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Abstract

Atomic clocks are essential for many modern applications in science and technology. By
referencing the frequency of a local oscillator to an atomic electron transition, passive atomic
clocks achieve outstanding levels of frequency stability and accuracy. In the last decades,
the scientific interest in electron transitions in the optical frequency spectrum has grown
considerably due to the invention of the optical frequency comb. Optical atomic clocks
have an advantage over their traditional microwave frequency counterparts by making use of
transitions with higher resonance quality factors, leading to improved short-term frequency
stability.

The rubidium two-photon clock is a passive optical atomic clock that combines the high
quality factor of an optical transition with the simplicity of hot atomic vapor cell technology.
This makes it a promising technology for compact and miniature clocks and optical frequency
standards. The combination of a small atomic vapor cell with an optical transition is possible
through Doppler-free two-photon absorption spectroscopy of a hyperfine spectral component
using a near-infrared interrogation laser beam at 778.1 nm wavelength.

However, the AC Stark shift (or light shift) often limits the long-term frequency stability. It
maps fluctuations and drifts in laser intensity onto the atomic resonance and thus the clock
frequency.

This thesis explores a light shift compensation scheme based on a mitigation laser beam at
1556.2 nm wavelength. The mitigation beam shifts the atomic resonance frequency in the
opposite direction as the interrogation beam. Adjusting the intensity ratio of the two beams
and combining them to jointly address the same atomic population in the vapor cell allows to
control the magnitude of the resulting total AC Stark shift.

The compensation scheme is implemented and evaluated regarding frequency stability and
accuracy. An optical frequency standard is designed, built and tested. In comparison to a
conventional two-photon standard, it features the additional 1556.2 nm wavelength light shift
mitigation beam whose power can be controlled independently of the one of the interrogation
laser. Frequency instability at 1 second integration time is measured to a few parts in 10'% and
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Abstract

averages down to a few parts in 10'® at longer integration times. With the added mitigation
laser, an improvement in frequency accuracy is demonstrated. The dependence of the clock
frequency on the interrogation laser intensity becomes negligible. A retrace measurement
confirms the repeatability of the light shift mitigation.

Moreover, the potential for an improvement in frequency stability is assessed. With the
mitigation scheme, the clock frequency sensitivity to reference voltage drifts is reduced by
over an order of magnitude. Finally, an outlook on possible future research directions is given.

The characterization of this optical frequency standard requires an optical fiber link. The valid-
ity of the measurements must be verified since an optical frequency that is transferred via fiber
acquires acoustic and thermal noise. Such perturbations can be detected and compensated
with the so-called Doppler cancellation scheme.

In addition to the light shift mitigation setup, this thesis theoretically and experimentally dis-
cusses an extension of the Doppler cancellation scheme allowing to transmit two independent
optical frequencies simultaneously. For this purpose, a primary and a secondary optical signal
are multiplexed into the same optical fiber. The Doppler cancellation scheme is implemented
for the primary signal. The transfer of the secondary signal is demonstrated to benefit from
indirect stabilization. At 1000 seconds integration time, the stability of the optical frequency
transfer of the secondary signal is improved by 16 dB using polarization multiplexing. Finally,
practical limitations of the method are discussed and it is put in a broader context.

Keywords: Atomic Clock, Optical Frequency Standard, Rubidium, Two-Photon Absorption

Spectroscopy, AC Stark Effect, Light Shift, Light Shift Mitigation, Optical Frequency Transfer,
Optical Fiber Link.
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Résumé

Les horloges atomiques sont essentielles pour plusieurs applications modernes en science et
en technologie. En asservissant la fréquence d’un oscillateur local sur une transition électro-
nique, les horloges atomiques passives atteignent des niveaux exceptionnels de stabilité et
d’exactitude de fréquence. Ces dernieres décennies, I'intérét scientifique pour les transitions
électroniques optiques augmenta considérablement grace a I'invention du peigne de fré-
quences optiques. Les horloges atomiques optiques possédent un avantage face aux horloges
micro-ondes traditionnelles grace a leur utilisation de transitions a facteurs de qualité plus
élevés, ce qui meéne a une amélioration de la stabilité de fréquence dans le court terme.

Lhorloge de rubidium a deux photons est une horloge atomique optique passive qui combine
le facteur de qualité élevé d’'une transition optique avec la simplicité de la technologie des
cellules a vapeurs chaudes. Ceci la rend une technologie prometteuse pour des horloges et des
étalons de fréquence compacts et miniatures. La combinaison d'une petite cellule a vapeur
avec une transition optique est possible grace a la spectroscopie a deux photons sans effet
Doppler d'un composant spectral hyperfin en utilisant un faisceau laser dans l'infrarouge
proche qui a une longueur d’onde de 778.1 nm.

Néanmoins, I'effet Stark dynamique (ou décalage Stark) limite souvent la stabilité de fréquence
dans le long terme. Il reproduit des fluctuations et des dérives de I'intensité du laser sur la
résonance atomique et donc sur la fréquence d’horloge.

Cette these traite d'un schéma de compensation pour le décalage Stark qui est basé sur
un faisceau laser de mitigation ayant une longueur d’onde de 1556.2 nm. Le faisceau de
mitigation décale la fréquence de résonance atomique dans le sens opposé a celui du faisceau
d’interrogation. En ajustant le ratio d’intensité des deux faisceaux et en les combinant afin
d’adresser conjointement la méme population atomique dans la cellule a vapeur, la magnitude
du décalage Stark total qui en résulte peut étre controlée.

Le schéma de compensation est implémenté et évalué en vue de la stabilité et de I'exactitude
de fréquence. Un étalon de fréquence optique est congu, construit et testé. En comparaison
avec un étalon conventionnel a deux photons, il est doté du faisceau laser supplémentaire
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dit de mitigation dont la puissance optique peut étre contrélée de maniére indépendante
de celle du faisceau d’interrogation. Linstabilité de fréquence a un temps d’'intégration de
1 seconde est mesurée a quelques parts en 103 et se moyenne a quelques parts en 10'°
pour des temps d’intégration plus longs. Avec le laser de mitigation supplémentaire, une
amélioration de I'exactitude de fréquence est démontrée. La dépendance de la fréquence
d’horloge a I'intensité du laser d’interrogation devient négligeable. Une mesure de retrace
confirme la répétabilité de la mitigation du décalage Stark.

En outre, le potentiel pour une amélioration en stabilité de fréquence est évaluée. Avec ce
schéma de mitigation, la sensibilité de la fréquence d’horloge aux dérives de tension de
référence est réduite de plus d'un ordre de grandeur. Finalement, une perspective est donnée
sur des directions de recherche a considérer a I’avenir.

La caractérisation de cet étalon de fréquence optique nécessite un lien optique fibré. La
pertinence des mesures doit étre vérifiée car une fréquence optique transmise par fibre
acquiert du bruit acoustique et thermique. De telles perturbations peuvent étre détectées et
compensées grace au schéma dit compensation de Doppler.

A part de la manipulation sur la mitigation du décalage Stark, cette these discute d'un point
de vue théorique et experimental une extension du schéma de compensation de Doppler
qui permet de transmettre simultanément deux fréquences optiques. Dans ce but, un signal
primaire ainsi qu'un signal secondaire sont regroupés dans la méme fibre. Le schéma de
compensation de Doppler est implémenté pour le signal primaire. Il est démontré que le
transfert du signal secondaire profite d'une stabilisation indirecte. A un temps d’intégration de
1000 secondes, la stabilité du transfert du signal secondaire est amélioré de 16 dB en utilisant le
multiplexage par polarisation. Finalement, des limites pratiques de la méthode sont discutées
et mises en contexte.

Mots-clés : Horloge Atomique, Etalon de Fréquence Optique, Rubidium, Spectroscopie d’Ab-

sorption a Deux Photons, Effet Stark Dynamique, Décalage Stark, Modération du Décalage
Stark, Transfert de Fréquence Optique, Lien Optique Fibré.
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Zusammenfassung

Atomuhren sind unerlésslich fiir viele moderne Anwendungen in Technologie und Wissen-
schaft. Dadurch, dass die Frequenz eines lokales Oszillators auf einen elektronischen Ubergang
referenziert wird, erreichen passive Atomuhren einen ausserordentlich hohen Grad an Fre-
quenzstabilitdt und -genauigkeit. In den letzten Jahrzehnten hat durch die Erfindung des
optischen Frequenzkammes das wissenschaftliche Interesse an optischen elektronischen
Ubergingen bedeutend zugenommen. Optische Atomuhren verfiigen iiber einen Vorteil ge-
geniiber traditionellen Mikrowellen-Uhren, da sie Uberginge mit héheren Qualitétsfaktoren
nutzen und dadurch eine bessere Frequenz-Kurzzeitstabilitdt ermoglichen.

Die Rubidium-Zwei-Photonen-Uhr ist eine passive optische Atomuhr, die den hohen Quali-
téitsfaktor eines optischen Ubergangs mit der Einfachheit einer heissen atomaren Dampfzelle
kombiniert. Dadurch ist sie eine vielversprechende Technologie sowohl fiir kompakte als auch
fiir miniaturisierte Uhren und Frequenzstandards. Die Kombination einer kleinen Dampfzelle
mit einem optischen Ubergang wird ermoglicht durch Doppler-Effekt-freie Zwei-Photonen-
Absorptionsspektroskopie einer hyperfeinen Spektralkomponente im nahen Infrarot-Bereich
mit 778.1 nm Wellenldnge.

Der dynamische Stark-Effekt (oder Lichtverschiebung) beschrinkt jedoch oftmals die Frequenz-
Langzeitstabilitdt. Dieser Effekt {ibertrdgt Fluktuationen und Nullpunktabweichungen der
Laser-Intensitdt auf die atomare Schwingungsfrequenz und dadurch auf die Uhrenfrequenz.

Diese Arbeit behandelt ein Kompensationsschema fiir die Lichtverschiebung, welches auf
einem Milderungslaser mit 1556.2 nm Wellenldnge basiert. Der Milderungslaser verschiebt
die atomare Schwingungsfrequenz in die entgegengesetzte Richtung wie der Abfragestrahl.
Dadurch, dass das Intensitédtsverhéltnis der beiden Strahlen angepasst wird und diese zur
gemeinsamen Ansprache der gleichen Population von Atomen in der Dampfzelle {iberlagert
werden, kann das gesamte Ausmass der daraus resultierenden Lichtverschiebung kontrolliert
werden.

Das Kompensationsschema wird in der Praxis umgesetzt und dann im Bezug auf Frequenzsta-
bilitdt und -genauigkeit bewertet. Ein optischer Frequenzstandard wird entworfen, gebaut
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und getestet. Im Gegensatz zu einem konventionellen Zwei-Photonen-Standard ist dieser mit
einem zusitzlichen Milderungsstrahl ausgestattet, dessen Leistung unabhéngig von jener des
Abfragestrahls kontrolliert werden kann. Die Frequenzinstabilitidt bei einem Abtastintervall
von 1 Sekunde betrigt wenige Anteile pro 10'3 und mittelt mit lingerer Integrationszeit zu
wenigen Anteilen pro 10'°. Mit dem zusitzlichen Milderungslaser wird eine Verbesserung
der Frequenzgenauigkeit erreicht. Die Abhédngigkeit der Uhrenfrequenz von der Intensitéit
des Abfragelasers wird dadurch vernachlédssigbar. Die Reproduzierbarkeit der Lichtverschie-
bungsmilderung wird durch Ab- und erneutes Anschalten des Messaufbaus und eine erneute
Messung bestétigt.

Zusitzlich wird das Potenzial einer Verbesserung der Frequenzstabilitidt beurteilt. Mithilfe des
Kompensationsschemas wird die Anfilligkeit der Uhrenfrequenz auf Nullpunktverschiebun-
gen der Referenzspannung um mebhr als eine Grossenordnung verringert. Schliesslich wird ein
Ausblick auf mogliche kiinftige Forschungsrichtungen gegeben.

Die Charakterisierung dieses optischen Frequenzstandards erfordert eine optische Glasfaser-
verbindung. Die Aussagekraft der Messungen muss iiberpriift werden, da eine fasergefiihrte
optische Frequenz akustisches und thermisches Rauschen aufnimmt. Solche Storeffekte kon-
nen mit dem sogenannten Doppler-Schema erfasst und kompensiert werden.

Zusitzlich zum Experimentalaufbau zur Lichtverschiebungsmilderung behandelt diese Arbeit
theoretisch wie praktisch eine Erweiterung dieses Doppler-Schemas, welche es erlaubt, zwei
unabhingige optische Frequenzen gleichzeitig zu {ibertragen. Dafiir werden ein priméres und
ein sekundires Signal in derselben Glasfaser gebiindelt. Das Doppler-Schema wird fiir das pri-
mire Signal umgesetzt. Es wird fiir das sekundire Signal aufgezeigt, dass dessen Ubertragung
durch indirekte Stabilisierung verbessert wird. Bei einem Abtastintervall von 1000 Sekunden
wird die Ubertragungsstabilitit der optischen Frequenz um 16 dB verbessert, wenn die Signale
durch Polarisation gebiindelt werden. Schliesslich werden praktische Einschrankungen der
Methode diskutiert und in einem breiteren Zusammenhang betrachtet.

Stichworter: Atomuhr, Optischer Frequenzstandard, Rubidium, Zwei-Photonen-Absorptions-

spektroskopie, Dynamischer Stark-Effekt, Lichtverschiebung, Milderung der Lichtverschie-
bung, Optische Frequenziibertragung, Glasfaserverbindung.
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Samenvatting

Atoomklokken zijn essentieel voor vele moderne toepassingen in wetenschap en technologie.
Doordat de frequentie van een lokale oscillator op een elektronische transitie gereferenceerd
wordt, kunnen passieve optische atoomklokken een ontzettend hoog niveau van frequen-
tiestabiliteit en -nauwkeurigheid bereiken. In de laatste decennia is de wetenschappelijke
belangstelling voor elektronische transities in het optisch frequentiespectrum beduidend
gegroeid dankzij de uitvinding van de optische frequentiekam. Optische atoomklokken heb-
ben een voordeel ten opzichte van de traditionele microgolfklokken omdat ze van transities
met hogere kwaliteitsfactoren gebruik maken, wat tot een verbetering van de korte-termijn
frequentiestabiliteit leidt.

De rubidium-twee-foton-klok is een passieve optische atoomklok die de hoge kwaliteitsfactor
van een optische transitie combineert met de eenvoud van een warme atomische stoomcel.
Daarom is het een veelbelovende technologie voor compacte en geminiaturiseerde klokken
en frequentiestandaards. De combinatie van een kleine atomische stoomcel met een optische
transitie wordt mogelijk gemaakt door de Doppler-vrije absorptiespectroscopie van een hyper-
fijne spectrale component met een laserstraal in het nabij infrarode bereik met een golflengte
van 778.1 nm.

Het starkeffect beperkt echter vaak de lange-termijn frequentiestabiliteit van de rubidium-
twee-foton-klok. Dit effect overdraagt fluctuaties en drijven van de laserintensiteit op de
atomische resonantiefrequentie en daardoor op de klokfrequentie.

Dit proefschrift exploreert een compensatieschema voor het starkeffect dat gebaseerd is op
een verzachtingslaser met een golflengte van 1556.2 nm. De verzachtingslaser schuift de
atomische resonantiefrequentie in de tegenovergestelde richting van de laser die de transitie
aanspreekt. Doordat de intensiteitsverhouding van de twee stralen aangepast wordt en ze
gecombineerd worden om dezelfde atoompopulatie te bereiken, kan de hele omvang van de
eruit voortvloeiende starkeffect gecontroleerd worden.

Het compensatieschema wordt geimplementeerd en beoordeeld op frequentiestabiliteit en
-nauwkeurigheid. Een optische frequentiestandaard wordt ontworpen, gebouwd en getest.
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Deze vertoont, in vergelijking met een conventionele twee-foton-standard, de bijkomende
starkeffect-verzachtingslaser met een golflengte van 1556.2 nm, van welke het vermogen onaf-
hankelijk gecontroleerd kan worden van het vermogen van de laser die de atomen aanspreekt.
De frequentieinstabiliteit voor 1 seconde integratietijd wordt gemeten als enkele delen in 10'3
en gaat omlaag naar enkele delen in 10'° voor langere integratietijden. Met de bijkomende
verzachtingslaser wordt een verbetering van de frequentienauwkeurigheid aangetoond. De
afthankelijkheid van de klokfrequentie van de intensiteit van de laser die de atomen aan-
spreekt wordt verwaarloosbaar. Twee metingen voordat en nadat de frequentiestandaard
uitgeschakeld wordt, tonen aan dat de verzachting van het starkeffect met deze methode
reproduceerbaar is.

Bovendien wordt het potentieel voor een verbetering van de frequentiestabiliteit beoordeeld.
Met het verzachtingsschema wordt de sensibiliteit van de klokfrequentie voor drijven van de re-
ferentiespanning met meer dan een grootteorde verminderd. Tenslotte worden perspectieven
gegeven op mogelijke toekomstige onderzoeksrichtingen.

De karakterisering van deze optische frequentiestandaard benodigt een glasvezelverbinding.
De betrouwbaarheid van de metingen moet gecontroleerd worden omdat een optische fre-
quentie die over glasvezel overgedragen wordt akoustische en thermische ruis ondergaat.
Zulke verstoringen kunnen gedetecteerd en gecompenseerd worden door het zogenoemd
Doppler-schema.

Naast de experimentele opbouw voor de verzachting van het starkeffect wordt zowel theo-
retisch als praktisch een uitbreiding van het Doppler-schema, die het veroorlooft om twee
onafhankelijke optische frequenties gelijktijdig te overdragen, behandelt. Om dit doel te berei-
ken, worden een primair en een secondair optisch signaal in dezelfde glasvezel gebundeld. Het
Doppler-schema wordt voor het primaire signaal geimplementeerd. Het wordt angetoond dat
de overdraging van het secondaire signaal door indirecte stabilisering verbeterd wordt. Voor
een integratietijd van 1 seconde wordt de overdragingsstabiliteit van de optische frequentie
van het secondaire signaal met 16 dB verbeterd als de signalen met de polarisatie van het licht
gebundeld worden. Uiteindelijk worden praktische beperkingen van de methode besproken
en in bredere context geplaatst.

Trefwoorden: Atoomklok, Optische Frequentiestandaard, Rubidium, Twee-Foton-Absorptie-
spectroscopie, Starkeffect, Verzachting van het Starkeffect, Optische Frequentieoverdraging,
Glasvezelverbinding.
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I8 Clocks and Time

1.1 Time and Frequency

1.1.1 The Measurement of Time

Time has fascinated humans for centuries and has given rise to a variety of ingenious technical
solutions to measure it. Timekeeping is an essential pillar of the modern societies we live in.
Not only large parts of economy, but also social interactions would look completely different
without the broad variety of technological achievements based on the measurement of time.

On the one hand, mastering time is useful for synchronization. People can meet at a predefined
moment in time, train crossings can be planned such that collisions are avoided, and in
datacenters the loss of data is avoided by precisely synchronizing the internal clocks of many
different computers. On the other hand, time measurements allow to detect the interval
between two events. We can determine how long a chocolate cake needs to stay in the oven,
who has won a ski race, or how long the signals emitted by satellites in space need to travel
down to Earth, allowing to locate ourselves with Global Navigation Satellite Systems (GNSS).

Simpler devices, such as sundials and hour glasses, have been used by humans for a long
time, but soon reached practical limits. Clocks were invented, improved, and shrinked to
evolve into delicate watches. A bit later, they were joined by electronic wristwatches. Whether
it concerns a clock-tower mechanism, a mechanical pocketwatch, or a quartz wristwatch,
these timekeepers all share a common feature: their heartbeat is the steady vibrations of an
oscillator. Their pendulum, hairspring and quartz crystal make them capture the flow of time.

However, an oscillator is not enough; a clock must count its vibrations to trace the passing
of time. In a mechanical watch, a set of miniature cogwheels reduces the lively vibrations of
the hairspring to gentle rotations of the ensemble of second, minute and hour hands, which
uncovers the time of day to the educated reader. Such an oscillator is very sensitive to external
impacts. Its rate of vibrations is influenced by temperature, magnetic fields, or orientation in
space. But some oscillators can be coupled to a robust reference: an atomic reference.
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1.1.2 The Atomic Clock

If your watch runs fast or slow, you could bring it to the watchmaker who would then regulate
it. The watchmaker would tune its oscillator frequency according to a superior oscillator acting
as a reference. But after some time, you would probably notice that your watch again loses
or gains time. An atomic clock, in contrast, is different: its oscillator is tuned to the reference
with a feedback loop. The incessant feedback makes the regulation continuous; it is as if the
atomic clock always had a personal watchmaker on its side.

The superior reference in an atomic clock is defined by an atomic electron transition®. The
difference between two atomic energy levels encodes a well-defined resonance frequency.
The electron transition is only possible when an atom is excited with an electromagnetic field
matching the atomic resonance frequency. Whether this is the case is determined by probing
or interrogating an atomic population. As an alternative to neutral atoms, single ions, or
simple molecules can be probed. The electromagnetic field is provided by an oscillator. To
distinguish the atomic reference from the macroscopic oscillator, the latter is referred to as the
local oscillator. A clock that works as described above is referred to as a passive atomic clock.

An atomic reference has at least two key advantages over a macroscopic one. Firstly, as
highlighted above, it is less susceptible to external perturbations. And in the long haul, the
reference does not change, as unlike macroscopic objects atoms do not age. Secondly, since
the atomic structure is identical for all individual atoms of the same isotope, they can act as
an universal standard. In this regard, it does not surprise that the definition of the second is
set by a feature of the atomic structure of a certain atom and isotope, namely the unperturbed
ground-state hyperfine transition frequency of the 33Cs atom [14].

1.1.3 Frequency and Noise

The performance of a passive atomic clock is determined by how well its local oscillator can
reproduce the stability of the atomic reference. The signal of an atomic clock can often be
described by a sinusoidal function. Unlike a perfect sinus, it suffers from amplitude and phase
noise. It can be written as [98]

V() =Voll+a(t)]cos[2ravot+ @(8)] (1.1)

with V, being the amplitude, v, the frequency, a(t) the random fractional amplitude and ¢(¢)
the random phase. With regard to an atomic clock, we are mainly interested in phase and
frequency rather than in amplitude. The instantaneous frequency fluctuation (Av)(¢) is linked
to the random phase ¢(¢) by the definition [98]

1 do(t)

(AV)(t)=E PP

(1.2)

IRecent progress has been made on clocks that probe a nuclear rather than an electron atomic transition [118].
Nevertheless, as of today the vast majority of atomic clocks is based on electron transitions.
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To analyze and compare different clocks to each other, normalization of frequency is useful.
To this goal, the fractional frequency fluctuation is defined as [98]

y(t) = (1.3)

(Av)(1)
v
While for the performance of an atomic clock, its fractional frequency fluctuations are decisive
(see 1.3.2), the atomic resonance frequency as an absolute number can also be of importance.
Atomic transitions in different frequency ranges offer advantages and shortcomings. Optical
resonance frequencies are an attractive choice for the reasons that are outlined below.

1.2 Going Optical

Atomic clocks can be realized with energy level transitions in different spectral domains.
Whereas traditionally, microwave transitions have been favored in research and industry, the
last two decades have witnessed a strong push towards optical transitions. An important
advantage of optical transitions over their microwave counterparts lies in the so-called quality
factor. But the much higher optical frequencies also come with a technical challenge, namely
the counting of these very fast oscillations. This challenge has been solved by the optical
frequency comb, whose invention became the key enabler for optical atomic clocks.

1.2.1 The Resonance Quality Factor

The transition linewidth y expresses how narrowly the resonance frequency is defined by the
atomic structure. It depends on the lifetime of the excited state: the longer it is, the narrower is
the linewidth. For an atomic clock, the linewidth of a transition is particularly expressive when
put into perspective with the absolute resonance frequency vy. The quantity called quality
factor Q expresses this ratio

Yo
Q=22 (1.4)
Y
The higher its quality factor, the better an atomic transition is suited for an atomic clock. As
it can be seen in Eq. (1.4), one way to increase it, is to have a higher resonance frequency vy.
Thanks to their very high resonance frequencies in the order of hundreds of terahertz, optical
transitions can achieve extremely high quality factors. Even if a particular optical transition
has a larger linewidth than a microwave transition, it has good chances to feature a higher
quality factor.

1.2.2 From Optical to Microwave Frequency

In a passive atomic clock, the atomic resonance must be addressed with an oscillator. For the
realization of passive optical clocks, suitable optical oscillators are available in the form of
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lasers. Light emitted by a laser can be manipulated with ease, both in frequency and amplitude.
Matching detectors exist too, such as photodiodes and photomultiplier tubes. With these
components, laser frequency can be adjusted to the one of an optical transition. Such a device
is known as an optical frequency standard. Very low fractional frequency fluctuations y(¢)
can be achieved by an optical frequency standard. Nevertheless, the high optical frequencies
make it impossible to count the laser oscillations directly. Therefore, one of the difficulties
in realizing an optical atomic clock lies in the challenge to convey the very low fractional
frequency fluctuations in the optical domain to equally low fractional frequency fluctuations
in the microwave domain. This challenge can be divided into two parts. Firstly, the optical
frequency must be detected. Secondly, a link must be established between the two frequency
domains.

Both challenges are solved using an optical frequency comb [30, 48, 49]. An optical frequency
can be detected by its difference to another optical frequency, provided that the two frequen-
cies are sufficiently close. To detect their difference, the two frequencies are mixed. Assume
two sine waves with similar angular frequencies w, and wp. Mixing them results in the product
of sines, which is

sin(wgqt) - sin(wpt) = % cos((wg —wp)t) — cos((wq + wp) ) (1.5)

With two optical frequencies, the sum term w, + w, in Eq. (1.5) lies outside of the detector
bandwidth. The difference term w, — wy, in contrast, can be detected if it is sufficiently small.

Following the detection of the optical frequency, its low fractional frequency fluctuations
must be transferred to the microwave domain. An optical frequency comb is realized by
mode-locking a pulsed laser. The reciprocal value of the time interval between laser pulses
is known as the pulse repetition rate. In the frequency domain, the optical frequency comb
consists of many equally spaced lines according to the equation

fn=n"frep+ fcEo (1.6)

with n being the mode number and fcgo the carrier-envelope offset frequency that describes
the shift between pulse envelope and optical carrier frequency. According to Eq. (1.6), if
fceo as well as the frequency f,, of mode number 7 are stable, then the repetition rate fr.p is
stabilized too.

Detecting and locking fcro requires an octave-spanning frequency comb allowing for so-
called self-referencing [57]. The microwave frequency fcro can be detected by frequency-
doubling a part of the comb light and mixing it with the fundamental frequencies. Inde-
pendently of the mode number 7, the process of mixing reveals the frequency difference

2-fu—fon =2(nfrep + fceo) — (znfrep + fceo) = fceo (1.7)
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As fcpo can be isolated and detected, it can be locked with a feedback loop. The same is true
for fy, which is mixed with the optical frequency standard. In consequence, f;.p is locked as
well. It has the same low fractional frequency fluctuations as the optical frequency standard it
is referenced to.

1.2.3 The Passive Optical Atomic Clock

A passive optical atomic clock consists of the two elements described above: a passive optical
frequency standard and a self-referenced optical frequency comb. The combination of these
two elements is illustrated? in Figure 1.1 below. The rubidium two-photon optical clock is

Figure 1.1: Scheme of a passive optical atomic clock. The stability of an optical frequency standard (top) is
transferred from the optical to the microwave frequency domain by an optical frequency comb (bottom). CW =
continuous-wave (laser).

an example of a passive optical atomic clock. This manuscript treats a rubidium two-photon
optical frequency standard. While the frequency stability is not transferred from the optical to
the microwave frequency domain, this would be possible with the addition of a self-referenced
frequency comb. The frequency standard uses a continuous-wave (CW) laser to address the
two-photon transition in rubidium atoms, which are confined in a hot atomic vapor cell.

2For the creation of the illustrations in this thesis featuring optical setups, the author gratefully acknowledges the
Inkscape optical component library created by Alexander Franzen: http://www.gwoptics.org/ ComponentLibrary/
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1.3 Performance Metrics

An atomic clock is described by two important frequency characteristics: accuracy and stability.
Moreover, for many practical applications it is also relevant how transportable a device is and
how much power it consumes.

1.3.1 Frequency Accuracy

Accuracy describes the degree of conformity of a measured or calculated value to its defi-
nition [69]. Frequency accuracy thus designates the offset of a frequency from a nominal
frequency. This frequency offset can be given either as an absolute number, or in relative terms
as [69]

fmeasured - fnominal

foffset: (1.8)

fnominal

Frequency accuracy is particularly important when a clock or frequency standard is used for
the realization of the second, the meter or another base unit of the International System of
Units (SI).

1.3.2 Frequency Stability

Stability, in contrast, is a measure of how well an oscillator can produce the same time or
[frequency offset over a given time interval [69]. With respect to frequency, the question is by
how much the frequency offset changes over time. The mean value of the frequency offset is
irrelevant.

In the time domain, the most popular metric for frequency stability is the Allan Deviation
(ADEV) [5]. It can be calculated either from phase or frequency data. The Allan Deviation is
the square root of the Allan Variance (AVAR). Expressed using fractional frequency fluctuation
y(t) (see Eq. 1.3), Allan Variance af,(r) is defined as [95]

M-1
2
05(1) = Z(M D Zl Yisr = yil? (1.9)

The AVAR 0?,(1) is calculated over different sampling intervals of length 7, where 7 is known
as the integration (or averaging) time. Within each sampling interval, M values of fractional
frequency fluctuation averages y; are considered. Strictly speaking, Allan Deviation o (7)
expresses fractional frequency instability rather than stability.

Besides the classic Allan Variance, also other estimators exist, such as for instance: Overlap-
ping Allan Variance, Modified Allan Variance, Total Variance and Time Variance. Among the
listed estimators, in this thesis Overlapping Allan Variance (OAVAR) is used along with the
classic AVAR. OAVAR makes better use of the full data set than the classic AVAR. For each
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integration time 7, it namely forms all possible samples within the data set. This means that
neighboring samples are overlapping with each other. Although these samples are not fully
independent, OAVAR improves the confidence of the stability estimate compared to the classic
AVAR, resulting in smaller error bars for the same amount of data. For the formulas defining
OAVAR for frequency and phase measurements, the reader is referred to [95].

Frequency stability is commonly divided into short-term and long-term stability. Short-term
stability usually refers to integration times 7 < 100s, whereas long-term stability is used for
7>100s, and in particular for 7 > 1 day [69].

The short-term instability of an atomic clock, if detection-noise-limited, follows [24]

1 1

m% (1.10)

O'y(T) X
with Q the quality factor calculated with the detected linewidth y (see Eq. (1.4)) and SNR
being the signal-to-noise ratio.

The long-term stability, in contrast, is in general limited by other noise sources, and typically
by the stability of frequency shifts or drifts. The light shift, which is introduced in chapter 5, is
a prominent example of such a noise source affecting long-term frequency stability.

1.3.3 Size, Weight and Power

A metric that gives an indication of how mobile a device is, is summarized under the acronym
SWaP that stands for Size, Weight and Power. The words Size and Power designate volume and
power consumption, respectively. The SWaP is given as the product of these three properties
and is commonly expressed in units of cm3-kg- W [110]. While in principle, also optical lattice
[9, 19, 43, 78], ion [21], fountain [39, 45, 55, 56], or other clocks operated in the laboratory
could be characterized by their SWabP, this metric is generally only meaningful for portable
devices.

The required SWaP strongly depends on the targeted application. On the low end of the
SWaP spectrum, we find chip-scale atomic clocks (CSAC) [47, 60, 61] whose SWaP can be
as low as 10~ !cm3-kg-W [110]. On the other end of the scale, a cornerstone is given by the
active hydrogen maser with a SWaP of about 10'°cm3-kg- W [110]. Transportable cold-atom
clocks [53, 62, 92, 104] fall in the same performance range. At least two models based on
magneto-optical trapping and Ramsey interrogation (see 2.2.3) are commercially available.
For the moment, however, the active hydrogen maser dominates this market segment.

In an industrial perspective, an additional consideration is the cost of manufacturing. Some-
times the acronym is thus extended to SWaP-C by adding the letter C for cost.






4 Compact Atomic Clocks

The rubidium two-photon clock is a promising technology for both miniature [77, 83] and
compact optical clocks and frequency standards. Given that the frequency standard built and
tested in this thesis falls in this second category, the discussion of the rubidium two-photon
clock and alternative technologies is restricted to compact devices. The following paragraphs
give a brief summary of the rubidium two-photon clock regarding performance benchmarks
and ongoing efforts to industralize it. A more extensive discussion of the state of the art follows
in chapter 5 and focuses on the topic of light shift mitigation.

2.1 Compact Rubidium Two-Photon Clocks

Compact rubidium two-photon clocks target fractional frequency instability at 1 day of in-
tegration time in the 1071° regime [74]. The active hydrogen maser also falls in this range of
performance. With its proven reliability, it is nowadays the prevalent technology. However,
with a volume of =400 liters and a weight of =250 kg [110], it is not suitable for applications
where portability and SWaP are paramount.

Experimental realizations of compact clocks and standards have demonstrated the strong
potential of the rubidium two-photon technology [3, 65, 74, 84, 90, 91]. Short-term frequency
instability lies generally between below 2 x 10713/,/7 [3, 84] and 5 x 107'3//7 [65]. Fractional
instability below 1072 has been demonstrated [3, 84], but leads to a trade-off with long-term
stability due to the light shift (see chapter 5).

For timekeeping applications, however, long-term frequency stability is vital. At 1 day in-
tegration time, drift-removed fractional frequency instability of 5 x 10~!> was shown for ex-
perimental realizations of the two-photon clock [65, 74]. While the conventional realization
is the single-color two-photon clock, also the two-color two-photon clock (see 4.4.1) has
demonstrated similar frequency stability [3].

Industrial developments of the rubidium two-photon clock are under way. At 1 day integration
time, fractional and drift-removed instability of 3 x 107! was demonstrated for a single-color

11



Chapter 2 Compact Atomic Clocks

two-photon laboratory prototype [99]. A pre-industrial version of the same system was realized
in an ensemble of three 19-inch 3U rack-mount chassis and showed a similar performance.
Another single-color! two-photon clock is already commercially available, but with a higher
fractional frequency instability specified to <5 x 10™1° at 1 day integration time.

Also the two-color two-photon clock is being industrialized. A pilot unit? integrated in a
single 19-inch 4U rack-mount chassis is available for pre-order. It targets a 3 x 10~!° fractional
frequency instability at 1 day integration time.

2.2 Alternative Technologies

A handful of other compact clock technologies also target fractional frequency instability at
1 day integration time in the 107!° regime. Three alternative technologies are presented here.
Like the rubidium two-photon clock, they feature a relatively high technology readiness level.
Moreover, for the selected technologies, steps have been made towards space qualification.
Possible applications are the use as a GNSS satellite on-board clock [10, 54, 71] or onboard a
space station [29].

The first technology presented below is based on molecular iodine (Iy). The iodine optical
clock, like the rubidium two-photon clock, is a vapor-cell-based passive optical atomic clock.
The second technology, the rubidium pulsed optically pumped clock, is a new take on a
well-established microwave clock technology. The third technology, the cold-atom Ramsey
clock, is also a microwave clock but features a magneto-optical trap. Other technologies not
included in this selection are the mercury ion clock [22, 106], the acetylene-based optical
clock [32], or the ytterbium cell atomic clock [2]. For a review of more examples of emerging
technologies, the reader is referred to [72].

2.2.1 Optical Iodine Clock

The optical iodine clock is a nearly mature technology that has demonstrated fractional
frequency instabilities in the lower 10~!° regime [97, 101] and below [112]. As a vapor-cell-
based passive optical clock, it shares common features with the rubidium two-photon clock.
Both clock types need a frequency comb to transfer frequency stability from the optical to the
microwave domain. And both technologies require stringent control of the vapor pressure for
achieving 10715 fractional frequency instability [74, 97].

The iodine clock is based on modulation-transfer spectroscopy of a rovibronic® transition
in molecular iodine. A pump beam and a probe beam are aligned in a colinear counter-

Hnfleqtion, https://www.infleqtion.com/tigker, webinar video, minute 48.
2QuantX Labs, https://quantxlabs.com/wp-content/uploads/2024/09/ TEMPO.pdf

3Rotational, vibrational and electronic degrees of freedom interact simultaneously in a molecule.

12
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propagating fashion. In contrast to the rubidium two-photon clock, the laser beams pass
the iodine vapor cell multiple times to increase interaction length. The rovibronic transition
is at 532 nm wavelength, which means that it can be addressed with a frequency-doubled
industry-developed low-noise laser at 1064 nm wavelength. For short integration times, the
iodine clock clearly outperforms the active hydrogen maser. At 1 s integration time, fractional
frequency instability below 1071% has been demonstrated [101, 112].

The technological readiness of the iodine optical clock is endorsed by the fact that a first
commercial model* has recently entered the market. The SWaP of this device is reported to 29
liters, 20 kg, and 80 W (= 4.6 x 107 cm3-kg - W). The manufacturer specifies frequency instability
t02.5x 107" atT=1sand 5 x 10715 at 7 = 1 day.

Furthermore, the technology is also being developed with regard to space qualification. The
German Aerospace Center (DLR) has performed a successful sounding rocket flight with
an iodine optical reference aboard [31, 100]. Moreover, DLR plans to launch two iodine
optical references and an optical frequency comb to the International Space Station (ISS)
in the framework of the COMPASSO mission. The launch is planned for the year 2027 [112]
and should provide an in-orbit validation of the clock technology. Finally, together with an
industrial partner, DLR is also developing a new iteration of the iodine clock that targets the
fulfillment of the stringent requirements of use in GNSS satellites [112].

2.2.2 Pulsed Optically Pumped Rubidium Clock

Like the rubidium two-photon and the iodine clock, the pulsed optically pumped (POP)
rubidium clock makes use of a vapor cell. But unlike these two optical atomic clocks, the
rubidium POP frequency standard relies on an industry-developed microwave frequency
technology [33, 34]. But by preparing the atomic states in a different manner, the frequency
stability is further improved.

Traditional rubidium microwave clocks are based on continuous-wave double resonance,
where state preparation, interrogation, and detection happen simultaneously. The POP
scheme [44, 79] allows to reduce the light shift effect that limits the double resonance scheme.
A more than two order of magnitude reduction of the light shift has been demonstrated [44].

By using key elements of a technology that has been studied extensively, the rubidium POP
clock reduces technical risks, which is an asset with regard to space applications. An engi-
neering model of the physics package has been manufactured by Leonardo S.p.A., and two
instances have passed a formal ESA review process. Moreover, they have successfully under-
gone environmental and performance testing [44]. The most probable fractional frequency
instability after 1 day is reported to 6 x 10715, In periods when environmental parameters are
sufficiently stable, the potential for instabilities below 10~'° was observed [44]. The SWaP of
the final prototype is expected to 17 liters, 10 kg and 60 W (= 1 x 10’ cm3-kg- W).

4VectorAtomic, VA EG-30, https://vectoratomic.com/
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2.2.3 Cold-Atom Ramsey Clocks

Cold-atom Ramsey clocks probe a microwave transition in caesium [81] or rubidium [20,
29] atoms, which are given by the ground state hyperfine splitting. The operation principle
is commonly divided into four steps [81], namely cooling and trapping, state preparation,
interrogation and detection. At the beginning of the first phase, atoms are loaded into a
magneto-optical trap. While being trapped with coils, they are laser-cooled and repumped
with two different lasers. In the subsequent step of state preparation, the trapping coils are
turned off along with the repumping and cooling lasers. The repumping laser is switched
off shortly before the cooling laser in order to prepare the atoms in the ground state for the
following interrogation step. In this phase, the atomic cloud freely expands in the microwave
cavity. The Ramsey method [94] is applied using two temporally separated microwave pulses
that interrogate the clock transition. In the final detection phase, a fluorescence signal is
detected by turning on the cooling laser addressing the atoms in the excited state of the
microwave clock transition. An error signal is derived that serves to correct the local oscillator
frequency.

A commercial model® with a frequency instability of 2 x 107!° at 7 = 1 day has been developed.
Instability at 1 second integration time is specified to < 4 x 10~13, With about 680 liters, 135 kg
and 200 W (= 1.8 x 10'°cm3-kg - W), it has a SWaP no smaller than the one of an active hydrogen
maser. However, it has very good frequency accuracy specified to a few 10712,

Also a more compact and transportable model® is commercially available from another
manufacturer. Fractional frequency instability is specified to about 3 x 10715 at 7 = 1 day,
while at 1 second it is specified to < 7 x 107!3. With approximately 40 liters, 31 kg and 80 W
(=1 x 108cm?3-kg - W), it offers a much lower SWaP than the above-mentioned cold-atom clock.

5 1QUANS, MuClock, https://www.muquans.com/product/muclock/

GSpectraDynamics, cRb-Clock, https://spectradynamics.com/products/crb-clock/
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w1 Overview of Thesis Structure

The remainder of this thesis is composed of three parts: Theoretical Background, Experiment,
and Conclusion.

The Theoretical Background part starts by outlining the working principle of the rubidium
two-photon clock in chapter 4. Following the discussion of the two-photon clock, chapter 5
focuses on the AC Stark effect (light shift). It analyses the state of the art of light shift mitigation
for the rubidium two photon-clock and motivates the choice of an experimental approach.
Finally, as an optical fiber link is required to characterize the optical frequency standard
built in this thesis, chapter 6 explains the basis of fiber link stabilization for optical frequency
transfer. Moreover, a method is suggested to combine two optical frequencies in the same
fiber and stabilize the transfer of both frequencies simultaneously.

The Experiment part then starts in chapter 7 with the practical implementation and experi-
mental validation of the fiber link stabilization with two optical frequencies. The following
chapter 8 presents the design of the rubidium two-photon optical frequency standard featur-
ing a mitigation laser at 1556.2 nm wavelength. In addition, it describes how the frequency
standard is characterized using an optical reference. Chapter 9 then uses the described setup
to measure the AC Stark shift sensitivity coefficients at 778.1 nm and 1556.2 nm wavelength.
It also presents a proof-of-concept demonstration validating the technical feasibility of the
selected mitigation approach. The approach is then implemented in a complete system and
evaluated in chapter 10. Potential technical limitations are quantified and the capability of
the system to compensate the effect of an external perturbation is tested. The focus of this
chapter lies on frequency stability, whereas the following and concluding chapter 11 investi-
gates frequency accuracy. A measurement of the optical transition frequency is presented and
dominant sources of systematic frequency shifts are discussed.

Finally, the Conclusion part is composed of two chapters. Chapter 12 summarizes the key
findings of the Experiment part for both the rubidium two-photon optical standard and the
optical fiber link. The final chapter 13 puts these findings into context and provides an outlook
on future research directions.
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Rubidium Two-Photon Optical Clock

This chapter presents the working principle of the rubidium two-photon clock. It starts by
discussing the 5S-5D two-photon transitions in rubidium and how they can be addressed
using Doppler-free spectroscopy. It is then described how the clock laser (local oscillator) is
modulated and locked on the atomic transition. The chapter continues by briefly discussing
two alternative two-photon architectures, namely two-color and direct comb interrogation.
Finally, different phenomena shifting the resonance frequency of the two-photon transition
are presented.

4.1 Two-Photon Transition

4.1.1 Atomic Structure

Rubidium, just like caesium, is an alkali metal. A single electron is located on its outermost
shell. With rubidium having 37 electrons, this is the fifth shell. From its 5S;,, ground state,
the electron can reach different higher states by absorbing one or multiple photons. Single-
photon transitions are for example 5S;,2— 5P1/2 and 5S;,2— 5P3, referred to as the D1 and
D2 lines, respectively [103]. Possible two-photon transitions are 5S;,2— 5Ds3/2, 5S1/2— 5Ds/2,
and 5S1,2— 7S1/2.

For the application to a frequency standard, the most attractive one is the 5S;/,— 5Ds5/» two-
photon transition. Compared to other two-photon transitions and for a given interrogation
beam intensity, it provides the highest fluorescence signal amplitude. Its energy level diagram
is shown in Figure 4.1.

The thick dashed horizontal line in Figure 4.1 is in the exact middle between the 5S;,» ground
and the 5D5/, excited state. It marks the intermediate virtual state of the two-photon transition.
Its spacing from either ground or excited state represents the energy of a photon with 778.1 nm
wavelength. Two photons at this wavelength can excite an electron from the ground to the
excited state. From the excited 5D5, state, a part of the electrons will first decay to the 6P3/»
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Figure 4.1: Fine (left) and hyperfine (right) structures of the 5S1,2— 5D5/2 two-photon transition. The hyperfine
structure is plotted for 8 Rb along with a recorded fluorescence spectrum for the hyperfine components Fg=2—
F,=4,3,2,1in blue.

and then from there back to the 55,2 ground state. On this decay path, fluorescence photons
with 420 nm wavelength are emitted. In a conventional two-photon clock, this fluorescence is
detected as it indicates that the clock laser is resonant with the atomic transition.

The excitation of the two-photon transition is possible thanks to the vicinity of the virtual
state to the real 5P3/, state. The smaller the spacing is between the two, the higher is the
transition rate and thus the fluorescence rate. Unfortunately, only the 5D — 6P — 5S decay
path contributes to the 420 nm fluorescence. But from both the 5D5/» and 6P3,; states, the
electrons can decay to other lower states not depicted in Figure 4.1. A look at the so-called
branching ratios reported by [50] shows that only 35% of the electrons in the 5D5,» state decay
to the 6P3/, state, from which again only 31% decay to the 5S;/, ground state. Therefore,
about one out of ten electrons in the excited state gives rise to a detectable photon at 420 nm
wavelength. And according to more recently reported branching ratios [8], as little as one
out of 14 excited electrons contributes to the 420 nm fluorescence. Alternatively, the 776 nm
wavelength fluorescence arising from the 5Ds5,,— 5P3,, decay can be detected, which has
been tested in experiment [11]. A much larger fraction of 67% of the electrons in the excited
state generates this fluorescence.

The sought-after features of the two-photon transition are hidden in its hyperfine structure.
The one of the isotope 8"Rb is plotted on the right hand side of Figure 4.1. When exciting
the two-photon transition with a single laser beam, the hyperfine structure is covered by the
thermal motion of the atoms. This effect is known as Doppler broadening. However, when the
transition is addressed using a Doppler-free spectroscopy method, the hyperfine structure
can be resolved and appears as the blue fluorescence spectrum in Figure 4.1.
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4.1.2 Doppler-Free Spectroscopy

Consider a laser beam propagating along the z-axis. It is directed through a hot atomic vapor
cell filled with rubidium atoms. A photon from this beam encounters an atom within the
rubidium vapor. In the perspective of the atom, the photon frequency is shifted, unless the
velocity component of the atom along the z-axis is zero (v, =0). In consequence, for all atoms
having v, #0, the atomic resonance condition is shifted. Still in the perspective of the atom, a
photon with energy 7w has the Doppler-shifted energy fiw (1 + v,/ c). As the thermal motion of
the atoms follows a Gaussian distribution, the hyperfine structure of the two-photon transition
is covered by a background of the same shape.

To avoid this Doppler background, two major methods have been developed: saturation
absorption [93] and two-photon spectroscopy [23]. In saturated absorption spectroscopy, only
the atoms at rest (v, = 0) contribute to the signal. For two-photon spectroscopy, in contrast,
there is no selection of atoms with respect to their velocity component along the z-axis. Two-
photon spectroscopy can thus achieve a higher signal-to-noise ratio than saturated absorption
spectroscopy [105].

A two-photon transition can be excited with a pair of photons that travel both along the z-axis
but in opposite directions. The resonance condition [16] is

hwge:hw(l—%)+hw(l+%):2hw (4.1)

with wg, the energy difference between the 5S;/2 ground and the 5D5,, excited state. Eq. (4.1)
is fulfilled independently of v, which means that all velocity classes of atoms can potentially
contribute to the fluorescence signal.

Two counter-propagating beams can be obtained by placing a mirror behind the vapor cell
and aligning the incoming laser beam such that its reflection propagates back on the same
axis. However, also in this configuration some atoms absorb two slightly off-resonance pho-
tons coming from the same side. Therefore, a small residual Gaussian background remains.
Nevertheless, the hyperfine structure can usually be clearly distinguished.

4.1.3 Transition Linewidth

The hyperfine structure consists of multiple peaks with a Lorentzian lineshape. The linewidth
vy of the strongest hyperfine component, which is measured as the full width at half maximum
(FWHM), determines the quality factor of the resonance. The natural transition linewidth is
given by the lifetime of the 5Ds/» state (75p,,,= 238 ns [102]). This corresponds to a linewidth
of 1/(2m - T5p,,,) = 660 kHz for the transition between the ground and the excited state. In
the perspective of one photon with its 385 THz frequency, this is 330 kHz. This results in a
theoretical quality factor of Q = 1.1 x 10°.
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In practice, however, the measured quality factor is always lower than the theoretical one
since the measured linewidth is broadened by different effects. A distinction is made between
homogeneous and inhomogeneous broadening. Dominant effects are transit-time broad-
ening [15] and broadening due to atom collisions. Many phenomena that shift the atomic
resonance frequency also lead to a broadening of the linewidth.

4.1.4 Differences between Isotopes

Rubidium naturally occurs as two isotopes: 8Rb and #’Rb. With a relative natural abundance
0f 27.8%, 87Rb is more rare than 85Rb with 72.2% [103]. With respect to the transition in ques-
tion, 8’Rb has an advantage over 8°Rb with its larger spectral spacing of hyperfine components.
For 8°Rb, the relevant peak-to-peak spacing is approximately 4.7 MHz!, whereas for 8'Rb it is
larger with 14.4 MHZ? [85].

Due to the finite spectral spacing between peaks, the tails of the individual line shapes interfere
with the ones of their neighboring peaks. In consequence, the different transition lines are
pulled together, which is why this effect is known as line pulling (see 4.5.6). The further
they are apart, the less two neighboring peaks affect each other when their linewidths are
broadened. Another risk of closely spaced hyperfine components is that the clock laser would
lose its lock and subsequently re-lock on a neighboring peak, which would result in a large
jump of clock frequency.

In addition, the relative intensity of the strongest hyperfine component of 8’Rb is higher than
the one of 8 Rb. The difference is small with 37.5% vs. 30.6% for 8’Rb and #°Rb, respectively®.
For the two reasons explained above, a cell filled with isotopically enriched 8’Rb is used.

4.2 Frequency Lock

The frequency of the clock laser (local oscillator) is locked to the strongest hyperfine compo-
nent of the two-photon transition in 8’Rb, namely (Fg=2) — (Fe=4). This is achieved through
frequency modulation of the clock laser and synchronous detection of the fluorescence signal.
A detailed description of the different setup components is given in chapter 8.

The laser frequency can be modulated either directly via its injection current [65] or using
an external phase modulator [74]. In the experiments presented here, an electro-optic mod-
ulator (EOM) is used. It is driven by a voltage signal with amplitude V; ¢ and frequency f,.
The fluorescence signal is detected with a photomultiplier tube (PMT). Its photocurrent is

L(Fg=3) — (Fe=5) vs. (Fg=3) — (Fe=4)
2(Fg=2)— (Fe=4) vs. (Fg=2) — (Fe =3)

3The indicated percentages represent the intensity of the 8’Rb (Fg=2) — (Fe=4) and 85Rb (Fg=3) — (Fe=5)
hyperfine components with respect to the total intensity of all possible hyperfine components of the 5S; /o — 5D5»
transition for the respective isotope [85].
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amplified and converted to voltage using a transimpedance amplifier (TIA). The TIA signal
is then demodulated at f;;, (synchronous detection) with a demodulator low-pass filter set
to a cut-off frequency around f;,,/5. This results in an anti-symmetric error signal which has
its zero-crossings at the local maximum of the fluorescence signal. Finally, the error signal is
supplied to a proportional-integral (PI) feedback loop. The resulting control signal is applied
on the clock laser injection current in order to keep its frequency referenced to the two-photon
transition.

As a passive frequency standard, the rubidium two-photon clock is affected by intermodula-
tion noise [7]. The frequency noise of the free-running clock laser at twice the modulation
frequency S,y (2 f;;) is transferred to the locked laser. With integration time 7, clock laser
frequency fy and modulation frequency f;;;, frequency instability in terms of Allan Deviation
is limited to [7]

[ISavfm) 1
O'y(T): %f)ﬁ (42)

Depending on the fluorescence detection rate, either the shot noise or the intermodula-
tion noise sets a limit to short-term frequency stability. Therefore, when choosing a laser,
it is advisable to pay attention to its frequency noise specifications. Lasers available for
1556.2 nm wavelength generally have more attractive frequency noise properties than options
for 778.1 nm wavelength.

4.3 Residual Amplitude Modulation

As outlined above, an EOM is used as a phase modulator. It consists of a birefringent crystal,
which has an ordinary and an extraordinary optical axis. For simplicity, the distinction between
the axes is omitted here. For a more detailed description, the reader is referred to [111].
Modulation depth is proportional to V; . The modulation is assumed sinusoidal with angular
modulation frequency w,, =27 - f;;;. The modulator introduces a time-dependent phase shift
(1) in function of the wavelength A that is composed of three parts

d(1) = po + Pgac + 6 sin(wp, 1) (4.3)
which are
2l
o = ek (4.4)

accounting for the phase shift of the crystal as such,

wl 4
(Pdc:_ﬁn r-Vac (4.5)
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accounting for the contribution of the bias voltage V. applied to the EOM, and

ml
6:—ﬁn3r-vrf (4.6)
expressing the effect of the AC modulation. The crystal is characterized by its length [, height
d, refractive index n and electro-optic coefficient r. Finally, the EOM is typically specified by
the voltage V; that induces a phase shift of 7.

While the ideal case would be a pure phase modulation, residual amplitude modulation (RAM)
is observed in practice. By adding an offset to the error signal, RAM can affect the lock point.
Unless this offset is constant over time, RAM thus introduces clock frequency fluctuations.
However, RAM can be detected and suppressed by controlling V. [120].

4.4 Alternative Two-Photon Approaches

The working principle outlined in the paragraphs above describes the conventional single-
color two-photon frequency standard. It is a relatively simple system with one CW laser.
However, by exciting the two-photon transition with a single wavelength, the transition rate is
quite low (see 4.1.1). Moreover, an optical frequency comb is needed to transfer the stability of
the CW laser from the optical to the radio frequency domain. As possible alternatives to the
conventional single-color method, the two-color two-photon architecture [2, 3, 42, 88, 89] and
direct comb interrogation [37, 107, 119] have emerged. Both of these approaches are briefly
discussed below.

4.4.1 Two-Color Two-Photon Frequency Standard

Rather than with two photons at the same wavelength, two-color two-photon interrogation
excites the atomic transition with one photon at about 780 nm and another one at around
776 nm wavelength. By employing two different wavelengths, two-color architectures can
massively increase the number of emitted fluorescence photons. However, this advantage
comes at the expense of a more complex setup, residual Doppler broadening, and a larger AC
Stark shift sensitivity.

With two resonant photons at 778.1 nm wavelength, the virtual intermediate state is blue-
detuned from the real 5P3,, state by about 1 THz frequency, which in wavelength corresponds
to 2 nm. The two-color concept is based on the observation that through a smaller detuning
from the real 5P3,, state, much higher transition rates are achieved than in the single-color
case. The detuning referred to as A can be chosen arbitrarily by working with two different
wavelengths. This is illustrated in the energy diagram in Figure 4.2.

By reducing A, the atomic transition rate is increased, meaning the absorption cross-section
gets larger. For example, when the 780 nm laser is red-detuned from the 5P3,, state by as little
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Figure 4.2: Energy diagram showcasing a two-color two-photon scheme with its small virtual state detuning A
from the real 5P3/, state. In this example, the detuning is negative (A < 0), but it can be chosen arbitrarily.

as 1.5 GHz, the transition rate is increased by about a hundred thousand times compared to
the single-color case [88]. Therefore, short-term frequency stability is improved.

However, the difference in wavelength between the two beams generates residual Doppler
broadening. The single-photon natural linewidth of 330 kHz is broadened by approximately
1.5 MHz assuming 90°C cell temperature [88]. In consequence, the quality factor decreases.
Nevertheless, the much larger gain in photon detection outweighs the effect of residual
Doppler broadening with regard to short-term frequency stability. Finally, a stable frequency
output in the optical domain is achieved with sum-frequency generation. As a summary, the
principal differences between the single-color and two-color schemes are recapitulated in
Table 4.1 below.

Property Single-color Two-color
Photon wavelength(s) 2x778.1 nm 780 + 776 nm
Stabilized frequency single-photon frequency sum frequency
Light shift magnitude smaller but given larger but selectable
Sign of light shift negative complementary
Doppler broadening 1%t order Doppler free afew MHz

Table 4.1: Comparative table highlighting key characteristics of single-color and two-color two-photon clocks and
standards.

4.4.2 Direct Comb Interrogation

As another alternative to the conventional interrogation scheme featuring a CW laser com-
bined with a self-referenced frequency comb, an architecture known as direct comb interro-
gation has been investigated [37, 107, 119]. In this architecture, the comb lines interrogate
the two-photon transition directly. The approach has similarities with two-color interroga-
tion discussed above. As illustrated in Figure 4.3, multiple pairs of comb lines can have a
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sum-frequency which is resonant with the two-photon transition. Like the single pair of
wavelengths in two-color two-photon interrogation, they cause a small residual Doppler shift.
The advantage of this approach is that no CW laser is required. A major difficulty, however,

Figure 4.3: The basis of direct comb interrogation: multiple pairs of wavelengths are resonant with the two-photon
transition.

is to engineer a suitable optical pulse overlap in the vapor cell. Promising results have been
achieved recently [37] with fractional frequency instabilities around 10~!* for sufficiently long
integration times.

4.5 Resonance Frequency Shifts

A variety of physical phenomena shift the 5S;,,— 5Ds5;» resonance frequency. Figure 4.4
gives a classification of the most important effects. By measuring sensitivity coefficients,
stability requirements can be found for different operational parameters linked to these
effects. Moreover, together with the working point of an operational parameter, the sensitivity
coefficients allow to determine the systematic frequency shifts that an individual clock or
frequency standard is subject to. A summary of sensitivity coefficients reported in literature is
given in Table 4.2. Along with the coefficients, a stability requirement is given for achieving a
clock fractional frequency instability of 1 part in 10,

Figure 4.4: Overview of different resonance frequency shifts. An icon indicates the sign of the frequency sensitivity.
Temperature dependent phenomena are highlighted with a thermometer icon, whereas a watch dial stands for
dependence on operational history.
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Shift Coefficient | Requirement for 107!° | Reference
Self-Collision Shift -5x10713/K 2mK [83]
Helium Collision Shift 5.5 x 1072/ Torr 200 nTorr [83]
Second-Order Doppler Shift | —1x 1071%/K 1K [83]
Zeeman Shift 6.5x10711/G? 3.9mG =390 nT [74]
Black Body Radiation Shift | —1.3x1071%/K 770 mK [74]

Table 4.2: Summary of sensitivity coefficients reported in literature. Values are indicated in fractional clock
frequency and for a vapor cell temperature of 100°C. Not included in the table are the effects of line pulling and
gravitational red shift (see Figure 4.4) since they do not depend on operational parameters and are moreover
negligible for clock frequency considerations.

Frequency shifts can be positive or negative. Whereas their signs are insignificant for stabil-
ity, they are primordial for considerations regarding accuracy. Some physical effects which
require particular attention with respect to frequency stability are also major contributors
to systematic frequency shifts affecting accuracy. These are namely the AC Stark shift, the
self-collision shift and the helium collision shift. The AC Stark effect will be treated separately
in chapter 5, whereas the other relevant effects are discussed below.

4.5.1 Self-Collision Shift

Collisions between rubidium atoms give rise to both a resonance frequency shift and transition
linewidth broadening [117]. This so-called self-collision shift (or temperature shift) is pro-
portional to vapor pressure, whereas the latter is an exponential function of cell temperature.
Higher cell temperatures therefore not only lead to a higher systematic shift, but also to a
greater sensitivity coefficient. For high cell temperatures around 100°C, tight control of vapor
cell temperature is required to avoid adverse impacts on long-term frequency stability [74].

The rubidium vapor pressure Py in Torr is a function of temperature T (in Kelvin) and is given
by [4]*

4040
log,o Pv =2.881+4.312— T 4.7)

For the 8 Rb isotope, the self-collision shift rate was measured to [117]
Zam.y.¢ pp=—13.5(x1) MHz/Torr (4.8)

Note that the rate given here is converted to a basis of 385 THz frequency. It thus indicates the
frequency shift of one 778.1 nm wavelength photon, whereas in the original reference [117] it
is given for wg, the frequency difference between the 5S1,» and 5Ds, > states.

For 8"Rb, a similar shift rate was measured [84] as for 8Rb [117]. Nevertheless, also for ’Rb
an approximately two times higher rate was reported [74].

4Valid for the liquid phase. To obtain the vapor pressure in atm instead of Torr, omit the term 2.881.
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4.5.2 Helium Collision Shift

Helium is known to permeate glass due to its small atomic radius [28, 96]. This is also the
case with the Pyrex glass vapor cell used in this thesis. Sapphire coatings can help reduce the
permeation rate [25]. The total frequency shift is proportional to the helium partial pressure
inside the vapor cell. The temperature of the vapor cell determines the permeation constant
of the material and thus the instantaneous helium leak rate. Like the self-collision shift, the
helium collision shift can pose a limit to frequency stability. But unlike the former, helium
permeation in general results in a quasi-linear frequency drift that can be corrected for.

Besides a frequency shift, helium permeation causes broadening of the transition. Although
unfavorable for short-term stability, this property can be exploited to estimate the helium
concentration in the atomic vapor cell. Both the broadening and the shift rate were measured
for the 8Rb 581/, — 5Ds/» two-photon transition [117]. As for the self-collision shift rate, here
they are converted to units reflecting the frequency shift of a photon with 778.1 nm wavelength.
This conversion results in

Zam., o e =25.6(+0.4) MHz/Torr (4.9)
and
Zam.y ¢ e = +1.03(+0.04) MHz/ Torr (4.10)

for the broadening and shift rates, respectively. Besides helium, also other gases such as argon,
krypton, xenon or nitrogen cause shifts and broadening [117]. Helium as the smallest noble
gas, however, is generally the main concern.

4.5.3 Second-Order Doppler Shift

The second-order Doppler shift (or relativistic shift) has its origin in the motion of the rubidium
atoms and depends thus on cell temperature. As special relativity states, the atom in its higher
energy (excited) state has a slightly higher mass than in its ground state. Given that momentum
is conserved during the atomic transition, the velocity of the atom must be lower in the excited
than in the ground state. This indicates that a small portion of the kinetic energy of the atom,
together with the energy of the two photons, has been expended to allow the transition. This
leads to a change in resonance condition. The small kinetic energy contribution of the atom
lowers the allowed photon energy and thus the resonance frequency. Expressed as an equation,
the effect of the relativistic shift on resonance frequency reads [23]

v? v?
Zw:wge 1_?:wge(l_ﬁ) (4.11)

with w being the photon (angular) frequency, wg, the (angular) frequency difference between
ground and excited states, c the speed of light in vacuum and v the velocity of the atom. The
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relativistic shift depends on the square of the atomic velocity, which explains why it is also
referred to as second-order Doppler shift.

4.5.4 Zeeman Shift

Magnetic fields are known to cause a resonance frequency shift on the rubidium 5S;,,— 5Ds;»
transition through the Zeeman effect. The Zeeman sensitivity coefficient of the rubidium
two-photon transition was measured and reported to [74]

0 zeeman =+1.1 x 10719/G? (4.12)

for the isotope 8’Rb and expressed in fractional frequency. To protect the vapor cell from
magnetic fields, it is covered with a single-layer mu-metal shielding.

4.5.5 Black Body Radiation Shift

Similar to the Stark shift, the black body radiation emitted by the vapor cell assembly induces
a shift of the ground and excited energy levels. Among others, [51] and [75] calculated the
black body radiation shift for the two-photon transition. It is of similar magnitude as the
second-order Doppler shift. And as the latter, it is of much greater practical relevance to
considerations regarding accuracy than stability.

4.5.6 Line Pulling

As outlined in 4.1.4, the individual hyperfine Lorentzian peaks are pulled together due to their
spectral vicinity. This effect, however, is small in comparison to other phenomena considered
here. For 8Rb its magnitude was calculated to as little as 30 mHz [74] for an spectrum without
broadening.

4.5.7 Gravitational Red Shift

As stated by general relativity, time evolves more slowly in a deeper gravitational potential. Near
the surface of the Earth, the relative frequency change is about 1.1 x 1071® per meter of altitude
difference [78]. For a system that does not move during measurement, the gravitational
red shift is irrelevant. For accuracy considerations, however, it must be accounted for by
calculating it for the altitude where the system is operated at.

As mentioned above, the AC Stark effect is the source of a dominant systematic frequency shift
that is not discussed above. However, the following chapter is entirely dedicated to the AC
Stark shift and its mitigation.
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This chapter starts by giving a short description of the physical origin of the AC Stark shift
and its magnitude in a single-color rubidium two-photon clock. The state of the art of light
shift mitigation techniques is discussed. Different approaches are classified, evaluated and
contextualized. Finally, based on these considerations, a mitigation approach is selected,
namely the one of a 1556.2 nm wavelength mitigation laser.

5.1 Physical Origin

The AC Stark effect describes an optically induced shift of energy levels. Its magnitude depends
on light intensity. Therefore, the term light shift is a common synonym. The shifting of energy
levels results in a detuning of the resonance frequency. The origin of the phenomenon lies in
virtual transitions between real states that are caused by non-resonant light. While the 5P3,»
real intermediate state is essential for the rubidium 5S;,2— 5Ds5,» two-photon transition, its
presence also leads to a dominant contribution to the light shift. But also other neighboring
states contribute. As two-photon transitions rely on the presence of such real states in the
proximity of the virtual intermediate ones, it can be argued that the light shift is intrinsic to
these transitions [68].

5.2 Impact on Clock Frequency

Both the ground and the excited state are shifted by the AC Stark effect. The atomic polariz-
ability a describes how susceptible a state is to an optical field with angular frequency w. Its
calculation accounts for the transitions which have resonance frequencies close to w. The
closer the resonance frequency of the virtual transition is to w, the stronger is its impact on a.
The atomic polarizabilities for the rubidium 5S;,,— 5Ds/, transition were calculated by [75].

Only the differential shift between the two states is relevant to the atomic resonance frequency.
The resonance frequency shift is proportional to the differential atomic polarizability Aa(w),
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which is the difference between the atomic polarizabilities of the excited and ground states.
The optical frequency shift is written as [75]

ov(r,z) = Aa I(r,2) (6.1
" 2¢ce0h ’ '

with I(r, z) being the optical intensity in function of r and z, which are the respective coordi-
nates of radial distance from and position along the optical propagation axis, c¢ the speed of
light in vacuum, ¢ the permittivity of free space, and & Planck’s constant.

5.2.1 Sensitivity Coefficient

For experimental studies, Eq. (5.1) can be simplified. The product of fundamental constants
and differential atomic polarizability is grouped as

Aa
k(1) = 5.2
) 2ceoh (5.2)
Assuming a Gaussian beam profile, intensity is averaged over the beam cross-section to
p
Iy=— (5.3)
Tw;

with P being the optical power of the beam and wy its 1/¢? intensity radius. Owing to the
relatively weak transition rate of the two-photon transition, photon absorption in the atomic
vapor is negligible with respect to the intensity of the laser beam. The beam intensity can be
considered constant along the propagation axis z. These two simplifications allow to rewrite
Eq. (6.1) as

ov=k)-Ip (5.4)

The quantity k(A) in Hz/(mW/ mm?) is in the following referred to as the AC Stark shift sensi-
tivity coefficient. For a two-photon clock, it is a function of A;4,, which is the wavelength of
the interrogation laser. Since it is locked to the two-photon transition, we have 1=778.1 nm.

Based on the above-mentioned differential polarizability calculation, the AC Stark shift sensi-
tivity coefficient for 778.1 nm wavelength was calculated and reported to [75]

calc o — —178.5 Hz/(mW/mm?) (5.5)

Assuming a 1 mm beam diameter (2w, = 1 mm), the fractional clock frequency sensitivity
is 6 x 107!3/mW. Optical power must thus be stabilized at the gW level to achieve fractional
frequency instabilities as low as 1071, This represents a big technical challenge. Therefore, a
light shift mitigation scheme that relieves this constraint would be highly desirable.
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The next section discusses and classifies different light shift mitigation methods. First, a
literature overview presents approaches that have been suggested and tested. Second, an
approach is chosen for experimental studies, namely the one of a 1556.2 nm wavelength
mitigation laser. The technical implementation of this approach is then explained in chapter 8.

5.3 Overview of Mitigation Approaches

Since the AC Stark shift is an intrinsic feature of the two-photon transition, the question is how
to reduce its impact on both frequency accuracy and stability. A simple answer is to focus on
stability while accepting the quantifiable inaccuracy contribution caused by the interrogation
beam. Until recently, this was the only approach put in practice, either by stabilizing the
interrogation beam intensity as tightly as possible [76] or by additionally massively increasing
the beam diameter such that the optical power sensitivity becomes very small [65]. There
are good reasons to adopt this strategy. Above all, this allows to maintain the comparatively
low complexity of the system. However, as long as the light shift is not compensated as
such, a trade-off between short-term and long-term stability exists. The more the short-term
stability is boosted by increasing optical power, the more constraining the relative optical
power stability becomes for longer integration times. Mitigation of the overall light shift is
thus preferable over limiting its adverse effects.

Unlike the strategies described above, which limit the impact of the AC Stark effect, a more
rigorous approach would cancel or mitigate the light shift. In this manuscript the term light
shift mitigation refers exclusively to methods whose target it is to compensate the atomic
resonance frequency shift caused by interrogating the two-photon transition. The ultimate
goal of light shift mitigation is to improve both stability and accuracy.

Avery relevant observation is that the light shift is proportional to optical intensity (see Eq. (5.1)).
This proportionality does not entail alighment and beam shape instabilities. Nonetheless,
any mitigation scheme can exploit this property of linearity. By extrapolating the resonance
frequency shift to zero optical power, an estimation of the light-shift-unperturbed atomic res-
onance frequency v, is made. The LO frequency can then be adjusted such that it matches vj.
The different methods presented below share the fundamental concept of detection, extrapo-
lation and compensation. A classification of these techniques is given in Figure 5.1 below.

The fundamental question of light shift mitigation is how the LO frequency can be corrected
such that it matches the unperturbed atomic resonance frequency v, '. One possibility is to
adjust the error signal such that the LO is locked to the frequency where v is suspected. This
option is chosen by the two methods on the left hand side in Figure 5.1. In this case, the LO is
locked to a frequency which is shifted from the zero crossing of a conventional error signal
described in 4.2. The LO signal could also be split into two portions, one of which would

1n case a frequency-doubled 192 THz oscillator is used for interrogation, this statement considers the doubled LO
frequency instead.
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Figure 5.1: Classification of experimentally demonstrated mitigation approaches for the 5S1,2 — 5D5/» two-
photon transition in rubidium. The four methods below are discussed in the following paragraphs (from left to
right) in 5.4.5, 5.4.6, 5.6.3 and 5.6.4, respectively. Literature references: Andeweg et al. 2023 [6], Li et al. 2024 [67],
Gerginov et Beloy 2018 [42].

subsequently be frequency-shifted using a modulator. This would allow to keep the LO at
the frequency for which maximum fluorescence amplitude is observed. At the same time,
an additional shift is introduced to reproduce the unperturbed atomic resonance frequency.
The theoretical framework for the practical implementation of the two above-mentioned
approaches was suggested by [116]. The schemes that act on the error signal and that shift
the LO frequency with a modulator are referred to as combined error signal (CES) and auto-
compensation of shift (ACS), respectively. Whereas the latter has been implemented in a
caesium microcell atomic clock based on coherent population trapping [1], the former has
been adapted and implemented in rubidium two-photon standards in two different ways.
One of these implementations is based on power modulation [6] and the other one on dual
interrogation [67].

An entirely different approach is to shift the atomic resonance frequency by controlling the
properties of optical fields that interact with the atomic population. Two laser wavelengths
can be chosen such that their qualitative effect on resonance frequency is mutually opposite.
This principle forms the basis for the two approaches on the right hand side of Figure 5.1. One
of these approaches makes use of the two-color two-photon interrogation presented in 4.4.1.
The other method adds an additional optical field that is not involved in the interrogation of
the clock transition but affects its resonance frequency.

The following paragraphs cover the above-mentioned concepts, starting with the combined
error signal approaches in 5.4. Then a short excursus on the reduction of frequency sensitivity
to optical power follows in 5.5, before light shift compensation using a mitigation laser is
outlined in 5.6. Finally, in 5.7 an approach is selected for implementation.
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5.4 Combined Error Signal

The combined error signal (CES) approach [115, 116] is applicable to different types of atomic
clocks. Two CES-inspired implementations have been reported for the rubidium two-photon
transition. These are namely a power-modulation-based technique [6], and a dual interroga-
tion method [67].

5.4.1 Working Principle

The combined error signal approach relies on the circumstance that a sufficiently large and
deliberate change in optical intensity manifests itself in the atomic response, in particular the
error signal. On the one hand, the slope of the error signal increases with increasing interro-
gation power. For the two-photon transition, this effect is due to the quadratic dependence
of fluorescence amplitude on laser intensity. On the other hand, the AC Stark effect shifts
the zero-crossing of the error signal along the frequency axis. The two mentioned effects are
illustrated in Figure 5.2 for the specific case of the two-photon fluorescence signal.

Figure 5.2: Working principle of the combined error signal (CES) approach. Illustration for two signals with higher
(blue) and lower (green) optical power. Horizontal axis: frequency, vertical axis: fluorescence (dashed lines) and
corresponding error signals (solid lines). The appropriate linear combination (red line) yields a zero-crossing in
the origin, where the unperturbed resonance frequency vy is found.

5.4.2 Error Signal Conditions

The practical implementation of CES requires only little hardware. Nonetheless, a set of
mathematical conditions must be met [114]. The first necessary condition is that the light
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shift Ap is proportional to the laser power P
Ap=Av=c-P (5.6)

with c being the light shift coefficient in Hz/mW. The latter can be determined empirically by
measuring the clock frequency sensitivity to laser power.

Secondly, the slope of the error signal must follow a so-called pure power-law dependence on
optical power. This condition is expressed as follows

tan(e)=b-P% (5.7)

Here, tan (¢) is the slope of the error signal, which is highlighted in the inset of Figure 5.2, a is
an arbitrary exponent, and b is an arbitrary scaling factor.

The third condition is that the atomic transition linewidth y is much larger than the light shift
Y>> Ap (5.8

This last condition assures that a linear approximation is possible around zero. In practice,
Eq. (5.8) can be fulfilled with ease. The total light shift of the interrogation laser is generally in
the order of a few kHz, whereas the natural transition linewidth vy is 330 kHz (see 4.1.3).

5.4.3 Linear Combination and Calibration Factor

Thanks to the linear approximation around the origin and the two conditions given in Egs. (5.7)
and (5.8), simple algebra allows to combine the genuine error signals Sp; (6) and Sp; (). They
are joined such that the resulting combined error signal Scgs (6) equals zero at § = 0 and
nowhere else. One of the genuine error signals is scaled by a calibration factor § and then
subtracted from the other one. The appropriate value of § places the zero crossing of the
combined error signal into the origin. The combined error signal is thus

Sces(6) =Sp, (6) — B-Sp, () (5.9)

As illustrated in Figure 5.2, the desired combined error signal (red) is a linear combination of
the two single error signals (green and blue). A possible solution is the difference between
the unity-weighted first error signal and the f-weighted second error signal. The calibration
factor B is thus nothing else than the ratio between the y-axis intercepts of the two single
error signals. It is calculated with the slopes and x-axis intercepts of the straight lines that
approximate the two single error signals around the origin. Assuming P, > P; and knowing
that the light shift is proportional to P, the ratio between the x-axis intercepts of Sp, and Sp,

equals g—f > 1. Finally, by multiplying the ratio of x-axis intercepts % by the ratio of slopes
tane,
tane;’

(g—f)““. In order to scale the two error signals such that their y-axis intercepts are equal, the

it becomes apparent that the ratio of y-axis intercepts between Sp, and Sp, is equal to
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signal Sp, is thus divided by the ratio of their unscaled y-axis intercepts. From this results the
calibration factor

~ P1 a+1
f= (P—z) (5.10)

As mentioned above, in the two-photon case involving the detection of a fluorescence signal,
we have a =2, because the latter scales quadratically with the interrogation laser intensity [24].
From this property, it follows that the theoretical calibration factor in a two-photon system is

P\
=|—= 5.11
p=(5) 511
With two predefined interrogation powers P; and Py, the CES method yields a combined error
signal Scgs that permits to lock the clock laser frequency to the unperturbed atomic transition
frequency.

5.4.4 Laser Frequency Noise

In practice, the initial theoretical description of the CES method [115] was found to overlook
the impact of laser frequency noise within a modulation cycle [67]. With a discrete change
between two optical power regimes, the feedback on the LO frequency would be comparatively
slow. Therefore, frequency stability at short integration times would be dominated by the
free-running laser frequency noise, which would degrade frequency stability compared to a
lock with a much faster feedback. Two different approaches that address this problem have
been reported. One possibility described in 5.4.5 consists in continuous rather than discrete
power modulation [6]. Another concept outlined in 5.4.6 employs spatial separation of the
two different power regimes [67]. The separation is achieved by doubling the atomic vapor
cell. Both atomic populations are interrogated simultaneously with a beam stemming from
the same laser source, but at different power levels.

5.4.5 Intensity Modulation

Continuous intensity modulation [6] was demonstrated using synchronous detection with a
special reference signal. As illustrated in Figure 5.3, optical power was periodically modulated
between two extrema. Amplitude modulation was performed with an AOM generating a sine
wave at a 2 kHz modulation frequency. At the same time, the LO was frequency-modulated
at 100 kHz using an EOM. Since optical intensity fluctuates between an upper and a lower
bound defined by the modulation depth, so does the slope of the error signal. As shown
in the discussion of CES, appropriate scaling renders its y-axis intercept independent of
optical power. Since the error signal is obtained by synchronous detection of the frequency-
modulated LO frequency, the latter must be adapted accordingly. A special reference signal
is multiplied with the fluorescence signal for demodulation. The reported reference signal
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Figure 5.3: Illustration of sinusoidal optical power modulation [6] and error signal scaling for implementing the CES
method. Optical power of a single interrogation laser is modulated periodically at a few kHz modulation frequency
(top). This results in a continuous frequency shifting and amplitude resizing of the error signal (bottom left). By
scaling the error signal with the appropriate reference signal, it is resized such that the light-shift-unperturbed
atomic resonance frequency is detected (bottom right).

namely consists of a 100 kHz sinusoidal carrier signal whose envelope is scaled by the inverse
cube of the instantaneous laser intensity. Mixing and low-pass filtering the fluorescence with
this special reference results in the desired error signal.

In the reported architecture, two lock-ins are intertwined: a fast one and a slow one. The
fast one at 100 kHz ensures the LO frequency lock to the atomic transition. In contrast to
the conventional frequency lock to the fluorescence maximum (see 4.2), an offset is applied
with respect to the fluorescence maximum. The slow lock-in at 2 kHz controls the lock point
by adjusting that offset. If the error signal of the slow lock-in is zero, the LO is locked to the
frequency at which the AC-Stark-shift unperturbed resonance is suspected.

The described light shift mitigation scheme was tested with a sudden step in laser power which
would generate a shift of 14 kHz without mitigation. Using intensity modulation, however, the
system stabilized to a clock frequency shifted by 500 Hz from the mean frequency preceding
the power step. This corresponds to an extinction factor of 11.5 dB. This figure of merit was
achieved after a transition period lasting more than a minute. The servo loop namely takes
some time to respond and causes an overshoot of several tens of kHz in clock frequency.
The authors see the potential of the technology in clocks with minimized footprint. As this
approach requires only little hardware, it could find applications in miniature two-photon
standards and clocks.
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Figure 5.4: Graphical illustration of the dual interrogation method [67] taking advantage of two atomic vapor cells
(bottom) that are interrogated simultaneously with a higher (red beam) and a lower (blue beam) optical intensity.
By scaling the error signals accordingly (top), they have the same amplitude at the clock frequency for which zero
light shift is suspected.

5.4.6 Dual Interrogation

In the approach coined dual interrogation [67], the differentiation between light shift regimes
is not made temporally but spatially. As mentioned above, two distinct vapor cells are operated
simultaneously. Two beams which are derived from the same laser source interrogate the
atomic populations in these cells. However, since they differ in intensity, the associated error
signals have different slopes. A combined error signal is obtained from the two individual ones,
which are accessible at the same time. The coefficient f is calibrated by measuring optical
power in front of both vapor cells and processing the acquired data in a field-programmable
gate array.

To demonstrate light shift mitigation, the described system was tested by slowly modulating
the laser power reaching one of the cells. Frequency was measured both with and without
mitigation. While the ADEV for mitigated operation did not exactly follow a 1/1/7 trend,
frequency was more stable. For an integration time of 100 seconds, the dual-interrogation
method achieved a 10-dB compensation of the introduced perturbation. The authors point
out that the repeatability of the method should be investigated in further detail, in particular
concerning the electronics and power monitoring

5.5 Reduction of Frequency Sensitivity to Power

Before discussing the concept of the mitigation laser, two methods shall be described that
reduce clock frequency sensitivity to optical power. Firstly, an offset locking technique inspired
by CES has been reported [66]. Secondly, the beam waist radius represents a design parameter
that can be leveraged to reduce the magnitude of the light shift. Both of these approaches
are applicable to single-color rubidium two-photon standards and clocks. But since they do
not improve frequency accuracy, they are not considered light shift mitigation techniques
according to the definition given above (see 5.3). Nevertheless, they can potentially improve
frequency stability by relieving the technical constraints on interrogation power stability.
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5.5.1 Resonance-Offset Locking

As outlined in the discussion of CES in 5.4, a change in optical power not only impacts the
resonance frequency offset, but also the amplitude of the atomic response. The error signal
is thus affected by both a shift in its zero-crossing and a change of slope. In the usual case
where the LO frequency is locked onto the fluorescence maximum, only the shift of the zero-
crossing manifests itself in the LO frequency. However, if the LO frequency is offset-locked to
an appropriately selected working point, both effects cancel out. This so-called resonance-
offset locking method was tested in experiment and found to reduce frequency sensitivity to
interrogation power [66]. In the following, its theoretical background shall be outlined.

With the linear approximation of the error signal around its zero crossing, the optical frequency
shift Av can be described as a function of the error signal slope tan e and the atomic response
amplitude V =tane - cP. When introducing a deliberate and constant lock-point offset Vj £ e
that is subtracted from the atomic response, optical frequency as a function of interrogation
power P is expressed as follows

V- Vaffset B tane(P)-cP — Voffset

Av(P) = = (5.12)
tane(P) tane(P)

The optical frequency shift Av and the error signal slope tan e have been defined previously
in Egs. (5.6) and (5.7), respectively. The constant offset V,, f fser MUSt be chosen such that the
first-order sensitivity of optical frequency v to interrogation power P is zero, meaning

_ dAv d bpa'cp_voffset

a -a-1
~dp _dp bp@ =c+Voffser P (5.13)

b

Rearranging Eq. (5.13) results in the desired expression for the constant atomic response offset

b-c
Voffset: _7 -pet! (5.14)

Offset-locking to this value eliminates the frequency sensitivity to optical power in the first
order. The same mechanism applies to the self-collision shift.

5.5.2 Reducing Optical Intensity

The interrogation laser intensity can be reduced by choosing a larger beam profile, which
decreases the magnitude of the light shift. But at the same time, reduced intensity also results
in decreased fluorescence photon density and thus degrades short-term frequency stability.
Nevertheless, if a larger beam profile is combined with higher laser power, the overall AC Stark
shift is reduced without compromising on short-term stability, which is demonstrated below.

Assume a first beam with optical power Py and waist radius wy, and a second beam with
optical power P, = a- Py and waist radius wg =a- wy, where a > 1 is an arbitrary real number.
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The fluorescence amplitude F is proportional to the beam surface area 7 w? and to the square
of optical intensity I2. The ratio of fluorescence amplitude between the two beams is therefore

P,
F Tw?\ I2 2)2 a?
—=—3 '—§=(“2)'—(n w;) =(a?)-— =1 (5.15)
Fy rwy) Ig P a
(7 wg)?

The same shot-noise-limited short-term stability is thus expected for both beams.

The light shift reduction is proportional to the intensity ratio of the two investigated beams,
namely

=— (5.16)

)

T W,

In contrast to the number of detected fluorescence photons, the light shift is reduced by
the scaling factor a. Therefore, increasing beam waist and optical power by the same factor
reduces the total light shift while maintaining short-term stability at the same level.

The illustrated principle is applied by [65] to drastically reduce the overall light shift to as little
as —183(+55) Hz or about 5 x 10713 in fractional terms. The drawback is that the beam profile
is enlarged so much that the interrogation beam path length in the atomic vapor must be
extended to collect enough photons. This is done in [65] by employing not only one but two
vapor cells that are each 50 mm long.

5.6 Compensation with a Mitigation Beam

5.6.1 Concept of a Mitigation Beam

In contrast to the combined error signal techniques discussed above, approaches involving
a mitigation beam are strongly based on hardware. Most importantly, two laser beams of
different wavelength are required.

Assuming that the two laser beams address the same population of atoms, the resonance
frequency shift can be expressed as

AV:kA'IA+kB'IB (5.17)

where 14 and I stand for the beam intensities, and k4 and kg for the AC Stark shift sensitivity
coefficients. Note that ’,z—;f < 0, meaning the two sensitivity coefficients must have opposite
signs. By choosing the wavelengths such that they induce shifts of opposite sign, Av can
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be brought to zero. In consequence, the LO frequency can reflect the AC Stark unperturbed
resonance frequency. This situation is achieved when the ratio of intensities fulfills

In ks

-_= 5.18
s Fa (5.18)

Put differently, the ratio of sensitivity coefficients defines the ratio of optical intensities re-
quired to achieve zero net light shift.

Accuracy

The working principle of a mitigation beam can be imagined as a balance scale such as the
one depicted in Figure 5.5. The size of the weights in Figure 5.5 stands for optical power or
intensity, whereas their distance from the pivot in the center represents the magnitude of
the AC Stark shift sensitivity coefficients. The fact that the weights are placed on either side
expresses the opposite sign of the coefficients. When the balance scale is in equilibrium, the
clock is accurate. Unless a mitigation laser is used, there is no possible counterweight; a clock
with a single beam is per se inaccurate.

Figure 5.5: Impact of a mitigation laser on frequency accuracy illustrated by the analogy to a balance scale. The tilt
angle reflects the atomic resonance frequency offset, whereas the weights and their positions stand for optical
intensity and magnitude of the AC Stark shift sensitivity coefficient, respectively. A system featuring only an
interrogation laser (red weight, left) is per se inaccurate. The addition of a mitigation laser (green weight, middle)
can bring the scale to equilibrium. However, if the mitigation laser intensity is too high (right), this can lead to an
overcompensation of the light shift.

Stability

In the picture of the balance scale, frequency stability is represented by the degree to which
a given inclination angle stays constant over time. If interrogation power, beam profile and
alignment were perfectly constant, frequency stability would be unaffected. Whereas for a
single interrogation laser, the light shift impact on stability is dictated by the degree to which
intensity fluctuates in absolute terms, for the mitigation laser case the impact on stability
depends on the relative stability of the two intensities with respect to each other. Two different
strategies to stabilize the optical intensity ratio are presented below in 5.6.2.
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5.6.2 Stabilization to the Appropriate Optical Intensity Ratio
Static Intensities

With static intensities, the power of each laser beam is stabilized to a constant value. The power
ratio depends on the beam profiles and is chosen such that Eq. (5.18) is fulfilled. Since it is
static, this configuration cannot detect the residual light shift during operation. Nevertheless,
it can present various advantages over single-laser power stabilization. Firstly, the two power
stabilization circuits can share the same voltage reference. Given that the error signal used for
power stabilization is obtained by comparing a voltage signal to a reference, a drift in reference
voltage causes a drift of the power setpoint and thus a drift in clock frequency. However, if two
power stabilization electronic circuits share the same reference, drifts do not impact the ratio
of power setpoints. Secondly, the use of two power stabilization units can provide a higher
degree of commonality. For instance, supposing that the photocurrent of the photodiode
is converted to voltage using a transimpedance amplifier, gain fluctuations can impact the
detected voltage and thus optical power. Such gains fluctuations could for example be driven
by temperature changes that impact the resistivity of the resistors defining the electronic gain.
Thirdly, two beams that share a common path could increase the degree of commonality
regarding the optical alignment.

Dynamic Intensities

Alternatively, both beams can be amplitude-modulated together while maintaining a constant
intensity ratio between them. For the two-color two-photon standard, common intensity
modulation of both beams in combination with synchronous detection of the introduced
frequency shift was initially suggested by [42]. A similar principle was explored recently for the
single-color two-photon standard [38].

The error signal of the atomic frequency lock reveals information about resonance frequency
shifts caused by the amplitude modulation. If the error signal is independent of total optical
intensity, this indicates that the overall light shift is zero. This is illustrated in Figure 5.6. When
the power of either beam is modulated (left and middle), the atomic frequency response
reflects the presence of the light shift. If both beams are modulated with the same modulation
depth (right), the frequency response is zero, which indicates that the light shift is compen-
sated. Such a dynamic light shift detection scheme would allow to adjust the intensity ratio
continuously.

For the two-photon two-color standard, this concept was demonstrated as a proof of principle.
However, rather than a single, two separate acousto-optic modulators were used for applying
the same depth amplitude modulation on both wavelengths. An atomic error signal was
obtained by demodulating at the amplitude modulation frequency. In the proof-of-concept
demonstration, either modulation was switched off separately. This lead to an observable
change of error signal sign. When both modulations were applied, the error signal fluctuated
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Figure 5.6: Graphical representation of light shift detection through power modulation of two laser beams (laser 1
and laser 2) with opposite AC Stark shift sensitivity coefficients and tuned to the intensity ratio cancelling the light
shift. Top half: optical power, bottom half: clock frequency response. In the left and middle third of the figure,
optical power is modulated only for laser 2 and laser 1, respectively. In the right third, however, the power of both
lasers is modulated with the same modulation depth. As they are tuned to the intensity ratio that cancels the light
shift, the clock frequency stays constant.

around zero. Similarly, when the total intensity of 776 nm light was changed, the sign of the
error signal was inversed. The error signal obtained in this demonstration had insufficient
signal-to-noise ratio. With two lasers having both typical free-running linewidths around
100 kHz, a SNR below 5 was obtained using an amplitude modulation frequency of 200 Hz.
The authors expected to improve the SNR by choosing a lower modulation frequency and
lasers with more favorable noise properties.

A crucial point in such a dynamic approach is that the same relative modulation depth is
applied on both beams. This condition must be met for two independent beams that differ
not only in wavelength, but also in optical power. If the relative modulation depths differ, the
applied amplitude excursions do not represent the overall intensity ratio, and the point of zero
net light shift is not detected correctly.

5.6.3 Application to the Two-Color Two-Photon Standard

The two-color two-photon standard (see 4.4.1) can be leveraged to implement light shift
compensation with the mitigation beam approach. In contrast to the single-color case, the
two wavelengths are mutually dependent. The intermediate state detuning A not only has an
influence on the transition rate but also on sign and magnitude of the light shift. Hence, it can
be chosen such that the sensitivity coefficients of the two wavelengths fulfill Eq. (5.17).

The 780 nm laser can either be blue [42] or red detuned [86, 88, 89] from the 5P3,, state. The
choice of A is not only guided by the light shift, but also by temperature shifts [86]. Finally, the
choice of wavelengths also impacts the magnitude of the residual Doppler broadening.
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5.6.4 Application to the Single-Color Two-Photon Standard

The use of a non-resonant mitigation beam was suggested by Martin et al. [75]. Such a
mitigation beam can complement a conventional single-color two-photon frequency standard.
While the mitigation beam impacts the atomic resonance frequency, it does not contribute
to the fluorescence signal. On the one hand, this is a drawback since the energy expended
for generating it is used only for light shift mitigation. On the other hand, this represents
an advantage because the mitigation beam is not a vital part of the system and the clock or
frequency standard can be operated without it.

As the mitigation beam is not in resonance with the clock transition, its wavelength can be
chosen from a large range. The only imperative condition is that the sign of the associated
sensitivity coefficient is opposite to the one of 778.1 nm wavelength. In particular, three
wavelengths were identified by Martin et al. as possible options: 785 nm, 808 nm and 1556.2
nm, which are listed in Table 5.1. The predicted magnitudes of their sensitivity coefficients are
sufficiently close to the one of the interrogation wavelength to guarantee technical feasibility.
The corresponding AC Stark sensitivity coefficient ratios |k 4/ kg| are listed in Table 5.1.

As the exact sensitivity coefficient of the mitigation beam is a function of wavelength, a
mitigation laser would ideally be stabilized in frequency. In this respect, 1556.2 nm wavelength
is a special case as it can be easily frequency-locked to 778.1 nm by frequency-doubling.

Ag(nm) | |ka/kg|
785 2.9
808 5.7

1556.2 10.8

Table 5.1: Suggested options [75] for mitigation laser wavelength Ap along with the corresponding ratio of
interrogation to mitigation AC Stark shift sensitivity coefficients |k4/kpg|.

5.7 Choice of a Mitigation Approach

In the selection of a strategy for the experimental study of light shift mitigation, different
aspects are considered. Multiple elements such as Size, Weight and Power (SWaP) and repeata-
bility play a role. Moreover, some approaches are less suited for implementation in an optical
frequency standard due to the lack of an optical frequency comb.

5.7.1 Size, Weight and Power

Protocol-focused strategies such the ones inspired by CES present the advantage that they
require little additional hardware. The increased complexity of the electronics that they require
would not be expected to contribute significantly to SWaP. In particular, for miniature optical
frequency standards, low SWaP is essential.
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When considering a compact optical clock, the optical frequency comb (including self-
referencing) is part of the SWaP budget. In this case, concepts using multiple laser beams
can make sense. Considering solely optical power expended for atomic interrogation, the
two-photon two-color approach presents an intrinsic advantage over single-color systems.
However, the SWaP increase related to sum-frequency generation would need to be consid-
ered when comparing two-color with single-color two-photon systems. For non-resonant
mitigation beam options, 1556.2 nm wavelength is particular since it can be implemented
with no additional laser source.

5.7.2 Repeatability

A potential concern is the extent to which light shift mitigation can be reproduced, either
between individual systems of the same architecture or between different power-ups of the
same system. Almost all of the above-mentioned approaches are potentially susceptible to
photodiode ageing. For mitigation laser concepts with static intensities, changes of photo-
diode responsivity could be of concern since they would affect the power measurement for
each wavelength and thus the actually achieved intensity ratio. Assuming that responsivity
changes are different for each wavelength, the resulting net light shift would also change over
time. In the case of CES-inspired approaches, the calibration coefficient 8 depends strongly
on measured power. More specifically, if the linearity of the response is affected, the resulting
bias could be important since S is a cubic function of the power ratio between operational
regimes (Eq. (5.11)). Finally, the only potential exception to the concern of photodiode aging
would be a mitigation laser approach with optical intensity modulation. Due to the direct
detection of the net light shift via the atomic response, the measured optical power levels
become irrelevant. However, instead of the photodiode responsivity, the modulation depth
achieved for each wavelength could change over time and impact frequency repeatability.

Additionally, in CES-inspired approaches, the offset-lock on resonance frequency may com-
promise on repeatability. Unless the determination of the lock-point offset is highly repeatable,
the LO might be locked to a different frequency each time the system is rebooted or perturbed.
The mitigation laser concepts, in contrast, can be expected to be more robust in this respect
since they allow to accomplish an offset-less frequency lock on the fluorescence maximum.

For two-color interrogation, an additional challenge concerns the selection of the comb
line used to reference at least one of the single beams. When the comb is fully referenced,
the AC Stark shift sensitivity coefficient is determined by the number of the comb mode
that the 780 nm laser is locked to. Therefore, if the laser frequency is referenced to another
comb mode than at the previous start-up, the power ratio required for zero net light shift
is different. Moreover, not only the frequency of the 780 nm beam would change, but also
the one of the 776 nm beam, given that their sum frequency is stabilized on the two-photon
transition. Frequency jumps between start-ups due to the described effect have been observed
in practice [2].
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5.7.3 Application to an Optical Frequency Standard

As pointed out above, CES-inspired approaches would suit well their application in an optical
frequency standard. However, they would need to fulfill the requirements of the targeted
application regarding frequency accuracy and repeatability.

A mitigation laser based single-color two-photon system could be realized quite easily within
an optical frequency standard without output in the microwave frequency domain, whereas
the two-color approach without an optical frequency comb would be more complex to imple-
ment. While the lines of the frequency comb comprised in a full-fledged optical clock provide a
frequency reference for the 780 nm laser, this point of reference is lacking in a two-color optical
standard. In consequence, the frequency of the 780 nm laser would have to be offset-locked
to the 5S1/2 — 5P3, transition, which not only requires a separate beam passing through the
atomic vapor, but also a modulator capable of introducing a several GHz frequency shift. In a
potential application that requires an optical frequency reference with superior accuracy, the
single-color approach could provide a simpler, cheaper and more compact technical solution.

5.7.4 Selection and Chapter Conclusions

Considering the different aspects discussed above, a mitigation laser in combination with
single-color interrogation is chosen. Such a non-resonant mitigation laser has the advantage
that it maintains the reduced technical complexity of a single-color two-photon system. At
the same time, good repeatability is expected since the frequency lock is offset-free.

Such an approach has shortcomings regarding SWaP. In the potential further technical de-
velopment of such an architecture, the power need of the mitigation laser would have to
be evaluated with respect to other power needs of the system, in particular the ones of cell
temperature stabilization and a potential optical frequency comb.

The mitigation laser wavelength is selected to 1556.2 nm. This choice assures excellent
frequency stability for the mitigation beam. The resulting constant AC Stark shift sensitivity
coefficient, however, comes at the expense of a more demanding dichroic combination of
beams. The wavelengths 785 nm and 808 nm would be easier to combine with the 778.1 nm
interrogation beam.

Regarding intensity stabilization, static setpoints are chosen. Such an approach, in contrast to
dynamic intensity operation, does not rely on equal modulation depth for both wavelengths.
Static power levels, however, leave the door open for slow power modulation for calibration. By
modulating optical power slowly, the net light shift could be detected in the optical frequency
by comparing it to a reference.

As mentioned previously, alternative mitigation approaches could provide different advan-
tages for other types of applications. The selection of the approach studied in this thesis is
made with regard to a compact optical frequency standard.
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For the characterization of this frequency standard, an optical fiber link is required. Therefore,
the following chapter briefly discusses the theory of optical fiber link stabilization. The design
and practical implementation of the system are described in chapter 8.
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This chapter discusses the theoretical basis of optical fiber link stabilization. In addition, a
method is suggested to combine two optical frequencies in the same fiber and stabilize their
transfer simultaneously.

6.1 Indirect Stabilization using Multiplexing

Doppler Cancellation

A popular scheme for fiber link stabilization is known by the names of Doppler cancellation
technique and active noise compensation [12, 70, 82]. This method compensates frequency
shifts in real time. Contrary to other techniques, the acquired data does not need to be post-
processed. Moreover, apart from the ultra-stable laser whose transfer is stabilized, no other
laser source is required.

The basic layout of the Doppler cancellation scheme is presented in Figure 6.1. The light of
an ultra-narrow linewidth laser is sent from the local end (left) to the remote end (right) of
the fiber link. A portion of the transmitted light is then reflected back from the remote end by
a fibered mirror. The back-reflection thus travels through the same fiber as the transmitted
signal, but in the opposite direction. Under the assumption that the signal acquires the
same noise on its way forth (from the local to the remote end) as on its way back (from the
remote to the local end), the fiber noise is detectable on the return signal. The comparison
of the return signal to a portion of light that has not travelled through the link reveals the
quasi-instantaneous fiber noise.

The scheme can be viewed as an unbalanced Michelson interferometer with a reference arm
being orders of magnitudes shorter than the test arm. The very short reference arm enables
the interferometer to sense the variations of optical path length.
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Figure 6.1: Basic layout of the Doppler cancellation scheme. The optical frequency transfer from the local to the
remote end of the fiber link is stabilized through fiber noise detection and compensation by a frequency modulator
at the local end. Red lines depict optical fiber, whereas black lines stand for electrical signals. CPL = fiber coupler.

Extending the Concept to two Wavelengths

In the Doppler cancellation scheme presented above, the laser that is used to sense the fiber
noise is the one that is transmitted over the link. Nonetheless, it would be an advantage if the
same fiber link could be used to transfer and stabilize multiple optical frequencies at once.
On the one hand, fiber noise compensation has been demonstrated previously for optical
frequency combs [52, 70, 73]. As a frequency comb spectrum consists of a plethora of optical
frequencies, transferring its light comes down to simultaneously transmitting many different
optical frequencies.

On the other hand, a fiber link featuring the stabilized and simultaneous transfer of two optical
frequencies has been demonstrated for an application in quantum cryptography [26]. For
the use in a Twin-Field Quantum Key Distribution (TF-QKD) protocol, a sensing laser and a
reference laser were phase-locked via an optical frequency comb.

Both of the above-mentioned multi-frequency compensation schemes rely on an optical
frequency comb. Another approach suggested here, in contrast, makes use of two independent
CW lasers with no need for an optical frequency comb. The underlying idea is to take advantage
of the small relative wavelength difference between the two signals. This property can be
exploited if a primary signal and a secondary signal are multiplexed into the same fiber. The
noise compensation is implemented using the primary signal in combination with the Doppler
cancellation scheme presented above. Although fiber noise cancellation is tailored to the
primary signal, it is expected to be beneficial also for the secondary signal. The relative
similarity of the two wavelengths namely leads to a commonality of the fiber noise. Apart from
wavelength, optical path length variations are determined by physical fiber length fluctuations.
These are the same for both signals. Moreover, also the fiber refractive index has an influence
on optical path length. If the refractive index is similar for both wavelengths, indirect fiber
noise compensation for the secondary signal is effective.
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In the conventional Doppler cancellation scheme, the modulator introduces a variable phase
or frequency shift that compensates the instantaneous link noise. This means that the mod-
ulator phase shift is tailored to the fiber noise of the primary signal. At the same time, the
modulator acts on the two multiplexed signals simultaneously and equally. As their fiber noise
differs, the fiber noise of the secondary signal cannot be fully compensated. This leads to a
compensation limit that depends on the relative wavelength difference between the signals.
The detailed discussion this theoretical limitation is the subject of the next paragraphs.

6.1.1 Theoretical Compensation Limit
Ratio of Uncompensated to Compensated Noise

The effect of the wavelength difference on the transfer stability between the two signals 1;
and A, is studied! to deduce the fiber noise compensation limit for the secondary signal. This
analysis aims at expressing the ratio of uncompensated to compensated frequency shifts as
a percentage. Doing so allows to assess if the difference in wavelength between the signals
presents a relevant limitation for the practical implementation of the method. Given that
it targets frequency comparisons of optical atomic clocks or standards, we are above all
interested in time scales =1 s. The analysis shall therefore be limited to those integration times.
We consider the effect that a variable time delay 7 p between the local and the remote end of
the link has on the transmitted signal. The frequency at the remote end of the link f,,;(¢) can
be expressed as

d
fout(t):fin(t_TD) (1_%) (6.1)

_dip

with f;,(t — 7p) being the frequency at the local end and the quantity ( a7 ) representing
the Doppler shift. In an ideal case, the frequency shift resulting from the variable time delay
7p is fully compensated by the frequency shift introduced by the control loop. In order to get
an output frequency that follows the input frequency at a constant delay 7 p, i.e. the condition
four (t) = fin (t — Tp) is valid, the effect of the variable time delay must be compensated by the
shift added to fy,s (t). The modulator frequency shift fulfilling this condition is

dTD 1

A() = fin1(t—Tpy)- dt’ (6.2)

The indices 1 and 2 are added to the variables to distinguish between the primary and the
secondary signal. The secondary output frequency f,y: 2 (¢), to which A () is added as well,
takes the form

d”?z) AW 6.3)

fout,z(t) Zfin,z(t_TD,Z) : (1 -

IThe analysis presented here follows closely the one published in Optics Continuum [17].
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Let & (£) = four2 (£) — fin2 (t — Tp,2) be the uncompensated frequency shift of the secondary
signal. It is due to the circumstance that the modulator shift A (¢) is tailored to the primary
signal. By combining Egs. (6.2) and (6.3), the uncompensated shift 6 (¢) is expressed as

dTDg dTDJ

T’fin,z(t_TD,z)'f'—‘fin,l(t_TD,l) (6.4)

o) =~ dt

The terms fin2 (¢t —7p,2) and fin1 (¢ —7p,1) are subject to the frequency noise of their respec-
tive laser source. As the present analysis considers integration times =1 s, the frequency noise
of each source must be evaluated for Fourier frequencies <1 Hz. The noise of the individual
laser sources at these Fourier frequencies is negligible compared to the frequency difference
between them. Therefore, in Eq. (6.4) they can be replaced by their time-independent mean
values, namely

C _ C
fin,2=KOO and fin,lzfoo (6.5)

’ B

When 71 is expressed as a function of the time-variant total fiber length L(#), we find 7p =
%f(” with ¢y being the speed of light in vacuum and #n(t) the fiber effective refractive
index. A change of either L(#) or n (¢) impacts the optical path length and therefore the time

delay 7p. The change of optical path length n (f) - L () can be written as its time derivative

W = % -L+n- % = dL,. With this notation, the time derivative of the variable time
delay becomes
dTD dLn
- = 6.6
dt Co (6.6
Taking advantage of Egs. (6.4), (6.5) and (6.6), the uncompensated shift is written as
dLnZ dLnl
6=|— =~ + - (6.7)
Ao Ao
In the same way, the compensated shift A (#) takes the time-independent form of
dL
A= (6.8)
Ao
The ratio of the uncompensated to the compensated shift is thus
’é‘ _’ _dLpp-A10 6.9)
Al dLp1-A2 '

This expression must be evaluated numerically in function of wavelengths and effective
refractive indices. In general, it can be stated that due to the expected commonality between
optical path length changes and wavelength, a relatively high compensation efficiency is
possible for the secondary signal.

52



Optical Fiber Link Stabilization Chapter 6

Chapter Conclusions

An optical frequency that is transmitted over an optical fiber link suffers from fiber noise,
which can be compensated using the Doppler cancellation method. A method was suggested
to extend this method to two independent optical frequencies. A theoretical analysis showed
that it is expected to be applicable in practice. The implementation and evaluation of this
method are the subject of the next chapter.
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The rubidium two-photon optical frequency standard and the optical reference used to charac-
terize it are located in two different laboratories. Therefore, an optical fiber link is established
to connect them. It consists of multiple patches of polarization-maintaining single-mode
fiber.

Whereas the optical fiber link provides a simple means to transfer optical frequencies, it could
potentially impede the characterization measurement by introducing additional noise. The
total optical path length between the two ends of the fiber link is susceptible to acoustic
noise and temperature changes. Unless the fiber link is stabilized, a phase or frequency
measurement at the end of the link does not distinguish between fiber noise and noise of
the genuine signal. However, fiber noise can be detected and compensated using different
techniques such as the Doppler cancellation method (see 6.1).

The first two sections of this chapter discuss the typical fiber noise observed for that link.
In particular, timescales relevant to the two-photon standard are considered. This allows to
validate the frequency measurements relying on the fiber link. Moreover, the active fiber noise
compensation for the case of an ultra-narrow linewidth laser is implemented.

Finally, in the last and principal section of this chapter, the approach suggested in chapter 6
is explored for stabilizing the simultaneous transfer of two distinct optical frequencies. Be-
sides the two-photon signal at 1556.2 nm, an ultra-narrow linewidth laser with 1560.0 nm
wavelength is transmitted.

7.1 Layout Plan

Different laboratories in the same building are relevant for the practical implementation of the
fiber link. Besides the laboratories housing the frequency standard and the reference, these
are namely the rooms where the 1560.0 nm wavelength laser is located at and the one where
the stabilization setup is found. The layout plan in Figure 7.1 visualizes how these laboratories
are related to each other. For the purpose of characterizing the fiber link, its local and remote
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ends are located in the same laboratory, which is labeled link stabilization. This laboratory,
however, houses neither of the two laser sources. This means that the frequencies of both
lasers are transmitted over several tens of meters of fiber before the start of the fiber link. This
configuration is possible since for characterization, it is of no importance whether or not the
signal at its input has experienced initial fiber noise. The self-heterodyne beat note solely
reveals the difference between the two frequencies which are mixed to generate it.

Figure 7.1: Situation plan showcasing the locations of the two-photon standard (DUT = device under test), two-
photon clock (reference), 1560.0 nm wavelength ultra-stable laser, and link stabilization setup. Setup parts that
are not used for the characterization of the fiber link are marked. Nonetheless, these parts are essential for the
measurement of the two-photon optical frequency standard. The configuration that is used for characterizing the
frequency standard is depicted in Figure 7.9 at the end of this chapter.

7.2 Transfer Stability without Fiber Noise Cancellation

As the purpose of the fiber link is to enable the characterization of the optical frequency
standard, an essential question is whether the typical fiber noise does limit the frequency
measurements. In particular, it is worthwhile estimating the frequency transfer stability of a
fiber link without noise compensation. Therefore, the setup is configured such that the remote
end is reconnected to the local end. At the same time, a part of the light that has not travelled
through the link is mixed with the light that has made its way through. Finally, the light that
is sent through the link is frequency-shifted by a modulator. The described configuration is
depicted in Figure 7.2.
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Figure 7.2: Fiber link configuration for the measurement of typical fiber noise. No noise compensation is made.
From the remote end (right), the transmitted optical frequency travels back to the local end where it is mixed
with a portion of light that has not travelled through the link. This allows to detect the acquired fiber noise with a
photodiode.

The link characterization layout depicted in Figure 7.2 can be seen as a Mach-Zehnder inter-
ferometer (MZI). Its reference arm is kept intentionally short. In consequence, the test arm
senses the variable phase delay introduced by the fiber link. The configuration reveals the
additional noise introduced by the fiber link. The change in optical path length is detectable
via the heterodyne beat frequency. Frequency is measured with a frequency counter. Based on
the acquired frequency data, transfer instability is calculated as Overlapping Allan Deviation
(OADEV). The latter is normalized to optical frequency and is plotted in Figure 7.3. The transfer
instability is compared to the typical frequency instability of the two-photon standard, which
is plotted alongside. The latter was measured using a fiber link of less than half the length of
the characterized one, which measures 184 meters.

Figure 7.3: Frequency transfer instability of uncompensated fiber link expressed in Overlapping Allan Deviation
(OADEV) and compared to the typical frequency instability of the optical frequency standard. With the relatively
short fiber link (184 m in total), the typical link noise does not limit the characterization of the optical frequency
standard.

59



Chapter 7 Optical Fiber Link

As the curves in Figure 7.3 show, the instability of the fiber link is lower than the one of the two-
photon standard. This is the case for all investigated integration times. As mentioned above,
the characterized link makes its way back and forth, while the link used for characterizing
the two-photon standard makes only a part of the way forth. It is concluded that for the
measurement of the frequency stability of the two-photon standard, no active compensation
of fiber noise is needed.

Even though it is not limiting for the application considered here, fiber noise could become
a constraint for future high-performance rubidium two-photon standards in combination
with longer fiber links. Therefore, fiber noise is compensated to assess the benefit of active
compensation. In addition, the approach outlined in chapter 6 is explored and evaluated.

7.3 Indirect Stabilization of Optical Frequency Transfer

7.3.1 Experimental Setup

For the practical implementation of indirect link stabilization, the two signals are multiplexed
into the same polarization-maintaining single-mode fiber. The total fiber link measures
184 meters from end to end. The experimental setup is detailed in Figure 7.4 below.

Primary and Secondary Lasers

The primary laser! is based on a whispering gallery mode micro resonator and is distinguished
by its free-running ultra-narrow linewidth of 2 Hz at 1560.0 nm wavelength. Approximately
1 mW of its light is used as a seed for a home-built polarization-maintaining erbium-doped
fiber amplifier. The latter is similar in design to the pre-amplifier described later in 8.1.2. It is
tuned to deliver an amplified output power of 30 mW. In order to characterize the fiber link
transfer stability, the amplified primary signal is split into two equal parts (CPL 4). The first
part is used for the out-of-loop characterization of the primary frequency transfer stability,
whereas the second part is required to stabilize the link. The portion of light used for link
stabilization is once again split into two portions (CPL 1). A smaller portion (10% power) is
directly reflected and guided on a photodiode (PD IL), whereas a larger portion (90% power)
passes an acousto-optic modulator (AOM) before travelling through the main part of the fiber
link. After 184 meters of fiber including three additional FC/APC fiber connector interfaces
(mating sleeves), the signal reaches the remote link end. For characterization, the remote and
local ends are placed in the same laboratory. Whereas 75% of the power reaching the remote
end is expended on the out-of-loop stability measurement, the remaining 25% is reflected
by a fibered mirror. The reflected light passes the link and the AOM a second time. It then
reaches the photodiode at the local end (PD IL). As the AOM shifts the optical frequency by
80 MHz per passage, a 160 MHz self-heterodyne beat note is detected between the local and

1OEwaves, model OE4028
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Figure 7.4: Detailed sketch of the fiber-optics characterization setup for testing the indirect stabilization method.
A primary laser frequency (red, bottom left) is multiplexed with a secondary laser frequency (blue, top left). Both
signals pass a frequency modulator (AOM) and travel through a 184-meter fiber link. The frequency transfer is stabi-
lized using the Doppler cancellation method tailored to the primary signal. The transfer stability of the primary and
the secondary signal is monitored with photodiodes. PD = photodiode, IL = in-loop, (DE)MUX = (de)multiplexer,
WDM = wavelength-division multiplexer, PBS = polarization beam splitter, CPL = fiber coupler, OOL = out-of-loop,
EDFA = erbium-doped fiber amplifier. Figure initially published in [17].

the round-trip signal. The beat note is phase-locked using a digital servo loop. The feedback
loop is implemented on a Low Noise StemLab card by RedPitaya [80]. The RedPitaya card
is referenced to a stable signal from a frequency synthesizer. By locking the beat note, a
phase-coherent frequency transfer of the primary signal is established. The control signal at
the output of the card is at 40 MHz carrier frequency. It is frequency-doubled to 80 MHz and
amplified to drive the AOM.

The secondary frequency is provided by the two-photon clock laser that is distinguished by its
1556.2 nm wavelength and 1.25 kHz linewidth. For the link characterization, however, it is not
locked on the two-photon transition. Instead, the laser is free-running. This is possible since
its slow drift does not manifest itself in the stability of the self-heterodyne beat note.
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Multiplexing

The two different wavelengths are multiplexed into the same optical fiber. Two different
multiplexing methods are explored: polarization and wavelength-division multiplexing. Either
fibered polarization beam splitters (PBS) or dense wavelength-division multiplexer (WDM)
filters are used to combine or split the signals. For polarization multiplexing, the two signals
propagate on different fiber axes. With wavelength-division multiplexing, in contrast, both
signals propagate on the same (slow) axis. At the local end, the signals are multiplexed right
before reaching the AOM. At the remote end, they are de-multiplexed before the fiber coupler
(CPL 5) and the fibered mirror. In this way, only the primary signal is reflected back to the local
end.

Although the two signals share the same 184 meters of polarization-maintaining fiber, in
some setup parts, they travel over different fibers. Therefore, the optical path on which the
primary signal fiber noise is compensated does not exactly match the one of the secondary
signal. In terms of fiber length, approximately 8.5 meters of the primary link are not part of
the secondary one. For the 184-m long link, this represents almost 5% of its total length. This
ratio is the same for both multiplexing methods. In principle, this length could be reduced by
shortening and splicing fibers. However, this would mean that the fibered components cannot
be swapped easily. In particular, changing between multiplexing methods would be much
more difficult than when using fiber connectors.

Numerical Estimation of Compensation Limit

In the theoretical part, the noise compensation limit due the wavelength difference between
signals was derived analytically (see 6.1.1). It is now evaluated numerically for the two wave-
lengths in question. For the ease of the reader, Eq. (6.9) is repeated as Eq. (7.1) below. It gives
the ratio of uncompensated to compensated frequency shifts, namely

6 dLpp- Ao
—1 =1 . . 7.1
3] @)

- dLyj-Azp

This expression is dominated either by the unknown ratio dL,»/dL,, or by the known ra-
tio of wavelengths 1;,0/A20. To evaluate dL,»/dL,; we replace the time-dependent by
temperature-dependent expressions. The term dT/dt cancels out in the fraction and we

obtain
d L
dLn.Z_ dnTz'L"'nZ'% (7.2)
dL,; dm. .dL ’
nl - L+ny - gf

A thermo-optical coefficient of dn/dT =~ 107°/K [113] and a coefficient of thermal expansion
of dL/dT =5.5x10~7/K [40] are assumed. Maximum temperature excursions can be expected
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in a range of a few Kelvin. Moreover, the approximation

an/dT no
-  ~ = (7.3)
dnlldT nm
is made to simplify Eq. (7.1) to
dL
n2 12 (7.4)
dLnyl ni

Finally, using the Sellmeier equation, the refractive index dispersion for a doped silica glass
step-index fiber [87] is calculated. A refractive index difference of An.j;, =n; —ny, = —4.6 x 107°
can be expected due to chromatic dispersion. The wavelengths used here lead to A1 9/ A2, —
1 =2.44 x 1073, Therefore, the ratio 11 /A2 dominates over dLy/dLy and the following
approximation is valid

Ao

5
‘—WDM _ =2.44x1073 (7.5)
A2,0

=1
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This is the theoretical compensation limit for wavelength-division multiplexing, where both
signals travel on the same fiber axis.The non-zero ratio |6/ A| expresses that the Doppler shifts
of the secondary frequency cannot be wiped out completely.

While a theoretical limitation due to wavelength difference exists, with the present setup and
wavelengths this limitation would become comparable to the one imposed by non-common
fiber parts only as soon as the fiber link is about 3.5 km or longer. Such a length is sufficient
for most on-campus applications.

Finally, the study of modal birefringence allows to determine the theoretical compensation
limit for polarization multiplexing, where the two signals travel on different fiber axes. Phase
modal birefringence and its temperature sensitivity were determined experimentally for a
panda fiber [58] similar to the one used here. The same phase modal birefringence Any,q =
3.7x 107 as reported in [58] is assumed. Moreover, chromatic dispersion is neglected, knowing
that An., = —4.6-107°. The effective phase refractive index of the slow axis is approximated
by the effective group index of refraction specified for SMF-28e+ and 1550 nm wavelength [27].
We therefore have 7 50,y = 1.4677 for the slow axis and ny, r 451 = 11 510w — ANmoaq- Inserting
Eq. (7.3) into Eq. (6.8) results in

OpBs _ Mzfast Mo

=219x1073 7.6
A (7.6)
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Compared to wavelength-division multiplexing, the compensation limit for polarization
multiplexing therefore improves by over 10%. This advantage can only be leveraged if the
longer of the two wavelengths travels on the slow axis.
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Characterization

The link transfer stability is characterized with out-of-loop measurements enabled by a Mach-
Zehnder interferometer configuration. The Mach-Zehnder interferometer is intertwined with
the Michelson interferometer that senses the fiber noise. Both the primary and the secondary
signal are characterized in this fashion, which is highlighted in Figure 7.4. Two photodiodes
detect each out-of-loop beat note separately. Both of them are at 80 MHz carrier frequency.

Phase noise measurements permit to gain an understanding of the different noise contribu-
tions and the lock bandwidth. These measurements investigate shorter integration times,
namely between 1 us and 10s. Frequency measurements, in contrast, investigate longer
integration times above 1 s and are presented below.

7.3.2 Frequency Measurements

For the frequency measurements, different instances of the same frequency counter model?
are used. They are referenced to the 10 MHz signal of an active hydrogen maser. The ac-
quired frequency data is subsequently normalized with respect to optical carrier frequency.
Overlapping Allan Deviation is calculated to express the instability of the optical frequency
transfer. The corresponding curves are plotted in Figure 7.5 and are used to compare the two
multiplexing methods to each other, as well as to a fiber link without noise cancellation.

Figure 7.5: Frequency transfer instabilities of the 184-meter fiber link with and without fiber noise compensation.
Primary and secondary signals are compared to each other. The OADEVs are normalized to optical carrier
frequency. WDM = wavelength-division multiplexer, PBS = polarization beam splitter, no stab. = fiber noise is not
being compensated. Figure initially published in [17].

2Agilent, model 531324, (A-type counter with dead time)
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Transfer Stability Improvement through Indirect Stabilization

Figure 7.5 shows that both multiplexing methods achieve very similar results for the primary
signal. This is the case for all integration times. For the secondary signal, however, polarization
multiplexing achieves better transfer stability than wavelength-division multiplexing. The
disparity is around a factor of two and is observed at all considered integration times.

Compared to a fiber link without noise cancellation, the transfer stability of the secondary
signal is improved with both multiplexing methods. With wavelength-division multiplexing,
the measured improvement at 1000 seconds integration time is 11.5 dB or 14-fold. For polar-
ization multiplexing, a somewhat larger 16 dB or 40-fold stability improvement is observed at
the same integration time.

Fiber Noise in Common and Non-Common Fiber Parts

In quantitative terms, the stability improvement for the secondary signal is clearly below
the limit imposed by the difference in wavelength (Eqgs. (7.5) and (7.6) for WDM and PBS,
respectively). The stability of indirect compensation is presumed to be limited by the non-
common optical fiber segments. As mentioned above, these segments are relatively long in
comparison with the actual fiber link of 184 meters length. As the ratio of non-common to
common fiber length is the same for both multiplexing methods, the same limitation would
be expected. However, this does not agree with observation. A possible explanation for this
behavior is provided in the next paragraph. The ratio of common to non-common fiber
parts can be used for an order-of-magnitude estimation of the noise compensation limit
achievable for the secondary signal. In addition, a clearer picture is provided by phase noise
measurements using a very short link of 2 meters instead of the full 184 meters length. These
measurements are presented below in 7.3.3.

It is unclear by how much the noise contributions per meter of fiber differ between the
different segments along the link and within the setup. Nonetheless, for integration times
above 10 seconds, it can be assumed that fiber noise is mainly driven by temperature changes.
Given that no fiber segments are thermally insulated, roughly similar fiber noise is expected
for fibers in the setup and along the link. For integration times above 10 seconds, indirect
compensation would thus fail to cancel roughly 5 percent of the secondary signal fiber noise,
since this corresponds to the ratio of uncommon to common fiber. The stability improvement
would thus be approximately 20-fold compared to a link without noise compensation. At 1000
seconds integration time, the stability improvement is compatible with this prediction. As
pointed out, at 1000 seconds integration time, 14-fold and 40-fold stability improvements are
measured for polarization and wavelength-division multiplexing, respectively. The ratio of
non-common to common fiber parts does not provide an explanation for the performance
disparity among multiplexing methods. However, the port configuration of their multiplexing
elements provides a potential explanation. Both the PBS and the WDM have 1-m-long fiber
tails and are placed in plastic fiber trays. The trays are equipped with two reels for fiber coiling.

65



Chapter 7 Optical Fiber Link

But whereas the primary and the secondary signal exit the WDM from opposite sides, they
leave the PBS on the same side. This means that in the PBS configuration, the two fiber ends
are spooled on the same reel, whereas in the WDM configuration they are on two different reels.
When the fiber ends are spooled on the same reel, an increased fiber noise commonality can
be expected. As this is the case with polarization multiplexing, the performance improvement
it shows with respect to wavelength-division multiplexing is suspected to be caused by this
difference.

7.3.3 Phase Noise Measurements

Phase noise measurements are performed for both the primary and the secondary signal. The
same phase noise analyzer® is used. The measurements are done consecutively. As with the
frequency measurements, both multiplexing methods are characterized. For polarization
multiplexing only, the 184-meter link is replaced by a 2-meter patch cord. Measuring phase
noise with this very short fiber makes it possible to separate the fiber noise of the stabilization
setup from the one of the main part of the link.

Polarization Multiplexing

When using polarization multiplexing, the primary frequency (1560.0 nm wavelength) travels
on the slow axis, whereas the secondary frequency (1556.2 nm wavelength) is transmitted over
the fast axis. Phase noise measurements are made with and without noise compensation. The
phase noise spectra without compensation are shown in the top part of Figure 7.6, whereas
the spectra with noise cancellation are depicted in the lower part of the same graph.

Without noise compensation (Figure 7.6, top), the spectra of the primary and the secondary
signals are very similar in the frequency range from 1 Hz to 1 kHz. As expected, the phase
noise of the much shorter 2-meter link is significantly lower than for the 184-meter link. The
similarities in 184-meter link spectra of the primary and the secondary signal indicate that
the signal acquires acoustic noise along the link, which affects the two wavelengths alike. In
contrast, between 1 kHz and 1 MHz, the phase noise for the secondary laser is clearly higher
than for the primary one. This is attributed to the higher phase noise of the secondary laser.

For the primary signal with noise cancellation, a difference in servo bandwidth is visible
between the shorter and the longer link (Figure 7.6, bottom). It is interpreted as the delay
contribution arising from the circumstance that the shorter link has a higher bandwidth than
the longer one. Assuming a compounded electronic and AOM delay time of 1 us [80] and
knowing that the optical delay of the 184-m-long fiber is 0.9 us, servo bandwidths of approx-
imately 130 kHz and 250 kHz are expected for the longer and the shorter link, respectively.
These values are corroborated by the servo bumps in the bottom part of Figure 7.6.

3Rohde & Schwarz, model FSWP50
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Figure 7.6: Phase noise measurements for polarization multiplexing without (top) and with noise compensation
(bottom). For the longer 184-meter fiber link, fiber noise compensation clearly reduces the phase noise for
frequencies below 1 kHz.

Fiber Noise from Non-Common Fiber Segments

Figure 7.7 plots the phase noise difference between the link without and with noise cancella-
tion. Assessing the reduction in phase noise achieved for both of the investigated link lengths
makes it possible to separate the fiber noise caused by the main part of the link from the
noise caused by the setup. For the longer 184-meter link, in most of the spectrum within the
phase-locked loop (PLL) bandwidth, a clear noise reduction is visible. For the short 2-meter
link, in contrast, the observed reduction in fiber noise is weak. No reduction is discernible
for the secondary signal (purple curve fluctuating around zero). Only a very small reduction
could be expected given that the ratio of common to non-common fiber is weak (2 m of fiber
in common vs. 8.5 m not in common). Indirect compensation has thus a negligible impact on
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the secondary signal. Contrary to the secondary, the primary signal fiber noise is reduced at
almost all frequencies below 100 Hz. This measurement, however, does not allow to extract
the compensation limit set by the wavelength difference (see Eq. (6.9)) since the practical limit
is due to the non-common fiber parts.

Figure 7.7: Reduction of phase noise achieved through noise compensation for the primary signal. Plot established
by subtracting phase noise spectra on the bottom from the ones on the top of Figure 7.6. Measurements are made
out-of-loop, at 80 MHz carrier frequency, and using polarization multiplexing.

Wavelength-Division Multiplexing

For wavelength-division multiplexing, the phase noise spectra with and without noise com-
pensation are plotted in Figure 7.8. Apart from the out-of-loop measurements, also the in-loop
measurement is plotted (in gray). In contrast to the out-of-loop measurements, its carrier
frequency is 160 MHz. The in-loop phase noise spectrum shows the same servo bump slightly
above 100 kHz as observed with polarization multiplexing. The out-of-loop measurements are
very similar to the ones for polarization multiplexing: the phase noise of the secondary signal
isreduced in the frequency range below 1 kHz when the link is stabilized. And as with polariza-
tion multiplexing, the self-delayed noise of the secondary laser limits the noise compensation
for frequencies above 1 kHz. The presented phase noise measurements demonstrate that both
wavelength-division and polarization multiplexing make it possible to cancel link noise of the
secondary signal.
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Figure 7.8: Phase noise measurements for wavelength-division multiplexing and the 184-meter fiber link without
and with noise compensation. As for polarization multiplexing (see Figure 7.6), phase noise is reduced for both
signals at frequencies below 1 kHz.

7.3.4 Configuration for Characterization of the Optical Standard

The indirect stabilization method discussed above is demonstrated with continuous-wave
lasers. For the characterization of the optical frequency standard, however, the light of a
pulsed laser is used. A portion of light from the frequency comb is transmitted according to
the situation plan shown in Figure 7.9. As demonstrated above (Figure 7.3), no fiber noise
cancellation is necessary for guaranteeing a reliable measurement in this configuration.

7.3.5 Chapter Conclusions

Indirect stabilization of optical frequency transfer achieves a marked reduction in fiber noise
for the secondary signal. At 1000 seconds integration time, stability is improved by 16 dB using
polarization multiplexing. The wavelength difference between the primary and the secondary
signal has been identified as a theoretical limit of the scheme. Nonetheless, this limit was
assessed to lack practical relevance for the characterization of the 184-meter fiber link.

Due to its simplicity and versatility, the investigated scheme might find other applications
in frequency metrology. In particular, it may represent a user-friendly alternative to more
complex schemes involving an optical frequency comb.

The fiber link between the different laboratories is used to characterize the optical frequency
standard built and tested in this thesis. It features an additional 1556.2 nm wavelength beam
for light shift mitigation. The design of its different elements is discussed in the next chapter.
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Figure 7.9: Fiber link configuration used for characterizing the stability of the optical frequency standard. Contrary
to the characterization of the fiber link relying on the configuration presented in Figure 7.1, fiber noise is not
compensated. Moreover, the light of an optical frequency comb is transmitted rather than a CW laser. The unused
setup parts are marked.
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As outlined in chapter 5, a non-resonant mitigation laser is chosen to study light shift mitiga-
tion. The system designed to investigate this approach is an optical frequency standard, which
is described here below. Its stable frequency output lies in the optical frequency domain. More
specifically, it is the frequency of the CW laser referred to as clock laser, which is approximately
192 THz (1556.2 nm wavelength). The stability of this frequency is measured in the optical
frequency domain using a frequency comb. The latter is not part of the optical frequency
standard, but of the characterization setup. This distinction explains by the circumstance that
unlike in the case of an optical clock (see Figure 1.1), the frequency comb does not convey
the relative frequency stability of the clock laser from the optical to the microwave frequency
domain. Instead, the absolute frequency difference between the clock laser and the closest
comb mode is made accessible by beating the two lasers. Nevertheless, the frequency comb
itself is part of an optical clock since it is locked to another rubidium two-photon frequency
standard. By locking a mode of the self-referenced frequency comb to the second optical
standard, that standard is accessible as a frequency reference in the optical domain. The
frequency comb thus allows to characterize the rubidium two-photon standard under test.

The main building blocks of the optical frequency standard and the characterization setup are
showcased in Figure 8.1. The frequency standard is shown on the upper, whereas the charac-
terization part is displayed on the lower part of the scheme. The optical frequency standard
consists of a fiber optics and a free-space part. Both of them additionally comprise control
electronics that are not shown in the scheme. In the free-space part, which is surrounded by
an insulating and light-tight wooden box, the interrogation and the mitigation beam are made
to overlap. They subsequently interact with the rubidium vapor confined in a hot atomic vapor
cell. Moreover, the fluorescence signal resulting from Doppler-free two-photon spectroscopy
is detected with a photomultiplier tube.

The characterization setup consists of the above-mentioned optical frequency comb as well
as another part operating in the microwave frequency domain. It filters, amplifies and divides
the beat note of the comb and the frequency standard. The above-mentioned elements are
described in further detail below, starting with the fiber optics part of the two-photon standard.
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8.1 Fiber Optics Part

The fiber optics part prepares the clock laser light for the free-space part where two-photon
spectroscopy is done. It fulfills three tasks, namely: frequency modulation of the laser light
enabling synchronous detection, amplification using home-made erbium-doped fiber ampli-
fiers (EDFA), and the frequency conversion from 1556.2 nm to 778.1 nm wavelength using a
commercial periodically poled lithium niobate (PPLN) module. At the heart of the fiber optics
part lies the clock laser. Its output is amplified in two stages.

8.1.1 Clock Laser

The clock laser provides the seed for both the interrogation and the mitigation beam. A
1556.2 nm wavelength narrow linewidth butterfly package External Cavity Diode Laser! (ECDL)
is selected. It has a manufacturer specified linewidth of less than 1.25 kHz, which is sufficiently
narrow to avoid significant contributions to the broadening of the detected atomic transition
linewidth. Laser current and temperature are controlled with a low-noise laser controller.

Whereas laser current modulation serves to keep it locked on the two-photon transition, the
temperature setpoint of the controller is not modulated during operation. Instead, initial
manual tuning of this setpoint brings the frequency-doubled clock laser in spectral vicinity of
the atomic resonance frequency.

8.1.2 Pre-Amplifier

The clock laser is amplified in two stages, starting with the pre-amplifier presented schemat-
ically in Figure 8.2. Like the other EDFAs that are presented later on, the pre-amplifier is
polarization-maintaining. It provides approximately 120 mW of CW power at 1556.2 nm wave-
length. At its input, a fiber coupler picks off roughly 10% of the unamplified power. This
portion of about 2 mW enables laser health monitoring without reconfiguring the setup. The

Figure 8.2: Home-made pre-amplifier in forward pumping configuration driven by a 360 mW laser diode. ISO =
isolator, SS = single stage, DS = dual stage, CPL = fiber coupler, WDM = wavelength-division multiplexer.

1Redfern Integrated Optics, model RIO Planex™RI00195-5-01-3-BH9
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remaining 90% of optical power reach the input of the pre-amplifier where a dual-stage isolator
protects the source from potential back-reflections. Following isolation, a wavelength-division
multiplexer (WDM) combines the seed at 1556.2 nm wavelength with the light of a laser diode
at 976 nm wavelength. This pump diode delivers 360 mW of power and is driven with a low-
noise butterfly laser controller. A single-cladding polarization-maintaining erbium-doped
fiber is the gain medium of the pre-amplifier. Its length (4.0 m) is chosen such that the out-
put power at the seed wavelength is maximized by balancing amplification and absorption
processes. One of its two ends is spliced to the output of the WDM where seed and pump
are combined. At its second end, the amplified laser light exits the erbium-doped fiber. This
configuration is commonly known as forward-pumping. The pre-amplifier output is protected
with a single-stage fiber isolator, which avoids that back-reflections from the next stage are am-
plified and reach either the pump or the seed laser. An FC/APC fiber connector is spliced to the
output of the single-stage isolator. This allows to disconnect and reconnect the pre-amplifier
from the subsequent second fiber optics stage, whose architecture is detailed below.

8.1.3 Power Splitting and Amplification

The second amplification stage is depicted in Figure 8.3. It is connected to the output of the
first amplification stage with a mating sleeve joining two FC/APC connectors. At the beginning
of the second stage, a portion of light is branched off through the 25% output of a 75/25
fiber coupler. The 30 mW that are split off in this way are provided to the characterization
setup. The transmitted 75% or about 90 mW of clock laser light pass subsequently an electro-
optic modulator (EOM). The latter modulates the clock laser at f;;; = 100kHz modulation
frequency. By setting the amplitude of the driving signal accordingly, a modulation depth of
approximately 70 kHz results on the 192 THz carrier. The DC voltage bias Vpc of the EOM is
controlled in order to suppress residual amplitude modulation (RAM) (see 4.3).

Following the EOM, the modulated light is split into two portions of about 45 mW. Each
portion is amplified with its own EDFA, whereby the two EDFAs are built in the same archi-
tecture. In contrast to the pre-amplifier, here the gain medium fibers are doped with both
erbium and ytterbium atoms (Er/Yb-doped) and they have a double rather than a single
cladding. The pump diodes deliver up to 9 W of optical power and are usually operated at
a few amperes of electrical current. Moreover, in contrast to the pre-amplifier, the EDFAs
described here are built in a backward-pumping configuration, meaning that the pump and
the seed propagate in opposite directions. Therefore, the residual pump light must be rejected
from the fiber cladding at the seed input end of the doped fiber, which is accomplished by
bending the stripped fiber end and applying a low refractive index re-coating on the splice.
This arrangement is known as cladding mode stripper (CMS) and discards the remaining
pump light propagating in the outer fiber cladding by scattering it off from the fiber re-coating.
The pump current of each EDFA is controlled individually by applying a modulation on the
corresponding current source. This architecture allows for independent power control of both
the interrogation and the mitigation beam, which is vital to master their intensity ratio and
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thus their net light shift. Whereas the output of the amplifier above in Figure 8.3 is directly
launched in free-space, the output of the amplifier below is converted from 1556.2 nm to
778.1 nm wavelength. This is achieved with a commercial fibered frequency doubler module
consisting of a periodically-poled highly non-linear lithium-niobate crystal, which is depicted
in the lower right-hand corner of Figure 8.3. Optimal phase matching and thus maximized
conversion efficiency is achieved by actively controlling the crystal temperature. A setpoint
around 80°C is determined in an initial measurement and is not adapted during operation.

The amplified and frequency-modulated light at both wavelengths is delivered to the free-
space atomic reference. As indicated in the top left corner of Figure 8.3, PM1550 and PM850
fiber is used for 1556.2 nm and 778.1 nm wavelength, respectively.

8.2 Atomic Reference

The atomic reference is implemented in a free-space optical setup and is represented schemat-
ically in Figure 8.4 below. Its primary functions are to combine the two different beams, to
accomplish Doppler free two-photon spectroscopy, and to detect the fluorescence signal. A
secondary function is the detection of laser power and residual amplitude modulation (RAM).
Two photographs of this setup part are provided in Figure 8.5. In the scheme in Figure 8.4,

Figure 8.4: Atomic reference implemented in free space. The interrogation and mitigation beams are made to
overlap with each other using a dichroic mirror. Optical power is measured at both wavelengths by sampling
a portion of each beam and detecting it with a photodiode. The setup will be extended for a proof-of-concept
demonstration of light shift mitigation (see Figure 9.1) and for implementing relative intensity stabilization (see
Figure 10.1).

the 778.1 nm beam is drawn in magenta, whereas the 1556.2 nm beam is sketched in brown.
The combined beam is represented by the color red. As depicted on the left-hand side of the
scheme, the 778.1 nm beam is launched into free space by a fiber collimator. The collimator
is immediately followed by an optical long-pass filter with a cut-off wavelength of 715 nm.
Such a filter is inserted to reject an unwanted spectral component stemming from the non-
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linear frequency conversion in the PPLN crystal. This spectral component appears as green
light and is suspected to be the third harmonic of the 1556.2 nm fundamental arising from
sum-frequency generation of the second-harmonic and the fundamental frequency. As it
would otherwise be detected by the PMT and degrade the signal-to-noise ratio, it is filtered
out. The long-pass filter is slightly tilted to avoid back-reflections from a surface normal to the
propagation axis. Following the filter, a Faraday isolator blocks the back-reflection coming
from the vapor cell. Its transmission is measured to be close to 80%, as specified by the data
sheet. A small portion of the transmitted beam is then reflected by a 15 mm thick glass plate.
The sampled beam is directed to a silicon photodiode that is used both to measure 778.1 nm
power and to detect RAM. After the beam sampler, a metallic mirror reflects the beam onto the
long-pass dichroic mirror whose task it is to combine it with the 1556.2 nm beam. The latter is
launched into free space by a second fiber collimator shown in the top left corner of Figure 8.4.
After the collimator, the 1556.2 nm wavelength beam passes a Faraday isolator. Like for the
interrogation beam, a small portion is then picked off using a 15 mm thick glass plate. The
sampled beam is directed onto an InGaAs photodiode. The transmitted beam, in contrast,
reaches the long-pass dichroic mirror where it is combined with the interrogation beam. The
combined laser beam is then directed to the atomic vapor cell. It is reflected by two gold
mirrors before it passes the front hole of the single-layer magnetic shielding protecting the
vapor cell. The two mirrors provide the necessary degrees of freedom (angle and position) for
a precise alignment of the counter-propagating beams. For achieving the spatial overlap of the
two beams, the required degrees of freedom are given by the interrogation beam collimator
mount and the mirror directing the interrogation beam on the long-pass dichroic mirror. All
of the planar mirrors in the setup are made of gold because this metal has a high reflectivity at
both 778.1 nm and 1556.2 nm wavelength. The counter-propagating beam alignment enables
Doppler-free two-photon spectroscopy. Behind the cell, both wavelengths are reflected by
a custom dielectric short-pass dichroic mirror?. Whereas the back-reflection of the interro-
gation beam is vital for eliminating the Doppler shift, the back-reflection of the mitigation
beam is not essential. However, it increases the impact of the mitigation beam by a factor of
almost two. Besides reflecting 778.1 nm and 1556.2 nm, the dichroic mirror also provides high
isolation at these two wavelengths. Moreover, it is transparent at 420 nm in order to allow for
the transmission of the atomic fluorescence signal. The fluorescence is collected by a light
pipe that guides it onto the photocathode of a PMT. The photocurrent is amplified and con-
verted to voltage by a trans-impedance amplifier unit. This signal is then provided to a digital
lock-in amplifier for demodulation. As mentioned above, the fiber optics and the free-space
setup parts are connected over optical fiber. More specifically, polarization-maintaining fiber
couplers are used. Whereas this leads to a small power loss, it facilitates the beam alignment
because the counter-propagating back-reflections can be detected. For this, however, the
Faraday isolators must be temporarily removed from the setup. Couplers with splitting ratios
0f90/10 and a 99/1 are used for 778.1 nm and 1556.2 nm wavelength, respectively.

2Design and fabrication by Valentin Wittwer, LTF UniNE
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Figure 8.5: Photographs of the free-space setup part. Left: Dichroic long-pass mirror and beam sampler in the
middle ground, power stabilization electronics and Faraday isolator in the background. Right: Beam sampler glass
plates in the foreground, gold mirrors for the alignment of the counter-propagating beams in the middle ground,
vapor cell assembly with magnetic shielding in the background.

8.3 Characterization Setup

As outlined in 7.3.4, the frequency of the optical standard is measured by beating it with
a line of the frequency comb acting as an optical reference. A beat frequency fp,; results.
Unfortunately, the phase comparator at disposal cannot directly measure fj.,; against the
10 MHz output of an active hydrogen maser. To circumvent this restriction, a higher harmonic
of fyea: is detected and divided. More specifically, the right-hand side beat note with the 14"
harmonic of the repetition rate is detected: fi4+ = 14" frep + fpear- The measurement of this
beat note is illustrated in Figure 8.6 below.

Figure 8.6: Frequency measurement in the RF domain. The beat note to the right of the fourteenth harmonic of
the comb repetition rate is band-pass filtered and divided by 100 to result in the signal with frequency fieqs that
is then measured with a phase comparator referenced to an active hydrogen maser (not shown).
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The choice of the harmonic and the division factor is due to two practical restrictions. Firstly,
the phase comparator® requires a signal frequency between 1 MHz and 30 MHz. However, it
cannot correctly phase-track the fundamental mode of fj,.,; as its comparatively poor phase
noise leads to cycle slips. But if the higher harmonic fi4+ is frequency-divided by 100, it
can be measured. The harmonic and the division factor are chosen such that the divided
frequency lies in the measurement range of the phase comparator. Secondly, separating the
higher-harmonic beat frequency from the adjacent harmonic of the comb repetition rate
requires a narrow bandwidth band-pass filter. The harmonic is thus also selected in function
of the filter tuning range.

The full spectrum of beat frequencies is detected by a photodiode, passes a tunable band-pass
filter, and is amplified with 60 dB. The frequency fi4+ = 1426.817 MHz is isolated and divided
by 100 using two daisy-chained programmable frequency prescalers. Each of them is set to a
division factor of 10, resulting in a division by 100. The resulting output is a square wave at
fmeas = 14.26817 MHz frequency. To obtain a sine wave of sufficient amplitude, the square
wave is low-pass filtered, amplified by 20 dB and filtered with another tunable band-pass filter
operating in a lower frequency range. The signal is low-pass filtered another time before it is
supplied to the phase comparator. As a 10 MHz reference, the phase comparator receives the
signal of an active hydrogen maser located in a temperature controlled environment.

8.4 Chapter Conclusions

The setup designed and built for studying light shift mitigation for the rubidium two-photon
transition was presented in this chapter. It consists of a fiber optics part used for modulation
and amplification, and a free-space part containing the physics package and the dichroic
combination of the interrogation and mitigation wavelengths. This setup is operated as an
optical frequency standard and allows to measure the AC Stark shift sensitivity coefficients of
778.1 nm and 1556.2 nm wavelength, which is done in the following chapter.

3picotime-1U-001, Safran Timing Technology SA
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In this chapter, the AC Stark shift sensitivity coefficients of 778.1 nm and 1556.2 nm wave-
length are measured and compared to calculated values reported in literature. Moreover, the
technical feasibility of the selected mitigation approach is validated with a proof-of-concept
measurement.

9.1 Methodology

Before relative intensity stabilization is put in practice, the AC Stark shift sensitivity coefficients
are measured for both 778.1 nm and 1556.2 nm wavelength. This is done by varying optical
power stepwise while logging the frequency of the optical standard. The frequency response
to optical intensity changes permits to determine the respective sensitivity coefficients, which
are converted to units of Hz/ (mW/mm?).

9.1.1 Measurement Setup

The free-space part of the optical setup used for the measurements is presented in Figure 9.1.
It is slightly different from the one presented in the previous chapter. Power is monitored
with two commercial photodetectors'. Like in the setup in Figure 8.4, a small portion of each
beam is sampled by a glass plate. However, here each glass plate is preceded by a linear
polarizer instead of a Faraday isolator. As the footprint of the polarizers is smaller than the
one of the isolators, the setup is more compact. This difference is relevant since the more
compact alignment reduces the beam paths for both wavelengths. As the beams diverge,
the path length impacts the beam profile within the vapor cell. This means that the power
sensitivity coefficients (frequency over power rather than frequency over intensity) are not
exactly the same for the two different setup configurations. Finally, a filter wheel equipped
with different neutral density (ND) absorptive optical filters is placed in the beam path. It is
used to demonstrate light shift mitigation (see 9.3).

IThorlabs PDA10CS-EC and PDA05CF2 for 778.1 nm and 1556.2 nm, respectively
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Figure 9.1: Free-space setup for the measurement of the AC Stark shift sensitivity coefficients k;,; and k,;,;;. Two
commercial photodetectors measure optical power. An optical filter wheel with different neutral density filters is
included to attenuate both beams simultaneously. POL = polarizer, PMT = photomultiplier tube.

Optical power is stabilized for each beam by feeding back on the pump current of the corre-
sponding EDFA (see Figure 8.3). To this purpose, a proportional-integral (PI) feedback loop is
implemented with the same digital lock-in amplifier? that is used for synchronous detection
and locking of the atomic resonance signal. For each beam, the photodetector DC voltage is
used for measuring power and locking it to a selected setpoint. There is no out-of-loop power
measurement. The vapor cell temperature is stabilized to 100°C.

9.1.2 Auxiliary Measurements and Calibration

To determine the sensitivity coefficients in terms of frequency over optical intensity, three
quantities must be measured. Firstly, the beam profiles have to be determined in order to
convert power to intensity. Secondly, the photodetectors must be calibrated to convert voltage
to power. Thirdly, a clock frequency measurement is needed. Finally, the power measurements
additionally need to be scaled to represent optical power within the atomic vapor cell rather
than in front of it. The three measurements and the power normalization are described below.

Beam Profile

Beam waist diameters are measured before the vapor cell assembly is integrated into the setup.
The same infrared slit scanning beam profiler is used for both wavelengths. In the setup, the
beam profiler is placed such that its sensor plane lies there where the center of the atomic
vapor cell will be located at.

2Zurich Instruments MFLI 500 kHz
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The measurements confirm that both beam profiles are Gaussian. The manufacturer of the
beam profiler specifies its measurement uncertainty to +5%. The two waist diameters (1/¢?
intensity) are comparable to each other. They are namely 1.11(+0.06) mm and 1.19(+0.06) mm
for 778.1 nm and 1556.2 nm wavelength, respectively.

Photodetector Calibration

The commercial photodetectors are calibrated through optical power measurements in front
of the vapor cell. For both 778.1 nm and 1556.2 nm wavelength, calibration is performed twice
using an optical power meter. Each time, a different instance of the same germanium sensor
head? is used. Additionally, for 778.1 nm wavelength a measurement is made using a silicon
sensor head*. For each photodetector, a calibration coefficient in mW/V is obtained along
with its uncertainty range.

The calibration is performed when the wooden box housing the free-space setup is left open.
Operating the frequency standard, however, implies a closed box for protecting the PMT
from ambient light. After initial calibration, the temperature difference between an open box
(calibration, 23°C) and a closed box (operation, 30°C) is found to have a non-negligible impact
on the responsivity of the silicon photodetector. The responsivity difference between the two
temperature regimes is therefore measured for each photodetector. While for the 1556.2 nm
photodetector the mentioned temperature difference has little impact on responsivity (less
than 0.5% change), it decreases the responsivity of the 778.1 nm photodetector by as much as
6.0(+0.1)%. This factor is therefore considered in the calibration of the silicon photodetector.
This leads to the respective calibration coefficients of 2.49(+0.03) mW/V and 34.5(+0.4) mW/V
for the 778.1 nm and the 1556.2 nm photodetectors.

Clock Frequency

Contrary to the description in 8.3, frequency is measured instead of phase. A beat note at
around 160 MHz frequency is detected by mixing the frequency standard with the optical
frequency comb. The beat is measured with a photodiode, band-pass filtered, and amplified.
The beat frequency harmonic at 160 MHz is logged using a frequency counter, which is
referenced to the 10 MHz output of an active hydrogen maser. The gate time is set to 1 s. As the
beat frequency is not divided, it directly maps the frequency variations in the optical domain
(192 THz carrier).

Two measurements are made: one without 1556.2 nm power where 778.1 nm power is varied,
and one with varying 1556.2 nm power where 778.1 nm power is kept constant. For each
measurement, optical power is increased stepwise to three different levels. In order to exclude
potential hysteresis phenomena, power is decreased stepwise to the same levels.

3Thorlabs S132C
4Thorlabs S130C
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Normalization

Optical intensity is defined as the ratio of optical power to the beam surface area = wé, where
wy is the beam waist radius (1/e? intensity). Intensity values obtained from the photodetec-
tor voltages and calibration coefficients are scaled to represent optical intensity within the
atomic vapor cell by accounting for the attenuation of its windows. For both wavelengths,
transmission is 92% per borosilicate glass window comprising two facets. The incident beams
are attenuated by a single window, whereas their reflections pass a window thrice.

9.2 Measurement and Calculation

9.2.1 Frequency Response to Intensity Changes

Optical power is varied and logged as described above. At the same time, frequency is mea-
sured. Both quantities are plotted in Figure 9.2. Increasing 1556.2 nm indeed has a qualitatively
opposite effect on frequency than increasing 778.1 nm intensity. The observed beat frequency

Figure 9.2: Optical frequency response to stepwise intensity changes for two mutually independent measurements
for 1556.2 nm (top) and 778.1 nm (bottom). The qualitative difference in the frequency responses confirms that
the signs of the AC Stark shift sensitivity coefficients are opposite for 778.1 nm and 1556.2 nm wavelength.

does not allow to determine the signs of the sensitivity coefficients. The spectral positioning
of the clock laser with respect to the closest comb mode is unknown. It can be on either side
of its closest neighbor. However, the sign of the self-collision shift (see 4.5.1) is known. There-
fore, cell temperature is changed while logging the beat frequency. Observing the resulting
frequency response in qualitative terms permits to identify on which side of the comb mode
the clock laser frequency is found. The coefficient k77g is determined to have a negative sign,
whereas kj556 has a positive sign.
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9.2.2 Orthogonal Distance Regression

Based on the frequency measurements shown in Figure 9.2, the sensitivity coefficients are
determined through orthogonal distance regression [18]. This statistical method accounts
for uncertainty in both horizontal and vertical directions. Here, uncertainty in the vertical
direction is due to limited short-term frequency stability, whereas uncertainty in the horizontal
direction is composed of the photodetector calibration and the beam waist uncertainties.
The regression plots are presented in Figure 9.3. Orthogonal distance regression results in
kmi¢ = +15.9(x1.7)Hz/ (mW/mm?) and k;,; = —172(+62)Hz/(mW/mm?). Both coefficients are
in good agreement with theoretical predictions [75] that are plotted as solid black lines.

Figure 9.3: Orthogonal distance regression yielding the AC Stark shift sensitivity coefficients for 1556.2 nm (left)
and 778.1 nm wavelength (right). Both sensitivity coefficients agree well with calculated values reported in
literature [75].

In conclusion, experiment confirms that the coefficients k;,;; and k;,; are opposite in sign
and differ in value by about an order of magnitude. This validates the feasibility of the non-
resonant laser beam mitigation approach using 1556.2 nm wavelength.

9.3 Experimental Observation of Light Shift Compensation

Having measured the two AC Stark shift sensitivity coefficients k,;; and k;,;, the power ratio
of the two beams leading to zero net light shift is estimated. The power of the two beams is
stabilized such that we have the intensity ratio

ImiclLint =—=kini! kmis = 10.8 9.1)

This ratio makes clock frequency independent of overall optical power (see Eq. (5.18)). This
property is verified experimentally by introducing an external perturbation: the combined
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laser beam is attenuated with optical neutral density filters. Using the filter wheel shown in
Figure 9.1, they are changed stepwise after five minutes (300 s).

Figure 9.4: Light shift mitigation demonstrated by attenuating the combined laser beam intensity. Top: Allan
Deviation, middle: clock frequency, bottom: interrogation and mitigation beam intensities. When a 1556.2 nm
wavelength mitigation laser is present, the simultaneous attenuation of the interrogation and mitigation laser
intensities has only a negligible impact on clock frequency, as the frequency trace and Allan Deviation labeled
Mitigated demonstrate.

The measured clock frequency and Allan Deviation are plotted in Figure 9.4. The first measure-
ment is labeled Baseline and is performed with the mitigation beam blocked. The filter wheel
is set to its empty position. The second measurement is labeled Perturbed. It is also done
with the mitigation beam blocked. The neutral density filters are swapped periodically, which
results in a stepwise change of interrogation beam intensity. The empty wheel position is
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used together with three different filters (ND = 0.1, 0.2 and 0.3). Finally, a third measurement,
labeled Mitigated, is done using the same filter sequence but using the mitigation beam. Since
the neutral density filters attenuate both beams by nearly the same factor, their intensity ratio
stays approximately constant.

The clock frequency without light shift mitigation reacts on each neutral density filter change
by hundreds of Hz, whereas almost no change is observed when the mitigation beam is present.
The ADEV for perturbed but mitigated operation is almost identical with the baseline ADEV
without the perturbation. This demonstrates that the adequate beam intensity ratio massively
reduces the sensitivity of the clock frequency to overall optical power.

9.4 Chapter Conclusions

The AC Stark shift sensitivity coefficients k;;;; for 1556.2 nm and k;;; for 778.1 nm wavelength
were measured. With k,,,;; = +15.9(x1.7)Hz/(mW/mm?) and k;,,; = —172(+62)Hz/(mW/mm?)
they agree well with calculated values reported in literature [75]. This finding provides the
basis for the subsequent proof-of-concept validation of the light shift mitigation approach
using a non-resonant 1556.2 nm wavelength mitigation laser. The simultaneous attenuation
of both laser beams demonstrated that the appropriate intensity ratio of the interrogation and
mitigation beams can cancel the light shift.

Although the beam powers in the proof-of-concept demonstration are stabilized, strictly
speaking their ratio is not. Instead, both beams are individually stabilized to two separate
absolute references. To fully leverage the advantages of a mitigation beam, the stabilization
should be relative rather than absolute. This means that the power of each beam must be
stabilized with respect to the same reference. This configuration is referred to as relative
intensity stabilization and is the subject of the following chapter.
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1[1] Relative Intensity Stabilization

In this chapter, the optical intensities of the interrogation and mitigation beams are stabi-
lized using dedicated electronic circuit boards. In particular, a common voltage reference
is supplied to both circuit boards, which are used for the power measurements at 778.1 nm
and 1556.2 nm wavelength, respectively. This allows to stabilize the intensity ratio of the two
beams in the appropriate proportion to each other. The light shift mitigation method is tested
by introducing a periodic perturbation of the voltage reference. Moreover, the temperature
sensitivity of the optical power stabilization electronics is measured. From the measured tem-
perature sensitivity coefficient, practical frequency stability limits are calculated for typical
temperature variations measured in the setup. Finally, the frequency stability of an unper-
turbed optical frequency standard without mitigation laser is compared to the one featuring a
1556.2 nm mitigation laser.

10.1 Practical Implementation

Relative intensity stabilization is implemented according to the concept described in 5.6. The
optical free-space setup is adapted as described in 10.1.1 below. In particular, the electronics
for power stabilization are integrated. Their design is described later in 10.1.2.

10.1.1 Optical Setup

The free-space part is modified to the setup depicted in Figure 10.1. The commercial photode-
tectors are replaced by two power stabilization units, one for each wavelength. Additionally,
for out-of-loop power measurements, the commercial photodetectors are reintegrated into
the setup. As the beam sampler glass plates are relatively thick (15 mm), they give rise to
two well-separated reflections. The reflections from their rear faces are directed onto the
photodiodes of the power stabilization units (in-loop). The front face reflections are picked up
by D-shaped metallic mirrors, which reflect the beams onto the commercial photodetectors
(out-of-loop).
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Moreover, the two linear polarizers are replaced with Faraday isolators. While they maintain a
well-defined state of linear polarization at their output, they also suppress the inevitable back-
reflections due to the counter-propagating beam configuration. However, as their footprint is
larger than the one of the polarizers, the fiber collimators are set back by a few centimeters.

Finally, the optical breadboard is placed on top of another, water-cooled breadboard. The
water temperature is controlled with a Peltier chiller, which allows to have active temperature
control of the free-space setup.

For the measurements presented in the remainder of the manuscript, the cell temperature
is decreased to 90°C. The frequency standard is operated using approximately 10.5 mW of
interrogation power. Fractional frequency instability is about 3 x 10713 at 7 = 1s integration
time and averages down with 1/+/7 over three decades. It reaches a minimum of approximately
4 x 107'% around 7 = 10%s.

The out-of-loop interrogation power measurements indicate that frequency stability is not
limited by optical power variations. This is corroborated by the fluorescence amplitude
measurements. Nevertheless, deliberate perturbations of specific system parameters allow to
introduce light-shift-induced frequency responses whose mitigation is studied.

10.1.2 Power Stabilization Electronics

The optical power stabilization aims at achieving low relative intensity noise (RIN), in particu-
lar for long integration times. A careful selection of electronic components is paramount [108].
Therefore, for the key components, options with a low temperature sensitivity are chosen.
Two printed circuit boards (PCB) are made: one for 778.1 nm and another one for 1556.2 nm
wavelength. Both PCBs follow the same basic architecture, which is described below.

A photodiode connected in photoconductive mode is soldered onto the edge of the PCB. It is
followed by a trans-impedance amplifier (TIA) that amplifies and converts the photocurrent
to a voltage signal. The voltage signal, which is proportional to optical power, is supplied
to an operational amplifier acting as a voltage comparator. It compares the photodiode
voltage signal to a user-defined setpoint. This setpoint is defined in function of an external
voltage reference that is supplied on a differential input. By tuning a potentiometer, the
external reference voltage is divided as desired. This potentiometer has a low temperature
sensitivity of 10 ppm/° C. The voltage comparator then provides an error signal proportional
to the difference between measured power and the user-defined setpoint. The error signal is
supplied to a proportional-integral controller implemented by an operational amplifier with
an RC-circuit defining the transfer function. Two potentiometers are used to tune its gain and
corner frequency. The servo loop outputs the control signal, which is used to modulate optical
power.

For each PCB, the control signal is supplied to the corresponding EDFA pump current source;
the feedback loop is closed. Whereas the servo loops for the interrogation and the mitigation
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power are mutually independent, they are both supplied with the same external reference volt-
age. However, by choosing each setpoint with the potentiometers, the power ratio P,;;¢/ P
is chosen freely.

For 778.1 nm wavelength, a silicon photodiode is used, whereas for 1556.2 nm an InGaAs pho-
todiode is chosen. Sufficiently large active areas avoid that possible beam wandering causes
fluctuations in the detected power. Care is taken to align the laser beams onto the photodiode
surface in an angle that is not normal. This help to avoid unwanted back-reflections that can
degrade the quality of the measurement. Scattered light was namely reported as a critical
noise source for high-performance optical power stabilization [63, 64].

For the experiments presented here, both PCBs are supplied with an external voltage reference
signal which they share. In a frequency standard designed for a use case beyond research, the
internal reference of one unit could be provided as an external reference to the other one.

10.2 Voltage Reference Stability

A weak point of conventional power stabilization is its dependence on an absolute voltage
reference (see 5.6.2). Therefore, the stability of different voltage references is measured in
10.2.1. This allows to quantify with which beam properties the voltage reference represents
arelevant frequency stability limit via the light shift. In case it sets a limit, its adverse effect
could be alleviated by the mitigation laser. This feature is investigated in 10.2.2.

10.2.1 Voltage Reference Stability Measurements

The DC voltage outputs of different devices is logged over the course of several days using
a digital multimeter. The measured voltage fluctuations are then converted to expected
fractional clock frequency fluctuations. As this conversion depends on the beam profile and
power, two different scenarios are assumed. They are listed in Table 10.1. Scenario A assumes
a beam diameter of 1.1 mm, which roughly corresponds to the one of the described frequency
standard. For the optical power, a conservative assumption of 30 mW is made. Scenario B,
in contrast, assumes a smaller beam with 0.2 mm diameter and 6 mW optical power. Such a
small beam profile [84] can be attractive in combination with a microfabricated vapor cell as
by its higher intensity it compensates the decrease in photon count due to the shorter cell.

Scenario | Optical Power | Beam Diameter Power Coeff.

A 30 mW 1.1 mm -180 Hz/mW
B 6 mW 0.2 mm -5500 Hz/mW

Table 10.1: Power and beam diameter (1/e? intensity) scenarios.
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First, the internal voltage reference on one of the power stabilization units is characterized.
In addition, a small linear power supply' is measured. This device cannot be considered an
actual voltage reference. Instead, it is representative for a device without a voltage regulator
suited for this application. Finally, another voltage reference similar to the one in the power
stabilization units is characterized. Contrary to the voltage references in the optical standard,
it is actively stabilized in temperature.

Measurements are made with a gate time 7 = 10s except for the temperature-stabilized refer-
ence where 7 = 1s is used. Based on the scenarios A and B (Table 10.1), the frequency instability
limits set by the characterized voltage references are calculated. They are described by the
OADEVs in Figure 10.2 below. For reference, the instability of the frequency standard is plotted
in gray.

Figure 10.2: Frequency instability limits imposed by measured voltage reference noise. Extra-polated from
measurements using beam property scenarios A (solid) and B (dashed) defined in Table 10.1. When a small
beam diameter (scenario B) and/or an insufficiently stable voltage reference is used, voltage reference drifts and
fluctuations represent a relevant frequency stability limitation. In that case, relative intensity stabilization with
a common voltage can alleviate the limitation, which is illustrated in Figure 10.3. T-stab. ref. = temperature-
stabilized voltage reference (see text).

According to the dashed purple curve in Figure 10.2, the small linear power supply would
impose an instability limit above 10714 for scenario B. Also for scenario A, the limitation would
be stringent. This finding confirms the necessity to employ voltage regulators which are
adapted to this application. As of the internal reference of the power stabilization unit, its
OADEYV for the less stringent scenario A stays below 107!° for all of the investigated integration
times. This is consistent with the finding that interrogation power stability is not limiting
frequency stability of the unperturbed optical standard. For scenario B, however, the voltage

IKoheron SPS100
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reference would set a relevant stability limit. The temperature-stabilized voltage reference
would not be limiting in either scenario, as indicated by the two blue curves. Finally, the
multimeter does not limit the measurement (black curve). For the sake of readability, the
instrument limit is plotted only for scenario A.

10.2.2 Perturbation and Compensation

The reduction of frequency sensitivity to reference voltage achieved through relative intensity
stabilization is investigated with three measurements. They are shown in Figure 10.3. In the
top part of the figure, fractional frequency stability is plotted in terms of Allan Deviation. In
the bottom part, representative segments of fractional frequency measurements are shown.

In a first measurement, the mitigation laser is turned off. A slow sinusoidal perturbation
is applied on the reference voltage, which affects the stabilization of interrogation power.
This measurement is shown in orange and labeled Perturbed. In a second measurement, the
same perturbation is applied on the voltage reference. This time, however, the mitigation
laser is utilized. This measurement is plotted in green and labeled Mitigated. Finally, a third
measurement is made without perturbation and without mitigation laser. The corresponding
ADEV is plotted in blue and labeled Baseline. This last measurement represents the baseline
stability that is not limited through the light shift effect.

The ADEVs in Figure 10.3 show that frequency stability for a mitigated perturbation (second
measurement, in green) is close to the one of the unperturbed system (third measurement, in
blue). The light shift induced by voltage reference changes is almost entirely compensated
by the mitigation laser. At 1000 s integration time, stability is improved by over an order of
magnitude, indicating that the mitigation laser reduces the clock frequency sensitivity to
reference voltage drifts by at least 10 dB. This figure could be even higher. Just like the baseline
stability, mitigated operation is limited by white frequency noise. The residual uncompensated
contribution of the light shift through the reference voltage perturbation is thus buried in the
intrinsic noise of the passive frequency standard.
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Figure 10.3: Allan Deviation (top) and frequency traces (bottom) for a sinusoidal voltage reference perturbation.
Measurements without (orange) and with (green) AC Stark shift mitigation in comparison with baseline stability
(blue) without perturbation. Shortened, representative frequency trace segments are plotted.

10.3 Temperature Sensitivity of Electronics

Different effects that potentially limit frequency stability are driven by temperature variations.
Unless a sub-system is individually stabilized in temperature, it is subject to the fluctuations of
air temperature in the laboratory. This makes it difficult to distinguish different effects that are
all correlated with laboratory temperature. For this reason, independent temperature control
for the breadboard helps to dissociate effects impacting the free-space setup from the ones
impacting the fibered part. Furthermore, temperature control on a smaller scale permits to
characterize the temperature sensitivity of individual components. This is done for the power
stabilization units in what follows.
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10.3.1 Empirical Sensitivity Coefficient

Each power stabilization unit is equipped both with a resistive heater and a negative temper-
ature coefficient (NTC) thermistor. Optical power is then stabilized to an arbitrary setpoint.
The temperature of the units is varied by operating the resistive heaters at two different elec-
trical power levels and in off-state. Temperature is logged by measuring NTC resistance. At
the same time, the commercial photodetectors monitor optical power out-of-loop. They
do not experience the temperature changes applied to the devices under test. This makes
their responsivity variations negligible with respect to the ones of the devices under test. The
measured temperature and optical power (out-of-loop) are plotted against time in the top
part of Figure 10.4 below.

Figure 10.4: Temperature sensitivity of the power stabilization unit for 778.1 nm wavelength. Device temperature
and photodiode voltage against time (top), and linear regression for temperature increase (bottom left) and
decrease (bottom right). PD = photodiode.

The top part of Figure 10.4 shows that optical power, which is proportional to the measured
photodiode voltage, depends on the temperature of the device under test. For each segment
featuring steady temperature, photodiode voltage is indicated by a dashed line. The latter is
surrounded by a semi-transparent banner highlighting the standard deviation (+10) of the
samples within the segment. Simple linear regression is calculated and shown in the bottom
part of the figure to express the power dependence on temperature. It gives a sensitivity
coefficient of about - 125 ppm/°C. A temperature increase (bottom left) and decrease (bottom
right) result in the almost identical coefficient, excluding possible hysteresis phenomena.

The compounded empirical sensitivity coefficient of - 125 ppm/°C is compatible with the
photosensitivity temperature dependence specified by the photodiode manufacturer. It is
higher than the temperature drift coefficients of the relevant electronic components. Therefore,
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it is suspected that the temperature sensitivity of the electronics is limited by the temperature
sensitivity of the silicon photodiode. The sign of the measured coefficient is negative. This
means that the detection efficiency of the device under test (in-loop) increases with increasing
temperature.

The power stabilization unit for 1556.2 nm wavelength is tested in the same way. Its tempera-
ture sensitivity is found to be much smaller than the one of the 778.1 nm board. This makes
it difficult to establish a meaningful value for its coefficient. However, this means that the
practical implementation of the concept using 1556.2 nm wavelength is not limited by the
power stabilization unit used for the mitigation beam.

10.3.2 Frequency Instability Limits

Clock frequency instability limits are extrapolated from the empirical detection efficiency
sensitivity coefficient measured for the 778.1 nm electronic circuit. Based on representative
breadboard temperature measurements acquired for a system in operation, the expected
impact on clock frequency is quantified assuming certain beam properties. The same sce-
narios as for the voltage reference measurements are used (Table 10.1). The resulting ADEVs
are showcased in Figure 10.5. They are calculated on the basis of two different temperature
measurements. In one case, the breadboard temperature is not regulated, whereas in the
other case, it is stabilized to approximately 30°C using water cooling. Without regulation,
temperature in steady state is slightly above 30°C. For both cases, temperature is plotted as an
offset from its mean.

For the less stringent scenario A, the extrapolated instability limits are below or around 1076
for the investigated integration times. This suggests that the temperature dependence of the
778.1 nm board detection efficiency does not represent a relevant performance limitation for
the frequency standard. For scenario B, however, the temperature sensitivity of the power
detection unit sets an instability limit around 10~!5 when the breadboard temperature is not
controlled. Without air conditioning in a laboratory environment, the limitation could become
relevant. Nonetheless, active stabilization of breadboard temperature is sufficient to suppress
this effect, given that it improves temperature stability for integration times larger than roughly
half an hour. For shorter integration times, the stabilization introduces additional noise, but
has no adverse effect on frequency stability.
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Figure 10.5: Measured breadboard temperature (bottom) without (red) and with (green) active control. Cor-
responding clock frequency instability limits (top) assuming the beam property scenarios A and B defined in
Table 10.1 and the measured power stabilization electronics temperature sensitivity reported in Figure 10.4. It is
concluded that the temperature sensitivity of the electronics does not constitute a practically relevant limitation of
clock frequency stability.

10.4 Stability Budget

The frequency standard is operated with and without mitigation laser. In both cases, no
external perturbation is applied and the optical breadboard temperature is stabilized to
a setpoint of 30°C as indicated by the water cooler. Monitoring of different operational
parameters allows to establish the stability budget presented in Figure 10.6 below.

The OADEV of the optical reference is plotted in gray in the upper part of Figure 10.6. The
OADEVs of the frequency standard without and with the mitigation laser are plotted in blue and
green, respectively. Frequency stability is equivalent in the two cases. The optical breadboard
temperature is plotted in the lower part of the figure and shows comparable diurnal excursions
for both measurements.

Optical power is monitored out-of-loop, but the measurement is not included in the stability
budget. The reason for this is an important drift of measured interrogation power, which
is likely due to alignment instability of the D-shaped mirrors. Plotted as an OADEYV, the
light shift extrapolated from the power measurement would result in a limitation roughly
compatible with the actually observed frequency stability without mitigation laser. However,
when analyzing the clock frequency alongside measured optical power, no correlation can be
seen. This makes a clock stability limitation by the light shift unlikely.
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Figure 10.6: Stability Budget (top) and box temperature (bottom) with and without the mitigation laser. Although
the temperature of the optical breadboard is stabilized, diurnal variations of up to 100 mK are measured. The
addition of the mitigation laser does not degrade clock frequency stability. As frequency stability is not limited
by the AC Stark effect, it cannot be determined whether the mitigation laser has a positive impact on attainable
frequency stability. The plotted OADEVs (labeled Baseline and Mitigation) are not corrected for the measurement
noise of the optical reference (labeled Reference).

Moreover, the interrogation power in the vapor cell is estimated using the measured fluo-
rescence signal amplitude. It indicates that the contribution of the interrogation light shift
lies slightly below 1 part in 10'®. The contribution due to the self-collision shift, which is
determined with an out-of-loop cell temperature measurement, is even smaller. Finally, the
clock frequency instability limit due to the voltage reference is indicated. Since optical power
is relatively low and the beam waist radius is large, the voltage reference stability is not limiting
in the present case.

Rather than by the light shift, frequency stability is suspected to be limited by effects linked
to the phase modulation using the EOM. Even though RAM is detected and canceled, the
modulator can represent a noise source degrading long-term frequency stability. The detailed
analysis of the observed stability limitation, however, is out of scope of this thesis focusing on
the light shift. However, it remains an important research topic that needs to be addressed for
the further improvement of the two-photon clock.
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10.5 Chapter Conclusions

This chapter described the implementation of relative intensity stabilization using a 778.1 nm
interrogation and a 1556.2 nm wavelength mitigation beam. As the frequency standard is not
limited by the AC Stark effect, it can unfortunately not be determined whether the addition of
a 1556.2 nm wavelength mitigation laser has the potential to improve frequency stability. Nev-
ertheless, by introducing a deliberate perturbation of the common voltage reference, reduced
clock frequency sensitivity to voltage drifts is demonstrated. Moreover, by measuring the
temperature sensitivity of the power stabilization electronics, a potential technical limitation
of the method is quantified and qualified as negligible.

Finally, a stability budget of the frequency standard with and without mitigation beam was
presented. It is concluded that the addition of a 1556.2 nm wavelength mitigation laser has no
adverse effect regarding frequency stability.

Although no improvement of frequency stability can be observed for an unperturbed system
with the mitigation laser, it has a beneficial impact on frequency accuracy. This is the subject
of the next chapter.
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This chapter discusses the absolute frequency measurement of the 8’Rb 5S,,— 5Ds,» two-
photon transition (Fg = 2) — (F, = 4) hyperfine component. This transition frequency has
been measured and reported previously [13, 36, 51, 83, 85, 119]. The previous measurements
shall be compared to the one presented here.

Different effects are known to induce systematic frequency shifts on the 5S;,,— 5Ds,» tran-
sition. The magnitudes of these effects are quantified and subtracted from the measured
clock frequency. Whereas the previously reported measurements were corrected for the con-
tribution of the AC Stark effect by calculation, no arithmetic correction is done here. Instead,
the systematic frequency shift of the interrogation laser is compensated physically by the
mitigation laser.

11.1 Absolute Frequency Measurement

To determine the atomic resonance frequency, the absolute frequency of the clock laser fcyy is
measured first. This is done by averaging over a period of two hours and is described in what
follows. In a second step, the different uncompensated systematic transition frequency shifts
are estimated in 11.2. Finally, the second harmonic of the clock laser frequency is corrected
for these uncompensated shifts in 11.3. This results in the atomic resonance frequency, which
is then compared to previously reported measurements.

11.1.1 Optical Frequency Domain

When locking the frequency comb, the mode number 7 of the comb line that is offset-locked
to the reference clock laser determines the range of possible repetition rates. The repetition
rate that serves as the microwave frequency output of the reference optical clock is brought to
100 MHz as closely as possible.
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The approximate frequency fcw of the CW laser which is frequency-locked on the atomic
transition is known thanks to literature values [13, 36, 51, 83, 85, 119]. Both the AC Stark effect
and the self-collision shift impact fcw by a few kHz each. A single comb line, in contrast,
corresponds to a shift of foy of 200 MHz.

Nez et al. [85] have measured the frequency of the (Fg = 2) — (F, =4) hyperfine component of
the 8’Rb 5S,,, — 5Ds/» transition to 385 284 566 366.3 (8.0) kHz. Half of this value is assumed
for the fundamental CW laser, namely fcw =192 642 283.183 MHz. This optical frequency
beats with the closest comb mode, producing the frequency fj,.r, which is of either positive
or negative sign. The beat note fj,.« is locked to an arbitrary value. The relation between fcy
and its nearest comb line with mode number 7 is written as

few =(£1fceol + 1 frep) £ | freat! (11.1)

The carrier-envelope-offset frequency fcgo is fixed to 10 MHz. The sign can be chosen freely.
The mode number of the comb line closest to the CW laser is found by dividing the CW
frequency by the repetition rate

n= mod (fcw/ frep) =1926423 (11.2)
Knowing n, the offset of fcw from n- f.), is calculated. By rearranging Eq. (11.1) we find
fCW_n'frep:ifCEOifbeat:_16~817MHZ (11.3)

Eq. (11.3) defines the target beat frequency fj,.x that leads to the desired repetition rate of
100 MHz. In practice, fj,x must be smaller than half of the repetition rate, which is 50 MHz.
Moreover, fj,cx must not be too close to zero as this would make detection and filtering
difficult. A beat frequency around 30 MHz is desirable. By choosing the sign of fcgo as positive
and the one of fj,.x as negative, Eq. (11.3) is fulfilled with | fp.4| = 26.817 MHz. The negative
sign for fjocx indicates that the clock laser frequency will be found to the left of the n‘" comb
line, as illustrated in Figure 11.1.

11.1.2 Radio Frequency Domain

The comb repetition rate f;.p, is determined by comparing it to the output of an active hy-
drogen maser!, as described in 8.3. The phase of the maser output at 10 MHz is tracked with
respect to an atomic timescale referenced to GNSS. Tracing back the comb repetition rate
to GNSS allows to calculate the maser frequency offset and makes an accurate frequency
measurement possible.

The sign of fcro is detected by the optical frequency comb. The frequency fcgo is locked to
10 MHz using a comb-internal oscillator that is provided with a 10 MHz reference signal from

1iMaser 3000, Safran Timing Technology SA
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Figure 11.1: Configuration of the frequency comb resulting in a repetition rate of frep =100 MHz. The optical
reference frequency fcy is represented by the solid vertical bar drawn in orange. It is given by the atomic
resonance frequency of the two-photon transition and is locked to the closest comb mode by stabilizing the beat
frequency fj ¢k (see also Figure 8.1). The sign of fcgo and the parameters f;,.r and n are chosen freely.

the same active hydrogen maser which is also used to measure the comb repetition rate.

11.1.3 Measurement Chain Referenced to UTC

A multi-level measurement chain establishes a link between the clock laser frequency fcw
and GNSS. It allows to trace back the atomic resonance frequency to UTC(r). The different
elements of the chain and the links in between are listed in Table 11.1 below. In addition to
the elements that have been introduced previously, the measurement chain consists of an
atomic timescale and a GNSS receiver. Moreover, publicly available data from BIPM? allows to
trace back to UTC(r) the received GNSS timing signals. The individual links of the chain are
described in the following paragraphs.

Optical Frequency Standard to Optical Reference

The clock laser frequency is measured by beating it against a mode of the frequency comb that
is locked to another rubidium two-photon standard as described in 8.3. A specific harmonic of
the resulting beat note is filtered and measured. The frequency of this beat note is composed
of a natural multiple of the comb repetition rate and the frequency offset between fcw and
the closest comb mode. In particular, itis 100 fineas =14 frep + | fpeat-

The mode number 7 of the comb line contributing to the beat note has been calculated above.
Relying on the calculated value of n implies the assumption that the transition frequency

2Bureau International des Poids et Mesures (BIPM), https://www.bipm.org/en/time-ftp/utcr
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Element in chain Chain link measurement | Phase/time | Sampling

Optical frequency standard
| Beat note CW & comb Phase Ts=1s

Reference clock (comb line)
| frep/10 vs. maser 10 MHz | Phase Ts=1s

Active hydrogen maser

| TIC measurement of PPS Time offset T,=60s

Timescale output

| GNSS receiver Time offset T,=16 min.
REEFSYS UTC(USNO)
! BIPM database Time offset 7s=1day

UTCr - UTC(USNO)

Table 11.1: Overview of the measurement chain that links to UTC(r) the optical frequency of the clock laser
fcw. The sampling period 7 = is indicated for the respective phase or time offset measurements. Corresponding
frequency offsets between chain links are reported in Table 11.3, while measurement uncertainties are summarized
in Table 11.2. CW = continuous-wave (laser), TIC = time interval counter.

measurement is not offset by 200 MHz or a multiple thereof. In relative terms, this corresponds
to a natural multiple of 5 x 107, In comparison to the total measurement uncertainty that will
be evaluated in what follows, such large offsets are extremely unlikely. It is concluded that,
based on previous measurements of the two-photon transition frequency, the comb mode
number 7 is known with satisfactory confidence.

The uncertainty of this measurement is given by the resolution of the phase comparator. At 7 =
1s, itis specified to 2 x 10712, The measurement reveals a beat frequency of fyeq; ~ 26.821 MHz.
This frequency is very similar to the one imposed for the lock of the optical frequency comb on
the reference clock laser, i.e. fjocr = 26.817 MHz. The difference fpeqr — fiock = 4kHz implies
that the clock laser frequencies of the device under test and the reference two-photon clock
are similar but are both subject to different systematic frequency shifts. No accuracy budget is
established for the reference two-photon clock.

Optical Reference to Active Hydrogen Maser

The optical reference is measured against an active hydrogen maser via a self-referenced
frequency comb. Its repetition rate f;., ~ 100MHz is divided by 10 and measured against
the 10 MHz output of the maser with a phase comparator. In particular, the frequency ratio
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between the two standards is evaluated. For the day of measurement it is found that

fmaser

frep/10

—1=+3.1542x 107! (11.4)

Uncertainty is given by the frequency instability of the active hydrogen maser at the integration
time of 2 hours, which is specified to 2 x 107! by the manufacturer.

Active Hydrogen Maser to Timescale

The active hydrogen maser is not steered to GNSS and has thus an a priori unknown frequency
offset with respect to UTC. The maser is measured against the output of a timescale. This
timescale [46] combines different atomic clocks in order to yield a time output, which is given
by a frequency synthesizer providing PPS and 10 MHz outputs.

To measure the frequency offset between the maser and the timescale, their PPS outputs are
compared to each other with a time interval counter (TIC). This is done at a sampling period
of 60 seconds and over the course of one day. Thanks to this measurement performed on
the same day as the one of the optical frequency standard against the optical reference, the
evolution of the PPS offset between the maser and the timescale is determined. The slope of
the time offset is —2.538 x 10~!2. The frequency ratio between the maser and the timescale is
directly deducted from this slope as

ftimescale

—1=+2538x107"12 (11.5)
fmaser

The uncertainty of this measurement is given by the frequency instability of the active hydro-

gen maser at the integration time of 1 day, which is specified to 2 x 10712,

Therefore, the compounded frequency ratio between the timescale and the reference clock
frequency is

ftimescale 1~ (ftimescale _ 1) + ( fmaser

=+3.408 x 107! (11.6)
frep/10 frep/10

-1

fmaser

This frequency ratio must be taken into account for scaling the measured clock laser frequency
with respect to UTC(r).

Timescale Output to GNSS

The timescale output is traced back to a realization of UTC provided by GNSS. More specifically,
GPS system time is used, i.e. REFSYS UTC(USNO). The latter is received by a generic GNSS
receiver with a sampling period of 16 minutes. For simplicity, other GNSS constellations are
not accounted for. Based on the CGGTTS-Version 2E standard for GNSS time transfer, the
timing offset between UTC(USNO) and the timescale is determined.
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From the different satellites from which signals are received, the time difference between
satellite and system reference time is obtained. As only time and no frequency data is accessi-
ble from this comparison, the uncertainty on the frequency offset between the received GPS
system time and the underlying UTC(USNO) is estimated. This is done by identifying an upper
uncertainty bound.

A conservative estimate for the uncertainty is made based on the observation that within
24 hours, the timing offset stays within a range of 5 ns. The same can thus be said for the
measurement interval of 2 hours. In the worst case, a change of timing offset of 5 ns within
2 hours corresponds to a fractional frequency offset of = 7 x 10713,

GNSS to UTC(r)

In a final step, REFSYS UTC(USNO) is compared to UTC and UTCr, which is the rapid realiza-
tion of UTC, which is disseminated via the BIPM Time Department Data Base. For the day
preceding the measurement (MJD=60509), the difference UTCr — UTC(USNO) is reported to
+0.2 ns. For the day of the measurement (MJD=60510) and the following day (MJD=60511), the
difference is reported to 0.0 ns. Based on this small evolution of time offset, the contribution
to the uncertainty of the frequency measurement is quantified to 2 x 10715,

Measurement Uncertainty

The measurement uncertainties associated with the chain links described above are summa-
rized in Table 11.2. The dominant source of uncertainty is linked to the received GPS signals.
The time offsets between the timescale and REFSYS UTC(USNO) do not directly reveal a
frequency offset, but allow to establish the uncertainty bound of < 7 x 10~!3 found above. In
absolute terms, this represents an uncertainty of <270 Hz on the =385 THz frequency of the
rubidium two-photon transition.

Chain Link Given by Uncertainty
Phase measurement Phase comparator limit at 7 = 2 hours 24x10714
Maser to timescale Maser frequency stability at T = 1 day 2x1071
Timescale to GNSS Frequency stability of timescale at 7 = 1 day 2x 10715
GNSS to UTC(r) REFSYS UTC(USNO) as by CGGTTS-Version 2E <7x10713
UTC(USNO) vs. UTC(r) | Daily time offset as reported by BIPM 2x1071
TOTAL (dominated by GNSS) <7x10713

Table 11.2: Relative uncertainties in the clock laser frequency measurement with respect to UTC(x) listed for the
different links of the measurement chain.
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11.1.4 Measurement of Clock Laser Frequency

Using the method described above, the relevant radio frequencies are measured. They are
reported in Table 11.3 below. The sign of f}.,; is determined by tuning optical power and
rubidium vapor pressure to induce AC Stark and self-collision shifts whose respective signs
are known. A negative sign is found. With this piece of information, the measured frequencies
are inserted into Eq. (11.1), which results in the looked after clock laser frequency fcw. The
quantity 2 - fow represents the perturbed atomic resonance frequency. It is affected by the
systematic shifts that are quantified in the following paragraphs.

Frequency (or other) With respectto | Value in Hz (or ratio/number)
frep maser 100000 000.000 000
(ftimescate! (frep/10)) - (3.408-10711)
frep GNSS 100000 000.003 408
fceo maser 10000 000.000 000
fceo maser 10000 000.000341
100 X fieas maser 1426 820636.258
Jveat maser 26820 636.258
Jveat GNSS 26820514.259
(comb mode number n) - (1926423)
few GNSS 192642 283 185 929

Table 11.3: Determination of the clock laser frequency fcyy. As the frequency measurement is made with respect
to an active hydrogen maser, it must be corrected by the frequency ratio between UTC(r) and the maser. The clock
laser frequency fcw represents the atomic resonance frequency including its systematic shifts.

11.2 Systematic Resonance Frequency Shifts

The relevant systematic frequency shifts are estimated either by measurement or by calculation.
Unless specified, the calculations refer to the theoretical framework discussed in 4.5. The
different systematic shifts are then summed up to establish the accuracy budget in 11.3.

For all effects driven by vapor pressure, an uncertainty of + 3°C is taken for the absolute cell
temperature. The latter is assumed to correspond to the selected working point of 90°C.

11.2.1 Self-Collision Shift

The self-collision shift rate is evaluated experimentally by tuning cell temperature to five
different setpoints between 80°C and 95°C. For each setpoint, clock frequency is measured
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Figure 11.2: Measurement of rubidium self-collision shift. Shift rates are given in terms of 778.1 nm wavelength
photon frequency (385 THz). Two temperature measurements using different NTC resistors of the same model
lead to similar shift rates that are compatible with the one reported by Zameroski et al. [117].

and averaged over a period of about ten minutes. Frequency is then plotted for the rubidium
vapor pressure corresponding to the different temperatures. Vapor pressure is calculated in
function of cell temperature using Eq. (4.7).

As shown in Figure 11.2, linear regression gives then the measured self-collision shift rate
measy s pp. No error bars are plotted in the vertical axis since the standard deviation of mea-
sured frequency is negligible with respect to the frequency differences between measurement
points. Rather than by frequency, the measurement uncertainty is given by the determination
of cell temperature. In the blue data points in Figure 11.2, the cell temperature is assumed to
correspond precisely to its setpoint. An out-of-loop measurement using the same type of NTC
resistor, which is plotted in red, leads to different temperature values. The NTC resistors are
calibrated with the model specific resistance-temperature curve provided by the manufacturer.
The self-collision shift rate is calculated by averaging the two measurements, leading to

measy ¢ oy =—15.1(+0.2) MHz/ Torr (11.7)

With the cell temperature of 90°C and the assumed + 3°C uncertainty, the frequency shift due
to the Rb-Rb collisions is estimated to

Afrp-rp=—1770(x350) Hz (11.8)

While the goal of this chapter is the quantification of systematic frequency shifts, it is worth-
while also considering stability. The self-collision shift, as mentioned before, motivates par-
ticular attention to cell temperature stability [76]. The derivative of Eq. (4.7) in combination
with the shift rate allows to calculate the fractional frequency sensitivity coefficient of cell
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Figure 11.3: Self-collision shift fractional frequency sensitivity coefficient against cell temperature. The coefficient
extrapolated for 100°C agrees well with the one reported by Newman et al. [83], which is approximately two times
smaller than the one reported by Martin et al. [74]. The sensitivity coefficient is extrapolated from the measurement
reported in Figure 11.2.

temperature, which is plotted in Figure 11.3. The extrapolated sensitivity coefficient at 100°C
cell temperature corresponds well to the ones reported by [117] and [83] for 8Rb and 8Rb,
respectively. In contrast, [76] reported a two times higher sensitivity coefficient for 8’Rb.

11.2.2 Helium Collision Shift

The helium concentration within the vapor cell is estimated in two different ways: with a
leakage calculation and with a linewidth broadening measurement. The frequency shift
corresponding to the estimated helium partial pressure is then estimated with the helium
collision shift rate reported by [117] (see Eq. (4.10)). For the linewidth broadening method, the
helium broadening rate reported the same source is used (see 4.9).

Leak Rate Calculation

With the vapor cell geometry and material properties®, the helium leak rate is calculated as
a function of helium partial pressure difference between the inside and outside of the cell*.
The helium concentration within the cell is obtained by integrating the leak rate over the total
uptime of cell heating. It is assumed that the cell was free of helium at the time of production.
Furthermore, the leak rate at ambient temperature is neglected. The helium partial pressure

3Cylindrical glass-blown cell with a 10 mm optical path length, a 9.5 mm inner diameter and a 1.1 mm wall
thickness. Material: Pyrex (also known as borosilicate glass)

4The initial calculation by Matthieu Pellaton is gratefully acknowledged in this context.
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at the time of initial operation ¢ =0 is thus
0
P =0 (11.9)

Unless the vapor cell is exposed to an environment with increased helium concentration,
the helium partial pressure inside the cell will not exceed the partial helium pressure in the
atmosphere. The latter is P,y = 3.95mTorr [117], which means that the maximum possible
helium partial pressure inside the cell is also

P = Poyr =3.95mTorr (11.10)

Using the shift rate given in Eq. (4.10), the maximum frequency shift due to helium permeation
is calculated to

AfH =24 s e - PR = 4010(140) Hz (11D

The change in helium partial pressure is proportional to the difference of helium partial
pressure inside and outside of the cell, meaning

dP;,

ar =a - (Pour = Pin) (11.12)

Rearranging Eq. (11.12) above leads to the differential equation

dPin _ f,(Pin)

—a-dt= = ith f(P;,) =Pjp,—P 11.13
a Pir—Pous f(Pin) [Wl f( in) in out] ( )

that is integrated by letting
In(P;,, — Poyy) = —at+C (11.14)

Taking the exponential form of Eq. (11.14) above leads to
Pin=Pyy+Cle ! (11.15)

With the assumption made in Eq. (11.9) that at ¢ =0 the helium partial pressure inside the cell
is zero, we find C' = —P,,;;. This leads to the time-dependent expression for the helium partial
pressure inside the cell

Pin=Poy(1-e" %) (11.16)

The leak rate @ must be determined numerically. It depends on the geometry and material
properties of the cell. It is expressed as [96]

A
a:Kﬂ [at Pref] (11.17)
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where K is the permeation constant that depends on material and temperature, whereas A,
d and V designate the vapor cell surface area, wall thickness and inner volume, respectively.
The units used to express the permeation constant K differ among sources. Independently of
the chosen units, K expresses the temporal rate of a volume of gas that permeates a substrate
with a given surface area and thickness. As the rate is inversely proportional to the substrate
thickness and proportional to surface area, the volumetric permeation rate reduces to units of
surface per time. However, volume does not quantify by itself the number of particles that
have permeated the substrate. This explains by the circumstance that the particle density
in a gas is a function of pressure. Therefore, the permeation constant is given for a certain
reference pressure defining the mass density of the gas. In the present case, the pressure that
defines the number of particles per volume is the one outside the cell. Unlike P,,;, however, it
is the total vapor pressure rather than the helium partial pressure. The reference pressure is
therefore defined as

Prefz 1 atm =760 Torr (11.18)
The permeation constant of Pyrex® is taken as the value reported by [59], namely
Kiooec =3.0 x 10°8 mm?/s (11.19)

As the cell was operated at 100°C before switching to 90°C, the permeation constant Kjggec
does not need to be scaled with temperature. The leak rate is determined with Eq. (11.17) to

aro0oc=1.72x10"%s7! (11.20)

Inserting the leak rate into Eq. (11.16) and taking the time of operation at 100°C as ¢ = 300 days
gives the expected helium partial pressure inside the cell, namely

P;,(t=300days) = Py, (1 —-0.64) = 1.42mTorr (11.21)

An uncertainty of £20% is placed on the leakage calculation, which leads to a helium partial
pressure of

Phe,a = 1.42 (£0.28) mTorr (11.22)

The result of this calculation will be compared to the helium partial pressure obtained from
linewidth measurements described in what follows.

5The permeation constant itself is the product of the diffusion coefficient and solubility, which are reported for
Pyrex in [59].
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Linewidth Broadening Measurement

Collisions between helium and rubidium atoms not only shift the atomic resonance frequency,
but they also broaden the transition linewidth. A linewidth difference measurement thus
allows to estimate the helium concentration within the vapor cell. The atomic linewidth was
measured right after the vapor cell had been put in operation. A second linewidth measure-
ment is performed eight days before the absolute frequency measurement. The difference
between the Lorentzian fitted FWHM values is interpreted as the line broadening due to
helium contamination. As the cell had not been heated before being included in the setup,
it is assumed that the amount of helium which permeated into the cell between fabrication
and start of operation is negligible. Moreover, it is assumed that the freshly sealed vapor cell
was free from helium atoms and other contaminants. Neglecting the potential permeation of
other contaminants and their respective collision shifts, the helium collision frequency shift
determined by line broadening is

_ Ayrwam
= Zam.

Pye (11.23)

YB,He

Both linewidth measurements are done with the same experimental parameters® and result
in FWHM linewidths of 441(+3) kHz and 498(+10) kHz for the initial and the follow-up mea-
surement, respectively. This results in a FWHM difference of Ay gy gy = 57(£10) kHz. The
uncertainty of the linewidth measurement dominates over the uncertainty of the shift and
broadening rates. The helium partial pressure inside the cell is estimated to

Pye p =2.23(£0.40) mTorr (11.24)
which is in the same order of magnitude as the value obtained by leakage rate calculation

(see Eqg. (11.22)).

Compounded Helium Concentration and Shift

The two helium partial pressure estimations obtained through leakage calculation (Pg,, 4) and
linewidth measurement (Pg, p) are weighed equally. This leads to a compounded value of

1
Pire= 5 (Piie.a+ Piie,5) = 1.83(0.49) mTorr (11.25)

Finally, multiplying P, by the shift rate in Eq. (4.10) results in the frequency shift due to
He-Rb collisions

Aftre =2y te - Pre = +1880(+£500) Hz (11.26)

610 mW of optical power with a 11 Hz frequency and 50 mVpp amplitude symmetrical triangular ramp on the laser
current modulation. This ramp corresponds to a scanning speed of approximately 170 MHz/s.
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Figure 11.4: The magnetic shielding is tested using a pair of copper coils and a teslameter. The measurement is
repeated for three different shielding orientations.

This shift is comparable in magnitude but opposite in sign to the shift due to Rb-Rb collisions
(self-collision shift) found in Eq. (11.8).

11.2.3 Second-Order Doppler Shift

The second-order Doppler shift is obtained by evaluating Eq. (4.11) for 90°C cell temperature.
Knowing that in a Maxwell-Boltzmann distribution, the mean square speed <v?> of a particle
is equal to 3kgT/m with kp Boltzmann’s constant, T being the temperature and m the particle
mass, the relativistic shift is -223 Hz for the 90°C hot atomic vapor. The +3°C uncertainty on
cell temperature results in an uncertainty of +3.7 Hz.

11.2.4 Zeeman Effect
Magnetic Shielding Factor

The shielding factor of the single-layer mu-metal cage is measured by applying an external
field created by an electrical current flowing through two copper coils. A magnetic flux density
of around 16 Gauss is measured between the coils. The magnetic flux density within the
magnetic shielding is measured as illustrated in Figure 11.4. This is done for three orientations
of the shielding. Since the mu-metal cage has multiple holes for the laser beam, light pipe and
screws, its shielding factor depends strongly on the orientation with respect to the magnetic
field lines. The Earth magnetic field is assumed to follow perfectly the North-South axis
(Neuchatel: 47° 00’ N). In the setup, the vapor cell is inclined by 32° with respect to this axis.
Therefore, a weighted shielding factor is calculated that accounts for the projections of the
magnetic flux on these two axes. This results in a compounded shielding factor of 41, meaning
the stationary magnetic flux density experienced by the atoms in the vapor cell are reduced by
41 with respect to the Earth magnetic field.
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Earth Magnetic Field

The estimation of the Earth magnetic field in Neuchatel is based on two sources. On the one
hand, global data acquired by ESA’s Swarm satellites [35] is used. This data is recent an covers
the entire Earth. On the other hand, data evaluated specifically for Switzerland is used [41].
This data has a high spatial resolution, but dates from the year 1979. As the Earth magnetic
field changes over time, the expressiveness of this data is considered equally high as the one
from satellite measurements.

The ESA and the Swiss data support an Earth magnetic field of 37 uT and 47 uT, respectively.
Therefore, the Earth magnetic field in Neuchatel is estimated to 42(+5) uT.

Calculated Zeeman Shift

The total systematic shift due to the Zeeman effect is calculated to
Ageeman - +2.7(x0.6) Hz (11.27)

using the two-photon magnetic sensitivity coefficient in Eq. (4.12), the compounded shielding
factor of 41, and the estimation of the Earth magnetic field in Neuchétel.

11.2.5 Black Body Radiation Shift

The atomic population is immersed in the black body radiation of the mechanical assembly
holding and heating the vapor cell. The same 90°C temperature is assumed as for the vapor
cell. At 90°C, the black body radiation shifts of - 210 Hz and - 195 Hz were reported by [51] and
[75], respectively. This leads to a frequency shift of

AJIZ”B =—203(+7)Hz (11.28)

when the two reported values are weighted equally.

11.2.6 Gravitational Red Shift

The optical frequency standard is operated in Neuchétel at 487 meters altitude. Compared to
an observation made at sea level, its frequency is thus blue-shifted. The gravitational red shift
is expected to account for

A8 < 1206 Hz (11.29)

based on the coefficient given in 4.5.7.
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11.3 Accuracy Budget

The different frequency shifts and uncertainties estimated above are summarized in Table 11.4.
The very small effect due to line pulling (see 4.5.6) is neglected.

Effect Evaluation Value [Hz] | Uncert. [Hz]
Self-Collision Shift measurement -1770 +350
Helium Collision meas./calc. +1880 +500
Second-Order Doppler calculation [23] -223 +3.7
Zeeman measurement +2.7 +0.6
Black Body Radiation calculation [51, 76] -203 +7
Gravitational Red Shift calculation [78] +20.6 -
Subtotal -293 +610
Electronic Shifts estimation [83] + 3850
Measurement Chain + 270
Total -292.7 + 3907

Table 11.4: Accuracy budget listing the above-mentioned frequency shifts summing up to the difference between
clock and atomic resonance frequency.

In fractional terms the resulting systematic resonance frequency shift is estimated to less than
1072, In addition to the uncertainty of the systematic frequency shifts, a fractional 107!
uncertainty is added. The latter accounts for electronic shifts that possibly induce lock-point
errors. The same uncertainty range as the one assumed by [84] is taken. Although this factor
dominates total measurement uncertainty, it does not affect the magnitude of the systematic
frequency shifts.

11.3.1 Correction of Measured Clock Frequency

The clock laser frequency fcw is measured as outlined in Table 11.3. The clock frequency
2 fcw is corrected by the systematic shifts given in Table 11.4. With this correction, the
unperturbed atomic resonance frequency is measured to the value reported in Table 11.5.

Frequency [Hz]
Clock frequency 385284566371 858
Correction (atomic & relativistic) -293(+610)
Resonance frequency 385284566372151
Resonance frequency uncertainty +3907

Table 11.5: Clock frequency and correction applied in order to determine the atomic resonance frequency.
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11.3.2 Estimation of Residual Light Shift

As outlined above, no arithmetic correction is applied for the light shift since it is physically
compensated by the mitigation laser. Nevertheless, an estimation of the magnitude of the
compensated AC Stark shift is made.

The resonance frequency shift due to the interrogation laser is estimated by extrapolating
interrogation power to zero. This leads to an estimated shift of —1317Hz. According to the
comparison of two consecutive measurements with and without the mitigation laser, it causes
a clock frequency shift of +1353Hz. These values support a light shift extinction of 15.7 dB.
The absolute frequency shift contribution of the residual light shift is thus expected to be
larger than the Zeeman shift, but much smaller than the self-collision, helium collision, black
body radiation and second-order Doppler shifts.

11.4 Comparison to Previously Reported Measurements

The measured unperturbed resonance frequency is compared to values previously reported
for the 8’Rb 5S;/,— 5Ds5/» two-photon transition (Fg=2) — (Fe=4) hyperfine component. Fig-
ure 11.5 shows all the other absolute frequency measurements of this transition that have
been reported to the best of my knowledge [13, 36, 51, 83, 85, 119]. All of these measurements
were corrected for the AC Stark shift. The measurement presented here agrees well with the
previously reported unperturbed resonance frequencies. Besides the arithmetically corrected
resonance frequencies, also the AC-Stark-shift-uncorrected values are plotted in Figure 11.5.
Moreover, the AC Stark shift magnitudes reported for previously reported measurements are
given numerically in Table 11.6.

Publication Year | Shift (Hz) | Uncertainty (Hz)
Nez et al. [85] 1993 -2000 -
Hilico et al. [51] 1998 -5300 < 140
Bernard et al. [13] 2000 -2812 20

-2960 30
Edwards et al. [36] 2005 -13430 408

-6579 442
Zhang et al. [119] 2015 -43 200 3000
Newman et al. [83] | 2019 -23500 3
(This work) 2025 (-1317) (475)

Table 11.6: AC Stark shift magnitudes and uncertainties of rubidium two-photon clocks and frequency standards
that have been used to correct previously reported absolute frequency measurements of the 8’Rb 51 /» — 5D5;2
two-photon transition (Fg = 2) — (Fe = 4) hyperfine component. The two publications for which two different
values are listed each report on two separate two-photon systems.
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Figure 11.5: Comparison of absolute frequency measurements of the 87Rb 55,2 — 5D5,2 two-photon transition
(Fg =2) — (Fe =4) hyperfine component. The measurement reported here features AC Stark shift compensation
with the 1556.2 nm wavelength mitigation laser. Therefore, no arithmetic correction for the light shift needs to be
applied.

11.5 Retrace Measurement

According to the definition by [109], retrace designates the change of frequency after on/off
operation and a specified warm-up time. Moreover, the operating conditions must not be
changed after restart. Retrace is of interest for describing the repeatability of a frequency
standard, in particular for portable devices.

A retrace measurement is made for the optical standard operated with the mitigation laser
in place. The system is powered off for a period of 24 hours. After these 24 hours, a 5 hour
warm-up period is initiated. At the beginning of this 5 hour period, the active control of
the breadboard temperature to a 30° C setpoint is resumed. Moreover, the vapor cell and
the frequency-doubler module are heated up once again and regulated to their respective
setpoints. Finally, after the warm-up period, the frequency standard is re-locked manually. Five
hours and seventeen minutes after the start of the warm-up period, the phase measurement
is resumed. Figure 11.6 presents the optical frequency traces of the ten hours preceding the
off-state period and the ten hours following restart.

After warm-up and restart, the clock frequency is offset by 76 Hz. Note that the standard
deviation given in brackets is a consequence of the chosen sampling rate (1 Hz) and represents
thus an upper bound for uncertainty. As frequency instability is lower at longer integration
times, the actual uncertainty is smaller. In fractional frequency, the offset is Ay =~ 2 x 10713,
The retrace is thus lower than the uncertainty of the compounded systematic frequency shifts.
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Figure 11.6: Retrace measurement for the frequency standard with mitigation laser. The frequency standard is
switched off after a first measurement (left) and turned on again after 24 hours for a second measurement (right).
The standard deviation of optical frequency is given in brackets (1 Hz sampling frequency).

11.6 Chapter Conclusions

An absolute frequency measurement of the 8’Rb 5S;,,— 5Ds,, two-photon transition (Fg =
2) — (F, =4) hyperfine component was presented. Its result is in line with previously reported
values for the same transition. But unlike in previous measurements, the AC Stark shift is
corrected with a mitigation laser rather than by an arithmetic correction.

The AC Stark shift is ruled out as major contributor to systematic resonance frequency shifts.
Instead, the helium collision and the self-collision shift dominate. The self-collision shift
is intrinsic but poses only little challenge regarding repeatability. As cell temperature and
thus rubidium vapor pressure can be controlled quite precisely, its stabilization to the same
setpoint leads to negligible self-collision shift differences among different systems. The helium
collision shift, in contrast, requires particular attention. A potential solution could consist in
aluminosilicate glass [28] (ASG) vapor cells with or without additional Al,O3 coating [25].

Finally, a retrace measurement confirms the repeatability of the light shift mitigation with
the 1556.2 nm wavelength laser. A fractional clock frequency offset of Ay = 2 x 10713 was
measured between two on-states separated by a 24-hour off-state and a 5-hour warm-up
period.
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|4 Summary of Thesis

12.1 Rubidium Two-Photon Clock

A rubidium two-photon optical frequency standard featuring a light shift mitigation scheme
based on a 1556.2 nm wavelength beam was designed, built and tested. It was operated with a
short-term fractional frequency instability of 3 x 107!3/,/7 and achieved instabilities of a few
107 at7=10%s.

The 1556.2 nm mitigation beam is frequency-locked to the 778.1 nm wavelength interrogation
beam via second harmonic generation. The two beams are combined in free space. The AC
Stark shift sensitivity coefficient at 1556.2 nm wavelength was measured and found to be in
good agreement with the theoretical prediction reported by [75]. The same observation was
made for the 778.1 nm interrogation wavelength. The beam intensities were then adjusted to
the absolute value ratio of their sensitivity coefficients. In this setting, the optical power was
attenuated without significantly affecting clock frequency, providing a proof of concept for
this mitigation method.

Optical power was then stabilized in a configuration that relies on a common voltage reference
for both beams. This architecture reduces the dependence of the clock frequency on the
interrogation beam intensity. The voltage reference was then perturbed with a slow sinusoidal
modulation in order to simulate a drift. The mitigation scheme reduces the impact of this
perturbation on clock frequency by over an order of magnitude. In addition, the temperature
sensitivity of the electronic circuits stabilizing optical power was characterized. Their tempera-
ture sensitivity was found not to constitute a relevant technical limit of the mitigation method.
The overall temperature sensitivity of the power stabilization electronics is dominated by the
temperature sensitivity of the silicon photodiode, which measures the interrogation beam
power, rather than by the one of the InGaAs photodiode, which measures the mitigation beam
power.

Finally, the absolute frequency of the two-photon transition was measured. Different sys-
tematic frequency shifts were accounted for by calculation and an accuracy budget was
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established. As the light shift is compensated by the mitigation beam, it was not included in
the accuracy budget. Nevertheless, the measured resonance frequency was found to agree
well with previously reported measurements. With the addition of the mitigation laser, the
systematic frequency shift due to the AC Stark effect was canceled, making collision shifts the
largest systematic atomic resonance frequency shifts. A retrace measurement demonstrated
the high repeatability of the method.

12.2 Optical Fiber Link

A fiber link for stable optical frequency transfer of a primary and a secondary signal was
realized. Two optical signals with different wavelengths were combined using either polar-
ization or wavelength-division multiplexing. While the fiber noise was actively compensated
for the primary signal using Doppler cancellation, the transfer of the secondary signal was
shown to benefit from indirect stabilization. In comparison to a situation without fiber noise
cancellation, its transfer stability at 1000 seconds integration time was increased by a factor of
11.5 dB up to 16 dB depending on the multiplexing method that was used.

Theoretical considerations showed that a limitation of the method is given by the relative
wavelength difference between the two signals. The noise compensation limit observed in
experiment, however, was found to be set by the non-common fiber parts, which account for
around five percent of the total link. Finally, it was concluded that the explored method can
provide a simple means to stabilize the transfer of multiple optical frequencies at once. In
particular, it has the advantages that the secondary signal is entirely subsidiary and that it
requires no optical frequency comb.
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13.1 Rubidium Two-Photon Clock

Key advantages of the explored method include improved frequency accuracy, reduced sen-
sitivity to voltage reference drifts and the property that the clock frequency is essentially
independent of optical power. Nevertheless, as long as the frequency stability of an unper-
turbed system is not shown to be improved with the method, a compelling use case beyond
scientific research remains to be identified. For applications in timekeeping, the demon-
strated advantages currently do not weigh up for the increased footprint, complexity and
power consumption. More importantly, however, the explored scheme breaks new ground
for realizing technically more complex schemes featuring a mitigation laser. Based on the
knowings acquired for 1556.2 nm wavelength, mitigation laser architectures are a promising
path for sustained research efforts. At the same time, frequency stability limitations set by
other technical noise sources must be examined.

Future research should focus on mitigation wavelengths closer to the one of the interrogation
laser. This would allow to easily multiplex both wavelengths into the same fiber and launch
them into free space using the same collimator, which would considerably reduce the footprint
of the free-space optics.

On the one hand, relative intensity stabilization with a static beam power for each wavelength
would presumably require the mitigation wavelength to be stabilized. Whereas this would
be cumbersome in an optical frequency standard like the one explored here, in a full atomic
clock, a laser with 785 nm wavelength could be locked to a mode of the frequency comb. An
expected challenge would be to always lock it to the same comb mode when the system is
rebooted.

On the other hand, intensity modulation could avoid the need to stabilize the mitigation
wavelength. Instead, the overall light shift would be detected via the atomic response to
common modulation of both beams. Close attention would need to be paid to the differences
of modulation amplitude between the two wavelengths. If the individual modulation depths
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drift over time, the point of zero light shift would be detected with a variable bias, jeopardizing
the long-term repeatability of the method.

Even though a mitigation wavelength closer to 778.1 nm is assessed most promising, the
use of a 1556.2 nm mitigation beam should not be excluded. A different architecture could
avoid the dichroic combination of the interrogation and mitigation wavelengths in free space.
More specifically, a 1556.2 nm free-space beam could be frequency-doubled with a PPLN
crystal right in front of the atomic vapor cell. Two diverging beams would result from this
configuration: a residual fundamental 1556.2 nm and a second-harmonic 778.1 nm beam.
Using a sufficiently short microfabricated vapor cell, also a diverging interrogation beam could
provide sufficient intensity to excite the two-photon transition. Such an architecture would
work best with direct comb interrogation since a pulsed rather than a CW laser would increase
the conversion efficiency of the PPLN crystal.

Further research on mitigation beams should complement sustained efforts on combined-
error-signal-based approaches. If multiple alternative solutions can be found, this would
allow to implement different techniques best suited to specific applications in view of their
accuracy, stability and SWaP requirements. With the high diversity of rubidium two-photon
realizations, it is unlikely that one technical solution can be found that is best suited to the
whole range of possible systems and applications.

In a broader perspective, the rubidium two-photon clock has good prospects of becoming a
technology of choice for demanding applications in time-keeping. In particular, compact two-
photon clocks are ready for applications outside the laboratory environment. Besides the light
shift, however, other technical challenges remain. Above all, these consist in understanding
and mastering side effects of phase modulation and the permeation of impurities into the
atomic vapor cell. If these challenges are solved, sustained and skilled engineering can enable
the rubidium two-photon clock to outperform the active hydrogen maser in terms of frequency
stability, accuracy, SWaP as well as cost of production and maintenance.

13.2 Optical Fiber Link

Although active noise compensation was shown to be nonessential for characterizing the ru-
bidium two-photon optical frequency standard, fiber noise can indeed impede the frequency
comparison of rubidium two-photon optical standards when they are separated by a distance
in the kilometer range. Stabilization of fiber links used for on-campus applications, which is
already required for optical lattice clocks, is likely to be soon needed for compact vapor-cell
optical frequency standards. The presented method of dual optical frequency transfer can
thereby help to streamline the simultaneous distribution of multiple optical frequencies.

In addition, the same concept could possibly be adapted to free-space optical links. Depend-
ing on the targeted use case, it could be implemented in a system relying on CW lasers. A
method adapted to free space without the need for an optical frequency comb could provide a
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robust and cost-effective solution for the simultaneous transfer of multiple optical frequencies
through the atmosphere.

Finally, in the context of time transfer, an adaptation of the method could improve the stability
of protocols that do not feature optical phase-locked loops. For instance, the White Rabbit
protocol could benefit from a third wavelength channel without data traffic over which a CW
laser is transmitted and optically phase-locked between network nodes. The optical phase
lock would allow to sense round-trip delay variations caused by the fiber link and separate
them from electronic delay contributions by the White Rabbit network switches. Such a hybrid
scheme could combine the adaptability of a digital protocol with the high sensitivity of optical
phase detection while staying cost-effective and readily deployable.
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Appendix

Science Communication

During my PhD thesis, [ had the chance to attend (and win) two contests on science commu-
nication. Each time, the goal was to present scientific research in no more than 180 seconds.
Here below are the texts that I wrote for the official contest Ma Thése en 180 Secondes' and for
the CSEM-internal Science Slan?®. The first text addresses a broad public, whereas the second
one is written for scientists and engineers.

Ma These en 180 Secondes

Une microseconde, c’est rien du tout. Et 300 metres ?

Vous I'avez éteint, votre téléphone ? Peu importe, mais sans doute, vous avez déja utilisé sa
fonction GPS. Etjespere pour vous qu’elle s’est pas trompée de 300 metres. ..

Le systeme GPS est basé sur des satellites. Ces satellites émettent des signaux que votre
téléphone recoit une fraction de seconde plus tard. Ce petit décalage n’est pas embétant, mais
il permet de vous localiser. Car la vitesse du signal et son temps de voyage donnent la distance
entre vous et le satellite. Et a 'aide de plusieurs satellites bien synchronisés, le téléphone
calcule votre position.

Tout va bien jusqu’ici. Alors revenons sur la microseconde. Dans ce temps minuscule, un
signal GPS fait une distance de 300 metres. Alors une microseconde est beaucoup. C’est la
différence entre I'hopital de la Providence et ici [Aula des Jeunes-Rives, Neuchétel]. Pour éviter
une telle incertitude, les satellites doivent tous avoir '’heure précise. Et 13, votre belle vieille
Tissot ne suffit plus. Il nous faut autre chose: une horloge atomique.

Mais c’est quoi une horloge atomique ? Réponse simple : le sujet de ma thése. Réponse utile:
une horloge normale, mais avec un horloger personnel. Un horloger qui ne dort jamais et

1Held on 30 March 2023 at the University of Neuchatel
2Held on 28 June 2024 at CSEM, Neuchatel
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qui regle son horloge 24 heures sur 24. Et les meilleurs horlogers, ce ne sont ni les Chaux-de-
Fonniers, ni les Biennois, mais les atomes.

Mon horloger s’appelle rubidium. Et son travail est de régler un laser. Un laser a une longueur
d’onde bien définie. Ce qu’on appelle la longueur d’onde est mieux connue sous le nom de
“couleur”. Et chaque couleur a son propre tic-tac. Cela veut dire que la couleur du laser dicte
la vitesse a laquelle avance I'horloge. Mon horloger adore un rouge invisible a I’ceil humain.
Alors il regle le laser a cette couleur. Et tant qu'’il le fait avec soin, le tic-tac de ’horloge n’est
ni trop lent, ni trop rapide. On pourrait aussi dire que le laser et ’horloger sont sur la méme
longueur d’onde.

Encore 37 secondes, dit I'horloge. Vous I'imaginez bien, 'histoire n’est pas encore finie.
Quelque chose dérange mon horloger. C’est le laser méme. Parfois, il brille plus ou moins fort.
Pas beaucoup, mais beaucoup trop pour des chercheurs comme moi. C’est pourquoi le but de
ma these est de I'aider a se concentrer pleinement. Et comme j’aime bien les lasers, je vais
en utiliser un deuxieme. J’espére qu’il va ’'aimer autant que moi. Et avec sa belle lumiere, il
pourra faire son meilleur travail.

Science Slam

Something to the power of eighty-two. So many atoms are there in the universe. So why not
take some of them and make something nice? For instance, an atomic clock.

An atomic clock is like a normal clock, but really stubborn. It just won't change its mind, no
matter how hard you try. A normal clock, in comparison, is really moody. So macroscopic
effects like temperature will change its frequency. Depending on how it feels, it will tick faster
or slower.

But not so the atomic clock. Because the way it ticks is the way it sticks to what its consultants
consult. In my case rubidium-87 — the hot stuff. More specifically: a hot atomic vapor cell at
100 degree Celsius. And since all the atoms are of the same isotope, they all do, feel and act the
same. Not good for diversity, but really good for an atomic clock.

So how do you talk to atoms? The language of resonance. You can talk it to a bridge, you get
a catastrophe. But you talk it to atoms, you get the most precise devices ever made: atomic
clocks.

An atom is not a cat — you can put it in a microwave. And if it’s on resonance, you get a really
high quality factor. The quality factor is the ratio of the frequency of the resonance to how
narrow it is. And the higher it is, the better. That is why for decades, we’'ve been using atomic
clocks based on microwave transitions. But we wouldn’t be in the 215t century, if we didn’t
have something fancier: lasers.

My clock ticks on this laser here [pointing to image]. It is the heartbeat of the clock. But still,
it'’s alaser. And I'm sure you can feel with my atoms. Not only are they confined in this tiny
vapor cell, but they are also confronted 24/7 to this hot chili laser. And this hot chili laser, it
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perturbs the rubidium. Even though it’s a really good consultant, when there is more laser
power, it will tick slower. And if there is less, it will tick faster.

That is why I want to counteract that with another laser: the milk laser. And so far, I've shown
that it works in some cases. I will look at other cases, and with these, I can decide if the addition
of a milk laser is actually useful or not. So stay tuned, stay on resonance. Thank you.

Red, Blue and Green - An Artistic View on the Two-Photon Clock

The photograph on the next page illustrates the working principle of the rubidium two-photon
clock. The picture is not representative of the setup described in the main part of this thesis.
I arranged the different optics components such that the key elements of the system are
highlighted: the interrogation laser beam in red, the fluorescence signal in blue, and the
amplification of the clock laser with an erbium-doped fiber in green. The interrogation beam
is visualized with a fog machine. It is obtained by amplifying and frequency-doubling a portion
of light from a laser which is locked to the two-photon transition using another vapor cell not
shown in the image. The photograph was shot in a single exposure. I made no adjustments to
the picture except for the usual post-processing of the raw image file. © Roman Blum 2024.
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