two ions are inversely proportional to each other, the same is true for the detunings: Aq,+
1/ AN2+. These dependencies are depicted in Fig. 6.9 showing the detuning for the Ca™ ion (left
vertical axis) with respect to the Rabi frequency for that ion (bottom horizontal axis) together with

the respective quantities for the N2+ ion on the non-linear top and right axis.!*

Here, the detunings are assumed to be positive. As seen from equation (6.83), a change in the sign of one of the two
detunings results in a sign change of the acquired phase ¢12, which is of no relevance. Hence, our discussion is also valid
for negative detunings, when the figures given are understood as absolute values. In an actual implementation, detunings
are to be chosen such that the coupling to levels beside those described by the two-level model are minimized.
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Figure 6.8. Individual Rabi frequencies of the logic and the spectroscopy ion. A given mean Rabi
frequency € may be achieved with different individual Rabi frequencies Qc,+, QN; depending inversely
proportional on each other. Here, this dependence is shown for the two beam radii of w = 8.1 um and
w = 9.7 um, the maximum values for beam powers of 50mW and 100 mW, respectively, corresponding to
Q = 27 x 3.75 GHz (lower trace) and = 27 x 4.46 GHz (upper trace).
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Figure 6.9. Detunings for the logic and the spectroscopy ion as a function of Rabi frequencies.
The detuning for the Cat ion is proportional to the Rabi frequency of that ion, as shown here by the bottom
and the left axis. The same holds for the N2+ ion, as seen from the top and right axis. The Rabi frequency
and the detuning of the N 2+ ion, however, are inversely proportional to the respective quantities of the Ca™
ion, as may be seen by the non-linear top and right axis. Values shown apply for Q = 27 x 3.75 GHz.

Finally, we may analyze the scaling of the experimental parameters with the secular axial trapping
frequency w. As may be derived from equation (6.83) and the definition of €2, the mean Rabi frequency
€ scales linearly with w (and so do Q¢+, QN;” Ap,+ and AN;)' Therefore, the above results may be
easily adapted for different axial trapping frequencies. By reducing w, the required Rabi frequencies—
and so the beam powers needed—could be decreased. However, as the value used above is already at
the lower end of the typical range ion traps are operated with, a further reduction might affect stable
trapping and laser cooling. Also, the wave packet size of the ions at a given temperature increases for
less tight trapping, rendering them prone to spatial inhomogeneities of optical dipole forces induced

by Gaussian laser beams (see below).
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6.3.4 Experimental imperfections

So far we have studied our proposed state-detection method by means of one-dimensional harmonic
oscillators, quasi-classical states and spatially constant forces. In reality, the ions move in three-
dimensional space and are trapped by time-varying electric fields that only on time-average result
in a (nearly) harmonic effective potential. Moreover, following Doppler laser cooling, motional degrees
of freedom of the ions are described by a thermal density operator rather than by quasi-classical
states [205]. We will shortly discuss these experimental imperfections, namely finite-temperature and

micromotion effects, in a qualitative way.

In principle, ions in thermal states evolve in our state-detection scheme as shown here for quasi-classical
states, as can be shown by expressing the thermal states in terms of quasi-classical states and exploiting
the independence of the acquired phase from the initial phase-space position. Therefore, our state-
detection technique is temperature-independent. This reasoning, however, only applies for spatially
constant forces. The optical dipole forces exerted by Gaussian laser beams are only (approximately)
constant within a region around r = £w/2 small compared to the beam radius w (see Fig. 6.6).1° So,
for our model to be applicable, the spread of the ion wave packets must be small compared to the beam
radii. For a thermal state, this wave packet size increases with temperature. At the Doppler cooling
limit of Ca™ (0.5 mK), the root-mean-square wave packet size is roughly half a micrometer.'® Therefore,
this limit is met for the beam radii studied above.!” Insensitivity to ion temperature might be improved

by using less tightly focused laser beams—at the expense of a higher beam power needed.

As explained in Ch. 4, ions are trapped in an rf ion trap by oscillating electric fields creating on time
average a confining effective potential. Ions trapped that way always oscillate at the rf drive frequency
except if they are exactly at the rf null line. In other words, they exhibit “micromotion”. In case of
parasitic electric fields (known as “patch potentials” [206]) or spurious phase shifts between rf voltages
on different trap electrodes, the equilibrium positions of the ions might be offset from the rf null line
resulting in “excess micromotion”. Unless such effects are perfectly canceled [123], the ions in practice
steadily exhibit a non-vanishing micromotion amplitude. In our state-detection scheme, micromotion
results in a modulation of the forces exerted on the ions—and hence of the phase acquired—at the
rf frequency. Since the rf period is short compared to the laser pulse duration and since the laser
intensity is continuously increased and decreased, the total accumulated phase is averaged over many

micromotion cycles, reducing the effect of micromotion on the accumulated phase.

Concluding, we see that the simplified discussion of our proposed state-detection method given here
describes the relevant effects adequately. Deviations from this simplified model should not pose any

serious issues for an actual implementation.

15Since the second derivative of the intensity vanishes at the point of maximum intensity gradient, this position is not
only optimal in terms of the magnitude of the force, but also regarding its spatial homogeneity.

18The root-mean-square wave packet size of a harmonic oscillator with angular frequency w and mass m in thermal
equilibrium at absolute temperature Tabs is ([72], p. 577),

h hw
[(72y — ] % coth —2
(@2) \/me O T

with kg the Boltzmann constant.

17An analogous criterion applies for the wave packet size in direction of the laser beam. Here, the relevant beam
parameter is the Rayleigh range ([58], pp. 76 f.), which accounts for a few hundred micrometers for the parameters
studied above, and hence results in an even less restrictive limit than the radial criterion.
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6.4 Summary and conclusion

In this chapter, a non-destructive state-detection technique for trapped molecular ions has been stud-
ied. The proposed method is based on geometric quantum phases induced by transient, state-dependent
forces. Non-destructive state detection is essential for future high-precision experiments with trapped
molecular ions, as it allows efficient detection of their quantum state, eliminates the need for trap

reloading and renders single-ion experiments possible.

Implementation of the proposed scheme with optical dipole forces induced by off-resonant, focused
Gaussian laser beams has been found feasible. Effects of finite ion temperature and micromotion
amplitude have been qualitatively discussed. As far as may be judged from this discussion, they do

not seem to pose serious difficulties for an actual realization.

Our proposed state-detection technique competes with other proposed [187, 40, 188, 189, 41, 190, 42,
43] or even already realized [44] non-destructive state-detection methods for molecular ions. Future
developments will tell, which of these turn out to be most suitable for actual high-precision experiments

with molecular ions.






Chapter 7

Conclusion and Outlook

In this thesis, electric-dipole-forbidden rotation-vibration transitions in homonuclear diatomic molec-
ular ions have been studied. As these transitions are very weak, their observation is challenging. On
the other hand, they exhibit extremely low natural linewidths and, correspondingly, long lifetimes
of excited states. Therefore, they are of interest to precision spectroscopy and studying fundamental

scientific questions, most prominently a possible variation of the proton-to-electron mass ratio.

We have started our discussion of forbidden transitions with their underlying physical mechanism.
Based on quantum mechanical perturbation theory, we have discussed the physics of electric-quadrupole
transitions in a clear and consistent way. We have compiled knowledge distributed in the atomic and
molecular spectroscopy literature and rigorously derived results usually only found without derivation.
Moreover, we have given a description of rotation-vibration transitions in terms of the multipole mo-
ments of the molecular charge distribution—a description without an analogue in atomic spectroscopy

and hence not found in common textbook explanations of forbidden transitions.

Concerning fine and hyperfine structure in electric-quadrupole rotation-vibration spectra, we have
calculated the relative intensities of fine- and hyperfine-resolved lines. These calculations are based
on the separability of angular and vibronic coordinates and the treatment of the former by spherical

tensor algebra.

At the heart of this thesis lies the observation of electric-quadrupole rotation-vibration transitions in
the homonuclear molecular nitrogen cation N;r—to our knowledge the first observation of a dipole-
forbidden vibrational transition in a molecular ion. This observation has been achieved by combining
a number of advanced techniques from atomic and molecular physics, such as trapping, sympathetic
cooling and state-selective production of molecular ions, use of a frequency-stabilized quantum cascade
laser for rotational-vibrational excitation as well as of a highly sensitive charge transfer reaction for

detection of vibrationally excited ions.

By analyzing the measured spectrum with the known fine- and hyperfine-structure Hamiltonian of N;r
and spectroscopic constants from the literature [96, 102], we were able to assign the observed spectral

features and thus to prove observation of electric-quadrupole rotation-vibration transitions.

Therefore, we may conclude that the extremely weak electric-quadrupole rotation-vibration transitions
in trapped and cooled homonuclear diatomic molecular ions may be addressed with our experimental

approach.
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The intensity of the lines remains an open issue. The measured spectrum shows deviations in the
line intensities from theoretical expectations, both in absolute as well as relative terms. An in-depth
analysis has revealed possible reasons for this discrepancy, first and foremost rotationally inelastic
N; -Ar collisions prior to excitation. However, further investigation is needed to draw a definitive

conclusion on this issue.

Spectra of molecular ions produced by photoionization, such as the N; electric-quadrupole rotation-
vibration spectrum presented here, depend on the ionic fine and hyperfine ground-state population,
i.e., on the ion production method. We have developed a model to predict these populations for ions
produced by molecular photoionization. This model is based on incorporation of fine- and hyperfine-
structure effects in the model for rotationally resolved photoionization from Buckingham, Orr and
Sichel [148]. Concerning its physical content, our model capitalizes on the separability of electron and

nuclear spin states from the vibronic photoionization matrix element.

We have first developed our ionization model for direct, one-photon, ionization. In that form it has been
successfully applied to the fine-structure-resolved photoelectron spectrum of oxygen from Palm and
Merkt [152]. Thereafter, we have extended our model to the [2+1’] resonance-enhanced multiphoton
ionization (REMPI) of nitrogen used in our experiment. In the particular case of NJ produced in the
rotational ground state with the present non-hfs-resolved ionization scheme, we found an identical
distribution of the N; population on the ionic hfs-levels as for a thermal ion population. For other
ionic rotational states, we found propensities for preferential formation of ions in certain hfs levels
for ionization from particular hfs levels of the neutral electronically excited state utilized in REMPI.
Employing spectrally narrower lasers for REMPI, we might be able to exploit these propensities for

preparation of N;r ions in selected ionic hyperfine levels.

Finally, we have studied a novel, non-destructive state-detection technique for repeated interrogation
of a single molecular ion by a cotrapped atomic ion. This technique is based on geometric quantum
phases induced by optical dipole forces acting on the hybrid atomic-molecular two-ion system. With
tailored forces, the quantum state of the molecular ion is mapped onto the atomic one. From the

latter, the state is detected through probing a closed optical cycling transition.

By estimating the relevant experimental parameters, such as laser powers, laser beam radii and laser
frequency detunings, we have assessed feasibility of the proposed method. Moreover, we have qualita-
tively discussed experimental imperfections, in particular finite-temperature and micromotion effects,

and found them not to impose serious issues for an experimental implementation.

The path to follow for future experiments is as obvious as it is challenging: with spectrally narrower
mid-IR radiation sources, the exceptionally small natural linewidth of electric-quadrupole vibrational
transitions might be exploited. By means of a non-destructive state-detection method, repeated mea-
surements of such a transition in a single molecular ion should be within reach. Ultimately, we could
then become able to achieve the accuracy and precision needed to investigate effects of interest to
fundamental physics, such as a possible variation of the proton-to-electron mass ratio, through mea-
surement of electric-dipole-forbidden rotation-vibration transitions in a trapped, cooled molecular ion.
Obviously, this is a project for years, if not decades, and represents a formidable challenge—but one
worth the effort.



Appendix A

Definitions of and units for the

electric-quadrupole moment

A.1 Definitions

There are several different definitions for the Cartesian electric-quadrupole moment tensor used in
the literature. They differ by constant factors and whether or not they are given in traceless form.
Furthermore, different authors either use the form for a set of discrete, pointlike charges or for a
continues charge distribution. The following three definitions are among the most often used ones.
They are given here for a tuple of N pointlike particles with charges ¢; (j = 1,..., N) and position

vectors r; with Cartesian components 7,73, (o, 8 = z,y, 2):

N 2
1 Ty
Qo= 4 <7’j,a7”j,ﬁ - 5aﬁ§> : (A1)
i=1
(H) _ 1 Y 5 2 A
Qui = 5 D4 (3rjaris — dagr}) | (A.2)
=1
0 5™ o (Brsarss — Das? A3
Qa,@ = ZQJ ( Tj,aT5,8 — aﬁTj) . (A.3)
=1

Definition (I) is used by Bunker and Jensen [67]' and Condon and Shortly [49]%. This definition has
been adopted for this text. Definition (II) is also used frequently in the spectroscopic literature, such

as in [80, 75]. Definition (III) is found in general textbooks on electromagnetism [207].

These definitions are related to each other according to:

o _ 2,an _ 1 am
Qo = 5@ = 3@ - (A4)

Apart from different definitions used, the value of the molecular quadrupole moment might also depend

n the definition of the quadrupole moment in [67] (equation (14-108) on p. 460) the charge is squared, which
obviously is a misprint.

2In [49] the quadrupole moment is first defined in a non-traceless form ([49], p. 85). Later the traceless form is adopted
for the calculation of spectroscopic transitions ([49], pp. 94 fI.).
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on the origin of coordinates the calculation refers to, since only the lowest-order non-vanishing moment
of a multipole expansion is independent of the point of origin. The quadrupole moment thus depends
on the origin chosen, if the molecule posses a monopole (as for a molecular ion) or a dipole moment.
For the calculation of vibrational line strengths, the origin should be chosen at the molecular centre
of mass, as this is the origin resulting from the separation of the translational motion of the molecule
(see [67], p- 416). Nonetheless, molecular multipole moments are sometimes calculated with respect
to the geometrical centre of the molecule (e.g. in [75]). In the case of NJ, these two possible points of

origin coincide for symmetry reasons.

A.2 Units

The SI unit for an electric-quadrupole moment is 1 Cm?. As typical molecular quadrupole moments
are many orders of magnitude smaller than this unit, they are usually reported in atomic units, i.e.,
in multiples of ea? (e: elementary charge, ag: Bohr radius). Another unit used for electric-quadrupole

moments is 1 DA (1 Debye Angstrom), also known as “one Buckingham” (1B).

Expressed in SI units, these units account for:

lea? = 4.487 x 107 Cm?, (A.5)
1 DA = 0.7435 ea? = 3.336 x 107*° C m?. (A.6)



Appendix B

Excitation rate calculation

In the following, the electric-quadrupole excitation rate for the IR fundamental S(0) transition' F” =
3/2 — J' =5/2,F' = 7/2 in NJ and the lifetime of the excited o = 1,J" = 5/2, F' = 7/2 state is

calculated.

Numerical evaluation of equation (3.74) for this transition using the coefficients from Tab. 3.3 yields

S =0.3186 [{X,v' = 1| T2 |QM| | X,v" =0 ? B.1
Fr'=3/2,J'=5/2,F'=7/2 — " ’< U= ’ O{Q H ,U = >’ . (B.1)

The vibrational transition matrix element in Cartesian tensor notation (see equation (3.34)) is given
by
3

(x.0 = 1|13 [Qm] [x,0" = 0) =[5 (v = 1| Q4

V' = 0>. (B.2)

According to equation (2.237) the above matrix element is evaluated in the double-harmonic approx-

(m) =
d |B
v":0>: ié“ Re|| == (B.3)

R=R.

imation as

(v = 1] ok,

Since we are not aware of any experimental data for the derivative of the electric quadrupole moment
in NJ, we used the value from the theoretical study by Bruna and Grein [45]. They reported a value
of dQ%H’lZ’ zB&G) /dR|gr, = 2.63eaq (p. 73 in [45]). Unfortunately, it is not clearly stated which definition
(see Appendix A.1) for the molecular quadrupole moment has been used in [45]. By comparing the
values for the quadrupole moment of neutral Ny also given in [45] with those reported in [80], it may be
inferred that the same definition has been used in these two studies, namely Def. (II) in Appendix A.1.
When converted to the definition used in Ch. 2 (Def. (I) in Appendix A.1), this value corresponds to
dQY"). /dR| g, = 1.75 eay.

Using this value together with the quantities R, = 2.13 ag, e = 2140cm™! (from Tab. 1 in [45]) and
Be = 1.93cm™! (from [98]), we obtain

(v=1]at

V= 0> = 0.112 ea?. (B.4)

1To keep the notation simple, the * superscript is omitted in this section. As no states of neutral Ny are considered,
no confusion should occur.
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The line strength for the F” = 3/2 < J' = 5/2, F' = 7/2 transition thus accounts for

Sy jrmsapr—rjp = 601 x 1077 e?ag = 1.21 x 107 C*m™. (B.5)

The Einstein A-coefficient is given by the line strength according to equation (2.131) as

8 1

A T I\F " T
5€0h)\5 g/ F!".JF

g = (B.6)

and the Einstein B @) -coefficient? is calculated from the Einstein A

G _, pn-coefficient according

JF’
to 5
) _ 9 A

F”—»],F’ = ?Tﬂ'hAj/’Fl_)F”. (B?)

Here, ¢’ and ¢” denote the degeneracy in the upper and lower level, respectively. For the transition
studied, we have A = 1/(2186.1804cm™!) = 4574nm, ¢’ = 2F'+1 = 8 and ¢" = 2F" + 1 = 4 resulting
in

A =6.30 x 107757} (B.8)

J'=5/2,F'=T7/2—F"=3/2

and
@) _ 7o—1/7 =377 —1\—1
BF":3/2HJ/:5/2,Ff:7/2 =7.24x10"s" " (Jm "Hz ). (B.9)

The vibrational excitation rate R per ion is given by the Einstein B-coefficient multiplied

FI'—J F'
with the spatial and spectral energy density p®):

R =B @) (B.10)

Fr—J B F”H:JV’,F’IO V).
As mentioned in Sec. 4.2.5, the effective IR beam power of 170 mW at a FWHM beam diameter of
140 um yields an irradiance of 7.7 x 105 Wm™2 at the beam centre. Assuming a Gaussian spectral
profile with a FWHM bandwidth of 19 MHz (as obtained from the measured spectrum) this translates
into a spectral irradiance of 0.38 W m~=2 Hz~! or, when divided by the speed of light, to a spectral and

spatial energy density® of p() = 1.3 x 1072 Jm 3 Hz L.
Substituting this value into (B.10) yields an excitation rate for the electric-quadrupole S(0), v" =
0,F"=3/2 ' =1,J =5/2,F = 7/2 transition of

R =9.14x102s7! (B.11)

F'=3/2—J'=5/2,F'=7/2

per ion.

In order to estimate the natural linewidth and the lifetime of the excited F' = 7/2,J’ = 5/2 state,
the total decay rate, including the decay to both hyperfine components of the ground state, has to be
considered. This results in a life time of 7 = 3.16 x 107 s or 366 days, corresponding to a

F'=7/2,J'=5/2
natural linewidth of 5.03 nHz FWHM.

2Contrary to Ch. 2, the Einstein B-coefficient used here is defined with respect to the energy density per frequency
interval instead for per angular frequency interval. This is indicated by the superscript ). Denoting the coefficient used
in Ch. 2 as B®) and using the equations B p®) = B ) and p™dw = p®dv (with p the spatial and spectral
energy density and w = 27v), the relation B*) = B)/(2r) is found.

3In accordance with the Einstein B-coefficient, the energy density is given per frequency interval and not per angular
frequency interval, as indicated by the superscript @),



Appendix C

Relations from tensor algebra

C.1 Relations for the Wigner 6j-symbol

Based on the definition of the 6j-symbol, one may show the relation (see equation (4.15) in [61]):

J1 J2 J3 Js g1 Js

Ja Js Je) \ms ma1 mg

_ j{: (1) tiartds o= —ma voJ2 U3 Ja  Js  J3 J2 Ja e
mi1 Mg —Mmg myg My M3 mog M4 —Mg

mz2,m3,mq
(C.1)

Using the symmetries of the 3j-symbols the following expression is derived:

Ji J2 J3 Js 1 Je (_1)—j1—j2+j3—j4—j5—j6+m1
Ja Js JeJ \ms m1 me

_ Z (71)77”4 J3 n J2 J3 J4 J5 J2 J4 J6 ) (02)
ma,ma,ma —m3 M1 M2 m3 Mg My mo M4 —Mg

C.2 Relation for the Wigner 9j-symbol

According to [76], p. 144, the following relation holds for the 9j-symbol:

J3 J6 Jo g4 gt Ja Js Js JroJs  Jo
mg,m;n4,m7 (7773 me me) (ml mq m?) <m4 ms mf)‘) (m’? ms me)
. . . . . . J1oJ2 3
= Z(Qjé +1) <j1 72 js) <J2 7 ]8) Ja s Je ¢ - (C.3)
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Appendix D

Calculation of Rabi frequencies

D.1 Definition

Regarding a quantum mechanical two-level system with lower state |a) and upper state |b) that couples
via the electric-dipole operator i to an electric field E(t) = Egeq cos (wt) oscillating as a function of
time ¢ at angular frequency w with amplitude Ey > 0 and unit polarization vector ey, we define the

Rabi frequency [200, 208, 128] as:
Ey

Q
h

(bl f-eola). (D.1)

Assuming linearly, z-polarized radiation, i.e., ey = (0,0, 1), we have f1 - eg = fi, = T§ [f1] with T [4]
the zero component of the space-fixed electric-dipole operator understood as a first-rank spherical

tensor operator.

The Rabi frequency hence is:
E .
Q= =2 |(b| T4 (@] |a)] . (D.2)

In the context of the state-detection method discussed in Ch. 6, the state |a) corresponds to the ground

state |g) and the state |b) to the auxiliary excited state |aux).

Usually the upper and lower level are degenerate and particular states of these levels are characterized
by the space-fixed projections m’ and m” belonging to the upper and lower angular momentum

quantum numbers j’ and j”, respectively. The Rabi frequency may then be written as,

Q
I

(G | T (]| " (D.3)
In this notation, angular momentum and spherical tensor algebra may be used to derive the electric-
dipole operator matrix elements from tabulated quantities such as Einstein A-coefficients or pure

vibronic dipole-operator matrix elements.

As the Rabi frequency scales linearly with the electric field amplitude Ey, we will below calculate the
quantity €/Ey corresponding to the Rabi frequency at unit electric field amplitude. Thereafter, we
derive the field amplitude at a certain position in a Gaussian laser beam and get the actual Rabi

frequency as the product of these two quantities.
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D.2 Calcium ion

The optical dipole force exerted on the Ca™ ion is (mainly) induced through the coupling of the ground
level 4281/2 by the electromagnetic radiation to the excited 42P1/2 level.! Hence, the states |j”m")
and [7'm') in (D.3) are Zeeman states of these two levels. The magnitude of the dipole matrix ele-
ments between them is obtained from the known Einstein A-coefficient as follows: the matrix elements
appearing in (D.3) for different projection quantum numbers are related among each other by the
Wigner-Eckart theorem [61],

) ) _ '/ 1 /)
ot | Tt = o (0 NG Ra wa
m' p m
with <] H T! [t || J > the “reduced matrix element”.
From the definition of the Einstein A-coefficient,
2
Ay = 350h)\5 Z j "m ’Tl |j >| , (D.5)

—1m/=—j"

together with the Wigner-Eckart theorem and the properties of the Wigner 3j-symbols [61], the mag-
nitude of the reduced matrix element may be expressed as:

3e 0 FL)\B

G ) = =g+ DAy (D.6)

Here, )\ is the wavelength of the transition and €y the vacuum permittivity.

Substituting these results into (D.3), we obtain the Rabi frequency for linearly polarized radiation

7 RPN
(-m” 0 m)‘\/ o 27+ DAy (D.7)

For the 42S; 5 — 4?Py j; transition, we have j' = j” = 1/2 and m” = £1/2. Since the magnitude of the

(and hence m’ = m”) as,

Q=FE

3j-symbol in (D.7) is invariant under a change of the lower-row signs (see equation (2.31) in [61]), we

may chose without loss of generality m” = 1/2.

Using the values \ = 396.958 65 nm and Agp, , 25, ,, = 132 x 10%s7" from [195], p. 146, we obtain

the Rabi frequency at unit electric field amplitude as,

Qcat _ g4 5108 s (VmH)~L (D.8)
0

"We neglect here the optical dipole force due to the coupling of the ground level to the 42Pg /2 level. The relative
contribution to the total optical dipole force due to that transition increases with the (blue) detuning and accounts
for roughly 10 to 20% of the total force for the parameters used in Sec. 6.3. Given the uncertainty of the Einstein
A-coefficient our calculation is based on of 10 % [195], this approximation seems reasonable.
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D.3 Nitrogen ion

The dipole force exerted on the N2+ ion is induced by the coupling of the rovibronic ground level XQZ;“,
v" = 0,N"” = 0 to the auxiliary excited level B2L}, v/ = 1, N’ = 1. Here, v” and N” (v' and N') are

the vibrational and rotational quantum number in the ground (auxiliary excited) state.

The excited level is split into two spin-rotation components with total angular momenta J' = 1/2 and
J' = 3/2. Since the optical dipole force is induced with electromagnetic radiation far detuned from
resonance, we may add the forces created by the coupling to both spin-rotation components. We will
do so by first working out the Rabi frequency of both components separately and later combining

them into an effective Rabi frequency to describe the total force.

The electric-dipole operator matrix elements of the XQEg,v” = 0 — B?Xf,v/ = 1 transition are
calculated in a similar way as shown for electric-quadrupole transitions in Ch. 3. Their squared absolute

magnitude is:

2
‘<B22j,v/ —1,N',J', M| T} {ﬂ(ﬂ ‘XQZ;F,U” _ o,N”,J”,M5>
2 2
N 1 N Joo1 g
= (2N +1)2N"+1)(2J +1)(2J" +1)
0 0 0) \-M, p —M"

(D.9)

(Y s s

Here, T(lj {[L(S)} and T(l) [ﬂ(m)} are the zero component of the electric-dipole operator in spherical tensor
notation with respect to the space-fixed and the molecule-fixed frame, respectively. J” and J' are the
quantum numbers of the total angular momenta without nuclear spin in the ground and the auxiliary

excited state and M/, M/ the quantum numbers of the respective space-fixed projections.

The angular factors in (D.9) account for 1/9 for the transition J” = 1/2 — J' = 1/2 and for 2/9 for
the transition J” =1/2 — J = 3/2.

The absolute magnitude of the vibronic matrix element is obtained in the “r-centroid approximation”

[95] as,
2

RC (?v/, ’U”)

(D.10)

2
2 /
’<B St v = qur, o

13 ][5z,

with the Franck-Condon factor ¢,/ ,» and the electronic transition moment Re (7, ). Using the values
from [95] (Tab. 15, p. 1072), we obtain:

2
(B2, =0 ( Th [] ‘ngg,vﬁ = 0)|" = 0.337¢%}, (D.11)

The Rabi frequency at unit field amplitude for the two relevant transitions hence are,

QJ/:1/2 eag
Qi
T=82 0.97450, (D.12b)

Ey h
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. . + - o [
The effective Rabi frequency for the N3 ion defined as QN2+ = \/ Q% Pl 0%, /o thus is:

Qs
N 0335520 — 2.7 x 1045 (V) L. (D.13)
Eo 1

The same result is obtained when entirely ignoring the electron spin and treating the transition as if it
occurred between two 'Y states. Following the same argument, the effective Rabi frequency at a large

detuning also is equal whether or not hyperfine structure is overlying spin-rotational structure.

Along the same lines as shown above for the Rabi frequency, the line strength and hence the nat-
ural linewidth of the transitions in the N;r ion may be calculated. Using the value of A = 1/ =
1/(25564.7cm™1) for the transition wavelength from [95], we obtain Iy = 3.80 x 10651,

D.4 Electric field amplitude in a GGaussian laser beam

The electric field amplitude Ey at a certain position of an electromagnetic wave is related to the

intensity I at that position via,
1
I= ancEg. (D.14)

For a Gaussian laser beam, the intensity within the beam profile is given by ([58], p. 79):

02
_ 2Pt 2y (D.15)

1(r)

Tw?

with 7 the distance from the beam centreline, Py the total beam power and w the 1/ €2 beam radius
(the distance from the beam centreline, at which the intensity is reduced by a factor of 1/e? from the

value at the centreline).

The ions are assumed to be at the positions of maximum intensity gradient, r = +w/2, of the two

beams. The intensity at these positions is,

2P
I (r - ig) = St (D.16)
TWw

corresponding to an the electric field amplitude of

2 |P
o) (r - i%) — 2 et =g (D.17)
2 w \ mEeQe

Multiplying equations (D.8) and (D.13) by this value, we get the Rabi frequency for both, the Ca™

and N2+ ion, for a given beam power Py, and beam radius w.
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