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Zusammenfassung

Einführung

Diese Masterarbeit enstand im Rahmen des Projekts "QNOSE" (quantum nitric oxide
sensing experiment) am 5. Physikalischen Institut an der Universität Stuttgart. Das
übergreifende Ziel ist die Entwicklung eines Spurengassensors für Stickstoffmonoxid
(NO).

NO spielt eine wichtige Rolle in zahlreichen physiologischen Prozessen wie Gefäßer-
weiterung, Neurotransmission, Apoptose, Tumorwachstum und Entzündungen [1].
Die Ausatemluft des Menschen enthält eine NO-Konzentration im Milliardstel Bereich
(parts per billion) [2]. Im Falle einer entzündlichen Erkrankung wie Asthma ist die
NO-Konzentration in der Ausatemluft erhöht [3]. Das begründet eine mögliche medi-
zinische Anwendung des NO-Spurengassensors. Aufgrund der elektronischen Struktur
von NO, die die Anregung eines einzelnen Elektrons zu einem hoch angeregten Zustand,
dem so genannten Rydberg-Zustand ermöglicht, eröffnen sich interessante physikalische
Aspekte für Untersuchungen. In [4] wird zum Beispiel die Bildung eines Rydberg-
Bimoleküls von NO theoretisch gezeigt.

Das Funktionsprinzip unseres Sensors basiert auf einer Drei-Photonen-Anregung mit
Dauerstrich-Lasersystemen. So wird das einzige freie Außenelektron von NO zu einem
Rydberg-Zustand angeregt. Anschließende Kollisionen mit Hintergrundteilchen führen
zur Ionisation. Die Ladungen werden durch Anlegen eines elektrischen Feldes ge-
trennt. Eine elektrische Schaltung mit einem Transimpedanzverstärker wandelt den
Ionisationsstrom in eine messbare Spannung um. Nach diesem Prinzip kann NO elek-
tronisch detektiert werden. Ein Vorteil der elektrischen Auslesung, nämlich eine bessere
Signalqualität im Vergleich zu rein optischen Techniken, wurde in [5] demonstriert.
Ein Konzeptnachweis für einen optogalvanischen Sensor wurde in [6] gezeigt. Das
Sensorprinzip erlaubt den Nachweis von NO bei einer Konzentration von weniger als 10
Teilen pro Million (parts per million).

Das Sensorprinzip hat viele Vorteile. Das Drei-Photonen-Anregungsschema ermöglicht
eine hohe Selektivität bei der NO-Detektion. Die Verwendung von Dauerstrich-Lasern
führt zu einer schmalen Linienbreite, die ebenfalls zu einer hohen Selektivität und
Empfindlichkeit des Spurengassensors beiträgt. Eine schmale Linienbreite ist für ver-
schiedene Untersuchungen notwendig, zum Beispiel für Messungen in Abhängigkeit
vom elektrischen Feld, die auch im Laufe dieser Arbeit gemacht wurden. Hier ist eine
hohe Auflösung vor allem bei kleinen elektrischen Feldern wichtig. Ein weiterer Vorteil
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des verwendeten Sensors ist, dass nur ein kleines Gasvolumen für die Detektion benötigt
wird. Das Gasvolumen, das derzeit für den Nachweis von NO nötig ist, liegt in einem
Bereich von unter einem Milliliter. Außerdem erfolgt der Nachweis von NO fast instan-
tan, im Bereich von Millisekunden. Die aktuelle Detektionseffizienz liegt im Bereich
von 10−6.

Die vorliegende Masterarbeit beschäftigt sich mit der experimentellen Optimierung des
bereits bestehenden Aufbaus für den optogalvanischen Spurengassensor von NO und
stellt die daraus gewonnenen experimentellen Ergebnisse vor. Der Schwerpunkt der
Arbeit lag dabei hauptsächlich auf dem experimentellen Teil.

Ergebnisse

Im ersten Teil wurden die Kollisionsverbreiterung und Verschiebung von Rydberglinien
in NO untersucht. Im Hinblick auf eine Sensoranwendung ist ein Betrieb im Mikrobar-
Bereich erstrebenswert, um Verbreiterungseffekte aufgrund von Kollisionen zu mini-
mieren. Elastische Kollisionen sind dominanter, wenn NO mit anderen NO-Molekülen
wechselwirkt, im Vergleich zu einer Wechselwirkung von NO mit Stickstoff (N2). Im
ersten Fall wurde eine Rotverschiebung der Rydberglinie beobachtet, wenn die Dichte
von NO erhöht wird. Im Fall der Wechselwirkung von NO mit zunehmender Dichte
von N2 war nur eine leichte Blauverschiebung in dem untersuchten Dichtebereich
sichtbar. Der Nobelpreisträger Enrico Fermi hat schon im Jahr 1934 gezeigt, dass die
lineare Dichteabhängigkeit der Verschiebung der spektroskopischen Linie auf elastische
Stöße zwischen dem Rydberg-Elektron und einem Störgas zurückzuführen ist [7]. Die
aus unseren Messungen extrahierten Verschiebungsraten mit reinem NO liegen in
der gleichen Größenordnung, sind jedoch um ein Vielfaches kleiner im Vergleich zu
Untersuchungenmit durch Edelgasatome gestörten Alkalielementen [8, 9]. Andererseits
sind unsere Verbreiterungsraten der Rydberglinien höher. Die Unterschiede lassen sich
auf die Komplexität des Molekülspektrums, bedingt durch zusätzliche Freiheitsgerade
der Rotation und Vibration zurückführen, die bei einem Atom nicht vorhanden sind.

Im zweiten Teil wurde der Stark-Effekt von mehreren Rydberg-Zuständen von NO
untersucht. Optimierungen bezüglich der experimentellen Parameter wurden durchge-
führt. Dies ermöglichte die Messung einer hochaufgelösten sogenannten Stark-Map des
Rydberg-Zustandes mit der Hauptquantenzahl 𝑛 = 22 aus der Rotationsserie 𝑁+ = 0.
Unter Berücksichtigung des nichtlinearen elektrischen Feldes in der Messzelle war es
möglich, eine theoretische Simulation der Stark-Map an die experimentellen Daten
anzupassen. Die Simulation wurde von Prof. Stephen Hogan und Dr. Matthew Rayment
von der University College London (UCL) durchgeführt. Schließlich konnte der Quan-
tendefekt des g-Zustandes extrahiert werden. Die Genauigkeit ist höher als die in der
Literatur bekannten Werte ([10, 11]). Das Ergebnis für den Quantendefekt ist jedoch
noch nicht endgültig.
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In Zukunft werden weitere Verbesserungen der Eigenschaften des Spurengassensors
gemacht. Optimierungen bezüglich des Designs und der der elektrischen Schaltung der
der Messzelle können die Sensitivität des Sensors weiter erhöhen. Zur Verbesserung der
Empfindlichkeit können auch andere Rotationszweige für die Anregung in Betracht gezo-
gen werden, da andere Anregungspfade möglicherweise zu höheren Rydberg-Signalen
führen. Weitere Verbesserungen der Empfindlichkeit des Sensors könnten den Nach-
weis des NO-Bimoleküls ermöglichen, welches in [4] theoretisch prognostiziert wurde.
Künftige Untersuchungen werden auf den Ergebnissen dieser Arbeit aufbauen, da sie
neue Informationen über gute experimentelle Parameter liefert.
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1 Introduction

This master’s thesis has been created in the scope of the QNOSE (quantum nitric oxide
sensing experiment) project at the 5th Institute of Physics at the University of Stuttgart.
As the project’s name suggests, the ultimate goal is the development of a nitric oxide
(NO) trace-gas sensor.

NO has an important role in signaling pathways involved in several physiological pro-
cesses like vasodilation, neurotransmission, apoptosis, tumor growth, and inflammation
[1]. The exhaled air of humans contains a concentration of NO in the parts-per-billion
regime [2]. In the case of an inflammatory disease like asthma, the concentration of
NO in the exhaled air is increased [3]. Thus, an NO trace-gas sensor has a medical
application. Furthermore, due to the electronical structure of NO allowing the excitation
of a single free electron to a highly excited state, a so-called Rydberg state, opens up inter-
esting physical aspects to study. For example, in [4] the formation of an ultralong-range
Rydberg bimolecule of NO has been theoretically shown.

The working principle of our sensor is based on a three-photon excitation scheme in-
volving continuous-wave laser systems. Thus, the single free outer electron of NO is
excited to a Rydberg state and is likely to be ionized due to collisions with background
particles. The charges are separated by applying an electric field. An electrical circuit
including a transimpedance amplifier converts the ionization current to a measurable
voltage. Following this principle, NO can be electronically detected. An advantage of the
electrical readout, namely a better signal quality compared to purely optical techniques,
has been demonstrated in [5]. A proof-of-concept for the optogalvanic sensing method
of NO has been shown in [6]. This sensing principle allows to detect NO concentrations
less than 10 parts-per-million.

The sensing principle offers many advantages. The three-photon excitation scheme
provides a high selectivity of NO. Using continuous-wave laser systems yields a sharp
linewidth which contributes to a high selectivity and sensitivity of the trace-gas sensor.
A sharp linewidth is also important for several kinds of investigations like electric field-
dependent measurements presented later on, where a high resolution at small electric
fields is important. Another advantage of the sensor in use is that only a small gas volume
is required for the detection. The gas volume that is currently needed to detect NO is in
a range below a milliliter. Further, the detection of NO happens quite instantaneous, in
the range of milliseconds. Currently, the detection efficiency is in the range of 10−6.

The work done in the scope of this thesis deals with the experimental optimization of
the already existent setup and presents subsequently gained experimental results. An
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1 Introduction

outline of the structure of this thesis is given in the following. The focus of this work
was mainly on the experimental part. However, a theoretical introduction necessary for
understanding this work is given in chapter 2. Here, the rovibrational spectrum, the
relevant angular momenta, as well as the excitation scheme of NO are explained. More-
over, spectroscopic line broadening and shifts along with the Stark effect are introduced.
These mechanisms, which are in the first case pressure dependent and in the latter one
electric field dependent, are important in regard to the results presented later on. Chapter
3 introduces the experimental setup, which includes three main elements, namely the
laser setup, the gas mixing unit, and the measurement cell. Details on the experimental
procedure are given as well. The final results presented in chapter 4 may be broken down
into two main topics. First, measurement results of collisional shifts and broadening
are shown. Here, Rydberg states of NO under perturbation of NO itself or nitrogen (N2)
are investigated. The main compound of the exhaled breath volume is N2 [12]. The
results gained are important in terms of a sensor application. They can also be classified
physically. Elastic scattering processes involved have been studied theoretically back in
1934 by the Nobel laureate Enrico Fermi [7]. The second part of the results presented
deals with the Stark effect. The experimental data gained after the optimization gives
rise to in-depth theoretical investigations namely the g-state quantum defect. The latter
is done by our cooperation partners Prof. Stephen Hogan and Dr. Matthew Rayment
at the University College London. The results of this thesis are summarized in chapter
5.
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2 Theoretical background of nitric oxide

This chapter summarizes the theoretical background necessary for this work. As intro-
duced, the molecule of interest is nitric oxide (NO). While an individual atom consists of
a single nucleus surrounded by electrons, a molecule is an assembly of many nuclei. This
gives rise to additional degrees of freedom, apart from translational motion, which re-
sults in complex molecular spectra. A molecule with 𝑛 atoms has 3𝑛 degrees of freedom.
There are 3 translational and rotational degrees of freedom. The entire molecule can
move freely and rotate around the three spatial axes. Thus, there are 3𝑛 − 6 vibrational
degrees of freedom left. This only holds for 𝑛 ≥ 3. NO is a diatomic heteronuclear
molecule. Here, 2 rotational and one vibrational degrees of freedom are available. The
rotation around the molecular axis is suppressed. An insight into diatomic molecular
theory is given in the following. This chapter is mainly based on [13, 14].

2.1 Semiclassical description

Since the mass of a nucleus is several orders of magnitude larger than the electron’s
mass, the electron’s wavefunction can be approximated as being independent of nuclear
momenta, allowing a separate treatment. Couplings of the motions of the electrons and
nuclei are neglected in the first place. This is referred to as the Born-Oppenheimer ap-
proximation [15], which is used in the scope of the derivation of the nuclear Schrödinger
equation. The total wavefunction 𝜓 is approximated by the product of the eigenfunctions
of the electronic and nuclear Hamiltonians

𝜓 = 𝜙el ⋅ 𝜙N . (2.1)

Then, the nuclear Schrödinger equation of a diatomic molecule reads [14]

(−
ℏ2

2𝜇∇
2
𝐑 + 𝐸el(𝐑) + 𝑉(𝐑)) 𝜙N(𝐑) = 𝐸N𝜙(𝐑) . (2.2)

The first term in equation (2.2) describes the kinetic part of the nuclear Hamiltonian.
The reduced nuclear mass is 𝜇 = (𝑀1 ⋅ 𝑀2) ⋅ (𝑀1 +𝑀2)−1, where𝑀𝑖 are the individual
nuclei’s masses. ℏ is the reduced Planck constant. The second term 𝐸el(𝐑) is the energy
of the electronic state. The internuclear vector is R. The absolute value of this vector
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2 Theoretical background of nitric oxide

is the internuclear distance 𝑅. 𝑉(𝐑) is the nuclear-nuclear potential energy. The wave-
function 𝜙N(𝐑) is the nuclear part of the total wavefunction and 𝐸N is the corresponding
eigenenergy.

The total energy 𝐸 of a molecular state is the sum of the electronic and nuclear energy
and is given by

𝐸 = 𝐸el + 𝐸N . (2.3)

The nuclear energy 𝐸N has a vibrational (𝐸vib) and rotational contribution (𝐸rot). Typ-
ically, the molecular energy is given in units of wavenumbers (cm−1). Thus, the total
energy can be expressed by

𝐸
ℎ𝑐

=
𝐸el
ℎ𝑐

+
𝐸vib
ℎ𝑐

+
𝐸rot
ℎ𝑐

(2.4)

≡ 𝑇el + 𝐺 + 𝐹 . (2.5)

𝑇el, 𝐺, and 𝐹 describe the respective energy terms. Here, ℎ is the Planck constant and 𝑐
is the speed of light.

The next subsections give a short derivation of the nuclear energy terms, based on a
classical approach.

2.1.1 Rotational spectrum

Starting from classical physics, the rotational energy can be calculated by considering
the diatomic molecule as a rigid rotator. This is referred to as the dumbbell model [13].
A sketch of the rigid rotator is shown in figure 2.1.1. The molecule is described by two
point-like masses which are connected via a rigid rod. The rotational energy in this case
is given by

𝐸(1)rot =
1
2Θ𝜔

2 . (2.6)

The rotational angular frequency in reference to the center of mass (COM) is given by 𝜔.
The moment of inertia regarding the COM and perpendicular to the rigid rod between
the two masses is Θ = 𝜇𝑅2𝑒 . The internuclear distance 𝑅𝑒 is fixed, and the reduced mass
of both nuclei is 𝜇.

Classically, the magnitude of the angular momentum is given by 𝐿 = Θ ⋅ 𝜔. The
eigenvalues of the quantum mechanical angular momentum operator L are given by
𝐿 = ℏ⋅

√
𝑁+(𝑁+ + 1), with 𝑁+ = 0, 1, 2, ... being the rotational quantum number. The +

sign is introduced to stress the fact that we are dealing with the positive ionic molecular
cores which will be important in regard to Rydberg states described later on. Connecting
the classical and quantum mechanical expressions leads to the quantized rotational
energy in the first approximation

𝐸(1)rot(𝑁
+) = ℏ2

2Θ𝑁
+(𝑁+ + 1) . (2.7)
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2.1 Semiclassical description

𝑅𝑒

𝜔
𝑀1 𝑀2L

Figure 2.1.1: The rigid rotator is shown. The nuclei are connected by a rigid rod
with a fixed distance 𝑅𝑒. For simplicity, the masses of the nuclei are considered to
be the same (𝑀1 = 𝑀2), thus the COM is in the middle of the internuclear axis.
The rotation around the angular momentum vector, classically denoted by L with
angular frequency 𝜔 is depicted as well. If𝑀1 > 𝑀2 the COM shifts in the direction
of𝑀1.

The superscript (1) indicates the approximation in first order. Conversion to energy in
units of wavenumbers and introducing the rotational constant 𝐵 leads to

𝐹(1)(𝑁+) = 𝐵𝑁+(𝑁+ + 1) , 𝐵 = ℏ
4𝜋𝑐Θ . (2.8)

However, a more accurate description is given by considering a non-rigid rotator. A
figure is shown in 2.1.2. Due to the rotation of the molecule, the centrifugal force leads
to a change in the internuclear distance, if the masses are considered to be connected
through an elastic axis. This is modeled by introducing a massless spring with spring
constant 𝑘 in the scope of the model of a non-rigid rotator. There is an equilibrium
between the centrifugal and spring force

𝐹C = 𝐹S , (2.9)
𝜇𝑅𝜔2 = 𝑘(𝑅 − 𝑅𝑒) . (2.10)

The actual internuclear distance is 𝑅. (𝑅 − 𝑅𝑒) is the elongation with respect to the equi-
librium position at rest. Taylor expansion up to the second order under the assumption
of small elongations and by introducing the quantization of the rotation leads to the
rotational energy which includes the so-called centrifugal distortion constant 𝐷:

𝐹(𝑁+) = 𝐵𝑁+(𝑁+ + 1) − 𝐷(𝑁+)2(𝑁+ + 1)2 , 𝐷 = ℏ3

4𝜋𝑘Θ2𝑅2𝑒𝑐
(2.11)
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2 Theoretical background of nitric oxide

𝑅

𝜔
𝑀1 𝑀2L

Figure 2.1.2: The non-rigid rotator is shown. The nuclei are connected by an elastic
spring with distance 𝑅.

2.1.2 Vibrational spectrum

Now, the vibrational structure of the diatomic molecule is covered. Based on the elastic
spring force between the nuclei as introduced in the previous section 2.1.1, the vibrational
energy is classically described by

𝐸(1)vib =
1
2𝑘(𝑅 − 𝑅𝑒)2 . (2.12)

The corresponding energy eigenvalues of the quantized harmonic oscillator are

𝐸(1)vib(𝑣) = ℏ𝜔 (𝑣 + 1
2) . (2.13)

The vibrational quantum number is 𝑣 with 𝑣 = 0, 1, 2, ...

The harmonic approximation is in good agreement with observations for small elonga-
tions. In reality, the binding potential is anharmonic. Different contributions of repulsion
and attraction to the potential have to be considered. The repulsion arises due to the
Pauli principle as a result of the overlap of the occupied orbitals, which dominates at
short internuclear distances 𝑅 < 𝑅𝑒. On the other hand, attraction due to the Coulomb
potential is present, which dominates on a long-range scale (𝑅 > 𝑅𝑒). An empirical
description is given by the Morse potential [16]

𝑉M = 𝐷𝑒(1 − exp(−𝛽(𝑅 − 𝑅𝑒)))2 . (2.14)

𝛽 is a constant specific to the molecule. The energy required to separate the diatomic
molecule, i.e. 𝑅 → ∞ in equation (2.14), is the dissociation energy 𝐷𝑒. Adapting the
Schrödinger equation of the quantum harmonic oscillator by introducing the Morse
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2.1 Semiclassical description

potential instead of a parabolic one as in (2.12), finally leads to the vibrational energy

𝐺(𝑣) = 𝜔𝑒 (𝑣 +
1
2) − 𝜔𝑒𝜒𝑒 (𝑣 +

1
2)

2
, 𝜔𝑒 =

𝛽
2𝜋𝑐

√
2𝐷𝑒
𝜇 , 𝜒𝑒 =

ℎ𝑐𝜔𝑒
4𝐷𝑒

. (2.15)

Here, the constants 𝜔𝑒 and 𝜒𝑒 have been introduced, which are molecular specific.

2.1.3 Rovibrational spectrum

Finally, the total energy including the electronic contribution 𝑇el and the derived rota-
tional and vibrational contributions is given by [13, 14]:

𝐸
ℎ𝑐

=𝑇el + 𝐵𝑁+(𝑁+ + 1) − 𝐷(𝑁+)2 (𝑁+ + 1)2 + 𝜔𝑒 (𝑣 +
1
2) − 𝜔𝑒𝜒𝑒 (𝑣 +

1
2)

2
(2.16)

The vibration ofNOmolecules at room temperature is negligible, i.e. 𝑣 = 0 [17]. Thus, the
vibrational spectrum is not of importance in this work. Nevertheless, it was introduced
for completeness.
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2 Theoretical background of nitric oxide

2.2 Couplings of angular momenta

So far, the nuclei’s motion has been treated independently from the electronic one.
However, it is important to consider the coupling between the rotational and electronic
motion in terms of angular momenta in order to describe the molecule’s spectrum. For a
diatomic molecule, different angular momenta couplings are described in the scope of
the Hund’s coupling cases. The following section is based on [14, 17].

First of all, the relevant angular momenta are described. The total angular momentum
is J. It may be introduced in the scope of the model of the vibrating symmetric top,
where J results from a coupling between the angular momentum perpendicular to the
internuclear axis and the angular momentum of an electron cloud along the internuclear
axis. However, in the following J describes the sum of the relevant angular momenta.
The electronic spin angular momentum is S and the total angular momentum without
the electron spin is N=J−S. The electronic orbital angular momentum is L and the
rotational angular momentum of the nuclei isN+. There are five Hund’s coupling cases,
(a) - (e). For NO, only Hund’s cases (a), (b), and (d) are important, thus only these cases
are discussed. Figure 2.2.1 illustrates the coupling cases in vector diagrams.

2.2.1 Hund’s case (a)

AHund’s case (a) is sketched in the top left of figure 2.2.1. One can see, thatL is coupled to
the internuclear axis while S is coupled to L. The coupling is based on strong electrostatic
forces, respectively spin-orbit coupling. One refers to the internuclear axial components
of L and S as Λ and Σ. Their sum is given by Ω = Λ + Σ. L and S have two opposite
senses of precession (±Λ and ±Ω) leading to two degenerate levels. This degeneracy is
referred to as Λ-doubling andΩ-doubling and can be lifted. The further vector couplings
can be seen in the diagram. Good quantum numbers, which are a conserved quantity,
form a basis and diagonalize the Hamiltonian. In this case, good quantum numbers are
Λ, 𝑆, Σ, 𝐽,𝑀𝐽 . 𝑀𝐽 is the component of J in a space-fixed 𝑧-direction. Hund’s case (a) is
considered to be a good description of the coupling situation if 𝐴Λ ≫ 𝐵𝐽, where 𝐴 is
the spin-orbit coupling constant, and 𝐵 is the rotational constant. This condition is only
fulfilled for low 𝐽. [14]

2.2.2 Hund’s case (b)

A Hund’s case (b) is depicted on the top right of figure 2.2.1. In contrast to Hund’s case
(a), there is no or very weak coupling of S to the internuclear axis due to weak spin-orbit
coupling. Here, 𝐵𝐽 ≫ 𝐴Λ holds true. Consequently, Σ and Ω are not good quantum
numbers, as they are in case (a). The good quantum numbers in Hund’case (b) are
Λ, 𝑆,𝑁, 𝐽,𝑀𝐽 . For non-Rydberg states, Hund’s case (a) and (b) are the most common in
diatomic molecules. [14]
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2.2 Couplings of angular momenta

2.2.3 Hund’s case (d)

Hund’s case (d) is important when dealing with Rydberg states of molecules such as NO,
as it represents the case where the interaction between the highly excited electron and
the ionic core is very weak. Thus, the description of the rotational energy as given in
equation (2.8) is valid. The vector couplings are shown in the bottom part of figure 2.2.1,
N+ is coupled to L, resulting in the angular momentumN. In turn,N and S couple to
J. Due to the fact that L is not coupled to the internuclear axis anymore, the transition
from Hund’s case (b) to (d) is referred to as L uncoupling [17]. Good quantum numbers
are 𝐿, 𝑆,𝑁+, 𝑁, 𝐽,𝑀𝐽 .

N+ N+

N+

L L

L

J J

J

S

S

S

N

N

Λ Σ Λ

Ω

Hund’s case (a) Hund’s case (b)

Hund’s case (d)

Figure 2.2.1: TheHund’s cases (a), (b), and (d) which are relevant for the description
of NO, are illustrated in vector coupling diagrams. The figure is based on [14].
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2.3 Excitation of NO

𝜎s

𝜎∗s

2p

𝜎p

𝜋𝑥 𝜋𝑦

𝜋∗𝑥 𝜋∗𝑦

𝜎∗p

2s

2s

2p

Energy

ON NO

Figure 2.3.1: The molecular orbital diagram of the ground state of NO is shown.
On the left and right hand side are the atomic orbitals of nitrogen (N) and oxygen
(O). The figure is based on [18].

The previous sections introduced the rotational and vibrational structure, as well as
different angular coupling cases relevant to the description of NO. Now, the electronic
structure is considered. At first, we look at the molecular orbital diagram of the ground
state of NO in figure 2.3.1. It is important to note, that there is a single valence electron
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2.3 Excitation of NO

sitting in the antibinding 𝜋∗𝑥-orbital (𝜋∗2p). This is the electron that is excited to a Rydberg
state. This is in contrast to nitrogen (N2), which will be important for the discussion
later on. Here, the 𝜋∗𝑥 orbital is not occupied.

2.3.1 Labeling of a molecular state

Before heading to the excitation scheme, a short insight is given on the labeling of a
molecular state based on [13, 17].

One may label a state in two different ways. The first one is to consider the electronic
configuration. The labeling is done in the notation 𝑛𝑙𝜆𝑥. 𝑛 is the principal quantum
number, and 𝑙 is the angular momentum quantum number of the atomic orbital. The
labels of the molecular orbitals add an extra Greek letter 𝜆 which determines the basic
shape of the molecular orbital analogous to 𝑙 for an atomic orbital. A *-sign is added if
the orbital is antibonding, which means that the atomic wavefunctions overlap in a de-
structive way. The exponent 𝑥 states the number of electrons in the orbital. 𝜆 = 0, 1, 2, ...
orbitals are called 𝜎, 𝜋, 𝛿, ... and 𝑙 = 0, 1, 2, ... is referred to as s, p, d,... Thus, the electronic
configuration of the ground state NO is (1𝑠𝜎)2(1𝑠𝜎∗)2(2𝑠𝜎)2(2𝑠𝜎∗)2(2p𝜋)4(2p𝜋∗)1.

Labeling a molecular state is done in the notation

X 2𝑆+1Λ±
Ω . (2.17)

Ω is only assigned in Hund’s case (a), not in (b) and (d). It is important to note that
the ground state is usually labeled as «X». The following states are labeled in the order
of the alphabet. If a new state was discovered in between two states e.g. between the
states A and B, the latest discovered state will be labeled A’. Λ and Ω have already been
introduced in the previous section. 𝑆 describes the total electron spin and 2𝑆 + 1 is the
multiplicity. The exponent of Λ indicates the parity: +means, that the wavefunction is
symmetric when mirroring at a plane perpendicular to the internuclear axis, − describes
the contrary case.

It is appropriate to describe the ground state X 2Π of NO as aHund’s case (a) for low 𝐽 [19].
Due to the single electron in the 𝜋∗2p orbital the total spin S is 𝑆 = 1∕2. Consequently,
Σ = ±1∕2 andΛ = ±1. AsΩ = |Λ+Σ| holds, there are two values possible, i.e. Ω = 1∕2
and Ω = 3∕2.

Thus, NO has two distinct states arising from spin-orbit coupling, namely X 2Π3∕2 and
X 2Π1∕2. Since the splitting between the states is small and their population at room
temperature is quite similar, the X 2Π3∕2 state has been chosen for the experimental
investigations because there is more information available on the subsequent transitions
in the excitation scheme [20].
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2 Theoretical background of nitric oxide

2.3.2 Rydberg states

In the experiment, ground state molecules of NO are excited into a Rydberg state. The
latter one is a highly excited electronic state, where the electron has a high principal
quantum number 𝑛, and is thus, on average, comparably far away from the nucleus [21].
A small insight is given here, based on the hydrogenic energy level structure [22].

Since hydrogen consists only of one proton and one electron the calculation of the
energy levels of the valence electron is quite simple in comparison to particles with more
electrons or even more cores. According to the Planck postulate, the energy levels are
quantized. The energy levels in hydrogen are given by the Rydberg formula

𝐸𝑛 = −
𝐸𝑅
𝑛2

. (2.18)

The Rydberg constant for hydrogen is𝐸𝑅 ≈ 13.6 eV, 𝑛 is the principal quantumnumber.

Alkali atoms are the most similar to hydrogen, as they have also a single free valence
electron, besides the additional electrons in the closed shells. For a big distance 𝑟 of the
valence electron to the ionic core, the potential can be described by a Coulomb potential
like in hydrogen

lim
𝑟→∞

𝑉(𝑟) = − 𝑒
4𝜋𝜖0𝑟

. (2.19)

The nuclear charge is screened by the inner electrons, making the potential hydrogen-
like as the valence electron is effectively interacting with a single positive charge. 𝜖0 is
the vacuum permittivity and 𝑒 the elementary charge. In the other case, if 𝑟 → 0, the
valence electron of the alkali atom experiences the full nuclear charge 𝑍𝑒, instead of 1 ⋅ 𝑒
as in (2.19), with 𝑍 being the number of protons i.e. the nuclear charge number. The
probability of the valence electron being near the core decreases for higher principal
quantumnumbers 𝑛 and higher angular quantumnumbers 𝑙. To account for the situation
of a changed potential and energy decrease at a finite valence electron distance to the
core, the Rydberg formula (2.18) can be adapted by introducing an effective principal
quantum number 𝑛eff leading to

𝐸𝑛𝑙 = −
𝑅𝑦
𝑛2eff

, 𝑛eff = 𝑛 − 𝛿𝑛𝑙 , 𝑅𝑦 =
𝜇𝑒4

8𝜖20ℎ2
. (2.20)

Here, the quantum defect 𝛿𝑛𝑙 has been introduced. As noted in the index, it depends on
the quantum numbers 𝑛 and 𝑙 in this case. 𝑅𝑦 is the Rydberg constant, it is proportional
to the atom’s reduced mass 𝜇.

Basically, this description also holds for Rydberg molecules like NO, where the outer
electron is excited to a Rydberg state. The Rydberg state of NO is properly described in
Hund’s case (d) [10, 23]. Nevertheless one has to consider, that the Rydberg electron
has a small probability of being near the ionic core. Therefore, the quantum defects are
typically described in Hund’s case (b) in the first place. The quantum defect reads 𝛿(b)𝑙Λ .
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2.3 Excitation of NO

The known values are listed in table 2.3.1. One may convert the Hund’s case (b) to a
Hund’s case (d) description by a frame transformation, then the quantum defect is 𝛿(d)𝑙𝑁+

[23]. The index indicates the appropriate quantumnumbers. Amathematical description
of the Rydberg states in NO can be done by using a matrix diagonalization approach
with additional corrections from multi-channel quantum defect theory (MQDT), which
will be not introduced here.

Table 2.3.1: Hund’s case (b) quantum defects 𝛿(b)𝑙Λ of NO taken from [24].

Λ
0 1 2 3

𝑙

0 0.210
1 0.7038 0.7410
2 0.05 −0.053 0.089
3 0.0182 0.0172 0.0128 0.0057

Rydberg particles have some special properties. Their dependence on the principal
quantum number 𝑛 is given in the following [17]:

Binding energy ∝ 𝑛−2 ,
Energy spacing between two states ∝ 𝑛−3 ,

Orbital radius ∝ 𝑛2 ,
Polarizability ∝ 𝑛7 ,
Dipole momet ∝ 𝑛2 ,

Radiative lifetime ∝ 𝑛3 .

The Rydberg state of NO is 𝑛𝑙(𝑁+) X+ 1Σ+. This can be attributed by considering the
ground electronic state of the nitrosyl kation NO+, which is the ionic core of NO. This
has been done in [25]. The + sign in the exponent of the ground state X indicates the
positive charge of the NO ion. 𝑁+ is a good quantum number in Hund’s case (d) and
𝑛 is the Rydberg electron’s principal quantum number. Therefore, the Rydberg states
in the scope of this work are described as 𝑛(𝑁+) like in [20]. Other descriptions, e.g. in
[23], include the quantum number 𝑙.

2.3.3 Labeling and excitation scheme of NO

The excitation scheme of NO is based on selection rules. They can be deduced from the
transition dipole moment which is non-vanishing if the particular excitation is possible.
There are many different selection rules, however, only the selection rules and labeling
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2 Theoretical background of nitric oxide

relevant to understanding the excitation scheme will be introduced. Note, that we are
considering a heteronuclear molecule here.

The parity may be labeled as described in [26]. In the case of molecules with an odd
number of electrons like NO, the convention is that levels with parity +(−1)𝐽−0.5 are e
levels and levels with parity −(−1)𝐽−0.5 are f levels [26]. The selection rules are e↔ f if
∆𝐽 = 0 and e↔ e or f↔ f if ∆𝐽 = ±1. Note, that the parity may also be given as + or −
as introduced before. Here, + ↔ − holds.

An excitation where ∆𝐽 = 0, i.e. the quantum number 𝐽 does not change is referred to
as Q branch. Excitation on the rotational branch P changes the quantum number 𝐽 by
∆𝐽 = −1, while an R branch leads to ∆𝐽 = +1. Note, that ∆𝐽 = 𝐽 − 𝐽′ where 𝐽 is the
final and 𝐽′ is the initial state.

Furthermore, it is important to introduce the 𝐹𝑖 labeling. Levels with the same quantum
number 𝑁 may have different 𝐽 quantum numbers which results in a splitting which
is referred to as spin-rotation splitting. The level with lower energy is the 𝐹1(𝐽) series,
the series with higher energy is 𝐹2(𝐽). In Hund’s case (b) and for 𝑆 = 1∕2 the following
holds: 𝐽 = 𝑁 + 1∕2 in case of the 𝐹1(𝐽) series and in the other case 𝐽 = 𝑁 − 1∕2 which
is the 𝐹2(𝐽) series [14].

In this work, NO is excited to a Rydberg state by a three-photon excitation path using
continuous-wave (cw) laser systems. The excitation path is given in (2.21), where the
ground state is on the right and the final state on the left hand side

𝑛(𝑁+) ← H 2Σ+ ← A 2Σ+ ← X 2Π3∕2 . (2.21)

This convention is common in molecular physics and has also been established in
publications of this project’s group [20, 27].

Starting from the ground state X 2Π3∕2, which has been introduced in subsection 2.3.1,
NO is excited to the A 2Σ+ state. The transition wavelength is at around 226nm, which
is in the ultraviolet (UV) range of the electromagnetic spectrum [28]. The A 2Σ+ state is
described in a Hund’s case (b) [29].

Next, we excite to the H 2Σ+ state. The 𝑙-character of this state indicates the possible
𝑙 quantum number of the Rydberg states as the transitions are in principle based on
selection rules. The H 2Σ+ state has 38% s-character (𝑙 = 0) and 62% d-character (𝑙 = 2),
and is described best as Hund’s case (b) [30]. The transition wavelength is at 540nm,
thus in the green wavelength regime [31].

According to [17, 23], ∆𝑙 = ±1 holds. Thus, the Rydberg states have predominantly
quantum numbers 𝑙 = 1, 3 (p and f). We expect to see f-states as p-states dissociate
fast [23]. However, the selection rules are not strict due to the molecule’s complexity.
The final transition is the transition to a Rydberg state 𝑛(𝑁+), which has already been
discussed in the previous section. The Rydberg transition wavelength is between 835nm
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2.3 Excitation of NO

and 850nm, thus in the infrared regime. An explanation, of how the transition wave-
lengths are determined will be given in the next chapter. The accessible rotational series
with quantum numbers 𝑁+ depend on the rotational branches chosen for the lower
transitions.

A short insight into the excitation scheme of NO is given in the following. The excitation
scheme of NO reproduced after [20] is shown in figure 2.3.2. The explanations are based
on [17]. For lower states apostrophes in the exponent of the quantum numbers are
added.
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X 2Π1∕2(F1)
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Figure 2.3.2: The excitation scheme of NO including substructures is shown. The
ground (X), intermediate (A,H) and the Rydberg state (𝑛(𝑁+)) are labeled. Light
and dark colors indicate e and f parity. The parity is also indicated by the + and −
sign. Two excitation paths following the selection rules, leading to the excitation
of the 𝑁+ = 0, 2 series (right one), and the 𝑁+ = 1, 3 series (left one) are sketched.
The excitation scheme has been reproduced based on [20], which is in turn based
on [31–33].
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The rotational branches in the figure are labeled considering ∆𝐽, 𝐹𝑖 and the initial
quantum number 𝐽. Thus, 𝑃12(2.5) means, that ∆𝐽 = −1, the initial 𝐽 = 2.5, and 𝐹𝑖
changes from 𝐹1 to 𝐹2. The symmetry is described by the + and − sign, and the lighter
color of the lines represents parity e and the darker color is f, respectively.

The rotational branches of the two different excitation paths, depicted in figure 2.3.2,
allow the excitation to different Rydberg series. A simplified explanation for the accessible
𝑁+ accounting for the Hund’s cases, selection rules, and the state’s 𝑙-character is given
here. If the branches P12(2.5) for the first andR11(1.5) for the second transition are chosen,
the second intermediate state H 2Σ+ has the quantum number 𝑁 = 2. For the Rydberg
state,𝑁 = 𝑁++𝑙 ⇔ 𝑁+ = 𝑁−𝑙 holds. As already stated, the H 2Σ+ state has dominantly
𝑙 = 0, 2. Thus, 𝑁+ = 0 and 𝑁+ = 2 are accessible by this excitation path. Choosing the
rotational branches P12(3.5) and R11(2.5) leads to other two accessible rotational series,
namely 𝑁+ = 1, 3. The knowledge about the excitation path is important to understand
which states can be excited.
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2.4 Spectroscopic line broadening and shifts

2.4 Spectroscopic line broadening and shifts

2.4.1 Line shapes

Spectroscopic lines are not infinitely thin. Instead, different mechanisms contribute to a
line broadening. Moreover, a shift of the line can be observed. This section is based on
[34–36]. The width of the spectroscopic line is quantified by the parameter ∆𝜔, which
gives the full width at half maximum (FWHM) of the line.

Basically, one differentiates between two types of broadening. Homogeneous broad-
ening leads to a Lorentzian lineshape, inhomogeneous broadening typically results in
a Gaussian profile. While in the first case, all individual particles would lead to the
same spectrum, in the latter case, the particles in the system behave differently, which
means that the emission and absorption rate at a certain frequency 𝜔 is different for the
individual particles.

The intensity profile in the case of homogeneous broadening is

𝐼L(𝜔) =
𝐿

(𝜔 − 𝜔0)2 +
(∆𝜔L

2

)2 . (2.22)

By choosing 𝐿 = ∆𝜔L∕2𝜋 the intensity profile is normalized such that ∫
∞
0 𝐼L(𝜔) d𝜔 = 1.

∆𝜔L is the FWHM of the Lorentzian lineshape.

The description of a Gaussian profile is

𝐼G(𝜔) = 𝐺 exp (−
(𝜔 − 𝜔0)2

2𝜎2
) . (2.23)

Area normalization is done by choosing𝐺 = 1∕
√
2𝜋𝜎. The actual FWHMof theGaussian

lineshape is ∆𝜔G = 2
√
2 ln 2𝜎.

Oftentimes, if different types of broadeningmechanisms contribute to the overall linewidth,
a proper description of the lineshape is a Voigt profile which is the convolution of a
Gaussian and Lorentzian profile, i.e.

𝐼V(𝜔) = (𝐼G ∗ 𝐼L)(𝜔) . (2.24)

The linewidth of the Voigt profile to high precision is given by [37]

∆𝜔V ≈
1
2 (0.5346(∆𝜔L) +

√
0.2165975 (∆𝜔L)2 + 4(∆𝜔G)2) . (2.25)
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2.4.2 Broadening mechanisms

Now, different broadening mechanisms are introduced. An excited state has a radiative
lifetime 𝜏. This is the time the electron is in the excited state, before dropping to a
lower one while emitting light. Basically, for atoms, it can be calculated using Einstein
coefficients. Using the time–energy uncertainty relation ∆𝐸𝜏 ≳ ℏ and ∆𝜔 ∝ 𝜏−1 leads to
the natural linewidth,

∆𝜔life =
∆𝐸
ℏ

≳ 1
𝜏 . (2.26)

The natural broadening is homogeneous.

Particles in a system of finite temperature perform a random motion which is referred to
as a Brownian motion. We assign 𝜔0 as the transition frequency between the ground and
excited state in the rest frame of the particle. If we suppose that the particle is moving
on the 𝑥-axis with velocity 𝑣𝑥, the actual frequency 𝜔 detected by an observer is not 𝜔0,
but

𝜔 = 𝜔0 (1 ±
𝑣𝑥
𝑐 ) = 𝜔0 ± 𝑘𝑣𝑥 . (2.27)

The magnitude of the wavevector is 𝑘 = 𝜔0∕𝑐. If the particle is moving towards the
observer the + sign accounts for this situation and the frequency observed is 𝜔 > 𝜔0. In
the other case of a particle moving away, 𝜔0 < 𝜔 holds. This is referred to as the Doppler
effect. The velocity distribution which describes the amount of particles 𝑁 at a certain
velocity 𝑣𝑥 is a Maxwell-Boltzmann distribution

𝑁(𝑣𝑥) = 𝑁0 (
2𝑘𝐵𝑇
𝜋𝑚 )

1
2
exp (−

𝑚𝑣2𝑥
2𝑘𝐵𝑇

) , (2.28)

where 𝑁0 is the total amount of particles,𝑚 their corresponding mass and 𝑇 the temper-
ature. This leads to a Gaussian broadening with FWHM

∆𝜔Doppler = 2𝜔0 (
(2ln 2)𝑘𝐵𝑇

𝑚𝑐2
)

1
2
. (2.29)

Supposing that particles are moving perpendicularly to the laser beam, the interaction
time between the particle and the exciting laser beam is given by the transit time

𝑡transit = 𝑑∕𝑣𝑧 . (2.30)

Here, 𝑑 is the beam diameter and 𝑣𝑧 is the particle velocity perpendicularly to the beam.
Taking into account the Maxwell-Boltzmann distribution of velocity one can deduce the
FWHM of

∆𝜔transit = (
96𝑘𝐵𝑇 ln 2

𝑚𝑑2
)

1
2
. (2.31)
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If the transit-time 𝑡transit is shorter than the radiative lifetime 𝜏, the main contribution to
the linewidth is not 𝜏 but 𝑡transit.

Power broadening is homogeneous and occurs due to saturation in the absorption. Above
the saturation intensity 𝐼sat, contributions of power broadening to the line shape become
significantly dominating. The FWHM is given by

∆𝜔power = ∆𝜔life (1 +
𝐼
𝐼sat

)
1
2
. (2.32)

Also, the absorption and thus the peak value of the spectroscopic line at𝜔0 is decreased.

The broadening mechanism of main interest in the scope of this work is pressure broad-
ening. Basically, this can be explained by the fact that the energy levels of the particles
shift due to the collisional interaction between two particles. The FWHM is given by

∆𝜔collision = 𝑁𝜎𝑣 , 𝑣 = (
8𝑘𝐵𝑇
𝜋𝜇 )

1
2
. (2.33)

The particle density is 𝑁, 𝜎 is the collisional broadening cross section and the mean
relative velocity between the collisional partners is 𝑣. The reduced mass of the collisional
partners is𝜇. In the case of a Rydberg particle, i.e. a Rydberg atomormolecule interacting
with a collisional partner, which is referred to as the perturber, the collisional cross section
has three main contributions and is in total given by [38]

𝜎 = 1
2(𝜎el + 𝜎inel + 𝜎ion) . (2.34)

Here, only the Rydberg state and not the ground state contributes to the cross section,
thus the factor 1∕2 is introduced. The elastic scattering broadening cross section between
the Rydberg electron and the perturber is 𝜎el and 𝜎inel is the inelastic, respectively. The
collision between the Rydberg ion and the perturber is described by 𝜎ion. Further details
are given in the next section.

2.4.3 Collisional shift and broadening

This section is strongly based on [38]. Concerning Rydberg particles, onemay distinguish
two categories of collisional interaction. In the first case, the perturber is interacting
with the whole Rydberg particle. This is true for a long-range interaction. An example is
a charge-dipole interaction of the Rydberg particle with an ionic one, or a dipole-dipole
interaction of the Rydberg particle with another polar particle. This may be the case if
a NO molecule in a Rydberg state is interacting with another NO particle. The charge-
dipole interaction scales with 𝑉 ∝ 𝑟−2, for the dipole-dipole interaction 𝑉 ∝ 𝑟−3 holds.
The internuclear distance between the Rydberg particle and the perturber is 𝑟, and 𝑉
the potential describing their interaction.
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The other category of collisional interaction is of a shorter range. This is the case if the
perturber is a neutrally charged, non-polar molecule like N2. The Rydberg-perturber
interaction is a dipole-induced dipole interaction scaling with 𝑉 ∝ 𝑟−6, which is in
this case the longest range interaction [38]. Due to the scaling of the potential, it only
becomes significant for small distances 𝑟 between the collisional partners. An individual
interaction between the perturber N2 and the Rydberg electron respectively the Rydberg
ion core is possible [38].

Another differentiation can be done between elastic and inelastic collisions. In the case
of elastic collisions, the kinetic energy is preserved. Elastic collisions lead to a kinetic
energy exchange and not an exchange of inner energy between the collisional partners
as is the case for inelastic collisions. If e.g. the perturber is a ground state rare gas
atom, there are no available states due to the fact that their shells are fully occupied by
the electrons. Thus, scattering with the Rydberg electron is elastic. The kinetic energy
exchange is approximately given by [17]

∆𝐸 = 4𝑘𝐵𝑇
𝑣
𝑉 . (2.35)

The velocity of the Rydberg electron is 𝑣, the relative velocity of the rare gas atom and
Rydberg particle is 𝑉.

The situation becomes more complicated if the perturber is a molecule. Despite fully
occupied molecular orbitals like in N2, an inner energy exchange between the Rydberg
electron and the perturber may occur. Here, the Rydberg electron can lead to vibrational
or quadrupole-induced rotational transitions in the molecule by a resonant energy
exchange. Consequently, the state of the Rydberg electron changes as well, ionization is
also possible. This kind of collisional interaction is referred to as inelastic scattering.

While both elastic and inelastic collisions contribute to a broadening of the line, only
elastic collisions may lead to a line shift. This effect was first measured by Amaldi and
Segrè [39]. They observed a pressure-dependent shift of the spectroscopic line in the
alkaline sodium interacting with the perturber gas hydrogen and recognized that the
shift is nearly proportional to the concentration of the perturber gas. An explanation for
this observation has been given by Fermi [7].

The following discussion is based on [17, 40, 41]. The total energy shift 𝛿 due to elastic
collisions contains two contributions

𝛿 = 𝛿el + 𝛿ion . (2.36)

The first contribution 𝛿el relies on the elastic scattering of the Rydberg electron and the
perturber. The Rydberg ion and perturber interaction is given by 𝛿ion. The latter one
is based on polarization effects due to a dielectric screening of the Rydberg electron
by the perturber. Thus, the effect depends on the dielectric properties of the perturber.
However, it is small compared to the contribution 𝛿el. The overall result in Fermi’s paper
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2.4 Spectroscopic line broadening and shifts

leads to the following density dependencies of the shifts:

𝛿el ∝ 𝑁 , (2.37)

𝛿ion ∝ 𝑁
1
3 . (2.38)

The linear density dependency arising from the Rydberg electron-perturber scattering
is characteristically found in the impact regime [17]. Therefore, a brief overview of the
derivation based on [7, 40] is given, leading to the so-called Fermi shift. First of all, the
Schrödinger equation, including two different potentials is set up

(−
ℏ2

2𝑚∇2 +𝑈 +
∑

𝑖
𝑉𝑖)𝜓 = 𝐸𝜓 . (2.39)

The first term describes the kinetic energy of the Rydberg electron with mass𝑚. The
potential 𝑈 is the Coulomb interaction between the Rydberg electron and the ionic
core. The potentials 𝑉𝑖 are based on the interaction of the Rydberg electron with the
perturber particles. 𝑉𝑖 has a dominant contribution to the electron’s wavefunction
only at small distances between the perturber and the electron leading to irregularities
of the wavefunction 𝜓. The potential 𝑈 is changing slowly and thus assumed to be
constant. Now, the wavefunction 𝜓 is introduced, which is an averaged wavefunction in
an area small when compared to the de Broglie wavelength of the electron yet contains
a significant amount of perturbers [40]. Now, the Rydberg electron’s wavefunction is
denoted by 𝜓, which is regular. The approximation regarding the wavefunction is also
explained in figure 2.4.1. Themain steps of the calculation as described in [40] are shown.
The Schrödinger equation including 𝜓 reads

ℏ2

2𝑚∇2𝜓 + (𝐸 − 𝑈)𝜓 −
∑

𝑖
𝑉𝑖𝜓 = 0 . (2.40)

Next, one can assign
𝑢(𝑟) = (𝑎 + 𝑟)𝜓 (2.41)

with the scattering length 𝑎, leading to approximatively

(−
ℏ2

2𝑚)𝑢′′(𝑟) + 𝑉(𝑟)𝑢(𝑟) = 0 . (2.42)

Integration of equation (2.42) and considering equation (2.41) leads to

(2𝑚
ℏ2

)𝑉 𝜓 = −4𝜋𝑎𝜓 . (2.43)
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Now, one may replace the last term in equation (2.40) by

∑

𝑖
𝑉𝑖𝜓 = −2ℏ

2𝜋𝑎𝑁
𝑚 𝜓 , (2.44)

finally leading to the linear energy shift 𝛿el:

𝛿el =
2ℏ2𝜋𝑎
𝑚 𝑁 (2.45)

In the case of 𝑎 > 0 a blue shift occurs. This is the case for dominantly repulsive
interaction. In the other case, 𝑎 < 0 and a red shift of the spectroscopic line is observed.

Basically, what happened here, is an induced phase-shift of the Rydberg electron’s wave-
function due to the elastic scattering of the Rydberg electron and a perturber resulting in
a linear shift of the spectroscopic line.

a

V(r)

d

r⋅𝜓(𝑟)

r

(a+r)⋅𝜓

Figure 2.4.1: Illustration of the wavefunction 𝑟𝜓(𝑟) of the Rydberg electron (red)
and the interaction potential (blue) between the Rydberg electron and perturber
𝑉(𝑟). For 𝑟 > 𝑑 the potential 𝑉(𝑟) is very small and it is justified to introduce the
linear wavefunction 𝑢(𝑟) = (𝑎 + 𝑟)𝜓 (see equation (2.41)) with the constant 𝜓 as
has been done by Fermi. The scattering length 𝑎 is also indicated in the figure. The
illustration is based on [7, 20].
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2.5 Stark effect

2.5 Stark effect

The Stark effect describes the splitting and shift of energy levels caused by an electric
field. Quantum mechanically, it is based on the coupling of the dipole operator d with
the electric field F.

A calculation leading to the linear and quadratic Stark effect can be done using time-
independent perturbation theory. The derivation follows the explanation in [42], which
is based on the atomic Stark effect but can in principle be extended to molecules for
qualitative understanding. One starts by assuming a static and homogeneous electric
field along the 𝑧-axis. Thus, the electric field F = (0, 0, −𝐹𝑧)T, has only a component in
the 𝑧-direction leading to the scalar potential

𝜙(r) = −𝐹𝑧𝑧 . (2.46)

The full Hamiltonian isH=H0+H1. The unperturbed Hamiltonian isH0, whereasH1 is
the perturbation due to the electric field given by

H1 = −𝑒
𝐴∑

𝑖=1
𝜙(r𝑖) = 𝑒𝐹𝑧

𝐴∑

𝑖=1
𝑧𝑖 . (2.47)

Here, an atom with 𝐴 electrons is considered. Time-independent perturbation theory in
first order leads to

∆𝐸(1)𝑛 = 𝑒𝐹𝑧
⟨
Ψ𝑛

||||||||||

𝐴∑

𝑖=1
𝑧𝑖

||||||||||
Ψ𝑛

⟩
. (2.48)

The eigenstates of H0 are 𝜓𝑛. Onemay recognize that the energy shift scales linearly with
the electric field, thus this is referred to as the linear Stark effect. The matrix element is
non-vanishing if the eigenstates are degenerate. This may be the case in polar particles,
which have a permanent dipole moment [43].

The second-order contribution reads

∆𝐸(2)𝑛 = (𝑒𝐹𝑧)2
∑

𝐸𝑚≠𝐸𝑛

|||||
⟨
Ψ𝑛

|||||
∑𝐴

𝑖=1 𝑧𝑖
||||| Ψ𝑚

⟩|||||
2

𝐸𝑛 − 𝐸𝑚
. (2.49)

The eigenenergies of the non-degenerate eigenstates 𝜓𝑛 and 𝜓𝑚 are 𝐸𝑛 and 𝐸𝑚. The
energy shift is quadratically dependent on the electric field, which is referred to as the
quadratic Stark effect. One may write equation (2.49) in another way:

∆𝐸(2)𝑛 = −𝛼2𝐹
2
𝑧 , (2.50)
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2 Theoretical background of nitric oxide

where 𝛼 is the dipole polarizability. This indicates the fact, that the quadratic Stark effect
occurs due to polarization [43].

A so-called Starkmap is a visualization of the Stark effect, A theoretically simulated Stark
map of the Rydberg state 22(0) of NO, calculated via matrix diagonalization and MQDT
is plotted in figure 2.5.1. This is a common approach in order to include corrections due
to the quantum defect. The data is provided by Prof. Stephen Hogan and Dr. Matthew
Rayment from the University College London, which are cooperation partners of our
group. The 𝑥-axis in figure 2.5.1 shows the electric field 𝐹, while the 𝑦-axis is the energy.
It has been converted into a frequency unit that describes the Rydberg laser detuning,
similar to the experimental data presented later on. Note, that the detuning is given by
the ordinary frequency 𝑓 and not the angular frequency𝜔, which are related by𝜔 = 2𝜋𝑓.
The strength of the spectroscopic lines i.e. the character of the state is not included in
the plot of the Stark map for clarity.

The f (𝑙 = 3) and g (𝑙 = 4) state are labeled. High-𝑙 states (𝑙 > 4) are nearly degenerate as
can be seen in the figure. As soon as the energy levels approach each other in higher
electric fields, the slope of the line changes from a quadratic to a linear behavior. This
behavior is indicated with an arrow in the Stark map. The manifold of high-𝑙 states,
appearing to behave linearly, is referred to as the high-𝑙 manifold.
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Figure 2.5.1: Theoretically simulated Stark map of the Rydberg state 22(0). The
f- and g-state are marked. Here,𝑀𝑁 = 3. The data is provided by our cooperation
partners.
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2.5 Stark effect

A good quantum number describing the states that are split in the electric field is𝑀𝑁 .
This is the projection of the angular momentum vectorN to the 𝑧-axis in the laboratory
frame of reference [23]. For the simulation,𝑀𝑁 = 3 has been chosen. This is the highest
reasonable value 𝑀𝑁 can take. Considering the fact that mainly f-states (𝑙 = 3) are
accessible and 𝑁+ = 0, this leads to 𝑁 = 𝑁+ + 𝑙 = 3.
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3 Experimental setup and characteristics

3.1 Basic working principle

The working principle of the NO trace-gas sensor can be summarized in three main
steps. Figure 3.1.1 shows a sketch. In the first step, the gas mixture to be analyzed is
directed through the measurement cell. The gas mixture contains either pure NO or a
specific mixture of NO diluted in a background gas, in our case N2. Next, a three-photon
excitation to a Rydberg state using cw laser systems is done inside the cell. The excitation
path, as already explained in subsection 2.3.3, is

𝑛(𝑁+) ← H 2Σ+ ← A 2Σ+ ← X 2Π3∕2 . (3.1)

The transition wavelengths starting from the ground state are in the UV (≈ 226nm),
green (≈ 540nm), and infrared range (835nm - 850nm) of the electromagnetic spectrum.
In order to reduce Doppler broadening the UV beam enters the cell counterpropagating
towards the other two beams. A frequency stabilization on the UV and green transition
is required. Due to noise, a frequency change of the laser light away from the transition
frequency occurs and a long-lasting excitation to a Rydberg state will not be possible if
the UV and green laser’s frequency is not stabilized. The Rydberg laser finally leading to
the Rydberg state 𝑛(𝑁+) is detuned around the wavelength of the Rydberg state chosen.
Note, that not all NO molecules inside the cell are excited to a Rydberg state, but only
those which are inside the volume where all three laser beams overlap. Following this,
collisional ionization inside the cell occurs. The excited NO molecules collide with
other particles in the cell, namely other excited or ground state NO molecules, as well
as background particles. Thus, the NO molecule is separated into a nitrosyl kation
NO+ and an electron 𝑒−. The readout of the Rydberg signal is done electronically. The
measurement cell, also visible in figure 3.1.2, contains electrodes on the top and the
bottom. Applying a voltage yields an electric field inside the cell. Thus, the charges
are separated, and guided to the electrodes. A current is generated on the custom-
designed printed circuit board (PCB), which is glued on the top of the cell. The currents
detected are in the range between some pA to nA. To measure these small currents with
an oscilloscope, the electrical circuit on the PCB contains a transimpedance amplifier
(TIA), which converts the current into a measurable voltage. Note, that ionization and
electrical detection is not limited to the Rydberg state. The intermediate states can also
be electrically detected.
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1.

2.

3.

X 2Π3∕2

A 2Σ+

H 2Σ+

𝑛(𝑁+)

226 nm

540 nm

835 nm

𝑈offset

Figure 3.1.1: A sketch of the measurement principle is shown, which can be broken
down into three main steps. First, a gas mixture containing NO, indicated by a grey
arrow, enters the cell. Second, a three-photon excitation to a Rydberg state, as shown
in the top right takes place. Collisional ionization leads to a nitrosyl kation NO+ and
an electron 𝑒−. By applying a voltage between the electrodes on the top and bottom
of the cell, charges are separated and guided to the electrodes. The Rydberg signal
is measured with an oscilloscope after conversion of the current to a voltage by a
transimpedance amplifier (TIA). The figure has been taken and slightly adapted
from [44].
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Glass frame

Copper plate

PCB

Figure 3.1.2: Picture of the through-flow measurement cell. A custom-designed
printed circuit board (PCB) (green) is visible, which is glued on top in the middle
of the glass frame, including a TIA on its front and an electrode on its back side
pointing inside the cell. A copper plate (red) serves as the bottom electrode. The
axis of the laser beams is indicated with an arrow. Note, that the UV beam enters
the cell counterpropagating towards the other two beams.

One may deduce three main elements from the described working principle of the NO
trace-gas sensor. The first element is the laser setup containing the excitation laser
systems and the frequency stabilization realized in a separate setup. The second and
third elements are the gas mixing unit and the experimental measurement cell. These
elements will be introduced in the next sections.
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3.2 Laser setup

This section describes the experimental and technical background, in particular how the
molecular transitions in NO are driven using a special laser setup, including a frequency
stabilization of the lasers on the transition frequency. Additionally, an insight into the
power stabilization system used for the green and infrared laser beams is given.

3.2.1 UV laser system

As mentioned, the ground state transition A 2Σ+ ← X 2Π3∕2 requires a wavelength of
around 226nm. The whole UV system has beenmanufactured byM Squared Lasers. The
system is based on a Titan-sapphire (Ti:sa) laser which is used at an emission wavelength
of around 904nm, and an ouput power of up to 3.5W. The pump laser is a diode pumped
solid state (DPSS) laser with a maximum output power of 18W at 532nm. A small
fraction of the Ti:sa’s output is directed to a wavemeter to readout the wavelength and
another fraction is directed to the frequency stabilization setup, which will be introduced
later. The remaining power is guided to a so-called doubler, which is a bow-tie ring
cavity containing a lithium triborate (LBO) crystal leading to a frequency doubling of
the Ti:sa’s output, i.e. a wavelength in the range of 452nm. The output power of the
doubler may reach 1.3W. The output of the doupler is coupled into a quadrupler. The
quadrupler consists of a second ring cavity, here a Beta barium borate (BBO) crystal
is used for frequency doubling. Finally, UV radiation at 226nm has been produced
by frequency-quadrupling the Ti:sa’s emission frequency. The power of the UV beam
may reach 50mW. However, despite regular re-adjustments of the couplings, due to
degradation of the pump laser, an output power of 10mW to 20mW has been typical
during the time of this work, which finally decreased to less than 1mW. Unlike the other
laser beams, in the case of the UV beam, no power stabilization is employed, as the final
UV beam power at the cell would become even smaller. The 1∕𝑒2 beam waist of the UV
laser beam is about 940 µm [20].

3.2.2 Green laser system

For the second transition, H 2Σ+ ← A 2Σ+, a wavelength of around 540nm is necessary.
Here, a diode laser (Toptica DLPro) is employed. Its output wavelength is at around
1080nm. Like in the case of the Ti:sa, a small fraction of the output is directed to the
wavemeter and the frequency stabilization setup. In order to gain high power after
frequency doubling, the diode laser’s output is coupled into a ytterbium doped fiber am-
plifier with a maximum output power of 10W. Afterwards, a coupling into a periodically
poled lithium niobate (PPLN) crystal is done, which doubles the diode laser’s frequency
to a wavelength of around 540nm and reaches an output power of up to 1W. The 1∕𝑒2
beam waist of the green laser beam is about 640 µm [20].
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3.2.3 Infrared laser system

For the final Rydberg transition 𝑛(𝑁+) ← H 2Σ+ a second Ti:sa system by M Squared
is used. Although the experiment has its own infrared laser system based on a diode
laser and a tapered amplifier, the infrared Ti:sa system has been used in the scope of this
work. The big advantage of the Ti:sa system is its effortless tunability without having to
adjust the parameters of the system. The Ti:sa can be tuned in the relevant wavelength
range between 835nm and 850nm, allowing to excite different Rydberg states 𝑛(𝑁+). A
big advantage is the possibility to detune the emission frequency periodically in a range
of up to 30GHz. The frequency detuning or scan range is quite stable over time, thus
allowing us to measure Stark maps automatically. This will be explained later on in more
detail. As for the other laser systems, a small fraction of the laser’s radiation is sent to a
wavemeter and the frequency stabilization setup. The 1∕𝑒2 beam waist of the infrared
laser beam is about 1200 µm [20].

3.2.4 Power stabilization and regulation

For the laser beam’s power stabilization and regulation, aswell asmodulation, an acousto-
optic modulator (AOM) is used for the green and infrared laser beam. Laser modulation,
informally referred to as chopping, is necessary for the lock-in technique which will be
introduced later.

An insight into an AOM’s working principle based on [45, 46] in regard to the experimen-
tal setup is given here. As the name already suggests, the operation of an acousto-optic
modulator is based on an interaction between sound and light waves. This takes place
inside a transparent medium. The refractive index of the medium may be changed due
to stress periodically varied by a piezoelectric transducer producing acoustic waves. This
is referred to as the elasto-optical effect, leading to a moving phase grating. This optical
grating diffracts the incident light in different directions. The fraction of the light 𝐼1
diffracted in the first order, relative to the incident laser beam intensity 𝐼 is given by
[45]

𝐼1
𝐼 = sin2

∆𝜙
2 . (3.2)

The change in phase is ∆𝜙 = 𝑘𝐿∆𝑛, where 𝑘 is the magnitude of the wavevector and 𝐿 is
the light-sound interaction length. The change of the refractive index ∆𝑛 is proportional
to the sound wave’s amplitude [45]. Following this working principle, one can vary
the power transmitted in the zero mode through amplitude modulation based on the
piezoelectric transducer. An illustration of the power stabilization setup is visible in
figure 3.2.1. To filter out higher-order modes in the experiment, a pinhole is installed
right after the AOM. A small fraction of the light is sent to a photodiode after the pinhole,
allowing to track the power stability. Using a proportional-integral-derivative controller
(PID), which regulates the AOM based on the photodiode’s output signal, the laser power
can be stabilized to a certain setpoint. The setpoint must be below the lower bound of
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Figure 3.2.1: Illustration of the power stabilization setup.

the range in which the power is fluctuating, otherwise, the power cannot be stabilized
properly.

Power stabilization is necessary in particular for the infrared laser beam, as the Rydberg
laser is the one that is not stabilized to a specific transition frequency, but scanned. The
frequency detuning leads to power fluctuations which are compensated by regulating
the power via an AOM such that it is stabilized. The power stability provided by the
AOMs is tracked. One may set a power range in which fluctuations are acceptable. If the
power is out of range, the experimentalist is notified.

3.2.5 Frequency stabilization

Several kinds of fluctuations, like in temperature, current, air pressure and air mois-
ture, lead to a slight change of the laser’s emission frequency. The larger the emission
frequency shifts away from the actual molecular transition frequency, the fewer NO
particles can be excited on this transition. Especially the green transition is very narrow
(∆𝜔 ≈ 2𝜋 ⋅ 70 MHz at 1.1mbar [20]), and thus a frequency shift of several MHz will lead
to a vanishing Rydberg signal if the drifts are not counteracted. The time-scales of such
frequency drifts are small and may be in the order of some minutes. Thus, long-term
measurements of the Rydberg signal will not be possible, as the Rydberg signal’s ampli-
tude will decrease over time. Regarding the possible application of a breath-gas sensor,
it is also more user-friendly, if there is a mechanism that counteracts the laser’s drift and
tunes it back to the transition frequency automatically. The frequency stabilized lasers
are the UV and the green one. For the measurements performed, the Rydberg laser is
scanned. Locking the Rydberg laser to a specific wavelength will be important in the
future.

For the frequency stabilization or locking, a stabilization setup based on the Pound-
Drever-Hall (PDH) technique is used. A brief introduction based on [47] is given here.
A Fabry-Pérot interferometer is characterized by its free spectral range (FSR). The FSR
reads

FSR = 𝑐
2𝐿 . (3.3)
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The length of the cavity is𝐿. Light is only transmitted if its frequency is an integermultiple
of the FSR. Thus, one gets a frequency spectrum of equally spaced transmission lines at
intervals of the FSR. When the transmission is maximal, the reflected light is minimal.
The reflected signal is the one relevant to the PDHmethod. Below the resonance, the
derivative of the reflected intensity is negative, and above, it is positive. By slightly
modulating the frequency of the laser and looking at the change of the reflected intensity
one may conclude how the laser has to be tuned to be on a resonance again [47]. Based
on that and by demodulating the laser’s signal one can create an error signal. The error
signal provides the information necessary for a PID to give feedback to counteract the
frequency drifts.

The actual stabilization setup is built in such a way, that many different lasers can be
stabilized. First of all, a so-called reference laser is frequency stabilized by locking it to
a cavity peak of an ultra-low expansion cavity (ULE) and has been built and set up in
the scope of [48]. As the name suggests, the reference laser serves as a reference for the
Fabry-Pérot cavities, which are called transfer cavities. The estimated error due to small
fluctuations is ∆𝜔ref = 2𝜋 ⋅ 121 kHz [49]. Fractions of the reference laser’s beam are
directed to several transfer cavities. Each target laser has its own transfer cavity. Due to a
piezo element, which can slightly tune the mirror on one side of the cavity, its length can
be modulated. By doing so, one may stabilize the length of the transfer cavities to a cavity
peak of the reference laser. Now, small beam fractions of the lasers to be locked on the
molecular transition frequency are coupled into an electro-optical modulator (EOM) and
then directed through the transfer cavities. The frequency of the molecular transition
frequency is usually not an integer multiple of the cavity’s FSR. The EOMmodulates
the phase of the laser beam leading to two sidebands at 𝜔laser ± 𝜔EOM. Thus, the cavity
peaks in the form of sidebands and consequently the error signal can be tuned, such
that it is exactly at the position of the molecular transition frequency. Following that,
the lasers can be locked to the specific transition frequency. It is important to adjust the
values of the PIDs to obtain a stable lock. To keep track of the situation if the different
stabilizations are working, the transfer cavity’s transmission signals are recorded. If
the transmission signal drops, the experimentalist is notified. The overall experimental
procedure will be explained in a separate section. If the UV system and the green laser
system are frequency stabilized and the Rydberg laser is the one detuned around the
Rydberg transition, the estimated error of the frequency axis is 2𝜋 ⋅ 2.5MHz [20].
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3.3 Gas mixing setup

The gas mixing unit allows the creation of a defined gas mixture of NO and N2 by setting
a specific gas flow using mass flow controllers and reach a stable pressure inside the
measurement cell using valves. Pressure control is important. In order to lock the UV
laser system on the molecular transition, the pressure inside the cell has to be set to
around 1mbar, otherwise the voltage signal gained by collisional ionization is too small
for a precise locking compared to the recorded background noise. On the other hand,
to measure a Rydberg signal, for e.g. a Stark map, the pressure should be one to two
orders of magnitude smaller to reduce collisional broadening. There are pressure gauges
installed at the inlet and outlet of the cell. By adjusting butterfly valves one may set
these pressures to nearly the same value, to minimize the pressure gradient and allow
one to state, that the actual pressure inside the cell is the average of these two pressure
values. There are two external gas inlets available, an NO and an N2 gas bottle can be
separately connected to the setup. Gas mixtures of different gases like NO and N2 in
a specific proportion can be produced using mass flow controllers (MFC). The MFCs
set the gas flow, thus enabling to control the pressure inside the cell in a precise and
possibly automatic way. Experiments with gas mixtures of NO and N2 are interesting
from a physical point of view, as will be seen in the next chapter. However, N2 is the
main ingredient of human breath. Thus, pre-tests regarding the realization of a breath
gas sensor can be done. The pressure and density of the gas inside the cell is given by
the ideal gas law to a good approximation

𝑝 = 𝑁𝑘𝐵𝑇 . (3.4)

The pressure is 𝑝, the gas density is𝑁, the Boltzmann constant is 𝑘𝐵 and the temperature
inside the lab is about 𝑇 = 293K. The gas mixing setup has been described in-depth in
[50].

3.3.1 Mass flow controllers

There are four MFCs and each of them has a different flow range which is given in
standard cubic centimeters per minute (sccm). The MFCs with a maximum flow of
50 000 sccm and 2000 sccmwere not in use in the scope of this work and their connection
to the inlet gas line has been closed off by valves. However, the MFCs in use have the
following properties:

Table 3.3.1: Flow properties of the two MFCs used

Maximum flow (sccm) Minimum flow (sccm)
5 0.1
100 1.6
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3.3 Gas mixing setup

For a high gas mixture precision the overlap of the flow rates of both MFCs should be at
least 20% [50].

3.3.2 Pump system

The pump system contains a turbo pump and a diaphragmpump. If only the diaphragm is
turned on, a pressure of about 8mbar can be reached inside the cell. The additional turbo
pump leads to a pressure in the range between 10−5mbar and 10−4mbar. Performing an
experiment with NO gas mixtures, one may set stable pressures in the range between
10−3mbar and 1.5mbar using the butterfly valves and the MFCs. By partially closing
the butterfly valve in front of the cell, one may regulate the inlet flow of the cell. Using
this valve one may set how much of the gas mixture is actually going into the cell and
how much is going directly to the turbo pump. Another butterfly valve after the cell’s
outlet allows the control of the fraction of gas directed to a thin throttling line which
reduces the flow to the pumps. Both valves are adjusted, such that the inlet and outlet
gauges show similar values. Finally, a stable pressure inside the cell is achieved.

3.3.3 Experimental details

For measurements with pure NO, only theMFCwith a maximum flow of 5 sccm is in use.
The valve connecting the other MFC to the other gas inlet is closed to reduce background
gas flow due to leakage. The 100 sccmMFC pipe is opened only if experiments including
N2 are done. The pressure should stay below 1.5mbar to not damage the turbo pump.
If the butterfly valves are fully open, this threshold is approached at a gas flow above
90 sccm. To access higher pressures the procedure is the following: The valve at the
outlet of the cell is closed. Then the cell is filled with the gas mixture to a certain pressure
and the MFCs are closed. Now, the valve in front of the cell is also closed and a stable
pressure inside the closed cell is reached. Thus, measurements can be run with pressures
above 1.5mbar. Afterwards, the inlet and outlet valves are re-opened, and the cell is
evacuated.
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3 Experimental setup and characteristics

3.4 Experimental measurement cell

The heart of the setup is the measurement cell including the electrodes and the PCB
with a TIA. A picture is shown in 3.1.2. The main considerations when designing the
cell were mainly a homogeneous electric field, low noise and fast feedback of the TIA.
The design of the PCB is based on a cooperation with the Institute of Smart Sensors (IIS)
at the University of Stuttgart.

The glass cell is made of borosilicate for technical reasons. Since borosilicate absorbs
UV light, quartz windows are used, such that the UV beam may enter the cell. On the
top of the cell, the PCB board is glued. It includes a TIA on the top, and on the PCB’s
bottom side an electrode pointing inside the cell is glued. The bottom side electrode is a
copper plate. The homogeneity of the electric field is supposed to be provided by a big
electrode area which is 472mm2 and a small electrode distance of 0.84 cm. In order to
reduce environmental noise detected by the TIA, the upper electrode is divided into an
inner and an outer section by a guard ring. However, the potential is the same in both
sections thus preventing leakage currents. Only the charges bumping into the inner
area are detected by the electric circuit and the TIA. The inner area is just above the
excitation volume, so the larger amount of charges is supposed to bump into the inner
and not the outer section. Due to the fact that only the inner area is connected to the
TIA, environmental noise collected through the big electrode is reduced. The voltage
measured, according to Ohm’s law is

𝑈out = 𝑅TIA ⋅ 𝐼 . (3.5)

The feedback resistance of the TIA is 𝑅TIA = 1GΩ. Thus, an output voltage of𝑈out = 1V
would correspond to a detected current of 𝐼 = 1nA. A more in-depth description of the
electrical circuit is given in [20]. Additionally, we have to take the rise and fall time 𝜏TIA
of the TIA into account. A more detailed description is given in the next subsections.

3.4.1 Electric field

The electric field 𝐹 of a plate capacitor in the ideal case is given by

𝐹 = 𝑈
𝑑
. (3.6)

Here, 𝑈 is the offset voltage applied between the electrodes, and 𝑑 is the electrode
distance. An analysis of the actual electric field inside the cell has been done in the
scope of a Bachelor’s thesis [51]. Despite non-linearities of the electric field inside the
cell due to surface and space charges, equation 3.6 holds to a good agreement. This is
supported by the fact, that it was possible to align theoretically calculated Stark maps to
measured ones, see section 4.2. For the Stark maps measured, as well as for all other
measurements, an electric field according to (3.6) has been supposed.
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3.4 Experimental measurement cell

3.4.2 Electronic limits due to the TIA

There are some experimental parameters, which are directly linked to the aforementioned
rise and fall time 𝜏 of the TIA. It is crucial to know the electronic limits, otherwise the
experimental results may be falsified.

The TIA can be described as a passive low-pass filter in first order. In this case the output
voltage, if there is an instantaneous current signal input to the TIA is [52, 53]

𝑉(𝑡) = 𝐴 ⋅ (1 − exp (−
𝑡 − 𝑡0
𝜏rise

)) + offset , (3.7)

including the rise time 𝜏rise and the amplitude 𝐴. Here, 𝑡0 ≤ 𝑡 ≤ 𝑡1 holds. The signal’s
drop is described by

𝑉(𝑡) = 𝐴 ⋅ (exp (−
𝑡 − 𝑡1
𝜏fall

)) + offset , (3.8)

including the fall time 𝜏fall and 𝑡 > 𝑡1. 𝜏rise is the time it takes that the TIA’s output signal
has increased from 10% to 90% of 𝐴. 𝜏fall describes the time vice versa. To determine the
average of the rise and fall time, the UV and green laser system has been locked to the
transition. Via the AOM the green laserbeam’s power is periodically highly reduced and
the TIA’s output voltage is measured. An average value of 𝜏 = 121 µs has been extracted
from fits (equation 3.7 and 3.8) to the output signal [52].

In the scope of a Bachelor’s thesis [52] the investigation and optimization of parameters
has been done based upon the usage of a lock-in amplifier. The lock-in amplifier has been
introduced to improve the signal-to-noise ratio (SNR). The working principle of a lock-in
amplifier is based on a periodic modulation of the measurement signal, multiplied by a
reference signal of the same frequency. Afterwards, the signal passes a low-pass filter,
finally leading to a DC output signal. The SNR is a characteristic quantity to describe
the quality of the signal. The modulation, i.e. chopping of the green or infrared laser
beams, is done via the AOMs. Despite the fact, that the modulation of the infrared laser
beam leads to a marginally better SNR, the green laser beam is the one chosen for the
power modulation procedure in the experiment. The Rydberg laser is the one scanned
during the measurements. Power fluctuations of up to 50% are observed without power
stabilization through the AOM. Proper power stabilization and modulation at once is
more challenging and at this point not needed. Modulating the Rydberg laser beam
might be a good option if the Rydberg laser is locked to a specific transition frequency.

The state of choice for the investigation of the experimental parameters was 22(4), specifi-
cally the central line of the high-𝑙manifold, which has been fitted, and thewidth extracted
[52]. The first important parameter based on 𝜏 is the scan velocity of the laser. This
parameter has to be chosen properly based on the TIA’s time constant 𝜏, regardless of
whether the lock-in is used or not, as this may alter the lineshape if the scan velocity is
too high. In this paragraph, the results including a lock-in are presented. Scan velocities
between 0.1GHz s−1 and 1.6GHz s−1 did not lead to significant line broadening. The
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3 Experimental setup and characteristics

first crucial parameter of the lock-in is the time constant. Time constants up to 10ms
at a scan velocity of ≈ 0.7GHz s−1 do not lead to a line broadening of the measured
peak. Despite a marginal broadening, 30ms is the time constant of choice, due to the
best SNR. Here, the reference frequency chosen is 475Hz. An upper bound can be
estimated to be 826Hz, however, a bigger chopping frequency leads to a loss in the
signal’s amplitude. The lock-in’s low pass filter slope is set to 18 db oct−1. The sensitivity,
which is basically an amplification factor of the lock-in’s output signal, has to be adjusted
during the measurements depending on the signal’s amplitude to prevent reaching the
lock-in amplifier’s output limit leading to a saturation of the output signal. Based on
these results, the lock-in has been used for the final experimental measurements.
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3.5 Experimental procedure

This section summarizes the steps to perform NO Rydberg signal measurements, based
on the aforementioned introduction to the whole experimental setup. Therefore, first of
all, an insight is given on how the knowledge of the transition wavelengths is extracted.
Based on the chosen transitions the UV and green laser are locked and the measurement
is set up. The procedure is described in a subsection. Finally, an insight is given on the
measurement data evaluation.

3.5.1 Calculation of the transition wavelengths

As a recap, our Rydberg excitation path reads

𝑛(𝑁+) ← H 2Σ+ ← A 2Σ+ ← X 2Π3∕2 . (3.9)

The calculation of the wavelength of the first transition A 2Σ+ ← X 2Π3∕2 for different
rotational branches has at first been done via PGOPHER [28] using constants from
[54] and then adjusted during the locking procedure. Information considering the
wavelengths of the branches on the intermediate transition H 2Σ+ ← A 2Σ+ can be
extracted from the paper of Ogi [31]. In order to get the wavelengths of the Rydberg states
𝑛(𝑁+) some calculations have to be performed. Based on the deduced equation (2.16) for
the rovibrational spectrum, the energy of the NO Rydberg states can be calculated. The
vibrational terms in equation (2.16) can be neglected as 𝑣 = 0 dominates. The electronic
contribution is calculated based on the Rydberg formula (2.18). The final equation reads
[23]

𝐸(𝑛, 𝑁+)
ℎ𝑐

= 𝑊+ + 𝐵+NO𝑁
+𝑁+(𝑁+ + 1) − 𝐷+

NO (𝑁
+(𝑁+ + 1))2 − ℎ𝑐

𝑅NO
𝑛2

. (3.10)

The effective principal quantum number has been set to 𝑛 as the quantum defects are
not relevant for this determination. Here, the specific molecular constants of NO have to
be inserted in units of the wavenumber. 𝑊+ is the absolute ionization threshold which
depends on the branches chosen for the lower transitions. It has been experimentally in-
vestigated in [20]. 𝐵+NO is the rotational constant, 𝐷

+
NO the centrifugal distortion constant

and 𝑅NO is the Rydberg constant of NO. Based on equation (3.10) the wavelengths of
different Rydberg states 𝑛(𝑁+) can be calculated. The full derivation of the calculation
is given in [20]. A summary of the wavelengths of the different rotational branches the
lasers have been locked to is given in the following tables 3.5.1 and 3.5.2. The waveme-
ter’s readout error is included. However, the actual readout of the wavemeter is the
wavelength of the laser’s output and not the one after the frequency quadrupling (UV
system) or doubling (green system).
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Table 3.5.1: The table shows the transition wavelengths of different branches of
the UV transition the lasers have been locked to in order to access different 𝑁+

series, gained from the wavemeter’s readout after locking to the molecular transition
including the wavemeter’s uncertainty.

Excitable 𝑁+ A 2Σ+ ← X 2Π3∕2 wavelength (nm)
0&2 P12(2.5) 226.9145(4)
1& 3 P12(3.5) 226.9356(4)
2& 4 P12(4.5) 226.9538(4)
3& 5 P12(5.5) 226.9695(4)
4& 6 P12(6.5) 226.9823(4)

Table 3.5.2: The table shows the transition wavelengths of the second transition.

Excitable 𝑁+ H 2Σ+ ← A 2Σ+ wavelength (nm)
0&2 R11(1.5) 540.3580(12)
1& 3 R11(2.5) 540.3889(12)
2& 4 R11(3.5) 540.4232(12)
3& 5 R11(4.5) 540.4584(12)
4& 6 R11(5.5) 540.4936(12)

3.5.2 Setting up the measurement

Setting up a measurement requires different steps, which are basically the same for all
kinds of measurements of the Rydberg signal. The procedure of locking the lasers has
been discussed in section 3.2.5 and can be broken down into five main steps until a
Rydberg signal is gained and a measurement run can be started.

1. Stabilization of the reference laser’s frequency.

• A stable reference lock is essential, otherwise, all other locks are likely to
drop. The optimal parameters are based on [49].

2. Stabilization of the transfer cavities’ length.

• There are in total 3 transfer cavities to be stabilized, one for each laser system.
• Even though the Rydberg laser’s output frequency is not stabilized, its transfer
cavity’s length is locked as the transmission peaks of the Rydberg laser passing
through the cavity are used to derive a frequency axis.

3. Lock the UV laser system on the molecular transition frequency.

• The pressure inside the cell is set to ≈ 1mbar, as well as a high electric field
of at least 10V/cm in order to gain a good visible measurement signal on the
oscilloscope in terms of SNR.
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• The UV laser’s frequency is periodically detuned around the transition fre-
quency of the branch chosen and using the EOM a sideband peak is shifted
to the position of the molecular transition.

• Using a PID and the stabilized transfer cavity the UV laser system’s frequency
is locked.

4. Lock the green laser system on the molecular transition frequency

• Same procedure as for the UV laser frequency stabilization.
• One may switch to the lock-in amplifier and chop the green transition or
continue using the TIA’s output to gain the measurement signal on the oscil-
loscope.

• Due to the narrow linewidth the sideband has to be shifted very precisely.
• After frequency stabilization, the laser power is stabilized via an AOM.

5. Tune the Rydberg laser to the Rydberg state chosen.

• The pressure inside the cell is reduced to several tens of µbar. The electric
field is set to about 1V/cm to avoid splittings due to the Stark effect when
searching for the signal and setting the scan range.

• The Rydberg laser is scanned continuously in a sawtooth function-like man-
ner, around the transition frequency. The Rydberg laser’s scan range and
velocity are set.

• Power stabilization is done via the AOM.

Now, a measurement run can be started. Different measurement scripts, which have
been written in Python, are used to automatize the measurement run in large parts. The
script may control parameters like the offset voltage of the electrodes and the flow of
different MFCs. During a measurement run, one of these parameters is changed by the
script by a specific step size and up to a certain limit. Furthermore, the script reads out
and saves the data recorded by the oscilloscope, as well as parameters of the lock-in
amplifier, the values of the pressure gauges, and the wavelengths of the lasers on the
wavemeter.

The data recorded by the oscilloscope is the measurement signal, which is either the
direct output of the TIA or if the lock-in is used, the lock-in amplifier’s output. In this
case, the lock-in amplifier’s parameters are readout and recorded by the script too. These
are the phase, the sensitivity, the integration time, the low-pass filter slope, and the
reference frequency. The sensitivity is important for the back-calculation of the TIA’s
output. Besides the measurement signal, the transmission peaks of the Rydberg laser
for the frequency axis generation, and the laser’s trigger is recorded by the oscilloscope.
Recording the laser’s trigger signal is not necessary, but is done to review if the whole
Rydberg laser scan has been properly depicted on the oscilloscope. The script works
in that way that the experimental parameter investigated is set, and then a single trace
including the aforementioned parameters is recorded. Afterwards, the experimental
parameter is changed and a single trace is recorded again until the upper limit of the
parameter is reached or a lock drops. In this case the script stops. Here, themeasurement
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data of one single Rydberg laser scan over the whole scan range set in the Rydberg laser’s
interface is referred to as a single trace.

Of course, one may also record individual single traces for test purposes, and the whole
frequency stabilization is only necessary for long-term measurement runs. In this case,
theUV and green laser systemhave to be re-adjusted regularly by hand to thewavelengths
given in the tables 3.5.1 and 3.5.2 to counteract the decrease of the Rydberg signal over
time.

3.5.3 Data evaluation

The data measured by the oscilloscope is the time and the voltage. Despite the fact, that
onemay set a constant scan range and scan time of the Rydberg laser, onemay not assume
that the Rydberg frequency detuning is linear and thus the time to frequency conversion
is therefore not linear as well. In order to gain a frequency axis, the transmission cavity
peaks of the Rydberg laser’s signal recorded are used. Since the transfer cavity’s length
is stabilized and its FSR is known, the transmission peaks recorded by the oscilloscope
during one Rydberg laser scan can be used for the evaluation procedure. The evaluation
has been implemented in a Python script, and described in more detail in [20]. The
script’s function is based on finding the positions of the cavity peaks on the time axis
and fitting the found positions using a polynomial function of the third order. The
algorithm is optimized in such a way, that slight changes in the laser’s scan as well as
small fluctuations in the length of the transfer cavity are considered in the frequency axis
generation if several single traces with different pressures or electric fields are recorded
in a long-term run. This means that the cavity peaks are tracked and aligned. Finally,
the frequency axis is based on the Rydberg scan range which contains all the same cavity
peaks in the time domain of all single traces. Thus, the actual frequency range shrinks
due to cutting the upper and lower bound regions of the laser’s scan. Note, that the
frequency axis is not absolute, but describes the frequency detuning of the Rydberg
laser. The current detected is calculated via Ohm’s law (3.5). If the lock-in is in use, the
sensitivity gives information on the additional conversion factor to the actual TIA signal.
The electric field is calculated based on the formula of an ideal plate capacitor (3.4.1) and
the gas density may be calculated via the ideal gas law (3.4). Finally, the Rydberg signal
is smoothed by a Savitzky-Golay filter in an appropriate way, such that the lineshape is
not negatively affected and thus, further evaluation steps which will be described in the
appropriate chapters can be done with less computational capacity.
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This chapter gives an overview on the main results gained in the scope of this work.
Details on the common experimental realization were given in the last chapter. The
results can be broken down into two main topics, namely the investigation of collisional
shifts and broadening of Rydberg states of NO, as well as the investigation of the Stark
effect. Both investigations are interesting in terms of the realization of a trace gas sensor,
as well as from a physical point of view.

4.1 Collisional shift and broadening

The results explained in this section have already been published in [55] and discussed
elaborately in [20]. Regarding the realization of a trace-gas sensor of NO a high se-
lectivity is necessary. This is ensured by the three-photon excitation scheme using cw
laser systems. On the other hand, different broadening mechanisms as introduced in
subsection 2.4.2 may contribute to a broadening of the spectroscopic line. Gas den-
sity dependent measurements allow us to determine a region, where the collisional
broadening contribution is sufficiently small, ensuring a high selectivity and excitation
efficiency. Furthermore, due to elastic collisions, the Rydberg line may experience a
density dependent shift. This is an effect one has to pay attention to if the trace gas sensor
is operating at different pressures while the Rydberg transition is locked. The latter one
will be done in the future. The gas mixing setup allows to set different pressures inside
the measurement cell, and mix NO and N2 in different concentrations making this kind
of investigation possible. The results can be explained based on the Fermi shift [7] and
compared with similar investigations from other groups [8, 9].

4.1.1 Pressure dependent measurement procedure

The parameters and measurement procedure used for the investigation are based on
good experience and previous investigations. The general experimental procedure has
already been explained in the previous chapter in subsection 3.5.2. For the pressure
dependent investigations, the lasers have been locked to the P12(6.5) branch for the
UV transition and the R11(5.5) branch for the green transition, thus allowing to excite
Rydberg states 𝑛(𝑁+) in the𝑁+ = 4 and𝑁+ = 6 rotational series. The green transition is
modulated to improve the SNR. The lock-in amplifier’s parameters have been explained
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in section 3.4. The lock-in amplifier’s time constant is set to 30ms, while the scan velocity
of the Rydberg laser is set in the interface to 13GHz in 19.9 s. These parameters have no
significant impact on the lineshape in terms of broadening. Different states 𝑛(𝑁+) have
been chosen for the investigation. The Rydberg line of interest is the central line of the
high-𝑙 manifold which is not much shifting when applying different electric fields. The
voltage between the electrodes of the cell is set to −10V, leading to an electric field of
approximately −11.9Vcm−1, causing a Stark splitting that allows to separate the central
line. The Rydberg laser is periodically detuned around the central line of the high-𝑙
manifold of the Rydberg state chosen.

In the case of pressure-dependent measurements with pure NO, only the MFC with a
maximum flow of 5 sccm is used. In the beginning, the flow is set to about 1 sccm, and
the butterfly valves are adjusted such that the inlet and outlet pressure gauges show
similar values. The pressure at the beginning of the measurement run is set to a value
roughly at 10 µbar. Here, a sufficiently good signal in terms of SNR is gained, in order to
do the Rydberg line fitting routine which is described later.

In the case of measurements with NO and N2 the 100 sccmMFC is used to set the flow of
N2. In the beginning, the flow of NO is set to 0.2 sccm and for the other MFC controlling
the flow of N2, the latter one is set to 1.6 sccm. The valves are adjusted such that a total
pressure of roughly 0.2mbar inside the cell is reached and a good visible Rydberg signal
is observed.

The measurement run is performed in an automatic way using a Python script as de-
scribed in subsection 3.5.2. The gas density inside the cell is increased by increasing the
MFC’s flow. The step size chosen depends on the alignment of the valves. In the case
of measurements with pure NO, if the MFC’s maximum flow is approached, the mea-
surement run is stopped. The MFC’s flow is set to a lower value now, and the valves are
adjusted such that higher pressure ranges can be reached. In the case of measurements
including N2 the flow of NO is kept constant, and only the flow of N2 is increased. The
flow values of the MFCs are important to readout in this case, in order to be able to trans-
late the total pressure to partial pressures of NO and N2. After the script sets a specific
flow of the MFC, the oscilloscope is set to wait 45 s to ensure a stable pressure inside the
cell before acquiring the channels. Afterwards, the signals and experimental parameters
as described in subsection 3.5.2 are saved automatically. The whole measurement run
consists of several single traces with different gas densities.

During the measurement run, the lock-in amplifier’s sensitivity is constantly adjusted.
If a pressure of over 1.5mbar is reached, the script interrupts the measurement and
sets the MFC’s flow to zero. If the lock of the Rydberg laser’s transfer cavity is lost, the
whole measurement run has to be repeated. The whole measurement run takes up to
two hours.

Besides the aforementioned investigation of the Rydberg line, the green transition has
also been investigated in terms of pressure dependency for pure NO. Here, only the UV
laser system has been locked, and the green transition has been the one scanned.
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For the pressure dependent measurements, the mean intensity of the UV laser beam
has been about 1.8mW/mm2. The intensity of the green laser beam has been about
480mW/mm2, and the intensity of the infrared laser beam has been in a range from
47mW/mm2 to 66mW/mm2.

4.1.2 Evaluation

The overall evaluation routine to gain the current detected and the frequency axis in
terms of the detuning of the Rydberg laser has already been explained in subsection 3.5.3.
Exemplary, a single trace of a measurement run is shown in figure 4.1.1. Here, the high-𝑙
manifold of the state 22(6) is visible. The plot shows the current detected depending on
the Rydberg laser detuning at a pressure of 150.5µbar. Note, that the frequency is the
ordinary frequency 𝑓 and not the angular frequency 𝜔, which are related by 𝜔 = 2𝜋𝑓.
The central line, which also has the highest peak value, is well visible and marked in the
plot.

For the purpose of extracting the peak position and the width in terms of FWHM of
the central line, a fitting routine has been established. The function used to fit the
measurement data of the central line is the Voigt function 𝑓V(∆𝑓) as defined in equation
(2.24) and a polynomial function P2(∆𝑓) of second order accounting for the baseline

𝑓fit(∆𝑓) = 𝑓V(∆𝑓) + P2(∆𝑓). (4.1)
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Figure 4.1.1: An evaluated single trace of the pressure measurement run of the
state 22(6) with pure NO showing the current detected depending on the Rydberg
laser detuning. The central line is marked with a red box.
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Figure 4.1.2: Zoom-in to the central line of the single trace shown in the figure
4.1.1. A Voigt function including a polynomial function of second order to account
for the baseline is used to fit the measured Rydberg signal.

Although collisional broadening is supposed to be homogeneous, the Voigt function
leads to the best fit results. An example of a fit based on equation (4.1) is shown in
figure 4.1.2. Here, a zoom-in to the central line of the single trace in the figure 4.1.1 is
shown. Note, that the neighboring peaks are fitted as well for checking purposes, but no
further evaluation is done for the side peaks. All single traces of the measurement run
are evaluated in this way, and the FWHM and the peak positions of the central line are
extracted. The boundaries and initial peak positions are set manually for a single trace.
Based on that, the fitting routine for all traces is done automatically.

The FWHM of the central lines of all single traces of the state 22(6) depending on
the density of NO is depicted in figure 4.1.3. The pressure to density conversion is
done via the ideal gas law as described in equation (3.4). Note, that in the case of
measurements with both NO and N2, the partial pressure of N2 is calculated based on
the total pressure recorded and the flows of both MFCs. Now, the data points of the
FWHM at different background gas densities are fitted. In the exemplary case shown
before the background gas is NO itself. According to equation (2.33), a linear behavior
of the collisional broadening is expected. However, there are additional contributions to
the linewidth, see subsection 2.4.2. Concrete values of the different contributions are not
known. An offset taking care of the residual broadening is included in the fit function

𝑓fit, FWHM(𝑁) =

√

off 2 + (FWHM
𝑁 ⋅ 𝑁)

2
. (4.2)

The linear behavior of the collisional broadening is encoded in the broadening rate
FWHM ⋅ 𝑁−1 which is the fit parameter of interest. The fit to the FWHM of the state
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Figure 4.1.3: The FWHM extracted from the measurement and fitting run of the
state 22(6) with pure NO. The error bars show the uncertainty arising from the
pressure gauges.

22(6) is also shown in figure 4.1.3.

For the shifts of the peak of the central line the evaluation is similar. The frequency shift
𝛿 of the central line’s peak is relative to the mean peak position of the traces taken at
the lowest pressures. Here, the fit function is based on the Fermi shift (equation (2.45)),
which also scales linearly with the background gas density leading to the fit function

𝑓fit, 𝛿(𝑁) =
𝛿
𝑁 ⋅ 𝑁 . (4.3)

Here, the fit parameter of interest is the shift rate 𝛿 ⋅ 𝑁−1.

As already mentioned, an additional measurement has been done where the UV laser
system has been locked and the green one has been the one periodically detuned around
the transition. Here, the fit function for the FWHM of the H 2Σ+-state is

𝑓fit, FWHM, green(𝑁) =
FWHM green

𝑁 ⋅ 𝑁 + off , (4.4)

and for the shift

𝑓fit, 𝛿, green(𝑁) =
𝛿 green
𝑁 ⋅ 𝑁 (4.5)

holds. To determine the broadening and shift rate, if the Rydberg laser is turned on,
the wavevector mismatch based on [56] has to be considered. The different signs occur
because the UV beam (𝑘1) is counterpropagating towards the green (𝑘2) and infrared
one (𝑘3). The wavevector mismatch reads
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𝑘 =
𝑘1 − 𝑘2 − 𝑘3
𝑘1 − 𝑘2

=
1∕𝜆1 − 1∕𝜆2 − 1∕𝜆3

1∕𝜆1 − 1∕𝜆2
≈ 0.53 , (4.6)

with 𝜆1 = 226nm, 𝜆2 = 540nm and 𝜆3 = 835nm being the design wavelengths of the
laser systems. For the measurements of the Rydberg signal the broadening and shift
rate of the green transition determined by equation (4.4) and (4.5) have to be scaled with
factor 𝑘.

4.1.3 Results

The results gained from the pressure dependent measurements are visible in the figure
4.1.4. The broadening rate FWHM ⋅ 𝑁−1 and the shift rate 𝛿 ⋅ 𝑁−1 extracted through fits
as given in equation (4.2) and (4.3) are summarized in table 4.1.1 including the error
arising from the pressure gauges. The absolute pressure uncertainty of the gauges used
is 30%. The uncertainty of the frequency axis has been estimated to 2𝜋 ⋅ 2.5MHz [20]
and is therefore not significant.

At first, we look at the broadening in terms of the FWHM of different Rydberg states.
The broadening behavior of NO perturbed by itself compared to NO perturbed by N2 is
similar and a linear density dependency is evident indicating a collisional broadening.
However, the broadening rate in the case of NO perturbed by itself is slightly bigger. As
already explained in section 2.3, the internal electronic structure of the ground state of
NO and N2 differ only by the occupation of the 𝜋∗2p orbital in the case of NO. The Rydberg
electron and perturber cross section might be slightly bigger in the case of perturbation
with pure NO, leading to a higher broadening rate. The broadening contribution due to
the population of rotational levels from 𝐽 = 0.5 to 𝐽 = 19.5 in NO, which appears since a
molecule has additional degrees of freedom compared to an atom, has been estimated to
be significant for the broadening [20].

The behavior of the green transition is indicated by a green line in figure 4.1.4. The
broadening and shift rate extracted from the fits (equation 4.4 and 4.5) are

FWHM green

𝑁 = 0.637 ⋅ 10−15MHz cm3 , (4.7)

and the shift rate is
𝛿 green
𝑁 = −0.258 ⋅ 10−15MHz cm3 . (4.8)

Scaled with the pre-factor 𝑘 due to the wavevector mismatch leads to a broadening rate
of

FWHM green, scaled

𝑁 = 0.338 ⋅ 10−15MHz cm3 , (4.9)

and a shift rate of
𝛿 green, scaled

𝑁 = −0.137 ⋅ 10−15MHz cm3 (4.10)
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4.1 Collisional shift and broadening

for the Rydberg measurements. The shift and broadening rate is small compared to the
shift rates observed for the Rydberg states as given in table 4.1.1. The appearance of a
density-dependent shift of the green transition may give an additional indication of the
necessity of the Voigt profile as the fit function of choice for the Rydberg line, on top of
the molecule’s degrees of freedom.
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Figure 4.1.4: The linewidth of the central line in terms of the FWHMand the relative
peak shift 𝛿 extracted in the scope of the evaluation routine for several Rydberg
states 𝑛(𝑁+). The 𝑥-axis denotes the background gas density 𝑁, which is either NO
itself or N2. Choosing the density instead of the pressure for the 𝑥-axis allows better
comparison with results available in the literature. The density is proportional to
the pressure, e.g. a density of 30 ⋅ 1015/cm3 corresponds to a pressure of 1.2mbar. In
the case of measurements with N2, the density of NO is constant at approximately
𝑁NO ≈ 5 ⋅ 1014∕cm3, which corresponds to 20 µbar. On the left hand side the results
of measurements with pure NO are shown, while on the right hand side N2 serves
as a background gas. The green line shows the behavior of the peak width and shift
of the green transition resulting from the fit functions given in the equations (4.4)
and (4.5) and scaled considering the wavevector mismatch.
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In the case of pure NO, the Rydberg line shifts to lower frequencies, i.e. a red shift can
be seen. In the case of N2 as a perturber, a small blue shift of the line is occurring. Shifts
of Rydberg lines only occur in the case of elastic scattering. Since the shift appears to
be linear, it can be attributed to elastic Rydberg electron and perturber scattering. A
derivation of the Fermi shift has been given in subsection 2.4.3. The direction of the
shift is an indicator of the dominating kind of interaction. In the case of pure NO, the
scattering length might be negative, leading to a dominantly attractive interaction of the
Rydberg electron and perturber, in the case of N2 as perturber, it is the contrary case. As
one can see elastic collisions are more dominating in the case of pure NO, due to the
higher shift rate compared to the case where the perturber is N2. Due to several degrees
of freedom and available states in the rovibrational spectrum of NO and N2 allowing
resonant inner energy exchange between the collisional partners, elastic scattering may
be not expected in the first place. However, elastic collisions are occurring. The elastic
kind of colissions between theNOmoleculesmay arise due to an electron transfer and the
formation of NO− leaving the overall inner energy of the molecule unchanged. Existence
of NO− has been shown in [57].

It is interesting to note, that the state 22(4) behaves slightly different compared to the
other Rydberg states. Here, in the case of pure NO, the shift rate is small compared to
the other states investigated, and the shift rate in case of perturbation with N2 is the
highest (see table 4.1.1). One can also see in figure 4.1.4, that the shift of the central
line of the state 22(4)may have higher order contributions, besides a linear one. This
may indicate that apart from Rydberg electron and perturber scattering, a significant
contribution due to Rydberg ion and perturber interaction may arise. The derivation of
the linear behaving Fermi shift is based on the assumption of a significant amount of
perturbers interacting with the Rydberg electron thus justifying the introduction of the
average wavefunction in the scope of the derivation, see subsection 2.4.3. This might be
not given in this case.

Table 4.1.1: Broadening and shift rates of the central line of measurements of
different Rydberg states gained in the scope of the evaluation. The unit of the rates
is 10−15MHz cm3. The error arising from the pressure gauges is given as well.

NO⇔NO NO⇔N2
𝑛(𝑁+) FWHM ⋅𝑁−1 𝛿 ⋅ 𝑁−1 FWHM ⋅𝑁−1 𝛿 ⋅ 𝑁−1

22(4) 8.3(25) −0.74(22) 7.4(22) 1.3(4)
32(4) 13.0(39) −2.8(8) 5.5(16) 0.25(8)
40(4) 10.6(32) −2.5(7) 4.0(12) 0.57(17)
42(4) 9.1(27) −2.1(6) 4.0(12) 0.19(6)
22(6) 7.5(23) −2.7(8) 9.2(28) 0.52(16)
32(6) 14.8(44) −1.4(4) 4.9(15) 0.82(25)
40(6) 10.3(31) −2.3(7) 6.1(18) 0.089(27)
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4.1 Collisional shift and broadening

Table 4.1.2: Broadening and shift rates of measurements of different Rydberg states
in alkalis. In case of Füchtbauer et al. [8], potassium (K) perturbed by argon (Ar)
has been investigated. Weber et al. [9] investigated rubidium (Rb) perturbed by
argon. The unit of the rates is 10−15MHz cm3.

K⇔ Ar (nS)Rb⇔ Ar
𝑛 𝛿 ⋅𝑁−1 𝛿 ⋅ 𝑁−1 FWHM ⋅𝑁−1

21 −10.97 −4.76 1.46
23 −10.94 −4.94 1.56
25 −11.34 −5.02 1.66
27 −5 1.77
29 −5 1.8
33 −5.16 1.36
35 −5.04 1.36

The extraction of broadening and shift rates for different Rydberg states allows to compare
these values to the investigations from Füchtbauer et al. [8] and Weber et al. [9]. In
contrast to our investigation involving molecules, rare gas atoms served as perturbers
in both groups’ publications. The atoms excited to Rydberg states are alkalis. In the
case of Füchtbauer et al., amongst other things, they investigated potassium, which
has been perturbed by argon. Weber et al. investigated high 𝑛S states in rubidium
perturbed by argon. The broadening and shift rates of these investigations are listed in
table 4.1.2. In both cases, a red shift has been observed. The broadening rates in our
case are up to one order of magnitude higher than the broadening rate in the publication
of Weber et al. The shift rates extracted from our measurements with pure NO are in
the same order of magnitude of both group’s results, but multiple times smaller. Here,
our shifts are roughly two times smaller compared to Weber et al., and about four times
smaller compared to Füchtbauer et al. An explanation for the elastic scattering observed
described in the aforementioned publications is more intuitive, as the rare gas atoms
serving as pertuber have fully occupied shells and resonant inner energy exchange due
to the lack of rotational and vibrational degrees of freedom is unlikely. The latter fact
might explain the higher shift rates observed in the other publications compared to our
investigations. The higher broadening rates observed in measurements with NO are also
attributed to the molecule’s complexity compared to an atom.

4.1.4 Conclusion

The investigation of the collisional broadening of Rydberg lines of NO provided the
knowledge, that in order to gain a high selectivity of the trace gas sensor an operation at
low pressures, i.e. in the low µbar regime is desirable due to comparably high broadening
rates. If the concentration of NO is extremely small as it is in breath gas, such low
pressures will not be suitable for a good Rydberg signal detection in terms of SNR in
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the current setup. An improvement of the sensitivity of the measurement cell will have
to be done to account for that. However, in the case of measurements with pure NO,
operation around 70µbar provides a sweetspot between sufficiently good SNR and low
collisional broadening, which will be important in the next chapter.

From a physical point of view, the linear behaving Fermi shift could be observed and
compared to other publications. These results, published in [55] might be a stimulation
to a more in-depth theoretical investigation of the actual processes occurring. The fact,
that we are dealing with Rydberg states in a molecule, namely NO interacting with other
molecules and not atoms makes the theoretical investigation more complicated. Here, a
determination of scattering lengths is desirable. Moreover, quantitative estimates regard-
ing the contributions of the forces interacting might be extracted from the collisional
shift and broadening [58].
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4.2 Stark effect

4.2 Stark effect

Following the results of the previous chapter providing the information about collisional
broadening effects, the Stark effect in NO is investigated. The voltage between the
electrodes i.e. the electric field inside the measurement cell can be varied stepwise
making this kind of measurements possible. Stark map measurements may give the
information, which Rydberg states are possible candidates for a sensor application. The
criterion is that the state is unaffected by the Stark shift and is thus not sensitive to
fluctuations of a static electric field that may occur in the sensor to-be. Otherwise, the
Rydberg transition frequency will have to be adjusted and no constant lock of the Rydberg
laser is possible. Moreover, an estimation may be given in which range the electric field
has to be to gain the highest Rydberg signals.

However, the main focus of the investigations has been on the measurement of several
highly-resolved Stark maps of different Rydberg states thus providing data for theoretical
investigations and the determination of quantum defects. The measurement procedure
has been optimized to improve the quality of the Stark Maps. The theoretical investiga-
tions of the Stark map measurements are done by Prof. Stephen Hogan and Dr. Matthew
Rayment from the University College London.

The Rydberg state of main interest is 22(0). Since 𝑁+ = 0 a simulation is easier and
faster as less coupling has to be considered. A principal quantum number of 𝑛 = 22 is a
good choice, as the frequency distance between the high-𝑙 manifold and lower 𝑙-states is
higher than in the case of larger principal quantum numbers. Thus, an easier analysis
of the experimental data is possible in terms of fitting the Rydberg lines. This will be
described later on. While the f-state quantum defect is known [23], the g-state quantum
defect, up to this point is only known to be in a certain range [10, 11]. Based on the
experimental data, it has been possible to extract a more accurate value of the g-state
quantum defect.

4.2.1 Electric field dependent measurement

The procedure to set up a Stark map measurement is based on the general procedure
described in subsection 3.5.2. TheUV and the green transition are locked to the transition
wavelengths of the branches chosen (see table 3.5.1 and 3.5.2). The green transition is
chopped and the lock-in amplifier’s parameters are the same as for the pressure depen-
dent measurements, which are in turn based on previous investigations as described in
subsection 3.4.2. Thus, the lock-in amplifier’s time constant is 30ms. Here, the scan
velocity of the Rydberg laser is set in the interface to 30GHz in 19.9 s. However, in the
scope of further optimizations, no lock-in but the direct output of the TIA has been used
to measure the Rydberg signal, allowing the increase in scan velocity by decreasing the
scan time from 19.9 s to 1.9 s. This will be explained later on. A big scan range i.e. a
periodic frequency detuning of the Rydberg laser of 30GHz allows to measure the Stark
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shift of the Rydberg lines in a large frequency range. The scan range is initially aligned
such that the Rydberg state chosen and the splitting is clearly visible.

A pressure around 70µbar has proven to be a good choice based on the pressure de-
pendent investigations in the last chapter. On the one hand, the contribution of the
collisional broadening to the linewidth is small, on the other hand good Rydberg signal
in terms of SNR is gained. The pressure inside the cell is almost constant during the
whole measurement run which is provided by the gas mixing setup including the MFCs.
The Stark map measurements are done with pure NO, thus only the 5 sccm MFC is
used. The flow is typically set between 1 sccm and 2 sccm, here the best flow stability is
provided.

Like in the case of the pressure dependent measurements, the measurement run is done
automatically using a Python script after the initial conditions are met. The Stark maps
are typically measured starting from an offset voltage between the electrodes of −10 V
and increased in equally spaced steps to +10 V, thus varying the electric field inside the
cell between roughly −11.9 V/cm and +11.9 V/cm. The reason for the measurement
with both negative and positive electric fields will be shown later. One might expect a
mirror inversion at an offset voltage of 0 V of the Stark map which is in fact not the case
in the experiment.

The step size if a lock-in is in use is typically +0.2 V, leading to 101 single traces. This
has proven to be a sensible compromise between a good resolution of the Stark map and
the length of time of the measurement run, which is over two hours in this case.

After the Python script has set the offset voltage, the oscilloscope acquires the channels
and the experimental parameters are saved as well. After that, the offset voltage is
increased by one step and the procedure is repeated until the upper voltage limit is
reached. Note, that in contrast to the pressure dependent measurements where a waiting
time after setting a new flow value is necessary to achieve a stable pressure, the waiting
time after setting the new offset voltage is negligible [52].

4.2.2 Evaluation

The evaluation routine of the Stark maps is based on the evaluation of the single traces
as described in subsection 3.5.3. Afterwards, the single traces which differ by the electric
field applied, are arranged on the 𝑥-axis. The 𝑥-axis shows the electric field and the 𝑦-axis
shows the frequency providing the information by which the Rydberg laser has been
detuned. The strength of the Rydberg signal is encoded in a non-linear color scheme
to highlight the Rydberg lines. Depending on the direction of the electric field applied,
the sign of the current changes. Negative electric fields correspond to a current with a
positive sign. This is also considered in the Stark map. Further evaluation steps will be
introduced in the scope of the results presented in subsection 4.2.3.
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4.2.3 Results

Several different Stark maps starting from the rotational series 𝑁+ = 6 down to 𝑁+ = 0
for different principal quantum numbers including 𝑛 = 22, 32, 42 have been measured.
This data is valuable for future theoretical investigations. Here, the lock-in amplifier has
been used for the measurements.

In the following, a selection of highly resolved Stark maps is shown. Figure 4.2.1 shows
the Stark map of the state 32(2). The high-𝑙 manifold is clearly visible, as well as a
straight line which is visible in the figure at a Rydberg laser detuning of roughly ∆𝑓 =
12GHz. This line appears in every Starkmapmeasured and cannot be explained based on
theoretical simulations of the Stark effect in NO, but must be related to the electric field
distribution inside. Apparently, theremust be a residual electric field inside the cell. Since
the behavior of the Rydberg lines does not change when crossing the aforementioned
straight line, an interaction of the Rydberg lines with the straight line may be excluded.
In the other case, so-called avoided crossings would appear. However, a more in-depth
explanation cannot be given at this time.

Figure 4.2.2 shows a Stark map of the states 27(6) and 32(4). In figure 4.2.3 a Stark
map of the states 42(2) and 35(4) is depicted. Due to the fact that the Rydberg states
are nearby, both Rydberg states can be measured in one Stark map measurement run.
Crossings of the Rydberg lines of the high-𝑙manifolds in high electric fields are visible.
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Figure 4.2.1: Stark map of the state 32(2).
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Figure 4.2.2: Stark map of the state 32(4) visible at a lower frequency detuning and
the state 27(6) visible at a higher detuning.
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Figure 4.2.3: Stark map of the state 42(2) visible at a lower frequency detuning and
the state 35(4) visible at a higher detuning.
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Figure 4.2.4: Stark Map of the 22(0). Due to low UV power, the currents measured
are comparably low, which leads to a bad SNR despite the usage of a lock-in amplifier
and chopping the green transition.

As already explained, the state of main interest is 22(0), since further analysis regarding
theoretical simulations are easier to make. Like in the case of the other Stark maps
shown, up to this point the lock-in amplifier has been used and the green transition
chopped. The Stark map of the state 22(0) is visible in figure 4.2.4. However, due to the
degradation of the pump laser of the UV laser system, the resolution in terms of SNR
is bad due to small ionization currents, compared to the Stark maps presented before,
despite the fact that a lock-in amplifier has been used.

For that reason, some optimizations have been made. First of all, the green, as well as
the infrared laser beam have been focused into the cell using appropriate lenses. The
UV laser beam was already focused into the cell for the measurements done before, due
to the bad laser mode. The volume inside which the excitation to the Rydberg states is
occurring is the one where all three laser beams overlap. Thus, the size of the volume is
limited by the laser beam with the smallest waist. The UV laser beam has a 1∕𝑒2 beam
waist of about 940 µm, the green laser beam has a waist of about 640 µm, and the infrared
one has a beam waist of 1200 µm [20] before they were focused into the cell. The beam
waists after focusing, inside the cell, have been roughly estimated to be 25µm for the
UV, 140µm for the green, and 90µm for the infrared laser beam. These values can be
seen as the lower bounds of the actual beam waists. Focusing the green and the infrared
laser beams led to a significant increase in the excitation efficiency despite the very low
UV power. Therefore, no lock-in amplifier is required anymore to gain a sufficiently
high quality of the Stark map. Now, for the Stark map measurement, the Rydberg signal
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recorded is the direct output of the TIA on the cell and not the lock-in amplifier’s output
as it is not used anymore.

A crucial factor of the Stark map measurements has been the duration of the measure-
ments. Because the measurement data of the state 22(0) should provide the data for new
determinations, the resolution of the Starkmap is further improved by takingmore single
traces, i.e. the step size of the voltage between the electrodes during the measurement
run is reduced. The step size of choice is now +0.05V instead of +0.2V as before. This
might extend the duration of the measurement run, however, the Rydberg laser scan
time is reduced too because no limitations due to the lock-in amplifier have to be faced.
The Rydberg laser scan time of choice for the new Stark map measurement is 1.9 s which
is roughly ten times faster than before. This value can be justified by a rough estimation.
The possible scan time of the Rydberg laser has a lower limit due to the rise and fall time
of the TIA. Assuming a lower bound of the Rydberg linewidth of around 70MHz, the
laser’s integration time of the Rydberg signal is

𝑡Ryd =
1.9 s ⋅ 70MHz

30GHz
= 4.43ms, (4.11)

which is around 36 times the TIA’s time constant 𝜏 = 121 µs. To reach 99% of the Rydberg
signal’s maximum, an integration time of roughly 5𝜏 is enough. Due to technical reasons,
a lower scan time is not used. The main contribution to the duration of the measurement
run is now the time it takes to save the data acquired by the oscilloscope.

Comparing to the scan velocity of 30GHz in 19.9 s as chosen for the Stark map mea-
surements before, involving a lock-in amplifier, leads to an integration time of the laser
of 𝑡Ryd, lock-in = 46.43ms. This comparably large integration time of the laser has been
necessary due to the lock-in amplifier’s parameters chosen, i.e. a time constant of 30ms
and low pass filter slope of 18 dB oct−1. Further details are described in [52].

The final Stark map of the state 22(0) taken after the optimization process is visible in
figure 4.2.7. Here, the TIA’s output is recorded directly and no lock-in amplifier is in use.
Compared to the Stark map of 22(0) showed in figure 4.2.4, the peak ionization current
is over twenty times larger now, leading to a significant improvement of the quality of
the Stark map.

Starting from this point, a more in-depth treatment of the Starkmap is made. The highest
currents detected in the Stark map of 22(0) are the ones in the f-state at an absolute value
of the electric field roughly between 0.5V/cm and 2V/cm. Exemplary, two single traces
of the Stark map at different electric fields are shown. In the case of a low electric field,
the Stark splitting is not yet visible, see figure 4.2.6. The f- and g-state are distinguishable.
In the case of high electric fields, several Rydberg lines due to the Stark effect appear,
which can be seen in the single trace in figure 4.2.7.
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Figure 4.2.5: A high-resolution Stark map of 22(0) after optimization. Here, no
lock-in amplifier is involved.
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Figure 4.2.6: Single trace from the Stark map visible in 4.2.5 at a low electric field.
Here, the Stark splitting is just about to occur. The f- and g-state are labeled.
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Figure 4.2.7: Single trace from the Stark map visible in 4.2.5 at a high electric field.
Compared to the single trace at low electric fields (figure 4.2.6) the splitting of the
states is clearly visible resulting in several Rydberg lines.

At this point it is important to note, why the Stark maps have been measured with both
positive and negative electric fields. If one has a look at the Stark map in figure 4.2.5, the
actual zero-field position i.e. the symmetry axis is slightly shifted to negative electric
fields. This might be attributed to the different times of flight (TOF) of the charges to
the electrodes after the ionization. In [51] an estimation supposing an offset voltage of
−10V has been made. In this case, the TOF is up to 1.59 µs for the nitrosyl kation NO+

and 6.8ns for the electron. Surface and space charges contribute to the non-linearity of
the electric field inside the cell [51]. The symmetric Stark map measurements allow a
better analysis of the experimental data as will be shown next.

In the following, a short guideline is given on how the quantum defects are extracted
based on the experimental data. The idea is to align the simulated data in such a way,
that it represents the experimental data properly. A crucial parameter is the electric field
inside the cell.

In the first step, the Rydberg lines of several single traces of the Stark map of the state
22(0) are fitted using Lorentzian functions and the peak positions are extracted. Here,
an iterative method is used. In order to perform the subsequent fitting routine, strong
boundary conditions have to be set to keep track of the right line to fit in the Stark map.
The fit function of choice is

∆𝑓fit(𝐹) = 𝐴 ⋅
√
(𝐹 − 𝐹offset)2 + 𝐹2stray + ∆𝑓off . (4.12)

The result of the fitting routine is visible in the figure 4.2.8. 𝐴 is a scaling factor. The
offset of the symmetry axis of the Stark map measured is 𝐹offset. The electric field
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4.2 Stark effect
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Figure 4.2.8: Zoom-in to the Stark map of the state 22(0) in figure 4.2.5. Here, the
peak positions of the Rydberg lines, which were extracted from the experimental
data, are fitted using equation (4.12). The electric field offset is indicated by the
dashed black. The f-, g- and high-𝑙 states are properly represented by the fits, which
is supported by the fact that the extracted fit parameters have allowed to align the
simulation to the experimental data, see figure 4.2.9.

between the electrodes is supposed to be zero here, however, there are residual stray
fields perpendicular to the electric field axis which are considered by introducing 𝐹stray.
∆𝑓off describes the frequency offset on the 𝑦-axis. These are the fit parameters. The
electric field offset is at about 𝐹off ≈ −0.390V/cm, and the stray fields are in a range of
up to 𝐹stray ≈ 2.431V/cm.

The fit parameters extracted from the aforementioned fitting routine are used to align the
simulation to the experimental data. Furthermore, the electric fields of the data simulated
are scaled with factor 1.1 based on the investigations in [51]. For the simulation, the
quantum number𝑀𝑁 = 3 fits the best to the experimental data. 𝑀𝑁 = 3 is the highest
reasonable value because mainly f-states are excited, see subsection 2.3.3 and section 2.5.
The final simulation on top of the measured data after the alignment is shown in figure
4.2.9. The g-state quantum defect has been extracted by slowly adapting its value in
the simulation. It has been adjusted to 𝛿(b)gΛ ≈ 0.00296657. This value is not finalized
yet and the uncertainty has not been estimated as well. The precision is expected to be
comparably high to the precision of the quantum defects known, see table 2.3.1.
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Figure 4.2.9: Zoom-in to the Stark map of the state 22(0) in figure 4.2.5. The
simulated and aligned data is plotted in white color on the top and is in very good
agreement with the experimental data which allows to deduce the g-state quantum
defect.

4.2.4 Conclusion

Regarding the sensor application, electric fields between 0.5V/cm and 2V/cm and the
f-state might be a good choice as these fields and this 𝑙-state lead to the highest Rydberg
signals, if referring to the Stark map measurement of the state 22(0). Optimizations have
been made to improve the quality of the Stark maps. Based on the cooperation providing
the theory to the Stark map measurements, it has been possible to assign a more precise
value to the quantum defect of the g-state. The data available in the literature [10, 11]
states that the g-state quantum defect is in the range between 0.002 and 0.004. Based on
the new experimental data and the simulations amore accurate value has been attributed
to the g-state quantum defect, namely 𝛿(b)gΛ ≈ 0.00296657. However, this result is not
finalized yet. The experimental data of several Stark maps of different Rydberg states
will serve as a database for further theoretical investigations in the future.
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5 Summary and outlook

In the scope of this work, an optogalvanic trace-gas sensor has been optimized for
subsequent investigations of Rydberg states in nitric oxide (NO).

In the first part, collisional broadening and shifts of Rydberg lines in NO have been
studied. Regarding a sensor application, an operation in the mikrobar regime is desirable
to minimize broadening effects due to collisions. Elastic collisions are more dominating
in the case of NO perturbed by itself, compared to the perturbation of NO with nitrogen
(N2). In the first case, a red shift has been observed, if the density of NO is increased. In
the case of perturbation of NOwith an increasing density of N2 only a slight blue shift has
been visible in the density range investigated. Fermi has shown, that the linear density
dependency of the shift might be attributed to elastic collisions between the Rydberg
electron and the perturber [7]. The shift rates extracted from our measurements with
pure NO are in the same order of magnitude, but a multiple smaller when compared to
investigations involving alkalis perturbed by rare gas atoms [8, 9]. On the other hand, our
broadening rates are higher. The differences might be explained based on the complexity
of the rovibrational molecular spectrum. In contrast to a molecule, atoms do not have
vibrational and rotational degrees of freedom.

In the second part, the Stark effect of several Rydberg states has been investigated.
Optimizations concerning the experimental parameters have been done, finally leading
to a highly resolved Stark map of the Rydberg state with the principal quantum number
𝑛 = 22 and the rotational series 𝑁+ = 0. Taking the non-linear electric field in the
experimental measurement cell into account, it has been possible to align a theoretical
simulation of the Stark map to the experimental data. The simulation has been done
by Prof. Stephen Hogan and Dr. Matthew Rayment at the University College London
(UCL). Finally, the g-state quantum defect has been extracted and is now given to a
higher precision as in the literature ([10, 11]). Nevertheless, the result for the g-state
quantum defect is not finalized yet.

In the future, improvements to the trace-gas sensor’s properties will be made. Here,
optimizations concerning the design and the electrical circuit of the measurement cell
may lead to a higher sensitivity. To improve the sensitivity other rotational branches for
the excitation have to be considered, as other excitation paths may lead to higher Rydberg
signals. Further improvements to the sensor’s sensitivity could allow the detection of
the NO bimolecule as shown in [4]. However, future investigations will be based upon
the results of this work, as they provide the information concerning good experimental
parameters.
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