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Abstract
This thesis is devoted to studies of Rydberg states of Cs generated in dense (density > 1011 cm 3 ) ultracold (T  40 µK) gas-phase samples by photoexcitation with
narrow-bandwidth laser radiation and millimetre waves. The emphasis is on systematic investigations of the interactions of the Rydberg atoms with their environment,
be it other Rydberg atoms or ground-state atoms located in their vicinity, or external electric and magnetic elds. These interactions and their eects on the Rydberg
atoms are studied by high-resolution spectroscopy and manifest themselves as level
shifts, line broadenings and, most importantly, by the appearance of additional lines
in the Rydberg-excitation spectrum of Cs that can be attributed to the formation of
highly excited Cs2 molecules. At the positions of these resonances, the ultracold
atoms are transferred into bound states by the narrow-bandwidth radiation, in a process known as photoassociation. Metastable molecules are formed, which eventually
decay by ionisation, dissociation or the emission of a photon.
Depending on the intensity, the frequency and the temporal shape of the photoexcitation radiation pulses used in the experimental studies, very dierent families of
molecular states could be produced: i ) Molecular states in which one Cs Rydberg atom
is bound to a ground-state Cs atom by the low-energy scattering of the Rydberg electron o the ground-state atom. The contribution made to the understanding of these
states in the realm of this thesis was the experimental discovery of the importance
of the singlet scattering channels next to the triplet scattering channels. ii ) Molecular states in which one Cs Rydberg atom interacts with another Cs Rydberg atom
through long-range electrostatic interactions. Here, the main contributions made in
the realm of this thesis were ii a) the experimental discovery of molecular resonances
caused by the dipole-quadrupole interaction, which violates the electronic parity of
the Rydberg-atom dimer, ii b) the unambiguous identication of the contributions of
terms as high as the octupole-octupole interaction to the spectral signatures of the
Rydberg-atom dimer, and ii c) the investigation of diverse dynamical phenomena such
as Penning ionisation of the dimer, the aggregation of several Rydberg atoms by intentionally catalysing the excitation process, and the spontaneous ionisation of the
entire Rydberg-atom sample induced by the long-range interactions.
A prerequisite to a careful study of interactions between Rydberg atoms is a dei
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tailed and accurate characterisation of the properties of the individual non-interacting
atoms. The rst part of this thesis describes high-resolution spectroscopic experiments, which enabled the determination of the ionisation energy of Cs and the values
of the quantum defects of the s, p and d Rydberg series of Cs with unprecedented
accuracy. Related experiments also led to a characterisation of the eects of electric
and magnetic elds on the spectral properties of the Rydberg atoms (Chapters 2 and
3). A second essential aspect of the studies presented in this thesis is the complete
rst-principles modelling of the interactions using tools borrowed from molecular
physics and spectroscopy, including the calculation of molecular potential curves
and the analysis of the angular-momentum coupling schemes.
Millimetre-wave-radiationinduced transitions between Rydberg states of Cs were
recorded at a resolution of better than 20 kHz, which enabled the observation of the
hyperne splitting of ns1=2 Rydberg states up to n  90. These experiments also
enabled the accurate characterisation of stray electric and magnetic elds in the photoexcitation region, and their subsequent compensation to below 1 mV/cm and 2 mG,
respectively. Absolute transition frequencies from the 6s1=2 ground state to np3=2
and np1=2 Rydberg states were measured to an accuracy of 60 kHz by referencing
the frequency of the Rydberg-excitation laser to a frequency comb. Extrapolation of
the measured transition frequencies using Rydberg's formula yielded an improved
value of EI  hc  31 406:467 732 514 cm 1 for the rst ionisation energy of Cs, and
improved values of the quantum-defect values of the ns, np, and nd Rydberg series
converging to the Cs (5p)6 (1 S0 ) + e ionisation threshold.
The interactions of the Rydberg atoms with their environment were revealed as
additional weak resonances close to np3=2 6s1=2 atomic Rydberg transitions when
exciting dense ultracold samples of Cs with intense laser radiation. These resonances
are the signature of the long-range interactions between the ultracold Cs atoms and
the families of molecular states described above. The interaction of ground-state
atoms with Rydberg atoms gave rise to photoassociation resonances which were attributed to the formation of long-range Rydberg molecules. The binding in these
molecules is a result of low-energy scattering of the quasi-free Rydberg electron o
the ground-state atom. In the experiments, long-range Rydberg molecules correlated
to Cs (np3=2  Cs (6s1=2 ; F  3; 4 dissociation asymptotes were studied in the range
of principal quantum numbers n between 26 and 34 (Chapter 4). The spectra revealed two types of molecular states recently predicted by D. A. Anderson, S. A.
Miller, and G. Raithel [Phys. Rev. A 90, 062518 (2014)]: states bound purely by
triplet s-wave scattering with binding energies ranging from 400 MHz at n  26 to
80 MHz at n  34, and states bound by mixed singlet-triplet s-wave scattering with
smaller and F -dependent binding energies. The experimental observations were accounted for by an eective Hamiltonian including s-wave scattering pseudopotentials,
ii
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the hyperne interaction of the ground-state atom, and the spin-orbit interaction of
the Rydberg atom. To reproduce the measured binding energies in the model, the
singlet and triplet scattering lengths of electron-cesium scattering were adjusted to
aT;0  21:8  0:2 a0 and aS;0  3:5  0:4 a0, respectively. The long-range molecules
were detected via their ionic decay product Cs2 . The lifetime at n  33 was measured
as 0:5  0:2 µs, signicantly shorter than the lifetime of corresponding molecular
resonances in Rb and Sr. Possible decay mechanisms induced by couplings to molecular Rydberg series converging to vibrationally excited states of Cs2 and to Cs Cs
ion-pair states are discussed.
The interactions between two Rydberg atoms were revealed in the observation
of resonances attributed to the photoassociation of two ground-state Cs atoms to
Rydberg-atom-pair states (also refered to as macrodimers in the literature) in twophoton transitions. Two dierent excitation schemes were applied to study these
Rydberg-atom-pair states: one-colour two-photon excitation using a pulse-amplied
laser (Chapter 5) and a sequential, resonant two-colour two-photon excitation (Chapter 6). The results of both experiments were accurately reproduced by a potential
model based on the determination of the eigenvalues and eigenenergies of a longrange multipole-multipole-interaction Hamiltonian in a large atom-pair basis set.
In the rst excitation scheme, resonances correlated to ns1=2 n  1 s1=2 (with
n  22 34) and n0s1=2n00fj (with n  22 32) dissociation asymptotes were studied at
a spectral resolution of 130 MHz (Chapter 5). These resonances revealed dipole-dipole
and dipole-quadrupole interactions in pairs of ultracold Cs Rydberg atoms. The
occurrence of both electronic-parity-conserving (e.g. dipole-dipole) and electronicparity-violating (e.g. dipole-quadrupole) interactions betrayed the coupling between
electronic and nuclear motion in the Rydberg-atom pairs, which is facilitated by the
quasi-degeneracy of their rotational levels. Window resonances observed on the
high-frequency side of np3=2
6s1=2 transitions are linked to avoided crossings
between potential functions correlated to the np3=2 np3=2 and higher-lying n0 fj n00 fj
pair-dissociation asymptotes. The position of these resonances could be reproduced
by the calculations only after inclusion of terms up to the octupole-octupole contribution in the interaction Hamiltonian. Rydberg-atom pairs excited to attractive
molecular states were observed to decay via Penning ionisation within 1 µs. The
Penning-ionisation process was studied with delayed pulsed eld ionisation and was
accounted for by a model treating the motion of the Rydberg atoms, which is governed by the long-range potentials, classically.
Using a sequential, resonant two-colour excitation, the resolution of the spectra
of the interacting Rydberg-atom-pair states was improved to 3 MHz (Chapter 6). The
experiment relied on the resonant excitation of a few ground-state atoms to Rydberg states, which subsequently acted as seed atoms for further excitation and thus
iii
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facilitated the o-resonant Rydberg excitation of additional atoms in their vicinity. The increased resolution and the possibility to excite the two Rydberg atoms
to states of opposite parity (using a two-photon transition for one atom and a onephoton transition for the other) led to the observation of resonances linked to longrange potential wells correlated to np3=2 n  1 s1=2 pair-dissociation asympotes with
n  43; 44. These states correspond to bound macrodimers, which were observed
under eld-free conditions for the rst time in the realm of this thesis. The sequential
two-colour excitation also resulted in the formation of Rydberg-excitation aggregates.
These occur under conditions where every resonantly excited Rydberg atom triggers
the excitation of a large number of additional spatially correlated Rydberg excitations.

iv

Zusammenfassung
Die vorliegende Arbeit ist der Untersuchung hoher Rydbergzustände in Cs gewidmet,
welche durch Anregung mit schmalbandiger Laserstrahlung und Millimeterwellen in
einem dichten (Dichte > 1011 cm 3 ), ultrakalten (T  40 µK) Gas erzeugt werden. Der
Fokus liegt dabei auf systematischen Untersuchungen der Wechselwirkungen dieser
Rydbergatome mit ihrer Umgebung, welche aus anderen Rydbergatomen, Atomen
im Grundzustand, oder externen elektrischen und magnetischen Feldern bestehen
kann. Die Wechselwirkungen und ihre Auswirkungen auf die Rydbergzustände wurden mittels hochaufgelöster Spektroskopie untersucht. Sie oenbaren sich in Form
von Linienverschiebungen und -verbreiterungen und im Auftreten zusätzlicher Resonanzen im Rydberganregungsspektrum von Cs, welche der Bildung hochangeregter
Cs2 Moleküle zugeschrieben werden. An den Positionen dieser Resonanzen werden die ultrakalten Atome mit schmalbandiger Strahlung in gebundene molekulare
Zustände überführt, die daraufhin durch Ionisation, Dissoziation oder Fluoreszens
wieder zerfallen.
Abhängig von Intensität, Frequenz und zeitlichem Prol der verwendeten optischen Anregungspulse konnten unterschiedliche molekulare Zustände prepariert werden: i ) Molekulare Zustände, in denen ein Cs Rydbergatom durch NiedrigenergieStreuung des Rydberg-Elektrons an einem Cs Grundzustandsatom an dieses gebunden ist. Der Beitrag zum Verständnis dieser Zustände, der durch die vorliegende Arbeit erbracht wurde, ist die experimentelle Entdeckung der Bedeutung von SingulettStreukanälen zusätzlich zu den Triplett-Streukanälen. ii ) Molekulare Zustände, in denen ein Cs Rydbergatom mit einem weiteren Cs Rydbergatom über langreichweitige
elektrostatische Wechselwirkungen interagiert. Bezüglich dieser Zustände liegen die
wichtigsten Beiträge dieser Arbeit in ii a) der experimentellen Entdeckung von molekularen Resonanzen, hervorgerufen durch die Dipol-Quadrupol-Wechselwirkung, welche
die elektronische Parität des Rydbergatom-Paarzustandes nicht erhält, ii b) der eindeutigen Beobachtung von Beiträgen bis zur Oktupol-Oktupol-Wechselwirkung zu
den spektralen Signaturen der Rydbergatom-Dimere, und ii c) der Untersuchung von
dynamischen Prozessen wie der Penning-Ionisation der Dimere, der katalysierten Aggregation von Rydberganregungen und der spontanen Ionisation des gesamten Rydberggases, welche durch die langreichweitigen Wechselwirkungen induziert wird.
v
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Eine Vorausetzung für die sorgfältige Untersuchung von Wechselwirkungen zwischen Rydbergatomen ist die detaillierte und genaue Charakterisierung der Eigenschaften der einzelnen (nicht wechselwirkenden) Atome. Der erste Teil dieser Arbeit beschreibt daher hochaufgelöste spektroskopische Messungen, die zur Bestimmung der Ionisationsenergie von Cs und Werten der Quantendefekte der s, p und d
Rydbergserien in Cs mit höchster Genauigkeit geführt haben. Im Zuge dieser Messreihen konnten auch die Auswirkungen von elektrischen und magnetischen Feldern
auf die spektralen Signaturen der Rydbergatome untersucht werden (siehe Kapitel 2
und 3). Ein weiterer zentraler Aspekt der hier gezeigten Studien ist die vollständige
theoretische Beschreibung der experimentellen Beobachtungen mittels Methoden der
Molekülphysik und Spektroskopie, welche die Berechnung von Molekülpotentialen
und die Analyse von Drehimpuls-Kopplungsschemata beinhalten.
Millimeterwellenstrahlungsinduzierte Übergänge zwischen Rydbergzuständen von
Cs wurden mit einer Auösung von besser als 20 kHz gemessen, was die Beobachtung
der Hyperfeinaufspaltung von ns1=2 Rydbergzuständen bis zu n  90 ermöglichte.
Diese Experimente erlaubten weiterhin die Messung der elektrischen und magnetischen Streufelder im Anregungsvolumen und die darauolgende Kompensation dieser Felder zu weniger als 1 mV/cm, beziehungsweise 2 mG. Die Übergangsfrequenzen
vom 6s1=2 Grundzustand zu np3=2 und np1=2 Rydbergzuständen in Cs wurden dank
der Kalibration der Frequenz des Anregungslasers mittels eines Frequenzkamms mit
einer Genauigkeit von 60 kHz gemessen. Durch Extrapolation der gemessenen Übergangsfrequenzen auf Grundlage der Rydbergformel wurden der verbesserte Wert von
EI  hc  31 406:467 732 514 cm 1 für die erste Ionisierungsenergie von Cs und
verbesserte Werte für die Quantendefekte der ns, np und nd Rydbergserien, welche
zur Cs (5p)6 (1 S0 ) + e Ionisationsschwelle von Cs konvergieren, bestimmt.
Die Wechselwirkungen der Rydbergatome mit ihrer Umgebung oenbarten sich
als zusätzliche schwache Resonanzen nahe der atomaren np3=2
6s1=2 Rydbergübergänge, wenn das dichte ultrakalte Cs Gas mit intensiver Laserstrahlung angeregt
wurde. Diese Resonanzen sind der beobachtbare Eekt der langreichweitigen Wechselwirkungen zwischen den ultrakalten Cs Atomen, die zu den oben erwähnten Klassen molekularer Zustände führen. Die Wechselwirkung von Grundzustandsatomen
mit Rydbergatomen führt mittels Photoassoziationsresonanzen zur Bildung langreichweitiger Rydbergmoleküle. Die Bindung in diesen Molekülen resultiert aus der Niedrigenergiestreuung des beinahe freien Rydbergelektrons am Grundzustandsatom.
In den Experimenten wurden diese langreichweitigen Rydbergmoleküle in der Nähe
der Dissoziationsschwellen Cs (np3=2  Cs (6s1=2 ; F  3; 4) (mit Hauptquantenzahl n
zwischen 26 und 34) untersucht (Kapitel 4). Die experimentellen Spektren oenbaren
zwei Typen molekularer Zustände, die kürzlich von D. A. Anderson, S. A. Miller und G.
Raithel [Phys. Rev. A 90, 062518 (2014)] vorhergesagt wurden: Zustände, welche ausvi
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schliesslich durch Triplett-Streuung gebunden sind und Bindungsenergien zwischen
400 MHz bei n  26 und 80 MHz bei n  34 aufweisen, und Zustände, welche durch
gemischte Singulett-Triplett-Streuung gebunden sind und deutlich kleinere und F abhängige Bindungsenergien aufweisen. Die experimentellen Beobachtungen konnten
mit einem eektiven Hamiltonoperator beschrieben werden, welcher ein Pseudopotential für die Beschreibung der s-Wellenstreuung, die Hyperfeinwechselwirkung im
Grundzustand und die Spin-Orbit-Wechselwirkung im Rydbergzustand enthält. Um
gemessene Bindungsenergien in diesem Modell zu reproduzieren, wurden die Werte
der Singulett- und Triplettstreulängen auf aT;0  21:8  0:2 a0 , beziehungsweise
aS;0  3:5  0:4 a0, festgelegt. Die langreichweitigen Moleküle wurden mittels ihres
ionischen Zerfallproduktes Cs2 detektiert. Deren Lebenszeit bei n  33 wurde zu
0:5  0:2 µs bestimmt. Sie ist damit bedeutend kürzer als die Lebenszeiten vergleichbarer molekularer Zustände in Rb und Sr. Kopplungen an zu hochangeregten
Vibrationszuständen von Cs2 konvergierende molekulare Rydbergserien, sowie Kopplungen an Cs Cs Ionenpaarzustände werden als mögliche Zerfallsmechanismen diskutiert.
Die Wechselwirkungen zwischen Rydbergatomen oenbarten sich in der Beobachtung von Resonanzen, welche der Photoassoziation von zwei Cs Atomen im Grundzustand zu Rydbergatom-Paarzuständen (in der Literatur auch Rydberg-«Makrodimere»
genannt) durch Zwei-Photonen-Anregung zugeordnet wurden. Zwei unterschiedliche
Anregungsschemata wurden zur Untersuchung dieser Rydbergatom-Paarzustände angewendet: Ein-Farben-Zwei-Photonenanregung mittels eines pulsverstärkten Lasers
(Kapitel 5) und eine sequenzielle, resonante Zwei-Farben-Zwei-Photonen-Anregung (Kapitel 6). Die Ergebnisse beider Experimente wurden durch ein Modell der langreichweitigen Potentiale, das auf der Berechnung der Eigenwerte und -energien des MultipolMultipol-Wechselwirkungs-Hamiltonoperators in einem grossen Basissatz von AtomPaarzuständen basiert, genau reproduziert.
Durch die Anwendung des ersten Anregungsschemas wurden mit ns1=2 n  1 s1=2
(mit n  22 34) and n0 s1=2 n00 fj (with n  22 32) Dissoziationsasymptoten verbundene Resonanzen mit einer Auösung von 130 MHz undersucht (Kapitel 5). Diese
Resonanzen sind die Folge von Dipol-Dipol- und Dipol-Quadrupol-Wechselwirkungen
in Dimeren von ultrakalten Cs Rydbergatomen. Die Beobachtung sowohl von Wechselwirkungen, welche die elektronische Parität erhalten (z.B. die Dipol-Dipol-Wechselwirkung), als auch von solchen, die die elektronische Parität nicht erhalten (z.B. die
Dipol-Quadrupol-Wechselwirkung), ist ein eindeutiger Hinweis auf die Kopplung der
elektronischen Bewegung und der Kernbewegung in Rydbergatom-Paaren. Diese Kopplung wird durch die Beinahe-Entartung der Rotationszustände in diesen Dimeren ermöglicht. «Fensterresonanzen» wurden bei höheren Frequenzen relativ zu atomaren
np3=2 6s1=2 Übergängen beobachtet und vermiedenen Kreuzungen zwischen Potenvii
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tialkurven zugeordnet, welche mit np3=2 np3=2 und mit energetisch höher liegenden
n0fj n00fj Dissoziationsasymptoten korrelieren. Die Positionen dieser Resonanzen
konnte erst nach Aufnahme von Termen bis zur Oktupol-Oktupol-Wechselwirkung in
den Wechselwirkungs-Hamiltonoperator des Modells reproduziert werden. Der Zerfall innerhalb von 1 µs via Penning-Ionisation wurde bei Rydbergatom-Paarzuständen
mit anziehenden Potentialkurven beobachtet. Der Prozess der Penning-Ionisation
wurde mittels verzögerter gepulster Feldionisation untersucht und in einem Modell
beschrieben, welches die Bewegung der Rydbergatome, die durch die langreichweitigen
Potentiale bestimmt ist, klassisch beschreibt.
Mittels der sequenziellen, resonanten Zwei-Farben-Anregung konnte die Auösung, mit der die wechselwirkenden Rydbergatom-Paarzustände untersucht werden
konnten, auf 3 MHz verbessert werden (Kapitel 6). Die in diesem Kapitel beschriebenen Experimente basieren auf der resonanten Anregung einiger Grundzustandsatome zu Rydbergzuständen. Diese fungieren dann als «seed» (engl. für «Keim»)
Atome, welche die Anregung weiterer Rydbergatome in ihrer Umgebung bewirken. Die
verbesserte Auösung und die Möglichkeit, Rydbergatome mit unterschiedlicher Parität anzuregen (so z.B. mittels einer Zwei-Photonen-Anregung eines Grundzustandsatoms und einer Ein-Photonen-Anregung eines weiteren), führte zur Beobachtung von
Resonanzen, deren Positionen direkt mit Potentialminima von np3=2 n  1 s1=2 Potentialkurven, die zu Dissoziationsasymptoten mit n  43; 44 korrelieren. Die Resonanzen entsprechen somit «gebundenen Makrodimeren», welche unter feldfreien Bedingungen zum ersten Mal in dieser Arbeit nachgewiesen wurden. Die sequenzielle,
resonante Zwei-Farben-Anregung führte auch zur Bildung von RydberganregungsAggregaten. Zur Bildung dieser Aggregate kam es dann, wenn jedes resonant angeregte «seed» Rydbergatom die Anregung von einer grossen Zahl weiterer, räumlich
korrelierter Rydbergatome bewirkte.
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Chapter 1
Introduction
Rydberg excitation of ultracold atoms [17] at temperatures below 1 mK results in the
creation of a frozen Rydberg gas [8, 9]. The most intriguing physical property of
such a system is that the thermal energy of the gas, corresponding to 1 MHz or
0.3 mJ/mol for Cs atoms at the temperature of 40 µK, is negligible compared to the
long-range interactions between the excited atoms. Consequently, the dynamics of
the system is governed by long-range forces instead of the random thermal motion.
The laser-cooling technique by which these ultra-low temperatures can be reached
is only applicable to a limited number of atomic (primarily the alkali-metal atoms, the
earth-alkali-metal atoms, the rare-gas atoms in metastable states [10] and a few other
atoms) and very few molecular species [1113]. However, for experiments on high
Rydberg states this is of no particular disadvantage because the properties of the
frozen Rydberg gas are predominantly governed by the Rydberg-electron quantum
numbers n and l and not by the nature of the ion core.
Rydberg states consist of a positively charged ion core and an excited electron (the
Rydberg electron) located in a large orbit of dimension given approximately by the
Bohr radius a0 n2 , where n is the principal quantum number. At suciently high values of n, the Rydberg electron is insensitive to the structure of the positively charged
ion core, and the Rydberg-level structure becomes similar to that of the hydrogen
atom. High Rydberg states of all atoms and molecules can be described in good approximation by Rydberg's empirical formula [14, 15]

En; l  EI



RM hc
n lj

2

(1.1)

where h, c , EI   , RM , and lj are Planck's constant, the speed of light in vacuum, the
energy of the ionic state  relative to the neutral ground state, the mass-dependent
Rydberg constant and the quantum defect, respectively. In any non-hydrogenic atom
and in molecules, the quantum defect depends on the orbital-angular-momentum
1
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quantum number l (and on the total-electronic-angular-momentum quantum number
j for states subject to a spin-orbit interaction) and deviates signicantly from zero in
penetrating low-l states. The specic value of the quantum defect is determined by
the structure of the ion core of the Rydberg atom or molecule. Atoms in high Rydberg
states have a large orbital radius (scaling as a0 n2 ) and are weakly bound (the binding
energy scales as n 2 ), long lived (the lifetime scales as n3 ), highly polarisable (the
polarisability scales as n7 ), and easily perturbed by ground-state atoms or Rydberg
atoms in their vicinity. Consequently, the values of specic physical properties of an
atom such as its eective size, its lifetime and the magnitude of interactions with the
surrounding (external elds or neigbouring atoms) can be adjusted over very large
ranges by the choice of the principal quantum number. Several excellent textbooks
are devoted to a comprehensive description of atomic Rydberg states [1517], and I
refer to these textbooks rather than dublicating the information they contain.
The rapid scaling with n of most physical properties of Rydberg atoms implies
that high Rydberg states have very unusual properties. In recent years, these properties have been used in an increasing range of scientic applications, in diverse elds
including quantum optics [1824], quantum information processing [25, 26], quantum simulation [2729], and investigations of many-body interactions and entanglement [3032]. For most applications, the interactions between the Rydberg atoms
play a crucial role, for example by dening the blockade radius of excitation used to
generate quantum gates [25, 33, 34]. Often, this interaction is treated using rather
simple models, which extract some of the main features of the physical behaviour of
the systems. However, a detailed understanding with a complete model enables one
to recognise when simple models apply or break down.
The experiments described in this thesis are performed on ultracold samples of
Cs atoms with the goal of investigating in detail the weak long-range interactions
between Rydberg atoms and between Rydberg atoms and ground-state atoms. The
advantages of using Cs in these studies are i ) that Cs is easily laser cooled and ii )
that its Rydberg series are completely unperturbed. The lowest electronically doubly
excited levels are far above the rst ionisation threshold [35] and do not inuence
the Rydberg series of the neutral atom. The Rydberg series (of dierent l and j ) in
Cs can be described very accurately with Rydberg's formula (see Eq. 1.1) because no
channel interactions occur below the rst ionisation threshold. It is shown in this
thesis that the description of level positions is accurate to better than 50 kHz (see
results presented in Section 3.2), if the (small) energy dependence of the quantum
defects is neglected.
Interactions involving high Rydberg states have been at the focus of scientic investigations for almost a century [36, 37], and improved experimental tools and techniques have continuously provided new insights, e.g. on the mechanisms responsible
2

for pressure shifts in Rydberg spectra [3650], on elastic and inelastic collisions in
Rydberg-atom samples [15, 51, 52], on the evolution of a dense Rydberg gas into a
cold plasma [51, 53, 54], on the generation of unusual quantum phases [5557], and
on the aggregation of highly-excited atoms and molecules [5865].
The focus in this theses is on two classes of weakly interacting systems involving
Rydberg states: i ) long-range Rydberg molecules consisting of a Rydberg atom and
a ground-state atom located within the Rydberg-electron orbit. The binding results
from the (short-range) scattering interaction betweeen the Rydberg electron and the
ground-state atom, and ii ) Rydberg-atom-pair states interacting through their electric
multipole moments, which are also referred to as Rydberg macrodimers.
Weakly bound molecular systems are typically made of two or more distant constituents that are predominantly held together by long-range forces. Their physical
properties depend on the nature of the constituents, e.g., whether these are atomic or
molecular species, or a nucleus, or an electron, etc., and whether the constituents are
in their electronic ground state or in an electronically excited state. They also depend
on the nature of the interactions that hold the constituents together, e.g. magnetic or
electric interactions involving charges, dipoles, quadrupoles, etc. These interactions,
which are suciently weak not to signicantly alter the properties of the constituents,
give rise to a long-range potential Vinter R~ij;ij ; i; j  1; :::; N . The relative motion of
the N constituents can be described by the Hamiltonian

H  H10  H20      HN0  VinterR~ij ;

(1.2)

i0 represents the Hamiltonian operator of the isolated i-th constituent and R~ij
where H
the position vector of constituent j relative to constituent i.
A third factor of importance in describing the behaviour of weakly-bound systems is the amplitude of the wavefunction in short-range regions, where the potential deviates from the analytic form adequate to describe the long-range region. In
pure long-range states [66], this amplitude vanishes, usually because a high potential barrier separates the short- and the long-range regions. Even small amplitudes
in short-range regions signicantly modify the structure and dynamics of long-range
systems. In molecular Rydberg states, the amplitude of the Rydberg-electron wavefunction near the ion core determines the quantum defect and the rate of decay by
predissociation, autoionisation and radiative processes. In the long-range Rydberg
molecules introduced above, the short-range interaction of the Rydberg electron with
the ground-state atom located within the Rydberg-electron orbit determines the binding energy [38] and the dipole moment [38, 42, 47]. In Rydberg-atom pairs, almost
immediate ionisation takes place when the orbitals of the two Rydberg atoms start to
overlap.
3
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High-resolution photoassociation spectroscopy of ultracold atoms is ideally suited
for the investigation of weakly bound systems made of at least one Rydberg atom and
other atoms. In photoassociation, photons are used to excite and at the same time
induce a chemical bond between two atoms, which are unbound in the lower quantum state of the transition. Photoassociation was rst introduced as laser-induced
radiative association by Thorsheim et al. [67] and was systematically exploited to generate cold molecules since the pioneering work of Pillet and coworkers [68, 69]. Since
the rst experiments, photoassociation has been applied as a powerful tool to study
electronically excited long-range molecular states [70].

At high-resolution, the line shifts and line broadenings resulting from the interactions can be precisely measured in dependence of the sample temperature and
density. In a very dilute gas, the experimental linewidth of atomic transitions measured in the gas phase is determined by the laser-excitation bandwidth, the Doppler
width, which is a function of the transition wavelength and the temperature of the
gas, and the lifetime of the excited state. For high-n Rydberg states, the lifetime is
determined by radiative decay and blackbody-radiation-induced transitions to other
Rydberg states [15, 7173]. The natural linewidths of np3=2 Rydberg states of Cs with
n > 26 are below 10 kHz [73], and do not contribute signicantly to the experimental
linewidths. The motion of the atoms resulting from the nite temperature of 40 µK
of the sample causes a Doppler broadening of the np3=2 6s1=2 transitions in the ultraviolet with an estimated full width at half maximum of 500 kHz. In millimetre-wave
transitions between high-n Rydberg states, the Doppler broadening, which is proportional to the frequency, is negligible and the linewidths are limited by inhomogeneous
broadenings induced by external eld gradients (see Section 3.1).

Because photoassociation involves a transition between a dissociation continuum
and an upper bound state, the widths of photoassociation lines include the width of
the continuum, i.e. the Boltzmann energy distribution over translational states. The
atoms in the dissociation continuum can be treated as scattering states which are
themselves conveniently expressed as sums of partial waves. An important quantity
is the maximal angular momentum of the collision complex, which depends on the internuclear separation given by the specic molecular state to which photoassociation
takes place, and the temperature of the gas. For a collision at the energy Ecollision , the
relation between the largest angular momentum ~L and the outer classical turning
point R associated with the centrifugal barrier in the ground-state potential is given
4

by the simple approximate expressions

Ecollision  kBT  2~ LLR2 1
2

p
2 R 2
2 2 q

L  12  h  14  32kB4T
h4
h R kB T  
s
) ~L  R 2kBT  Rv:

(1.3)

s

(1.4)

In photoassociation experiments carried out in an ultracold Cs gas at 40 µK, the width
of the energy distribution is only 1 MHz, as mentioned above, and very few partial
waves contribute to the photoassociation processes relevant to the present investigation.
These advantages were exploited in the present thesis, which is structured as follows: After a detailed description of the experimental methods and the apparatus in
Chapter 2, Chapter 3 summarises the characterisation of the properties of individual,
non-interacting Cs atoms by high-resolution UV and millimetre-wave spectroscopy.
Chapter 4 is devoted to the study of long-range Rydberg molecules with emphasis
on the role of singlet scattering channels on the photoassociation dynamics. The
fth chapter summarises the investigation of molecular resonances corresponding
to Rydberg-atom pairs by one-colour two-photon excitation using intense UV laser
pulses. This chapter emphasises the importance of long-range electrostatic interactions on the spectral and dynamical properties of the Rydberg-atom pairs; in particular, the role of interactions beyond the dipole-dipole interactions is identied in
the long-range interaction series. The sixth chapter presents the results of studies of
Rydberg-atom-pair states with a narrow-bandwidth UV laser and demonstrates how
specic two-colour two-photon excitation sequences can be applied to generate pairs
of Rydberg atoms and even aggregates of such atoms in a controlled manner. The
thesis ends with short conclusions and an outlook. Each chapter contains a separate
introduction, highlighting specic aspects most relevant to the topics covered and I
refer the reader to these introductory parts for additional references.
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Chapter 2
Experimental setup & methods
In this chapter, the experimental setup and the main experimental procedures are
presented. The experiments are performed on ultracold Cs gas-phase samples in an
ultrahigh-vacuum (UHV) chamber (Section 2.1). A generic experimental cycle followed
in most of the experiments presented in this thesis consists of a loading phase of the
magneto-optical trap (MOT), during which room-temperature Cs ground-state atoms
from the very dilute background vapour are laser cooled and accumulated close to the
magnetic-eld minimum of the MOT (Section 2.2). To increase the density of the ultracold sample, the MOT is either magnetically compressed or the atoms are transferred
into an optical dipole trap (Section 2.3). The atoms are prepared in one hyperne component (or, in some experiments, one specic magnetic sublevel) of the 6s1=2 ground
state before all trapping elds are turned o and the atoms are released from the
trap. A typically small fraction of the ultracold ground-state atoms is then excited to
a selected np Rydberg state using pulsed ultraviolet (UV) laser radiation of dierent
bandwidths (Section 2.4). In most experiments, a delay time is introduced between
Rydberg-state excitation and detection. During this time, millimetre-wave transitions
between Rydberg states can be induced (Section 2.4.2) or the spontaneous decay of
the photoexcited species can occur. The initial excitation to Rydberg states and all
subsequent processes are observed via pulsed eld ionisation (PFI), followed by the
detection of the ion yield with a charged-particle detector (Section 2.6).
This generic cycle is repeated at a rate of 10 Hz while experimental parameters,
such as the frequency of the UV laser, the frequency of the millimetre-wave radiation,
the delay time between the laser excitation and detection or external-eld strengths,
are varied. The control over magnetic and electric stray elds is an important prerequisite for high-resolution spectroscopic studies of high Rydberg states. Therefore,
the methods used to measure and compensate the stray elds in the photoexcitation
region are presented in detail in a separate section (Section 2.7).
7
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2.1 Experimental chamber
The operation of a magneto-optical trap (see Section 2.2.1) requires ultra-high vacuum
conditions. The stainless-steel chamber in which the experiments are performed is
schematically depicted in Fig. 2.1, which also contains the denition of the laboratoryxed coordinate system (in the lower left corner) which will be used throughout this
thesis. A base pressure of less than 10 10 mbar is maintained in this chamber with
an ion-getter pump and a titanium-sublimation pump. A schematic diagram of the
laser beams used to trap the Cs ground-state atoms and to excite them to Rydberg
states is presented in Fig. 2.2. The detector assembly, consisting of an ion lense and
a microchannel-plate (MCP) detector shielded by an metallic grid and an ion lense,
is mounted is mounted at the end of a short time-of-ight (in y direction) region.
The Rydberg-excitation laser (blue colour in Fig. 2.2) enters the chamber along the x
axis (for the experiments described in Chapter 3.1) or along the z axis (for all other
experiments presented in this thesis). The laser beams of the magneto-optical trap
are indicated as red arrows in Fig. 2.1 and in light orange in Fig. 2.2.

2.1.1 Electric-eld control
The electrode structures for electric-eld control in the photoexciation region consist
of a pair of segmented, ring-shaped electrodes (called eld plates in the following)
spaced by 40 mm, and an ion lense for imaging the Cs ions onto the MCP detector.
The shape and positions of the eld plates are indicated in Fig. 2.1, Fig. 2.2 and in
Fig. 2.3 and are designed for the creation of homogeneous elds at the position of
the MOT. Each eld plate consists of four electrodes. These electrodes can be used to
apply electric potentials for stray-eld compensation, for studies of the Stark eect,
for pulsed eld ionisation of Rydberg states and for ion extraction. For the generation
of compensation and polarisation elds, potentials of a few volts are generated by a
computer-controlled DAQ-Card (Measurement Computing USB-3105) and are applied
to the electrodes after analogue ltering and down-scaling by a 1:6 voltage divider.
The potential congurations used to apply compensation electric elds along the z,
x and y directions are schematically depicted in Figs. 2.3a, b and c, respectively.

2.1.2 Magnetic-eld control
Three pairs of coils have been installed around the chamber to compensate stray
magnetic elds or to apply well-dened magnetic elds in the experimental volume.
The compensation eld in z direction is produced by a pair of coils in Helmholtz
conguration. The coils are wound around the gradient coils of the MOT and consist
8
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Schematic drawing of the experimental chamber. The right-hand side of the chamber is
connected to an ion-getter pump (bottom) and a titanium-sublimation pump (top). A pressure gauge
is installed at the ange on the right-hand side. The magneto-optical trap (MOT) is located on the
left-hand side. The magnetic coils of the MOT are mounted in the re-entrant anges aligned along
the z axis. The IR laser beams of the MOT are schematically indicated by thick red arrows. The
UV-laser beam (blue line) is sent into the chamber either along the x axis or along the z axis. A set
of segmented ring electrodes (shown in dark grey) for electric-eld control is located in the immediate vicinity of the centre of the MOT. The detector assembly, consisting of a multichannel-plate
detector (light grey) and an electrostatic lense (light brown), is installed at the ange in the positive
y direction. The light grey box contains the read-out electronics of the detector.
Figure 2.1:
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Figure 2.2:
a) Schematic top view of the setup used in the experiments described in Chapter 3.1.
Pairs of ber output couplers and retro reectors deliver the cooling and repumping laser radiations
(see text for details). UV laser radiation excites ground-state atoms into Rydberg states, and millimetre-wave radiation from a backward-wave oscillator (BWO) drives transitions between Rydberg states.
Field plates (see Fig. 2.3) can be used to apply electric elds across the photoexcitation region. b)
Schematic top view of the setup used in the experiments described in Chapters 4, 5 and 6. The UV
laser enters the chamber along the z axis, and an optical dipole trap in crossed-beam conguration
is indicated in brown. c) Schematic side view of the setup illustrating how the atom cloud is imaged
onto a charge-coupled-device (CCD) chip by a matched pair of achromatic lenses.

Schematic description of the three potential congurations of the eight electrodes
used to generate homogeneous electric elds at the position of the MOT (blue circle). Electrodes
with positive potentials are presented in white and electrodes with a negative potential in black.
The arrows indicate the direction of the electric eld vectors. The congurations used to generate
electric elds in z, x and y directions are presented in a), b), and c), respectively.

Figure 2.3:
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of 13 copper-band windings with a radius of 67.5 mm located at a distance of 33 mm
from the centre of the MOT.
In the y direction, the coils are mounted on anges of the vacuum chamber. The
coils consist of 64 windings of wire (ribbon cable) with a radius of 57 mm located
at a distance of 63 mm from the centre of the MOT. Because of the geometry of the
chamber, a pair of asymmetric coils is used to apply magnetic elds in the x direction.
The rst (second) coil consists of 27 windings (150 windings) with a mean radius of
57 mm (78 mm) located at a distance of 100 mm (195 mm) from the centre of the
MOT. The ratio of the number of windings of these two coils has been chosen so as
to obtain a homogeneous magnetic eld at the position of the atom cloud when the
same current passes through both coils. The number of windings of the two pairs
of coils in the x and y dimension has been chosen to generate a magnetic eld of
about 1 G at the position of the MOT for a current of 1 A passing through each pair
of coils. The magnetic coils in the z axis generate a eld of 1.82 G at the position
of the MOT when a current of 1 A is applied. The typically applied currents used for
compensation of external magnetic elds or for the creation of small bias elds cause
a magnetic-eld variation of  0:5 mG over the typical size of 100 µm of the ultracold
Cs sample.

2.2 Laser cooling and magneto-optical trapping
The central element of the experimental setup is a magneto-optical trap (MOT) for
cesium atoms. The idea of using near-resonant laser light to cool atoms was rst proposed by Hänsch and Schawlow [1] and independently by Wineland and Dehmelt [2].
Shortly afterwards, the technique of laser cooling was experimentally demonstrated
with atomic ions [74, 75]. Magneto-optical trapping of neutral atoms was rst demonstrated by Raab et al. [4] and has since then been developed to a standard laboratory
technique, which has been applied to many dierent research areas. The possibility
to routinely produce atom gas-phase samples at ultracold temperatures (below 1 mK)
has led to a revival of interest in many research elds related to atomic physics, including Rydberg physics.
In the experiment described in this thesis, Rydberg excitation of ultracold samples has the important advantage that the thermal energy in the gas (for Cs atoms
at a temperature of 40 µK) is completely negligible compared to interaction eects
between Rydberg atoms (see Chapters 5 and 6) and also between Rydberg atoms and
ground-state atoms (see Chapter 4).
The mechanisms of laser cooling are the subject of textbooks [76] and are not
repeated here. The presentation of the magneto-optical trap for Cs atoms in this
11
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section is restricted to the specic technical realisation in our experiment and the
scientic research applications.

2.2.1 Laser system for the magneto-optical trap
The optical layout is shown schematically in Fig. 2.4a) and in Fig. 2.5. The main source
of narrow-band laser light at 852.3 nm is a master-oscillator power-amplier (MOPA)
system (maximal output of  800 mW with a bandwidth of  500 kHz). The laser frequency of the MOPA laser system is stabilised via frequency-modulation spectroscopy
of the 6p3=2 ; F 0  4=5
6s1=2 ; F  4 crossover resonance measured by Dopplerfree saturated-absorption spectroscopy in a Cs cell (see 3 in Fig. 2.5). Repumping
light is provided by an additional external-cavity diode laser (ECDL). The laser frequency of the ECDL is stabilised in a lock-in detection scheme to a crossover resonance (6p3=2 ; F 0  2=4 6s1=2 ; F  3), also measured using Doppler-free saturatedabsorption spectroscopy in a Cs cell (see 6 in Fig. 2.5).
Various polarising beam-splitter cubes and acousto-optical modulators (AOMs) are
used to generate intensity- and frequency-controlled light from these two lasers. The
optical setup exploits the linear polarisation of the IR-laser light to split and to recombine the laser beams. Each optical branch in the laser setup presented in Fig. 2.5
consists of a polarising beam-splitter cube in combination with a half-wave plate to
separate a fraction of the radiation and an RF-frequency-driven AOM in double-pass
conguration. This results in frequency shifts   2  RF of the IR light, where RF
is the frequency of the RF signal applied to the AOM.
The light for cooling (see (C) in Fig. 2.4b) and 4 in Fig. 2.5) is detuned by 11:5 MHz
(2.1 ) from the 6p3=2 ; F 0  5 6s1=2 ; F  4 transition and is split into three beams
with intensity ratios of 1:1:1.5 for the x , y and z directions (see Table 2.1). These
beams are coupled into three polarisation-maintaining single-mode bers. The repumping light is resonant with the 6p3=2 ; F 0  4
6s1=2 ; F  3 transition (see (R)
in Fig. 2.4b) and 7 in Fig. 2.5). It is spatially overlapped with the two beams used for
cooling in the horizontal xy plane and is coupled into the same bers. Before traversing the vacuum chamber along three mutually orthogonal optical axes, the three laser
beams for cooling (and the two for repumping) are coupled out of the bers, expanded
to a diameter of roughly 20 mm, and changed to circular polarisation by quarter-wave
plates. The beams are retro reected outside of the vacuum chamber.
Another fraction of the light provided by the MOPA laser system is shifted into
resonance with the 6p3=2 ; F 0  5 6s1=2 ; F  4 transition and only coupled into the
optical ber for the z direction (see (A) in Fig. 2.4b) and 5 in Fig. 2.5). This laser light is
used to acquire absorption images (explained further in Section 2.2.3). This laser can
also be used for optically pumping the Cs atoms into the 6s1=2 ; F  4; MF  4 state.
12
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Typical power levels Px;y;z measured for the dierent light elds after the optical bers
providing light in the x , y , and z directions.
Table 2.1:

Cooling
Repumping
Depumping
Absorption

Px (mW) Py (mW) Pz (mW)
33
8
0.2


33
8



45


0.55

For rapid pumping of the atoms from the F  4 to the F  3 hyperne component of
the 6s1=2 ground state, a process referred to as depumping in the following, a small
fraction of the light is shifted into resonance with the 6p3=2 ; F 0  3
6s1=2 ; F  4
transition (see (D) in Fig. 2.4b) and 9 in Fig. 2.5). An additional repump laser beam
(see (DR) in Fig. 2.4b) is derived from the ECDL, but detuned by about 13 MHz from
the 6p3=2 ; F 0  4 6s1=2 ; F  3 transition. This detuning matches the light shift of
the atoms in the crossed optical dipole trap (see Fig. 2.6 in Section 2.3), and is used in
the experiments to selectively pump atoms located at the position of the dipole trap
to the 6s1=2 ; F  4 state.
All AOMs used to generate the light of the respective frequencies are also used
to modulate the intensity of the light. In particular, following a MOT-loading phase
of  75 ms, and a transfer phase to a compressed MOT or the optical dipole trap for
 20 ms, all IR-laser beams are extinguished before Rydberg excitation. This measure
is taken to avoid direct photoionisation of atoms in the 6p3=2 state by the Rydbergexcitation laser.

2.2.2 Magnetic-eld conguration and Cs-atom source
The magnetic-eld gradient for the MOT is produced by a pair of coils in anti-Helmholtz
conguration. Each coil consists of 35 windings of copper band (width 15 mm, thickness 0.45 mm) with a mean radius of 53 mm. The coils are mounted at a distance of
65 mm from each other outside of the vacuum chamber in the re-entrant view ports
aligned along the laboratory z axis. To produce gradients on the order of 10 G/cm,
a current of 8.0 A is passed through the coils. For the magnetic compression of the
ultracold atom cloud (compressed MOT), the current is increased to 13 A for ten milliseconds, while at the same time the detuning and the intensity of the cooling light
and the intensity of the repumping light is reduced. Before Rydberg excitation, the
current in the magnetic-eld-gradient coils is turned o. Eddy currents, which are
induced by the change in the magnetic eld, have decayed after 5 ms.
In the rst experiments, cesium atoms were provided by high-purity resistively13
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a) Schematic overview of the laser setup for laser cooling of cesium. Acousto-optic modulators are indicated in green, optical bers in violet, and the laser systems in light blue.
The frequency of the master-oscillator power-amplier (MOPA) system (Toptica TA-Pro) is stabilised
by frequency-modulation (FM) spectroscopy [77] of a saturated-absorption line of atomic cesium.
The frequency modulation of the laser light required for the FM scheme is performed by a resonantly-driven electro-optical modulator (EOM, 7.7 MHz driving frequency). The main output of the
MOPA system of  800 mW is divided into three branches used for cooling, depumping and absorption measurements. Repumping light is provided by an external-cavity diode laser (ECDL, Toptica
DL-Pro), which is stabilised to a second saturated-absorption line of cesium atoms using a lock-in
detection scheme, and coupled into the optical bers for the light in the xy plane. b) Overview over
the relevant transitions coupling the hyperne components F of 6s1=2 and F 0 of 6p3=2 : (A) light for
absorption imaging, (C) light for laser cooling, (D) light for depumping, (R) light for repumping, (DR)
light for repumping atoms in the dipole trap. See text for details and Fig. 2.5 for the optical setup
used to implement the scheme presented here.
Figure 2.4:
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heated dispensers (Alvasource AS-3-Cs-100-F) placed at a distance of roughly 15 cm
from the MOT. The MOT was then loaded from cesium vapour produced by lightinduced atomic desorption (LIAD) [78] of cesium atoms from the walls and view
ports of the chamber. The UV light for the LIAD process was produced by three
high-power light-emitting diodes (LEDs, Edixeon EDEV-SLC1-R), each emitting approximately 580 mW of light at a central wavelength of 402 nm. The LEDs were installed
outside of the vacuum chamber and the light entered the chamber through a fusedsilica window. This loading scheme led to a signicant increase in the number of
trapped atoms over a direct loading from the dispensers.
In the majority of the measurements presented in this thesis, however, a reservoir
containing metallic Cs is connected to the UHV chamber by a valve. The vapour
pressure of Cs at room temperature is sucient to load the MOT directly from the
thermal background gas, which resulted in higher particle numbers and densities
than were obtained with the dispensers/LIAD setup described above.

2.2.3 Absorption imaging
The number, the density, and the temperature of the trapped atoms is determined by
saturated-absorption imaging of the atom cloud [79]. The radiation resonant with the
6p3=2 ; F 0  5 6s1=2 ; F  4 transition for absorption imaging is provided by the MOPA
laser and can be independently modulated in frequency and intensity by an AOM (see
also Figs. 2.4 and 2.5). It is spatially overlapped with the cooling laser beam in the
vertical z direction, and the two light elds are coupled into the ber with orthogonal
polarisation. In front of the chamber, these polarisations are converted into leftand right-handed circular polarisations by a quarter-wave plate (see Fig. 2.2b) for a
schematic drawing). After the chamber, a combination of a quarter-wave plate and a
polarising-beamsplitter cube is used to separate the two frequency components based
on their state of polarisation. The plane containing the trapped atoms is imaged by a
pair of identical achromatic lenses onto a charge-coupled-device (CCD) chip. The scale
of the acquired image was calibrated before the nal assembly by imaging a ruler at
the position of the MOT. In order to obtain an absorption image, the cooling light is
switched o using an AOM and an exposure of the CCD chip is triggered. Then, the
absorption light is switched on for about 2 40 µs and the image of the atom cloud is
read out digitally and processed by software. All timing sequences for controlling the
MOT are generated by a data-acquisition card (National Instruments PCI-6259) which
is programmed using LabView. The atomic samples released from the compressed
MOT and used for the spectroscopic measurements described in this thesis had a
typical peak density of 2  1011 atoms/cm3 , a 1/e sample diameter of 150 µm, and a
temperature of 40 µK, as determined from the analysis of the absorption images.
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2.3. Far-detuned optical dipole trap

2.3 Far-detuned optical dipole trap
In a magneto-optical trap, the atom-number density is limited to typical peak values
of about 1011 cm 3 because of the rescattering of photons emitted by excited atoms
from other ultracold atoms (which leads to heating and atom loss) [80, 81]. In a harmonic trap and assuming a non-interacting gas, the density is limited only by the
temperature of the sample. This argument is based on the equipartition theorem,
which reads
1
k T  1  hr i
(2.1)
2 B d 2 d d
for one dimension d  x; y; z, assuming a harmonic trapping potential with a spring
constant  , a spatial displacement from the centre of the trap rd and a temperature
Td. The maximal, temperature-limited density in a harmonic trap is consequently
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In experiments on photoassociation of ultracold atoms, one important factor is
the mean nearest-neighbour separation rNN in the gas, which is related to the atomic
density  by rNN  2 1=3 [82]. Typically, molecules formed via photoassociation have an equilibrium internuclear separation which is smaller than the mean
nearest-neighbour distance. In this regime, the probability of nding a pair of atoms
at a given separation increases linearly with the atomic density. A higher density of
ground-state atoms thus enhances photoassociation rates and leads to an increased
sensitivity of photoassociation spectroscopy. This is the main motivation to use a
far-detuned optical dipole trap (ODT) in the experiments. An additional advantage
of conning the ground-state atoms in an ODT is the reduced spatial extend of the
sample, which reduces the eects of electric- and magnetic-eld gradients in spectroscopic investigations.
The trapping potential in an ODT, which is briey discussed in the following, can
be steeper (larger values of the spring constant  ) than the trapping potential in a
MOT. In this case, following Eq. (2.2), an increase in density is expected if the atoms
can be transferred into the ODT without signicantly increasing the temperature.
In the calculation of the trapping potential, an approximate model can be applied
that treats the atoms as oscillators in a classical radiation eld [83]. In this model,
the oscillating electric eld E of the far-o-resonant light interacts with the complex
dipole moment d induced by the electric eld in the atom with polarisability . The
amplitude of the dipole moment d  E is proportional to the atomic polarisability
and the amplitude E of the electric eld. The trapping potential for an alkali-metal
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atom in a far-detuned optical eld can in this model be written as

Udip 
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where the atomic polarisability is expressed as a function of the detuning , the
spontaneous-emission rate of the excited state of the transition, and the angular frequency !0 of the electromagnetic driving eld. Equation 2.3 reveals that the potential
depth of an ODT is proportional to the intensity of the light eld. The expression of
Eq. (2.3) applied to the specic case of Cs yields
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where only the D1, i.e. 6p1=2 6s1=2 , and the D2, i.e. 6p3=2 6s1=2 , transitions (with
angular transition frequencies !D1 and !D1 , respectively) are relevant for trapping in
light elds with red-detuned frequencies !. Indeed, the 6p1=2 and the 6s3=2 states are
the lowest-lying optically accessible states of Cs.
In the experiments, light derived from a diode-pumped 1064 nm ber laser (3SP
Group, Manlight, 10 W continuous-wave output) is used to implement the ODT, in a
similar conguration as described in Ref. [84]. The linearly polarised laser radiation is
superimposed on one of the MOT IR-laser beams using a dichroic mirror and focused
at the centre of the MOT to a beam waist of  80 µm. The laser beam exiting the
chamber is again separated from the MOT beam using a dichroic mirror. It is then
collimated, its polarisation is turned by 90 , and it is nally re-focused and sent into
the experimental chamber a second time, crossing the rst beam at the position of
the MOT at an angle of 45 (see Fig. 2.2b)). The change of the polarisation direction
is necessary to avoid interference between the two laser beams, which would create
unstable trapping potentials. The power of the ber laser is reduced to a minimal
value of 300 mW during the MOT-loading phase. It is switched on for typically 25 ms
during which the MOT is rst compressed by ramping up the magnetic eld, which is
then turned o after 10 ms. The ultracold atoms are then transferred into the ODT
during an optical-molasses phase. The power of the ODT laser is reduced to 300 mW
again prior to the spectroscopic experiments and the ultracold atoms are released
from the trap. This loading into the crossed-beam ODT increases the atom-number
density to up to 1012 cm 3 .
As mentioned above, for technical reasons, the power of the laser forming the
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AC-Stark shift of the 70p3=2 6s1=2 transition of Cs measured in the ODT at dierent power levels of the ODT laser during excitation. Experimentally determined peak positions are
displayed as full circles. The horizontal and vertical error bars indicate the estimated standard deviation of the peak position and a 3% uncertainty in the determination of the laser power, respectively.
The full line represents the tted linear model. The upper and lower insets show experimental spectra (black points) and a t of Eq. (2.6) to the spectrum (solid lines) for ODT laser powers of 1.1 W and
10.0 W, respectively. All frequencies are given relative to the extrapolated zero-power peak position.
Figure 2.6:

ODT cannot be turned o completely but can only be reduced to a minimum value
of 300 mW. The residual optical potential leads to an AC Stark shift of the Rydbergtransition frequencies to higher values. For one-photon Rydberg transitions of the
type np3=2 6s1=2 , the inuence of the residual light eld on both the ground state
and the Rydberg state has to be considered. The shift of the 6s1=2 state is given by the
trapping potential Udip (see Eq. (2.4)) and is 320 kHz for 300 mW and a beam waist of
80 µm. The shift of the Rydberg levels can be approximated with the ponderomotive
potential Upond of a free electron in an oscillating eld, which is given by [85]

Upond  2c em !2 I
2

0

(2.5)

e

and corresponds to  160 kHz for the residual ODT-laser eld. The ponderomotive
shift is assumed to be identical for transitions to dierent Rydberg states and is of
relevance in absolute-transition-frequency measurements (Chapter 3.2). This shift is
characterised by performing measurements at dierent ODT-laser powers and extrapolating the shifts to zero ODT-laser power. The intensity gradient in the ODT does not
only shift the resonances but also causes red-degraded line shapes, which we model
by an exponentially modied Gaussian line-shape function [86]
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In Eq. (2.6), 0 and  are the central frequency and the width, respectively, of the
unperturbed Gaussian line prole and the parameter  describes the line asymmetry.
An exemplary set of measurements at 70p3=2 is presented in Fig. 2.6. The line-shape
parameters are tted in a non-linear least-squares t to the experimental spectral intensities and the intensity maxima are extracted from the model. For an ODT-laser
power of less than  0:5 W, the extracted position of the intensity maximum coincides
with the central transition frequency obtained by the t of a symmetric Gaussian distribution to the spectral line shape within the statistical uncertainty, justifying the
use of Eq. (3.5) in the determination of the transition frequencies (see Section 3.2.2).
By linear extrapolation of this peak position to zero ODT-laser power, the shift ODT
of the transition frequency is determined at the residual ODT-laser power of 300 mW.
This characterisation measurement is repeated at seven dierent values of n in the
range from 27 to 74 and no systematic variation with n is observed. The experimentally determined shift of a transition at the residual ODT power of 300 mW is
ODT 0:30 W  0:48516 MHz, where the given uncertainty is the statistical standard deviation of the seven independent measurements. This result is in agreement
with the combined estimates for the shift of the ground state (Udip;6s1 2 ;0:3 W  320 kHz)
and the ponderomotive shift of the Rydberg state (Upond;0:3 W  160 kHz).
=

2.4 Light sources
2.4.1 UV-laser sources for one-photon Rydberg excitation
In the literature, the majority of the experiments involving Rydberg excitation of ultracold atoms relies on two-photon transitions. There are two main reasons for this:
Firstly, the laser used to drive the rst transition to the 5p state in Rb or the 6p state
in Cs (Rb and Cs are used in the vast majority of experiments with ultracold Rydberg
atoms) is already present in the setups of the corresponding magneto-optical traps.
Therefore, only one additional excitation laser is required for the two-photon Rydberg
excitation. Secondly, two-photon excitation from the 5s1=2 and 6s1=2 ground states of
Rb and Cs, respectively, enables the excitation of ns1=2 Rydberg states. This is important for investigations and applications of the Rydberg-excitation blockade, for which
ns1=2 Rydberg states oer the advantage of isotropic long-range interactions [87] (see
also the results in Chapter 5).
For the spectroscopic investigations performed in the course of this thesis, an
alternative one-photon excitation scheme is chosen, using UV light around 319 nm
to excite np Rydberg states directly from the 6s1=2 ground state of Cs. In the following subsections, the dierent setups used for the generation of UV-laser light are
presented.
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Pulsed UV laser with 1.5 GHz bandwidth
In the rst experiments, a pulsed frequency-doubled double-grating dye laser (Radiant
Dyes, NarrowScan, DCM in ethanol, 0.05 cm 1 bandwidth) is used to excite a fraction
of the ultracold cesium atoms to high np3=2 Rydberg states. The two dye cells of
the dye laser are pumped by the second harmonic of a Q-switched Nd:YAG laser (Coherent Surelight I-10) at a wavelength of 532 nm and a pulse energy of 40 mJ. The
repetition rate of the Nd:YAG laser is 10 Hz, which sets the repetition rate of the experiment. The dye laser is operated at a wavelength of about 639 nm and its output is
sent through a -barium borate (BBO) crystal for second-harmonic generation. After
second-harmonic generation, the laser wavelength is centred around 319 nm and can
be tuned to induce transitions from the 6s1=2 electronic ground state of cesium to
the np Rydberg series converging to the 1 S0 ground state of Cs . The pulsed ultraviolet (UV) radiation is linearly polarised along the y axis and the pulse energy can
be adjusted between 5 and 80 µJ/pulse by using an attenuator consisting of a halfwave plate and a UV polariser. The laser beam is sent into the experimental chamber
unfocused along the laboratory x axis.
The  1:5 GHz bandwidth of the laser is sucient to resolve Rydberg states up
to n  140. This laser is applied only in the measurements described in Chapter 3.1
in UVmillimetre-wave double-resonance spectroscopy. Because the laser excitation
selectively populates a single np3=2 Rydberg state, the resolution of Rydberg-Rydberg
millimetre-wave transitions is given only by the bandwidth of the millimetre-wave radiation and the instrinsic atomic transition linewidth under the given experimental
conditions (see Section 2.4.2 for technical details and Section 3.1 for measured spectra). Direct investigations of interaction eects between ultracold Rydberg atoms are
not possible with this laser because of the large bandwidth of the UV-laser pulses.
Firstly, interaction eects in higher-lying manifolds (n > 20) cannot be resolved, and
secondly, the large frequency bandwidth of the laser pulses results in a small overlap
with the narrow (typically a few kHz for n  30) Rydberg transitions, and in reduced
eective coupling strengths.

Fourier-transform-limited UV laser with 130 MHz bandwidth
To obtain high-intensity pulses with a smaller bandwidth than described above, the
single-mode output of a narrow-bandwidth continuous-wave (cw) laser is pulse amplied (see, e.g., [88, 89]). Here, a ring dye laser (Coherent 899) is used to generate about
500 mW of cw radiation at a wavelength of 639 nm and a bandwith of about 1 MHz.
The ring laser is pumped by the second harmonic of a diode-pumped Nd:YVO4 (Laser
Quantum, nesse, 10 W maximal output at a wavelength of 532 nm) at a power of
5 W. A fraction of the light emitted by the ring laser, corresponding to power levels of
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about 100 mW, is coupled into a polarisation-maintaining single-mode ber and then
sent through two dye cells which are transversally pumped by the 532 nm output of
a seeded, Q-switched Nd:YAG laser (Continuum Surelight I-10). The seeding 639 nm
radiation is pulse amplied in these dye cells. To prevent perturbations of the ring
laser by back-reections, an optical isolator is placed between the ber output coupler
and the amplication line. In order to reduce amplied spontaneous emission (ASE),
apertures of 100 µm diameter are placed behind the rst and the second dye cell, and
150-mm-focal-length lenses are used to focus the laser beam onto these apertures.
One nal lense is used to collimate the pulse-amplied beam again. The laser pulses
are sent through a BBO crystal for frequency doubling via second-harmonic generation. The obtained laser pulses have a temporal shape that reects the pulse shape
of the seeded Nd:YAG laser. The frequency bandwidth of the laser pulses is then
given by the Fourier transformation of the temporal pulse shape which corresponds
to an almost perfect Gaussian function. The pulse lengths (Gaussian full width at half
maximum) in the UV were measured with a fast photodiode to be t  4:4 ns, which
2
corresponds to a frequency bandwidth of   2Log
t  100 MHz. The bandwith determined in spectroscopic experiments on high Rydberg states in Cs is 130 MHz, close
to the Fourier-transform limit.
The UV-laser pulses are sent through a variable attenuator (consisting of a halfwave plate and a Glan-Taylor UV polariser) to adjust the pulse energy between zero
and 100 µJ and through a Berek compensator to adjust the polarisation. The UV-laser
beam enters the experimental chamber along the z axis and is focused to a beamwaist radius of  100 µm at the position of the ultracold Cs sample.
For the experiments presented in Chapter 6, the pulse-amplication line is seeded
by the cw output of a diode laser at a wavelength of 639 nm and power levels of about
20 mW. The resulting visible and UV pulses have a slightly reduced intensity stability
as a result of the lower input power, but are otherwise very similar to those obtained
by pulse amplication of the cw output of the ring dye laser. The reason for this
observation is that frequency and intensity characteristics of the pulses are mainly
determined by the laser used to pump the dye cells, which is the same in both cases
(see above).

Continuous-wave UV-laser radiation with 1 MHz bandwidth
A much higher frequency resolution than the 130 MHz of the pulse-amplied laser
system described above is required in the experiments described in Chapters 4 and 6.
To this end, the output of the ring dye laser is coupled into an external enhancement
cavity (Coherent MBD-200) containing a BBO crystal at the position of the intracavity focus. In this way, second-harmonic conversion eciencies up to 37% could be
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achieved in continuous-wave operation, corresponding to a power of up to 300 mW
(at 850 mW of fundamental radiation). To achieve these levels, the output of the ring
laser is sent through a telescope arrangement and a focusing lense for mode-matching
to the cavity, and its polarisation is adjusted using a half-wave plate. The intracavity
BBO crystal is cut and aligned under Brewster's angle. Therefore, light reected from
the cavity acquires a frequency-dependent change in the polarisation. The light reected from the cavity is sent through a polarising beam-splitter cube and detected
on two photodiodes. From these measured signals, an error signal is derived, which
is used to lock the length of the cavity (modulated by a piezo-mounted cavity mirror)
to the frequency of the ring laser in a Hänsch-Couillaud locking scheme [90]. This
locking scheme does not require the modulation of the laser frequency. This is very
important for the experiments presented in Chapters 4 and 6, which are extremely
sensitive to sidebands in the frequency spectrum of the Rydberg-excitation laser.
Most experiments described in this thesis concentrate on interaction-induced satellite peaks next to atomic transitions which are stronger by many orders of magnitude.
Even very weak frequency sidebands in the Rydberg-excitation laser spectrum could
lead to the excitation of the atomic transition when the centre frequency is detuned.
Consequently, sidebands in the frequency spectrum of the Rydberg-excitation lasers
could generate artefacts in the experimental spectra and thus need to be avoided.
By locking the length of the frequency-doubling cavity to the frequency of the ring
dye laser, cw UV radiation with power levels up to 300 mW and a frequency bandwidth
of 1 MHz is obtained.

2.4.2 Millimetre-wave sources for transitions between Rydberg states
Spectra of transitions from the initially prepared Rydberg state to higher-lying Rydberg states were recorded with millimetre-wave radiation. As continuous millimetrewaveradiation source, the phase-locked backward-wave oscillator (BWO) described
in Ref. [91] is used. Its frequency can be continuously tuned in the range of 240
380 GHz and its bandwidth is narrower than 1 kHz [91]. The output horn of the BWO
is placed 40 cm away from the centre of the MOT and the millimetre-wave radiation
intersects the UV-laser beam at right angles (see Fig. 2.2a)).
The output of the BWO is stabilised in a phase-lock loop to fRF  NfLO , where NfLO
is the N th harmonic (N  10 15) of the frequency of a local oscillator (Wiltron 6769B,
discontinued product) and fRF is the frequency of an additional radio-frequency (RF)
generator (Agilent 8647A, Palo Alto, USA). The output frequency is tuned by changing
fLO between 22.8 GHz and 25.1 GHz in minimum frequency steps of 1 kHz. Because
the 10th to 15th harmonics of fLO are used for the frequency stabilisation, the minimum step size by which the output frequency can be varied is 10 15 kHz, which
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is too large for the narrowest lines observed in the experiments (see Chapter 3.1). As
an extension of the performance of this source as compared to the description in
reference [91], a frequency step size below 1 kHz could be obtained by scanning the
frequency fRF of the reference signal (350 MHz in normal operation) instead of fLO . In
this way, the frequency step size could be reduced to 1 Hz.
A second source of narrow-bandwidth millimetre-wave radiation (used in the experiments described in Chapter 5) consists of the same frequency synthesiser (Wiltron
6769B) connected to an amplier-multiplier chain (Virginia Diodes, WR6.5AMC, tunable range 110 - 170 GHz). The 12th harmonic of the incoupled microwave radiation is
directly generated and no additional locking electronics (which is the crucial element
in the operation of the BWO described above) is required.
Typical interaction times with the millimetre-wave radiation are between 1 µs and
60 µs. The transitions are detected using state-selective pulsed eld ionisation (PFI)
and separately monitoring the ionisation signals of initial and nal Rydberg states in
the Cs -ion time-of-ight (TOF) traces (see Section 2.6).

2.5 Frequency calibration
2.5.1 Scanning-cavity transfer lock
In order to improve the frequency stability of the continuous-wave ring dye laser,
a scanning-cavity transfer lock (SCTL) is implemented. This frequency stabilisation
scheme was rst described by Lindsay et al. [92] and has since then been used in numerous laboratories (see, e.g., [9395]). It is based on the combination of a stable optical frequency reference (often, as in our case, a stabilised HeNe laser) with a scanning
Fabry-Pérot interferometer (FPI). The experimental setup is depicted in Fig. 2.7a). The
light from the stabilised HeNe reference laser (Thorlabs HRS015, specied stability of
1 MHz over one hour) and the light from the dye laser with unknown frequency are
superimposed with orthogonal polarisations on a polarising beam-splitter cube and
copropagate through the FPI (Thorlabs SA200-5B). One of the FPI mirrors is mounted
on a piezo-electric actuator, which allows for a variation of the cavity length. As the
length of the confocal FPI is varied, the laser light is transmitted when

lFPI  n 4 ; n 2 N;

(2.7)

i.e., whenever the cavity length lFPI is an integer multiple of the fourth of the wavelength  of that laser. The dierence in frequency between two transmission maxima is the free spectral range (FSR) of the FPI, which is given by f FSR  c=4lFPI ,
where c is the speed of light in vacuum. For the cavity employed in this setup,
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Schematic representation of the implementations of a scanning-cavity transfer lock (a)
and a Pound-Drever-Hall lock (b). In the setup a), the half-wave plates are used to adjust the relative
polarisation of the dye-laser radiation and the HeNe-laser radiation, such that the two beams can be
merged before and separated behind the Fabry-Pérot interferometer using polarising beam-splitter
cubes.
Figure 2.7:

the manufacturer specied a free spectral range of 1.5 GHz. The transmitted light
from the two lasers is separated again by another polarising beam-splitter cube and
is detected on separate photodiodes. For scanning the cavity length, a multifunction data-acquisition card (DAQ, National Instruments PCI-6281) is used to apply a
triangular voltage ramp to the piezo-electric actuator of the FPI with a repetition
rate of 10 Hz. The voltage levels from the two photodiodes are digitised simultaneously by the same DAQ card. Synchronisation of the voltage-ramp generation and
the analogue-waveform acquisition ensures that every time position in the waveform
corresponds to a well-dened electric-potential dierence applied to the FPI. The time
traces are then analysed by a program written in Labview, which uses a peak-nding
algorithm to determine the positions t ;i at which the cavity is resonant with the frequency of the laser (see Fig. 2.8). A feedback algorithm, acting on the oset of the
potential ramp applied to the FPI, is then used to stabilise the position tHeNe;1 , and
thus the length of the cavity at that position, to a xed value. Stabilisation of the time
delay
t  tDye;1
tHeNe;1;
(2.8)
between the transmission of the light from the reference laser and the dye laser is
achieved by acting on the external-scan control input of the Coherent-899 control
box and allows the stabilisation of the dye-laser frequency to the same level as the
reference-laser frequency.
The SCTL can also be used in a non-locking mode, which facilitates the measurement of relative frequency changes during a frequency scan of the dye laser, if
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Transmission spectrum of the HeNe laser (red trace) and the fundamental laser beam of
the ring dye laser (blue trace) though the scanning Fabry-Pérot interferometer. The time on the horizontal axis is proportional to the cavity length, which is scanned by the application of a increasing
potential to the piezo-electrical actuator of the cavity (see text for details).
Figure 2.8:

an accuracy of about 2 MHz is sucient. In this mode, the time interval between
two transmission maxima of the reference laser tHeNe (see Fig. 2.8), the free spectral
range of the cavity, and the wavelengths of the two lasers, Dye and HeNe as measured
by a wavelength meter (HighFinesse, WS-7), are used to determine a conversion factor
c Dye between the time interval t (see Eq. (2.8)) and a relative frequency change of
the dye laser following

c Dye  t f FSR Dye
HeNe;FSR HeNe
f  cDye t :

(2.9)

This model assumes a linear relationship between the potential dierence applied
to the piezo-electrical actuator and the length of the cavity. These assumptions are
found to be justied over the relevant range of parameters by comparing wavelengthmeter readings and detunings given by Eq. (2.9) for many frequency scans over the
course of our measurements. Frequency intervals larger than f FSR are determined
by scanning the dye laser continuously over the frequency interval, following the
evolution of the values given by Eq. (2.9), and reconstructing the total frequency range
by post-analysis in Mathematica. The value of f FSR is determined by comparing a
precisely known frequency interval (in this case the hyperne splitting of the 6s1=2
ground state of cesium) to the value given by Eq. (2.9) and was found to be within
2 % of the specied value of the FSR. While this frequency-stabilisation scheme is
more stable than the calibration based only on the readings of the wavelength meter
(HighFinesse WS7), the remaining long-term uctuations, dominated by drifts of the
reference laser, still exceed the linewidth of the dye laser and thus limit the achievable
resolution of the spectroscopic experiments. Referencing the frequency of the dye
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laser to an optical frequency comb, as described in Section 2.5.3, is found to be more
reliable.

2.5.2 Pound-Drever-Hall lock to an external cavity
The highest level of stability and accuracy in the frequency calibration of the ring
dye laser was achieved in a three-step locking scheme. First, the frequency of the
dye laser is directly stabilised to a mode of the external FPI (Thorlabs SA200-5B) in
the experimental conguration shown in Fig. 2.7b). The error signal for the stabilisation is derived using the Pound-Drever-Hall technique [96] by modulating a small
part of the fundamental output of the ring laser with an electro-optical modulator
(EOM). The EOM consists of a 30 mm long LiNbO3 crystal in a resonant tank circuit
and is driven directly by an RF signal at about 20 MHz (peak amplitude 20 V) obtained from a dual-channel function generator (Rigol DG1022). Light reected from
the cavity (see Fig. 2.7b)) is detected by a fast photodiode (Thorlabs PDA10A-EC) and
is amplied by a low-noise broadband amplier (MiniCircuits ZFL-500LN-BNC+) after
low-pass ltering by a lter with a passband from DC to 5 MHz (MiniCircuits BLP-5+).
The amplied signal is mixed with the local oscillator RF signal, obtained from the
second channel of the function generator, on a phase detector (MiniCircuits ZRPD1+). An analogue proportional-integral (PI) controller feeds the resulting error signal
(see Fig. 2.9) back to the electronic control box of the ring laser, which was modied
according to Ref. [97]. The closed-loop bandwidth of this lock is 8 kHz. To reduce
the inuence of acoustic vibrations and thermal uctuations, the external FPI was
installed in a massive, air-tight enclosure.

Transmission signal (blue trace) and error signal (purple trace) of the frequency-modulated dye-laser radiation reected from the Fabry-Pérot cavity as a function of the potential applied
to the piezo-electrical actuator of the cavity (see text for details), and measured with the setup
schematically shown in Fig. 2.7. The shaded area indicates the capture range of about 100 MHz of
the locking setup.
Figure 2.9:
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Second, slow drifts of the length of the reference cavity are observed by measuring the laser frequency with a wavelength meter (HighFinesse WS-7). The measured
frequency is stabilised to a chosen set point by applying a variable voltage to the
piezo-electrical actuator of the reference cavity. The closed-loop bandwidth of this
 z. The frequency of the laser is scanned in steps of typically 150 kHz
lock is 10H
by varying the lock set point. While the absolute accuracy of the wavelength meter is
specied as 60 MHz (3 ), the intrinsic Allan deviation of the wavelength meter measurements is typically around 300 kHz over periods shorter than one minute [98],
which was conrmed by our measurements.
In a third step, the readings of the wavelength meter are calibrated to the measurements using a frequency comb following the procedures described in [99102].

2.5.3 Referencing to an optical frequency comb

Schematic and purely illustrative representation of the frequency spectrum of a frequency comb. The repetion rate frep determines the comb spacing and is shown here enlarged for
the sake of clarity. Frequency bandwidth ltering ensures that the detected beat frequency results
only from interference of the laser light with the next tooth of the comb (see text for details).
Figure 2.10:

The absolute frequency of the excitation laser radiation is determined by overlapping a small part of the fundamental beam at 640 nm with light from a frequency
comb (Menlo Systems FC1500-250-WG) on a fast photodiode and counting the frequency of the resulting beat note fbeat . The absolute accuracy of the wavelength
meter is sucient to unambiguously determine the mode number n of the beating
comb tooth. The frequency of the dye laser is then obtained from measurements of
the carrier-envelope-oset frequency fCEO and the repetition rate frep of the comb
(see also Fig. 2.10) by
fdye  n  fCEO  2  fCEO  fbeat :
(2.10)
All frequencies are measured by direct comparison with the frequency of a Rb
oscillator (Stanford Research Systems FS725) having a stability of 1  10 11 over a
typical measurement time of 10 s and being disciplined by a GPS receiver (Spectrum
Instruments TM-4) with a specied long-term stability of 1  10 12 . The accuracy of
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this clock yields directly the accuracy of the optical frequency measurements [103].
The RF signal of the beat note fbeat is strongly ltered by the control electronics of the
frequency comb. To ensure that the frequency of the beat note is always in the detection window from about 55 to 65 MHz during a scan, the repetition rate of the comb
is controlled by the data-acquisition program. Because the remote execution of the
command for changing the repetition rate takes about one second, such changes are
performed as rarely as possible: whenever the frequency of the beat note approaches
the lower (upper) limit of the detection window, the repetition rate is set such that
the new beat note is close to the upper (lower) limit of the detection window.
In a nal step of the stabilisation and calibration scheme, the readings of the wavelength meter can be constantly calibrated to the readings from the frequency comb,
such that the frequency of the dye laser can be stabilised to an absolute accuracy of
about 100 kHz over the course of several hours.

2.6 Detection of the Rydberg transitions
Even though recently all-optical detection schemes relying on electromagneticallyinduced transparency [104106] have been applied to the detection of Rydberg transitions [107110], in the experiments described here, Rydberg atoms are detected using
pulsed electric-eld ionisation (PFI) [15]. PFI is a very powerful detection method because it is i ) background free, ii ) very ecient (the ionisation rates scale exponentially
with the applied eld strengths [111] so that the ionisation yield is 100% for suciently high electric-eld strengths), iii ) very sensitive (to levels much below a single
Rydberg excitation on average per experimental cycle because a charged particle is
detected and this can be done with high eciency [112]) and vi ) state selective (because the threshold ionisation eld is a function of the principal quantum number n
of the Rydberg state, and depends also on l and even on ml [113], see Ref. [] for more
details).
In the experimental setup, the Rydberg atoms are eld ionised by applying either
a positive potential pulse to the four eld plates located on the opposite side of the
MCP (generating a homogeneous electric eld in y direction, see Fig. 2.3) or a negative
potential pulse to the ring electrodes and the metallic grid in front of the MCP. In the
former case, four home-built high-voltage switches are used to switch from the potential conguration used to compensate stray electric elds (see Section 2.7) to a potential conguration for the ionisation of Rydberg atoms. Applying the eld-ionisation
pulses to the ring electrodes enables one to avoid applying pulsed potentials to the
eld plates, which reduces transient stray elds in the region where the atom cloud
is located. The ionisation elds resulting from the application of pulsed negative po29
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tentials on the ring electrodes are smaller and only suitable to detect Rydberg states
with n > 50. Consequently, the ionisation pulses are applied to the ring electrodes to
detect Rydberg states with n > 50 and to the eld plates for the detection of Rydberg
states in the range 50 > n > 26. Electric elds of sucient strength to eld ionise
Rydberg states below n  26 cannot be generated. Fortunately, transitions to Rydberg states below n  26 can also be detected by monitoring spontaneously produced
ions following Rydberg excitation (see, e.g., the spectra shown in Fig. 5.3a)).
In the experiments described in this thesis, the Rydberg atoms were detected state
selectively by monitoring the eld-ionisation signals induced by slowly rising potentials Uion applied over a simple RC low-pass lter, e.g., with R = 8.2 k , C = 100 pF. The
resulting eld ramp (see Fig. 2.11) ionises the Rydberg atoms in the volume of the MOT
and extracts the positively charged Cs ions towards the MCP detector. The detector
consists of a matched pair of MCPs with 18 mm active diameter in chevron conguration. The front plate is typically held at a potential of 2:1 kV and the backplate is
grounded. The iontime-of-ight traces are read out by an oscilloscope (LeCroy, Waverunner 606Zi, 600 MHz, 20 G/s) and processed further using a LabView program.
Uion is adjusted to the n values of the investigated Rydberg states such that, e.g. in
millimetre-wave transfer, initial and nal Rydberg states appear at distinct positions
in the time-of-ight spectra.

Time dependence of the electric potentials applied to the four eld plates (red,
blue, yellow, and green traces, respectively) to eld ionise Rydberg states. Home-built high-voltage switches were used in this experiment and the electric potential Uion  1:8 kV was applied over a
RC low-pass lter (R = 8.2 k , C = 100 pF) with a time constant of  8 µs. The traces were measured
with a high-voltage probe. The relative deviations of the potentials applied to the four eld plates
from the mean potential are shown on a magnied scale in the inset and never exceed 4%.
Figure 2.11:

In the iontime-of-ight spectra, spontaneously produced ions are separated from
ions resulting from PFI, and signals corresponding to Cs ions are separated by Cs2
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ions. The times of ight tCs2 of Cs2 ions are longer than the times of ight tCs Cs
ions when accelerated by the same potential dierence ( tCs2 / tCs ). Consequently,
in addition of being state selective, the method of PFI in combination with an ion
time-of-ight spectrometer provides also information of the photoexcited species and
their decay into charged fragments. This advantage turned out to be very useful in
the investigations of the decay of long-range Rydberg molecules (see Chapter 4.6) and
of interacting Rydberg-atom-pair states (see Chapter 5.3.5).

2.7 Measurement and compensation of stray elds
2.7.1 Compensation of electric stray elds
Because of their very large polarisabilities, which scale with the principal quantum
number n as n7 [15], atoms and molecules in high Rydberg states are extremely sensitive to external electric elds. This sensitivity has been can be exploited to measure
stray electric elds with extreme precision [114] but also imposes great demands on
the electric-eld control in experiments investigating the properties of high Rydberg
states, such as these presented in this thesis.
The experimental chamber has been designed under the constraint that electric
stray elds must be minimised. To meet this constraint, all materials in the immediate vicinity of the photoexcitation region are conductive. Their electric potentials are
either precisely controlled or grounded. For example, the eld plates described in Section 2.1.1 are contacted from the back to prevent electric elds originating from the
leads from penetrating into the photoexcitation region. Despite the eorts invested
in the design of the experimental chamber, a stray electric eld of  300 mV/cm
was consistently observed in the photoexcitation region using Rydberg-Stark spectroscopy. Possible origins of this stray electric eld are charges accumulating on the
surface of the fused-silica view ports of the chamber; the largest one is located at a
distance of about 4 cm from the photoexcitation region. Charges are generated in our
experiments by direct or stray (UV) laser radiation incident on any material and by
the ionisation of Cs Rydberg atoms. Fortunately, this stray eld can be compensated.
The compensation elds are determined by minimising the Stark shifts of n0 s1=2
np3=2 transitions recorded with the millimetre-wave radiation (see Section 2.4.2) or
of np 6s1=2 transitions recorded with a narrow-band UV laser (see Section 2.4.1).
Because the low-angular-momentum states have a non-zero quantum defect, they experience a quadratic Stark eect at small eld strengths [15, 115]. Consequently,
the stray eld can be compensated in each spatial dimension independently. First,
a rough compensation of the stray eld is performed at low n values. Then, the
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Measurement of the Stark eect of the 70p1=2 Rydberg state. The homogeneous
electric elds in x , y and z dimension (left, middle and right panels, respectively) have been applied
using the three dierent potential congurations depicted in Fig. 2.3. Spectra of the 70p1=2 6s1=2
transition are depicted in the upper row. The spectra are shown with a vertical oset corresponding
to the potential dierence Ud applied between the two sets of eld plates in d dimension. The
resonances are tted with Gaussian line-shape functions and the centre frequencies are plotted as a
function of Ud in the bottom row. The position of minimal Stark shift is determined in a parabolic
t (solid black line) to these positions (open black circles).

Figure 2.12:

procedures are repeated at progressively higher n values, exploiting the increasing
sensitivity to stray elds resulting from the n7 scaling of the polarisability [15].
The results of an exemplary measurement of the stray electric eld is presented
in Fig. 2.12. The three sets of spectra displayed in the upper row correspond to the
70p1=2
6s1=2 transition recorded in external electric elds applied along the x ,
y and z axis (from left to right). The vertical oset of the spectra is chosen to
correspond to the potential dierence Ud applied to the eld plates depicted in
Fig. 2.3. The quadratic Stark shift of the 70p1=2 state is negative and the potentials
Ud;0 , corresponding to minimal Stark shift and, thus, minimal residual electric eld
in direction d corresponds to a maximal transition frequency. The maximal transition frequencies are determined by tting parabolic curves to the positions of the
70p1=2 6s1=2 resonance as a function of the applied potentials. The values of Ud;0
correspond to the position of the apex of each tted parabolic curve. The eld created by applying the set of compensation potentials Ud;0 was calculated using the
experimental geometry and the software package SimIon to be E~  Ex ; Ey ; Ez 
 44; 65; 317 mV/cm.
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Millimetre-wave spectrum of Rydberg states around 231s1=2 from the initial 93p3=2
state. The dashed vertical lines are calculated line positions based on the extrapolated quantum
defects of Ref [116]. The appearance of the dipole-forbidden transitions np1=2;3=2 93p3=2 and the
asymmetric line broadenings are caused by the electric-eld gradients.
Figure 2.13:

Once the stray electric elds are compensated, transitions to high-n Rydberg
states can be observed. A millimetre-wave spectrum of transitions from the 93p3=2
state to well-resolved Rydberg states with n  230 is presented in Fig. 2.13. At such
high n values, the linewidths and shifts cannot be reduced by varying the compensation potentials and are found to be independent of the ground- and Rydberg-state
density. Moreover, the linewidths increase with increasing polarisability dierences
of the coupled states. Consequently, the line broadening is attributed to an electriceld gradient originating from the applied compensation eld or from ions embedded
in the atom cloud. Ions can be formed by collisions of Rydberg atoms, by blackbodyradiation-induced ionisation, and by two-photon ionisation of ground states atoms
with UV and IR radiation (all IR beams are turned o by AOMs, but a small amount
of IR light can leak through). From the experimental linewidth of 2 MHz for the
230s1=2 93p3=2 transition and calculated Stark shifts of the Rydberg states involved,
it can be excluded that the residual electric stray eld varies by more than 1 mV/cm
over the atomic sample. Thus, initial stray elds of about 300 mV/cm could be reduced to less than 1 mV/cm. Moreover, the spectrum displayed in Fig. 2.13 illustrates
the possibility to fully resolve Rydberg states of very high principal quantum numbers.
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2.7.2 Compensation of magnetic stray elds
The sensitivity of high Rydberg states to external magnetic elds is similar to the
sensitivity of ground-state atoms. Accurate spectroscopic measurements also require
the suppression of Zeeman shifts and splittings of the transitions, and, consequently,
a compensation of stray magnetic elds. The magnetic stray eld is compensated
using the three pairs of magnetic coils described in Sect. 2.1.2. The procedure followed to characterise and minimise the magnetic stray eld and illustrated in the
rst set of experiments presented in Section 3.1.4 (see Fig. 3.5) is presented here for
completeness.
First, the mechanical Hanle eect [117] is exploited in a coarse compensation of
the magnetic eld in two directions. To this end, an additional laser beam, resonant
with the transition 6p3=2 ; F 0  4 6s1=2 ; F  4 and circularly polarised, is passed
through the atom cloud in x direction (see Fig. 2.2). By applying a bias magnetic
eld of 100 mG in x direction, a quantisation axis is dened for the total angular momentum F~ of the atoms. If the magnetic-eld components perpendicular to this axis
are signicantly smaller than the quantisation eld, the circular polarised light drives
predominantly  = transitions and thus optically pumps the atoms into one of the
maximally stretched states F  4; MF  4, which are dark states in this conguration. Thus, the atoms scatter only few photons before decoupling from the light eld.
Any component of the magnetic eld perpendicular to the quantisation axis weakens
the eciency of the dark-state pumping because  transitions become allowed. In
this case, the atoms scatter photons continuously and thus experience a mechanical force in the direction of the laser beam, resulting in a displacement of the atom
cloud. The displacement is observed by imaging the uorescence of the cloud on a
CCD camera. Stray magnetic elds in y and z direction are compensated by reducing
the observed displacement by modifying the currents applied to the compensation
coils.
The remaining magnetic stray eld is compensated by measuring the Zeeman effect of high Rydberg states using millimetre-wave spectroscopy (see Fig. 3.5). In this
way, an initial magnetic stray eld of about 550 mG could be reduced rst to approximately 70 mG using the mechanical Hanle eect and then to below 2 mG using
millimetre-wave spectroscopy. The latter value is estimated by comparing spectra calculated for dierent magnetic eld strengths to experimental millimetre-wave spectra
(see Chapter 3.1.4) and is limited by the accuracy of 1 mA with which the currents applied to the compensation coils can be adjusted.
The hyperne interaction and the sensitivity to electric stray elds complicates the
compensation of magnetic stray elds using millimetre-wave spectroscopy of transitions between Rydberg states. A simpler and faster way to compensate magnetic
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stray elds, which was also used in the experiments described in this thesis, relies
on Zeeman spectroscopy of the 6s1=2 ; F  4
6s1=2 ; F  3 magnetic-dipole transition. Small magnetic elds result in a splitting of the F  3; 4 hyperne levels
into the dierent MF magnetic sublevels, with a spacing of  0:35 kHz/mG between
adjacent magnetic states [118]. Because the Landé gF factors are gF 3  1=4 and
gF 4  1=4, the Zeeman eect in the F  3 level is inverted and a simple comblike Zeeman spectrum consisting of equally spaced lines is expected for microwave
spectrosocpy of the hyperne transition in an external magnetic eld. The selection
rules regarding MF determine whether the observable splittings between adjacent
lines is 2  0:35 kHz/mG (for  transitions with MF  0, or for   transitions with
MF  1) or 0.35 kHz/mG (when both types of transition are driven).
A schematic overview of the principles underlying a magnetic-eld measurement
using the Zeeman-split F  4 ! F  3 transition is depicted in Fig. 2.14. First,
the atoms are prepared in the F  4 hyperne component of the 6s1=2 state using
a repump-laser pulse. Additionally, in some experiments, the atoms are pumped
into the F  4; MF  4 magnetic sublevel with an IR-laser pulse resonant with the

6p3=2 ; F 0  5
6s1=2 ; F  4 transition. After the state preparation, the microwave
radiation is turned on for 300 µs. The microwave radiation with a frequency of
 9:2 GHz is derived from a local oscillator (Wiltron 6769B, discontinued product),
the output of which is sent to a waveguide connected to a microwave horn antenna.
In the setup, the microwave radiation enters the chamber along the laboratory-xed
x axis and is linearly polarised, with the polarisation vector aligned along the z axis.
The microwave radiation induces 6s1=2 ; F  4; MF !6s1=2 ; F  3; MF transitions, when
its frequency is resonant with one of the Zeeman-split transitions. The atoms remaining in the F  4 hyperne component are subsequently detected by absorption
imaging. To account for microwave-frequency-independent uctuations of the atom
number in the dipole trap, a background measurement is performed by measuring
the atom number at every second experimental cycle without turning the microwave
radiation on. Because of the short lifetime of the electronically excited 6p3=2 level and
the resulting linewidth of the optical absorption transition of  5:4 MHz, the Zeemansplit magnetic sublevels are not resolved directly in the absorption measurement for
magnetic elds below 5 G.
In the experiments presented in Fig. 2.15a)-c), a small magnetic bias eld was applied along the z axis. This magnetic eld was generated by increasing the compensation current applied to the corresponding magnetic coils by 150 mA. Considering
the geometry of the coils and the applied current, a magnetic eld of  270 mG at the
centre of the coils can be calculated using the Biot-Savart equations (see, e.g., [119]).
With the polarisation of the microwave radiation parallel to the quantisation axis,
only  transitions with MF  0 are expected to occur. The seven lines observed in
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the spectra presented in Fig. 2.15a)-c) therefore correspond to MF  0 transitions
with MF  3; 2; :::; 3 (see also Fig. 2.14). The observed frequency spacings between adjacent lines are 2  0:35kHz=mG  Bz  181 kHz, which yields a magnetic-eld
strength of 258 mG. Considering the uncertainties in the input parameters, this value
is in agreement with the calculated value of 270 mG.
The spectra depicted in Fig. 2.15a) show the Cs-atom number in the 6s1=2 ; F  4
levels measured by absorption imaging. The thin red trace was measured without the
microwave radiation and the blue trace shows the signal obtained with a 300-µs-long
microwave-radiation pulse applied before measuring the 6p3=2
6s1=2 absorption.
Transitions to the 6s1=2 ; F  3; MF levels induced by the microwave radiation are
revealed by a reduction of atom numbers in the 6s1=2 ; F  4 level. The backgroundcorrected trace (obtained by dividing the signal shown in blue by the signal shown
in red in Fig. 2.15a)) is presented in Fig. 2.15b). A spectrum taken under the same
experimental conditions, but with an additional 50-µs-long IR pulse resonant on the

6p3=2 ; F 0  5
6s1=2 ; F  4 transition applied before the microwave transfer, is
shown in Fig, 2.14c. In this way, most of the atoms are transferred to the F  4; MF  4
magnetic sublevel of the 6s1=2 ground state, which is a dark state for the microwave
transfer, because of the MF  0 selection rule. Consequently, the eect of the
optical pumping is observed as a reduced integrated line intensity in the microwave
spectrum presented in Fig. 2.15c). Only the MF  0 transitions at positive detunings
corresponding to the MF  3; 2 states are still observed. Once measured, the magnetic
elds can be compensated. After compensation, the spectrum depicted in Fig. 2.15d)
is obtained, which consists of a single Lorentzian line with a centre frequency of
9.1926317(1) GHz and a full width at half maximum of 6.5 kHz.
These results demonstrate that Zeeman spectroscopy of the ground-state hyperne transition in Cs (and in the other alkali-metal atoms) can be used to i ) determine
(and compensate) magnetic stray elds and ii ) to characterise the eects of opticalpumping processes in the ground state.

36

2.7. Measurement and compensation of stray elds

1. State preparation in 6s1/2, F = 4

2. Microwave transfer

3. Detection via absorbtion imaging

MF

F‘ = 5

+4

F=4

F‘ = 4

6p3/2

F‘ = 3

F‘ = 5
6p3/2

-4

F‘ = 4
F‘ = 3

F‘ = 2

F‘ = 2

Optional optical
pumping in MF = 4
852 nm, s+

6s1/2

F=4

-3

F=3

F=3

6s1/2

F=4
F=3

+3
2.14:
Schematic energy-level diagrams of the 6s1=2 and 6p3=2 states including their hyperne and magnetic sublevels relevant for Zeeman spectroscopy of the
6s1=2 ; F  3; MF 3 6s1=2 ; F  4; MF 4 magnetic-dipole transition in Cs. Solid vertical arrows denote
electric- and magnetic-dipole transitions induced by electromagnetic radiation, whereas dashed vertical arrows denote decay by uorescence. The left-hand-side scheme (1.) illustrates that the atoms
are rst prepared in the upper F  4 hyperne component using the repump laser resonant with the
6p3=2 ; F 0  4 6s1=2 ; F  3 transition. Additionally, the atoms can be prepared in a single magnetic
sublevel by furtheroptical pumping using circularly polarised   light with the frequency tuned to
the 6p3=2 ; F 0  5  6s1=2 ; F  4 transition. Magnetic-dipole transitions with MF  0 induced by the
microwave radiation are indicated by vertical arrows in the middle energy-level diagram (2.). These
transitions are detected by monitoring the number of Cs atoms remaining in the F  4 hyperne
component of the 6s1=2 electronic ground state after absorption using a laser resonant with the
6p3=2 ; F 0  5 6s1=2 ; F  4 transition (3.).
Figure
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a) to c) Experimental microwave spectra of the clock transition in Cs in an external
magnetic eld of 258 mG. The microwave radiation is linearly polarised, with the polarisation vector
parallel to the quantisation axis. The panel in a) shows the number of Cs atoms in the 6s1=2 ; F  4
level a function of the microwave-radiation frequency with the microwave radiation turned on (blue
trace) or o (thin red trace) prior to the absorption measurement. The division of the signal shown
in blue by the signal shown in red yields the ratio of detected Cs atoms in the F  4 hyperne level
to the F  3 level, and is depicted in panel
b). The spectrum depicted in panel c) is obtained with the

optical puming on the 6p3=2 ; F 0  5  6s1=2 ; F  4 transition before the microwave transfer. When
all stray magnetic elds are compensated, only one single resonance with a Lorentzian full width at
half maximum of 6.5 kHz at a microwave-radiation frequency of 9.1926317(1) GHz is observed (see
panel d).
Figure 2.15:
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High-resolution spectroscopy of Cs
Rydberg states
The weakly bound nature of the Rydberg electron and the resulting high sensitivity of
high Rydberg states to their environment are simultaneously a curse and a blessing:
A blessing, because it is the origin of most applications of high Rydberg states, and a
curse, because artefacts can easily mask the eects one desires to study. For instance,
the presence of only a few ions in the measurement volume can alter the line shapes
and line positions in spectra of high Rydberg states [114, 120], which in turn may be
interpreted as arising from other eects. Thus, in the spectroscopy of Rydberg states
a thorough investigation of all line-broadening mechanisms is required.
The investigation of line shapes and line-broadening mechanisms in spectra of
high Rydberg states is the subject of this chapter. It is carried out through highresolution UV and millimetre-wave spectroscopy of high Rydberg states of Cs under
low-density conditions where the interactions between Rydberg atoms and between
Rydberg atoms and ground-state atoms can be safely neglected.
Apart from characterising the experimental conditions and their eects on the
measured transitions, high-resolution spectroscopy on atomic Rydberg levels yields
accurate information on the atomic Rydberg energy-level structure, needed for many
subsequent studies, e.g. in experimental and theoretical investigations of long-range
Rydberg molecules (see Chapter 4) and of pairs of Rydberg atoms interacting via longrange forces (see Chapters 5 and 6). The same information can also be used to derive
thermodynamically relevant quantities such as ionisation and dissociation energies
with high precision [121]. The experimental investigations presented in this chapter
exploit laser cooling to generate ultracold samples of atoms in the gas phase and a
frequency comb and frequency-stabilised millimetre-wave radiation for the precise
measurement of transition frequencies between Rydberg states of Cs.
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In the rst part of this chapter, transitions between high Rydberg states of 133 Cs
atoms have been studied by high-resolution millimetre-wave spectroscopy of an ultracold sample. The spectroscopic measurements were performed after releasing the
atoms from a magneto-optical trap. Switching o all trapping elds and compensating the stray electric and magnetic elds to below 1 mV/cm and 2 mG, respectively,
prior to the spectroscopic measurement enabled the recording of millimetre-wave
spectra of Rydberg states with principal quantum number beyond n  100 under
conditions where the inhomogeneous broadening by stray elds is minimal and no
dephasing of the Rydberg-atom sample can be detected over measurement times up
to 60 µs. The Fourier-transform-limited linewidths of better than 20 kHz enabled the
observation of the hyperne structure of ns1=2 and np3=2 Rydberg states of Cs beyond n  90. The analysis of the lineshapes of transitions to high-n Rydberg states
indicated that eld inhomogeneities across the atomic sample represent the dominant cause of spectral broadening at high n values. The analysis also revealed that
the initial polarisation of the atomic sample (F  4, MF  4) is preserved for several
tens of microseconds, the depolarisation being caused by slow precession induced by
magnetic stray elds.
In the second part of the chapter, absolute-frequency measurements of the transitions from the 6s1=2 ground state of 133 Cs to np1=2 and np3=2 Rydberg states are
presented. The transition frequencies are determined by single-photon UV spectroscopy in ultracold samples of Cs atoms using a narrow-bandwidth laser system
with its frequency referenced to a frequency comb. Extrapolation of the Rydberg
series in a global t of the ionisation energy EI of Cs yielded an improved value of
EI  hc  31 406:467 732 514 cm 1 with a relative uncertainty of 5  10 11.
Improved values for the quantum defects of the np1=2 , np3=2 , ns1=2 , and nd5=2
series of Cs are derived by considering the results obtained in the rst two sections
of this chapter and the data reported in Ref. [122].
Section 3.1 of this chapter is adapted from the article H. Saßmannshausen, F.
Merkt, and J. Deiglmayr: High-resolution spectroscopy of Rydberg states in an
ultracold cesium gas, Phys. Rev. A 87, 032519 (2013). Dr. Johannes Deiglmayr has
contributed the main part to the results presented in Section 3.2, which is adapted
from J. Deiglmayr, H. Herburger, H. Saßmannshausen, P. Jansen, H. Schmutz,
and F. Merkt: Precision measurement of the ionisation energy of Cs I, Phys. Rev. A
93, 013424 (2016) and is presented here for the sake of completeness.
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3.1 Millimetre-wave spectroscopy of transitions between
Rydberg states
This section presents a spectroscopic study of very high Rydberg states of 133 Cs in
a magneto-optical trap (MOT) under conditions where Doppler broadening and line
broadening caused by the nite transit time (see, e.g., Ref. [114]) of the atoms in the
measurement region are negligible. The residual line broadening is exclusively caused
by residual stray electric and magnetic elds and by transitions induced by blackbody
radiation. Under these conditions, Rydberg series, including their hyperne structures, are resolved up to high values of the principal quantum number. The analysis
of line shapes and line positions also enabled the quantication of the eects of weak
electric and magnetic elds and the compensation of these elds.

3.1.1 Experiment
The spectroscopic measurements presented in this section are performed on ultracold Cs-atom gas-phase samples released from a vapour-loaded magneto-optical trap
(see Chapter 2). These samples have a Gaussian density distribution with a typical
peak density of 5  109 atoms/cm3 , a 1/e sample diameter of 150 µm, and a temperature of 10 µK, as determined from the analysis of the absorption images. To obtain
a purely oriented sample of ground-state atoms in the MF  4 state, the atomic sample is exposed to a beam of circularly polarised laser light propagating along the z
direction (see Figs. 2.1 and 2.2 for the denition of the space-xed axis system) and
resonant with the 6p3=2 ; F  5 6s1=2 ; F  4 transition for 100 µs. This laser is then
turned o 20 µs prior to Rydberg excitation. A pulsed frequency-doubled dye laser
(Radiant Dyes, DCM in ethanol, 0.05 cm 1 (1.5 GHz) bandwidth,  5 ns pulse length) is
used to excite a small fraction, typically much less than 10 %, of the ultracold cesium
atoms to np3=2 Rydberg states. All hyperne components in the Rydberg-excitation
transition allowed by electric-dipole selection rules are excited within the laser bandwidth. Under these conditions, the number of atoms excited to Rydberg states remains low and Rydberg-atom-pair interactions are negligible. The pulsed UV radiation is linearly polarised and the pulse energy is adjusted between 5 and 80 µJ. The
UV-laser-radiation frequency is measured with a wavelength meter (HighFinesse, WS6) at an accuracy sucient to unambiguously assign the principal quantum number
to np3=2 series up to n  120. For the experiments described here, the UV-radiation
frequency is kept xed at the positions of selected np3=2 6s1=2 resonances.
Spectra of transitions from the selected np3=2 Rydberg state to higher-lying ns1=2
or nd3=2;5=2 Rydberg states are recorded with millimetre-wave radiation. As continuous millimetre-wave source, a phase-locked backward-wave oscillator (BWO) is used as
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described in Ref. [91, 123] and in the Section 2.4.2 of this thesis. Its frequency can be
continuously tuned between 240 and 380 GHz and its bandwidth is below 1 kHz [91].
The output horn of the BWO is placed 40 cm away from the centre of the MOT and
the millimetre-wave radiation intersects the UV-laser beam at right angles.
The interaction time of the continuous-wave millimetre-wave radiation and the
Rydberg-atom sample is determined by the delay time between the UV-laser pulse
used for the initial excitation and the application of the electric-eld pulse used for
detection of the transitions. Because the laser pulse is short compared to this delay
time and the electric-eld pulse immediately shifts the transitions out of resonance,
the temporal structure of the interaction between the millimetre-wave radiation and
the Rydberg atoms can be described to a good approximation by a square pulse.
The maximal output power of the millimetre-wave source is on the order of tens of
milliwatts [91]. The transition dipole matrix elements for transitions between Rydberg
states scale as n2 . To avoid saturation broadening of the investigated transitions
the BWO output power had to be lowered to its minimum and the intensity of the
millimetre-wave radiation had to be further reduced by placing a stack of 500 sheets
of paper between the source and the atom cloud. This measure eectively blocked
the direct optical path, and the transitions were induced by reected or scattered
radiation. Under these conditions, the intensity was low enough to avoid saturation
broadening and the narrow bandwidth of the millimetre-wave source could be fully
exploited. However, the polarisation of the millimetre-wave radiation interacting with
the Rydberg atoms was not well dened.
The Rydberg atoms were detected by monitoring the eld-ionisation signal induced by a slowly rising negative potential Uion applied via a RC low-pass lter (with
R = 8.2 k , C = 100 pF) to all ring electrodes and the grid in front of the MCP. The resulting eld ramp ionised all Rydberg states in the volume of the MOT and extracted
the positively charged Cs ions towards the MCP detector. Uion was adjusted to the
n values of the investigated Rydberg states such that initial and nal Rydberg states
appeared at separate positions in the time-of-ight spectra. To reduce the eects of
shot-to-shot intensity and frequency uctuations of the UV laser, the eld-ionisation
signal of the nal state of the transitions was normalised to the total ion yield. At
low number densities of excited atoms, the normalisation factor is independent of
the absolute number of excited Rydberg atoms. To increase the signal-to-noise ratio,
the signal of 80 experimental cycles was averaged at each spectral position.
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3.1.2 Line-shape model of transitions between Rydberg states
The simulation of the experimental spectra requires the calculation of line positions
and line intensities and a convolution with the instrumental line prole. In order to
calculate the line positions, the energies of the hyperne levels in a magnetic eld of
the initial and the nal Rydberg state are obtained by diagonalising the Hamiltonian
matrix [124]
(3.1)
H  Hhfs  HZ  AhfsI~  J~  gJ BBz Jz :
hfs in the magneticThe Hamiltonian consists of the hyperne-structure Hamiltonian H

dipole approximation and the Zeeman Hamiltonian HZ for the electron spin. Neglecting the Zeeman eect of the nuclear spin is justied because the electron g -factor is
three orders of magnitude larger than the g -factor of the proton. Neglecting higher
hfs is also justied, because the magnetic-quadrupole coupling conmultipoles in H
stant of Cs is two orders of magnitude smaller than the magnetic-dipole coupling
constant [125]. The Hamiltonian matrix is evaluated in the coupled jI; J; F; MF i basis,
hfs is diagonal, with matrix elements
called jF; MF i basis hereafter, in which H

hF jHhfsjF i  12 AhfsFF  1

II  1

JJ  1 :

(3.2)

Z is diagonal in the uncoupled basis jI; MI ; J; MJ i and the
The Zeeman Hamiltonian H
matrix elements in this basis are given by

hI; MI ; J; MJ jHZjI; MI ; J; MJ i  gJ BBz MJ ;

(3.3)

1 LL1 [126]. The basis
where the Landé g -factor is taken as gJ  1  JJ 1 2SS
JJ 1
Z , the
transformation from the jI; MI ; J; MJ i to the jF; MF i basis is then applied to H

resulting matrix is added to Hhfs , and the eigenvalues and eigenstates of the Hamilto (Eq. 3.1) are determined numerically. The transition frequencies were
nian matrix H
obtained as dierences between the eigenenergies of the nal and initial states.

For the calculation of line intensities, the initial distribution of MF levels in the
F  4 hyperne component of the 6s1=2 state of cesium and the MF selection rules

for both Rydberg excitation and Rydberg-Rydberg transitions must be taken into account. The UV laser is linearly polarised with it polarisation axis perpendicular to
the quantisation axis of the atoms after optical pumping. Consequently, the UV laser
drives MF  1 transitions. The polarisation of the millimetre-wave radiation interacting with the cesium atoms was not controlled in the experiments and the ratio of
MF  1 to MF  0 transitions was determined empirically in a global analysis of
all spectra. A ratio of 70% MF  0 and 30% MF  1 yielded best overall agreement with the experimental results. This ratio was kept unchanged in the simulation
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of all spectra presented in Figs. 3.1, 3.2, and 3.4. The transition strengths are then
evaluated using the dipole-matrix elements
(3.4)

hFMF jerq jF 0MF0 i 
hJ jjerjjJ 0i 1 2F 0J M I
F

q

0

F0 1
2F  1 2F 0  1 2J  1 @ 0
MF q

18

9

F A < J J 0 1=
:
MF :F 0 F I ;

Because only the relative strengths of transitions between the dierent jF; MF i
levels is observable in the experimental spectra, and the reduced matrix element
hJ jjerjjJ 0i only gives a constant contribution for all transitions with given jlj  1
and jJ j  0; 1 values, this term was not evaluated in the calculation of the transition
dipole moments. The line intensities were obtained as the product of the relative
population in a given MF level of the p3=2 Rydberg state and the squared matrix elements of the transitions to the ns1=2 and ndJ states. For calculations including a
non-zero magnetic eld, the line intensities were further weighted by the admixture
 in
of initial and nal states (in the unperturbed jF; MF i basis) to the eigenstates of H
the magnetic eld. The magnitude of the residual magnetic eld was treated as global
t parameter. The best agreement between experimental spectra and simulation was
obtained for a residual magnetic eld of 2 mG.
The convolution of the Fourier transform of the square excitation pulse (a sinc
function) and the Lorentzian line-prole of the atomic transition was found to be
adequately described by a Lorentzian line-prole. Thus, the stick spectra obtained
with the calculated line positions and intensities were convoluted with this line-prole
function. The overall amplitude and an arbitrary frequency shift of the resulting
spectra were tted separately to each experimental spectrum, as well as the magnetic
dipole constants of the initial and nal state and the Lorentzian linewidth.

3.1.3 Measurement of the hyperne structure of high Rydberg states
Before the experiments described in this section were carried out, the stray electric
eld of  250 mV/cm in the photoexcitation region was reduced to values below
1 mV/cm by measuring the Stark eect of high n Rydberg states beyond n  200 (see
Section 2.7 for details), the stray magnetic eld was reduced to 2 mG (see Section 3.1.4)
and the power of the millimetre-wave radiation was reduced to levels at which no
power broadening of the transitions could be observed. Exemplary millimetre-wave
spectra of n0 s1=2 np3=2 transitions recorded under such conditions are presented
in Figs. 3.1 and 3.2. In these experiments, the UV-laser frequency was tuned to the
selected np3=2 6s1=2 transition and the frequency of the millimetre-wave radiation
was scanned around the position of the n0 s1=2 np3=2 resonances. Because the band44
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width of more than 1 GHz of the UV laser is too large to resolve the hyperne splitting of the np3=2 Rydberg states, all possible Fnp3 2  3; 4; 5 hyperne components
are populated. Because of the optical pumping in the ground state and the selection
rule M  1 for the Rydberg-excitation transition, primarily MF  3; 5 states are
populated (see also discussion in Section 3.1.2). The hyperne splitting of the F 0  3
and the F 0  4 components of the n0 s1=2 Rydberg states is, however, clearly resolved
in the millimetre-wave spectra, up to n  90 and leads to the observation of a doublet in the spectra, e.g. with a splitting of  180 kHz in the case of the spectrum
depicted in Fig. 3.1. The two components are broadened by the hyperne structure of
the initial np3=2 state, which is only partially resolved for n . 70.
=

Figure 3.1:
Millimetre-wave spectrum of the 68s1=2 59p3=2 including a tted simulation (thick
black line) and an assignment of the single hyperne transitions (black arrows on dashed vertical
lines). The inverted stick spectrum, on which the simulation is based, is presented in arbitrary
intensity units and shows the splitting of the F 0 F transitions into their MF components at the
residual magnetic eld of 2 mG.

Stray electric and magnetic elds below 1 mV/cm and 2 mG, respectively, have
almost no detectable eect on Rydberg states with n < 100 at the experimental resolution. Consequently, the hyperne structure of high-lying Rydberg states could be
investigated with high precision. The experimental spectra (black dots with error
bars in Figs. 3.1, 3.2, and 3.4) could be modeled accurately by taking into account
the hyperne and the Zeeman interactions of initial and nal states, and a nite
Lorentzian line prole, as described above. The adjustment of the calculated spectra (see solid black lines in Figs. 3.1, 3.2, and 3.4) to the measured spectra allowed
the determination of the spectral resolution, the hyperne-coupling constants of the
states involved, and the initial polarisation of the atomic sample. As an example,
the experimental spectrum of the 68s1=2 59p3=2 transition is compared to a calculated spectrum in Fig. 3.1 which also provides an assignment of the dierent spectral
features. The eect of the residual magnetic eld of 2 mG is explicitly taken into account in the calculations. Such a small eld only causes a small broadening of the
hyperne-resolved spectra, because the Zeeman splittings are below 10 kHz (see in45
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verted stick spectrum in Fig. 3.1). A line prole with a full width at half maximum
(FWHM) of 17(3) kHz is obtained for the experimental spectra by tting the theoretical line-shape function. This is in good agreement with the convolution of the Fourier
transform of the 60-µs-long millimetre-wave pulse and a natural linewidth (including
the eect of blackbody-radiation-induced transitions) of 2.5 kHz [73], which yields a
FWHM of 17.0 kHz. The experimental linewidth increases from 17(3) kHz to 19(3) kHz
and 24(3) kHz for the millimetre-wave spectra of the transitions to the 81s1=2 and
90s1=2 states, respectively. This is in qualitative agreement with a Stark broadening
caused by a residual electric eld gradient of 100 mV/cm2 in the measurement volume.

Experimental and simulated spectra of millimetre-wave transitions between np3=2 and
45p3=2 , 68s1=2 59p3=2 , 81s1=2 67p3=2 , 90s1=2 723=2 ).
Each point represents an average over 80 experimental cycles. The error bars correspond to the
standard deviation of the average values of the single measurements. The black line is a simulated
spectrum that has been tted according to the model described in Subsection 3.1.2.
Figure 3.2:

n0 s1=2 Rydberg states of cesium (49s1=2

For each spectrum depicted in Fig. 3.2, the magnetic-dipole hyperne coupling
constants Ahfs;p3 2 of the np3=2 states were obtained by adjusting the model to the
two F  3 and F  4 hyperne components of the ns1=2 state separately. The hyperne coupling constants Ahfs;s1 2 of the ns1=2 states were then obtained in a second
step by leaving Ahfs;p3 2 unchanged and tting the overall amplitude and frequency
shift to the complete experimental spectrum. The hyperne coupling constants of
these high Rydberg states can be compared to reported values measured at lower
=

=

=
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principal quantum number [116, 127134] because of its scaling with the eective
principal quantum number. The hyperne structure results from the Fermi-contacttype interaction of the Rydberg electron with the nucleus and is therefore proportional to the probability density of the Rydberg electron at the nucleus. It scales with
n 3, where n  n ` is the eective principal quantum number and ` is the
`-dependent quantum defect. One can thus introduce a reduced hyperne coupling
Ahfs;` constant as Ahfs;n;`  Anhfs3 . The so-obtained reduced coupling constants were
compared to previously published values [116, 127134] in Fig. 3.3 (quantum defects
are taken from [116]). Because the hyperne structure of the np3=2 states could not
be resolved, the magnetic-dipole coupling constants of the np3=2 states were only
deduced from the line shape and linewidth and are therefore associated with larger
uncertainties, whereas the hyperne coupling constants of the ns1=2 states could be
determined with an accuracy comparable to, or exceeding the accuracy of the measurements at low n . The weighted averages of the reduced coupling parameters
for np3=2 and ns1=2 states are Ahfs;p3 2  0:808 GHz and Ahfs;s1 2  13:5312 GHz,
respectively. For Ahfs;p3 2 , systematically higher values are obtained than previously
reported for lower n values. The discrepancy could be the result of line-broadening
eects by the residual electric eld and the gradients of both electric and magnetic
elds, which are not included in the model.
;`

=

=

=

Plot of the tted magnetic-dipole coupling constants of the hyperne structure of ns1=2
(a) and np3=2 (b) Rydberg states of cesium atoms weighted by n 3 vs n (the data obtained in measurements presented here are shown in black). The grey bar represents a weighted average including
a 95% condence interval of all four measurements and should guide the eye for the comparison with
the literature data [116, 127134] (shown in grey) at lower principal quantum number.
Figure 3.3:

The modeled line shapes are sensitive to the initial population of MF states in the
6s1=2 ; F  4 ground state, i.e., to the orientation of the initial atomic sample before
Rydberg excitation. Experimentally, the sample is polarised by applying a circularly
polarised pump laser pulse, which is switched o 20 µs before the excitation to Rydberg states. In the model, the initial polarisation was treated as a global parameter
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being constant for all spectra presented in Figs. 3.2, 3.1, and 3.4. The optimal agreement with the experimental spectra was obtained assuming that 95% of the atoms
remain in the MF  4 component until excitation to Rydberg states. The timescale
for depolarisation is limited in the experiment by the precession of the magnetic moment of the cesium
atoms
around the axis of the stray magnetic eld with the Larmor

 1
period TL  µ ghBres , where µB is the Bohr magneton, and gF  1=4 the g -factor of
the 6s1=2 ; F  4 state. A value of Bres  2 mG for the residual magnetic eld leads to
TL  1:4 ms, which explains why no signicant depolarisation of the atomic sample is
observed during the 20 µs delay between optical pumping and Rydberg excitation.
Spectra of transitions from the 59p3=2 state to the 66d3=2 and 66d5=2 states are
depicted in Fig. 3.4. The asymmetric line proles result from the combined hyperne
structure of the initial and nal states, which is not resolved. However, because the
hyperne coupling constant of the 59p3=2 state was independently determined, the
hyperne coupling constants of Ahfs;66d3 2  2:65 kHz and Ahfs;66d5 2  0:1045 kHz
can be extracted.
B

F

=

=

Experimental and simulated spectra of millimetre-wave transitions from the 59p3=2
Rydberg state to the 66d3=2 and 66d5=2 states of cesium.

Figure 3.4:

3.1.4 Zeemann eect of high Rydberg states
This subsection is dedicated to an investigation of the Zeeman eect in high Rydberg
states, which was studied using millimetre-wave spectroscopy with the example of the
49s1=2 45p3=2 transition. Care was taken to apply magnetic elds of well-dened
strength and direction. The resolution of the millimetre-wave spectra presented in
this subsection was limited to  50 kHz by the applied eective millimetre-wave pulse
length of 20 µs .
The Zeeman eect of high Rydberg states has been studied previously, e.g., by
Ryabtsev and Tret'yakov [135] in sodium for elds about 7 G. Unlike the Stark effect, the Zeeman eect in Rydberg states has no strong dependence (see Eq. (3.3)) on
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Figure 3.5:
Compensation of magnetic stray elds with the example of the 49s1=2 45p3=2 millimetre-wave transition of Cs. The magnetic eld along the x , y and z axis (left-, middle- and
right-hand-side panel, respectively) was changed by varying the currents applied to the respective
magnetic compensation coils. In each panel, the spectra have been shifted along the vertical axis by
a value corresponding to the applied current in mA. The horizontal line in each panel indicates the
current at which the stray magnetic eld is compensated.

the principal quantum number n and is consequently similar to that in the groundstate of Cs. However, the relative strength compared to the hyperne interaction depends on n because the magnetic-dipole hyperne coupling strength decreases with
n 3. Consequently, the strong-eld regime is already reached at small values of
the magnetic-eld strength in high Rydberg states. In Ref. [135], the magnitude of the
Zeeman splittings was comparable to the ne-structure splitting of the 37p3=2 state
in sodium and the hyperne structure of the Rydberg states was neglected. Here,
the high spectral resolution of the experiment enables the observation of the Zeeman
eect of Rydberg states at n  49 in a low-eld regime where the Zeeman shifts are
comparable to the hyperne splittings.
Using the magnetic compensation coils introduced in Chapter 2, the stray magnetic eld of  550 mG, which is attributed to earth's magnetic eld ( 480 mG on the
ground around Zürich [136]) and magnetic elds emanating from the experimental
equipment (especially the BWO containing a 2 T permanent magnet placed at  40 cm
distance from the sample), was compensated to  2 mG. Millimetre-wave spectra of
the 49s1=2 45p3=2 transition were recorded in magnetic elds of various strengths
applied along the laboratory-xed x , y and z axes. These spectra are presented in the
three panels of Fig. 3.5. The amplitude oset of the spectra depicted in Fig. 3.5 corresponds to the current Id send through the coils aligned along the d axis. The currents
of Ix  145 mA, Iy  270 mA and Iz  282 mA corresponding to the smallest magnetic
elds in the photoexcitation region (see horizontal lines in Fig. 3.5) are determined by
comparing the measured spectra to calculated line-shape functions (see Section 3.1.2
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and Fig. 3.6). These magnetic-stray-eldcompensation currents were applied during
all measurements presented in the previous section.
The data presented in the left-hand-side panel of Fig. 3.5 is compared in Fig. 3.6
to a simulation based on the model presented in Section 3.1.2. The qualitative agreement shows that the eects of small magnetic elds on high Rydberg states can be
reliably modelled. When the stray magnetic eld is compensated to 2 mG, the Zeeman eect is not expected to have any inuence on the results of laser-spectroscopic
experiments, even those carried out at a spectral resolution of 1 MHz (see Chapters 4
and 6 and in Section 3.2 described below).

Figure 3.6:
Millimetre-wave spectra of the 49s1=2 45p3=2 transition recorded for dierent values
of the magnetic eld applied along the x axis. The spectra are presented in a 2-dimensional colour
plot, where the x and y axes correspond to the magnetic-eld strength and the frequency of the
millimetre-wave radiation, respectively, and the colour indicates the Cs -ion signal resulting from
pulsed eld ionisation of 49s1=2 Rydberg atoms. The horizontal stripes in the panel on the left-hand
side are an artefact of the interpolation of the experimental data. The panel on the left-hand side
shows the experimental data and the panel on the right-hand side shows a simulation based on the
model described in Section 3.1.2.

3.2 Absolute-frequency measurement of np1=2 and np3=2
Rydberg states
Ionisation energies represent important thermochemical quantities and serve as reference data to test ab-initio quantum chemical calculations of atomic and molecular
structure. Numerous methods can be employed to measure ionisation energies, including photoelectron spectroscopy in numerous variants [137, 138], photoionisation
spectroscopy [139141], photodetachment microscopy [142], and Rydberg-state spectroscopy in combination with Rydberg-series extrapolation [143].
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Figure 3.7:

In this section, a determination of the rst ionisation energy of 133 Cs at an accuracy of 40 kHz (see Fig. 3.7) is presented. This determination is based on highresolution single-photon measurements of the Rydberg spectrum from the ground
6s1=2 state using an ultracold Cs sample and a frequency-comb-based calibration procedure. The ionisation energy is then obtained by extrapolation of the Rydberg series.
The most precise determination of the ionisation energy prior to this work was that
reported by Weber and Sansonetti [122], who also presented a complete overview of
measurements of the ionisation energy of Cs before 1987.

3.2.1 Experiment
The experiments are performed using a sample of ultracold 133 Cs atoms, released
from a far-o-resonant optical dipole trap (ODT) inside an ultrahigh-vacuum chamber.
The small size of typically  150 µm full width at half maximum (FWHM) of the
sample in the ODT reduces the inuence of electric-eld gradients on the measured
transition frequencies. Typical samples contain 4  105 atoms and have a translational
temperature of 70 µK and a peak density of 6  1010 cm 3 . Details of the experimental
setup can be found in Chapter 2. Only the aspects relevant for the measurements
presented in this section are presented here. The electric eld is controlled by a set
of eight electrodes in the vacuum chamber, which allows for independent adjustment
of the eld in all three spatial directions. Stray electric elds are canceled by using a
procedure based on the measurement of the quadratic Stark eect of np3=2 Rydberg
states (see Section 2.7). The procedure is repeated regularly (at least daily) to ensure
that residual electric elds never exceed 1 mV/cm. Similarly, stray magnetic elds
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are measured by radio-frequency (RF) recordings of the F  4 F  3 transition in
the 6s1=2 ground state of Cs and are reduced to below 2 mG by three external pairs of
coils as described in Section 2.7.
The atoms in the ODT are rst prepared in the upper hyperne component of
the 6s1=2 ground state (F  4) by spatially-selective optical pumping. They are then
excited in a single-photon transition to npJ (J  1=2; 3=2) Rydberg states. A Cooper
minimum in the photoexcitation cross section from the 6s1=2 ground state of Cs to the
np1=2 Rydberg states just above the ionisation threshold leads to a strong reduction
of the absorption cross section for these states at high values of n [147]. The power
and the pulse length of the excitation laser is increased to compensate for this eect.
For n  42, the Rydberg atoms are detected by switching the electric potential at
an additional electrode to a high value, which eld ionises the Rydberg atoms and accelerates the resulting ions toward a micro-channel-plate detector [148]. The detector
signal is recorded with a digital-storage oscilloscope. The digitised trace is transferred to a computer and is analyzed by a peak-nding algorithm to determine the
number of detected ions. At values of n lower than 42, eld-ionisation is not ecient
in the same conguration of applied electric potentials. An additional delay of 100 µs
is introduced between excitation and the application of the pulsed potential. During
this delay, Rydberg atoms can spontaneously ionise and the resulting ions are then
extracted and detected as described above. Possible ionisation mechanisms include
direct ionisation by black-body radiation or black-body-radiation-enhanced eld ionisation [72], interaction-induced Penning-ionisation of pairs of Rydberg atoms [65],
and collisions between Rydberg atoms and hot atoms from the background gas in the
chamber.
For the here presented precise measurement of the transition frequencies to np
Rydberg states, the continuous-wave UV laser system described in Section 2.4.1 was
employed. Laser radiation at wavelengths around 319 nm with a spectral bandwidth
of less than 1 MHz is obtained by stabilising the laser frequency to an external reference cavity and a wavelength meter as explained in Section 2.5.2. The central frequency of the narrow-bandwidth UV radiation is determined to an absolute accuracy
of better than 60 kHz by measuring the laser frequency using an optical frequency
comb (see Section 2.5.3). The continuous UV light is chopped into short pulses of 3 to
20 µs length using the negative rst diraction order of an acousto-optic modulator
(AOM) in single-pass conguration. The RF signal driving the AOM is derived from a
stable quartz oscillator at 110.000(1) MHz. Its frequency was repeatedly controlled
by recording and analyzing RF-leakage signals with an antenna and a Fast-Fourier
transformation on a digital oscilloscope (LeCroy WaveRunner 604Zi, specied clock
accuracy at time of measurement: 4 ppm).
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3.2.2 Line-shape model and transition frequencies
The experimentally observed line widths are on the order of 1.2 MHz (FWHM). Possible contributions to the widths are the spontaneous decay of the Rydberg states, the
Doppler broadening of the transitions, inhomogeneous broadening caused by residual electric elds, broadenings induced by Rydberg-Rydberg-interactions, the hyperne splitting of the Rydberg states, and the bandwidth of the excitation radiation.
The natural line widths of transitions to np Rydberg states scale with the principal
quantum number n approximately as n 3 and are less than 10 kHz for n  27 [73].
Their contributions to the experimental line widths are thus negligible. The motion of
the atoms resulting from the nite temperature of the sample causes a homogeneous
Doppler broadening of the transitions in the ultraviolet with an estimated FWHM of
600 kHz.

(a) Spectrum of the 27p1=2 6s1=2 F  4 transition with partially resolved hyperne
structure: (red lines) Positions and relative weights of hyperne components, (dashed line) t of the
line model of Eq. (3.5) to the raw data, (black points) binned raw data for visualisation (error bars
show the standard error of the mean). (b) Spectrum of the 42p1=2 6s1=2 F  4 transition with
unresolved hyperne structure. Legend as in (a).

Figure 3.8:

Because the polarisability of Rydberg states with non-zero quantum defect scales
as n7 [149], the inhomogeneous line broadening resulting from electric-eld gradients
is most severe at high n values. The same holds for inhomogeneous broadenings by
Van der Waals interactions between Rydberg atoms, which scale as n11 [149] and with
the Rydberg-atom density  as  2 . After reducing the number of excited Rydberg
atoms per shot to below 10 atoms, an almost constant line width in the range 27 
n  74 is observed. A signicant contribution from these two mechanisms to the
observed line widths can thus be excluded.
The hyperne interaction is a Fermi-contact-type interaction and the coupling
strength scales as n 3 . In the case of Cs, the nuclear spin (I  7=2) and the magnetic53
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dipole hyperne coupling constants are large (A6s1 2  2:298 157 942 5 GHz) [124],
leading, at the experimental resolution, to signicant hyperne splittings even for
high Rydberg states, as demonstrated in the Section 3.1. Using experimentally determined hyperne splittings for selected np1=2 states from Ref. [116] and for np3=2
states from Ref. [148], the hyperne coupling constants Ahfs of the investigated Rydberg states are predicted. For 27p1=2 , the F  3 to F  4 interval is 1:2  0:1 MHz
and for 27p3=2 the F  3 to F  5 interval is 0:6  0:1 MHz. The hyperne structure
must thus be taken into account explicitly at least for lower values of n. Weighting
the dierent hyperne transitions by their statistical factor of 2F  1 results in the
following line-shape model
=

X

g / 2F  1
F

exp

F  A2hfs FF  1

 F 0
2 2

2!

(3.5)

Ahfs F 2  F F  2  ;
> >
<
4

which includes all hyperne components of a given transition. In Eq. (3.5), Ahfs is
the magnetic-dipole coupling constant, F< (F> ) is the smallest (largest) allowed value
of the quantum number F , 0 is the centre of gravity of the hyperne structure, and
the residual width  accounts for the nite bandwidth of the excitation laser and the
Doppler width of the transition. The central frequency 0 and the residual width 
are the only free parameters of this model. The partially resolved hyperne structure
of the 27p1=2 6s1=2 F  4 transition allows us to conrm the validity of the lineshape model, see Fig. 3.8 (a). This model is then also applied to resonances with nonresolved hyperne structures, see Fig. 3.8 (b). For transitions from the 6s1=2 F  4
state to np3=2 states, only the optically accessible hyperne components F  3 5
are considered in the line-shape model. The hyperne shift 6s1 2 F 4 of the hyperne
component of the 6s1=2 ground state with F  4 is taken into account by adding
6s1 2F 4  4:021 776 4 GHz to the observed transition frequencies.
=

=

In order to determine the frequency of a given npj
6s1=2 transition, the laser
frequency is scanned stepwise over the resonance and typically 150 consecutive excitation-detection cycles are performed at each position. Without prior averaging, the
model of Eq. (3.5) is tted to the raw data using a non-linear least-squares-t algorithm. For several transitions, the transition frequencies are determined up to ve
times in separate measurements. This procedure yields the most reliable estimate of
typically 60 kHz for the statistical uncertainty of the determination of the transition
frequencies 0 . This corresponds to approximately 1/20th of the typical experimental
line width. The wavenumbers of all observed transitions are listed in Table 3.1. They
are in agreement with the respective transition wavenumbers reported in Ref. [122]
within the stated uncertainties, but are more precise by about two orders of magni54

3.2. Absolute-frequency measurement of np1=2 and np3=2 Rydberg states
Wavenumbers  (in cm 1 ) and t residuals t (in kHz, see Sect. 3.2.4) of all observed
transitions to np1=2 and np3=2 Rydberg states with respect to the centre of gravity of the 6s1=2 ground
state. In case a transition was measured several times the mean of all determined wave numbers
and t residuals, weighted by the statistical uncertainties of the t of Eq. (3.5), is considered. The
estimated standard deviation of all line positions is 2  10 6 cm 1 .
Table 3.1:

n

27
30
33
36
39
42
45
47
50
54
56
59
62
64
66
70
74

p1=2 / cm

1

31 206.189 769 8
31 249.111 102 0
31 279.579 380 2
31 301.984 579 8
31 318.939 791 8
31 332.079 304 8
31 342.467 758 4
31 348.229 448 9


31 366.514 426 8
31 370.723 748 8
31 374.301 268 8
31 376.395 953 5
31 378.292 494 8
31 381.584 461 0
31 384.331 466 9

t / kHz
14
27
35
12
32
10
42
43


14
44
17
6
56
110
36

p3=2 / cm

1

31 206.744 750 5
31 249.497 750 0
31 279.859 432 4
31 302.193 882 3
31 319.100 300 8
31 332.205 082 9
31 342.568 141 1
31 348.316 589 8
31 355.586 932 3
31 363.336 799 2
31 366.563 956 6
31 370.765 664 1
31 374.337 055 9
31 376.428 301 8
31 378.321 835 7
31 381.608 817 4
31 384.351 900 1

t / kHz
3
35
49
43
15
11
24
83
20
22
18
49
59
9
51
70
17

tude.

3.2.3 Systematic frequency shifts
All measurements are performed with samples released from an ODT. As explained
in Chapter 2, the residual IR light of 0.30 W of the optical dipole trap induces a shift
ODT 0:30 W  0:48516 MHz of the np3=2
6s1=2 transition frequencies that is
independent of the principal quantum number n. The value of ODT is subtracted
from all measured transition frequencies.
The AC-Stark shift induced by the excitation laser was found to be negligible by
varying the power of this laser while maintaining the same number of excited Rydberg atoms by either adapting the length of the excitation laser pulse or the number
of ground-state atoms. The positions of the Rydberg levels are also shifted by the
AC-Stark eect induced by the thermal radiation from the room-temperature environment. However, the magnitude of this eect, measured to be about 2.4 kHz at
T  300 K [71], is negligible compared to the uncertainties of the measurements.
Rydberg states of atoms in dense gases experience a pressure shift resulting from
collisions of the Rydberg electron with ground-state atoms located within the electron
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orbit [36, 37], which arises from the same interaction that leads to long-range Rydberg molecules discussed in Chapter 4. For a maximal ground-state-atom density of
1011 cm 3 and a triplet s-wave scattering length of aT  21:7 a0 (see Chapter 4 and
also Refs. [65, 150]), an upper limit for the pressure shift is estimated to -13 kHz at
high values of n. Reducing the ground-state-atom density by a factor of two did not
lead to observable shifts of the transition frequencies at n  74 and, thus, a possible
pressure shift is neglected.
Electric-eld gradients and long-range Van der Waals interactions do not only lead
to a line broadening, as discussed above, but also to a shift of the observed line centres. Electric-eld gradients always lead to a shift of npj 6s1=2 transition frequencies to lower values, whereas the interaction-induced shift of np states is positive for
n < 42 and negative for n  42 (see Ref. [151] and Chapter 5). Although no systematic
shifts were observed when varying the experimental parameters (e.g. the number of
Rydberg atoms), line shifts up to ryd  20 kHz at the highest values of n cannot be
excluded.

3.2.4 Ionisation energy and quantum defects of np1=2;3=2 series in Cs
The term values of the Rydberg levels of Cs are accurately described by the extended
Ritz formula [152]
1
1
EI nRCs2  hc
EI
n`j  hc



RCs
2 ;
n `j n

(3.6)

with

2;`j
4;`j
`j n  0;`j  
2  
4     ;
n `j n
n `j n

(3.7)

where EI is the lowest ionisation energy of Cs, RCs is the reduced Rydberg constant of Cs, and `j n are the energy-dependent quantum defects of the respective series. Using the currently recommended values of fundamental constants [153]
and the Cs mass [154], the Rydberg constant of the Cs atom is obtained as RCs 
109 736:862 733 96 cm 1 . A global t based on Eq. (3.6) was performed to all measured transition wavenumbers (weighted by their statistical uncertainties) by truncating the expansion of the energy-dependent quantum defects after the linear term:

`j n  0;`j  
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2;`j
2 :
n 0;`j

(3.8)

3.2. Absolute-frequency measurement of np1=2 and np3=2 Rydberg states
Quantum-defect expansion coecients for the np series of Cs determined from a global
t to the observed transitions. The uncertainties are the statistical standard deviations extracted
from the global t.

Table 3.2:

0
2

np1=2
np3=2
3.591 587 1(3) 3.559 067 6(3)
0.362 73(16)
0.374 69(14)

Note the replacement of `j n by 0;`j in the denominator of the 2 term. As Drake
et al. [155] discuss, this modied expression allows for a simultaneous t of the quantum defects and the ionisation energy at the cost of a loss of physical meaning for
the expansion coecients k;`j . However, it was veried that an iterative t of the
quantum defects using Eq. (3.7) (restricted in the expansion to 0 and 2 ) to the data
leads to results identical to the ones obtained by the global t using Eq. (3.8) within
the experimental uncertainty. It was also veried that the inclusion of higher-order
terms in Eq. (3.7) (i.e., 4;`j , 6;`j , . . . ) does not reduce the residuals of the global t.
The rst ionisation energy of Cs resulting from the t is

EI;Cs  hc  31 406:467 732 514

cm

1

where the quoted uncertainty is found by adding ryd and the statistical uncertainties of EI and ODT in quadrature. This result is in agreement with the ionisation
energy reported by Weber and Sansonetti [122] (hc  31 406:467 6615 cm 1 ), however, its uncertainty is reduced by two orders of magnitude. The parameters for the
expansion of the quantum defect (Eq. (3.8)) are given in Table 3.2. A direct comparison with previously reported values is dicult because of the dierent orders in the
series expansion of the quantum defects. However, the transition frequencies predicted by combining our values for the ionisation energy with the quantum defects
reported in Ref. [122] for the np1=2 series deviate from our experimental observations
by up to 200 kHz for the lowest n  30, which is signicantly more than the residuals
obtained with the quantum defects of Table 3.2 (see Fig. 3.9).
All residuals t of the global t (see Fig. 3.9) are below 10% of the experimental
line width. The standard deviations of the transition frequencies, extracted from
the ts of Eq. (3.5) to the raw data, seem to underestimate the true uncertainties by
roughly a factor of two. They are nevertheless a good measure of the quality of the
t, justifying their use as weights in the global t. The standardised t residuals are
almost symmetrically distributed around zero, which indicates that the systematic
shifts discussed in Sec. 3.2.3 are small. The estimated statistical uncertainties of
the parameters obtained from the global t are dominated by correlations between
the values of the parameters. If the quantum defects obtained from the global t
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are used to calculate the ionisation energy separately from every observed transition
using Eq. (3.6), an estimate for the error of the average value of about 2:5  10 7 cm 1
is obtained, i.e. four times smaller than the uncertainty of EI;Cs resulting from the
global t.

Fit residuals of the global t based on Eq. (3.6) and (3.8) to the observed frequencies of
the np3=2 6s1=2 (black triangles) and np1=2 6s1=2 (red squares) transitions. The error bars give
the estimated standard deviations of the centre frequencies resulting from the t of Eq. (3.5) to the
raw data (see Sec. 3.2.2).
Figure 3.9:

3.3 Quantum defects for ns1=2 and nd3=2;5=2 Rydberg series of Cs
In the previous section (see also Ref. [148]), frequency measurements of interseries
transitions (i.e. p3=2 ! s1=2 and p3=2 ! d3=2;5=2 ) using millimetre-wave radiation were
reported. The values of selected intervals, for which the transition frequency relative
to the centre of gravity of the hyperne-split resonances could be determined with an
absolute accuracy of 10 kHz, are summarised in Table 3.3. By combining these intervals, the observed transition frequencies to the np3=2 states from Table 3.1, and the
EI of several
b 
n`j hc
ionisation energy determined above, the binding energies tn;`j
ns1=2 and nd5=2 Rydberg states are obtained and listed in Table 3.3. Binding energies are less sensitive to absolute calibration errors than transition frequencies and
are best suited to combine measurements from dierent sources. The binding energies for the transitions to the ns1=2 and nd5=2 series are extracted from Ref. [122]
by subtracting the ionisation energy of the respective series from the reported transition energies. Using these binding energies and the binding energies of Table 3.3
with their respective uncertainties (  2  10 4 cm 1 for data from Ref. [122] and
  2  10 6 cm 1 for our data), the energy dependence of the quantum defects
(Eq. (3.7)) is determined in a non-linear least-squares t. To reach convergence of the
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3.3:
Interseries intervals from determined by high-resolution millimetre-wave spectroscopy [148], and binding energies of the nal Rydberg state obtained as described in the text.

Table

Transition f i
49s1=2 45p3=2
68s1=2 59p3=2
81s1=2 67p3=2
90s1=2 72p3=2
66d5=2 59p3=2

Interval / MHz
287 476.992(10)
265 898.688(10)
261 818.142(10)
257 008.756(10)
255 306.920(10)

tnb ;` j / cm 1
54:310 390 4
26:832 644 6
18:532 264 3
14:854 382 7
27:185 947 9
f

f

f

Quantum-defect expansion coecients of the ns1=2 and nd5=2 series obtained by combining data from Ref. [122] (for 11  n  31 and 9  n  36, respectively) and the measurements
presented here (see text for details). The quoted uncertainties are the estimated standard deviations
from the t.
Table 3.4:

0
2
4
6
8

ns1=2
nd5=2
4.049 353 2(4) 2.466 314 4(6)
0.239 1(5)
0.013 81(15)
0.06(1)
0:392(12)
11(7)
1:9(3)
209(150)

t residuals, it was necessary to include higher-order terms up to 8 in the expansion, although the values of several parameters, such as 4 8 for the ns1=2 series,
remain poorly dened. The values of the tted parameters are listed in Table 3.4.
These parameters simultaneously reproduce the high-resolution data obtained in the
measurements presented in Section 3.1 (see also Table 3.3) within the experimental
uncertainty and the transition frequencies of Ref. [122] with a similar sum of squared
errors as the parameters reported in Ref. [122].

3.4 Conclusions
In a rst set of measurements, the hyperne structure of ns1=2 Rydberg states of Cs
within the range n  45 90 could be resolved using millimetre-wave spectroscopy
of transitions between high Rydberg states of Cs. From the modelling of the experimental spectra, magnetic-dipole coupling constants for the hyperne structure of
the ns1=2 and np3=2 states were obtained which are in agreement with measurements
at lower n values. To achieve the required resolution, electric and magnetic stray
elds of 250 mV/cm and 560 mG were compensated to residual elds below 1 mV/cm
and 2 mG, respectively. The experiments exploited the fact that the factors usually
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limiting the resolution of spectroscopic measurements are negligible in our setup.
Indeed, the Doppler broadening is well below 1 kHz in samples of ultracold atoms in
the millimetre-wave range of the electromagnetic spectrum. Moreover, the low temperature of the atomic sample enables measurement times extending beyond 100 µs.
The control over the stray electric and magnetic elds demonstrated in this chapter
was essential for the determination of the hyperne structure of Rydberg states of Cs
at high n values and to avoid a signicant depolarisation of the atomic sample over
a time scale of up to 60 µs. This eld control is also essential for the experiments
described in the following chapters of this thesis, which focus on weak interaction
eects that would be either unobservable or strongly modied in the presence of the
uncompensated stray elds.
In a second set of experiments, the lowest ionisation energy of 133 Cs was determined to be EI  hc  31 406:467 732 514 cm 1 with a relative uncertainty of 5  10 11 ,
using narrow-bandwidth UV-laser radiation and a frequency-comb-based frequencycalibration procedure. The uncertainty of 50 kHz is two orders of magnitude smaller
than the best previous result [122] and is limited by experimental sources of error and
to a lesser extent by correlations of the parameters in the quantum-defect model of
the Rydberg-atom term values and the ionisation energy. The experimental uncertainties, especially those resulting from the laser bandwidth and from the determination
of the residual AC Stark shifts of the atoms in the ODT, might be reduced by a factor
of at least three by using a UV laser with a narrower bandwidth than the laser available
for the present investigation, and by performing the experiment with a small sample
of atoms in a completely eld-free environment. The correlations of the parameters
in the global t might be reduced by increasing the number of tted Rydberg series to
include, e.g., ns1=2 and nd3=2;5=2 , for which unfortunately no data of comparable precision is available. The analysis also resulted in improved energy-dependent quantum
defects for the ns1=2 , np1=2 , np3=2 , and nd5=2 series of Cs.
These results demonstrate that ionisation energies can be determined with a precision of 1:4  10 6 cm 1 (46 kHz) by combining (ultra)cold atoms, frequency-combbased calibration and Rydberg-series extrapolation. Given the improvement margins
of the experiment, a precision on the order of 10 kHz seems possible in the near
future.
Cs presents distinct advantages for a precise measurement of ionisation energies.
It can be easily laser cooled to sub-mK temperatures; its rst ionisation is reachable
from the ground state with a single UV photon; its large mass reduces the Doppler
broadening, and the closed-shell nature of the Cs -ion core facilitates the Rydbergseries extrapolation. It is therefore an ideal system to test experimental precision
limits. Unfortunately, Cs possesses too many electrons for being an attractive system
for accurate ab-initio quantum-chemical calculations in the near future.
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3.4. Conclusions
On the basis of the results presented in this chapter it can be anticipated that
new methods of generating cold samples in few-electron molecules [156, 157] and
advances towards extending frequency combs to the far-UV range of the electromagnetic spectrum [158, 159] will soon permit measurements of few-electron molecules
with a similar accuracy. The most accurate determination of the ionisation energy
in a molecular system, H2 , has an uncertainty of 12 MHz [160] and has stimulated
advances in the ab-initio calculations of molecular energies including adiabatic, nonadiabatic, relativistic and quantum-electrodynamics corrections [161163]. Such calculations can now reach an accuracy comparable to that of the experiments. The
uncertainty in the electron-proton mass ratio (currently 5:446 170 213 5252  10 4 ,
i.e., a fractional uncertainty of 9:5  10 11 [153]) imposes a fundamental limit of a few
kHz to the accuracy of theoretical determinations of the ionisation energy of H2 [164].
The results presented in this chapter suggest that precision spectroscopy of Rydberg
states of H2 in combination with Rydberg-series extrapolation has the potential to be
even more accurate, and to thus provide a route to determine fundamental constants.
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Chapter 4
Long-range Rydberg molecules bound by
electron-Cs scattering
4.1 Introduction
Long-range molecular states supported by a Fermi-contact-type potential [37] describing the interaction of a Rydberg electron and a ground-state atom via electronneutral-atom scattering were rst predicted by Greene et al. [38]. In these states, an atom
in its electronic ground state is located inside the large electron orbit of a Rydberg
atom with which it interacts via the slow Rydberg electron. This binding mechanism
does not t into any of the usual categories of chemical bonds, namely covalent, ionic,
metallic or van der Waals [165].
Two main sub-classes of these long-range molecular states were already predicted
in Ref. [38]: Molecular states asymptotically correlated to low-l Rydberg states with
bond strengths of typically a few MHz, and states correlated to high-l atomic Rydberg states with bond strengths of several GHz for Rydberg states around n  30.
Because the binding energies are much lower than the thermal energy at room temperature, the observation of such metastable molecules is only possible through photoassociation of ultracold atoms in the gas phase. Even though the eect of the
perturbation of Rydberg series by ground-state atoms was observed early through
line broadenings and line shifts [36], the preparation of the long-range Rydberg molecules in well-dened quantum states requires ultracold samples. Experimentally,
the long-range Rydberg molecules were rst observed through photoassociation of
ultracold Rb atoms using ns1=2 6s1=2 two-photon transitions [40]. Since then, they
have also been observed using nd [44, 46] and np [48] Rydberg states of Rb and in
Cs [47, 166, 167] and Sr [49]. Molecular resonances originating from electronneutralatom scattering were also observed in transitions from the electronic ground state
of Rb2 to np Rydberg states [168]. Further experiments revealed additional proper63

Chapter 4. Long-range Rydberg molecules bound by electron-Cs scattering
ties of these long-range molecules. Long-range states correlated asymptotically with
ns1=2 Rydberg states in Rb were found to be bound by internal quantum reection at
a steep drop of the molecular potential towards smaller internuclear separation [41].
Recently, high-l-mixed molecules were observed with very large induced dipole moments [47, 169]. The lifetimes of Rb2 [170] and Sr2 [171] molecules have been investigated, and values similar to the parent atomic Rydberg state were found.
Most of the experiments have focused so far on the alkali-metal atoms Cs and
Rb, for which singlet and triplet scattering channels for electron-atom scattering exist. Because the singlet scattering length is one order of magnitude shorter than the
triplet scattering length in all alkali-metal atoms [150], its eects were initially not
observed experimentally and were also neglected in the rst theoretical models. Recently, it was pointed out that the hyperne interaction of the ground-state atom
leads to a mixing of singlet and triplet scattering channels in these molecules, giving
rise to molecular states in which the binding results from mixed singlet and triplet
e -Cs scattering [39]. These states were predicted to have even weaker binding energies and were rst observed in the experiments in Cs [167] described in this chapter
and, more recently, also in Rb [50]. The experimental observation of Cs2 long-range
molecules bound by mixed singlet and triplet scattering and their theoretical modelling resulted in the rst determination of a zero-energy singlet s-wave scattering
length for electronalkali-metal-atom collisions [167].
This chapter is an adapted version of the article H. Saßmannshausen, F. Merkt,
and J. Deiglmayr: Experimental characterisation of singlet scattering channels in
long-range Rydberg molecules, Phys. Rev. Lett. 114, 133201 (2015). The introduction
and the nal section of this chapter have been adapted from H. Saßmannshausen,
J. Deiglmayr, and F. Merkt: Long-range Rydberg molecules, Rydberg macrodimers
and Rydberg aggregates in an ultracold Cs gas, submitted to Eur. J. Phys. ST, (2016).

4.2 Model for long-range Rydberg molecules
The total Hamiltonian of long-range Rydberg molecules asymptotically correlated to
one atom in a high Rydberg state and one atom in the electronic ground state can be
written as

H  Hr  Hg  Vr gR; r

(4.1)

with

Vr gR; r  VCs
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4.2. Model for long-range Rydberg molecules
r and H
g are the Hamiltonian operators of the unperturbed Rydberg atom and
where H
the ground-state atom, respectively, and Vr g R; r accounts for the interactions between the two atoms. In Eq. (4.1), Vr g R; r is expressed as the sum of the interaction
terms Ve Cs R; r and VCs Cs R . Ve Cs R; r accounts for the interaction of the
Rydberg electron at position r with the ground-state Cs atom at position R (relative
to the Cs ion) and VCs Cs R accounts for the interaction of the Cs ion with the
neutral Cs atom. The Born-Oppenheimer approximation has been applied to obtain
Eq. (4.1), in which R only appears as a parameter. The Born-Oppenheimer approximation is valid, even though the electronic level density is very high and the electronic
dynamics is slow in high Rydberg states. Indeed, the nuclear motion in the long-range
molecules is still much slower. In high Rydberg states, the Rydberg electron occupies
a large and diuse orbit and the terms in Vr g R; r can be approximated by their
long-range potential forms. Explicit electron-correlation eects are neglected and the
interaction is reduced to the long-range interaction of the induced dipole moments
of the neutral atoms with the charged particles. The leading long-range term is

ej2  
g
Vr gR; r  4j
2jr Rj4
0 2


g



2jRj

4

:

(4.3)



je j 
g
The contribution VCs Cs R  4
2R4 can be estimated from the typical equi0 2
librium internuclear separation in a long-range Rydberg molecule (Req  2a0 n 2 ,
where n is the eective principal quantum number). The polarisability g  40 
59:399  10 30 m3 of the ground-state Cs atom is taken from Ref. [172]. VCs Cs Req
is depicted in Fig. 4.1 as a function of the principal quantum number of np3=2 Rydberg
states of Cs. For the range of n values considered in this chapter, i. e. n  26 34,
the contribution of VCs Cs is smaller than the laser-excitation bandwidth and is neglected.
2

The second term of the interaction Hamiltonian, Ve Cs r R , is larger. The polarisability potential is of short range compared to the 1=r dependence of the Coulomb
attraction between electron and Cs ion and compared to the de Broglie wavelength
of the Rydberg electron (at the values of the principal quantum number considered
here). This justies the treatment of the interaction using scattering theory instead
of evaluating Ve Cs r R explicitly. This approach was rst suggested and successfully applied by Fermi to describe the eects of ground-state atoms located within
Rydberg-electron orbits [37]. The electronneutral-atom scattering problem is solved
using a partial-wave analysis, in which the incoming wave is decomposed into partial
waves labelled by the scattering angular-momentum quantum number l. Each partial wave is characterised in good approximation by one parameter, e.g., the s-wave
(l  0) scattering length a and the p-wave (l  1) scattering volume. At the classical
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Interaction strength of a Cs ion with a Cs atom with polarisability g at internuclear
separations R  2a0 n 2 corresponding approximately to the region of the outermost lobe of the
radial wavefunction of the Rydberg electron.

Figure 4.1:

turning point of the Rydberg electron, where its kinetic energy vanishes, and beyond,
only s-wave scattering needs to be considered, because the centrifugal barriers of
higher-l partial waves render the short-range-scattering region inaccessible. Under
these conditions, the interaction potential takes the simple form of a Fermi-contact
pseudo-potential [37, 38]

ej2  
g
) 2aS=Tk 3r R ;
Vr gR; r  4j
2jr Rj4
0 2

(4.4)

where aS=T k are the singlet (index S) and triplet (index T) energy-dependent s-wave
scattering lengths for e -Cs scattering.
Now, the dierent terms in the Hamiltonian operators of the unperturbed atoms
are considered and their relevance to the theoretical description of long-range Rydberg molecules is accessed. The spin-orbit-interaction and the hyperne-interaction
SO and H
HF , respectively, are treated separately for the ground-state
Hamiltonians, H
atom and the Rydberg atom

Hr  H0;r  HSO,r  HHF,r  H0;r  HSO,r
Hg  H0;g  HSO,g  HHF,g  H0;g  HHF,g;

(4.5)
(4.6)

0;x (x  g; r) are the Hamiltonians without spin-orbit and hyperne interwhere H
action terms. For the np Rydberg states with n > 26 studied here, the spin-orbit
interaction, even though scaling as ASO;r =n 3 , is still larger than the Fermi-contact
interaction in the long-range Rydberg molecules and needs to be considered in the
model. The hyperne interaction, which scales as AHF;r =n 3 , can be neglected in the
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model because it corresponds to splittings of less than 1 MHz (see Section 3.1 and
Ref. [148]) for the Rydberg states discussed here and is therefore much weaker than
the Fermi-contact interaction. The splittings are also too small to be resolved in our
experiments. In the 6s1=2 electronic ground there is no spin-orbit interaction, but the
hyperne interaction is much stronger than the binding energies of the long-range
molecules that are investigated in this chapter.

Rotational constants Brot (left panel) and maximal rotational energy-level splittings
Erot;N (right panel) of long-range Rydberg molecules correlated to Cs (6s1=2 ) + Cs (np3=2 ) dissociation asymptotes as a function of the principal quantum number n.
Figure 4.2:

max

Implementing these approximations, the total molecular Hamiltionian [39] is written as
H  H0  HSO,r  HHF,g  PS  VS  PT  VT;
(4.7)
0 is the Hamiltonian of the Rydberg atom without spin-orbit interaction,
where H

HSO,r  ASO `r  sr is the spin-orbit interaction of the Rydberg electron with angular
HF,g  AHF ig  sg is the hyperne interaction
momentum `r and electron spin sr , and H

of the ground-state atom with nuclear spin ig and electron spin sg . Separate terms
for singlet (S) and triplet (T) scattering are obtained by using the projection operators PS  sr  sg  41  1 and PT  sr  sg  34  1 and representing the corresponding
Fermi-contact-interaction operators by Vi  2ai 3 r Rz , with i = S, T, for s-wave
scattering between the Rydberg electron at position r and the ground-state atom located at distance R along the molecular z axis [173].
The rotational motion of the long-range molecules is neglected because their rotational constants Brot are below 100 kHz (see left-hand-side panel in Fig. 4.2). Because only low rotational levels, labelled with the rotational angular momentum quantum number N , are accessible in the photoassociation from an ultracold sample (see
Eq. (1.3)), the maximal spacings Erot;Nmax between accessible rotational states are only
on the order of a few hundred kHz. The rotational constants of the long-range Rydberg molecules have been calculated using the model described in this section and
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Asymptotes and binding mechanism. First column: ne-structure asymptote of the
Rydberg atom. Second column: symmetries contributing to the molecular state. Third and fourth
column: degeneracies g3 and g4 of the molecular states associated with Cs npj ,6s1=2 (F  3; 4) asymptotes. Last column: s-wave scattering lengths contributing to the binding.

Table 4.1:

Rydberg asymptote

np1=2 j!r j  1=2
np3=2 j!r j  1=2
j!r j  3=2

Contributions

1  , 3  , 1  , 3 
3  , 1  , 3 
1  , 3  , 1  , 3 
3  , 1  , 3 
1 , 3 

g3 g4

8 8
6 10
8 8
6 10
14 18

Binding via
aS, aT

aT
aS, aT
aT


their values are depicted on the left-hand side of Fig. 4.2. The maximal rotational
spacings (assuming photoassociation of two Cs atom in an ultracold gas at a temperature of 40 µK and an internuclear distance corresponding to the Bohr radius of the
excited atomic Rydberg state) are presented on the right-hand side of Fig. 4.2. Both
Brot and Erot;Nmax decrease with increasing values of the principal quantum number,
which is an eect of the increasing bond lengths in the molecules. The rotational
spacings are smaller than the experimental resolution for n > 22. The results presented in Figs. 4.1 and 4.2 indicate that a simple model of long-range Rydberg molecules, neglecting the interaction between the ion and the ground-state atom as well as
the molecular rotation, is suitable for high-n levels at a resolution of  1 MHz and a
temperature of 40 µK. More complicated molecular structures are expected when the
molecular rotation energy levels become resolvable (for n < 20) and the iongroundstate interaction becomes relevant (for n < 26).
To reproduce experimental binding energies, the zero-energy limits of the singlet and triplet energy-dependent scattering lengths (Ref. [174], Eqs. (1,4-6)) are
adjusted. The spin-orbit coupling constants ASO are extracted from experimental
ne-structure splittings [116] and the hyperne coupling constant AHFS is taken from
Ref. [124]. The Hamiltonian matrix corresponding to Eq. (4.7) is set up in the uncoupled basis j`r ; r i jsr ; r i jsg ; g i jig ; !i;g i (ig  7=2 for 133 Cs) for a single np Rydberg state and the energetically closest Rydberg state, (n 1)d. The quantum number
tot  r  r  g  !i;g of the projection of the total angular momentum on the
internuclear axis is a good quantum number. The ground-state atom can be in either
of the two F  3; 4 (F  ig +sg ) hyperne levels, and the np Rydberg atom can be in
either the np3=2 (!r  r  r  3=2, 1=2, 1=2, 3=2) or the np1=2 (!r  1=2, 1=2)
spin-orbit levels. The spin-orbit interaction of the Rydberg electron completely mixes
the r  0 and jr j  1 components of the j!r j  1=2 levels, whereas the j!r j  3=2
levels have pure  character. Because the e -Cs interaction is restricted to s-wave
scattering, only the r  0  components of the Rydberg wavefunction contribute
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to the binding [173]. The j!r j  3=2 levels are thus non-bonding and the strength of
the bond of the j!r j  1=2 levels is proportional to their r  0 ( ) character. Consequently, the binding energies of long-range molecules asymptotically correlated to
Rydberg states with spin-orbit interaction are lowered compared to Rydberg states
with pure nl levels without spin-orbit interaction. With spin-orbit interaction, the
total bond strength of a pure nl level is distributed according to a Clebsch-Gordan
coecient determining the weight of the r  0 component of the Rydberg-electron
wavefunction. Even though there is no spin-orbit interaction in ns Rydberg states,
long-range Rydberg molecules correlated to higher l Rydberg states generally have
larger binding energies because of the increasing probability density of the Rydberg
electron around the intermolecular axis with increasing angular momentum l, rep
ected by the 2l  1 scaling of the Yl;m 0   0 angular wavefunctions (see also
Ref. [39]).
The selection of the r  0 component in the interaction terms VS and VT implies
that !r equals r in all components of the wavefunctions contributing to binding
and that s-wave singlet and triplet channels of the e -Cs scattering interaction are
SO . These channels can, however, be mixed by H
HF . Remarkably,
not mixed by H
the eigenstates of Eq. (4.7) form two distinct subgroups, one containing states which
do not possess any 1  character (but 3  , 1  and 3 ) and for which the binding is
entirely dictated by the triplet s-wave-scattering interaction, and one containing states
which possess both 3  and 1  (as well as 1  and 3 ) character and for which the
binding results from both singlet and triplet s-wave scattering interactions. Table 4.1
gives an overview of the character and degeneracy factors of the resulting bound
states. For simplicity, the states bound via the 3  component are referred to as 3 
states and those for which the binding results from both 3  and 1  components as
1;3  states. The 3  states have been observed in previous experiments [40, 46, 168],
whereas the 1;3  states are discussed here and in Ref. [167]. They have also recently
been observed in Rb2 [50].
The Cooper minimum in the np1=2
6s1=2 photoexcitation cross section of Cs
[147] prevents the observation of molecular states correlated to np1=2 asymptotes and
the investigations focus on the states correlated to Cs (6s1=2 ) + Cs (np3=2 ) dissociation
asymptotes. Potential-energy curves (PECs) for the long-range molecules are obtained
by determining the eigenvalues of the total Hamiltonian (see Eq. (4.7)) as a function
of the separation R between the atoms. The mapped Fourier-grid method [175] was
used to obtain the vibronic eigenstates of these PECs. The PECs and vibrational wavefunctions of the 26p3=2 ,3  and 26p3=2 ,1;3  states, calculated for parameters derived
from the analysis of the spectroscopic data, are depicted in Fig. 4.3.
For the case of the Cs atom and for the other alkali-metal atoms, the triplet
electronneutral-atom scattering lengths are negative and their absolute values are
l
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much larger than those of the singlet scattering lengths, which are positive for all
alkali-metal atoms except Cs. Consequently, the s-wave scattering model predicts
larger binding energies for the 3  molecular states than for the 1;3  states. Moreover,
3  PECs do not depend on the hyperne state of the ground-state atom, whereas the
1;3  states correlated to the F  3 asymptotes are more strongly bound than the 1;3 
states correlated to the F  4 asymptote. The hyperne state of the ground-state
atom thus has an eect on the binding of long-range Rydberg molecules [39]. This
eect had not been observed prior to the work presented here.

Figure 4.3:

Potential-energy curves (black lines) and vibrational wave functions (colored lines) for

 states dissociating to the 26p3=2 , 6s1=2 (F  3; 4) asymptotes (left panel), 1;3  state dissociating to
the 26p3=2 , 6s1=2 (F  3) (middle panel), and 26p3=2 , 6s1=2 (F  4) (right panel) asymptote. Vertical

3

dashed lines mark the positions where the semiclassical Rydberg-electron kinetic energy equals the
energy of the 3 P0 Cs-e scattering resonance (see text).

4.3 Experiment
The experiments are performed with ultracold samples of Cs atoms released from a
vapour-loaded compressed magneto-optical trap (cMOT) (see Chapter 2) at a temperature of 40 µK and a density of 1011 cm 3a . Temperature and density are estimated on
the basis of saturated-absorption images of the ultracold cloud. The preparation of
the ultracold sample involves a MOT-loading phase of  80 ms duration that depends
on the repetition rate of typically 10 Hz of the experiment, followed by a compression
phase of 10 ms. The magnetic eld of the cMOT is switched o and the atoms are
cooled during an optical-molasses phase. After 5 ms, magnetic elds caused by eddy
a Higher densities of 2  1012 cm 3 have been demonstrated in the setup when the atoms are transferred into a crossed far-o-resonance optical dipole trap (FORT) [64]. However, the reduction in
atom number is not compensated by the increase in density.
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currents have decayed. The atoms are then optically pumped into one of the two
hyperne states (F  3; 4) of the 6s1=2 electronic ground state and excited to p3=2 Rydberg states in single-photon transitions. During the photoassociation experiments, all
trapping elds are switched o and stray magnetic and electric elds are suppressed
to below 20 mG and 20 mV/cm, respectively.
The UV radiation with a wavelength of about 319 nm necessary to excite high Rydberg states of Cs from the 6s1=2 ground state is generated with a single-mode cw ring
dye laser, the output of which is frequency doubled in a BBO crystal inside an external enhancement cavity. The fundamental frequency of the ring laser is locked to
its internal reference cavity, resulting in a bandwith of  3 MHz in the UV. The absolute frequency is calibrated with a wavemeter (HighFinesse, WS-7, 60 MHz accuracy)
and relative frequencies with respect to a frequency-stabilised HeNe laser (Thorlabs,
2 mW, stabilised to 2 MHz) are measured with a scanning cavity (see Section 2.5.1). The
nal calibration accuracy of frequency detunings from the strong atomic transitions
is  5 MHz.
This large uncertainty in the relative frequency (which is the direct measure of
binding energies in photoassociation experiments) results primarily from the determination of the positions of the saturated and broadened atomic resonances. In the
most recent experiments, the frequency of the laser is calibrated using a frequency
comb and frequencies relative to atomic Rydberg transitions can be determined to
an accuracy better than 100 kHz. The atomic positions are themselves known to an
accuracy of 60 kHz from the quantum defects and the ionisation energy reported in
Chapter 3 and Ref. [121]. The improved accuracy is demonstrated in Subsection 4.6.
For the results presented in this section, 40 µs long UV pulses are produced using
an electro-optical modulator and the UV-laser beam is focused to a beam-waist radius of  150 µm in the centre of the ultracold Cs atom cloud. All Rydberg-excitation
experiments are performed once with all atoms prepared in the F  3 hyperne component of the 6s1=2 electronic ground state and once with all atoms pumped to the
upper F  4 component. Rydberg atoms and long-range molecules are detected as
atomic Cs and molecular Cs2 ions, respectively, on a microchannel-plate (MCP) detector following spontaneous ionisation or pulsed eld ionisation. Cs and Cs2 ions
are detected separately by setting temporal detection gates at the corresponding positions of the ion-time-of-ight spectrum. On the photoassociation resonances, the
spontaneous formation of Cs ions is attributed to Penning ionisation [176], whereas
the observation of molecular Cs2 ions is indicative of associative ionisation [177].
The signal strength of the Cs ions relative to the Cs2 ions increases with the density of excited molecules. Most spectra presented in this chapter show the spontaneously formed Cs2 ions because of larger signal-to-noise ratios. However, comparable, though not identical, spectra are obtained when detecting Cs ions resulting
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from the eld ionisation of Rydberg states (compare Fig. 4.7a) and b)).

4.4 Photoassociation spectra and determination of scattering lengths

Detected Cs2 ions as function of laser frequency near the np3=2 ,6s1=2 (F  3; 4) asymptotes. Solid (dashed) red lines mark the calculated positions of the v  0 levels of 3  (1;3 ) states.
Calculated positions of higher vibrational levels are also shown (full and open triangles, respectively).
The strongly saturated atomic transitions correspond to the grey areas.

Figure 4.4:

Fig. 4.4 presents photoassociation spectra of Cs atoms prepared in the F  3
and F  4 hyperne levels to Cs2 Rydberg molecules correlated to np3=2 Rydberg
states (n  26, 28, 32, and 33). Several photoassociation resonances are observed
on the low-frequency side of the strongly saturated atomic np3=2 6s1=2 (F  3; 4)
resonances, marked by grey areas. The two most intense photoassociation resonances are assigned to the v  0 levels of the 3  and 1;3  states, where v denotes the vibrational quantum number. From the positions of the two strongest
photoassociation lines in the Rydberg-excitation spectra, the binding energies of the
3  (v  0) and 1;3  (v  0) levels are determined for all n values between 26 and 34.
These energies are compared in Fig. 4.5 and in Tables 4.2 and 4.3 to binding energies calculated with the model outlined above after adjustment of the zero-energy
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s-wave singlet (aS;0 ) and triplet (aT;0 ) scattering lengths to aT;0  21:8  0:2 a0
and aS;0  3:5  0:4 a0 , respectively, in a least-squares t. If the energy dependence of the scattering lengths is modelled by ak  a0  3 kR with the groundstateqatom polarisability  402:2 a.u. and the semiclassical electron momentum
k  2=R 1=n2 [173], the values aT;0  20:5  0:2 a0 and aS;0  3:7  0:4 a0
are found. The fact that the adjustment of only two parameters permits the reproduction of 36 resonances within their experimental uncertainty of 5 MHz leaves no
doubt concerning the validity of the assignments. As predicted by the model calculations (see also Fig. 4.3), the positions of the 3  (v  0) levels are identical for
F  3 and F  4 within the experimental uncertainty whereas (F  4), 1;3 (v  0)
levels are less strongly bound than the (F  3), 1;3  (v  0) levels. An exception is
found at n  32, where the 1;3 (v  0) levels correlated to the 32p3=2 , 6s1=2 (F  3)
and 32p3=2 , 6s1=2 (F  4) asymptotes have almost identical binding energies. The
eect of this perturbation is also recognisable in the values of the calculated molecular dipole moments, which are listed in the last column of Table 4.2. Whereas the
(F  4), 1;3  (v  0) states typically have dipole moments of about 20 Debye, the
1;3  (v  0) states correlated to the 32p , 6s
3=2
1=2 (F  4) dissociation threshold has
a dipole moment of only about 4.5 Debye. The observed irregularity in the binding energies is well described by the model, which indicates that it originates from
an accidental perturbation of the 32p3=2 ,6s1=2 (F  3) state by the almost degenerate
32p1=2 ,6s1=2 (F  4) state. Indeed, at n  32, the np1=2 np3=2 ne-structure splitting,
which scales as n 3 , almost exactly matches the ground-state hyperne splitting. The
dependence of the 3 (v  0) binding energies on the eective quantum number n
deviates from the previously encountered n 6 scaling [40] (see Fig. 4.5). This deviation is also present in the calculated binding energies and is caused by the increasing
contribution of higher-order, energy-dependent terms of the s-wave scattering lengths
for as n decreases.
The values of the triplet and singlet s-wave scattering lengths are eective, modelbased values obtained assuming that p-wave scattering is negligible. This assumption
is fullled for low electron energies and in the absence of scattering resonances. The
lowest p-wave scattering resonance (the 3 P0 shape resonance in Cs [178]) is located
2
at an electron kinetic energy 2pm of 4 meV [166], which is (in a semi-classical description) reached by the Rydberg electron at the critical radius rc corresponding to
pc2   n12  r2 , and marked in Fig. 4.3 for n  26 by vertical dashed lines. Although
the minima of the outermost potential wells are located beyond rc and the v  0
levels should not be strongly aected by p-wave scattering for n  26, Fig. 4.3 also
indicates that PECs for lower n values and excited vibrational levels of the outermost
well should be signicantly aected by p-wave scattering channels. We believe this to
be the main reason for the inability of the eective s-wave scattering model to reliably
c

e

c
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predict the positions of excited vibrational levels, which are marked by triangles in
Fig. 4.4, and of further resonances observed in the experiments for n  19 25. For
the molecular levels below n  25 eects of the ionground-state-atom interaction
VCs Cs R (see Fig. 4.1) could also play a role.
A similar observation was made in studies of long-range ns Rydberg molecules in
Rb where pure triplet s-wave scattering was sucient to describe the observed 3 (v 
0) binding energies [40], but a more complete model, including p-wave scattering and
quantum reection at short range, was required to reproduce the positions of excited
vibrational levels [41].

Comparison of experimental (full symbols) and calculated (open symbols) binding energies of the 3  (v  0) and 1;3  (v  0) levels. The solid/dashed lines are ts of a n s scaling law to
the experimental binding energies to guide the eye. Black and red symbols designate states with the
ground-state atoms prepared in the F  4 and F  3 hyperne level of the 6s1=2 state, respectively.

Figure 4.5:

Fabrikant [174] and, more recently, Bahrim et al. [150] calculated the zero-energy
s-wave scattering lengths of electron-Cs scattering to be aT;0  22:7 a0 and aS;0 
2:4 a0 , and aT;0  21:7 a0 and aS;0  1:33 a0 , respectively, from an eectiverange-theory analysis of higher-energy scattering data. As appropriate measure of
the deviation between experiment and theory, the absolute error in the zero-energy

scattering phase shift 0  arctan ai =Rpol  =4 [179] should be considered, where
Rpol  p  20:05 a0 is the typical range of the e -Cs interaction and is the polarisability of the Cs ground-state atom. The deviation between experiment and theory
is at most 0.1 radian and the agreement can thus be regarded as good. The tted
model-based values include possible eects of higher partial waves in the e -Cs scattering and interactions with Rydberg states other than the neigbouring (n 1)d3=2;5=2
states in an eective manner. The fact that the s-wavescattering model reproduces
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Measured and calculated binding energies of Csnp3=2 Cs6s1=2 ; F  3 long-range
Rydberg molecules (E expt and E theor , respectively) in units of [MHz  h]. Average dipole moments
¯theor of the corresponding molecular states of dierent (quantum number of the projection of
the total angular momentum onto the molecular axis), which are degenerate in zero electric eld, are
given in units of Debye and have been calculated at the predicted equilibrium distances Req (values
given in [nm]).

Table 4.2:

n
26
27
28
29
30
31
32
33
34

E1expt
E1theor
R1eq3 ¯1theor
E3expt
E3theor
R3eq ¯3theor
3
3
3



;

406
327
251
211
172
137
118
90
74

409
324
259
208
169
138
113
93
77

46.8
51.1
55.6
60.3
65.2
70.4
75.7
81.2
86.9

19.2
19.0
18.9
18.7
18.5
18.3
16.6
17.7
17.5

209
167
127
107
88
68
43
51
38

;

;

205
164
132
106
86
70
45
51
42

the experimental observations well over a broad range of
that these eects are not dominant.

47.1
51.4
55.9
60.6
65.5
70.6
76.3
81.3
87.1

;

20.5
20.6
20.5
20.0
19.3
17.6
4.5
23.8
22.0

n from 26 to 34 suggests

4.5 Molecular Stark eect
In an externally applied electric eld, the widths of the molecular resonances identied as 3  (v  0) and 1;3  (v  0) increase linearly with the magnitude of the electric
eld E , as illustrated in Fig. 4.6 for the 32p3=2 , 6s1=2 (F  4) resonances. The molecular dipole moments of the 3  and 1;3  states arise in the model from the mixing
with the neigbouring (n 1)d3=2;5=2 states induced by the Fermi-contact interaction
terms in Eq. (4.7). For the 32p3=2 , 6s1=2 (F  4), 3  (v  0) states, dipole moments are
predicted to range from 21.0 to 25.8 D (mean value 24.4 D) for j tot j values between
1/2 and 9/2. The dipole moments predicted for the 32p3=2 ,6s1=2 (F  4),1;3 (v  0)
states are smaller and range from 0.5 to 12.0 D (mean value 5.6 D) for j tot j values
between 1/2 and 7/2. The polarisation of the excitation laser (linear and parallel to
the DC electric eld) favours the excitation of molecules which are aligned parallel to
the electric-eld axis and one expects the zero-eld resonance to evolve in a doublepeak structure with a splitting of  ' 2dmol E (dashed lines in Fig. 4.6), where dmol
is the molecular dipole moment. While the observed broadenings and splittings are
in qualitative agreement with the predicted Stark shifts, the asymmetric line shape
of the 32p3=2 , 6s1=2 (F  4), 3  (v  0) level is not captured by the model. A correct
description would require the explicit consideration of the rotational structure in the
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Measured and calculated binding energies of Csnp3=2 Cs6s1=2 ; F  4 long-range
Rydberg molecules (E expt and E theor , respectively) in units of [MHz  h]. Average dipole moments
¯theor of the corresponding molecular states of dierent (quantum number of the projection of
the total angular momentum onto the molecular axis), which are degenerate in zero electric eld, are
given in units of Debye and have been calculated at the predicted equilibrium distances Req (values
given in [nm]).
Table 4.3:

n
26
27
28
29
30
31
32
33
34

E1expt
E1theor
R1eq3 ¯1theor
E3expt
E3theor
R3eq ¯3theor
3
3
3



;

409
323
250
212
170
141
116
89
74

409
324
259
208
169
138
113
93
77

46.7
51.0
55.5
60.2
65.1
70.3
75.5
81.2
86.8

26.3
26.2
26.2
25.9
25.7
25.5
25.1
24.9
24.6

144
121
89
79
65
53
46
35
31

;

141
115
94
78
64
53
44
37
31

;

47.5
51.7
56.2
60.9
65.7
70.8
76.1
81.6
87.3

;

5.4
5.5
5.7
5.9
6.1
6.3
6.4
6.7
7.0

model [42].

4.6 Lifetimes of long-range Rydberg molecules
Only two experimental investigations of the lifetimes of long-range Rydberg molecules in Rb and Sr have been reported so far (see Refs. [170, 171]). The lifetimes of
Rb2 long-range Rydberg molecules were found to decrease with increasing groundstate-atom density. The molecular-state lifetimes were reduced compared to those
of the correlated atomic Rydberg states, but still were of the order of tens of microseconds [170]. These observations indicated that the dominant decay mechanism
in long-range Rydberg molecules correlated to ns1=2 Rydberg states in Rb are collisions with cold ground-state atoms. In contrast, the lifetimes of Sr2 long-range
Rydberg molecules were found to be very similar to those of the correlated atomic
Rydberg states [171]. Radiative decay to the ground state is therefore dominant for
Sr2 long-range Rydberg molecules with minor contributions of black-body-radiation
induced transitions.
In the experiments on Cs described above, the resonances attributed to the excitation of long-range Rydberg molecules are detected via their their ionic decay products. During the 40-µs-long photoassociation phase, the long-range Rydberg molecules were found to predominantly decay into molecular Cs2 ions. These observations
indicate that the lifetimes of the detected Cs2 long-range Rydberg molecules are less
than 40 µs in the range of n between 26 and 34. The motivation of the experiments
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Cs photoassociation spectra in dierent electric elds near the 32p3=2 ,6s1=2 (F  4)
asymptote. Dashed red lines mark the maximal linear Stark shift of the 3 (v  0) and 1;3 (v  0)
levels from calculated molecular electric dipole moments (for all values of j tot j). The quadratic
Stark shift of the atomic 32p3=2 asymptote (e.g., 50 MHz at 1.5 V/cm) was subtracted from the
experimental frequencies.

Figure 4.6:

presented in this section was to measure the lifetime of the Cs2 Rydberg molecules
more accurately to allow for a comparison with the previous investigations in Rb and
in Sr [170, 171].
In the rst part of this section, measurements of the lifetime of the 33p3=2 ,6s1=2
(F  4), 3  v  0 state are presented. These experiments rely on the improved
frequency-calibration procedure outlined in Section 4.3 and enable the determination
of a lower limit of the lifetime from the widths of the photoassociation lines. The
lifetimes can also be measured by monitoring spontaneously formed Cs and Cs2 ions
and eld-ionised Rydberg atoms and molecules as a function of the delay between
the laser-excitation pulse and the ion-extraction and eld-ionisation pulse. This latter
measurement discriminates between decay caused by associative ionisation (leading
to molecular ions), collisional ionisation (leading to atomic ions) and radiative decay
(leading to ground-state atoms as dissociation products).
The second part of this subsection contains a general discussion of the decay
channels in metastable long-range Rydberg molecules. Central to this discussion is
the relation between long-range Rydberg molecules, ion-pair states and molecular
Rydberg states of Cs2 .
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4.6.1 Lifetime measurement of the 33p3=2, 6s1=2(F  4), 3v 
state

0

The lifetimes of molecular resonances can be determined from photoassociation spectra under conditions where the linewidth of the photoassociation resonances corresponds to the natural linewidth of the molecular states. To reach this limit, the frequency calibration and bandwidth of the UV photoassociation laser is improved (see
Sections 2.5.3 and 2.5.2).
The largest contribution to the uncertainty of  5 MHz for the binding energies of
the long-range Rydberg molecules as reported in Tables 4.2 and 4.3 was caused by
the uncertainty in the positions of the broadened atomic resonances which were used
as reference. In the measurement of the high-resolution spectra on the low-frequency
side of the atomic 33p3=2 6s1=2 ; F  4 transition presented in Figs. 4.7a) and b), the
frequency of the UV laser was calibrated using a frequency comb (see Section 2.5.3).
The binding energies are obtained by taking the dierence between the accurately
known atomic term values (accurate to better than 100 kHz as demonstrated in Section 3.2) and the position of the molecular resonances. Using this procedure, binding
energies of the photoassociated long-range Rydberg molecules can be determined
with one order of magnitude higher accuracy than in the case of the spectra depicted
in Fig. 4.4.
The frequency uctuations of the UV laser have also been reduced by a more stable locking to an external cavity (see Section 2.5.2) and a better signal-to-noise ratio
enabled measurements using UV-laser pulses of 2 µs length. These technical improvements resulted in a better spectra resolution, as can be seen by comparing in the
spectrum depicted in Fig. 4.7b) with the corresponding spectrum in Fig. 4.4. The full
width at half maximum of the photoassociation resonances is 4 MHz. The observed
width is larger than the UV-laser-excitation bandwidth of 1.5 MHz, which includes
the Doppler broadening expected from a Cs gas-phase sample at 40 µK and a wavelength of  319 nm. In a photoassociation spectrum, transitions from a scattering
continuum to bound states are observed. Consequently, an additional broadening of
the expected photoassociation resonances corresponding to the energy width of the
distribution of populated continuum states is expected. This width can be estimated
to be 1 MHz in the case of Cs atoms at a temperature of 40 µK. The combined widthb
of 2.5 MHz of the two contributions to the photoassociation line width cannot explain the width of 4 MHz that is observed in the experiments. An additional broadenb The estimation of the linewidth is only qualitative. A quantitative analysis of the linewidth
would need to take into account the line shapes of the dierent contributions, which is Gaussian
for the laser width, Lorentzian for the lifetime and more complicated (and asymmetric) for the
photoassociation.
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Photoassociation spectra of ultracold Cs atoms recorded on the low-frequency side
of the 33p3=2 6s1=2 ; F  4 transition in Cs using a 2-µs-long UV-laser pulse. The spectrum in a)
corresponds to the Cs2 -ion signal resulting from the decay of long-range Rydberg molecules. The
spectrum in b) depicts the Cs -ion signal resulting from pulsed eld ionisation of Rydberg atoms
and long-range Rydberg molecules. Panels c) and d) show the results of a lifetime measurement
of the 33p3=2 ; 3  (v  0) state using delayed pulsed eld ionisation after photoexcitation with a
0.15 µs-long UV-laser pulse with a central frequency xed at a detuning of 89:5 MHz (indicated
by vertical dashed blue lines in a) and b)) relative to the atomic resonance frequency. The time
dependence of the Cs2 -ion and the Cs -ion signal is presented in c) and in d), respectively. The
results of measurements using an extraction-eld pulse above (below) the classical ionisation eld
of 33p3=2 Rydberg atoms are depicted in black (red) in panels c) and d). Solid lines represent tted
exponential-decay curves to the measured data, with the tted values of  given in the panels.
Figure 4.7:

79

Chapter 4. Long-range Rydberg molecules bound by electron-Cs scattering
ing of approximately 2 MHz could be interpreted as the contribution from the natural
line width of the molecular resonance, which, in turn, leads to the determination of a
lower limit of the lifetime of the state of  > 1=2  2  106 s  80 ns.

The selective detection of Cs - and Cs2 -ion signals enables one to investigate the
dierent channels in which the long-range Rydberg molecule decay. The comparison
of Fig. 4.7a) and b) reveals that following the 2-µs-long UV-laser pulse most of the photoassociated Rydberg molecules are detected as Cs2 ions. However, only Cs ions are
expected from the pulsed eld ionisation of long-range Rydberg molecules because
the weak binding in these long-range states is only mediated via the Rydberg electron, which is rapidly removed in the pulsed-eld-ionisation process. Consequently,
the formation of the molecular ions must have occurred before the application of the
electric-eld pulse and during the 2 µs of the laser pulse, from which an upper limit
on the lifetime of the state can be estimated. The lifetime of the 32p3=2 , 3  v  0
resonance is determined from the photoassociation spectra to be within the limits
80 ns <  < 2 µs.

The lifetime of the 33p3=2 , 3  v  0 resonance was measured in a second, timeresolved experiment. With the frequency of the UV laser xed at the position of the
33p3=2 , 3  v  0 resonance (corresponding to a detuning of 89.5 MHz relative to
the atomic 33p3=2
6s1=2 ; F  4 transition), the detected ions are monitored as a
function of the delay between the laser pulse and the electric-eld pulse. The results
for Cs ions and for Cs2 ions presented in Fig. 4.7c) and d), respectively, have been
obtained with a 150-ns-long UV-laser excitation pulse. The measurement was carried
out rst with an electric-eld pulse sucient to eld ionise an 33p3=2 Rydberg state
(black dots), and then with a pulsed electric eld below the classical eld-ionisation
threshold for this Rydberg state (red dots). Consequently, the signal presented in
red colour in Fig. 4.7c) and d) originates from spontaneous ionisation of the sample.
The dierent amplitudes in the signals depicted in Fig. 4.7c) might be just a detection
artefact related to the dierent kinetic energies of the molecular ions impinging on
the MCP detector. The dierent velocities of atomic and molecular ions also render
a direct comparison of the absolute signal strengths between the panels c) and d) in
Fig. 4.7 dicult.

To extract values for the lifetime of the molecular level, the decay curves depicted
in Fig. 4.7d) was analysed with the model

St  S1  S0 S1 e

t= :

(4.8)

In Eq. (4.8), S1 corresponds to the background ionisation in the limit of innite delay
time t and (S0 S1 ) represents the initial contribution to the signal from the Cs
np3=2 Rydberg states. The decay time   0:5  0:1 µs represents the decay of Cs
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np3=2 Rydberg states.

according to

Fig. 4.7c) indicates that the Cs2 -ion signal increases with time

St  S0  S1 S0 e

t= ;

(4.9)

where  1 represents the rate of decay into the molecular channel detected by Cs2
ions. The tted curves are shown as solid black and red red traces in Fig. 4.7. Comparison of Fig. 4.7c) and d) suggests that the long-range Rydberg molecules decay
into Cs2 ions with a rate of  0:5µs 1 . The data presented Fig. 4.7 allows for
the following important conclusions regarding the lifetime and decay channel of the
33p3=2 ,6s1=2 (F  4), 3 v  0 state in Cs:
1. The molecular Cs2 ions are formed during and after the laser pulse, and the
formation mechanisms are not inuenced by the electric extraction eld. The
decay of the long-range Rydberg molecules leads to molecular Cs2 ions.
2. The pulsed eld ionisation of long-range Rydberg molecules results in the observation of atomic Cs ions (large signals at smallest delay times in Fig. 4.7d).
The decrease of the Cs -ion signal occurs on the same timescale as the appearance of the molecular Cs2 ions, because the metastable molecules decay into
molecular ions.
3. Only a very small, time-independent Cs -ion signal is observed under conditions
where the electric-eld strength is not sucient to eld ionise the Rydberg molecules. It thus appears that the decay of the 33p3=2 , 6s1=2 , F  4, 3  (v  0) state
does not lead to the spontaneously formed Cs ionsc .
4. From all decay curves exhibiting a variation as a function of the delay, a lifetime
of   0:5  0:2 µs of the 33p3=2 ,6s1=2 (F  4), 3 v  0 state can be extracted.
The lifetime of the molecular resonance is therefore two orders of magnitude
shorter than the lifetime of the correlated atomic Rydberg state (33p3=2 >
100 µs).
The observed decay of the 33p3=2 , 6s1=2 (F  4) 3  (v  0) state in Cs thus diers
from the decay of long-range Rydberg molecules in Rb and Sr, as reported in Refs.
[170, 171], both compared to the timescale and the dominant decay channel. This
surprising observation motivates the following, more qualitative discussion.
c This behaviour observed in the decay long-range Rydberg molecules bound by electronneutraatom scattering is dierent to the decay observed in interacting Rydberg-atom-pair states. Rather
generally it was found that the long-range Rydberg molecules primarily decay into molecular ions,
whereas interacting Rydberg-atom-pair states were found to decay only decay into Cs ions (see Section 5.3.5). This dierence can be used experimentally to distinguish between the two interactions,
which can lead to similar resonances in Rydberg-excitation spectra.
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4.6.2 Discussion of decay channels of long-range Rydberg molecules
To evaluate which decay channels are open, a global understanding of the molecular
structure of Cs2 is required. Potential curves of representative molecular states of
Cs2 in the energy range between the electronic ground state and the rst dissociativeionisation threshold are presented in Fig. 4.9. The three panels focus on dierent
ranges of the internuclear separation. Panel (a) shows the short range, with covalently bound molecular states; panel (b) shows the long-range region highlighting the
three dierent important dissociation thresholds Cs (6s1=2 ) + Cs (6s1=2 ), Cs + Cs , and
Cs (6s1=2 ) + Cs + e ; nally, panel (c) presents the electronic structure of the Cs atom.
At short range (see Fig. 4.9a), the Rydberg states of Cs2 have potential curves that
resemble those of the X 2 g and the A 2 u states of Cs2 . Interactions between
Rydberg states having a repulsive A ion core and those having a X ion core and the
resulting avoided crossings are responsible for the appearance of double minima in
several curves. This aspect of the electronic structure of Cs2 is analogous to the situation encountered in molecular hydrogen (see, e.g., Refs. [180184]). Another common
characteristic feature of the electronic structure of Cs2 and H2 is the existence of an
attractive ion-pair potential curve at long range, represented as a thick black line in
Fig. 4.9b. In the discussion of long-range states of Cs2 , it is useful to consider both
the internuclear separation R and the distance r  a0 n2 of the Rydberg electron from
the centre of charge of the ion core. A classication of the long-range states of Cs2
on the basis of the relative magnitude of R and r is presented in Fig. 4.8.

Along the bisecting red line in this gure, R is equal to r . For large values of n (and
thus of r and R), this case corresponds closely to the long-range Rydberg molecules
discussed in section 2 because the Fermi-contact term (see Eq. 4.4) responsible for
the binding is proportional to the electron probability density at the position of the
ground-state Cs atom. This situation is also realised in ion-pair states if one imagines
that the Rydberg electron is attached to the ground-state atom in the 6s1=2 state,
forming the Cs 1 S0 anion. Long-range Rydberg molecules and ion pairs are therefore
related: In the former, the attractive interaction between the slow Rydberg electron
and the ground-state Cs atom correlates their motion around the Cs ion core, and
leads to binding as well as to a partial charge separation. This charge separation has,
in previous work, been linked to the existence of a permanent electric dipole moment
in a homonuclear diatomic molecule [42, 47], although, of course, an antisymmetrised
nuclear wavefunction of the two Cs nuclei makes this dipole moment vanish, both in
long-range Rydberg molecules and in Cs Cs ion pairs.
At low values of n, the molecular states with R  r are less isolated from other
molecular states and the interactions cannot be conveniently treated with scattering theory because the kinetic energy of the electron markedly deviates from zero
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Figure 4.8:

and more partial waves need to be included. Qualitative aspects are, however, preserved [185, 186].
The long-range Cs2 molecules lie energetically just below the rst ionisation energy
of Cs (EI Cs =hc  31406:467322514 cm 1 [121]). Because the electron anity,
EEA(Cs), of Cs is 3804 cm 1 [178], the ion-pair dissociation limit is located at the position of n  5:4 Rydberg states. Long-range Rydberg molecules of the type discussed
in section 2 are therefore located in the ion-pair dissociation continuum into which
they could, in principle, decay. The kinetic-energy release would roughly correspond
to EEA (Cs) and thus to a de Broglie wavelength of  0:1 a0 for the ionic dissociation products. The overlap of the vibrational wavefunction of the long-range Rydberg
molecule with the wavefunction of the dissociated ion pair is therefore expected to be
extremely small. Consequently, the decay of the long-range Rydberg molecules into
ion-pair states is likely to be of minor importance.
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Overview of molecular potential functions of Cs2 and Cs2 below the rst dissociative-ionisation threshold of Cs2 (Cs (1 S0 )  Cs (6s1=2 ))
in dierent ranges of internuclear separation. The electronic structure of isolated Cs atoms consists of Rydberg series of increasing orbital angular
momentum and is depicted in panel (c). Panel (a) shows molecular potentials of covalently bound Cs2 molecules. The lowest two ground-state potentials
of g and u symmetry of Cs2 and Cs2 are depicted in black, whereas the excited states of the Cs2 dimer having Rydberg character are shown in grey
(calculated potentials taken from Ref. [187]). At high n values, the state density is high and the level structure is represented as a pseudo-continuum
(grey background). Panel (b) focuses on the long-range regime where orbital overlap of low-lying states of the two atoms is negligible and the Cs2
ground-state potential is essentially at. The thick black line corresponds to the Coulomb potential of the Cs Cs ion pair and the black dots give
the energy and average internuclear separation of the long-range Rydberg molecules discussed in section 2. All energies are given with respect to the
Cs (6s1=2 )  Cs (6s1=2 ) dissociation threshold.

Figure 4.9:
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The main decay product of the long-range Rydberg molecules detected in our experiments is the molecular Cs2 ion. To illustrate possible mechanisms for the formation of Cs2 , Fig. 4.10 focuses on the energy region just below the rst ionisation
threshold of Cs2 . The X g and A u potential curves of Cs2 , taken from [188], are
shown as solid black traces. Vibrational levels in these potentials were calculated
using the mapped Fourier-grid technique [175] and their energies as a function of the
expectation value 1=R2 1=2 are indicated as blue and light blue dots for the g and



u states, respectively. The wavefunctions of the v  263 and the v  366 levels of
the g state are shown as thin blue lines. The molecular potentials have their minima
at relatively short ranges, but exhibit a long-range =R4 scaling and support a few
long-range states that have their peak probability amplitude at internuclear distances
> 200a0. Molecular Rydberg series, schematically represented by vertical lines in
Fig. 4.10, converge to each of the ionic levels of Cs2 . The Rydberg states of Cs2 have
potential functions, and thus vibrational wavefunctions, that closely resemble those
of Cs2 . The rotational structure adds signicantly to the already very high molecular
state density of Cs2 and Cs2 just below the rst ionisation energy of Cs, but is omitted
here for the sake of clarity.

The energies and internuclear separations of the Cs2 long-range Rydberg molecules near Cs np3=2 + Cs 6s1=2 dissociation asymptotes are presented as purple dots
in Fig. 4.10. The black lines represent the potentials calculated with our s-wave scattering model at n  32. These potentials are shown on an expanded energy scale for
visibility and the vibrational wavefunctions of the two vibrational ground states are
depicted as purple lines. A multitude of Cs2 v   e channels are open at the position of the long-range Rydberg molecular states observed experimentally. However,
the overlap of the vibrational wavefunctions of the long-range Rydberg molecules
with those of accessible Cs2 v   e ionisation continua is also extremely small. It
is conceivable that the decay of the long-range Rydberg molecules into Cs2 occurs
through sequential couplings to Rydberg states of Cs2 in successive v  1 steps
starting with the highest (v   366) level, which has a good Franck-Condon overlap
with the long-range Rydberg molecular state. Channel interactions in molecular Rydberg states with v  1 are, indeed, known to be the strongest (see, e.g. [189]). The
decay of the long-range Rydberg molecules into Cs2  e may also arise from l  1
contributions in the e -Cs scattering [41, 190], which might help bridging the internuclear separation. We are currently extending our potential model of the long-range
Rydberg molecules by including p-wave scattering contributions to the interaction
Hamiltonian.
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Comparison of energetic and structural characteristics of long-range Rydberg molecules and Cs2 ions in high vibrational states. The molecular potentials of the X 2 g and A 2 u
states of Cs2 are given as solid black lines (taken from [188]). The energies and the expectation
values 1=R2 1=2 of the vibrational levels of the X and the A states are marked as dark and light
blue dots, respectively. The Rydberg series that converge to each of these v  levels are schematically
indicated as vertical thin dashed lines. The vibrational wavefunctions of the v   263 and v   366
levels of the X state are drawn as thin dark blue lines. The energies and internuclear separations
of the long-range Rydberg molecules discussed in section 2 are given as purple dots. The molecular
potentials correlated to the Cs (32p3=2 )  Cs (6s1=2 ) dissociation asymptote calculated with our Fermi
s-wave scattering model are depicted on an energy scale magnied by a factor of 35000 and the two
vibrational ground-state wavefunctions are presented as thin purple traces.
Figure 4.10:

4.7 Conclusions & Outlook
The formation of long-range Cs2 Rydberg molecules consisting of a Rydberg and a
ground-state atom was observed by photoassociation spectroscopy in an ultracold
Cs Rydberg gas near np3=2 6s1=2 (F  3; 4) resonances (n  26 34). The spectra
revealed two types of molecular states recently predicted by D. A. Anderson, S. A.
Miller, and G. Raithel [Phys. Rev. A 90, 062518 (2014)]: Pure triplet (3 ) states with
binding energies ranging from 400 MHz at n  26 to 80 MHz at n  34, and states of
mixed singlet and triplet (1;3 ) character with smaller and F -dependent binding energies. The experimental observations were accounted for by an eective Hamiltonian
including Fermi-contact s-wave scattering pseudopotentials, the hyperne interaction
of the ground-state atom, and the spin-orbit interaction of the Rydberg atom. The
analysis enabled the characterisation of the role of singlet scattering in the formation
of long-range Rydberg molecules and the determination of an eective singlet s-wave
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scattering length for low-energy electron-Cs collisions.
The assignment of vibrationally excited states of the 3  and 1;3  potentials and of
molecular resonances observed both at detunings below the vibrational ground state
of the 3  potential and on the high-frequency side of the atomic np3=2 6s1=2 transitions is beyond the scope of the s-wave scattering model presented in this chapter. The inuence of p-wave scattering on the energy-level structure of long-range
Rydberg molecules of the alkali-metal atoms, which have a low-energy 3 P shape resonance in electron-atom scattering, is signicant already at small displacements from
the classical outer turning point of the Rydberg electron [41]. The divergence of the
scattering volume A3 P at the position of the shape resonance leads to the formation of an unusual molecular state, which has been referred to as the buttery
state [169, 190]. The Cs (6s1=2 ) + Cs dissociation asymptote of this state corresponds
to the position of the hydrogenic high-l manifold and its binding energy corresponds
to several hundred GHz at n  30. Consequently, the potential of the buttery
state undergoes avoided level crossings with lower-lying molecular states correlated
to Cs (6s1=2 ) +Cs (nlj ) dissociation asymptotes with l  0; 1; 2; 3. Resonances on the
high-frequency side of the atomic resonance could originate from the upper branches
of the avoided curve crossings and are thus similar to the long-range molecular states
reported on the high-frequency side of 6s1=2 + ns1=2 asymptotes in Cs [166]. Regular
weak series of molecular states observed at large negative detunings are likely to result from almost harmonic potential wells of the buttery potential. Experiments on
the Stark shifts and broadenings of these levels indicate larger dipole moments than
observed for the vibrational ground states in the outer wells of s-wave-scattering potentials, in accordance with the high-l-mixed character of a buttery-like molecular
state. These eects could be accounted for in an extended potential model including
the p-wave scattering contributions.
The long-range Cs2 Rydberg molecules were found to decay into Cs2 molecular
ions by autoionisation. Autoionisation processes take place at short range. The
mechanism by which the internuclear separation is reduced during the autoionisation process remains to be elucidated in detail.
A qualitative discussion of the long-range Rydberg molecules, Cs2 Rydberg molecular states and Cs Cs ion-pair states indicates that these classes of molecular states
are related. The decay of Cs2 long-range molecules in Cs2 ions is either the result of
contributions of l > 0 partial waves to the e -Cs scattering or the result of interactions between channels associated with highly-excited vibrational levels of Cs2 and
Rydberg series converging to these levels.
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Chapter 5
One-colour two-photon excitation of
Rydberg-atom-pair states
This chapter presents studies of the long-range interactions between two Rydberg
atoms that result in the formation of molecular resonances. Specically, experiments
are presented in which Cs Rydberg-atom pairs are detected as sharp resonances in
laser-excitation spectra of ultracold, dense samples of Cs vapour. The resonances
are assigned and quantitatively analysed using a model describing the interactions
between Cs Rydberg atoms using long-range molecular potential curves that are calculated without any adjustable parameter.
The experiments involve the excitation of pairs of interacting Cs Rydberg atoms
with intense pulsed laser elds and enable the observation of long-range molecular
states connected to dierent pair-dissociation asymptotes. Whereas only np Rydberg states are optically accessible in one-photon transitions from Cs (61=2 ) groundstate atoms because of the electric-dipole approximation for isolated atoms, interacting Rydberg-atom-pair states have been observed as resonances near, e.g., ns1=2 n 
1 s1=2 , ns1=2 n 3 fj , and n 4 fj n 3 fj asymptotes as a result of dipole-dipole,
dipole-quadrupole [64], and higher-order terms of the multipole-expansion series [65].
The observations are related to earlier work describing similar phenomena in ultracold Rydberg gases of rubidium [5860, 191] and cesium [62, 63] at values of the
principal quantum number n around 70. Compared to these previous investigations
of molecular resonances, in this work, the resonances were studied at lower principal
quantum numbers in the range 22  n  36. Additionally to pair resonances observed in the immediate vicinity of dissociation thresholds, sharp spectral structures
result also from local maxima in the molecular potentials and from avoided crossings
between dierent potential curves for n < 27. The positions, widths and relative intensities of these resonances are sensitive to the details of the long-range molecular
potentials. This sensitivity is exploited to validate the Rydberg-atom-pair interaction
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model (presented in Subsection 5.1), which is then used to describe, in Section 5.3.4,
the asymmetric broadening observed in millimetre-wave transitions between pairs of
Rydberg atoms. The model also successfully accounts for the Penning-ionisation processes that take place following Rydberg-atom-pair excitation in the dense ultracold
Cs gas on timescales of several hundreds of nanoseconds (see Subsection 5.3.5).
This chapter is an adapted version of the articles H. Saßmannshausen, F. Merkt,
and J. Deiglmayr: Pulsed excitation of Rydberg-atom-pair states in an ultracold Cs
gas, Phys. Rev. A 92, 032505 (2015) and J. Deiglmayr, H. Saßmannshausen, P.
Pillet and F. Merkt: Observation of Dipole-Quadrupole Interaction in an Ultracold
Gas of Rydberg Atoms, Phys. Rev. Lett. 113, 193001 (2014).

5.1 Theory of interacting Rydberg-atom-pair states
The molecular resonances encountered in the experiments presented in this chapter originate from long-range interactions between two Cs atoms in high-n Rydberg
states. The term long-range in this case means that the internuclear distances at
which the atoms are excited exceed
the LeRoy radius
RLR of two Rydberg atoms A and

1=2
1=2 
B, which is dened as RLR  2 hrA2 i  hrB2 i
[192], where ri is the distance of the
Rydberg electron from the core of atom i. The LeRoy radius is used as a boundary for
the internuclear separation of two atoms beyond which orbital overlap, and therefore
contributions from electron exchange and covalent binding, can be neglected. The remaining molecular interactions are induced long-range interactions often called van
der Waals interactions.

5.1.1 Long-range potential model
For the theoretical modelling of long-range interacting Rydberg-atom-pair states, the
total Hamiltonian is set up as

H  H0A  H0B  VinterR ;

(5.1)

where H0A and H0B are the Hamiltonian operators describing the unperturbed and noninteracting Cs Rydberg atoms A and B, respectively. H0A and H0B include the spinorbit interaction of the Rydberg electron but neglect the hyperne interaction (see
Section 3.1.3) which is negligible compared to the resolution in the experiments. The
long-range interactions are accounted for by Vinter R , where R is the internuclear
distance. Following the generally applied formalism [193, 194] for long-range van der
Waals interactions, the Hamiltonian for the Rydberg-Rydberg interaction [58, 62, 195]
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is expressed in the multipole-multipole expansion
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(5.4)

where r~i is the position of the Rydberg electron bound to atom i with respect to the
ion core, R is the interatomic separation, and QL;! ~
r are the atomic multipole moments, which are dened in terms of the spherical harmonics YL;! r . The order of
a given atomic multipole moment is L, and L< is dened as the smaller of the two
L values of the interacting multipole moments of two Rydberg atoms. The quantum number of the projection of the angular momentum associated with L< onto the
molecular axis is !. The multipole expansion of Eq. (5.2) is an exact description of the
long-range interactions in the absence of retardation eects and for distances larger
than the LeRoy radius.
For all practical purposes, the innite multipole expansion must be truncated.
Based on the comparison with the experimental results presented in this chapter,
it was found that terms up to the octupole-octupole (LA  LB  3) contribution
needed to be included in some calculations. This nding was unexpected because so
far observations of interacting Rydberg atoms described in the literature were usually interpreted as arising from the dipole-dipole interaction alone (see, e.g., [9]) and
the quadrupole-quadrupole contribution has only been considered in rare cases (see,
e.g. [196]). The contributions from the dipole-quadrupole and higher-order terms in
the multipole expansion, observed for the rst time in the realm of this dissertation,
are presented in Sections 5.3.2 and 5.3.3, respectively.
The Hamiltonian operator (5.1) is evaluated in matrix form in a product basis

jnAlAjA!Ai jnBlBjB!Bi  j AjA!Ai j BjB!Bi

(5.5)

consisting of two non-interacting atoms in states dened by the principal quantum
numbers ni , the orbital-angular-momentum quantum numbers li , the total-angularmomentum quantum numbers of the Rydberg electrons ji and the quantum numbers
!i of its projection onto the internuclear axis (with i  A; B). The projection of
the total angular momentum onto the molecular axis is a constant of motion in a
diatomic molecule and is labelled here by the quantum number  !A  !B . In
this basis, the spin-orbit interaction of the Rydberg electron is taken into account
even though it scales with n 3 because it is still larger than, or on the same order
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of magnitude as, the interaction-induced eects observed in the experiments. The
hyperne interaction of the Rydberg atoms (see Section 3.1) is, however, much smaller
than the experimental laser-excitation bandwidth of  130 MHz and is neglected in
the model.
To obtain the molecular eigenstates and eigenenergies of the Hamiltonian matrix,
radial and angular parts are separated. The radial matrix elements need to be evaluated by numerical integration [115], using experimental quantum defects [116, 122]a
and an ab-initio model core potential. The angular matrix elements can be calculated
analytically using standard angular-momentum algebra (see Appendix B for more details). The eigenstates and eigenvalues are determined as a function of the internuclear separation R, which only appears as a parameter in Eq. (5.1), and for dierent
values of because molecular states with dierent do not interact at zero eld.
Intentionally, the molecular basis is not symmetrised with respect to the permutation of the two identical Cs nuclei, which leads to non-zero contributions of the interaction Hamiltonian that mix pair states of dierent electronic parity. The electronic
parity of such a pair state is given by  1 lA lB and is conserved for all interaction
terms with  1 LA LB  1 (such as the dipole-dipole interaction), whereas terms with
 1 LALB  1 (the lowest-order contribution is in this case the dipole-quadrupole
interaction) require a change in the electronic parity. The role of these electronicparity-violating interaction terms in the formation of long-range Rydberg-atom-pair
states is further discussed in Section 5.3.2.
The molecular eigenenergies E R of dierent molecular states are determined
as a function of the internuclear distance and the molecular eigenfunctions are linear
P
combinations of the basis functions j R i  c A jA !A ; B jB !B R j A jA !A ; B jB !B i.
Exemplary potential-energy curves are presented in Fig. 5.1 for interacting Rydbergatom-pair states of Cs in the vicinity of np3=2 np3=2 thresholds with n  23; 25; 32.
The inclusion of higher-order terms in the interaction Hamiltonian of Eq. (5.2) necessitates the extension of the basis set jnA lA jA !A ; nB lB jB !B i to include pair states
with lA and lB values up to 6. Convergence of the eigenvalue calculations was checked
by increasing the range of principal quantum numbers nA and nB . Because the atomic
radial transition matrix elements rapidly decrease with the value of n, only states
diering in the eective principal quantum number n by at most 1 were considered
in the calculations. It further turned out to be sucient to only consider the pair
a The improved quantum-defect values for Cs originating from work presented in this thesis (see
Chapter 2 and Ref. [121]) were not available at the time the simulations were performed. The improved quantum defects are suciently close to the one from Refs. [116, 122], which are used in
the calculations, that the dierence is not expected to cause signicant deviations from the results
presented here.
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Figure 5.1:

Calculated potential-energy curves for long-range Rydberg-atom pairs in the vicinity of

np3=2 np3=2 asymptotes at a) n  23, b) n  25, and c) n  32 and for  0; 1; 2; 3 (black, red, blue,

and green curves, respectively) as obtained from the long-range potential model (details in the text).
The intensity of the colour reects the value of p R , grey colour denoting 0% overlap with the
atomic np3=2 np3=2 state, full colour denoting 1% or higher overlap. The simulated spectra plotted in
arb. units on the right-hand side of each of the three panels were calculated using Equation (5.9).

states with asymptotes located within an energy window of 0:64  4RCs =n 3 around
the relevant np3=2 np3=2 asymptotes. States located outside this range only approach
the np3=2 np3=2 potential curves at short range, where the gradients of the potentialenergy curves are large and spectral structures are broad and weak. The majority of
the pair states are neglected following these restrictions, but their coupling to the
optically accessible states is so weak that they do not contribute signicantly to the
state mixing and energy shifts of experimentally observable states. The state density
in the model is still very high (also because several potential functions correlate to
each asymptote, see Fig. 5.1), and even though inclusion of these states is necessary
to accurately predict the observations, most of the states only couple indirectly to the
optically accessible states and only a small fraction of the molecular states actually
contributes to the experimental signals.

5.1.2 Theoretical line prole
The excitation probability p R of a molecular eigenstate j i at a pair separation R
is proportional to the square of the mixing coecients of the np3=2 np3=2 basis states.
The optically accessible states ji (for np3=2 np3=2 that is n, l  1, jA  jB  3=2) are
conveniently expressed in the laboratory-xed frame as

ji 

X

mA ;mB

ajAmA;jBmB jjAmA; jBmBi :

(5.6)
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To account for the experimental conditions, an isotropic distribution in the 6s1=2
ground state of the Cs atoms (ms  1=2) is assumed.   polarised transitions thus
lead to the excitation of four dierent states ji corresponding to jA  jB  3=2 and
mA  1=2; 3=2 and mB  1=2; 3=2 with equal weights. The intensity is obtained as the
squared overlap p ; R  h R ji 2 between the optically accessible function
ji and the function j R i expressed in the molecule-xed frame with the internuclear axis forming an angle  with the laboratory-xed z axis. To calculate p ; R ,
the atomic functions jA;B mA;B are transformed into the molecule-xed frame using
the Wigner dj!m  rotation matrices and

p ; R  h R ji 2 
X
h R j AjA!A; BjB!Bi dj!AAmA  
j !A ; B jB !B
j mA ;jB mB

A A
A

dj!BBmB  hjAmA; jBmBji

2

:

(5.7)

is obtained. The  -dependent probability p ; R is averaged over all orientations 
R
of the molecular axis relative to the z axis, resulting in p R  p ; R 2 sin d ,
which is directly proportional to the spectral intensity resulting from excitation of a
molecular pair state j i at the interatomic separation R. The corresponding spectral
line prole s E 0 is then determined as

s E 0  4

Z1
0

2
E 0 E R E 4 !Eatom
R 2 p R R dR;
pp
4

(5.8)

where !atom is the Rabi frequency of the atomic np3=2
6s1=2 transition, Epp the
energy of the np3=2 np3=2 asymptote, and the term 4 !4atom =Epp E R 2 accounts for
the one-colour two-photon excitation of the pair state with an intermediate np3=2 6s1=2

(or 6s1=2 np3=2 ) state at a detuning of 12 Epp E R [60]. The delta function ensures
resonance with the molecular state j i with the energy E R . In a gas of homogeneous density, the number of atom pairs at a separation R is proportional to the
volume of the spherical shell 4R2 dR and this factor is included in Eq. (5.8). In order
to compare with experimental spectra, the line prole s E 0 is convoluted with the
laser line prole GE and summed over all molecular states j i to obtain the full
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spectrum sE as

sE 

XZ1

1

s E 0  GE E 0 dE 0

XZ1 Z1


E 0 E R E !atom
1 0
pp E R 2
p R R2  GE E 0 dRdE 0
XZ1
!4atom GE E R 
 16
0 Epp E R 2
p R R2dR:

 16

4

(5.9)

A Gaussian laser line-shape function with a full width at half maximum (FWHM) of
130 MHz was used for GE corresponding closely to the Fourier-transform limit of
the pulsed UV laser that was used for the excitation of the interacting Rydberg-atompair states (see Section 5.2, and Chapter 2). Consequently, the theoretical line prole
sE of Eq. (5.9) has no adjustable parameter, with the exception of a global distanceand energy-independent amplitude. The global amplitude includes the atomic Rabi
frequency !atom of np3=2 6s1=2 transitions, which is not evaluated quantitatively.
The resulting spectra for n  23; 25; 32 calculated with Eq. (5.9) are presented in
Fig. 5.1 on the right-hand side of the corresponding potential-energy functions. In
this gure, the colours black, red, blue and green indicate molecular potentials characterised by  0; 1; 2; 3, respectively, and the colour-intensity shading reects the
values of p R . Full colour was chosen for 1 % or more np3=2 np3=2 character and
states with zero np3=2 np3=2 character are presented in grey in Fig. 5.1.
At large distances, the only non-vanishing contributions are located in the immediate vicinity of the np3=2 np3=2 asymptotes. At shorter distances, many more potential curves contribute to the spectral intensity. However, most potential curves
are strongly attractive and the large gradients spread the overall intensity over broad
spectral ranges, which renders the observation of pair states impossible. Because
the spectral line-shape function scales with R2 (see Eq. (5.9)), the excitation of shortrange pairs is additionally suppressedb . From the general appearance of the curves
depicted in Fig. 5.1, one expects sharp spectral structures to arise from regions where
the potential curves that possess some np3=2 np3=2 character are at. Such regions
of enhanced intensity are encountered where the curves have local maxima (a good
example of such a situation is given by the red and black curves correlated to the
b For example, the regime of almost full state mixing in the n range considered here is encountered
at internuclear separations R < 0:2 µm. The mean internuclear separation at the highest densities is
only on the order of R̄  1 µm. The probability of nding a pair of atoms at those distances much
smaller than the mean internuclear separation is low.
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23s1=2 24sp1=2 asymptote in the left panel of Fig. 5.1) or closely approach their asymptotic value (examples are the three curves correlated to the ns1=2 n  1 s1=2 asymptotes at large R values in Fig. 5.1). In regions where the potential functions are at
atom pairs at many dierent internuclear distances R contribute to the signal sE .
Sharp spectral structures are also encountered in regions where avoided crossings
reduce the spectral density, leading to intensity minima.
Resonances originating from the excitation of interacting Rydberg-atom-pair states
are expected to be observable in the range of internuclear distances 0:2µm < r <
1:5µm for the n states around 30 considered in this work. In this range, the van der
Waals interactions are strong enough to lead to signicant state mixing, but the state
density is low enough for the states to be spectrally resolved.
Because the dipole-dipole interaction for the resonant and the non-resonant cases
scales with R as 1=R3 or 1=R6 , respectively, the dipole-dipole term is the longestrange contribution in the multipole-multipole expansion and its eects dominate at
the largest distances. The dipole-dipole interaction mixes ns1=2 n  1 s1=2 states with
the np3=2 np3=2 statesc . The resonances resulting from this interaction are dominant
in Fig. 5.1 and are discussed in Section 5.3.1. At smaller internuclear separations,
eects of higher-order multipole-multipole interactions are observable, and these interactions need to be included when modelling the experimental data near nlJ n0 l0J 0
asymptotes that are not coupled to the optically accessible pair state though a dipoledipole interaction (see Section 5.3.2). At high n values, the pair-state density, which
scales as n6 becomes so large that it becomes impossible to identify individual resonances resulting from interactions of higher order than the dipole-dipole interaction.
Consequently, to study the eects of dipole-quadrupole and higher-order interactions, it is advantageous to carry out the measurements on relatively low-n Rydberg
states in the n range between 20 and 30 (see Section 5.3.3).

5.1.3 Non-perturbative calculation of the excitation-blockade radius
On the basis of potential-energy curves such as those depicted in Fig. 5.1 and Eq. (5.9),
the two-atom excitation probability for resonant Rydberg excitation can be determined as a function of the internuclear separation (see Fig. 5.2). The reduction of the
resonant excitation rate of one atom conditional on the distance to a second excited
atom is called the Rydberg-excitation-blockade eect.
The region where the excitation probability approaches zero (see Fig. 5.2) corresponds to the eective blockade radius. The blockade radius is often approximated
c In this thesis, the label for the asymptote of a molecular Rydberg-atom-pair state will sometimes
be used as a label for the whole molecular function.
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The calculated probabilities of resonant np3=2 6s1=2 transitions as a function of the
internuclear distance to another Cs atoms in an np3=2 Rydberg state are presented for dierent laser
bandwidths of 10 GHz (dashed trace), 1 GHz (dotted trace), 100 MHz (thick solid trace), 10 MHz (dotted-dashed trace), and 1 MHz (solid grey trace). The LeRoy radii for the dierent Rydberg-atom-pair
states are indicated by vertical red lines.

Figure 5.2:

by

RB 

q
6

2C6 =L h

;

(5.10)

In this approximation, RB is only a function of the C6 coecient of the o-resonant
dipole-dipole coupling and the laser-excitation bandwidth is L . Eq. (5.10) is only
valid at very long range, where the level shifts can be calculated using perturbation
theory and can be described with a single van der Waals parameter.
The more accurate calculation presented in Fig 5.2 reveals that the Rydberg-atompair excitation is not necessarily restricted to large internuclear separations (even
with very narrow-bandwidth excitation) because of molecular resonances in the excitation probability at short internuclear separations (see, in particular, the panel on
the lower left-hand side in Fig. 5.10). These resonances result from avoided crossings between dierent potential curves and occur relatively randomly when varying
n, R and L. Models with large basis sets are required to predict their positions
and widths. The interaction-induced shift of Rydberg-atom-pair levels back into resonance, enhancing the signal expected just for atomic excitation, is also called anti97
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blockade eect in the literature [197, 198]. The molecular resonances occur mostly
with l > 0 Rydberg pair states [199], which is an eect of the anisotropy of the longrange interactions between atoms in l > 0 states (see, e.g., [87, 200, 201]), and can
limit the applicability of the Rydberg-excitation blockade. However, the resonances
are typically sharp with respect to the internuclear distance (see grey curve in the
lower panel on the left-hand side of Fig. 5.2), and their experimental observation can
be prohibited, e.g., when loading the ultracold atoms in optical lattices, restricting the
internuclear separations to dened values where no resonances occur [202, 203].
In the experiments described here, the two-atom-excitation probability only reaches
zero at distances signicantly smaller than the mean nearest-neighbour separation in
the ultracold gas, both for the pulsed excitation and the cw excitation with 130 MHz
and 1 MHz excitation bandwidths, respectively. Consequently, no signicant blockade eect is expected in the range of n values measured here d . The reason for the
small values of RB encountered here in np3=2 Rydberg states are molecular states
that experience almost zero level shift even at short internuclear distances. These
states have been termed Förster zero states and appear in Rydberg states with
l > 0 [87, 200]. Our calculations show that the negative eects of these Förster
zero states on blockade experiments are avoided by using excitation to ns Rydberg
levels, and indeed, the most successful blockade experiments reported to date rely on
ns Rydberg states [30, 31]. However, Rydberg-blockade eects have also been demonstrated with np [204] and nd [205] Rydberg states.

5.2 Experiment
All experiments were performed on ultracold samples of cesium atoms at a density
of 1012 cm 3 , a particle number of 106 , and a translational temperature of 40 µK.
The samples were released from a far-detuned crossed optical dipole trap (see Section 2.3) which was loaded from a magneto-optical trap (MOT). The transfer of atoms
from the MOT to the dipole trap proceeded as follows: After a MOT-loading phase
of 80 ms, the ber laser used for the dipole trap was turned on and, simultaneously, the magnetic-eld gradient was ramped up, compressing the MOT for 10 ms.
The magnetic eld was then turned o and the atoms were cooled in an opticalmolasses phase for 5 ms. The MOT lasers were then turned o and the atoms were
optically pumped into the lower hyperne component of the 6s1=2 electronic ground
state. The atoms were held in the dipole trap for 10 ms, during which time the nond This theoretical prediction is conrmed experimentally. Both with pulsed and narrow-band cw
excitation the atom cloud can be completely depleted when the laser frequency is set to an atomic
np3=2 resonance (with 22 < n < 34) and the laser power is gradually increased.
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captured atoms left the photoexcitation region. The power of the optical-dipole-trap
laser was reduced to its minimum value of 300 mW after the cesium atoms in the
optical dipole trap had been selectively pumped optically into the upper hyperne
state of the 6s1=2 ground state, from where they were photoexcited in single-photon
transitions to np3=2 Rydberg states. The experimental cycle was repeated at a rate of
10 Hz.
The excitation laser was a frequency-doubled pulse-amplied ring dye laser (see
Section 2.4.1), delivering 4.4-ns-long Fourier-transform-limited UV pulses (319 nm,
140 MHz bandwidth) with pulse energies of up to 100 µJ. The laser was focused to a
spot size of 150 µm (1/e2 radius), resulting in peak irradiances of up to 100 MW/cm2 .
The laser frequency was calibrated with a wavelength meter (High Finesse WS6-200).
One-colour two-photon ns1=2 6s1=2 transitions were driven with the pulse-amplied
fundamental output of the ring laser at a wavelength of 639 nm and a pulse energy
of 0:5 mJ.
The transitions were detected by monitoring the Cs ion signal using a microchannelplate (MCP) detectore after state-selective pulsed-eld ionisation (PFI). For PFI, a pulsed
electric eld with a rise time of 1 µs and maximal eld strength Fmax  1:25 kV/cm was
applied. Only np Rydberg states with n  26 could be eld ionised under these conditions. However, the formation of ions on molecular resonances was also observed
for Rydberg states with n < 26, but only after introducing some delay between laser
and electric-eld pulse. After PFI but before the next MOT-loading phase, the atom
number and density of the atom cloud were measured using saturated-absorption
images (see Section 2.2.3). On the atomic resonances the trap was fully depleted and
the resulting ion signals strongly saturated the detection system, which was designed
to be sensitive to single ions. The spectral positions of the atomic transitions were
obtained from trap-loss spectra based on the saturated-absorption images.
Millimetre-wave transitions between Rydberg states excited on atomic or pair resonances were measured using a millimetre-wave source (see Section 2.4.2) consisting
of a swept frequency synthesiser (Wiltron, Model 6769B) connected to an ampliermultiplier chain (Virginia Diodes, WR6.5AMC, tunable range 110 - 170 GHz). Typical
interaction times with the millimetre-wave radiation were 1 µs and the transitions
were detected using state-selective PFI and separating initial and nal Rydberg states
in the Cs -ion time-of-ight (TOF) traces.
As described in Section 2.7, regular measurement and compensation of the stray
e The MCP detector has a quantum detection eciency of 40 % limited by the fraction of active to non-active surface area. Together with a Poisson distribution in the counting statistics of
laser-excited Rydberg atoms and Rydberg-atom-pair states, the excitation of Rydberg atoms and pair
states lead to statistically indistinguishable counting statistics at low laser intensities. With an ideal
detector and small signals, the counting statistics of Rydberg-atom-pair states should peak at 0 and
2, with zero probability of detecting only one Rydberg atom.
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electric and magnetic elds during the data acquisition period ensured that the magnitude of the stray electric and magnetic elds never exceeded 20 mV/cm and 20 mG,
respectively, which is suciently low that these elds do not inuence the behaviour
of the Rydberg states under investigation. The electric eld was compensated by measuring and minimising the quadratic Stark eect of high np3=2 Rydberg states [148]
and the magnetic eld was compensated by measuring the Zeeman splitting of the
F 0  4 F  3 hyperne transition of the 6s1=2 state using microwave spectroscopy.

5.3 Experimental results and discussion
In this section the experimental results obtained following one-colour two-photon excitation of interacting Rydberg-atom-pair states is presented. In the rst part, the experimental pulsed-UV-laser-excitation spectra are discussed and interpreted by comparison to simulated line proles. Several resonances could be assigned as originating from individual terms of the multipole-interaction expansion. Dierent subsections are dedicated to resonances resulting from the dipole-dipole (Subsection 5.3.1),
the dipole-quadrupole (Subsection 5.3.2) and higher-order (Subsection 5.3.3) interaction terms. Experiments are also presented that were carried out to characterise
specic properties of the Rydberg-atom-pair states, namely their Stark eect (see
Section 5.3.1), their response to millimetre-wave radiation resonant with a transition to another pair state (see Section 5.3.4), and their spontaneous decay by Penning ionisation (see Section 5.3.5). These results have also been published under the
Refs. [64, 65].

5.3.1 Dipole-dipole coupling and ns1=2(n  1)s1=2 resonances
Rydberg-excitation spectra of Cs near np3=2 6s1=2 transitions recorded with an intense pulsed UV laser contain resonances that are a manifestation of dipole-dipole interactions in the ultracold Cs Rydberg gas. These resonances occur close to ns1=2 (n 
1)s1=2 pair-dissociation asymptotes.
An overview of the experimental spectra (black traces) measured near these asymptotes is presented in Fig. 5.3 in comparison to simulated line proles (red dashed
traces). Single resonances are observed for n > 27 and sets of resonances are observed for 22 < n < 28 on the low-frequency sides of atomic np3=2
6s1=2 transitions. Despite the large signal-to-noise ratios, the signals obtained on these resonances correspond to only around 20 ions per laser shot. In comparison, the signals
at the atomic resonance frequencies are several orders of magnitude larger, eectively
saturating the ion-detection system. Because of this saturation, the atomic resonances
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observed by monitoring the ionisation signal cannot be used to calibrate the frequency detunings. However, from the simultaneously recorded saturated-absorption
images it is possible to derive the number of ground-state atoms remaining after each
laser shot. When the number of ground-state atoms is plotted as a function of the
UV-laser frequency, the atomic resonance appears as a dip (cf. spectra depicted in
Fig. 5.6b). This reveals that the ultracold atom cloud is signicantly depleted when
the frequency of the intense UV laser is resonant with an atomic np3=2 6s1=2 transition. Given the number of ground-state atoms in the trap, which is on the order of
106 , more than 105 Cs ions are generated on the atomic resonances. The resonance
features visible in the spectra presented in Fig. 5.3 are, consequently, at least around
104 times weaker than corresponding np3=2 6s1=2 transitionsf .
The resonances have a red-degraded line shape and split in several components
for n < 28. However, in each spectrum one resonance is always observed near the
asymptotic energy of ns1=2 n  1 s1=2 pair states (within 2  75 MHz, see Fig. 5.3c).
The detunings n of the ns1=2 n  1 s1=2 from the np3=2 np3=2 pair-dissociation
asymptotes are calculated with Rydberg's formula and the known quantum defects
of Cs (taken from Refs. [116, 122]) using
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In Equation (5.12), RCs  3:28982829920  109 MHz is the Rydberg constant of Cs and
l n are the l- and weakly j - and n-dependent quantum defects. The n dependence
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The detuning n of the molecular from the atomic resonance frequency in the
experimental spectra (see Fig. 5.3b) corresponds to a one-photon energy scale. Consequently, the energy defect of the two-photon resonances is divided by two. At low
n values, the energy dependence of the quantum defects is signicant and n
varies considerably with n, as illustrated in Fig. 5.3c. The detuning becomes graduf This ratio corresponds roughly to the intensity ratio of np
6s1=2 to np1=2 6s1=2 transi3=2
tions at n  30. The reason for this extreme dierence in the transition strength from the electronic
ground state to the two ne-structure components of the p Rydberg series is a Cooper minimum
in the excitation cross section to np1=2 states just above the ionisation threshold in the p1=2 continuum. The similarity in transitions strengths was applied in the measurement of the intensity
dependence of the molecular resonance by comparing the signal to that of the weak atomic transition (see Fig. 5.5).
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ally smaller with increasing n up to n  42, where the detuning changes sign, and
becomes almost independent of n, stabilising at around 50 MHz. Below n  42,
the increasing detuning of the ns1=2 n  1 s1=2 pair states and the reduced strength
of the dipole-dipole interaction leads to a continuous reduction of the pair-state signals towards lower n values. By applying more intense UV pulses (see left-hand side
of Fig. 5.3a), constant absolute signal strengths and signal-to-noise ratios could be
maintained down to n  23.
To quantitatively analyse the origins of the dierent resonances, their red-degraded
line shapes and splittings, the experimental spectra are compared to spectra simulated using Eq. (5.8) (see red dashed lines in Fig. 5.3a). The excellent agreement of
the simulation with the experimental observations proves that these resonances originate from the dipole-dipole coupling of the optically accessible np3=2 np3=2 states
with ns1=2 n  1 s1=2 levels. With the exception of the spectrum at n  22, the peak
positions and line shapes of all spectra are reproduced by the simulation. The experimental peak positions relative to the positions of the ns1=2 n  1 s1=2 dissociation
asymptotes are presented as a function of the principal quantum number in Fig. 5.3c,
where they are compared to the peak positions extracted from simulated spectra.
Overall, the experimental peak positions (open circles in Fig. 5.3c) closely match the
asymptotic energies at all n values. However, there are small systematic n-dependent
deviations (labelled Eint =h in the inset of Fig. 5.3c) of the experimental peak positions
from the asymptotic values. These energy shifts exceed the estimated error bars of
the measurements and are reproducible. They are compared to the peak positions
determined from the simulated spectra (indicated by the dashed trace in the inset),
which reveal the same deviations. These deviations are attributed to an interactioninduced shift Eint as schematically illustrated in Fig. 5.3b. The shifts obtained from
the spectra have been multiplied by a factor of 2, because they do not represent a
one-photon detuning but a detuning from the two-photon energyg .
Three representative sets of potential-energy functions that give the ns1=2 n 
1 s1=2 resonances their characteristic interaction-induced shifts (see inset of Fig. 5.3c)
and ne structures (see Fig. 5.3a) are depicted in Fig. 5.1 for n  23, 25 and 32.
The calculated spectra sE are depicted on the right-hand side of each panel, where
dashed horizontal lines mark the positions of the relevant dissociation asymptotes.
Three states correlating to the ns1=2 n  1 s1=2 asymptotes possess a signicant admixture of the optically accessible np3=2 np3=2 pair state, two of which are
0
g The high-resolution spectra presented in Chapter 6 reveal that this shift results from the convolution of a strongly asymmetric line prole with a 130-MHz-broad laser-line-shape function. The
sign of the shift therefore indicates blue- and red-degraded lines, whereas the absolute values are
both determined by the exact shape of the asymmetric line prole and by the laser width, and are
close to its value of the the half width at half maximum
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5.3:
a) Spontaneous-ion signals as a function of the detuning of the pulsed UV-laser
frequency from np3=2
6s1=2 transitions of Cs at ground-state-atom densities of around
1012 atoms/cm3 for n between 22 and 36 (solid black traces). The spectral positions corresponding to the asymptotic energies of ns1=2 n  1 s1=2 states are marked with vertical grey bars. The
pulse energies for each spectrum and the relative intensity scaling factors of the experimental spectra are given on the left-hand side of each panel. Simulated spectra are shown as red dashed traces.
b) Simplied and schematic energy-level diagram of the interaction between the ns1=2 n  1 s1=2
states with energetically close-lying np3=2 np3=2 states. The blue thick and thin dashed lines indicate
strong and weak UV transitions. Two-photon transitions are represented by two parallel arrows. c)
Peak positions of the resonances correlated to the ns1=2 n  1 s1=2 asymptotes as a function of the
principal quantum number n. Experimental values are shown as open circles and the asymptotic
energy (see vertical grey bar in a)) calculated with the known quantum defects is shown as a thin
black line. The inset highlights the deviations from the asymptotic energies of the resonance peak
position in the experiment (open dots with error bars) and the simulation (dashed line).
Figure
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(black curves) states and the third (red curves) is a  1 state. At the highest n values studied experimentally (27 < n < 37) and for which the results obtained at n  32
are representative (see Fig. 5.1), all three states are attractive. The experimentally observed red-degraded line shapes therefore result from the attractive nature of the
molecular potentials. The sharp high-frequency edge of the resonances corresponds
closely to the asymptotic energy of the pair state. The comparison of calculated potentials and the simulated spectra also reveals the internuclear separation at which
the pair states are excited at a given frequency detuning of the laser. This aspect will
be discussed further in Section 5.3.5.
In the range of internuclear distances where the np3=2 np3=2 character of the three
states is signicant, the dipole-dipole interaction with the np3=2 np3=2 state is the
dominant interaction. The interaction with the np1=2 np3=2 pair state, which is located
more than 10 GHz below the np3=2 np3=2 asymptote at n  32, does not signicantly
aect the ns1=2 n  1 s1=2 potential curves in this range of n values. In the range
27 < n < 37, the calculations predict a small red shift of the pair resonance with
respect to the ns1=2 n  1 s1=2 asymptote and a red-degraded line shape, in excellent
agreement with the experimental observations (see Fig. 5.3).
As n decreases below n  28, the position of the ns1=2 n  1 s1=2 asymptotes
rapidly shifts away from the np3=2 np3=2 asymptote and toward the np1=2 np3=2 asymptote. Consequently, the eect of the dipole-dipole interaction with the lower-lying
np1=2np3=2 pair state becomes important: The  1 and one of the two  0 potential functions become repulsive at intermediate distances, beyond about 0.3 µm at
n  25 and beyond about 0.20 µm at n  22 (see Fig. 5.1). At shorter range, the interaction with the higher-lying np3=2 np3=2 pair state is always dominant and makes the
ns1=2n  1 s1=2 potentials attractive, resulting in local maxima in these two curves.
These two maxima give rise to two additional peaks in the spectra located on the
high-frequency side of the ns1=2 n  1 s1=2 asymptotes. The position of the asymptote corresponds to the third resonance, which is well resolved below n < 25. Overall,
the calculated spectra sE accurately reproduce the experimental spectra at all n values investigated (see Fig. 5.3). The interaction-induced shifts of the pair resonances
extracted from simulated and experimental spectra agree within the experimental
uncertainty, as shown in the inset of Fig. 5.3c. Even the positive interaction-induced
shift of the n  25 pair resonance with respect to the 25s1=2 26s1=2 asymptote (see
Fig. 5.3c) is accounted for by the calculations, which indicate that it results from the
overlap of signals originating from the long-range part of the potentials and from the
at potential region near the maximum of the  1 curve (red trace in Fig. 5.1b).
In the rst set of control experiments, the density dependence of the resonance
signal strength relative to the strength of an atomic resonance was studied. Because
it is possible, but experimentally challenging, to vary the ground-state-atom density
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without simultaneously varying the atom number in the photoexcitation region, only
two pulsed-UV-laser spectra in the vicinity of the 31p3=2 6s1=2 transition were measured with the same UV-laser intensity, one at low Cs-atoms density (108 cm 3 , obtained after thermal expansion of the ultracold cloud released from the MOT, dashed
trace in Fig. 5.4) and one at high density (1012 cm 3 , obtained releasing the atoms
from the crossed optical dipole trap, solid trace in Fig. 5.4).

UV-laser spectra near the 31p3=2 6s1=2 transition of Cs at ground-state-atom densities
of around 108 atoms/cm3 (dashed trace) and 1012 atoms/cm3 .

Figure 5.4:

In Fig. 5.4, the intensity of the spectrum recorded with a low-density sample has
been multiplied by a factor of 12 to match the high-frequency wing of the atomic
transition observed in the more intense spectrum. One additional peak is observed
at a detuning of 1200 MHz in the spectrum recorded at a high ground-state density.
The spectral position of the resonance does not correspond to any transition of an
isolated Cs atom but matches closely the frequency of the two-photon pair excitation
31s3=2 32s3=2 6s1=2 6s1=2 , which is weakly allowed because of the long-range conguration interaction of the 31s3=2 32s3=2 pair state with the 31p3=2 31p3=2 , as explained in
Section 5.1. For this molecular resonance a quadratic dependence on the ground-state
density is expected. This strong dependence on the atom density is revealed here by
the fact that the resonance is not visible at all in the spectrum recorded with the lowdensity sample. Taking into account that the 31s1=2 32s1=2 pair resonance is excited
at an internuclear separation of 0.8 µm, it is not surprising that no signal can be
detected in measurements carried out with a dilute gas, where the mean internuclear
separation is larger than 20 µm.
In a second set of control experiments, the scaling of the signal intensity with the
laser intensity, which is expected to be quadratic for a two-photon excitation process,
was investigated. This measurement was performed on the 33s1=2 34s1=2 pair resonance. The corresponding spectrum is depicted in the upper panel of Fig. 5.5, where
the peak at a detuning of  8:4 GHz corresponds to the weak 33p1=2 6s1=2 transition and the peak at a detuning of  0:75 GHz to the two-photon transition to the
33s1=2 34s1=2 Rydberg-atom-pair state. The lower panel of Fig. 5.5 shows the results of
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Figure 5.5:
Upper panel: Cs -ion yield as a function of the detuning of the UV laser from the the
33p3=2 6s1=2 transition of Cs. The peak at a detuning of  8:4 GHz corresponds to the weak
atomic 33p1=2 6s1=2 transition. Lower panel: Dependence of the Cs -ion signal on the atomic
33p1=2
6s1=2 resonance (green points) and the 33s1=2 34s1=2
6s1=2 6s1=2 pair resonance (blue
points) on the UV-laser intensity. The UV laser was   polarised and a small magnetic oset eld
was applied. Two sets of measurement were conducted: One set on a polarised ground-state atom
sample prepared by optical pumping in the 6s1=2 , F  4; MF  4 state (points shown in dark colour),
and the second set with an unpolarised sample (points shown in light colour).

the measurement of the Cs -ion signal at the peak of the 33s1=2 34s1=2 resonance (blue
points) and at the peak of the 31p1=2 resonance (green points). In all measurements,
a small magnetic quantisation eld was applied and the UV laser was   polarised.
Two sets of measurements were conducted, the rst one on a polarised ground-state
sample in which the Cs atoms were optically pumped into the 6s1=2 ; F  4; MF  4
magnetic sublevel (dark blue and dark green dots in Fig. 5.5), and the second one on
an unpolarised sample (light blue and light green dots in Fig. 5.5). Because there is

no 31p1=2
6s1=2 ; F  4; MF  4 transition, the signal obtained in the rst set of
measurements (dark green dots) is a consequence of the imperfections in the optical
pumping and the UV-laser polarisation. The signal is, however, suppressed by a factor of two compared to the measurements carried out with the unpolarised sample
(light green dots), and both measurements show a clear linear dependence of the sig106
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nal on the UV-laser intensity, as expected for a one-photon transition. The pair-state
signals (blue dots) show a quadratic dependence on the laser intensity for low intensities and a linear dependency at large intensities. A quadratic scaling is expected
for a two-photon process, the change to a linear scaling could indicate a saturation
eect (e.g., related to the available number of atom pairs at suitable distances). The
larger signals (compare dark blue points to the light blue points in the lower panel of
Fig. 5.5) observed with the sample of polarised ground-state atoms results from the
larger electronic coupling matrix elements at the higher m values.
In the last control experiment, the Stark eect of the pair resonances was investigated by recording pulsed UV-laser spectra in the presence of external homogeneous
electric elds of dierent strengths. The spectra of the 32s1=2 33s1=2
6s1=2 6s1=2
transition obtained at zero eld (black lines) and measured with an externally applied
electric eld of 10 V/cm (blue lines) are depicted in the upper row of Fig. 5.6. Fig. 5.6a
shows the Cs -ion signal resulting from the spontaneous ionisation of the sample.
The Stark shift of the pair state (sharp line at a detuning of 1 GHz) is negative, but
much smaller than the Stark shift of the 32p3=2 6s1=2 atomic resonance, which appear strongly saturated. The Stark shift of the atomic resonance was determined from
trap-loss spectra (see Fig. 5.6b) obtained on the basis of saturated-absorption images,
as explained in Subsection 5.3.1. In the trap-loss spectra, the shifts and splittings into
the mJ  1=2; 3=2 components of the 31p3=2 state are clearly resolved at a eld of
10 V/cm.
The atomic resonance positions as well as the pair-resonance peak positions were
determined and are plotted as a function of the external electric-eld strengths in
Fig. 5.6c). The splittings and the shifts of the atomic 31p3=2 Rydberg state were used
to calibrate the electric-eld strengths by comparison to the calculated Stark shifts.
The obtained values for the electric-eld strengths are in agreement with a simulation
of the electric-eld distribution in the photoexcitation region using the programme
SimIon and taking the the experimental geometry and the applied electric potentials
as input. For the weak electric elds between 0 and 12 V/cm applied in the experiments, quadratic Stark shifts of the atomic s and p Rydberg states are expected
because these states have large quantum defects and are energetically well separated
from other Rydberg states of opposite parity. The pure quadratic Stark eect of np3=2
Rydberg states is given by
1
n F 2:
(5.14)
EStark 
2 p3 2 m
At the dissociation asymptote, where the s1=2 atoms do not interact, the Stark shift of
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where the shift is already divided by 2 to account for the experimental two-photon
excitation of the pair state. The polarisabilities i of both states have been calculated following the procedures outlined in Ref. [115] and are both negative, but much
larger for p3=2 Rydberg states than for s1=2 Rydberg states. A measurement of the
Stark eect of a pair resonance can therefore be used to unambiguously distinguish
between states of s and p character. According to the long-range potential model, the
32s1=2 33s1=2 pair states are excited mainly at internuclear separations where the admixture of p character is still weak (less than  5 %), so that the Stark shift of the pair
is well described by Eq. (5.15). The fact that the measured shifts lie within their experimental uncertainty on the curve predicted by Eq. (5.15) (see Fig. 5.6) is thus a proof
that the pair resonance actually is the 32s1=2 33s1=2 Rydberg-atom-pair resonance.
Figure 5.6c also demonstrates that external electric elds can be used to adjust the
detuning between two pair states, and even bring them into resonance, which happens
here at a eld of  7 V/cm. To be exact, the resonance condition is met at three different electric-eld strengths. Indeed, the Stark eect splits the np3=2 np3=2 pair state
into the three magnetic components np3=2;m1=2 np3=2;m1=2 , np1=2;m3=2 np3=2;m3=2
and the np3=2;m3=2 np3=2;m3=2 , for which the resonant eld is slightly dierent. Many
experimental investigations have focused on such resonances [8, 9, 206211]h , for
which the term Förster resonances has been used because the situation is analogous to that leading to Förster resonance energy transfer (FRET) in molecules [216].
Here, the dipole-dipole interaction between the np3=2 np3=2 and the ns1=2 n1 s1=2
states is non-resonant and the measurement of pair-state Stark shifts requires high
atom densities and high laser intensities. At electric eld strengths above 7 V/cm the
pair resonance is observed on the high frequency side of the atomic np3=2
6s1=2
transition and its intensity successively decreases with increasing detuning.

5.3.2 Dipole-quadrupole coupling and n0s1=2n00fj resonances
In this section, experimental observations are presented that are the consequence of
a direct dipole-quadrupole interaction between two atoms in the gas phase. This observation is surprising because the dipole-quadrupole interaction does not conserve
the electronic parity of an atom-pair state. Because electromagnetic interactionsi in
h Two Rydberg atoms can also exhibit always-resonant dipole-dipole interactions at zero electric
eld. This happens when they are excited to states of opposite parity (see, e.g., [212215] and Chapter 6 of this thesis). In this case, resonant excitation-hopping process of the type

ns1=2

atom1

 n0 p3=2

atom2

! n0 p3=2

atom1

 ns1=2

atom2

can occur and the interaction potential scales with C3 =R where R is the internuclear distance.
i The electro-weak nuclear force does not conserve the parity, and its consequences of the resulting parity violation in molecules is discussed in detail in Ref. [217] (see the chapter on symmetry
3,
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Spectra of Cs recorded in the vicinity of the 32p3=2 6s1=2 atomic transition by monitoring Cs ions produced by spontaneous ionisation (panel a) and by monitoring the depletion of
the Cs ground-state population (panel b). In both panels the black and the blue traces were obtained
in the presence of electric elds of 0 and 10 V/cm, respectively. In panel c, the experimental (dots
with error bars) and calculated (solid and dashed lines) Stark shifts of the atomic 32p3=2 6s1=2
transition (black) and the two-photon 32s1=2 33s1=2 6s1=2 6s1=2 pair-resonance peak position are
plotted as a function of the external electric-eld strength. The Stark shift of the pair resonance is
calculated as the sum of the Stark shifts of two isolated atoms, on in the 32s1=2 state, the other in
the 33s1=2 state.
Figure 5.6:

a molecule in isotropic space must conserve the total parity, the observation of a
dipole-quadrupole interaction necessitates the coupling of electronic and nuclear degrees of freedom and a change in the rotational quantum state to compensate for
the change in electronic parity. In the following, the experimental observations are
described that lead to the conclusion that dipole-quadrupole interactions play a signicant role in the photoassociation of Cs atoms into pairs of interacting Rydberg
atom.
The dipole-quadrupole interactions in the ultracold Cs gas are revealed by resonances resulting from Rydberg-atom-pair states asymptotically correlated to ns1=2 n
3 fj and n1 s1=2 n 4 fj dissociation thresholds. These resonances are observed in
experiments identical to the ones leading to the previously described ns1=2 n  1 s1=2
resonances and rely in particular on Rydberg excitation with an intense pulsed UV
laser. The experimental spectra are presented in Fig. 5.7 as solid black traces for
n  22 32, along with simulated spectra (dashed traces). The experimental spectra
are compared to spectra simulated on the basis of two types of interaction Hamiltonians, one where the dipole-quadrupole interaction term was articially removed
(left-hand side of Fig. 5.7) and one with the full interaction Hamiltonian including the
LA  1; LB  2 dipole-quadrupole interaction term (right-hand side of Fig. 5.7). In
both simulations, terms up to the quadrupole-quadrupole interaction were considered. The two dierent sets of simulated spectra clearly show that the experimenand symmetry violation). The eects of parity violation by the electro-weak force is negligible in our
experiment.
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tally observed molecular resonances are solely the result of the dipole-quadrupole
interaction term. The resonances are observed close to the dissociations thresholds
of ns1=2 n 3 fj and n  1 s1=2 n 4 fj pair states, which are marked by vertical
dashed blue and violet lines, respectively, in Fig. 5.7. Each of these resonances consists of an unresolved doublet corresponding to the two f5=2 and f7=2 ne-structure
components. The n dependence of the detunings relative to the asymptotic energy
of the np3=2 np3=2 pair states is a result of the energy dependence of the quantum
defects for s, p and f states. The detuning of the n0 s1=2 n00 fj pair states is negative for
n < 23 and positive for n > 24, and becomes almost independent of n in the range
of n  29 32, where the two ns1=2 n 3 fj and n  1 s1=2 n 4 fj pair states have
detunings of 1 GHz and 1.5 GHz, respectively.
The contrast with which these dipole-quadrupole resonances appear in the experimental and in the simulated spectra gradually decreases with increasing principal
quantum number, despite the fact that the coupling strength increases with n. The
reason for the decreasing contrast of dipole-quadrupole resonances with increasing
n is the increased density of states, many of which are directly or indirectly dipoledipole coupled. Since the dipole-dipole coupling is of longer range, the eects of the
shorter-range dipole-quadrupole coupling are more dicult to observe at higher n
values.
Even though agreement with the simulated spectra strongly suggests that these
resonances are a result of the direct dipole-quadrupole interaction, the excitation of
n0s1=2n00fj pair states with two photons from the 6s1=26s1=2 ground state could, in
principle, also be the result of l mixing induced by an external electric eld. In the
experimental setup, the residual electric eld was measured to be below 25 mV/cm
using Stark spectroscopy of high n Rydberg states. For the investigated quantum
numbers (n  22 32) such an electric eld causes negligible l mixing. To fully
exclude any signicant contributions from external electric elds, the Stark eect
of the n0 s1=2 n00 fj pair states was studied by measuring Rydberg-excitation spectra
in externally applied electric elds. The measured Stark spectra are presented in
Fig. 5.8c as solid black lines. The resonance at a detuning of  900 MHz is located
very close to the 23s1=2 18fj and the resonance at a detuning of  2600 MHz located
very close to the 22s1=2 19fj pair-dissociation asymptotes. The sum of the expected
Stark shifts of two isolated atoms in n0 s and n00 f states, respectively, is indicated by
blue (for s1=2 f5=2 states) and red (for s1=2 f7=2 states) lines and has been calculated using
the same procedure as for the ns1=2 n  1 s1=2 pair states (see Eq. (5.15)). The shifts,
broadenings and splittings of the molecular resonances observed at dierent electriceld strengths are in good agreement with the calculated Stark shifts, which strongly
supports the assignment of these resonances as originating from the excitation of
n0s1=2n00fj atom pairs. Moreover, if the excitation of these n0s1=2n00fj resonances were
110
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Comparison of experimental spectra (thick lines) with simulated line proles (dashed
lines) including the dipole-quadrupole interaction term in the simulation (panel on the right-hand
side) or excluding the dipole-quadrupole interaction term (panel on the left-hand side). The dissociation thresholds correlated to ns1=2 n 3 fj and n  1 s1=2 n 4 fj pair states are indicated by
vertical dashed blue and violet lines, respectively. The positions of the ns1=2 n  1 s1=2 asymptotes
are indicated by vertical dashed red lines for n  30 32.
Figure 5.7:

caused by a small residual electric eld, their intensity should depend on the electriceld strength. The experiment, however, only reveals a broadening and splitting of
the resonance by the Stark eect but no increase of the integrated line intensities,
even for the highest electric-eld strengths (30 V/cm) applied which are almost three
orders of magnitude larger than the residual electric stray eld. Consequently, l
mixing by the stray electric eld can be excluded as playing any role in the excitation
of these pair states.

Hypothetically, n0 s1=2 n00 fj pair states could also be excited from the 6s1=2 6s1=2
ground state by an electric-dipole transition of one atom and an electric-quadrupole
transition of the other atom, rather than by electric-dipole transitions enabled by a
weak admixture of np3=2 np3=2 character induced by the dipole-quadrupole interaction. Even though electric-quadrupole transitions, e.g., of the type ndj
6s1=2 can
be observed in the experiments (not shown) and have also been reported in the literature [218], they are much weaker than electric-dipole transitions. Additionally,
the excitation of a n0 s1=2 n00 fj pair resonances would be strongly suppressed due to
the much larger detuning from intermediate states in the one-colour two-photon ex111
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a) Calculated potential-energy curves of Cs Rydberg-atom pairs near the 22p3=2 22p3=2
dissociation asymptote for  0; 1; 2; 3 (black, red, blue, green curves respectively). The intensity of
the colour codies the value of p . Grey corresponds to zero and full colour to a contribution of 5%
or more of the 22p3=2 22p3=2 state to the pair state. b) Logarithmic plot of the simulated excitation
prole. Dotted lines indicate the asymptotic pair energies. c) Experimental spectra of the 22s1=2 19fj
and 23s1=2 18fj pair states at dierent electric elds (left and right black traces respectively) and corresponding calculated pair-states asymptotic positions. Blue and red curves corresponds to s1=2 f5=2
and s1=2 f7=2 asymptotes, respectively. The experimental spectra are oset by the respective electric
eld strength in V/cm (marked by the solid base line of each spectrum).
Figure 5.8:

citation scheme. Consequently, electric-quadrupole transitions are negligible in the
excitation of n0 s1=2 n00 fj pair states.
Because all alternative excitation mechanisms can be excluded, the dipole-quadrupole interactions are the reason for the observation of the n0 s1=2 n00 fj pair states, even
though they do not conserve the electronic parity of the pair state. Consequently, the
mixing of electronic states of opposite parity must be caused by a change of the rotational parity of the atom pair which is given by  1 L , where L is the quantum number associated with the angular momentum of the Cs + Cs collisional complex. This
coupling is facilitated in the case of ultracold long-range Rydberg-atom-pair states
because of the quasi-degeneracy of rotational levels of the molecular system. Indeed,
the interacting Rydberg atoms can be regarded as a colliding pair with reduced mass
p
  1=2mCs and relative velocity v  kBT=. The maximal value jL~maxj of the angular momentum of the collision complex is then given by ~Lmax   R̄v , where Lmax is
the corresponding rotational quantum number and R̄ is the internuclear separation
characteristic of the pair state (R̄  0:23 µm for n  22, see Fig. 5.8). Treating the
collision complex as a rotating molecule, one can estimate the rotational constant
to be Brot  ~2 = R̄2 and the spacing between the rotational levels with rotational
quantum numbers L (of parity  1 L ) and L  1 (of parity  1 L1 to be 2LBrot . A
maximal spacing of 2Lmax Brot of 20 kHz results, which is less than the natural width
of n  22; l  0 3 Rydberg states of Cs. These considerations reveal that rota112
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tional states of opposite parity are quasi-degenerate at the internuclear distances and
the relative angular momentum of the Rydberg-atom-pair states at low temperatures.
Consequently, the relative strengths of electronic-parity-conserving and electronicparity-violating interaction terms are given by by Eq. (5.2). The inclusion of electronicparity-violating terms in the interaction Hamiltonian 5.2 is only possible if the basis
functions used to set up the Hamiltonian matrix are not symmetrised with respect to
permutation of the nuclei, as mentioned in Section 5.1).

5.3.3 Higher-order coupling and window resonances at avoided level
crossings
The interaction between the np3=2 np3=2 and the ns1=2 n  1 s1=2 pair states schematically represented in Fig. 5.3b leads to predominantly attractive potential-energy functions correlated to the ns1=2 n  1 s1=2 dissociation asymptotes and repulsive potential-energy functions correlated to the np3=2 np3=2 asymptotes for the range of principal quantum numbers n investigated here. Whereas the former lead to isolated
resonances on the low-frequency side of the strong atomic resonances (see, e.g.,
Figs. 5.4 and 5.3a), the latter lead to dense and complex spectral structures on the
high-frequency side of the atomic resonances, which are partially resolved at the lowest n values studied (n  22 26). The corresponding spectra are displayed on an
expanded scale in Fig. 5.9, where they are compared to numerical simulations performed using the interaction model presented in Section 5.1.
The observed spectral patterns, which are perfectly reproducible in the experiments, are more complex than those observed on the low-frequency side of the atomic
resonance and do not reveal any obvious scaling with the principal quantum number.
They originate from the interactions of the repulsive np3=2 np3=2 pair states with attractive n 4 fj n 3 fj pair states which have their dissociation asymptotes located
just above the np3=2 np3=2 asymptotes. The numerical simulations of the spectra in
these regions indicate that the spectral structures do not only arise from an accumulation of spectral intensity in regions where the potential-energy functions are at, as
in case of the ns1=2 n  1 s1=2 resonances, but also from a reduction of spectral intensity centred around avoided crossings between states correlated to the np3=2 np3=2
and n 4 fj n 3 fj dissociation asymptotes.
The potential-energy functions of the  0 (black), 1 (red), 2 (blue), and 3 (green)
states required to interpret the spectral structures located on the high-frequency side
of the 24p3=2 24p3=2 asymptotes are depicted in Fig. 5.10. Many pair states correlating
to the 20f5=2;7=2 25s1=2 , 20f5=2;7=2 21f5=2;7=2 , 22d3=2 24d3=2;5=2 , 21gj 24s1=2 , 20gj 25s1=2 and
21hj 24s1=2 asymptotes are located in this region, but they only possess 24p3=2 24p3=2
character near avoided crossings with the np3=2 np3=2 (  0 3) states. In the absence
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Figure 5.9:
UV-laser spectra recorded on the high-frequency side of np3=2 6s1=2 transitions of
Cs. The experimental spectra (black traces) represent the spontaneously-produced Cs ion signal
as a function of the one-photon detuning of the atomic transitions. In the three panels, the same
experimental spectra are compared to simulations based on a potential model including successively
higher order coupling terms in the multipole-interaction operator (left-hand side: up to dipole-dipole
interactions, grey; middle: up to quadrupole-quadrupole interactions, red; right-hand side: up to
octupole-octupole interactions, blue). The pulse energies used to record the spectra and the relative
intensity-scaling factors are indicted below each experimental trace in the panel on the left-hand
side.

of these crossings, the repulsive curves associated with the 24p3=2 24p3=2 asymptote
would lead to a broad and structureless high-frequency wing of the atomic transition.
However, at the avoided crossings no curve possesses signicant 24p3=2 24p3=2 character. Consequently, the spectral excitation function sE has minima that can be
directly linked to the avoided crossings, as indicated by the horizontal dashed lines
in Fig. 5.10.
The simulations of the spectra presented in Fig. 5.9 (and in Fig. 5.10) indicate that
a potential model restricted to the dipole-dipole interaction fails to reproduce the
details of the spectral structures (left panel) on the high-frequency side of the atomic
transitions and that the successive inclusion of interaction terms up to the octupoleoctupole term gradually improves the agreement between measured and calculated
spectra.
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5.10:
Calculated potential-energy functions around the 24p3=2 24p3=2 pair-dissociation
asymptote (left panel), simulated spectrum sE (middle, arbitrary units), and measured Cs -ion
signal as a function of the two-photon detuning 2 (right panel, arbitrary units). The colour depths
of the potential curves (black, red, blue and green for  0; 1; 2; 3, respectively) represents the
p¯ R values, where full colour indicates 1% 24p3=2 24p3=2 character in the molecular state and grey
denotes 0% 24p3=2 24p3=2 character. The horizontal dashed lines indicate the positions of minima
and maxima in the simulated spectrum for comparison with the experiment and the calculated potential-energy functions.
Figure

5.3.4 Millimetre-wave transitions between Rydberg-atom-pair states
The ability to observe well-resolved transitions to ns1=2 n  1 s1=2 dipole-dipolecoupled pair states with good signal-to-noise ratio oers the possibility to further
characterise these states by studying transitions to neighbouring dipole-dipole-coupled states using millimetre-wave radiation. In a similar fashion microwave transitions
between pairs of Rb Rydberg atoms were studied by Yu et al. [219].

Experimental results
At large internuclear distances and for pair states correlated to ns1=2 n  1 s1=2 dissociation asymptotes, one expects the most intense transitions to be those to pair
states located near ns1=2 n1 pJ and n2 pJ n  1 s1=2 asymptotes, where the values of
the principal quantum numbers n1 and n2 are close to the value of n. The investigation presented here focused on the 32s1=2 33s1=2 pair state and on the millimetrewave transitions to the pair states near the 32s1=2 33p3=2 and 31p3=2 33s1=2 asymptotes,
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which lie 129611 MHz above, and 157962 MHz below the 32s1=2 33s1=2 asymptote, respectively (see Fig. 5.11a)). The detection of the millimetre-wave transitions requires
a state-selective detection of Rydberg atoms, which was achieved by delayed pulsedeld ionisation with a slowly rising electric-eld ramp (rise time 1 µs) and monitoring
the Cs -ion time-of-ight (TOF) spectra. To calibrate the TOF spectra, experiments
were rst performed in low-density samples following single-photon laser excitation
to the np3=2 (n  31; 33) and non-resonant single-colour two-photon excitation to the
n0s1=2 (n0  32; 33) Rydberg states of Cs. The resulting Cs TOF traces are displayed
in the lower panel of Fig. 5.12 and reveal distinct maxima for the four Cs Rydberg
states. This state selectivity makes it possible to record millimetre-wave spectra of
the 33p3=2 33s1=2 and 32s1=2 ! 31p3=2 transitions by monitoring the Cs -ion signal at the corresponding TOF positions, as illustrated by the spectra displayed as
dotted lines in Fig. 5.11b) and c), respectively. The lines in these spectra have a nearFourier-transform-limited width of 2 MHz. The Cs -ion TOF spectrum obtained at the

a) Schematic energy diagram of the 32s1=2 33s1=2 6s1=2 6s1=2 pair-state excitation
(left-hand side, blue arrows) and the single-colour two-photon excitation of ns1=2 6s1=2 transitions (right-hand side, red arrows). millimetre-wave transitions are indicated with black arrows in
the energy-level diagrams. Experimental millimetre-wave spectra of the 33p3=2
33s1=2 (b) and
32s1=2 ! 31p3=2 (c) transitions recorded following excitation of the 32s1=2 33s1=2 pair state (solid
black traces) and following excitation of the atomic ns1=2 6s1=2 transitions (dashed black traces).
The spectra represent the ratio of ions detected in the integration window of the relevant nal Rydberg states over the ions detected in the integration windows corresponding to both the nal and
initial Rydberg states (see Fig. 5.12). The red dashed lines are spectra simulated with a model taking
into account all relevant Rydberg-Rydbergpair potentials and considering the Penning-ionisation
dynamics, as explained in more detail in the text.
Figure 5.11:

position of the 32s1=2 33s1=2 pair resonance and a delay of 1 µs between the laser and
the electric-eld pulse is displayed as red trace in the upper panel of Fig. 5.12. It consists of an intense sharp peak at early times which is attributed to Cs ions produced
before the electric-eld pulse (the dynamics of the ionisation process is discussed
in Section 5.3.5), and a broad distribution with only weak maxima at the positions
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expected for the pulsed-eld ionisation of the atomic 32s1=2 and 33s1=2 states.
Compared to the TOF spectra recorded for the non-interacting Cs Rydberg gas,
the state selectivity of the pulsed-eld-ionisation process is reduced. The reduction
is attributed at least in part to adiabatic traversals of the curve crossings between different pair states, e.g., between the 32s1=2 33s1=2 and 32p3=2 32p3=2 states (see Fig. 5.6)
before and as the electric eld is ramped up. A similar observation was made by Han
and Gallagher in their study of the eld-ionisation dynamics in an ultracold Rb Rydberg gas (see in particular their Fig. 4 in Ref. [220]). The reduced state selectivity of
the eld ionisation causes a millimetre-wave-radiation-independent background signal at the TOF positions corresponding to the 31p3=2 and 33p3=2 Rydberg states, which
makes the recording of millimetre-wave spectra of the 31p3=2 33s1=2 ; 32s1=2 33p3=2
32s1=2 33s1=2 transitions dicult. However, comparing the Cs -ion TOF spectrum
recorded with and without millimetre-wave radiation under otherwise identical conditions reveals a weak enhancement of the 33p3=2 PFI signal and a weak depletion of the
33s1=2 PFI signal when the millimetre-wave frequency is tuned to the 33p3=2 33s1=2
resonance (see dark red trace in Fig. 5.12).

Cs -ion time-of-ight (TOF) distributions measured using a pulsed extraction eld of
1.25 kV/cm with a 1 µs rise time. Top panel: TOF distributions following the two-photon excitation
of the 32s1=2 33s1=2 pair state without (red trace) and with millimetre-wave radiation (mmW) with
the frequency tuned to the 33p3=2 33s1=2 transition (brown trace). Bottom panel: TOF distributions following the one-photon excitation of the atomic 33p3=2 (black trace) and 32p3=2 (blue trace)
states, and the two-photon excitation of the atomic 33s1=2 (violet trace) and 32s1=2 (turquois trace)
states. The ns1=2 states have been excited from the 6s1=2 ground state in single-colour two-photon
transitions. Hatched areas indicate the integration windows used to extract the spectra shown in
Fig. 5.11b).
Figure 5.12:

The ion-signal ratios at the TOF positions of the 33p3=2 and 33s1=2 states (indicated by hatched grey and violet areas in Fig. 5.12, respectively) and at the positions of the 31p3=2 and 32s1=2 states were used to record millimetre-wave spectra
of the transitions from the 32s1=2 33s1=2 pair state to regions near the 32s1=2 33p3=2
and 31p3=2 33s1=2 asymptotes, respectively. These spectra are presented as solid lines
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in Fig. 5.11b) and c). The observation of a millimetre-wave-dependent PFI signal corresponding to the 31p3=2 and the 33p3=2 Rydberg states represents a further experimental verication of the 32s1=2 33s1=2 nature of the laser-excited pair resonance.
Compared to the millimetre-wave spectra recorded in the non-interacting Rydberg
gas, the transitions are broadened and degraded toward lower (higher) frequencies
in the case of the 32s1=2 33s1=2 ! 31p3=2 33s1=2 (32s1=2 33p3=2
32s1=2 33s1=2 ) transition. Although the large background signal and the poor signal-to-noise ratio of the
millimetre-wave spectra of the pair states prevent a quantitative analysis, the spectra
enable one to draw the following qualitative conclusions: i ) The weak line broadenings
and frequency shifts compared to the transitions recorded in the non-interacting Rydberg gas suggest that the Rydberg-atom pairs contributing to the spectra have a large
interatomic separation. ii ) The red (blue) shift of the transitions to the 31p3=2 33s1=2
(32s1=2 33p3=2 ) pair state reveals that the potential curves of the n0 p3=2 ns1=2 pair states
are less strongly attractive, at long range, than is the case for the 32s1=2 33s1=2 pair
state, despite the fact that the dipole-dipole interaction is resonant (ns1=2 n2 pj and
n1pj ns1=2 are degenerate when n1  n2).
The observation of a prompt ionisation signal further shows that an important
fraction of the initial population in the 32s1=2 33s1=2 pair state decays by ionisation on
the sub-microsecond timescale and therefore does not contribute to the millimetrewave spectra. The millimetre-wave spectra can be adequately modelled (see red
dashed traces in Fig. 5.11) by taking into account the motion of the Rydberg-atom
pairs on their potential-energy curves, as explained in the following.

Simulation
The potential model and the spectral distribution function sE presented in Section 5.1 were also used to calculate the millimetre-wave spectra of the 32s1=2 33p3=2
32s1=2 33s1=2 and 32s1=2 33s1=2 ! 31p3=2 33s1=2 transitions displayed in Figs. 5.11b) and
c). To this end, the relative population in the two  0 and the  1 states that
are accessed optically at the peak of the 32s1=2 33s1=2 resonance was used as initial
distribution of Rydberg-atompair states, and transitions from these states to the
pair states correlating to the 31p3=2 33s1=2 and 32s1=2 33p3=2 asymptotes that are accessible in a single-photon millimetre-wave transition were considered. The relevant
potential-energy functions are displayed in Fig. 5.13.
The attractive nature of the potential functions associated with the 32s1=2 33s1=2
asymptote implies, in a classical description of the nuclear motion, that the internuclear separation decreases with time. Because the potential curves of the states
associated with the 31p3=2 33s1=2 and 32s1=2 33p3=2 asymptotes are less attractive than
those of the states associated with the 32s1=2 33s1=2 asymptote, the frequency of the
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32s1=2 33s1=2 ! 31p3=2 33s1=2 transition decreases, and that of the 32s1=2 33p3=2
32s1=2 33s1=2 increases, with time. This evolution (chirp) of the transition frequencies
reduces the transition probabilities. The narrow bandwidth (1 MHz) of the millimetrewave radiation implies that the main contribution to the millimetre-wave spectra originates from pairs with large internuclear separation R, for which the evolution (chirp)
of the transition frequency is slow.

Potential-energy curves of the states correlated to the 32s1=2 33s1=2 (middle panel), the
32s1=2 33p3=2 (top panel) and the 31p3=2 33s1=2 (bottom panel) asymptotes used for the simulation
of the millimetre-wave spectra presented as red dashed lines in Figs. 5.11b) and c). Black (grey), red
and blue designate states with  0; 1 and 2, respectively. The intermediate panels present the
transition probabilities calculated for the absorption (Ptrans ") and stimulated emission (Ptrans #) out
of the  0 (black) and  1 (red) states correlated to the 32s1=2 33s1=2 asymptote. All energies are
given relative to the energy of the 32s1=2 33s1=2 asymptote. See text for details.

Figure 5.13:

To model the intensity distribution, a cut-o chirp of 2 MHz/µs was introduced,
beyond which it is assumed that the transitions are too weak and broad to be observed
and determines the range of internuclear separations contributing to the millimetrewave transition intensities. In this range, the distribution of transition frequencies is
calculated from the potential-energy curves. For each frequency, the spectral intensities are determined as sum over products of the initial populations in the  0 and
1 states correlated to the 32s1=2 33s1=2 asymptote and the relative transition probabilities

PtransR 

X

i;f

f ;iR p ;iR h f R j0;1j iR i 2 R2;

(5.16)
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where f ;i R is the cuto function described above, 0;1 is the sum of   and 
electric-dipole transition operators, and the double sum runs over all initially excited
pair-state i for a xed value of and all dipole-coupled nal states f .
The calculated spectra, convoluted with the experimental line-shape function of
the corresponding atomic transitions, are displayed as dashed red lines in Figs. 5.11b)
and c) and are in qualitative agreement with the experimental ones. In particular, the
shifts from the asymptotic transition frequencies, which correspond to the spectra
of the isolated atoms displayed as lower traces, and the asymmetric line shapes (reddegraded for the 32s1=2 33s1=2 ! 31p3=2 33s1=2 transition and blue degraded for the
32s1=2 33p3=2 32s1=2 33s1=2 ) are well described by the calculations. This agreement
represents a further illustration of the ability of the potential model to describe the
spectral and dynamical properties of Rydberg-atom pairs.

5.3.5 Penning ionisation
The spontaneous ionisation of Rydberg atoms in the gas phase is the rst step in
the evolution of a dense Rydberg gas towards a plasma. Spontaneous ionisation
of a Rydberg gas was rst reported by Vitrant et al. [51], who pointed out that it
reduces the lifetimes of Rydberg states in dense samples. Interest in the ionisation process was renewed with experiments on ultracold atoms which provided detailed information on the evolution from an ultracold Rydberg gas to an ultracold
plasma [53]. This evolution can be described by an avalanche-ionisation model [221]
that involves an initial seed ionisation process, during which ions are produced in
the ultracold gas and the free electrons escape. Once the positive space charge
of the ions is suciently high to trap low-energy electrons, the remaining Rydberg
atoms are rapidly ionised by collisions with the electrons. For the seed-ionisation
process, experiments pointed at the importance of a small fraction of hot Rydberg
atoms and blackbody-radiation-induced photoionisation [53], static orbital overlap
between close-lying Rydberg-atom pairs, sequences of quasi-resonant dipole-dipole
transitions [222, 223], and interaction-induced motion leading to Rydberg-Rydberg
collisions and Penning ionisation [54, 224, 225].
The dynamics leading to the seed ionisation depends on the density of the excited
Rydberg atoms, on the Rydberg state and on the details of the interaction between
the Rydberg atoms. At high n values (n  100) and high Rydberg-atom densities
(> 109 cm 3 ), the complete ionisation of the Rydberg gas occurs in less than 100 ns, as
reported in Ref. [220] and conrmed in the present work (not shown). The theoretical
understanding of this fast ionisation process is still incomplete, but a classical simulation [226] suggests that many-body interactions and excitation of closely-spaced
pairs of Rydberg atoms play an important role under these conditions. At lower den120
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sities and n values, Penning-ionisation processes [54, 176, 224, 225, 227] involving
two Rydberg atoms, one atom undergoing a transition to a lower state and the other
being ionised, have been identied as the dominant seed-ionisation mechanism.

Experimental results
To characterise the processes leading to the strong prompt Cs ionisation signal in
the studies of millimetre-wave transitions between Rydberg-pair states (see upper
panel of Fig. 5.12), the ionisation dynamics of the 32s1=2 33s1=2 pair state was studied
at a time resolution of 100 ns limited by the temporal resolution of the Cs -ionTOF
spectra. The experiments consisted in monitoring the yield of Cs ions produced
spontaneously during the delay time between the laser excitation pulse and the application of the pulsed electric eld as a function of the UV-laser frequency. The spontaneously formed ions are accelerated from the beginning of the electric-eld ramp
used for the eld-ionisation and thus arrive rst on the detector, see the integrationwindows labelled prompt ions in Fig. 5.12.
The results of this investigation are presented in Fig. 5.14a), which compares spectra of the 32s1=2 33s1=2 pair resonance recorded for several delay times between 200 ns
and 9.9 µs. At the shortest delay times, the peaks in the prompt-ion signal are observed  2  300 MHz below the 32s1=2 33s1=2 asymptote and are very weak. The
intensity of the resonance grows with increasing delay time and its position gradually shifts toward the 32s1=2 33s1=2 asymptote, and stabilises at  2  75 MHz below
this asymptote at delay times beyond 1 µs. This deviation from the asymptotic pair
energy is the interaction-induced shift Eint discussed in section 5.3.1 and shown in
the inset of Fig. 5.3c. The time dependence of the resonance position is displayed in
the upper left inset of Fig. 5.14.
Because the total density of Rydberg atoms in these experiments is still very low
(on the order of 108 atoms/cm3 ), the experimental observations can be qualitatively
understood as resulting from the purely pair-wise Penning-ionisation mechanism.
Pairs of Rydberg atoms are excited at well-dened initial separations given by the
detuning of the excitation laser from the dissociation asymptote and are accelerated
on the attractive potential-energy curves. The rst pairs that ionise are those characterised by the strongest shifts, i.e., those that correspond to the shortest internuclear
distances and are thus subject to the strongest attractive interactions. As the delay
time increases, atom pairs subject to smaller shifts and thus weaker attractive interactions start contributing to the prompt-ion signal in the TOF spectra. These pairs
have larger initial internuclear separations and require longer times before the motion on the attractive potential leads to ionising collisions. Based on these qualitative
interpretation, a quantitative model for Penning ionisation was developed in which
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the motion of the atoms on the long-range potentials is calculated classically. This
model and its predictions are discussed in the following.

a) Spontaneous-ionisation signal as a function of the detuning of the UV-laser frequency from the 32p3=2 6s1=2 transition and of the delay between laser pulse and pulsed ion-extraction eld (solid coloured traces, values for the delay time given in the upper right inset). The
spectral position corresponding to the asymptotic energy of the 32s1=2 33s1=2 pair state is shown by
a vertical grey bar. Simultaneously recorded spectra of the total ion signal including ions resulting
from pulsed-eld ionisation are shown as dashed coloured traces on the same scale. The interaction-induced shift (i.e., twice the detuning of the resonance peak from the asymptotic energy of the
32s1=2 33s1=2 pair state) is given in the upper left inset and the fractions of spontaneous ion to the
total-ion signals at the detunings indicated by red, black, and blue lines on the horizontal axis are
displayed in the lower left inset, as functions of the delay time. Experimental values are shown as
dots with error bars and simulated quantities as solid lines. b) Spectra simulated for the same experimental parameters as in panel a), as described in Sec. IV C. The inset shows the potential-energy
functions (the two  0 (green, blue, and black) and the  1 (red) potentials associated with the
32s1=2 33s1=2 asymptote are shown in colour) of pair states below the 32p3=2 32p3=2 asymptote as a
function of the internuclear separation.
Figure 5.14:

Simulation of Penning ionisation with a model based on classical dynamics
To analyze the Penning-ionisation experiments described previously (see in particular
Fig. 5.14a), a simple model was set up which relies on the spectral excitation function
sE and treats the relative motion of the atoms on the two  0 and the  1
potential curves associated with the 32s1=2 33s1=2 asymptote classically. All other pair
states are excited at short range (i.e., at R values below 0.4 µm) and only contribute to
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the spectra weakly on the low-frequency side of the resonance. The potential curves
of the relevant molecular states are drawn in colour in Fig. 5.14b). Below 0.7 µm, the
potential-energy curves reveal several avoided crossings. Following photoexcitation,
the two interacting Rydberg atoms are accelerated towards each other until Penning
ionisation takes place, which is assumed, for simplicity, to happen at an interatomic
distance of 200 nm that is well below the LeRoy radius of  270 nm for two Cs atoms
in 32s1=2 and 33s1=2 states. The probabilities of adiabatic traversals of the avoided
crossings are estimated with the Landau-Zener formula

Pdiab  exp

(

jV12j2
2
~dE=dt

)

; Padiab  1

Pdiab;

(5.17)

where V12 represents the minimal distance between the potential curves and the slew
rate dE=dt is determined from the relative motion of the two atoms on the potential
curves. The rst avoided crossing of the  1 state (see red curve in Fig. 5.14b))
is traversed adiabatically (Padiab > 99%). The adiabatic potential has a minimum at
R  0:58 µm and the state therefore does not rapidly reach the region where Penning ionisation takes place. The motion on the two  0 potential curves (black
and blue/green lines in Fig. 5.14b)) is such that the regions of short internuclear distances where Penning ionisation takes place is reached rapidly despite several avoided
crossings. The simulation of the ionisation dynamics of the  0 states adequately
reproduces both the rise of the spontaneous-ionisation signal and the gradual shift
of the peak position (see insets of Fig. 5.14a)) observed experimentally for delay times
up to  2 µs. For longer delay times a slower rise of the spontaneous-ionisation signal up to  10 µs is observed, which is not explained by the model (see lower inset
of Fig. 5.14a)). This additional ion signal is attributed to the ionisation of pairs of
atoms in the  1 state. A possible mechanism could be a weak mixing of  0 and
 1 states (e.g. by a residual electric eld), which would lead to a small avoided
crossing of the two symmetries (see red and green/blue traces in the inset of Fig. 8b)
at R  0:5 µm) and open a path for ionisation of pairs in the metastable  1 state.
The probability for an adiabatic crossing is inversely proportional to the velocity of
the two colliding atoms at the crossing (see Eq. (5.17)). For pairs excited at lower frequencies, this velocity decreases and the ionisation probability thus increases. This
is consistent with the observed increase of the deviation between experimental and
simulated ionisation signals at longer delays when the excitation laser is tuned to
lower frequencies (see lower inset in Fig. 8a)). For long delay times, the experimental
spontaneous-ion signal approaches approximately 50% of the initial total ion signal,
which indicates that every pair of atoms eventually undergoes a Penning ionisation
process.
The model discussed in this section predicts the correct qualitative behaviour of
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fast and slow spontaneous ionisation processes, but does not satisfactorily explain
the observation of an almost constant total-ion signal for all experimental delay times
(see dashed-coloured traces in Fig. 5.14a)). Indeed, one can predict, by considering
energy conservation only, that the Rydberg atom undergoing a transition to a lower
Rydberg state in the Penning ionisation process must end in a level with n < 21. The
amplitude of the pulsed electric eld used for eld ionisation (1250 V/cm) should,
however, only ionise Rydberg states with n > 22.

5.3.6 Long-pulse laser excitation of Rydberg-atom-pair states
At higher n values, the ns1=2 n  1 s1=2 pair-state can also be excited with a much
lower-peak-power continuous-wave UV laser. This is because of the increased coupling strength and, primarily, the small energy defect between the 44p3=2 44p3=2 and
the 44s1=2 45s1=2 state, corresponding to a detuning of only 52 MHz in the two-photon
pair-state excitation. The measured cw-UV-laser spectrum is depicted in Fig. 5.15 together with a simulation based on Eq. (5.9) (see thick red line). To reproduce the broad
atomic transition close to zero detuning, a Lorentzian function with a full width at
half maximum of 12 MHz centred at zero detuning was added to the line prole sE .
Apart from two resonances on the low-frequency side of the atomic transitionj , the
complete spectrum can be reproduced by the simulation.
The main dierence between the spectrum presented in Fig. 5.15 and the spectra
presented in Section 5.3.1 is the increased spectral resolution, that enables the observation of the molecular resonance at small detunings. Much better dened is also
the interaction-induced shift Eint of the resonance peak from the asymptotic energy
(vertical grey bar in Fig. 5.15). Since the ns1=2 n  1 s1=2 states are found at positive detunings for n > 42, the molecular potentials correlated to the ns1=2 n  1 s1=2
asymptote are now repulsive, resulting in a blue-degraded line shape, which is well
reproduced in the simulation at n  44.
The excitation to repulsive states at long range (R > 1 µm) also leads to a reduced
ionisation rate of the pair state. Penning ionisation as the main ionisation channel
for attractive molecular states should not directly occur in the repulsive Rydbergatom pair. Nevertheless, increased ionisation rates have also been reported for the
excitation to repulsive curves compared to atomic Rydberg excitation because of the
interaction-induced motion [228] and heating of the ultracold Rydberg sample and
have also been observed in the present work. To obtain a better signal-to-noise ratio, the pulsed-eld-ionisation signal is plotted in the spectrum depicted in Fig. 5.15
rather than just the spontaneous-ion signal.
j These resonances originate from long-range originate from long-range Rydberg molecules bound
by low-energy-electronneutral-atom scattering (see Chapter 4).
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Continuous-wave UV-laser Rydberg excitation spectrum of Cs in the vicinity of the
44p3=2 6s1=2 transition (black dots). A simulated line prole based on Eq. (5.9) is shown as a thick
red line. The position of the 44s1=2 45s1=2 pair-dissociation asymptote is indicated by a vertical grey
line.
Figure 5.15:

The high-resolution cw-laser excitation of interacting Rydberg-atom-pair states is
restricted to states with a small energy detuning from the optically accessible state,
which excludes the large majority of the molecular levels. An experimental excitation
scheme that enables high-resolution spectroscopy of a wider range of interacting pair
states is presented in Chapter 6.

5.4 Conclusions
In this chapter a comprehensive survey of Rydberg excitation spectra in a dense (density  1012 atoms/cm3 ), ultracold (T  40 µK) Cs gas recorded using an intense (peak
intensity 108 W/cm2 ) narrow-band (bandwidth 140 MHz) UV laser source is presented.
Next to strong lines corresponding to the atomic np3=2 6s transitions, the spectra also exhibit a very rich structure of weaker, sharp spectral features, which are
attributed to pairs of Rydberg atoms, also known as Rydberg macrodimers [191, 229],
interacting through long-range electrostatic forces. Sharp features of three dierent
origins have been identied: i ) lines with maxima at positions located very close to
ns1=2n  1 s1=2 and ns1=2n 3 fj dissociation asymptotes and which correspond to
the formation of weakly interacting Rydberg-atom pairs at long range, ii ) lines with
maxima located above the ns1=2 n  1 s1=2 dissociation asymptotes and which correspond to excitation to at potential regions near local maxima of the potentials of
 0 and 1 molecular states correlated with ns1=2n  1 s1=2 dissociation asymptotes, and iii ) window resonances located on the high-frequency side of the atomic
transitions, which arise from avoided crossings between repulsive molecular potential curves correlated to np3=2 np3=2 dissociation asymptotes and attractive potentials
near n 4 fj n 3 fj 0 (j; j 0  5=2; 7=2) dissociation asymptotes. The rst category of
resonances has been observed in earlier studies (see, e.g., Refs. [5860, 62, 63]). The
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observation of the latter two categories ii ) and iii ) represents the rst major result of
this investigation.
The second major result is the observation of the direct excitation of pairs of cesium atoms from the 6s1=2 ground state to molecular states correlating asymptotically
to n0 s1=2 n00 fj asymptotes. The molecular resonances were interpreted as originating
from the dipole-quadrupole interaction between the n0 s1=2 n00 fj pair states and closeby np3=2 np3=2 asymptotes (21  n  32). This interpretation was supported by Stark
spectroscopy of the pair states and a detailed modelling of the interaction potentials.
It is shown that the dipole-quadrupole interaction mixes electronic states of opposite parity and thus requires a coupling between electronic and nuclear motion to
conserve the total parity of the system. This non-Born-Oppenheimer coupling is facilitated in Rydberg-atom-pair states by the near-degeneracy of even and odd ` partial
waves in the atom-atom scattering which have opposite parity.
The third major result is the demonstration, on the basis of a rigorous comparison
of experimental and calculated spectra, that long-range molecular potential models
provide a quantitatively correct and accurate description of the behaviour of interacting Rydberg atoms in ultracold gases, provided that a sucient number of channels
and long-range interaction terms are considered. The potential model derived to describe Cs Rydberg-atom pairs adequately reproduces experimental UV-laser photoassociation spectra, millimetre-wave spectra of transitions between dierent Rydbergatompair states, and the observed Penning-ionisation dynamics of the Rydberg-atom
pairs. Given the very high density of electronic states, it rst appears astonishing that
adiabatic potential models are at all adequate to describe the spectral and dynamical
properties of interacting Rydberg-atom pairs. The reason for the usefulness of such
models is that, in the range of interaction strengths and internuclear distances that
are relevant for most experiments in ultracold Rydberg gases, the heavy nuclei are
almost stationary on the time scale associated with the electronic motion, taken as
the inverse state density, i.e., about 1 ns at n  24.
In the discussion of dipole- and van der Waals-blockade eects in the excitation of
Rydberg states, the attractive and repulsive potentials arising from the dipole-dipole
interaction near the asymptotes of Rydberg-atompair states, are often represented,
for clarity and simplicity, as two-level systems of the kind depicted in Fig. 5.3b. The
present analysis of Rydberg-atompair states of Cs in the range of principal quantum
number n  22 36, which includes all relevant potential curves and long-range interaction terms, demonstrates the limits of two-level Rydberg-blockade models. Indeed,
many interacting molecular potentials give rise to a multitude of avoided crossings,
resonances and level shifts. The range of observable phenomena is thus much wider
than two-level blockade models predict, which on the one hand reduces their range
of applicability, but on the other also oers new opportunities for scientic investi126
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gations and applications.
The fact that the calculations almost perfectly reproduce the experimental spectra
(see Figs. 5.3 and 5.9) is remarkable and clearly reveals that i ) the long-range adiabatic
potential model is adequate both with respect to the multipole expansion and the
basis set, and ii ) pairwise interactions are sucient to fully describe the behaviour
of the Rydberg gas at the time scale probed by the laser pulses ( 5 ns) under the
experimental conditions used to record the spectra.
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Chapter 6
Resonant two-colour excitation of
interacting Rydberg atoms
Two-colour laser-excitation schemes of the type depicted in Fig. 6.1b) and c) have been
used so far only in a few experiments to study interactions between Rydberg atoms
(see, e.g., [225]), and are applied here to study interacting Rydberg-atom-pair states
at a spectral resolution of  3 MHz, almost two orders of magnitude better than in
the experiments described in Chapter 5. The main motivation for these experiments
is the observation of bound Rydberg macrodimers.
Rydberg macrodimers are formed by two Rydberg atoms interacting at long range
via van der Waals forces. Their existence [61, 191, 195, 229, 230] as well as some
of their unique properties [231] have been predicted theoretically. The bound states
are predicted to be localised in long-range potential wells that result from avoided
crossings between dierent molecular potential functions.
So far, molecular resonances were observed following one-colour two-photon excitation of ultracold gases and identied as arising from the correlated excitation of
two interacting Rydberg atoms [5860, 6265]. Indirect evidence for bound Rydberg
macrodimers could be obtained from ion time-of-ight spectra measured following
delayed pulsed eld ionisation (PFI) of states at a specic electric eld [63], and from
the dynamics during Penning ionisation of macrodimers under eld-free conditions
(see Chapter 5 and Ref. [65]). The one-colour two-photon excitation scheme used to
study Rydberg macrodimers so far is schematically depicted in Fig. 6.1a). To be in
resonance with a molecular state , which is shifted by  from a pair-dissociation
asymptote, necessitates a detuning of the laser frequency by   =2 from the intermediate singly excited state. The observation of such transitions requires either
the high intensities of pulse-amplied lasers (see Chapter 5 and, e.g., Ref. [58]) with
reduced frequency resolution, or the strong long-range coupling of high-n Rydberg
levels, where the vibronic state density of the interacting Rydberg-atom pairs is too
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Figure 6.1: Schematic three-level diagram for the single-colour two-photon (a), two-colour two-photon (b) and three-photon (c) excitation of interacting Rydberg-atom-pair states. Panel d) illustrates
the time sequence of the experiment, with the two laser pulses separated in time, and a variable PFI
delay between the second laser pulse and the electric-eld ramp. Panel e) includes a two-dimensional
illustration of the eects of the sequential two-colour excitation: The initial excitation generates seed
Rydberg atoms surrounded by a sphere of radius Rfac [232] in which Rydberg excitation by the second laser is facilitated and leads to the formation of interacting Rydberg-atom pairs or even Rydberg
aggregates after excitation with a second laser pulse.

high to be resolved [63]. The very high state density of the interacting Rydberg-atom
pairs at high n values and the limited resolution of the laser systems used to study
them so far has prevented an unambiguous spectral assignment of bound states so
far.
Here, a sequential, resonant excitation of the type

nlJ nlJ

 0  ER =h

nlJ 6s1=2



6s1=2 6s1=2

(6.1)

is applied to the photoassociation of ground-state Cs atoms into interacting Rydbergatom-pair states. The scheme relies on the population of a singly excited intermediate
Rydberg level using a short-pulse laser resonant with one- or two-photon transitions
to atomic Rydberg states. A narrow-bandwidth long-pulse laser is used to drive the
second, photoassociation step with high spectral resolution (see Fig. 6.1b) and c)).
An important further advantage of this excitation scheme is the increased number
of accessible molecular states, and that, in particular, Rydberg macrodimers with
always-resonant dipole-dipole interactions, e.g., those asymptotically correlated to
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states with n0 snp and n0 dnp congurations, can be accessed. This type of sequential
excitation scheme is very similar to laser-induced collisional energy transfer (LICET,
see Ref. [233] for a comprehensive review) in ultracold Rydberg gases.
The rst experiments implementing this type of excitation scheme were performed
by Reinhard et al. [225] with the goal of characterising the Rydberg-excitation-blockade
eect. A broadening of the Rydberg transitions was observed depending on the rst
resonant laser pulse. The Rydberg excitation by the second, detuned laser was found
to be facilitated by the rst, resonant laser because atoms located at the distance
Rfac [232] from Rydberg atoms produced by the rst laser experience a shift of their
transition frequency into resonance with the frequency of the second laser. This antiblockade eect [197, 198] can lead to non-Poissonian counting statistics and bimodal
counting distributions in o-resonant Rydberg excitation [57, 234] and to the formation of spatially correlated Rydberg aggregates [232, 235, 236].
Here, experiments on Cs Rydberg atoms are presented that rely on the sequential
two-colour excitation (see Eq. (6.1)). The results show that this type of Rydberg excitation results in the formation of bound Rydberg macrodimers or in the formation of
Rydberg-excitation aggregates depending on the laser detuning, the selected Rydberg
states and the interaction time with the narrow-bandwidth radiation.

6.1 Theoretical considerations
Most of the experimental results presented in this chapter can be accounted for by
the model described in Section 5.1. The only necessary modication involves the
optically accessible states, ji, which are now dependent on the state of the seed
Rydberg atoms. The model is valid
for interatomic distances larger than the LeRoy
1=2
1=2 
radius RLR  2 hrA2 i  hrB2 i
[192], which is < 0:25 µm for the states considered
in this chapter. To account for the resonant excitation of the macrodimers, spectra
are simulated using

sE  16!2atom

XZ1
0

GE E R x;

R

R2dR;

(6.2)

which is a a modied version of Eq. (5.9). In Eq. (6.2), !atom is the Rabi frequency for
the atomic np3=2 61=2 transition, GE is the laser line prole for which a Gaussian
function was chosen, x ; R is the generalised overlap of the optically accessible 
state with the molecular state . The expression sE is proportional to the probability of exciting another Rydberg atom at a distance R to a pre-exicted atom in an n0 l0
state. These pre-excited Rydberg atoms play the role of seed atoms for subsequent
excitation and are referred to as seed Rydberg atoms in the following. The modi131
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ed model does not account for o-resonant single-colour two-photon excitation (see
Fig. 6.1a)). The description of secondary processes, which can occur during the long
photoassociation-laser pulse in the experiments, is also beyond the current model of
Rydberg-atom-pair excitation.
A simplied model is presented in the following to identify the conditions under
which a Rydberg-atom-pairexcitation model (as opposed to a model describing the
excitation of aggregates of Rydberg atoms) is adequate to treat the photoexcitation
dynamics. The model relies on the concept of a facilitation radius Rfac (already introduced above, see also Fig. 6.1e)), assumes isotropic van der Waals interactions and
includes only one relevant molecular state. The main condition is that the product be2 R over which excitation
tween the density of Cs atoms Cs and the volume 4Rfac
fac
by the second, detuned laser is facilitated, is much smaller than one
2 R  1;
Pexc  Cs  4Rfac
fac

(6.3)

which is equivalent to assuming that the probability Pexc of exciting a Cs atom located
within the facilitated volume Vfac is much less than one. In Eq. (6.3), Rfac is proportional to the excitation bandwidth  of the second laser and to the inverse of the
slope dVR =dR Rfac 1 of the long-range interaction potential at the position of the
facilitation radius.
(6.4)
Rfac    hdVR =dR Rfac 1
When Pexc > 1, the aggregation of Rydberg excitation is possible around an initial
seed atom which leads to an excitation avalanche [237], as discussed in more detail
in Section 6.5. The eects of o-resonant one-colour two-photon excitation and the
occurrence of an excitation avalanche can be related, as the former can act as a seed
to activate the latter. These processes are expected to play a role at small detunings
from the atomic resonances, at which point the pair-excitation model is expected to
fail and to underestimate experimental signals.

6.2 Experiment
The experiments are performed on samples of ultracold Cs atoms released from a
crossed optical dipole trap at a temperature of 40 µK and an atom-number density
of 1012 cm 3 . Only the atoms in the densest centre part (diameter 30 µm) of the
atom sample are pumped into the F  4 hyperne state with a focused repump laser
beam during the operation of the optical dipole trap. To increase the selectivity of the
optical pumping of the atoms in the centre of the trap (beyond what is possible by
focusing the laser beam), the frequency of the repumping laser is detuned to match
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the AC Stark shift in the atoms in the centre of the dipole trap (see Chapter 2). The
atoms pumped to the F  4 hyperne level are selected for Rydberg excitation.
The rst Rydberg-excitation transition (see Eq. (6.1)) is driven by a pulse-amplied
and frequency-doubled diode laser (Toptica DL-100 pro). The continuous-wave output of the diode laser is sent through two dye cells pumped by the second harmonic of a seeded Nd-YAG laser for amplication. In this way, 9-ns-long transformlimited laser pulses are generated at a wavelength of 639 nm. By sending the pulseamplied radiation through a BBO crystal for second-harmonic generation, UV-laser
pulses of 4.4 ns duration with a Fourier-transform-limited bandwidth of 130 MHz
are obtained, very similar to the UV-laser pulses used for the experiments described
in Chapter 5. The frequency of this short-pulse laser is kept resonant with a selected atomic np3=2
6s1=2 one-photon transition or with a selected ns1=2
6s1=2
two-photon transition (using the pulse-amplied fundamental light at 639 nm). The
power of the short-pulse laser is adjusted to levels resulting in the excitation of typically 40 atoms per pulse, corresponding to a typical seed-Rydberg-atom density of
5  107 cm 3 and a mean nearest-neighbour separation between seed-Rydberg atoms
of more than 15 µm. The laser is pulsed after the atoms are released from the optical
dipole trap.
The second laser is a single-mode continuous-wave ring dye laser, the output of
which is frequency doubled in an external enhancement cavity (Coherent MDB-200),
resulting in continuous-wave UV radiation of 200 mW and a bandwidth of 1.5 MHz.
The same laser was used to photoassociate the long-range Rydberg molecules bound
by low-energy electron-Cs scattering (see Chapter 4). The frequency of the ring laser
is stabilised by a Pound-Drever-Hall lock to an external cavity and measured with a
frequency comb (Menlo Systems FC1500-250-WG), in procedures described in more
detail in Chapters 2 and 3, as well as in Ref. [121]. Its output is switched on for
typically 1 to 20 µs using an acousto-optic modulator immediately after the rst laser
pulse.
The two Rydberg-excitation lasers are focused to beam-waist radii of 70 µm and
intersect at right angles in the 100 µm-diameter ultracold Cs atom cloud (the shortpulse laser travelling along the laboratory x axis and the long-pulse laser along the z
axis, as dened in Section 2.1).
Transitions are detected by monitoring spontaneously produced ions and eldionised Rydberg atoms, which are extracted with a slowly rising electric eld (rise
time 1 µs) towards a multichannel-plate (MCP) detector. The pulsed electric eld
is delayed with respect to the second laser pulse. The Cs ions produced by spontaneous ionisation or pulsed eld ionisation (PFI) are detected mass-selectively. The
spectra discussed in this chapter are obtained by monitoring the Cs -ion yield as a
function of the frequency of the long-pulse UV laser.
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Stray electric and magnetic elds are compensated to below 25 mV/cm and 20 mG,
respectively, for all experiments described in this chapter, as described in Section 2.7.

6.3 High-resolution spectroscopy of ns1=2(n  1)s1=2 pair
resonances
An example of a spectrum recorded with the resonant two-colour excitation scheme
described above is presented in Fig. 6.2 where it is compared to the one-colour twophoton spectrum recorded in the same spectral region, but with the pulsed UV laser
(see Chapter 5). The spectral resolution is 6 MHz (see Fig. 6.2b)), almost two orders
of magnitude better than in the spectrum recorded with the short-pulse UV laser
(see Fig. 6.2a)). The 32s1=2 33s1=2 resonance is studied here from the intermediate
6s1=2 32p3=2 level using the narrow-bandwidth low-intensity UV laser (frequency  0 in
Eq. 6.1) in the second step of the resonant
32s1=2 33s1=2

0

6s1=2 32p3=2



6s1=2 6s1=2

(6.5)

two-photon transition. In the experiments, a few atoms are resonantly excited to
32p3=2 Rydberg states using the short-pulse UV laser before excitation with the narrowbandwidth UV laser, the frequency of which is scanned on the low-frequency side of
the atomic 32p3=2
6s1=2 transition. The interacting Rydberg-atom-pair states excited in this way are observed to decay to Cs ions, just like the pair states excited
with one-colour intense UV-laser pulses (see Chapter 5). The signals of spontaneously
formed Cs ions are therefore the signature of the excitation of interacting Rydbergatom-pair states in spectral regions free of atomic resonances. The signals are, in
rst approximation and in a certain range of experimental conditions, proportional
to the number of initially excited seed Rydberg atoms. To compensate for intensity
and frequency uctuations of the pulse-amplied laser and, consequently, to increase
the signal-to-noise ratios, the Cs -ion signals are divided by the signals resulting from
pulsed eld ionisation of seed Rydberg atoms in all spectra of the type presented in
Fig. 6.2b).
The improvement in the spectral resolution is, primarily, the result of using a laser
with a much smaller bandwidth and a weaker intensity for the second excitation step
in Eq. 6.5 and, secondly, of actively populating the long-lived intermediate, singly excited level. Therefore, the spectral resolution is independent of the resolution of the
rst excitation step (leading to the generation of the seed Rydberg atoms), similar to
the case of UV-millimetre-wave resonances desribed in Section 3.1, and the photoassociation occurs in a one-photon transition (see also Eq. (6.2)). In the spectrum depicted
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in Fig. 6.2a), the signal is plotted as a function of the detuning corresponding to 2UV
to account for the two-photon excitation process. In contrast, the spectrum shown in
Fig. 6.2b) obtained with the sequential two-photon excitation scheme is plotted as a
function of the detuning corresponding to UV .
The asymmetry of the 32s1=2 33s1=2 resonance in Fig. 6.2b), with a sharp edge
corresponding closely to the position of the pair-dissociation asymptote and a reddegraded line shape resulting from pair excitation to the attractive molecular curves,
is much better resolved using the sequential excitation scheme. The comparison of
the two spectra also reveals that the shift of the resonance peak in the spectrum
of Fig. 6.2a) is the result of the convolution of the asymmetric line shape function
with the 130-MHz-broad Gaussian laser-line-shape function. However, the improved
resolution does not only enable a better characterisation of resonances observed before, but also enables the observation of additional resonances, e.g., those visible in
Fig. 6.2b) at detunings above 500 MHz, which could not be detected in the one-colour
experiments.
The experimental spectrum in Fig. 6.2b) is accurately reproduced over a broad
spectral range around the 32s1=2 33s1=2 Rydberg-atom-pair resonance by a spectrum
simulated using Eq. (6.2), which takes into account the resonant one-photon excitation
of the pair state from the intermediate 32p3=2 6s1=2 level. However, the intensity of
the simulated spectrum is systematically too weak at small detunings (down to about
1:5 GHz) from the atomic 32p3=2 6s1=2 resonance. The observation of larger-thanexpected signals in the experiment at frequencies just below the atomic transition
frequency suggests that the second laser pulse excites more than one atom per seed
atom. This form of aggregation of Rydberg-atom excitation has been referred to
as avalanche excitation in previous work [237] and is discussed in more detail in
Section 6.5.
In the next section, a special type of interacting Rydberg-atom-pair resonances
originating from bound levels in long-range potential wells is presented. These pair
resonances referred to as bound macrodimers in the literature were predicted theoretically [229] but proved to be rather elusive experimentally.

6.4 Bound long-range states of interacting Rydberg atoms
In this section, experimental and theoretical evidence for the existence of bound Rydberg macrodimers of Cs is presented. The bound states are formed via two-colour
three-photon photoassociation of ultracold cesium atoms following the procedures
outlined above, under conditions where the eects of external electric and magnetic
elds can be neglected. The observed photoassociation resonances are unambigu135
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Comparison of spectra measured in the same frequency range and similar samples of
ultracold Cs atoms, but with dierent laser-excitation pulse shapes and intensities. The spectrum in
a) was recorded with a 4.4-ns-long pulsed UV laser (pulse energy of 10 µJ, peak power 2 kW), and the
vertical grey bar denotes the position of the 32s1=2 33s1=2 dissociation asymptote. The spontaneous
Cs -ion yield is plotted against the two-photon (2  UV ) detuning from the 32p3=2 32p3=2 asymptote.
The spectrum in b) was recorded with a cw single-mode UV laser, after resonant excitation of a
few 32p3=2 seed Rydberg atoms. The signal corresponds to the average number of Rydberg-atom
pairs per seed atom and is obtained as the ratio of Cs -ion signals resulting from the spontaneous
ionisation of the sample to Cs ions arising from the pulsed eld ionisation of the seed Rydberg
atoms. The two red curves in a) and b) are simulated spectra using the model described in Section 5.1
and Section 6.1, respectively.
Figure 6.2:

ously linked to long-range potential minima, which are calculated on the basis of the
detailed model of the long-range multipole-multipole interactions presented in Section 5.1 (see also Ref. [65]).

6.4.1 Prediction of bound Rydberg macrodimers
On the basis of this potential model, a computational search for long-range wells in
the potentials of interacting Cs Rydberg atoms was conducted. Long-range potential minima were identied for states correlated to many dierent pair-dissociation
asymptotes. However, the predictions of simpler few-level models, e.g., such as models only including the dierent ne-structure components of a single nln0 l0 level (see
Ref. [230]), could not be conrmed by the calculations based on extended basis sets.
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The high pair-state density is the reason for both the ubiquitous occurrence of potential minima and for the failure of simpler models to predict the positions of these potential minima. The calculations with extensive basis sets reveal also the importance
of higher-order terms in the multipole expansion of the long-range interaction (just
as it was already shown for the one-colour two-photon excitation in Chapter 5.3.3). A
truncation to only dipole-dipole interactions turns out to be completely inadequate
for accurate predictions (to about 2 MHz) of long-range potential wells of the type
discussed here.

Potential-energy functions of two Cs Rydberg atoms in the vicinity of the 43p3=2 44s1=2
dissociation asymptote. The colour shading indicates the 43p3=2 44s1=2 character of the interacting
Rydberg-atom-pair states, with 1% denoted by full colour. Black, red, and blue potentials functions
correspond to  0,  1, and  2 molecular states (see text for details). Calculated vibrational levels are presented in the middle panel as dashed horizontal lines. The right-hand-side panel
indicates calculated intensity distributions.
Figure 6.3:

The investigation presented in the following concentrates on molecular states correlated to np3=2 n0 s1=2 dissociation asymptotes. These states have already attracted
theoretical and experimental attention because the always-resonant excitation-hopping dipole-dipole coupling of the type n0 s1=2 np3=2 $ np3=2 n0 s1=2 could be used to
model interacting spins [213215, 238]. In Cs, potential minima have been found,
e.g., for the states correlated to the 44s1=2 43p3=2 and the 44p3=2 45s1=2 dissociation
asymptotes. The calculated potential curves of the molecular states correlated to the
44s1=2 43p3=2 dissociation asymptote together with the positions of predicted vibrational states (dashed lines in the middle panel of Fig. 6.3) supported by the long-range
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wells is presented in Fig. 6.3. The analysis of the potential functions reveals that the
always-resonant dipole-dipole interaction is the reason for the level splittings at long
range and, consequently, the shift of some potential functions to lower energies. The
potential minima result, however, from interactions with lower-lying functions correlated to the 41p1=2 46p3=2 and the 45s1=2 41d5=2 dissociation asymptotes. The interactions leading to the avoided crossings are therefore dipole-quadrupole interactions.
The vibrational states and eigenenergies of the selected potentials were calculated
using the mapped Fourier-grid method [175]. The expected intensity modulation of
even and odd v vibrational levels (see right-hand-side panel in Fig. 6.3) is a result of
photoassociation from an ultracold sample, with corresponding thermal de Broglie
wavelengths much larger than the oscillations of the vibrational wavefunctions. Transitions to odd v levels are expected to be very weak because of the odd number of
nodes of the vibrational wavefunction and the partial cancellation of contributions
from regions where the vibrational function has opposite sign. The relevant vibrational spacing between adjacent even-v levels is predicted to be 2  1:4 MHz, which
makes it almost possible to resolve these states in the experiments described here.
The long-range Rydberg-atom-pair states correlated to the 44s1=2 43p3=2 pair-dissociation asymptote depicted in Fig. 6.3 are almost ideal candidates for an experimental investigation because i ) the equilibrium internuclear distances are close to 1 µm,
which corresponds to the maximum of the nearest-neighbour-distribution in the ultracold gas, ii ) the molecular functions have mainly 44s1=2 43p3=2 character near the
potential minima (see colour shading of PECs in Fig. 6.3) and are therefore optically
accessible, iii ) the potentials are steep, resulting in vibrational spacings of 1:4 MHz
(see right-hand-side panel in Fig. 6.3), and iv ) the wells are isolated from other potential curves to which they could strongly couple.

6.4.2 Experimental spectra of bound Rydberg macrodimers
Experimental spectra recorded in the vicinity of the 44s1=2 43p3=2 dissociation asymptote are presented in Fig. 6.4. To obtain these spectra, the frequency of the pulsed
visible laser was tuned to the two-photon 44s1=2 6s1=2 resonance to generate 44s1=2
seed atoms and the long-pulse UV laser was scanned on the low-frequency side of
the atomic 43p3=2 6s1=2 transition. First, the spontaneous-ion signal is displayed
as a function of the UV-laser frequency without any 44s1=2 seed Rydberg atoms (see
Fig. 6.4a)). This measurement represents the expected background signal in the threephoton experiment. This background signal is small and structureless at detunings
below 500 MHz. A set of resonances at a detuning of around 500 MHz is attributed
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to the excitation of buttery-like long-range Rydberg molecules a (see also the qualitative discussion of these unusual molecular states in Chapter 4). The increase of
the background signal at detunings above 500 MHz is assumed to result from onecolour (UV) two-photon excitation of Rydberg-atom pairs, as observed in Chapter 5.
The spectra shown in Figs. 6.4b), c) and d) were recorded with both lasers, in a time
sequence schematically shown in Fig. 6.1d). In this sequence, the two laser pulses do
not overlap in time, the UV laser is switched on for 5 µs following the rst visible
laser pulse, and the electric eld is pulsed after an additional PFI delay of 5 µs. The
integrated ion signal resulting from the PFI of 44s1=2 seed Rydberg atoms is presented
in the spectrum displayed in Fig. 6.4b). The uctuations and drifts of this signal are
primarily due to the slow drifts of the intensity of the pulsed visible laser. However, the reduced signal strengths at detunings of about 740 MHz and 500 MHz
correlate to the resonances observed in the Cs -ion signal. The signal corresponding
to spontaneously produced Cs ions, which are detected in a separate TOF channel, is given in Fig. 6.4c). With the seed atoms present, the UV-laser spectrum of the
spontaneously formed ions reveals several additional resonances and an increased,
frequency-independent background signal when compared to the spectrum shown in
Fig. 6.4a). In order to normalise the Cs -ion signal, the background signal measured
without the seed Rydberg atoms (see Fig. 6.4a) is subtracted. The resulting dierence
spectrum is then normalised by division with the PFI seed signal (see Fig. 6.4b)) at
each experimental cycle. The resulting ratio is averaged over several experimental
cycles at each frequency step. The resulting spectrum is displayed in Fig. 6.4d), where
it is compared to a simulated spectrum (red trace) that was convoluted with a Gaussian line-shape function of 6 MHz full width at half maximum. All resonances in the
experimental spectrum are reproduced by the simulation and can be assigned to single Rydberg-atom-pair resonances. The three resonances above 600 MHz arise from
the three potential wells corresponding to dierent states with molecular angularmomentum-projection quantum numbers (see the potential functions shown in
black for  0, in red for  1, and in blue for  2 in Fig. 6.3). The resonances
below 600 MHz arise from the potential maxima resulting from the same avoided
crossings and which occur at an internuclear separation of 1 µm, as depicted in
Fig. 6.3. Unfortunately, the predicted vibrational series in each of the potential wells
could not be resolved because the linewidth of 6 MHz exceeds the calculated vibrational spacings of 1:4 MHz.
Similar long-range potential minima are predicted on the low-frequency side of
a This assignment is enabled by the observation that the molecules decay to molecular Cs ions,
2
which was empirically found to be characteristic of Cs2 long-range Rydberg molecules (see Chapter 4.6).
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Figure 6.4:
UV-laser spectra on the low-frequency side of the 43p3=2
6s1=2 transition in an
ultracold sample of Cs atoms. (a) Spectrum measured with the UV laser only. (b) Spectrum obtained
by monitoring the PFI signal of 44s1=2 seed Rydberg atoms. (c) Spectrum of the spontaneous-ion
signal recorded following excitation of a few atoms to the 44s1=2 Rydberg state with the rst laser
pulse. (d) Same spectrum as (c) but after subtraction of the background signal depicted in trace (a)
and normalisation by division with the PFI signal of the seed atoms depicted in trace (b). The solid
red line represents a simulated spectrum (see text for details).

140

6.4. Bound long-range states of interacting Rydberg atoms

UV-laser spectra recorded on the low-frequency side of the 44p3=2 6s1=2 transition
following seed excitation of a few Cs atoms to 45s1=2 Rydberg states. The spectrum represented by
black dots was measured with a 2-µs-long UV pulse and a pulsed-eld-ionisation delay of 12 µs and
is an average over several measurements in this region. The simulated spectrum is shown as a solid
red line.

Figure 6.5:

the 44p3=2 45s1=2 dissociation asymptote. Further improvements of the measurement
conditions (mainly lower seed atom density, shorter, 2-µs-long UV pulses for photoassociation) resulted in the experimental spectrum presented as a black trace in
Fig. 6.5. This spectrum is quantitatively reproduced by the simulated line-shape function (red line in Fig. 6.5, calculated using Eq. (6.2)) which include the convolution with
a Gaussian function of 3 MHz full width at half maximum. A width of 3 MHz represents the limit of the experimental resolution given by the nite width of the laser
(1.5 MHz), and the thermal width of the Cs (6s1=2 ) + Cs (6s1=2 ) continuum (1 MHz) at
a temperature of 40 µK. Because the potential shapes are very similar to those in the
energy region below the 43p3=2 44s1=2 dissociation asymptote, the spectrum recorded
on the low-frequency side of the 44p3=2 45s1=2 has the same overall appearance as
the spectrum measured on the low-frequency side of the 43p3=2 44s1=2 dissociation
asymptote. Resonances with red-degraded line shapes are attributed to attractive
branches of the long-range potentials, whereas repulsive states and potential wells
result in blue-degraded line shapes. The blue-degraded resonances located at detunings of 450 MHz, 425 MHz and 355 MHz can be directly linked to the  0, 1
and 2 potential wells, respectively. The resonances at 507 MHz and below 583 MHz
originate from the potential maxima of the lower branches of the avoided crossings,
which are adiabatically correlated to lower-lying dissociation asymptotes.
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The quantitative agreement of the experimental observations with the potential
model is a strong indication for the observation of bound macrodimers. Surprisingly, also these bound macrodimers are found to decay to Cs ions within less than
10 µs. Whereas the decay of Rydberg-atom-pair states excited to attractive potential
functions can be understood in a Penning-ionisation model (see Section 5.3.5), the calculated potentials presented in Fig. 6.3 indicate that Penning ionisation cannot occur
in the bound macrodimers.

6.4.3 On the lifetime of bound Rydberg macrodimers
In the following, an experimental investigation relying on the delayed PFI technique,
and two theoretical investigations are presented with the aim to reveal the inuence
of dierent decay channels on the lifetime of bound macrodimers. The experimental investigation of the decay mechanism and lifetimes of the molecular resonances
was complicated by the very small signals, typically ten times weaker than the seedRydberg-atom signals.
The experimental results are shown in Fig. 6.6, where two photoassociation spectra are compared to the simulated spectra. Both spectra were measured following
the excitation of a few 45s1=2 seed Rydberg atoms with a 2-µs-long UV pulse the frequency of which was tuned below the atomic 44p3=2 6s1=2 resonance. The spectrum
in black was recorded with a PFI delay of 12 µs, whereas no PFI delay was applied in
the measurement of the spectrum depicted in grey. Two dierent eects are revealed
by comparing the two spectra. The rst eect is a larger at signal in the black trace.
This oset in the signals of Cs ions can originate from spontaneous ionisation of
the 45s1=2 seed atoms during the 12 µs delay because it is completely independent of
the frequency of the UV laser. An interaction-induced ionisation of the seed Rydberg
atoms is unlikely because, rstly, their density is only 5  107 cm 3 , corresponding
to an average nearest-neighbour separation of more than 15 µm and, secondly, all
potential curves correlated to ns1=2 ns1=2 asymptotes are repulsive and Penning ionisation is suppressed. An upper limit for the ionisation rate resulting from collisions
with hot atoms from the background gas can be estimated as 250 Hz, which, though
signicant, is too small to explain the observed eect. One can speculate that secondary processes, such as those initiated by ions produced by these collisions, could
lead to the ionisation of more Rydberg atoms and account for the observed signal.
More likely is a contribution from radiatively decaying seed atoms to which the ion
signals are normalised.
The second eect, which is more relevant in the context of bound macrodimers, is
revealed when the experimental spectra are compared to the simulated spectra (solid
lines in Fig. 6.6). Resonances originating from bound states, e.g., those observed at
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Figure 6.6: Ratio of spontaneous-ion to PFI signals as function of the detuning of the UV laser (2 µs
pulse length) from the 44p3=2 6s1=2 transition when 45s1=2 seed atoms are present. Ions were
extracted after a delay of 0 (gray points) and 12 µs (black points). The spectrum simulated for a
linewidth of 5 MHz (vertically scaled and oset) is shown as solid red and gray lines for comparison.
The inset shows the measured ratios (circles, squares, triangles, and diamonds) as a function of the
extraction delay at the xed laser detunings marked by the corresponding symbol on the frequency
axis. A time-dependent background signal (measured at the frequency indicated by an open circle)
was subtracted from all curves. Solid curves show the t of a rate-equation model to the data, the
light-blue shaded region indicates the UV-excitation pulse.

detunings of 450 MHz, 425 MHz and 355 MHz, are much stronger in the spectrum recorded with the PFI delay than in the spectrum recorded without PFI delay.
Resonances originating from potential maxima at short internuclear separations, in
a region of much higher molecular state density, e.g., at 583 MHz and 507 MHz,
are observed with similar intensities in both spectra. These results indicate that the
bound macrodimers decay more slowly into Cs ions than the macrodimers excited
to attractive potential functions.
The dynamics of the Cs -ion formation was also studied by varying the PFI delay at
xed UV-laser frequencies corresponding to the positions of the dierent molecular
resonances. The inset of Fig. 6.6 depicts measurements of the background-corrected
spontaneous-ion ratios Rcorr as a function of the extraction delay for dierent UV-laser
detunings together with results of a rate-equation model for the decay and formation
processes of seed atoms and macrodimers. The free parameters of this model, the
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photoassociation and ionization rates at a given detuning, are determined from a
t of the model to the data. The model reveals that the apparent increase of the
curves observed for all detunings results from the normalization to the PFI signal,
which decreases with time due to radiative decay (and to a much lesser extend due
to ionization) of the initial seed atoms. The tted relative photoassociation rates are
in good agreement with the intensities calculated on the basis of Eq. (5.9). The tted
ionization rates exceed 3 MHz at the positions of the resonances located at detunings
of 583 MHz and 507 MHz. Signicantly lower ionization rates of about 0.6(1) and
1.0(1) MHz are obtained for the resonances at detunings of 421 and 355 MHz,
respectively, which correspond to bound macrodimers. Although the corresponding
lifetimes of less than 2 µs are much shorter than expected [229, 239], they are still
considerably longer than at the positions of potential maxima, which we consider a
further indication of the bound nature of these states.
Considering the high density of electronic states in the energy range of the Rydbergatom-pair states, it might not be surprising that the observed macrodimers autoionise
on the microsecond timescale. Two possible ionisation mechanisms are investigated
theoretically in the following: i ) direct, electronic transitions in which one Rydberg
atom of the interacting pair state is transferred into the (ionisation) continuum while
the other Rydberg atom is de-excited into a more strongly bound state, and ii ) a vibrational autoionisation process, where the decay of the bound macrodimer is caused by
non-adiabatic couplings to molecular states with open ionisation channels.
The rst mechanism is reminiscent of inter-Coulombic decay (ICD) [240, 241] which
was observed on fast time scales in such diverse systems as neon clusters [242], in
water and hydroxide [243], and in water dimers [244, 245]. In the context of Rydberg atoms, this mechanism was discussed by Amthor et al. [246] in a perturbative
treatment of the Rydberg-Rydberg interaction. Here, the model of Ref. [246] is extended by expanding the pair-state wavefunction at the equilibrium position of the
macrodimer potential (performed for the  0 state correlated to the 43p3=2 44s1=2
pair-dissociation asymptote, see Fig. 6.3) in a basis including more than 1000 pairdissociation asymptotes with contributions from atomic Rydberg states in the range
from n  30 to n  200. The ICD rates for each of the basis states were estimated
using the model of Amthor et al. (see, in particular, Eq. 2 in Ref. [246]). The total rate
for the ICD-type autoionisation process was then found by incoherent summation.
The resulting rate is only of the order of 10 mHz, corresponding to a lifetime of 10 s,
and is thus completely negligible in comparison to the experimentally observed decay rates of 1 MHz and even to the rates of radiative decay by uorescence to the
electronic ground state. The model includes implicitly ICD-type ionisation following
a cascade of electronic Rydberg-Rydberg pair-state transitions, a process which was
speculated to be the mechanism of the fast ionisation of a Rydberg gas observed
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experimentally [223]. This modeling clearly shows that electronic auto-ionisation of
interacting Rydberg atoms, either directly or following a cascade of electronic transitions, can be neglected in the range of the internuclear separations of the Rydbergatom pairs considered here.
The role of the second mechanism, which is vibrational autoionisation through
non-adiabatic couplings, was investigated by calculating the radial non-adiabaticcoupling matrix elements [247]
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between the bound states in the macrodimer potential (performed again for the  0
state correlated to the 43p3=2 44s1=2 pair-dissociation asymptote) with normalised
vibrational wavefunctions v1 and electronic wavefunctions 1 , and the energetically open continuum states with energy-normalised wavefunctions v2 and electronic wavefunctions 2 . In this calculation, the pair-state basis consisted of all
Rydberg-atom-pair asymptotes with n < 2 and detunings below 10 GHz relative to
the 43p3=2 44s1=2 pair-dissociation asymptote. The total rates for non-adiabatic transitions were found to range from 10 mHz for v  0 to 100 Hz for v  10 and are thus
also too small to explain the experimentally observed decay rates.
The role of the molecular rotation and rovibrational couplings were not investigated explicitly. The fact that the couplings (leading to the existence of minima
in the considered Born-Oppenheimer potential curves) are of dipole-quadrupole nature (and thus require a coupling between electronic and rotational degrees of freedom) might indicate the possible importance of rovibrational couplings. However, the
quasi-degeneracy of rotational energy levels discussed in the context of the dipolequadrupole interaction (see Chapter 5.3.2) renders a signicant contribution from
rovibrational dissociation unlikely.
In the experiments, many seed Rydberg atoms are excited in the ultracold atom
cloud and even though the seed-Rydberg-atom density is low, the long-range interaction of the bound macrodimers with all or just the nearest seed Rydberg atom
could induce the fast decay. The eect of the background seed-Rydberg atoms on the
atomic 43p3=2
6s1=2 transition was studied under the same conditions that were
used to photoassociate the bound macrodimers correlated to the 43p3=2 44s1=2 pairdissociation asymptote. The only dierence was the reduced UV-laser intensity to
avoid saturation broadening of the atomic transition. The results of this experiment
are presented in Fig. 6.7. A clear broadening of the atomic Rydberg resonance (black
trace) is observed with increasing seed-Rydberg-atom density (green and red traces).
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Figure 6.7:
UV-laser spectra of the 43p3=2
6s1=2 transition without any seed Rydberg atoms
present in the ultracold Cs atom sample (black) trace and with a few Cs atoms excited to the 44s1=2
state prior to the application of the UV-laser pulse (green and red traces). The total UV-laser-independent oset results from pulsed eld ionisation of the seed Rydberg atoms excited with a
pulse-amplied diode laser. Consequently, the spectrum presented in red was recorded with twice
the density of seed Rydberg atoms compared to the spectrum presented in green.

The broadening is taken as an indication of the signicant interaction of 43p3=2 Rydberg atoms with all 44s1=2 seed Rydberg atoms and is about 3 MHz for the densities
(see green trace in Fig. 6.7) used also in the excitation of the bound macrodimers.
The inuence of the seed Rydberg atoms on the decay of the bound macrodimers
could therefore be of relevance, but further experimental investigations are required
to draw denitive conclusions.

6.5 Observation of Rydberg-excitation aggregates
To study the eect of the o-resonant sequential avalanche Rydberg excitation and
the formation of Rydberg-atom aggregates in more detail, the region near the atomic
42p3=2 6s1=2 transition in Cs (see Fig. 6.8) was investigated. At this value of n, the
energy spacing between np3=2 np3=2 and ns1=2 n  1 s1=2 Rydberg-atom-pair states
is only 12:5  h MHz, leading to signicant state-mixing and level shifts already at
large internuclear separations [224]. The relevant potential curves are depicted in
Fig. 6.9. In the experiment, the frequency of the short-pulse UV laser was tuned to
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a) Two-colour UV-laser spectrum recorded in the vicinity of the atomic 42p3=2 6s1=2
transition (black dots). The green dots represent the background signal caused by the short-pulse
UV laser alone with its frequency xed at the position of the 42p3=2 6s1=2 transition. The spectrum
obtained without any seed Rydberg atoms, i.e. without the short-pulse laser, is presented as dark red
dots. The vertical grey bar indicates the asymptotic energy of the 42s1=2 43s1=2 pair state. The full line
represents a spectrum calculated with the model of the multipole-multipole interactions between
Rydberg atoms (see Section 3.1). b) Dierence between the two-colour spectrum and the long-pulse
UV-laser spectrum presented as black and red dots in a), respectively, divided by the seed Rydberg
signal (green dots in a)) as a function of the laser detuning from the 42p3=2
6s1=2 transition
(black). The counting distributions at detunings of 15 MHz and +15 MHz for the excitation without
(red bars) and with (black bars) seed Rydberg atoms are presented in panels c) and d), respectively.
Figure 6.8:
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the position of the 42p3=2
6s1=2 transition. Consequently, the potential curves
needed to describe the excitation with the long-pulse UV laser are correlated to the
Cs (42p3=2 ) + Cs (42p3=2 ) and the Cs (42s1=2 ) + Cs (43s1=2 ) dissociation asymptotes (see
left-hand-side panel of Fig. 6.9). The molecular potential curves that correlate with the
42s1=2 43s1=2 functions are repulsive and the dipole-dipole 42p3=2 42p3=2 42s1=2 43s1=2
interaction implies the occurrence of a weak resonance with a blue-degraded line
shape close to the position of the 42s1=2 43s1=2 asymptote on the high-frequency side
of the atomic 42p3=2
6s1=2 transition. The dipole-dipole interaction also implies
that the molecular functions correlated to the 42p3=2 42p3=2 Rydberg-atom-pair state
are attractive and lead to a strong red-degraded molecular resonance on the lowfrequency side of the 42p3=2 6s1=2 atomic resonance.

Figure 6.9:
Long-range potential-energy curves in an energy rage of 40  h MHz around the
42p3=2 42p3=2 (left-hand side), the 42s1=2 42p3=2 (middle) and the 43s1=2 42p3=2 (right-hand side) Rydberg-pair-dissociation asymptotes. The colour shading of the molecular potential curves represent
the admixture of the asymptotic level which is placed at the origin of the energy scale. Full colour
denotes 1 % character of the specic asymptotic state, and black and red traces indicate molecular
states with  0 and 1, respectively.

The experimental spectra are presented in Fig. 6.8a). The frequency-independent
signal presented in green was measured with the short-pulse UV laser alone and corresponds to the pulsed eld ionisation of the seed 42p3=2 Rydberg atoms. The
red trace was measured with the long-pulse UV laser alone, and the black trace was
recorded with both lasers. As explained in the experimental section, the lasers did
not overlap in time, and the second laser pulse was applied immediately after the
rst laser pulse. In the spectrum shown in black, a partially resolved resonance is
observed on the high-frequency side of the atomic resonance, close to the position of
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the 42s1=2 43s1=2 asymptote (see vertical grey line in Fig. 6.8a)). This resonance is also
observed in the simulated spectrum (solid black trace in Fig. 6.8a)), that was obtained
on the basis of the potential functions depicted in the left-hand-side panel of Fig. 6.9.
In the experimental trace, the resonance is not as well resolved as in the simulation
because of partial overlap with the broadened atomic transition.
Whenever the experimental black trace in Fig. 6.8a) is larger than the sum of the
spectra shown in green and red, the additional signal can unambiguously be attributed to the two-colour two-photon excitation of Rydberg-atom-pair states. The
additional Rydberg excitations are visualised in Fig. 6.8b), which depicts the dierence
between the spectrum measured with and without seed Rydberg atoms normalised to
the seed-Rydberg-atom signal. This spectrum represents the enhancement factor of
the photoexcitation probability induced by the seed Rydberg atoms. When this factor
becomes greater than two, more than one additional Rydberg atom is excited for each
seed Rydberg atom, which is indicative of an aggregation of Rydberg excitations. At
the 42s1=2 43s1=2 pair resonance on the high-frequency side of the atomic transition,
enhancement factors up to 4 are observed. The excitation of the 42s1=2 43s1=2 pair
resonance therefore facilitates additional Rydberg excitations during the 15-µs-long
UV-laser pulse. An exact theoretical description of the dynamics of that process is
dicult and would require the calculation of few-bodyRydberg-atom states, which
is beyond the scope of this investigation. The relevant potentials for the excitation
of a third Rydberg atom close to a Rydberg-atom-pair state will, however, resemble
those depicted for 42s1=2 42p3=2 and 43s1=2 42p3=2 Rydberg-atom-pair states states in
Fig. 6.9. The always-resonant ns1=2 n0 p3=2 $ n0 p3=2 ns1=2 dipole-dipole interaction in
these dimers gives rise to long-range interactions (detunings of 15 MHz correspond
to internuclear distances of 5 µm), and leads to the formation of small Rydberg
aggregates after the initial pair-state excitation. The state mixing induced by this
interaction will also strongly modify the interactions in the 42s1=2 43s1=2 pair state.
Consequently, on the high-frequency side of the atomic transition, the system should
be described as a three- or few-body state with the p character fully delocalised
over all interacting Rydberg atoms. The experimental data indicates that these interactions lead to the formation of small Rydberg aggregates, with enhancement factors
much smaller than observed on the low-frequency side of the atomic 42p3=2 6s1=2
transition (see Fig. 6.8b)).
On the low-frequency side, the pair states carry mainly 42p3=2 42p3=2 character.
The very large enhancement factors of much more than 10 for detunings between
10 and 15 MHz correspond to an excitation avalanche. Each 42p3=2 Rydberg atom
excited with the long-pulse UV laser also acts as an additional seed atom facilitating
the excitation of further neighbouring ground-state atoms, which results in a spatially
correlated many-body state [232]. This process is also observed with the long-pulse
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laser alone as revealed already by the underestimation of the signals at detunings
between 20 and 10 MHz in the simulated spectra (compare red dots and solid
black line in Fig. 6.8a)). The counting distributions recorded at detunings of 15 and
15 MHz also reveal this eect of the excitation avalanche. The counting distribution
measured without seed atoms is shown in red in Fig. 6.8c) and d) and is bimodal for
the Rydberg excitation at a detuning of 15 MHz. In this case, the majority of the
experimental cycles leads to the formation of only a few Rydberg-atom pairs, but a
few cycles give rise to an ionisation signal that is more than 10 times stronger, and of
the same strength as observed when the short-pulse UV laser is turned on. The conditions for an excitation avalanche are thus only occasionally realised. It appears that
not all seed atoms are eective in inducing an excitation avalanche, but that those
that are eective lead to very similar enhancement of the excitation. The behaviour
is reminiscent of that of a saturable autocatalytic process, and suggests that the process terminates when the entire sample has been excited. Assuming that the initial
excitation occurs at the centre of the 30-µm-diameter cloud of ultracold Cs atoms and
taking a facilitation radius of 5 µm for a detuning of 15 MHz (see Fig. 6.9a), the estimated enhancement factor corresponding to the avalanche excitation of the entire
sample is 100. At a positive detuning of 15 MHz, the counting distributions do
not reveal any sign of an excitation avalanche, even though the enhancement factor
of 4 indicates the formation of small Rydberg-atom aggregates. Additional experimental and theoretical work is clearly needed to fully understand these intriguing
observations.

6.6 Conclusions & Outlook
A sequential two-colour excitation scheme has been applied to study interacting Rydberg-atom-pair states. The results presented in this chapter demonstrate that a spectral resolution of 3 MHz can be achieved, which is almost two orders of magnitude
better compared to corresponding one-colour two-photon excitation schemes. The
possibility of accessing pair states of Rydberg atoms in dierent angular-momentum
states (such as nsnp pair states, by preparing the seed Rydberg atoms using a twophoton transition) has been successfully demonstrated. Finally, the two-colour excitation scheme was applied to study the formation of larger Rydberg aggregates under
conditions where the excitation of many atoms is facilitated by a single or only very
few seed Rydberg atoms.
The unprecedented resolution of 3 MHz enabled the observation of bound macrodimers consisting of two cesium atoms in high Rydberg states. The macrodimers
correlate to Cs np3=2 + Cs ((n  1)s1=2 ) dissociation asymptotes and are observed at the
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positions of avoided crossings between long-range van der Waals potential curves.
The lower, repulsive and the upper, bound molecular states are clearly resolved in
the experiments. The bound macrodimers are distinguished from repulsive molecular states by means of their behaviour with respect to spontaneous ionisation. The
experimental results are in agreement with simulations based on a detailed model of
the long-range multipole-multipole interactions of Rydberg-atom-pair states. Calculations of vibrational levels in these long-range potentials were performed, but the
vibrational states could not be resolved in the experiments. The next important step
towards an unambiguous observation of metastable bound quantum states in longrange potentials correlated to Rydberg-atom-pair states would be to resolve these vibrational series. Lower temperatures, higher atom densities and narrower-bandwidth
laser radiation are required to achieve this goal.
Finally, the situation is similar to the situation encountered in the experiments on
long-range Rydberg molecules described in Chapter 4: The adiabatic potential model
accounts very accurately (to about 2 MHz) for the positions of the experimentally
observed resonances, but fails to explain the fast (1 µs timescale) decay of the longrange molecular states observed experimentally.
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Chapter 7
Conclusions & Outlook
In this thesis, high-resolution spectroscopy of ultracold and dense gas-phase samples
of Cs using narrow-bandwidth laser radiation and millimetre waves has been used to
investigate interactions between Cs Rydberg atoms and with their environment with
unprecendented precision and accuracy.
A prerequisite for the investigation of the eects of such interactions is a thorough
characterisation of the properties of the isolated (noninteracting) atoms. The rst
part of this thesis, summarised in Chapters 2 and 3 was therefore devoted to precision
spectroscopic measurements of the properties of the Rydberg states of Cs.
In the rst studies of the Rydberg-energy-level structure of the Cs atom, the precision and accuracy limits of spectroscopic investigations of high-n Rydberg states of
Cs were established in the same apparatus used later for studying the interactions.
Millimetre-wave transitions between Rydberg states were recorded at a resolution (full
width at half maximum of the observed lines) of 17 kHz (Section 3.1). This resolution
is a factor of three better than what was achieved in a molecular beam [114] where
the transit time of the atoms limits the interaction time with the radiation and thus
the spectral resolution. Transit-time broadening and Doppler broadening were found
to be negligible for the ultracold samples used in this work. As in comparable experiments in ultracold Rb [248, 249], the resolution of the spectroscopic measurements
presented here was limited at high n values by the impossibility to exactly compensate inhomogeneous electric and magnetic stray elds and by the natural linewidths
of the transitions at low n values.
Higher resolution requires a reduced inhomogeneity of the stray elds, which in
the future could be achieved using a dierent experimental geometry in which the
photoexcitation region is located farther away from any (especially electrically insulating) surfaces (see, e.g., the experiments on very-high-n Rydberg states in Ref. [250]).
However, in setups used to generate dense samples of ultracold atoms, the large
magnetic-eld gradient of the MOT imposes restrictions on the geometry of the exper153
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imental geometry. Higher resolution, which always implies longer coherence times,
can also be achieved in transitions involving states which are insensitive to external
stray elds, e.g. transitions from the ground state to k  0 states of Rydberg-Stark
manifolds, n  1 s ns1=2 two-photon transitions with very small dierential Stark
and Zeeman shifts, or transitions involving long lived, low-n Rydberg states.
The possibility to accurately measure absolute frequencies in the optical regime
using a frequency comb was exploited in the measurement of npJ
6s1=2 transitions to np3=2 and np1=2 Rydberg states of Cs. In these experiments (see Section 3.2),
each transition frequency was determined to an accuracy and precision of better
than 100 kHz. Extrapolation of the Rydberg series in a global t of the RydbergRitz formula yielded EI;Cs  hc  31 406:467 732 514 cm 1 , the most accurately determined value of an ionisation energy so far in any atom other than hydrogen and
an improvement in precision compared to the previous value by two order of magnitude [121, 122]. Improved values of the quantum defects and their energy dependence
could also be derived.
A further signicant improvement of the level of precision and accuracy of the
determination of the ionisation energy in Cs will require the improvement of many
experimental parameters, in particular a reduction of the laser bandwidth and a reduction of the temperature of the sample (to avoid limitations by the Doppler broadening). The measurement presented here should rather inspire other experiments
to achieve a similar level of precision in lighter atoms or molecules, where the measurements of ionisation energies can challenge theoretical calculations [161, 163, 164,
251], which cannot reach the required accuracy in Cs containing 55 electrons.
These precision measurements formed the starting point of the experiments that
led to the main scientic results presented in this thesis: the detection and characterisation of two types of metastable long-range molecules arising from the interactions between a Cs Rydberg atom and another Cs atom located in its vicinity.
The rst type of such molecules consists of long-range Rydberg molecules correlated to Cs (np3=2  Cs (6s1=2 ; F  3; 4) dissociation asymptotes. The binding in these
long-range Rydberg molecules results from the low-energy s-wave scattering of the
Rydberg electron o the ground-state atom. The second type of molecules consists of bound macrodimers, made of two weakly interacting Rydberg atoms correlated to np3=2 n  1 s1=2 asymptotes. For comparison with the experimental results,
bound states in long-range potential wells were also investigated theoretically for
both the interaction of a Rydberg atom and a ground-state atom and for the longrange multipole-multipole interaction between two Rydberg atoms.
The long-range Rydberg molecules bound by low-energy electron-neutral-atom
scattering had been observed prior to this work in several systems [4050], and lifetimes comparable to the radiative lifetimes of the correlated atomic Rydberg states
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had been observed [170, 171]. The experiments presented in this thesis contribute
two important new observations to the characterisation of these exotic molecules:
Firstly, the eect of the singlet channel in the electron-Cs scattering on the molecular
binding was observed experimentally (see Chapter 4 and Ref. [167]) by exploiting the
mixing between singlet and triplet scattering channels induced by the hyperne interaction of the ground-state atom [39]. This mixing leads to the formation of bound
states with F -dependent binding energies. By comparing the measured binding energies to those predicted using an s-wave-scattering potential model, the value of
aS;0  3:5  0:4 a0 for the zero-energy singlet scattering length for electron-Cs scattering could be determined for the rst time on the basis of experimental data. The
second important contribution concerns the decay of these molecular states. All longrange Rydberg molecules were detected via the rapid (lifetimes below 1 µs at n  33)
decay into molecular Cs2 ions. Whereas the potential model based on s-wave scattering of the Rydberg electron o the ground-state atom accounts for the binding
energies of the vibrational ground states of the long-range Rydberg molecules, the
fast decay (as well as the occurrence of further molecular resonances) could not be
unambiguously explained. Possible explanations discussed in this thesis are eects of
p-wave scattering, enhanced by the presence of low-energy p-wave-scattering shape
resonances in the e  Cs scattering [178], and the coupling to molecular Rydberg series converging to high vibrational levels of the Cs2 ion. The inclusion of the p-wave
scattering in the model in conjunction with further systematic experimental investigations of the lifetimes of the long-range Rydberg molecules for dierent electronic
and vibrational states and states associated with dierent dissociation thresholds has
the potential to resolve some of the open questions raised by the results presented
here.
The bound Rydberg macrodimers, contrary to the established long-range Rydberg
molecules, had not been unambiguously identied before this thesis, even though resonances of interacting Rydberg-atom-pair states had been observed [5865]. Indirect
evidence of bound macrodimers was found in pairs of Cs Rydberg atoms at n values
around 66 in the presence of an electric eld [63]. In the course of this thesis, two
dierent excitation schemes were applied to study the interactions in Rydberg-atompair states. In the rst set of experiments, interacting-Rydberg-atom-pair resonances
were observed following excitation with an intense pulsed UV laser. The resonances
were excited in one-colour two-photon transitions at a resolution of 130 MHz and
were classied as belonging to the following categories:
1. Resonances correlated to ns1=2 n  1 s1=2 pair-dissociation asymptotes (see Section 5.3.1). These resonances result primarily from the dipole-dipole interaction
with the optically accessible np3=2 np3=2 pair states.
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2. Resonances correlated to ns1=2 n 3 fj and n  1 s1=2 n 4 fj pair-dissociation
asymptotes (see Section 5.3.2). These resonances are an eect of the dipolequadrupole interaction with the optically accessible np3=2 np3=2 pair states. The
occurrence of the dipole-quadrupole interaction between two atoms in isotropic
space (with negligible external elds) is surprising at rst because the dipolequadrupole interaction does not conserve the electronic parity of the pair state.
Consequently, its observation betrayed the coupling of electronic and nuclear
degrees of freedom in long-range Rydberg-atom-pair states. The coupling was
shown to be facilitated by the quasi-degeneracy of rotational levels of the collision complex.
3. Window resonances at the positions of avoided level crossings between potential functions correlated to n 4 fj n 3 fj and np3=2 np3=2 pair-dissociation
asymptotes (see Section 5.3.3). The accurate modelling of the positions of these
avoided level crossings required the inclusion of terms up to the octupoleoctupole interaction in the long-range-interaction Hamiltonian operator. The
eects of these higher-order terms had typically been neglected in previous
treatments of interactions between ultracold Rydberg atoms, but were found
to be dominant here.
4. Resonances resulting from potential maxima correlated to ns1=2 n  1 s1=2 pairdissociation asymptotes (see Section 5.3.1).
These pair resonances were detected via spontaneously formed Cs ions. The dynamics and the mechanism of the spontaneous ionisation of Rydberg-atom pairs with
attractive long-range potential functions could be quantitatively understood: Penning ionsation was shown to occur after acceleration of the two Rydberg atoms towards each other followed by Auger-type ionisation in regions close to the LeRoy radius, where orbital overlap becomes signicant (see Section 5.3.5). Similar processes,
though with smaller rates, can occur when atom pairs are excited to repulsive potential functions. The dierence is that ionising collisions occur after the dissociation of
the initial Rydberg-atom pair with other Rydberg atoms [228].
In a second set of experiments (see Chapter 6) aimed at investigating Rydbergatom-pair states at a higher spectral resolution, a sequential, resonant excitation
scheme involving, in the rst step, the generation of a small number of Rydberg
atoms (called seed Rydberg atoms) and, using a second, frequency-detuned laser,
the excitation of neighbouring atoms to form Rydberg-atom-pair states. In these
experiments, resonances detuned by several hundred MHz from np3=2 n0 s1=2 pairdissociation asymptotes (with n  44; 45) could be observed at a resolution of 3 MHz
and directly linked to potential wells by a detailed model of the interaction potentials.
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Even though the adiabatic potential model also predicted vibrational levels in these
long-range wells, the corresponding molecular resonances were found to rapidly decay to Cs ions with estimated decay rates of 4 MHz. Further experimental and
theoretical studies are required to clarify whether the observed decay is related to a
general instability and bound macrodimers do not exist in the form in which they are
predicted [229] or to establish the specic decay mechanism.
Experimentally, it would be advantageous in the future to investigate the seeded
excitation of Rydberg macrodimers and aggregates in a dual-species experiment. In
this case, the seed Rydberg atoms could be prepared from one atom type and distinguished from additionally excited Rydberg atoms of the other type by means of
their ion time of ight to the detector. This measurement of interacting Rydberg
macrodimers would be background free, and would enable the measurements at
lower values of the principal quantum number than was possible in the studies presented in this thesis. Indeed, at lower n values, the potential wells are also predicted
but could not be observed so far because of insucient experimental sensitivity. The
observation of these states would, however, enable the resolution of the vibrational
levels in the long-range potential wells using the current laser system, which would
be a direct indication of the existence of metastable bound macrodimers. Finally, the
observation of an Rydberg-excitation avalanche was observed and interpreted using
the concept of a facilitation radius and a facilitated volume.
The motivation and basis for many scientic applications (see, e.g., Refs. [25, 114,
252]) of Rydberg states are their long lifetimes scaling as n3 with the principal quantum number. In the case of Cs, the lifetimes of np Rydberg states are longer than
100 µs for n > 30, even including 300-K-blackbody-radiation-induced transitions [73].
However, in the experimental studies presented in this thesis, atomic Rydberg states,
interacting Rydberg-atom-pair states and long-range Rydberg molecules were often
detected via their ionic decay products. The ionisation rates for interacting, molecular states were found to be on the order of 1 MHz, much faster than the ionisation
rates of a low-density Rydberg gas. Consequently, the spontaneous formation of ions
on sub-microsecond timescales was used as a sensitive tool for the detection of molecular resonances. However, the spontaneous ionisation of the ultracold Rydberg gas
was observed also in low-density samples produced by resonant Rydberg excitation
and was used to detect atomic Rydberg transitions to states that would not have eld
ionised in our experimental setup (see Section 3.2). Ionisation of resonantly excited
Rydberg atoms can be induced by blackbody radiation, collision with ground-state
atoms and with other Rydberg atoms. It can be concluded that long coherence times
with high Rydberg states can presumably only be exploited under very-low-density
conditions and when inhomogeneous broadenings induced by stray elds are small.
Several aspects of the ionisation mechanism remain poorly understood and further
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experimental and theoretical work in this direction would be desirable.
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Appendix A
Units and Constants
Constants
Table A.1:

List of the fundamental constants used in this dissertation (from Ref. [253]).

Quantity

Symbol

Value

Unit

Speed of light (vacuum)

c , c0
"0
h
~  2h
e
R1  22mhec
a0  4m"e0e~22
B  2em~e
me
mp
mn
NA
k, kB

299 792 458

ms

Electric constant
Planck constant
Elementary charge
Rydberg constant
Bohr radius
Bohr magneton
Electron rest mass
Proton rest mass
Neutron rest mass
Constant of Avogadro
Boltzmann constant

8.854 187 817...10

12

6.626 069 57(29)10

A s (V m)

34

1.054 571 726(47)10

1.602 176 565(35)10

Js

19

C

0.529 177 210 92(17)10

10

m

24

JT

9.109 382 91(40)10

31

kg

6.022 141 29(27)

1023

1.380 648 8(13)10

23

1

cm

9.274 009 68(20)10

1.674 927 351(74)10

1

Js

34

109 737.315 685 39(55)

1.672 621 777(74)10

1

27

kg

27

kg

1

mol
JK

1

1
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Atomic units
Table A.2:

List of atomic units (from Ref. [253]).

Quantity

Symbol Value

Electric charge

e
me

Mass
Action

~

Length

a0
Eh

Energy

1.602 176 565(35)10
9.109 382 91(40)10

4.359 744 17(75)10

Velocity

kg
Js
10

18

2.418 884 326 505(16)10
8.238 722 5(14)10

~

Electric potential Eeh

Eh
a0 e

Electric eld

C

34

0.529 177 210 92(17)10

Eh
Eh
a0
a0 Eh

Force

19

31

1.054 571 726(47)10

~

Time

Unit

8

m
J

17

s
N

2.187 691 263 3(73)106

ms

27.211 384 5(23)

V

5.142 206 42(44)

1011

1

Vm

1

1

Energy equivalents
Table A.3:

E1J
E
1
h c  1 cm
E
h  1 GHz
E  1 eV
E  1 Eh
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List of energy equivalents [253].

E
1
h c / cm

E
h / GHz

5.034 117 20(86)1022

1.509 190 37(26)1024

1

29.979 245 8

0.033 356 409 ...

1

8 065.544 45(69)

2.417 989 40(21)105

2.194 746 313 705(15)105 6.579 683 920 721(44)106

Appendix B
Matrix elements of the long-range
multipole-multipole-interaction
Hamiltonian
In this appendix, expressions for the matrix elements of the atomic multipoles contributing to Vinter (see Eq. (5.2)) are derived in the product basis jnA lA jA !A ; nB lB jB !B i.
The full form of the Hamiltonian operator of the long-range interaction between two
neutral atoms A and B including dipole-dipole, dipole-quadrupole and quadrupolequadrupole contributions is
0  1 QA QB
Vinter
R3 1;0 1;0
p 1 3 Q1A; 1Q1B;1  Q1A;1Q1B; 1
p2R
 R34 Q1A; 1Q2B;1 Q2A; 1Q1B;1
 R34 Q1A;0Q2B;0 Q2A;0Q1B;0
 Q1A;1Q2B; 1 Q2A;1Q1B; 1
 R65 Q2A;0Q2B;0
p
 2R56 Q2A; 1Q2B;1  Q2A;1Q2B; 1
p
 R65 Q2A; 2Q2B;2  Q2A;2Q2B; 2 :

(B.1)

The matrix elements of an atomic multipole

QL;!~r 

s

4 L
r YL;!r
2L  1

(B.2)
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Appendix B. Matrix elements of the long-range multipole-multipole-interaction Hamiltonian
in this basis are given by

hn0il0iji0!0ij Q L;!~r jniliji!ii
s
 2L4 1 hn0il0iji0j rL jnilijii hl0iji0!0ij YL;!r jliji!ii ;

(B.3)

where the radial matrix elements
0 0 0L

hn0il0iji0j rL jnilijii  Rnn ll jj
Z
 n0 l0 j0 r r L n l j r dr
i

i

i

i

i

i

i

i

i

i

i

(B.4)

i

are evaluated numerically using the Numerov method [115] and a model core potential [254]. The angular matrix elements are evaluated using the analytical expressions [255]

hl0iji0!0ij YL;!r jliji!ii
q
  1 j l0 L 12 2ji  1 2li  1
9s
8
< l 1 j = 2L  1 l0 0
0 0
i 2 i
: 0
C Cj ! ;
ji L l0i ; 4 l 0;L0 j ! ;L!
i

i

i

i

i

i

8

<j
l0 !0
1
where Cl ! ;L! are the Clebsch-Gordan coecients and :
j4
i

i

i

i

(B.5)

i

i

9

j2 j3=
is Wigner's 6-j
j5 j6;

symbol.
As an example, the full expression for the matrix elements of the lowest-order
term in the multipole expansion, the dipole-dipole interaction, is given here:

hn0Al0AjA0 !0A; n0Bl0BjB0 !0Bj Vdd jnAlAjA!A; nBlBjB!Bi
0 0 01
0 0 01
  1 jAjBl0Al0B R 3RnnAAllAAjjAA RnnBBllBBjjBB
q
 2jA  1 2jB  1 2lA  1 2lB  1
 0 0
0 0
 CjjAA!;!AA;11CjjBB!;!BB;1 1
0 0
0 0
0 0
0 0 
 2CjjAA!;!AA;10CjjBB!;!BB;10  CjjAA!;!AA;1 1CjjBB!;!BB;11
8
98
9
1
1
l0A 0
l0B 0 < lA 2 jA = < lB 2 jB =
 ClA0;10ClB0;10 : 0
:
jA L l0A ; :jB0 L l0B ;
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Dr. Christa Haase für die schöne gemeinsame Zeit zu Beginn meines Doktorats in
E209 und auch bei Velotouren. Ich hoe wir werden irgendwann nochmal Lebowski's
Lieblingsgetränk trinken, den gleichnamigen Film schauen und übers Leben reden.
Dr. Michael Motsch ebenfalls für die gute Zeit in E209 und bei Velotouren und dein
umfangreiches Wissen, das du gerne geteilt hast.
Maximilian Beyer einfach nur für deine menschlich nette Art, die interessanten wissenschaftlichen Diskussionen und W.-G.A.-Abende.
Ugo «Soft hands» Jacovella for elephants (maybe less), baseball, table football, an
amazing trip to Paris and some «truc» freely adapted from Captain Cousteau.
Luca Semeria (for your skiis that were part of the best vacation ever) and Dr. Ondrej
Tkác for the excellent atmosphere in the oce in the last years.
Pitt Allmendinger für die tolle gemeinsame Zeit auf Konferenzen (inklusive Sonnenaufgängen und Frühstück), Kartenrunden bei dir und die Ausüge innerhalb Zürichs.
Dr. Paul «Paolopedia» Jansen für interessante Touren mit dem Schi und über Land,
sowie die guten Gespräche in Kaeepausen und beim «b. o'c.».
esko for directing my attention towards Croatia (it is a great country!) and
Matija Z
for an excellent organisation in the desert (saving tens of thirsty people).
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