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Abstract

With residual uncertainties at the 107! level [1], modern atomic frequency standards
constitute extremely precise measurement devices. Besides frequency and time metrol-
ogy, they provide valuable tools to investigate the validity of Einstein’s theory of general
relativity, to test a possible time variation of the fundamental constants, and to verify
predictions of quantum electrodynamics [2, 3, 3, 4]. Furthermore, applications as diverse
as geodesy, satellite navigation, and very long base-line interferometry may benefit from
steadily improving precision of both microwave and optical atomic clocks [5].

Clocks ticking at optical frequencies slice time into much finer intervals than microwave
clocks and thus provide increased stability. It is expected that this will result in a re-
definition of the second in the International System of Units (SI) [6].

However, any frequency measurement is based on a comparison to a second, ideally more
precise frequency. A single clock, as highly developed as it may be, is useless if it is not
accessible for applications. Unfortunately, the most precise optical clocks or frequency
standards can not be readily transported.

Hence, in order to link the increasing number of world-wide precision laboratories en-
gaged in state-of-the-art optical frequency standards, a suitable infrastructure is of cru-
cial importance. Today, the stabilities of current satellite based dissemination techniques
using global satellite navigation systems (such as GPS, GLONASS) or two way satellite
time and frequency transfer reach an uncertainty level of 107! after one day of com-
parison [7]. While this is sufficient for the comparison of most microwave clock systems,
the exploitation of the full potential of optical clocks requires more advanced techniques.

This work demonstrates that the transmission of an optical carrier phase via telecommu-
nication fiber links can provide a highly accurate means for clock comparisons reaching
continental scales: Two 920 km long fibers are used to connect MPQ (Max-Planck-
Institut fir Quantenoptik, Garching, Germany) and PTB (Physikalisch-Technische Bun-
desanstalt, Braunschweig, Germany) separated by a geographical distance of 600 km.
The fibers run in a cable duct next to a gas pipeline and are actively compensated for
fluctuations of their optical path length that lead to frequency offsets via the Doppler-
effect. Together with specially designed and remotely controllable in-line amplification
this enables the transfer of an ultra-stable optical signal across a large part of Germany
with a stability of 5 x 107!% after one second, reaching 10~!® after less than 1000 sec-
onds of integration time. Any frequency deviation induced by the transmission can be



constrained to be smaller than 4 x 10719,

As a first application, the fiber link was used to measure the 1S-2S two photon tran-
sition frequency in atomic hydrogen at MP(Q referenced to PTB’s primary Cs-fountain
clock (CSF1) [8, 9]. Hydrogen allows for precise theoretical analysis and the named
transition possesses a narrow natural line width of 1.3 Hz. Hence, this experiment con-
stitutes a very accurate test bed for quantum electrodynamics and has been performed
at MPQ with ever increasing accuracy. The latest measurement has reached a level of
precision at which satellite-based referencing to a remote primary clock is limiting the
experiment. Using the fiber link, a frequency measurement can be carried out directly
since the transmission via the optical carrier phase provides orders of magnitude better
stability than state-of-the-art microwave clocks.

The achieved results demonstrate that high-precision optical frequency dissemination
via optical fibers can be employed in real world applications. Embedded in an existing
telecommunication network and passing several urban agglomerations the fiber link now
permanently connects MPQ and PTB and is operated routinely. It represents far more
than a proof-of-principle experiment conducted under optimized laboratory conditions.
Rather it constitutes a solution for the topical issue of remote optical clock comparison.
This opens a variety of applications in fundamental physics such as tests of general and
special relativity as well as quantum electrodynamics. Beyond that, such a link will
enable clock-based, relativistic geodesy at the sub-decimeter level. Further applications
in navigation, geology, dynamic ocean topography and seismology are currently being
discussed. In the future, this link will serve as a backbone of a Europe-wide optical
frequency dissemination network.



Zusammenfassung

Moderne Atomuhren haben relative Unsicherheiten von wenigen 107!® in der Frequenz
erreicht [1]. Damit werden sie zu unschitzbaren Hochprizisionswerkzeugen zur experi-
mentelle Untersuchung fundamentaler Fragen der Physik, wie zum Beispiel der Uberpriifung
von Kinsteins Allgemeiner Relativitdtstheorie, der Suche nach einer méglichen Drift der
Naturkonstanten, oder der Validierung der theoretischen Voraussagen der Quantenelek-
trodynamik [2, 3, 3, 4]. Dartiber hinaus profitieren noch viele weitere Anwendungen von
der standig wachsenden Prézision optischer sowie Mikrowellen-Atomuhren. Die promi-
nentesten Vertreter sind hier sicherlich die Satellitennavigation, die Geodésie und die
astronomische Radiointerferometrie [5].

Optische Uhren zerteilen Zeitintervalle in wesentlich kleinere Untereinheiten, als es Mi-
krowellenuhren konnen. Sie sind daher intrinsisch wesentlich stabiler. Das hat unter
anderem die Frage aufgeworfen, ob und wie die SI-Sekunde basierend auf einer opti-
schen Primér-Referenz neu definiert werden kann [6].

Aufgrund dieser extrem hohen Stabilitdt kénnen optische Uhren nur direkt aufeinander
referenziert werden und eine Bestimmung ihrer Frequenz in absoluten Einheiten von
Hertz ist nur unter groflem Genauigkeitsverlust moglich. Leider gibt es zum heutigen
Zeitpunkt noch keine transportablen optischen Uhren.

Um die wachsende Anzahl weltweiter Prazisions-Experimente miteinander zu vernetzen,
ist eine geeignete Infrastruktur daher von groBiter Wichtigkeit. Fiir Uhrenvergleiche im
Mikrowellenbereich wird traditionell Zwei-Wege-Ubertragung per Satellit (TWSTET)
verwendet. Diese Ubertragungsmethode erreicht relative Unsicherheiten von wenigen
10~'° nach einem Tag Mittelungszeit [7]. Damit ist sie fiir den Vergleich optischer Uh-
ren nicht anwendbar.

Als vielversprechende Alternative wurden vor ein paar Jahren Glasfasernetzwerke als
Ubertragungsmedium vorgeschlagen, die normalerweise unter der Erde (und damit weit-
gehend isoliert von Umwelteinfliissen) vergraben sind. Das wurde inzwischen auf Test-
strecken von bis zu 480 km erfolgreich experimentell untersucht. Um zu iiberpriifen, ob
dieser Ansatz auch iiber weitere Entfernungen realisierbar ist, haben das Max-Planck-
Institut fiir Quantenoptik (MPQ) in Miinchen und die Physikalisch-Technische Bundes-
anstalt (PTB) in Braunschweig eine 920 km lange Glasfaserverbindung zwischen den
beiden Instituten aufgebaut. Aktive Rauschkompensation sowie fernsteuerbare optische
Verstirkereinheiten entlang der Faserstrecke erlauben die Ubertragung einer schmalban-
digen optischen Frequenz mit einer relativen Instabilitit von 5 x 10715 in einer Sekunde,



die in weniger als 1000 Sekunden zu 1078 mittelt. Jede méogliche systematische Abwei-
chung vom iibertragenen Frequenzwert konnte auf kleiner 4 x 107! limitiert werden.

Als erste Anwendung wurde der Link erfolgreich fiir die Préazisionsspektroskopie an ato-
marem Wasserstoff eingesetzt [8]. Die Frequenzmessung wurde am MPQ durchgefiihrt,
war jedoch iiber den Link auf die primére Césiumatomuhr der PTB referenziert[9].

Diese Ergebnisse werden den Anforderung an eine optische Préazisionsmessung zwischen
zwei fast 1000 km entfernten Forschungsinstituten absolut gerecht. Der Faserlink, der
sich quer durch einen groflien Teil Deutschlands zieht und dabei mehrere Grofistadte
passiert, stellt damit mehr als ein Modellversuch dar, der unter optimalen Laborbe-
dingungen unternommen wurde und bietet eine Losung fiir das hochaktuelle Problem
optischer Uhrenvergleiche. Dies ermdoglicht eine Reihe von Anwendungen in der Fun-
damentalphysik, aber auch in angewandten Gebieten wie der Geologie, Ozeanographie
und in der Erdbebenforschung. In Zukunft wird der Link als erstes grofles Teilstiick eines
Européiischen Frequenzmetrologie- Netzwerkes eingesetzt werden.
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Chapter 1

Introduction: High Precision Clocks
- not only for Timekeeping

In 1936, physicists from the Physikalisch-Technische-Reichsanstalt published the result
of a two-year measurement that for a long time was strongly challenged by the commu-
nity. They confirmed their results in 1950 and finally concluded [10, 11]:

“Thereby we observe that Farth in summer is up to 0.12 sec slow compared to the
mean quartz clock.”

Their measurements proved that the duration of the day varies during one year on aver-
age by 30 ms caused by seasonal changes of the Earth’s moment of inertia. Its accuracy
was thus measured to be limited to 1078, The sensational aspect about this measure-
ment lies in the fact that the the solar day back then was used to define the second. For
the first time, scientists faced the situation having developed a clock that was better
than the actual definition of the unit of time.

Shortly after the invention of quartz clocks, atomic hyperfine transitions were suggested
as atomic clocks that gave a much more stable timing signal as compared to the solar




second [12]. Immediately after the first demonstration at the National Physics Labo-
ratory (NPL) in England in 1955 [13] cesium atomic clocks became widely accepted as
master references in research institutes across the world.

Consequentially, the SI second was defined at the Thirteenth General Conference on
Weights and Measures in 1967 as follows [14]:

The second is the duration of 9 192 631 770 periods of the radiation corresponding to
the transition between the two hyperfine levels of the ground state of the cesium 133
atom.

Since then, the Sl-second has become the most accurately realized physical unit. How-
ever, optical atomic clocks nowadays surpass the performance of cesium clocks (and
hence the ST unit Hertz) by far and the current situation is similar as in the first half of
the last century. However, to date a variety of optical clock systems has been developed
based on different atom species, such as strontium, ytterbium, mercury, and aluminum
[15, 16, 3, 1] based on trapped ions or on a large number of neutral atoms stored in an
optical lattice. All of them have assets and drawbacks and the final decision of which
optical clock is the most appropriate candidate has not been made. It will need mutual
comparison between those clock systems in order to evaluate suited candidates for a
next generation of optical primary time standards. As a result, this requires novel time
and frequency dissemination techniques.

The present work provides extensive documentation of the establishment and charac-
terization of a 920 km long purely optical fiber link adapted for the demands of optical
clock comparison.

It gives an overview of state-of-the art frequency standards (Chapter 2) and of currently
used frequency dissemination techniques (Chapter 3). The limitations of satellite-based
schemes are discussed to clearly demonstrate the need of the novel fiber-based concepts.

Chapter 4 describes the experimental setup of the 920 km fiber link. Its characterization
is examined and discussed in Chapter 5: Test links from 2 m to up to 500 km have been
investigated before setting up and characterizing the whole link length.

As a first application, the link was used to perform high-precision spectroscopy of atomic
hydrogen referenced to a 600 km distant cesium clock (Chapter 6). The results of the
measurements allowed new boundaries to be set on the Lorentz electron boost invariance
violation as postulated by the Standard Model Extension Theory.

Within the framework of this dissertation the following tasks have been performed:
The conditions for the 920 km fiber connection between the Max-Planck-Institute of



1. Introduction: High Precision Clocks - not only for Timekeeping

Quantum Optics (MPQ) and the Physikalisch-Technische Bundesanstalt (PTB) were
negotiated with the German Research network DFN and the fiber provider Gasline
GmbH. Together with PTB, numerous test links were established and characterized. At
MPQ), the in-line amplifiers were conceived, developed, and deployed along the link. In
collaboration with Menlo Systems GmbH, the amplifier remote control were designed,
tested and implemented. Both groups at MPQ and PTB have established the full
920 km fiber connection step-by-step and extensively characterized. For the hydrogen
measurement, the referencing of the MPQ H-maser to PTB’s cesium fountain via the
link has been assured and the corresponding data have been analyzed. This also included
the coordination of the involved experiments.
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Chapter 2

State-of-the-art Frequency
Standards

Modern atomic clocks constitute extremely precise measurement devices that allow for
an exhaustive investigation of fundamental questions of physics. To name a few exam-
ples, temporal or spatial drifts of the natural constants, the validity of Einstein’s theory
of general relativity, or the verification of theoretical predictions as given by quantum
electrodynamics can be explored [2, 3, 4]. Moreover, atomic clocks have found wide
applications in many aspects of our personal lives.

A relatively new generation of clocks based on optical atomic transitions can slice time
into tiny intervals of a few tens of femtoseconds. Hence, they provide the potential for
a dramatically increased frequency stability as compared to microwave clocks. Addi-
tionally, today’s optical clock systems have reached relative uncertainties of less than
10717 - a level at which height differences of less than one meter between two optical
clocks become measurable due to the gravitational red shift [2]. A redefinition of the
SI-second based on an optical transition frequency is expected to happen to account for
this development in the near future [6].

2.1 Clock Characterization

A clock is comprised of a stable oscillator and a device to count the oscillator’s cycles.
Naturally, it can be used to generate a timing or a frequency signal. As stated before,
the Sl-second is defined as the duration of a well-defined number of cycles of the ground
state hyperfine transition in cesium. Therefore, it is directly coupled with the atom’s
transition frequency v(t). Even in the most advanced clock systems, this frequency is
not constant in time but fluctuates by Av(t). It may further be shifted by Avg,s from
its unperturbed value vy due to systematic effects.

11



2.1. Clock Characterization

Not only the clock signal itself, but also many devices to generate or distribute it are
based on frequency generation and -synthesis. Their performance relies on the local
oscillators involved which are used to transform the signal of interest into a different
frequency. In order to characterize and compare all these oscillators that usually operate
at different frequencies, it is convenient to define the normalized frequency deviation y(t):

Al/(t) + AVshz’ft . 1 dgp(t)
120} N 27TVO dt

y(t) = (2.1)

with ¢(t) being the signal’s instantaneous phase. Avg, limits the oscillator’s accuracy
while Av(t) determines its stability. The mathematical formalism to describe both is
given in the following sections (for a comprehensive description refer, for example to [17]

pp. 47).

2.1.1 Stability

Time Domain: Allan Standard Deviation

Frequency fluctuations arise in various characteristics and may be caused either by
broadband white noise or slower flicker noise (see also Appendix A). They determine
the statistical uncertainty of the signal as a function of the averaging time 7. The resid-
ual frequency instability is commonly expressed by the Allan Standard Deviation o,(T)

(ADEV) [18]:
72(2.m) = 5 {nlt) - BH)?) .2

with the samples y;(¢) being the mean frequency deviations for different averaging times
7. To obtain a better confidence for long averaging times, one usually chooses the pairs
to overlap [19]. The ADEV can be interpreted as the mean square of linearly filtered
frequency fluctuations using different filter bandwidths that decrease with 7.

To illustrate this time-dependent signal filtering, Eq.2.2 can be re-written as:

o(7) = < ( /OO - t’)dt’) 2> (2.3)

12




2. State-of-the-art Frequency Standards
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Figure 2.1: a) 7- dependence of the Allan deviation o, (7). White phase noise is not distin-
guished from flicker phase noise. b) The modified Allan deviation allows for an unambiguous

noise analysis as shown in b).

by introducing a filter function h(t):

—% for —T7<t<0
h(t) =3 o for 0<t<—7 (2.4)
0 otherwise

The ADEV shows a characteristic 7-dependence for most contributing noise types (see
Fig.2.1a) and Tab.2.1). However, it is ambiguous for flicker phase noise and white phase
noise (both oc 771). In order to overcome this deficiency, a modified ADEV with a
higher sensitivity to white phase noise has been suggested [20]. It is calculated analo-
gously to Eq.2.3 but features a triangular rather than a constant weighting function [17]:

—ﬁt for O0<t<r
L_(2t — 37 for T<t<2T
hmod(t) = \/57—21( ) (25)
—m(t—QT) for 2r <t <31
0 otherwise

This is equivalent to performing an overlapping moving average over increasing time
intervals 7. Other than the standard ADEV, the modADEV averages as 7~%/2 for white
phase noise and as 77! for flicker phase noise (see Fig.2.1b)). Thus it provides more
comprehensive information about the oscillator’s noise as compared to the ADEV.
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2.1. Clock Characterization

Frequency Domain: Phase Spectral Density

In order to obtain more detailed information about fast frequency noise it can be more
convenient to analyze the oscillator signal in the frequency domain than in the time do-
main. This clearly reveals the Fourier frequencies at which the noise arises and gives a
hint of the noise source (for example 50/60 Hz spikes originating from electronic ground
loops or characteristic laser intensity noise peaks at several kHz).

The common measures to characterize phase or frequency fluctuations in the Fourier
domain are the corresponding power spectral densities S,(f) and S,(f) (PSD). They
are given by the amount of phase (or frequency) noise power that spreads into the sig-
nal’s Fourier sidebands:

So(f) = lo(f) (2.6)

Sy(f) = =55,(f) (2.7)

Eqs.2.6 and 2.7 are both commonly expressed in units of rad?/Hz.

Conversion from Frequency to Time Domain

As derived in Appendix A the Allan deviation o,(7) and the power spectral density
Sy(f) are related by

o= [ s o (25)

Hence, the Allan deviation can be interpreted as the temporal response of the accordingly
filtered PSD. Similar to o,(7), S,(f) exhibits a frequency dependence characteristic to
the noise process (Tab.(2.1)).

14



2. State-of-the-art Frequency Standards

Noise process Origin a?(r)  S,(f)
Random walk of frequency noise Environmental perturbations o< 7! x f?
Flicker frequency noise Resonators const. x f
White frequency noise Shot noise, Thermal noise x 77! const.
Flicker phase noise Electronics x7? o fL
White phase noise Environmental perturbations oc 772 o f72

Table 2.1: Noise sources (see also Appendiz A) and corresponding T-dependence of o%(7) and
f-dependence of Sy(f).

2.1.2 Accuracy

Though high stability is required in order to reduce the statistical uncertainty, the
systematic uncertainty is the key characteristic of any oscillator. It states an upper
limit for the oscillator’s accuracy and is determined by systematic effects that may be
of technical origin or of fundamental nature (for examples see the next section) [21].
Together with the statistical uncertainty, all effects are summed up in quadrature to
estimate the system’s total uncertainty. The single contributions are often listed in an
uncertainty budget.

2.1.3 Measuring Phase and Frequency Noise
Time Domain: Frequency Counters

Time traces of frequency data are taken with electronic frequency counters. Here, the
phase of the input signal is compared to a reference phase for a certain time interval,
the gate time 7,4s. From the number of (not necessarily full) cycles the frequency value
is calculated (see Fig.2.2).

Some counters exhibit dead time between two subsequent gate time windows. This re-
sults in loss of phase-coherence and should be avoided if continuous phase information
is required [22].

The way the frequency counter internally processes the data can have a strong impact
on the frequency resolution [23]. This especially affects the appearance of the signal
stability. A frequency counter can be considered as a Il-type estimator if the signal is
processed as described above without internal averaging. Using a Il-type counter, cal-
culating the frequency stability according to Eq.2.2 gives the standard Allan deviation
o,(7) as described in Section 2.1. This holds only provided that there is no dead time
between two measurement windows.

Some types of counters internally average the input signal to provide advanced frequency

15



2.1. Clock Characterization

y Figure 2.2: Measurement principle of

VQ(T) VS(T) y4(‘r) frequency counters: the signal’s phase
is compared to a reference phase.

Sig Frequency values y; are obtained by

@i)/T. The determination of @; de-

I : calculating phase differences (piy1 —
i
i

pends on the type of counter and can

T 2 & Fs be a non-weighted (II-type) average or

Measurement ime @ Weighted (A-type) average of the in-
termediate phase measurements.

resolution. One very common averaging method can be approximated by an overlapping
triangular weighting function that led to the denotation A-type counter. These counters
sample the data with a given rate and measure many frequency intervals within one
gate window. These values are averaged over the gate time with a filter function similar
to Eq.2.5. Hence, applying Eq.2.2 to the frequency output of a A-type counter rather
gives the modified Allan deviation than the regular ADEV. Other types of averaging
can be reviewed in [23].

Of course, both II-type and A-type counters deliver the same mean frequency. Moreover,
if the gate time of the II-counter is set equal to the sampling intervals of the A-counter
the delivered data are exactly the same. The response is different only to high frequency
noise components, i.e. if f >> 1/7.. [23].

Cycle Slips

Frequency counting and frequency stabilization requires minimum signal-to-noise ratios
(SNR) and power levels to correctly process the signal. For instance, digital phase com-
parators only work properly with an SNR must greater than 30 dB and an power level
that exceeds -20 dB. Analog mixers often require power levels of 0 dB (LO-input) and
-7 dB (I/R-input).

If the signal amplitude drops below detection threshold, the counter has lost at least
one cycle and thus phase coherence. This is denoted as cycle-slip (CS). In this case, the
counter will return an arbitrary frequency value.

The accuracy of high precision measurements can strongly be limited by unidentified
cycle-slips hidden in the signal’s noise band. Further, as phase coherence gets lost,
the data get statistically independent which changes the 7- dependence of the Allan

—-1/2

deviation from 77! to 7 which increases the measurement time. One example how
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unidentified cycle-slips may affect the Allan deviation is illustrated in Fig.2.3 showing
frequency fluctuations of a phase-locked signal as routinely measured in the link ex-
periment. Fig.2.3a) suggests normal operation, but the corresponding Allan deviation
indicates noise other than white phase noise (see Fig.2.3b)). Cycle-slip detection as
described below reveals numerous losses of phase coherence and limits the region of con-
tinuous valid data to about one third of the original trace (Fig.2.3c)). Within this region,
the Allan deviation falls off as expected for a properly phase-locked signal (Fig.2.3d)).

To unambiguously distinguish between real signal spikes and cycle-slips, redundant
counting is mandatory. Here, the detection arm is split in front of the first comparator
and the same signal is counted on at least two channels. Disagreeing data are discarded.
The threshold at which data are considered to be corrupted may be determined accord-
ing to the required accuracy. Phase-locked signals are usually compared to their nominal
value as this takes into account that also the phase-locked lopp may loose cycles [24].
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2.1.4 Phase Noise Measurements

Experimentally, the power spectral density (PSD) S,(f) is determined by measuring
the time dependent phase fluctuations and performing a Fast Fourier Transform (FFT)
analysis. This can be performed using a sampling oscilloscope, or a vector voltmeter.
Some rf- spectrum analyzers provide a phase-noise measurement option that automati-
cally performs the FFT analysis.

However, what is actually measured are voltage fluctuations rather than phase fluctu-
ations. Phase comparators as described in Appendix C translate phase into voltage
according to:

Vep = Kpp - (¢(t) = pres(t)) (2.9)

by comparing the input phase to a reference phase. The resolution of the recording
device may require pre-scaling by a factor Kpg of the input phase such that fluctuations
can be resolved well within one cycle. This can either be done by choosing the conver-
sion coefficient Kpp small or by dividing the input and the reference frequencies by the
same factor.

The resulting PSD is then given by:

[FFT (Ven/(Kpp - Kps)))?
BW

Se(f) = (2.10)

taking into account the recording bandwidth BW.

2.2 Microwave Frequency Standards

Today, cesium atomic clocks are firmly established not only in research but also in every
day life. Another microwave frequency standard comprises rubidium gas cells [26]. Sta-
ble local oscillators such as active hydrogen masers and novel systems such as cryogenic
sapphire oscillators or stable microwave generation using femtosecond frequency combs
are helpful tools for microwave frequency comparisons or distribution.
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2.2.1 Cesium Atomic Clocks

Cesium clocks operate by interrogating the ground-state hyperfine splitting of the 33Cs
isotope. Most of today’s established commercial systems make use of Ramsey spec-
troscopy [27] on a thermal beam of Cs atoms. The setup of a thermal Cs beam clock is
depicted in figure Fig.2.4 and can further be reviewed in [25, 28].

In clock operation, the center of the cavity tuning frequency is stabilized to the 9 192
631 770 Hz resonance frequency thus maximizing the signal current. The signal is used
to steer a quartz-based local oscillator that generates the physical clock signal at a fre-
quency between 1 Hz and 100 MHz. Thermal beam Cs clocks can reach stabilities of 8
x 107 after one hour and a residual uncertainty of 8 x 10715 [29).

The so-called fountain clocks are comprised of complex experimental setups and are
mostly employed in scientific environments. Here, the thermal beam is replaced by a
laser-cooled cloud of atoms that is vertically tossed upwards and then dropped in gravity
[30, 31]. The scheme is shown in figure Fig.2.5. The spectroscopy zone comprises the
area between the microwave cavity and the top reversal point. This strongly increases
the interrogation time and yields a better line resolution.

With this approach, Cs-fountain clocks have reached uncertainties in the lower 10716
level with different clock systems showing similar performance [33, 34, 35]. Next gener-
ations of Cs-fountains hold the prospect of reaching accuracies on the level of 1 x 10716
28, 36]. The best short-term stability has been reported to be 4 x 10~"s771/2 [37] (see
Fig.2.7).

Polarizer Magnetic shield
Vacuum vessel | Cfeld / lEY Detector Figure 2.4: Schematic setup Of a
[M—vou" ——FI 3 thermal beam cesium atomic clock.
kE J . Due to atom wvelocities of ~ 100
E E m/s the line width of the transition
Caesium oven
Ramsey cavity Analyzer o is strongly broadened by the time of
flight and thus inversely depends on
f Y the interrogation time.  Therefore,
Frequency |£| Quartz [|Y] Servo Ramsey spectroscopy is applied for
synthesis [ oscillator [] electronics

atom interrogation. Courtesy of A.

Bauch [25].
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Figure 2.5: The four cycling stages of interrogating the clock transition in a Cs fountain. a)
Laser cooling to sub pK. b) Launching the atoms by slightly detuning the vertically directed
laser beams. c¢) Switching off the lasers at an atom speed of about 4 m/s: the atoms escape
vertically. Preparation of the clock state by a short microwave pulse. The Ramsey spectroscopy
zone is passed twice on the atoms’ flight in gravity. d) Detection of excited atoms measuring
fluorescence light at 852.1 nm with subsequent de-excitation. Re-pumping and cooling as in a)
(right view: level scheme) Courtesy of R. Wynands [32].

2.2.2 Masers

A maser produces microwaves by amplified stimulated emission of radiation inside a
resonator. The most commonly employed devices operate on a ground state hyperfine
transition in atomic hydrogen having a frequency of 1 420 405 752 Hz. The scheme is
shown in Fig.2.6 and can further be reviewed in [17] pp. 229.

The short-term stability of typically 107!3 after 1s is determined by white phase noise
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2 B i 2 - maser: Hy-molecules are dissociated
. B S N ; Frequency
Solenoid o Ve N B Mmrulwave rathesic . . .
Tl T | Deldlines synthesiser |, | inside an rf- discharge tube to form
H B VAN . ,
Hl s atomic hydrogen. A magnetic state
| : .
: [ 7. Storage selector filters the atoms in the F =
Magnetic f | bulb
shield || 1, my = 0 state that afterwards enter
’Vﬂut
‘ . .
| _ State selecting a microwave cavity tuned to the 1.42
|| magnet GHz resonance. The radiation is used
|
| ] .
\ [ Hbcam to tune a voltage controlled oscillator
Rfdischarge & 4R to generate the actual frequency out-
& ‘
ut.
1 H, P

20



2. State-of-the-art Frequency Standards

due to length fluctuations of the cavity. For medium-term time scales thermal radiation
causes a dominant white frequency noise contribution together with a flicker floor below
10715, For long time scales, the instability increases again as the cavity drifts. The
overall stability can be significantly improved in cryogenic temperature environments.

2.2.3 Novel Developments
Cryogenic Sapphire Oscillators

Cryogenically cooled sapphire exhibits extraordinary low loss for microwave radiation.
Given a suited geometry, it supports certain whispering gallery modes with high Q-
factors @@ = 1y/Av of about one billion. Together with the existence of a minimum
around 4 K in the frequency-temperature dependence, this makes sapphire perfectly
suited as resonator material in cryogenic sapphire oscillators (CSO) for microwave syn-
thesis with very high frequency stability. An extended description about their function-
ality can be found in [38]. Among all of today’s microwave standards, CSOs show the
best short-term stability of below 107! after a few tens of seconds before a slow drift
of 5 x 107! per day sets in [39].

Stable Microwave Generation Using Femtosecond Frequency Combs

Optical modes with Q-factors of 10! can be excited in high-finesse Fabry-Pérot res-
onators. Stabilizing a continuous wave (c.w.) laser to such a cavity mode yields an
optical frequency signal that can have a relative instability in the lower 107! range
for averaging times up to 10 s [40] (see also Appendix 2.1.3). Femtosecond frequency
combs can be used to divide this stable frequency output from the optical to the radio-
frequency domain to derive a stable microwave source. Here, the short-term stability is
comparable to those of the best cryogenic sapphire oscillators but can be achieved at
room temperature (see e.g. [41]).

2.3 The Latest Generation: Optical Clocks

As most systematic shifts are independent from the transition frequency, optical atomic
clocks having frequencies of several hundred THz hold the prospects to reduce the frac-
tional residual frequency uncertainty Avg,r/vo by 4 to 5 orders of magnitude as com-
pared to state-of-the-art microwave clocks [42]. In their realization, the inventions of
the laser-cooling technique [43] and femtosecond frequency combs [44] were important
milestones. Since then, a rapid development has led to optical clock systems that sur-
pass the accuracy of microwave clocks by nearly two orders of magnitude with residual
uncertainties of well below 10717 (Tab.(2.2)).
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In general, the accuracy of an atomic clock is strongly limited by shifts of the transition
frequency vy that may arise from electromagnetic perturbations or Doppler shifts due
to residual atomic motion. To reduce the Doppler shift, the atom’s spatial confinement
needs to be much smaller than the transition wavelength (so-called Lamb-Dicke regime).
Therefore, today’s optical clocks use trapped and cold atoms. Cooling is typically per-
formed in several stages utilizing the Doppler-cooling technique. For clock operation,
the frequency of a highly stable interrogation laser is referenced to a long lived atomic
transition vy = (Fj, — E,/h) between the two energy states |a) and |b). Here, h refers
to the Planck constant. The population in |b) is usually measured indirectly by detect-
ing a stronger fluorescence signal generated using a third auxiliary state |¢). The clock
state population is subject to statistical fluctuations which are commonly referred to as
quantum projection noise (QPN). This can be a fundamental stability limit for certain
clock systems [42].

The fractional frequency instability is in the QPN limit given by

(2.11)

Hence it benefits from a high transition frequency vy and a small atomic line width Av
as well as large atomic numbers V.

Basically two different concepts based on trapped single ions or large arrays of neutral
atoms compete in reaching for the highest accuracies. Neutral atoms can be stored
in large numbers and according to Eq.2.11 strongly reduce QPN, while single ions are
strongly confined and well isolated from the environment. Both types will briefly be
discussed in the following.

2.3.1 Neutral Atom Clocks

An early generation of neutral atom clocks is based on spectroscopy of cold but freely
expanding Ca atoms (see e.g. [45] for further reading). Ca clocks are relatively simple
and robust while having a high short-term stability [46]. However, remaining Doppler-
shifts cause systematic uncertainties of several 107° - a value that is surpassed by many
microwave clock systems. Hence, optical calcium clocks are nowadays mostly used as
flywheels in applications requiring high short-term stability.

Optical lattices generated by two counter-propagating laser beams are well suited to
trap a large number of neutral atoms within the Lamb-Dicke regime. This would not
only suppress the Doppler shift but also QPN due to the large atomic numbers that can
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be stored in an optical lattice. However, the light field induces a Stark shift Avye. It
shifts the clock transition depending on the difference of the polarizabilities a, and
of the two clock states.

Therefore, optical lattices were originally considered not to be suited as optical clock
systems. In the late 1990, Katori and coworkers proposed a method to cancel this shift
to first order using a clock laser at a magic wavelength for which a, = a3 [15]. The
crucial improvement has not exactly been the cancellation of this shift as the uncertainty
in the determination may not change. The improvement has been the conversion from
an intensity measurement (ac-Stark shift) to a frequency measurement (clock laser fre-
quency) that allows for a more accurate measurement of the residual uncertainty. This
paved the way for optical lattice clocks.

The latest generation of strontium lattice clocks [47] shows a residual instability of 4
x 10716 s7=1/2, Tts residual uncertainty has been measured to be 1.5 x 10716 and is
mainly determined by higher orders of the ac Stark shift (see Fig.2.7) and Tab.2.2).

2.3.2 Single Ion Clocks

Optical frequency standards based on single trapped mercury, ytterbium or aluminum
ions promise high accuracy as they are highly immune against external field perturba-
tions [3, 16]. While all relevant transitions in Hg"™ and Yb™ are readily accessible,
2TA1* does not exhibit a transition for cooling and fluorescence detection at a wave-
length at which lasers are available. This is overcome by using an auxiliary logic ion
with a more convenient cooling and detection transition to sympathetically cool the Al
ion via Coulomb interaction [2]. Coupling to the same vibrational state with the logic
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Frequency standard Dominating uncertainty | tot. Avgp,z/ ]
Cs fountain Distributed cavity phase - Microwave lensing 2.3 x 10716
Neutral Ca 1st order Doppler shift 7.5 x 107
Sr lattice Blackbody radiation shift 1.5 x 10716
Mercury ion 2nd Doppler - micromotion 1.9 x 107%7
Aluminum ion Micromotion 8.6 x 10718

Table 2.2: Relative uncertainties for state-of-the art atomic clock systems [49, 48, 50, 3, 1].

ion allows for indirect interrogation of the Al clock state. This technique is referred to as
quantum logic spectroscopy. As of 2012, Al* optical clocks represent the most accurate
frequency standards in the world.

2.4 Clocks in Research and in Everyday Life

The unprecedented accuracy of atomic clocks allows for the most sensitive measurements
that can be performed in laboratory experiments. Hence they help giving a deep insight
into fundamental questions of modern physics. Atomic clocks have further found wide-
spread applications in industry and society: Satellite navigation, the world-wide-web,
cellular phones, even the electric power grid strongly rely on their high accuracy. Until
the full establishment of a primary optical time standard, cesium atomic clocks will be
present in every laboratory contributing to the world-wide realization of the SI-second.

All applications described below require appropriate linking of the involved clock sys-
tems. This can be accomplished straightforwardly if the clocks are located in neighboring
labs or can be compared using well-established satellite based transmission schemes such
as the Global Positioning System (GPS) and Two-Way Satellite Time and Frequency
Transfer (TWSTFT) (see also next Chapter 3.1. However, to compare the latest optical
clock systems neither GPS nor TWSTFT can provide sufficient stability and accuracy.
These issues as well as the different approaches to solve it are described in the next
Chapter 3.

2.4.1 Realization of the SI-second and UTC

The Sl-second as defined by [14] is realized by standards institutes world-wide. Cs-
fountain clocks provide the highest accuracy for realizing the Sl-second but constitute
complex experimental systems that are typically not operated continuously. Instead,
they are used to calibrate a set of stable but not as accurate clocks such as commercial
hydrogen masers and cesium beam standards that continuously produce a one pulse-

24



2. State-of-the-art Frequency Standards

MIKE
av .
e B Two-Way and GHMSS Equipment
H LW
1 pr A8 T uuy @ GNSS Equipment
Hppa o SIEA i
gihe =DTRG orp
. DLRa ... o5
oF one BEVe” maren
sIge HIMD
IT L
It S
1Pg EIra
- chO
\ .8
Hh PTE Kzs el
APL, P R g
HIST® UEHG, M:En-e "IS Limery
HRL® & NICT
S rveL areih
AHG,
o H'D'-:.I BCL
iy VMIs “TL
.
HIMTs
CHMP «
HHLEs o
KIm®
OHRJ s
ZAn
- ;
INTI$ IS
OMEAS

Figure 2.8: World-wide locations of laboratories contributing to TAI in 2010. With kind
permission of BIPM [53].

per-second (pps) signal.

Their weighted average defines the national timing signal. In Germany, it is disseminated
via a 77.5 kHz carrier signal using the DCF77 long-wave radio station close to Frankfurt
a.M. [52]. More than 300 stable maser or cesium oscillators from 50 national metrology
institutes contribute to the Temps Atomique International (TAI). The measurements are
sent to the Bureau International des Poids et Mesures (BIPM) in Paris using two-way
satellite communication (see Fig.2.8). TAI is published regularly through the Circular-
T bulletin [53]. Primary standards from national physics laboratories in the United
States, France, Italy, England, Germany, and Japan are contributing to the accuracy of
TAI The better known Coordinated Universal Time (UTC) is the time-of-day for many
national and international civil organizations. It differs from TAI only by accounting
for leap seconds.

2.4.2 Geodesy

Geodesy is the science of studying shape, size, and the gravitational field of Earth [54].
It thus helps to better understand the consequences of global warming, dynamic ocean
topography and seismology and consequently to predict natural disasters such as earth-
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quakes and tsunamis.

The establishment and linking of a Global Geodesy Observation System (GGOS) is cur-
rently being discussed to understand these effects in the global context [55]. One of the
world-wide stations of GGOS will be established at the Wettzell station of the German
Bundesamt fiir Kartographie and Geodésie (BKG).

The observatory is comprised of a radio-telescope for Very Long Baseline interferometry,
satellite laser ranging, a magnetometer, and a local gravity measurement system [56].
Basically all these system require precise time and frequency references. This is why
BKG employs several Cs-clock and H-maser systems as well as a GPS-receiver.

One prerequisite of GGOS is a common reference height level that is undisturbed from
tidal, geological, and atmospheric changes. This will require one master atomic clock
in a suited location whose frequency defines the zero level gravitational potential. This
could also be accomplished by employing one master clock in a spacecraft to define
a true zero gravitational potential. Networks of ground optical clock systems - either
transportable or linked via optical fibers - with uncertainties in the 107! regimes could
then be used to link and synchronize all geodesy observatories world-wide.

2.4.3 Fundamental Constants and Cosmology
Drift of the Fine Structure Constant «

One of the most fascinating features of optical frequency metrology is its ability to probe
the cornerstones of physical theories in a table top laboratory experiment. Testing these
cornerstones implies the search for a time variation of the fundamental constants which
provide the basic units for all physical systems - for experiment and theory alike. These
constants are not deducible by theory. Thus, one has to rely on accurate experimental
verification [57]. Here, dimensionless constants such as the fine structure constant « are
of particular interest as they do not depend on the convention of units. These constants
are referred to as fundamental constants.

A possible drift of the fine structure constant a was supposed to be observed in Quasar
spectra at &/a=10"1° [58]. However, from recent laboratory experiments using optical
clocks it could be shown that ¢/« is constrained to 1.6(2.3) x 1077/ year which is
consistent to a zero drift [59, 60, 3.

Ultra-precise Tests of Special and General Relativity

Lorentz invariance is one of the cornerstones general relativity relies on. Its possible
violation as proposed by string theory for example is systematically investigated by the
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standard model extension theory as described in Chapter 6. Another condition that has
to be fulfilled to validate general relativity is local position invariance. This implies not
only the time independence of the fundamental constants as described above but also
the universality of the gravitational red-shift (UGR). It is postulated to be violated by
quantum gravity and string theory [61].

Hence, the investigation of UGR helps to test general relativity and to move towards
a theory of everything that can incorporate both, general relativity and quantum me-
chanics.

Tests of UGR can be performed with high accuracy by measuring the frequency shift
OVred—shift Of two identical atomic clocks with frequency 14 in different gravitational
potentials U; and Us. When placing the clocks with a height difference dh in Earth’s
gravitational field the following equation holds true:

goh

5Vre —shi
OVred—shift _ (1+ 5clock)7 (2.12)

140

with ¢ being the speed of light, g being the constant of gravitation and [, being a
correction factor that accounts for a possible violation of UGR (i.e. if SBuoer # 0).

As can be seen from Eq.2.12, these experiments benefit from high clock frequencies and
from a large height difference. Clock comparisons between space and ground clocks are
hence being planned such as, for example, the ACES project [62]. Experiments that
confirm the UGR at a 7.0 x 107° uncertainty have been performed using H-masers and
aluminum ion clocks [63, 2].
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Chapter 3

Long-haul Time and Frequency
Dissemination

Any frequency measurement requires comparing it with one or more, ideally more precise
clocks. Hence, in order to link the increasing number of world-wide precision laboratories
engaged in state-of-the-art time and frequency standards, a suitable infrastructure is of
crucial importance. The stabilities of current satellite based dissemination techniques
[25] using global satellite navigation systems or two way satellite time and frequency
transfer reach an uncertainty level of 107'° after one day of averaging. While this is
sufficient for the comparison of most microwave clock systems, the exploitation of the
full potential of optical clocks requires more advanced techniques.

3.1 Satellite-based Techniques

For time and frequency comparison using satellites, basically two different techniques are
currently in use. One employs the Global Navigation Satellite System (GNSS) while the
second utilizes geostationary telecommunication satellites for Two- Way Satellite Time
and Frequency Transfer(TWSTFT).

3.1.1 Global Navigation Satellite System

The space-based Global Navigation Satellite Systems were originally developed for pro-
viding location and time information anywhere on Earth. The US version GPS (Global
Positioning System) is currently the most used satellite based time and frequency dis-
semination system [64]. The techniques of the Russian system GLONASS and the future
European GALILEO are very similar and can be reviewed in [65, 66].

GPS operates 24 satellites in three Earth orbits such that from each point on Earth at
least 4 satellites are simultaneously in view. Each satellite carries one or more rubid-
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3.1. Satellite-based Techniques

ium or cesium microwave clocks on-board as a reference. Operating several clocks in
sequences allows meeting the typical mission lifetime of approximately 8 years.

Two transmission carriers near 1.6 GHz and 1.2 GHz on the so-called L1 and the L2
bands are generated from the clock signal. Each satellite produces a unique code that
contains detailed timing information. To allow all satellites to broadcast on the same
carriers, the signals are phase-modulated with a pseudo-random noise code. Here, bit se-
quences of 0 and 1 correspond to 0o or 1800 phase-shifts, respectively. The receiver pos-
sesses patterns of all satellite codes. Information is revealed only after cross-correlating
the corresponding pattern with the signal. Among others, the satellite code comprises a
logic 'tick’ related to GPS time and also the satellite’s clock relation to TAI (see Section
2.4) as timing information [67].

Two configurations can be employed for time and frequency comparisons between two
remote user sites:

Common View (CV)

Two receivers record the data from the same satellite simultaneously. Here, satellite
clock errors as well correlated fluctuations in the ionosphere cancel. The maximum
distance that can be bridged between two remote sites is approximately 10,000 km.

All-in-View (AV)

Two receivers record the timing signals from all satellites in view. The receiver’s clock
signals are individually compared to the GNSS data and their differences are calculated
based on these data. If the coordinates of a single receiver are well known their clock
can be compared to the space clock ensemble and hence directly to TAI.

3.1.2 Two-way Time and Frequency Transfer

The principle of clock comparison using T'wo-way Satellite Time and Frequency Transfer
(TWSTFT) is sketched in Fig.3.1. Similar to GNSS, signal transmission is accomplished
by applying a pseudo-random noise modulation to the Ku-band (11 GHz for the down
link and 14 GHz for the up link) and X- band (7 GHZ for the down link and 8 GHz
for the up link) carriers. Both ground stations A and B employ Time Interval Counters
(T'IC) that are started with the pps output of the local clock and stopped with the
corresponding pulse of the transmitted clock, respectively. The timing information at
each site is given by:

TIC(A)=A—B—drg+dps+dspa+dsa+ dra+ Sp (3.1)
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with TIC(A) and TIC(B) being the counter readings, A and B being the local clock
times, and d,, being all propagation delays. This can be equipment delays in the re-
ceiver and transmitter electronics in the ground stations A and B or propagation delays
between A, the satellite, and B. S4 and Sp are the Sagnac delays given by 2wA/c* .
Here, w is the angular velocity of Earth and ¢ the speed of light. A is the area enclosed
between the two clocks, the earth surface, and the satellite.

The clock difference can be obtained in two ways: either by post-processing or in real-
time by sending the recorded data together with the timing pulses [69].

Due to the path reciprocity of this method, relative signal delays cancel to a large ex-
tent. Moreover, the Sagnac effect can be calculated with high accuracy even for only
approximate knowledge of each location [70].

3.1.3 Limitations

The path lengths from the ground clocks to the space clocks are subject to fluctuations
in the troposphere and in the ionosphere causing signal delays. Precise modeling of
these atmospheric layers, which includes geographic and climate conditions, is of crucial
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importance. Relativistic effects such as the first and second-order Doppler-effects as
well as the gravitational red-shift have to be taken into account. They require precise
knowledge of the satellite orbit and eccentricity. From the different dispersion for the L1
and L2 frequencies one can extract information about atmospheric fluctuations using
GPS. This is why these frequencies are often measured simultaneously [68].

All these effects largely cancel when using the TWSTFT technique but a non-vanishing
error remains due to the use of different carrier frequencies for the up link and the
down link signals. Furthermore, any nonreciprocal delays that may occur in electronic
components or due to residual satellite motion have to be taken into account as well as
multi-path reflections due to objects nearby antennas or impedance mismatch at cable
connections at the receiver’'s end. The latter are hard to estimate as they are often
masked by other noise sources.

Both methods employ pseudo-random noise codes modulated onto carriers to transmit
the timing information. Direct measurement of the carrier phase (CP) at a few GHz
increases the frequency resolution by about a factor of 1000 as compared to code mea-
surements thus providing a more stable clock comparison. However, the requirement to
resolve identical cycles in the carrier phase limits the maximum distance between two
remote users to about 50 km. Therefore, the common method to bridge larger distances
is to average and fit the transmission code as to best match the CP data in order to
help making the CP unambiguous [72].
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Fig.3.2 shows the stability curves achievable with above named transmission methods.
The minimum uncertainty achievable is 10715 after one day of averaging [71].

This shows that satellite based transmission techniques do not provide sufficient stabil-
ity and accuracy for the dissemination of the latest generation of time and frequency
standards (see Section 2.3). Two alternative approaches have been discussed so far:

a) High end transportable clocks
b) Time and frequency distribution using fiber networks

3.2 Transportable Atomic Clocks

Instead of transmitting an optical atomic clock signal from one location to another the
transportation of the clock itself is an intuitive option that is pursued by several research
groups worldwide (e.g. [73]). Besides the calibration of other clock systems, their de-
velopment represent a step towards space-borne optical clock systems. As discussed in
the previous Chapter 2.4, space clocks could be used to measure Earth’s geodetic profile
with unprecedented precision. The prediction of earthquakes and volcanic eruptions
could be another useful application. This scenario requires a network of ground space
communication using both, telecommunication optical-fiber infrastructures as described
below as well as high profile transportable clocks. Their employment will require a mu-
tual development.

A unique atomic clock of interest is a portable cesium fountain clock developed by the
French LNE-SYRTE for the PHARAO space project [74, 75]. It shows a comparable
performance to laboratory systems [75] and is regularly compared to SYRTE’s primary
Cs fountain clocks FO; and FOs. During the course of the year it travels to a variety of
different locations to calibrate other clock systems or to participate on absolute frequency
measurements such as the one described in Chapter 6 or in [76]. It is the only portable
atomic fountain clock worldwide that contributes to TAI.

3.3 Fiber based Frequency Dissemination

Frequency dissemination via fiber networks has so far been investigated over regional dis-
tances of up to 480 km using three different methods for transmission: stable microwave
transfer by means of an amplitude modulated laser, combined transfer of radio-frequency
and optical signals by disseminating laser pulses, and transmission of an optical carrier
wave. Naturally, only the latter provides the femtosecond resolution commensurate with
the accuracy of optical clocks.
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3.3. Fiber based Frequency Dissemination

3.3.1 Transmission of Amplitude Modulated cw-Lasers of up
to 86 km

The most straightforward method to obtain a precise microwave reference at the remote
end of the fiber link is to send an amplitude modulated optical continuous wave laser.
The remote user will not need much more than a fast photodiode to demodulate the
sidebands of the optical signal in order to reconstruct the rf-signal [77]. Compared to a
GPS transmission, measurement times will be significantly shorter and the microwave
signal can be extracted after a few minutes of measurement time rather than after one
day.

Fiber stabilization has to compensate for a group delay induced distortion of the mi-
crowave signal. This is usually performed using PZT fiber stretchers or temperature
controlled fiber spools. Furthermore, this method is sensitive to polarization mode dis-
persion (PMD). Polarization scrambling reduces this effect [77].

As of 2012, the most precise rf-transmissions using AM-modulated lasers were performed
in Paris between Laboratoire de Physique des Lasers (LPL) and the Systemes de Ref-
erence Temps Espace (SYRTE) on a 86 km fiber link. A 1 GHz signal was transmitted
with a stability of 5 x 107! at one second integration time and a few 10!® after one
day. Advanced techniques such as fast polarization scramblers as well as sophisticated
filtering were employed [78].

It is worth noting that this link was employed in a proof-of-principle experiment for the
direct transfer of an optical carrier phase. Within the first attempt it showed similar
results for the stability of the transmitted signal (see Fig.3.3) [79]. Above mentioned
techniques to reduce PMD and AM-to-PM conversion were not applied here. This ex-
periment already indicated the potential for the transmission of a purely optical signal.
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3. Long-haul Time and Frequency Dissemination

3.3.2 Transmission of Pulsed Lasers of up to 50 km

Some applications may require the direct transmission of a femtosecond frequency comb
(see Appendix B.2) which provides the user with both, an rf-reference and an optical
signal at the same time.

Here, the repetition rate of the frequency comb and its harmonics can be extracted as
a stable microwave signal while the optical comb modes provide a stable optical sig-
nal. All frequencies the comb spectrum covers can in principle be used at the remote
user end [77].The compensation of chromatic dispersion plays an important role for the
quality of the transmitted signal since it will stretch the pulse duration. Similar to the
transmission of an amplitude modulated carrier a delay line has to be implemented to
balance the comb’s group velocity. Care has further to be taken adjusting the average
input power in order to reduce AM to PM conversion.

A 100 MHz repetition rate transmitted over a 50 km fiber link has been shown recently
in [80] to have a stability of 4.6 x 107! s7~! improving previous results from a 7 km
fiber link by a factor of two [81].

3.3.3 Transmission of the Optical Phase of up to 480 km

The phase information of a frequency reference can also directly be linked to an ultra-
stable optical carrier frequency. Using two frequency combs at each end of the link it
allows for comparing various references in both, the microwave or optical regime. This
method is advantageous since the influence of chromatic and PMD as well as amplitude-
to-phase noise conversion is minimized for a cw signal. However, fluctuations of the
optical path length due to temperature drifts or acoustic vibrations limit the achievable
stability of the transmitted signal and require active stabilization (see next Chapter).

The transmission of optical carrier frequencies via stabilized urban fiber links of up to
172 km has been shown to have residual instabilities of a few parts in 101¢ after 1 s
which linearly decreases with the inverse integration time 7 [82, 87, 84]. The longest
fiber link investigated so far had a total length of 480 km [85]. The lowest fractional
uncertainty of an optical signal transmitted over 146 km has been reported to be 1 X
10719 [83]. Real-time comparison of two strontium optical clocks has been demonstrated
over a distance of 120 km using optical telecommunication links [86].

35



3.3. Fiber based Frequency Dissemination

All experiments performed during the course of this work were based on transmitting
an optical carrier phase.
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Chapter 4

Two 920 km Optical Fiber Links for
Frequency Metrology

As described in Section 3.3, frequency dissemination via fiber networks has so far
been investigated over regional distances of typically ~150 km. This chapter describes
setup and characterization of the first purely optical fiber link for frequency comparison
that reaches continental scales. The actively stabilized link consists of two dark fibers
F1 and F2 connecting the Max-Planck-Institute of Quantum Optics (MPQ) and the
Physikalisch-Technische Bundesanstalt (PTB). Therefore the link crosses a large part of
Germany over a 920 km distance and in total comprises 20 remotely controllable optical
amplifier systems.

4.1 Transmission Scheme

The principle of frequency comparison using an optical fiber link is shown in Fig.4.1:
Two reference frequencies vy and vy are compared by using two frequency combs and
two ultra-stable transfer laser systems as flywheels. Here, the frequency comb technique
allows for a flexible choice of various types of frequency references (both, rf and optical)
without having to change the setup. The building blocks of the transmission scheme
will be described step by step in the following.

4.2 Frequency Comb Systems

A femtosecond frequency comb is a mode-locked laser which emits a pulse train with the
characteristic feature of two subsequent pulses having a fixed phase relationship. This
pulse train generates a periodic pattern in the frequency domain and forms a comb-
like structure of equally spaced modes that are fully determined by two microwave
frequencies f¢, and feeo. Any unknown optical frequency v within the spectral range of
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Figure 4.1: Principle of frequency dissemination using an optical fiber link: The phase stability
of a frequency reference vy is linked to a stable optical carrier wave with frequency voc1 by
means of a femtosecond frequency comb. This signal is transmitted on an actively noise-
compensated fiber link that allows for repeated amplification. The remote user employs a similar
laser system with frequency vocs to establish, again by means of a frequency comb, the linking

to their clock vs.

the comb can thus be deduced from three radio frequencies by measuring the beat note
freat between v and the closest comb mode v, = feeo + 1 - frep (see Appendix B.2):

V:fceo+n'frep+fbeat (41)

with n € N ~ 106.

In this experiment, both PTB and MP(Q employ erbium fiber laser based frequency
combs [88] with offset frequencies f.., = 30 MHz. The MPQ system has a repetition
rate fre, of 250 MHz [89] while the PTB system operates at 100.003003 MHz [90].
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4. Two 920 km Optical Fiber Links for Frequency Metrology

4.3 Transfer Laser Systems

State-of-the-art stable laser systems usually employ high-finesse Fabry-Perot resonators
that are used to stabilize the laser output. These lasers show residual short-term insta-
bilities of up to a few 10716 [40]. This corresponds to mirror displacement lengths in
the femtometer range. Therefore, perfect isolation from environmental perturbations is
of crucial importance.

Different strategies are pursued in order to minimize perturbations. Some cavities em-
ploy spacers made out of silicon and are operated in cryogenic environments to reduce
thermal motion of the mirror atoms [91]. Other cavities have a special geometry to
make them less sensitive to vertical acceleration and horizontal displacement alike. As
an example, a spherical spacer is mounted at a magic angle at which horizontal and
vertical displacements exactly cancel [92]. They are particularly suited to work in non-
laboratory environments.

The cavities employed in the MPQ and PTB link laboratories consist of highly reflecting
mirrors optically contacted to a spacer made out of Ultra-Low Expansion glass (ULE,
manufacturer: Corning) for which the thermal expansion coefficient has a zero crossing
around room temperature.

The finesse F of the cavity is defined as the ratio of free spectral range to the width of
the transmission maximum. It can be measured using the ring down technique. Here,
the decay time 7gp of the light inside the cavity is measured at which only a fraction e™!
of the initial intensity is left. The number of corresponding reflections can be estimated

from the cavity length L., and the phase velocity of the light v,, = ¢/n:

TRD * C

Nyepr = (4.2)

n- Lcavity

From that one obtains the reflectivity R = (1 — e™1)/N,¢p of a single mirror and thus
can determine the finesse of the two-mirror system to be:

7T<R1 . R2

]::1—(R1-R2)2

(4.3)

Each transfer laser system comprises a near-infrared distributed feedback (DFB) fiber
laser (Koheras ADJUSTIK) at 1542.5 nm with ~100 mW output power and a free run-
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4.3. Transfer Laser Systems

ning line width of ~ 5 kHz (Full Width Half Maximum). Around this wavelength, fused
silica fibers show a minimum in the attenuation. In the following, the lasers will be de-
noted as NIRypg and NIRprp, respectively. Both lasers are stabilized to high-finesse
Fabry-P'ig)%rot cavities with ultra-low expansion glass spacers (ULE) (see Appendix D)
such that short-term laser noise becomes negligible compared to the phase noise of the
free-running fiber link (see Appendix B.1.4).

Approximately 100 4W are coupled into each cavity. A fast Pound-Drever-Hall-lock
(see Appendix D) controls an acousto-optic-modulator (AOM) behind the laser thus
shifting the output signal with response times of nanoseconds (fast lock). In addition,
slow thermal laser drifts are compensated by a piezo-electric transducer that controls
the laser resonator length in order to keep the AOM center frequency. Both systems
are actively temperature stabilized and in high vacuum. Decoupling from seismic noise
is achieved by using active isolation platforms. Also, the laser intensity is stabilized
as any change of the light power inside the cavity is directly converted into frequency
fluctuations due to heating of the mirrors. An IR-sensitive CCD camera monitors the
cavity transmission and is used to visualize the cavity TEMy, mode used to lock the
laser.

4.3.1 Vertical Cavity Design: MPQ System

The MPQ cavity is set up in a vertical design [93]. In this configuration, a vertical
displacement of the lower mirror comes with a vertical displacement of the upper mirror
in the same direction. The cavity length is thus held constant to first order.

The two mirrors sit on a 77 mm long football-shaped spacer made out of ultra-low
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Figure 4.2: a) Ringdown measurement e of the light intensity stored inside the MPQ cavity.
b) Temperature dependence of the beat note between cavity stabilized laser and frequency comb.

The temperature at which the spacer is largely insensitive to length changes is at 19.8°C.
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Figure 4.3: Beat note between the cavity-stabilized laser frequency and a femtosecond frequency
comb: a) Drift of 19 mHz/s at 19.81°C. b) Linear subtraction yields residual fluctuations of
less than 50 Hz peak to peak over the duration of one day. The curve is averaged to reveal the

laser fluctuations out of the comb noise.

expansion glass (ULE) which is loosely mounted in the mid plane of the cavity. The
system is similar to the one described in [94].

With a ring down time 7rp of 26 us (see Fig.4.2a)) the cavity finesse F has been
determined to be 251,549. The zero crossing temperature of the cavity spacer is 19.81°C
(see Fig.4.2b)). Fig.4.3a) shows the drift at this temperature which is about 20 mHz/s.
This is attributed to the aging process of the ULE spacer. After subtracting a linear
drift the residual fluctuations are less than 50 Hz peak to peak over one day as shown
in Fig.4.3b).

4.3.2 Horizontal Cavity Design: Transportable PTB System

Thomas Legero from PTB has developed a transportable transfer laser system based
on a horizontally mounted ULE cavity which was especially optimized for rigidity and
small vibrational sensitivity [95]. It has a finesse of ~ 330,000. The horizontal cavity
design allows for a robust transportation mounting (see Fig.4.4). The complete laser
system is installed in a compact mobile 19” rack weighting less than 150 kg.

To compare the two laser systems directly, the PTB laser system was moved from Braun-
schweig to Munich. The relative stability of the two lasers is depicted in figure Fig.4.5)
and shows a 4 x 107'° flicker floor after subtracting a third order drift.

This strongly nonlinear drift has been attributed to the ambient laboratory tempera-
ture during the measurement that was approximately 30°C due to a malfunction in the
air conditioning system. The PTB laser cavity could hence not be operated at its zero
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4.3. Transfer Laser Systems

Figure 4.4:  Left panel: Vertical MPQ- cavity with football-shaped spacer. The cavity is
mounted inside the vacuum chamber in the mid-plane of the spacer. Right panel: Cavity
spacer of the transportable PTB laser system. Viton pins hold the cavity in four holes in the
mid-plane. PTB Z.169 photography, S. Stork

crossing temperature at these environmental conditions'. Therefore the cavity resonance
frequency was highly sensitive to temperature fluctuations.

The line-width of the beat note was measured to be 2 Hz using a spectrum analyzer with
1 Hz resolution bandwidth. Assuming equal performances and a Lorentzian line-shape
the line-width of the individual lasers can be estimated as 1.5 Hz.

1E-13
> 1E-141 g Figure 4.5: Direct comparison
<D( -/' between the MPQ laser system
— _____/ and the transportable PTB laser
system.
1E-15 +——+ ————y ————rry

Measurement time [sec]

!The temperature stabilization circuit was designed for heating to the zero-crossing temperature at
about 28°C but not for cooling
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4.4 Two 920 km Fibers connecting MPQ and PTB
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4.4. Two 920 km Fibers connecting MPQ and PTB

The establishment of the two 920 km fibers connecting MPQ and PTB has been accom-
plished in collaboration with the German Science Network (DFN), the fiber provider
Gasline GmbH, the Institute of Quantum Optics (IQ) at University of Hanover, Men-
loSystems GmbH and the Max Planck Institute of the Science of Light in Erlangen.

The link has backbones at several comput-
ing centers located at the Garching campus right of way
(LRZ), at University Erlangen, at Univer-
sity Leipzig, and at PTB. The fiber carrier
Gasline GmbH is a subsidiary of the Ger-
man energy provider EON Ruhrgas GmbH.
Because of this, the fibers are laid next approx 1m

to gas pipelines most of the way. In-

2- 5 mon either side

approx. 2m !

_._._?_’.._,

i
cable duct

stalled at least one meter below ground  gas

pipeline

and two meters away from the pipeline,
the influence of temperature fluctuations
and acoustic perturbations is reduced (see

Figure 4.6: Installation scheme of Gasline
Fig.4.6).

GmbH fiber links (according to municipal

right of way). Courtesy of Gasline GmbH.
Each fiber has a length of 916 km. All Gasline

fibers are specified according to the ITU-T

G.652 standard[96]. In particular, they have a core refractive index of n = 1.4681
at 1550 nm, an attenuation a of < 0.23 dB/km, and a chromatic dispersion D¢ of 18
ps/(nm km).

The fibers are accessible about every 90 km via seven telecommunication containers
and via two backbones in computing centers in Erlangen and Leipzig (see Fig.4.7 and
Fig.4.8): left panel).

The access to the stations has to be announced in written form to Gasline GmbH at
least two days in advance. A phone call in front of the station authorizes the entrance
by remotely unlocking the door. Additionally, both link teams have been handed a key
that opens all doors and also the gates to enter the areal.

Inside the containers the fibers end in outlets that are pre-assembled with E2000 con-
nectors to enable installation of optical amplifier systems (see Fig.4.8: center panel).

The in-line amplifiers as described below were installed on both fibers within several
extensive measurement campaigns. At least two members from the MPQ group and the
PTB group met either in Garching or Braunschweig with two cars and redundant test
equipment. The first team member installed the amplifier system in a certain repeater
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Location Length [km] Attn. [dB] Delay [ms]
PTB 0 0 0|
Ammensleben 92 22 0.45
Cérmigk 79 21 0.39 ; . .
Leiprig 114 54 0o B Figure 4.7: Location,
Zimmritz 119 25 058 B distance, attenuation, and
GroBbreitenb. 79 20 0.45 & lioht d-trip delay |
Ebersdorf 74 19 036 tght Tound-trp - aelay. Jor
Erlangen 1% %g 823 f o | the 9 repeater stations
Beilngries . [ .
Minchsminster 82 18 0.40 || along the 920 km fiber link.
MPQ 87 21 0.43

tot. 916 212 4.55 )

station while the second tested all settings in the previous station. A third person in
the laboratory had to verify that the signal levels were appropriate after the two fibers
were connected in the most distant station to form a loop. Due to the lack of cell phone
connections in most stations, a fiber optic talk set (GAO Fiber Optics 08311) enabled

the communication.

Figure 4.8: Left: View of the most southern repeater station near Miinchsminste 86 km north
of Garching. Center: Fiber outlet with E2000 connectors. Right: Remotely controllable optical

amplifier right before installation.
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4.5 Active Fiber Noise Cancellation

Environmental perturbations that cause frequency shifts due to motion of the fiber
atoms are commonly referred as Doppler noise. This especially concerns temperature
fluctuations and acoustic vibrations that both cause severe limits on the achievable
stability and accuracy of the transmitted signal.

4.5.1 Noise Origins

The optical path length of a medium with refractive index n and length L changes with
temporal temperature fluctuations as:

d(nL)r dn dL\ dT
= L— — | — 4.4
di (LdT N ”dT) i (44)
The thermo-optic and the thermal expansion coefficient g—; and %, can be found in the

literature and are equal to 1 x 107°/K and 6 x 107" m/K for fused silica, respectively
[97]. For a signal with frequency 1 and vacuum wavelength Aq this results in a fractional
frequency fluctuation :

1/0)\0 dt

y(t) =

The annual temperature variation in 1 meter soil depth is, for example, measured at the
geodetic institute Potsdam Telegraphenberg [98] (see Fig.4.9). The mean varies between

(4.5)

20 °C in summer and 2°C in winter. This corresponds to a maximum heating rate of 2
uK /s thus causing an optical frequency of 194 THz to shift by about 10 uHz per meter
fiber length. For the 920 km link, this results in annual frequency variations of up to 10
Hz.

Lowest value

Average

— Highest value

Figure 4.9: Averaged annual
temperature variations (1894-
2006) 1 m below ground mea-

sured at secular station Potsdam

Average temperature °C
o

Telegrafenberg, Germany [98].
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4. Two 920 km Optical Fiber Links for Frequency Metrology

Acoustic waves with pressure P induce stress inside the fiber which also cause phase
fluctuations of the signal. Analogous to Eq.4.4, the temporal change of the optical path
length can be written as:

d(nLp) _ ( L dn dL) P (4.6)

dt ap ""ap) ar
Assuming that the resulting strain is linear and isotropic and has no shear components
dn/dP is in the order of 5 x 107" /Pa and dL/dP is approximately dL/dP ~ 107!
m/Pa [17]. The phase of a 1542 nm signal traveling in 1 m fiber with mean refractive
index n=1.47 thus changes by 0.1 mrad/Pa. Fast acoustic pressure changes with fre-

quencies between 20 Hz and 20 kHz hence cause frequency shifts between 0.3 mHz/Pa
and 0.3 Hz/Pa.

4.5.2 Stabilization Scheme

As discussed above, both, the short- as well as the long-term stability of a fiber link
will be strongly limited by Doppler noise. A widely used stabilization scheme that was
originally developed by [99] relies on suppressing the optical path length fluctuations at
the remote end by employing a phase-locked loop at the local end.

The experimental setup is sketched in Fig.4.10: frequency shifters such as for example
acousto-optic modulators (AOM) are installed at the input and the remote site of the
fiber allowing for heterodyne beat detection at a convenient radio-frequency (see Ap-
pendix B.1. At the remote end, a Faraday mirror reflects a fraction of the light back
towards the input. Using a circulator that discriminates the light propagations direc-
tions, the round-trip signal is compared to a local copy of the original light. This beat
note reveals information about the accumulated fiber phase-noise and is used to steer
the AOM at the input of the fiber in order to compensate for it. While this AOM is
used for frequency control, the second AOM at the remote site discriminates the desired
reflection from the Faraday mirror from the backscattered light within the fiber and
reflected light from connectors. The Faraday mirror rotates the signal polarization by
90°. This way, polarization rotation along the fiber is compensated on the way back
and the signal arrives exactly 90° polarization rotated after one round-trip. The remote
signal is now widely fiber noise compensated and can be used at the user’s site.

The stabilization scheme can be considered as a Michelson interferometer with one short
reference arm and one arm comprising the entire link.

The theory of the loop control is described in the Appendices C and E. A fundamental
limit on the achievable degree of phase noise suppression is caused by the finite speed
of light that imposes a delay between the remote and the round-trip signal. First, it
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Figure 4.10: Mach-Zehnder interferometer for stabilization an optical fiber path. See text for

a detailed description.

directly affects the control bandwidth of the compensation loop and as a result, the
total phase noise at high Fourier frequencies is given by unsuppressed noise of the fiber
link. Second, the delay through the link results in an imperfect cancellation of the noise
at the remote end. This imperfect cancellation of the one-way fiber noise due to the
delay dominates at low Fourier frequencies and limits the attainable stability. Within
the limit of stationary phase fluctuations, the residual one-way PSD of the stabilized
link can be written as [100]:

2 nL\ 2
Sremote(f) - 4% (fTL) Sfiber(f) (47)

where L is the one-way physical path length, n the index of refraction, ¢ the speed of
light, and Sgper(f) denotes the phase noise of the un-stabilized link. Assuming that
Stiver(f) is dominated by white frequency noise and scales proportionally to the link
length, the attainable link instability in frequency comparisons increases as L2 [100].
Hence, a fiber with large Sy, (f) may require several shorter subsequent stabilization
loops in order to gain bandwidth and decrease the delay error.

Furthermore, laser phase noise has to be negligible in comparison to the fiber phase
noise which is why both transfer lasers have been stabilized to ULE - cavities (see also
Appendix B.1). Also, the interferometer comprises fiber parts that are not enclosed in
the feedback loop (see Fig.4.10, light blue fiber paths). This requires passively stabi-
lization as will be described in Section 5.1.

For the two 920 km links, random fiber noise results in fractional frequency excursions
of about 5 x 1071* (see next Chapter 5). Active fiber noise compensation has thus been
a prerequisite for stable and accurate transmission.

Due to the round-trip time of 9.1 ms the stabilization bandwidth is limited to 56 Hz and
the phase noise suppression at 1 Hz can according to Eq.4.7 be expected to be 36 dB for
an ideal loop filter. A specially designed loop filter as suggested by [101] and described
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4. Two 920 km Optical Fiber Links for Frequency Metrology

in Appendix E could improve the fiber noise cancellation beyond the round-trip delay.
However, the technical realization of this filter was very sensitive to slight changes in
gain and did not allow for stable operation. Further refinement of the filter design would
be necessary to make this a valuable tool for future experiments.

4.6 Signal Amplification

Over short distances, signal regeneration is not a critical issue and may be achieved
without further in-line amplification. Over a 920 km distance, the inherent attenuation
of 0.23 dB/km adds up to a total one-way attenuation of more than 200 dB. Hence, nine
pairs of low noise bi-directional Erbium-doped fiber amplifier (EDFA) systems have been
conceived, developed, and installed within the course of this work.

As the Doppler noise cancellation described above demands identical optical paths in
both directions, the in-line amplifiers are operated bi-directionally. Their design has to
assure appropriate power levels at the remote user end and a sufficient signal-to-noise
ratio (SNR) for proper detection. Furthermore, fiber Brillouin amplifiers have been in-
stalled at both ends of the link in the MPQ and PTB laboratories.

4.6.1 Erbium doped amplifiers

Erbium doped amplifiers (EDFA) provide efficient amplification in the wavelength band
around 1550 nm. They further consist of cost-effective telecommunication components
and are straightforward to assemble. Yet, in long haul fiber link experiments they have
to fulfill a set of requirements.

1. Small signal amplification

The most efficient nonlinear process inside an optical fiber is Stimulated Brillouin Scat-
tering (SBS). It converts incoming signal photons into acoustic phonons that decay into
Stokes- and anti-Stokes shifted, backscattered photons and thus get lost. The threshold
power for the onset of SBS is given by [85]:

. 21-A i AVsignal)
AVB

Here, A is the effective fiber mode area (1071 m?), ~y is the gain coefficient of the non-
linear process (5 x 107 m/W). The effective gain length is L.;; = (1—e~**/a), which
is ~21 km for = 0.2 dB/km. The Brillouin line width Avg depends on the phonon life
time 75 : Avg = 1/(7w7p). It was measured to be 20 MHz using an electronic spectrum

(4.8)

analyzer. With a signal line width of 1.5 Hz the threshold power P, can be estimated
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Figure 4.11: Backscattered light for different signal powers at 1542.5 nm injected into the 920
km fiber link measured with an optical spectrum analyzer (0.05 nm resolution bandwidth). The
backscattered fraction of the launched power is shown for fiber F1 (a)) and fiber F2 (b)), respec-
tively. Spectrally resolved observation of the backscattered light shows the increasing Brillowin

Stokes and Anti-Stokes peaks as well as elastically backscattered light (Rayleigh scattering).

be 10 mW. By measuring the backscattered fraction of the signal the power that can be
launched into the fibers has been limited to 6 mW (see Fig.4.11. Typical distances be-
tween two subsequent repeater stations of ~ 100 km thus resulting in pW-input signals
each amplifier has to re-gain by minimum degeneration of the SNR.

2. Low Noise Figure

The main noise contribution decreasing the SN R of a signal passing an optical ampli-
fier arises from Amplified Spontaneous Emission (ASE). The characteristic quantity to
specify the degradation is the EDFA Noise Figure N F"

SNR;,
NF = ——— 4.9
SNR,. (4.9)
which can be expressed as [102]:

with the spontaneous emission factor nsp Ny, N2 being the populations in the ground
and the excited state of the gain fiber, respectively. Hence, the SNR of a signal passing
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4. Two 920 km Optical Fiber Links for Frequency Metrology

an amplifier is always decreased by at least 3 dB (for full inversion). The rate equations
are given by [103]:

Ny

N2 = (O’;Nl — O';NQ)CI)I; + (O';INl - O':N2><I)s - 7'_ (411)
2—-1
- e a e a N2
Nl = (UPNQ—Ule)(I)p+(USN2—O'SNl)q)s—i—T— (412)
2—-1

with the o7 being the absorption and emissions probabilities, and ®; = P,/(hu;) the
photon flux for the pump and seed light with powers P; and frequencies v;, respectively.
To_1 is the life time of the excited state which is for a 980 nm pumped EDFA ~ 10ms.
For small input powers, a low NF can be achieved by low pump powers and low fiber
doping together with an adapted gain fiber length. This avoids the creation of excess
ASE.

The amplifiers employed in the experiment have been measured to have a noise figure
of 4.1 for 1 uW input power. To avoid the EDFAs saturating from broadband ASE, bi-
directional narrow band optical band pass filters (100 GHz at 1542.5 nm) were installed
in every second EDFA system. The final EDFA layout is shown in Fig.4.12.

3. Bi-directional operation and Back-Reflections

EDFAs are affected by randomly occurring back reflections from splices or due to
Rayleigh scattering [105]. The onset of lasing may cause a sudden drop of the sig-
nal power if the gain of the amplifiers is too high resulting in a loss of phase coherence.

Thus, the EDFA gain settings are critical parameters for reliable and cycle-slip-free
operation of the fiber link. Reflecting surfaces -where identified- were hence cleaned,
polished and index-matching gel was applied. Unfortunately, the fibers are not always
accessible leaving the system with remaining scattering centers or reflecting surfaces

Figure 4.12: Final layout for the
symmetric fiber link EDFAs. The 97/

Pump nm pump diode is split and equal parts

of power are injected into the Erbium-

—— — doped gain fiber by a wavelength di-

Seed Signal /54 Itipl that bi th
I;emll WDM Z doped fiboy WDM Iglir: | viston maultip exef at com mes' e
g (0e=20dB/m) 1542 nm seed with the pump light.

1550 nm COM COM 1550 nm

Due to the low doping the amplifier is
specifically suited to re-generate small

seed powers.
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4.6. Signal Amplification

that could not be eliminated.

This required keeping the EDFAs below lasing threshold even though the signal strength
may not be recovered. To fully regain the signal, the implementation of fiber Brillouin
amplifiers (FBA) at both ends of the link in the PTB and MP(Q laboratories has been
mandatory. Together with the careful adjustment of the EDFA pump powers, this has
been crucial for stable operation. The gain profiles of the bi-directional EDFAs as well
as of the FBAs is shown in Fig.4.13.

4.6.2 Fiber Brillouin Amplifiers

SBS, as mentioned above, is typically an undesired nonlinear process in optical fibers.
However, if generated in a targeted manner it can be utilized to amplify an optical signal
in a normal fused silica fiber [104, 85].

Stimulated acoustic waves have a velocity v4 = 6 x 10° m/s inside an optical fiber.
They cause non-elastic scattering of signal photons and down-shift their frequency by
vp = 2neppva/A. In the case of a 1542 nm signal this corresponds to an 11 GHz
shift. The pump laser with power P, and a frequency vpm, is injected into the fiber
counter-propagating with the signal light. If the pump frequency is exactly shifted by
the Brillouin Stokes-shift of the signal frequency it will cause a Brillouin gain G'p given
by:

Gp = VLEfJ;leump
with the earlier introduced gain coefficient ~, effective fiber mode area A, and the effec-
tive length L.fs. From Eq.4.13 a gain of ~ 10 dB /mW can be estimated. The actual
signal with frequency v,;, will be amplified if it propagates in the opposite direction and

(4.13)

60 +
50
— | — ,./
EE 40 /l/
% 30 ’ .
% 20 1 '/'/ —e—FBA Figure 4.13: Gain vs. input
‘- - |- BrdiectonalEDFA power for a fiber Brillouin am-
‘0 1E-3 0.01 01 ] plifier. It can reach 60dB for
1T F —=—FBA ; :
5] \_ Bidiraciinral EDFA nW signals. The SNR is on
< 1 R ar with the bi-directional ED-
5. 40 \_\. p
'% g0 FAs designed for the presented
O 20.] 7 _ setup [85].
3 o001 o1
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4. Two 920 km Optical Fiber Links for Frequency Metrology

if the pump frequency matches the Brillouin shift:

Vpump = Vsig + VB (414)

FBAs allow for signal amplification with a gain up to 60 dB, which is nearly a 40
dB improvement over erbium-doped bi-directional amplifiers (see Fig.4.13). This way,
FBAs have been demonstrated to regenerate signals over 500 km in a single step by
[85]. However, as the Brillouin spectrum is so narrow, longer distances would require
an in-line locking of the FBA to the incoming signal. This is why they have not been
implemented as in-line amplifiers in the current setup.

4.6.3 Optical Remote Control

Being able to control and monitor the in-line EDFAs from the laboratory has been a
prerequisite for the successful establishment and maintenance of the link. The EDFAs
are connected to a micro-controller (1C) inside the EDFA device (see Fig.4.8: right
panel) that processes commands based on the RS-232 protocol. The pC can read and
write amplifier settings such as pump current and temperature control. As UMTS or
mobile networks are often shielded inside the telecom containers the straightforward
solution was to use the fiber link itself as a communication channel. The conversion
from RS-232 to an optical signal has been accomplished by amplitude modulation of
a 1310 nm laser diode. This signal is combined with the 1542 nm channel by means
of a wavelength division multiplexer (WDM) and sent to the first container. There it
is split from the 1542 nm signal (see Fig.4.14). A photodiode together with suitable
electronics converts the modulated light back into the RS-232 signal to be processed by
the pC. Every amplifier is uniquely addressable. The controller forwards any message

EDFAWI
*ﬁben fiber

g
O
=
<
o
<
A

1310nm TX, : RX, 1310nm

to PTB uController to MPQ

1310nm sz sz 1310nm

\
]
o
<
=
o
<
\

EDFA,

Figure 4.14: Schematics of the EDFA remote control. The 1542 transmission signal
(turquoise) is amplified and sent to the next container station. The amplitude modulated
1310 nm signal (dark blue) is converted to an electrical signal (RX1) and communicates with
the micro-controller. Messages are forwarded (TX1) and all replies from the next EDFA are
recetved through RX2. TX2 sends replies back to prior containers or to the computers in the

laboratory.
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4.6. Signal Amplification

whose header does not contain the corresponding address to the next container or to the
computer one of the two laboratories. The same applies for the replies such as status
messages or alerts. This way, all EDFAs along the link are daisy-chained such that they
can be controlled from both ends from the PTB and MPQ laboratories.

The availability of a remote control turned out to be far more important than initially
supposed. Intended as a failure-identifier it was a precious tool to fine-adjust the ED-
FAs and thus to avoid signal breakdowns due to lasing to a large extent. This was a
prerequisite for phase coherent measurements over several hours that led to extremely
high long-term link stability (see next Chapter 5).

After careful installation and testing of all repeater equipment and also of the remote
control, a first transmission signal was detected in February 2010. The beat note between
the transmitted laser from PTB and the local MPQ laser is shown in Fig.4.15. A few
weeks later, the full distance was stabilized for the first time.

Figure 4.15: First beat signal between the PTB laser transmitted via 920 km fiber and the
local MPQ laser measured with a HAMEG spectrum analyzer with 20 kHz bandwidth.
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Chapter 5

Optical Frequency Transmission
over 920 km with 10~ Uncertainty

Both groups at MPQ and PTB have investigated frequency transmission on various
loop-shaped test links of up to 500 km length that will be described in the following.
The characterization of the full 920 km link between MPQ and PTB is discussed in the
second half of this chapter and can further be reviewed in [106].

5.1 Characterizing Test Links of up to 500 km

A common method to characterize fiber links is to have provider and remote user in
the same laboratory. Here, transfer and local frequency are provided by the same laser
system and the measured self-heterodyne beat note contains information about the fiber
link noise while laser phase noise fully cancels. The setup is shown in Fig.5.1.

5.1.1 2m Link: Fiber Stabilization Noise Floor

Short term phase fluctuations due to mechanic vibrations and temperature fluctuations
in the out-of-loop fiber parts can easily decrease the stability of the fiber noise can-
cellation scheme by a factor of ten. For that reason, the MPQ fiber interferometer
was designed to have short fiber lengths between the components. Spliced connections
further avoid back-reflections that might cause interference and hence amplitude modu-
lations. The interferometer has been placed in an aluminum box lined and covered with
foam for further isolation. To characterize the fiber interferometer noise floor, a 2 m
loop-shaped link was formed by directly connecting the two fiber-coupled AOMs.

The short term stability of the remote signal has a value of 2 x 107'7 (ADEV) in one
second. Towards longer integration times 7, it follows a slope with an inclination slightly
smaller than 771 (see Fig.5.2) which is approximately a factor of three higher than the
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e Figure 5.1: Setup to characterize
S Beam Splifer ELOOP the stability of an actively stabilized
N é“’”"‘" link using two fibers. The fibers are
5 AOM @ connected to form a loop (dark blue)
™ Circulato Fiberlink under Test]| and part of the transfer laser light is

ol B AOM @ split as reference (light blue). Thus,
priSHinar= 5 et provider and remote user are located
Feifaclay My in the same laboratory which cancels

the influence of transfer laser noise.

counter resolution of 6 x 10718 s771 (see Fig.5.3). After 1000 s, a slow temperature
drift of the out of loop fibers becomes dominant. This drift might in future be better
controlled by active temperature stabilization if required.

At PTB, components with 3mm thick fiber cables and additional housing were employed
which resulted in a similar stability curve [83].

The round-trip signal used to extract the fiber noise information (see previous Chapter

CI) 107 —=—Round-trip Signal b)
Round-trip Signal (improved) 22001 4 Mean= -2.3 (7.4) pHz
6 —=—Remote Signal 1 (151608 samples)
10" 1.8x10" s/t
. m H 17601
17 Jee o
10 —
> ”“\Eﬁ~ »
@ 10" \\-EE.-&. £ 132014
@) s .
< o, e, 3
]Orl‘?_ \-\ Ny -.—/. )
el et A 8800+
2 - W
10 J\.\
” '\-\ 4400
: _A Do
107 ‘ : . ‘ 0
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Averaging time [sec] Deviation from zero [Hz]

Figure 5.2: Interferometer noise floor of the Doppler-noise cancellation scheme as measured
at MPQ: a) Allan standard deviation of the 10 MHz remote signal and the 20 MHz round-trip
signal. The radio frequencies are determined by the sum of the AOM frequencies. The round-
trip signal’s instability of 6.8 x 107'7 was a factor 1.5 higher compared to what one would
expect (see text). This was attributed to not perfectly balanced interferometer arms. Careful
re-design with special attendance to equal and short uncompensated fiber paths resulted in an
improved stability of 4.7 x 1077 in one second. b) Remote signal deviation from 10 MHz and
corresponding normal distribution. The frequency counting was discretized which caused the
gaps in the histogram (Data taken at MPQ with continuous I1-type frequency counters, 1s gate

time).
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Figure 5.3: a) Stability of the remote signal in comparison to counter resolution. The counter
resolution was measured by using the same H-maser as signal as well as reference (see Chapter
2.1.8). Since the counter resolution is 1 mHz the values are discretized (b)) (Data taken at

MPQ with continuous Il-type frequency counters, 1s gate time).

4) is expected to be 3 dB less stable than the remote signal as it accumulates the residual
phase-noise exactly twice while traveling twice the way. The measured value of 4.7 x
10717 s7~! agrees well with this prediction.

The mean deviation between transmitted and local frequency was -2.3(7.4) pHz, consis-
tent to zero deviation. This corresponds to a relative accuracy of better than 3.8 x 10=2.

The results show that a highly stable and accurate clock comparison with instabilities of
less than 10716 s771 is achievable for short fiber links that for example connect neighbor-
ing laboratories. This method was successfully applied in [2] over a distance of ~70 m
to compare the -as of 2012- world’s most precise optical clocks with a clock- determined
stability of 2.8 x 107! s771/2 (overlapping ADEV) and a residual uncertainty of 1.8
(0.7) x 10717,

5.1.2 10 km Link to Garching Computing Center

The MPQ Internet connection to the Garching computing center (RZG) comprises 10
single mode fibers that are currently not in use for regular data traffic. These fibers
were alternately looped in a way to form a zigzag link that began and ended in the same
laboratory. This link was the first test stretch at MPQ side.

The residual instability was as low as 8.5 x 107!% s77! as shown in Fig.5.4a). The stabil-
ity of the round-trip signal is 1.4 x 107 s77!, about a factor 2 higher than the remote

signal. The optical frequency was transmitted with a statistically limited accuracy of
360 uHz or 1.9 x 1078 (see Fig. 5.4Db).
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Figure 5.4: Residual instability of the 10 km remote and round-trip signal at MPQ . b) Remote
signal deviation from mominal value and corresponding normal distribution (Data taken at

MPQ with continuous I-type frequency counters, 1s gate time).

5.1.3 50 km Link around Braunschweig

The very first tests at PTB side were performed in collaboration with the local energy
supplier EnBs that provided a 50 km fiber link around Braunschweig. The link was
only partly laid underground of Braunschweig city which represents a realistic scenario
for urban frequency comparisons. The measurements are shown in Fig.5.5. It can be
seen that the round-trip signal is not 3 dB less stable than the remote use signal as
expected. This indicates that the locking electronics was not optimized and the gain
was insufficiently low. However, the stability of 7.7 x 1071% s7=! was remarkably good
even at this early stage of the experiment, motivating further investigations.

Distances of several kilometers represent typical on-campus distances. Different faculties
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Figure 5.5: Residual instability of the 50 km remote and round-trip signals around Braun-
schweig. b) Remote signal deviation from nominal value and corresponding normal distribution

(Data taken at PTB with continuous Il-type frequency counters, 1s gate time).
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5. Optical Frequency Transmission over 920 km with 10~'° Uncertainty

could take advantage of a reliable frequency distribution system that provides highly
stable references for various types of experiments as e.g. realized by [107] at MPQ.
Typically, the whole campus area is linked via a research fiber network that is admin-
istrated by the local computing center. The connections are usually easy to implement
and cost-effective.

5.1.4 146 km Link from PTB to University of Hanover and
back

Parallel to the development of the 920 km PTB-MPQ fiber link, PTB and Leibnitz
University Hanover (LUH) have set up two 73 km dark fibers for the comparison of
two optical frequency standards [108]. The characterization of these two link was pub-
lished in [83] and is shown in Fig.5.6. At LUH, one bi-directional low-noise EDFA was
implemented. Frequency transmission could be performed with a fractional instability
of 3.3 x 107 s7=!. The mean frequency deviation induced by the transmission was
determined to be 1.2 (3.6) x 1072 by evaluating 5 measurements each lasting ~ 55,000
s. As of today, this is the lowest uncertainty reported for frequency dissemination using
optical fiber links.

The same link configuration has successfully been utilized to compare the optical clock
lasers of the Yb™ and Ca frequency standards at PTB [87] that are located in different
laboratories: Their relative instability is known from direct comparison using 300 m
stabilized fiber (see Fig.5.7, yellow curve). The NIR laser frequency stabilized to the Ca
clock laser has been transmitted via the 146 km link and compared to the Yb' clock

laser.
10 - b) 4000+
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1o g A R e e e g | momm 3.3x10 " s/ N §(5081350mp|es)
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Figure 5.6: Residual instability of the stabilized 146 km remote signal from PTB to LUH and
back. One low-noise EDFA was installed at LUH which is half the distance. b) Remote signal
deviation from its nominal value and corresponding normal distribution (Data taken at PTB

with continuous Il-type frequency counters, 1s gate time).
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time) [87].
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At short averaging times < 1s this measurement coincides with the measured instability
of the stabilized 146 km fiber link of o, (7) = 3.3 x 1071° s77! (see Fig.5.7, purple curve).
Within several seconds of averaging time the contribution of the fiber link to a clock
comparison becomes negligible and the optical clock lasers can be compared directly.

5.1.5 172 km Link from MPQ to Miinchsmiinster Repeater
Station and back

To set up the next test stretch from MPQ side, the first repeater station 86 km north
of MPQ has been equipped with an EDFA and a loop was formed using the two fibers.
The total link length was thus 172 km beginning and ending in the MPQ laboratory.

Fig.5.8 shows the short term stability for frequency transmission over the stabilized link
of 2.6 x 1071 s7~!. This is in good agreement with the results of the PTB-LUH-PTB
link. The relative uncertainty of the transmission is 4 (50) x 1078

The above described fiber links are appropriate to bridge typical distances between aca-
demic institutions located in neighboring cities as shown by the clock laser comparison
described above or the one reported in [84]. They have demonstrated performances by
far sufficient for comparing optical clocks within very short integration times.
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Figure 5.8: Residual instability of the stabilized 172 km remote and round-trip signals to the
first southern container station Munchsminster and back. The performance is comparable to
the PTB-LUH-PTB link. b) Remote signal deviation from its nominal value and corresponding
normal distribution (Data taken at MPQ with continuous Il-type frequency counters, 1s gate

time).

5.1.6 480 km Link from PTB to LUH to PTB to Cormigk
Repeater Station and back

The fiber Brillouin amplifier technique has been developed and tested at PTB [85]. For
characterizing the amplification, a 480 km fiber link reaching from PTB to Cormigk
Repeater Station and LUH was setup and stabilized using a single FBA.

The stability of the transferred frequency reaches o, (t) = 2 x 107 s 77! (ADEV) (see
Fig.5.9). Comparing the achieved instability with the previous measurements over 146

km and 172 km shows very good agreement with the scaling law (o, (¢) oc L3/?) derived
in [100] (see also Appendix E) .

The mean value of the transmitted frequency is shifted from the reference laser frequency

—m—480 km unstab link
\. ----- 480 km iemote signal
1074 \_\.\. . 6.5x 10" s/t
> 10" . Figure 5.9: Residual instability of the
o
< o un-stabilized and the stabilized 480 km
links from PTB to Cormigk Repeater
10"+ Station to PTB to LUH and back [85].
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by 64 pHz with a statistical uncertainty of 54 pHz. This corresponds to a fractional
frequency deviation of 3 x 10717,

5.1.7 512 km Link from MPQ to University of Erlangen

The third repeater station as seen from MPQ side is not located inside a container
but at the computing center of University of Erlangen. Passing the containers in
Miinchsmiinster and Beilngries a last test link was set up that comprised six EDFAs and
had a total length of 512 km. The EDFA remote control as described in the previous
Chapter 4 was employed for the first time.

The measurement results are shown in Fig.5.10. It can be seen that the stability of the
transmitted signal of 6.5 x 1071* s77! is less stable than in the previous experiments and
does not follow the L?/? scaling law as proposed in Section 4.5. The increased runtime of
the light in combination with inappropriate modification of the loop electronics resulted
in an excess phase noise produced by the loop itself. Furthermore, the concatenation
of several EDFAs led to signal breakdowns and thus to cycle slips as described in the
previous Chapter 4. Both issues were understood later and solved for the 920 km link
measurements.
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Figure 5.10: Residual instability of the stabilized 512 km remote signal to University of Erlan-
gen and back. Later understood runtime restrictions resulted in excess phase noise induced by
the loop control. b) Remote signal deviation from its nominal value and corresponding normal

distribution.
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5.2 Characterizing the Full 920 km Distance

Fiber loop test setups characterize the performance of the looped link, but do not allow
for a frequency transfer between two remote users. In the case of the full fiber link
stretch, two largely identical, but independent setups have been employed for compre-
hensive characterization of the frequency transfer between MPQ and PTB.

5.2.1 Setup

The setup to characterize the full 920 km distance with all building blocks described in
Chapter 4 is shown in Fig.5.11. Having two identical fibers at hand allows for a widely
redundant investigation of the link systematics. Two configurations, anti-parallel and
parallel signal transmission using the fibers F'1 and F'2, have been tested.

Round-trip signal
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i T:a Fiber stabilization] | |||l||III
S J i _all l .
L4 J Remote
Eg—@ control [Absolute frequency measurement]
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Figure 5.11: Ezperimental setup for the characterization of two 920 km fiber links in anti-

parallel configuration. See text for description.
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5.2.2 Un-stabilized Link

Since the fibers are buried below ground (see Chapter 4) they are widely unperturbed
and the short-term stability of the un-stabilized link is better than 107'3. However,
as can be seen from Fig.5.12, on longer time scales temperature fluctuations become
dominant resulting in a flicker floor of approximately 1074, The figure shows the round-
trip signal of fiber F} as measured in April 2011. The round-trip signal was chosen in
order to be independent from the laser drift. The transmitted frequency deviates by -
1.9(0.1) Hz from the local frequency. Deviations from up to £10 Hz have been observed.
This is attributed to the annual temperature variations described in Section 4.5. The

observed values are in good agreement with the estimations.
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Figure 5.12: a) Allan deviation of round-trip signal sent along the un-stabilized 920 km link
and back (F1, April 2011). b) Corresponding time-trace. A 100pt moving-average is shown
to reveal the frequency fluctuations. The histogram is normally distributed but the mean is
slightly shifted from zero (Data taken at MPQ with continuous Il-type frequency counters, 1s

gate time).

5.2.3 Antiparallel Configuration

In the antiparallel configuration Fiber F'1 has been used to transmit the optical fre-
quency fprp of NIRprg to MPQ. F1 is actively stabilized in one single stretch and
comprises 9 EDFAs. At MPQ, a heterodyne beat note fr1 = frpg — (frre + 0 fLinkp,)
is measured. Likewise, farpg is transmitted via the actively stabilized fiber F'2 from
MPQ to PTB to generate a beat note fro = fpre — (farg + 0 fLinkps)-

Calculating the difference Af_. = fr1 — fro is equivalent to creating a virtual loop:
the laser frequencies cancel while the noise ¢ fr;,, of both fibers adds. From that, an
upper limit can be derived for the residual instability of each transmitted frequency. It
depends on the degree of correlated noise in both fibers, as will be discussed below.

In this configuration all sources of common mode systematics are widely eliminated. Re-
maining contributions are highly correlated systematic effects affecting the transmission
on F'1 and F2 with opposite signs (the only known example would be the gravitational
red-shift). It will need high-performance optical clocks at both ends of the link to sub-
stantiate the results for the transmission uncertainty derived below.

Timing Synchronization

Due to a slow relative laser drift with rate o any timing offset At between the frequency
counter gate times at PTB and MPQ leads to an apparent frequency shift between the
two signals fr and fpo:
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Af =ax At (5.1)

Unfortunately, the counters used in this experiment did not provide the opportunity to
synchronize them externally. Hence, the synchronization offset At was determined from
the measured frequency offset after applying a strong artificial well known frequency
modulation « and measuring the corresponding frequency offset (see Fig.5.13). For
the frequency comparison the relative frequency drift o was determined for every data
point. Finally, the measured frequency difference between the signals fr1(t) and fro(t)
was corrected.

The uncertainty of the synchronization offset was determined to be 0.1 ms and At was
periodically checked over the entire measurement period. For correction, the relative
frequency drift « is determined for every data point and the measured frequency dif-
ference between the signals fr; and fgs is corrected accordingly. Without correction, a
typical linear drift of the NIR frequencies of up to 100 mHz/s and an observed synchro-
nization offset At =0.3 s would lead to a systematic fractional frequency offset of 1.5
x 10716, After correction, it contributes less than 3 parts in 10! to the total uncertainty.

Fig.5.14 shows the impact of the drift correction to Af_. For reasons that will be de-
scribed below, phase-coherent intervals have been averaged as if measured with a 1000
s gate time. Since the drift is not linear, it is insufficient to apply a constant correction
term to the averaged values. Rather, the 1 s values are corrected individually and aver-
aged afterwards.

fur l0.0.]

{FI_fFZ [O~

Drift Rate ~ 1 kHz

Time [a.u.] Time: [au:]

Figure 5.13: Determination of the timing offset between two frequency counters. Applying a
strong modulation to a signal that is measured with both counters (a) results in a frequency

offset that allows for calculating the timing offset according to Eq.5.1 (b).
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All frequency data have been measured as described in Section 2.1.3. Dead time free
[I-type as well as A-type counters from kék (FXM, FXE, FX80) with 1 s gate time have
been used. The following signals have been recorded during each measurement at both
ends of the link at PTB and MPQ:

INIRprs a0d fniRy s (Absolute frequency of each transfer laser)
Fiber stabilization AOM control signals at PTB and MPQ

For Cycle-Slip detection, A-type counters have turned out to be mandatory as the noise
band of the data using II-type counters was too broad to reveal cycle slips on the re-

quired confidence level. As discussed in Section 2.1.3, A-type counters average the data

in analogous manner as the modified Allan deviation and hence suppress white phase

noise very efficiently. Other types of noise and in particular cycle-slips are widely un-
affected by this averaging method. This is the reason, why A-counters can discover

cycle-slips that were originally hidden in the un-filtered data. For data evaluation, the
following cycle-slip criteria have been well-proven:

1.) Transfer laser redundancy: The beat notes fr; and fpo are counted twice. The
difference must be smaller than 4+ 0.5 Hz.

2.) Fiber stabilization: Round-trip signals equal 30 MHz (F'1) and 20 MHz (F2)
within 1 Hz, respectively.

3.) Time axis continuity: Comparison of recorded computer time to number of data
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5. Optical Frequency Transmission over 920 km with 10~'° Uncertainty

points 1.

All data points that did not meet these criteria were discarded. On the other hand, no
valid data points were ignored even when looking suspicious.

Under optimized conditions the rate of cycle-slips has been as low as a few per day and
the signal phase could be continuously tracked for several hours. The main reason for
cycle-slips is caused by changes in the polarization state of the fiber laser outputs or the
fibers that are not actively stabilized such as for example the reference arm of the fiber
noise interferometer. This results in a poor signal-to-noise ratio for both the round-trip
and the remote signal. Regular adjustment is thus required to maintain optimized op-
eration over several hours. In future, this may be automatized by active polarization
stabilization.

Results: Stability

The fractional instability of the stabilized link is shown in Fig.5.15. The ADEV of 3.8
x 1071 s771 of the stabilized link as shown for a 35000 seconds long dataset is due to
the residual broadband fiber-noise. It drops off as 77! as expected for a perfectly phase
stabilized fiber link. This agrees excellently with the L3/2 scaling law when compared
to the 150 km and 480 km fiber links investigated earlier. The II— counter also allows
for the calculation of the modified ADEV which is helpful to distinguish white phase
noise from flicker phase noise. Fig.5.15 shows that the residual instability is mainly
dominated by the former.

To demonstrate the link’s instability floor and illustrate the potential of adapting the
type of averaging to the dominant noise type, the signals were additionally measured
with A-counters. As shown in Fig.5.15 for an 18000 seconds long dataset a residual in-
stability (modADEV) of 5 x 107!® in one second has been derived this way. It averages
as 7732 for up to 100 seconds and reaches 107'® in less than 15 minutes. While the
A— counter provides increased frequency resolution after 1 s integration time, the flicker
floor is revealed at the same stability level independent from the type of counter (see
Fig.5.15). The A— counter used in this experiment samples the incoming data with a
rate of 1 kHz. Hence, one would expect the ADEV curve and the A— modADEV curve
to cross at 1 ms integration time. This is obviously not the case and may be attributed
to the fact, that the measurements where taken at different times (April and August,
2011, respectively).

!Time traces taken with the FXM II—counter at MPQ happened to have lost data points (i.e. cycles)
from time to time. This has been software related.

67



5.2. Characterizing the Full 920 km Distance

10" 5 i . e i
i ADEV stabilized link (IT-data) 4 x 10™ st Figure 5.15: Relative in-
1 —@— modADEYV stabilized link (II-data) 4 x 10™ st ..
—A— modADEYV stabilized link (A-data) 5 x 107° st stabzllty Of the 920 km

-
o
=
|

fiber link. Data are taken

b [

- AN S
% o] N \\ with A— as well as with
5 : e .\ II— counters. The latter
%1016_ K\ .‘\ allow for the calculation
5 e N of both, ADEV and mod-
§ 10" A%\ \.\ ified ADEV. After 1 s, the
- \ .\ A— counter shows strong
107 5 \\\A\.“\.\ suppression of white phase
[N A7, e noise For comparison
~ “~ . )
10 10° o 12 1(')3\ T the  typical  performance

Integration Time [sec] of state-of-the-art optical

clocks is shown as well.

The deviation of the fractional instability from the 77%/2 slope for 7 >300 s is attributed
to the MPQ interferometer that had not been optimized for a while and showed a higher
temperature sensitivity as compared to earlier measurements. The corresponding un-
certainty can be estimated according to Eq.4.4 assuming temperature drifts of 0.5 K /
day and a fiber length mismatch of 10 cm. This way, the systematic frequency deviation
due to the interferometer can be estimated to be smaller than 3 x 10719,

Fig.5.15 demonstrates that the fiber link instability does not contribute significantly to
the uncertainty budget of a frequency comparison even of the world’s most stable optical
clocks [1] over a distance of 920 km.

Results: Accuracy

The accuracy of the transmitted signal may be compromised by systematic offsets that
would not be observed in the instability analysis. Over a period of four days, data
were taken with a A-type counter (see Fig.5.16a), green full circles). All phase-coherent
sub-sets having a length of 1000 s were selected and the arithmetic mean was calculated
to benefit from the strong suppression of white phase noise for longer integration times
(see Fig.5.16a), blue full circles, different scaling!). It should be noted that this kind
of averaging may be performed only on phase-coherent data measured with continuous
counters that do not exhibit dead-time between two measurement windows (see Section
2.1.3). Here, 1000 s bins turned out to be the best compromise between the number of
resulting data points and reduced statistical uncertainty.

The corresponding histograms are shown in Fig.5.16b). 0.1% of the total number of the
1s values were outlayers (all having values of approximately + 200 Hz) that were not
identified by cycle-slip detection thus requiring further investigation. Hence, the normal
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Figure 5.16: a) Four-day frequency comparison between highly stable lasers at MPQ and PTB
(green data points, left frequency-azis). Cycle-slip rates per 1000 seconds are shown in the
upper plot. Phase-coherent intervals have been binned into 1000 second long sequences and
averaged (dark blue, right frequency-axis, enlarged scale). b) Corresponding histograms for the
1s wvalues (green) and the 1000 s means (blue, enlarged horizontal axis). 0.1% of the total
number of the 1s values are outlayers (all having values of approzimately + 200 Hz) that were

not identified by cycle-slip detection. Hence, the normal distribution is greatly enlarged.

distribution is greatly enlarged. Appearently, the outlayers have averaged to a large
extent after 1000s.

The resulting 135 data points have been evaluated as independent measurements and
a statistical mean of 7 (37) x 1072 has been calculated. Thus, any deviations from
the expected frequency value after transmission can be constrained to be less than 4 x
10712, This value exceeds the requirements posed by the most accurate atomic clocks
to date by more than one order of magnitude.

5.2.4 Parallel Configuration: Fiber Noise Correlation

Originally implemented to facilitate the locking optimization, frequency transmission
using a parallel link configuration also allowed for investigating the degree of correlation
between the two fibers as any common noise cancels: The transfer laser signal was split
at MPQ and sent to PTB on both fibers. Both fibers were stabilized independently. Both
heterodyne beat notes fr; and fro between the transmitted and the local NIR have been
measured and compared at PTB. In this configuration, the difference Af_, = fr1 — fro
yields the difference of the individual fiber noise contributions rather than the sum.
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Figure 5.17: a) Relative stabilities of the 920 km fiber link in parallel configuration as compared
to the anti-parallel configuration. b) Stabilities of each beat note between local and transmitted
laser fr1 and fro. The link noise can be seen only at short integration times T as the laser

drift becomes dominant after approximately 10s.

Stability and Correlation

The typical residual instability of Af_, is in parallel configuration 2.5 x 10~'* and hence
a factor 1.6 smaller than Af_ in anti-parallel configuration (see Fig.5.17a). Assuming
equal fiber noise contributions 2, Af- should approach zero for fully correlated noise
while it should deliver the same 1 s value as A f_ for fully uncorrelated noise.

In order to be independent from the frequency drift of NIR,,,,, rather than fp; and fro
the corresponding round-trip signals frz1,, and fry, have been evaluated. The linear
correlation coefficient py y

cov(X,Y) _ (X - X)(Y-Y)

0x0y 0x0y

PXyYy = (52)
yields the linear stochastic dependency of X and Y. If the dependency of X and Y is
time-shifted, the correlation is rather revealed by the cross-correlation function R(t')
than by px y:

R(t') = / XY (- )t (5.3)

Fig.5.18 shows a slight dependency fro,,(fr1,,). The corresponding correlation coeffi-
cient is pp1 r2=0.25. The cross-correlation function Rp; go(t') shows that common noise
arises simultaneously in both fibers.

2The instabilities of F} and F, are related by op;1(1s) = 1.40r2(15) (see Fig.5.17b).
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Figure 5.18: Degree of correlation between F1 and F2. To be independent on laser drift,
the round-trip signals have been evaluated rather than fr1 and fro. a) F2 as a function of
F1. The confidence ellipse contains 95% of the data points b) Cross-correlation function R(T)

between F'1 and F2 showing a sharp peak for un-shifted time traces.

Accuracy

The uncertainty of the frequency transmission using the parallel configuration did not
reveal any systematic effects. By evaluating a three day measurement according to the
procedure described above a mean frequency deviation after transmission of 6.9 (22) x
101 was obtained from 72 averaged data points.

5.2.5 Phase Noise Measurements

Fast phase fluctuations have been evaluated by Fourier analysis following the procedure
described in Appendix 2.1.4 for the parallel as well as for the anti-parallel configuration
(see Fig.5.19). For the parallel configuration, Af_ could be measured directly. How-
ever, for the anti-parallel configuration only fz; could be measured, in which the NIR
laser noise is still present. In both curves, weak servo bumps arise at = 48.5(7.5) Hz.
This corresponds to a round trip time of 10.6 (1.6) ms. From that the link length is
calculated to be 1079 (177) km which agrees with the specified link length of 920 km.

For the parallel configuration, phase noise is suppressed by up to 20 dB close to the car-
rier (0.1 Hz - 5 Hz). The un-stabilized power spectral density Sppe-(f) is flat for Fourier
frequencies below 1 Hz. As this is not observed in the anti-parallel configuration it may
be attributed to common noise that cancels in Af_. but not in Af_.. As according to
Eq.4.7 the delay unsuppressed fiber noise limit (see Appendix E) depends on the PSD
of the un-stabilized link Sgper(f) it is lower for the parallel configuration than for the
anti-parallel configuration.

For the anti-parallel configuration, phase-noise suppression is approximately 10 dB at
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Figure 5.19: Phase spectral density and rms-phase noise for sum (a) and difference (b) of two

optical signals transmitted via 920 km actively stabilized fibers.

Fourier frequencies within the locking band-width. This may be due to insufficient gain
at low Fourier frequencies or caused by laser noise and will need further investigation.

Calculating the 1s ADEV from Syepmote(f) according to Eq.2.8 gives o, (F1,1s) = 2.2 x
10—, This represents the residual fiber noise on one single fiber. As described above,
one would expect o, (F1,1s) = 3.8/1/(2) x 107" = 2.7 x 107" for fully uncorrelated
fiber noise. Taking into account that the fibers are slightly correlated this is a good
agreement with the measured value.

5.3 Discussion

The link now permanently connects MPQ and PTB and is operated routinely. Using
two anti-parallel fiber links frequency transmission with a fractional frequency instabil-
ity (modADEV) of 5 x 1071 after 1 s integration time has been demonstrated reaching
10718 in less than 1000 s. For long integration times 7 the deviation from the expected

frequency value has been constrained to within 4 x 1071,

The results demonstrate that optical frequency comparisons can be performed even over
continental distances with outstanding high stability and accuracy. The short-term sta-
bility is strongly limited by the runtime of the round-trip signal and confirms the L3/
scaling law derived in [100]. In future experiments, the short-term stability could be
improved by concatenating several servo loops with larger bandwidth.

The measurements further demonstrate the importance of appropriate cycle-slip detec-
tion. The scheme applied here has been modified during the course of this experiment in
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order to meet the ever increasing accuracy demands. It turned out to be robust against
small changes of the CS-thresholds on the achieved uncertainty level. For reaching un-
certainties below 10719, it will likely not provide sufficient confidence and more stringent
cycle-slip criteria (such as, for example, three redundancy counters) will be required.

For a phase noise measurement in the time- domain, the choice of the frequency counter
depends on the application (provided it has no dead time between the measurement
windows). As discussed above, A— counters provide improved frequency resolution and
hence allow for shorter measurement times. They further allow to calculate the mod-
ified Allan deviation that helps to distinguish between white and flicker phase noise
which is an important prerequisite for the characterization of phase-locked signals. On
the other hand, certain applications may require information about broadband noise or
comparability to previous measurements. In this case, II— type counters along with
the well-known Allan deviation could be the better choice. Thanks to the work of [22]
and [23] the scalability of the different variances measured with different counters is be-
coming common knowledge. For example, consider a signal dominated by white phase
noise: Measuring the modified ADEV with a A—type counter with a sampling rate
of 1 kHz should give a factor of 102 improved stability after 1s as compared to the
ADEV measured with a [I— type counter and 1ms gate time. However, this could un-
fortunately not be observed in this experiment and is surely worth further investigations.

The residual phase noise of two stabilized fibers laid within the same cable duct is
weakly correlated. No unidentified systematic effects limit the accuracy at the 1077
level. While leaving room for further improvement the performance is by far sufficient
for comparing even the next generation of high-end optical clocks.

Fig.5.20 shows the obtained stability results in direct comparison to those of satellite-
based transmission techniques. Going beyond a proof-of-principle experiment conducted
under optimized laboratory conditions the 920 km fiber link hence constitutes a solution
for the topical issue of remote optical clock comparison.

The fiber link thus allows to fully exploit the accuracy of optical atomic clocks for a
variety of applications in fundamental physics such as tests of general and special rel-
ativity as well as quantum electrodynamics. Furthermore, this fiber link will enable
clock-based, relativistic geodesy at the sub-decimeter level. Applications in navigation,
geology, dynamic ocean topography and seismology are currently discussed (see chapter
2.4). Some of the future applications of optical clocks will be space-based and their
operation will require ground-stations with access to ultra-stable frequency references
linked to the best available clocks. In this respect optical links will also become of cen-
tral importance.
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Scaling to larger distances will become challenging with an increasing number of bi-
directional amplifiers. Though decreasing the distance between two subsequent ampli-
fiers allows for increasing the total link length the limited amount of input power will
finally determine the maximum distance that can be bridged using EDFAs [103]. Here,
fiber Brillouin amplifiers could be advantageous but require increased technical demand
to be operated in-line. Another option could be the installation of in-line stable lasers
locked to the incoming signal used as intermediate oscillators that fully clean the signal
from noise. These oscillators are preferably operated in a laboratory environment as
they require the stabilization to an ultra-stable cavity as described in Chapter 4. This
also raises the question about the architecture of a future European fiber network. Serial
linking of research institutes is probably the most natural way to grow a fiber network
but it may become inconvenient to provide the best clock signals to all remote users.
A radial network with centers in Europe’s standards institutes would better realize the
idea of a frequency distribution service.
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Chapter 6

Precision Spectroscopy on Atomic
Hydrogen Referenced to a 600 km
distant Frequency Standard

As a first application, the 920 km fiber link between MPQ and PTB has been used to
measure the 15-25 two-photon transition frequency in atomic hydrogen at MPQ using
PTB’s primary Cs-fountain clock (CSF1) as a reference.

The 1S-2S hydrogen experiment constitutes a very accurate test bed for quantum elec-
trodynamics and has been performed at MPQ with ever increasing accuracy [109, 110, 4].
The latest measurements have reached a level of precision at which satellite-based ref-
erencing to a remote frequency standard would limit the experiment. As shown in the
previous Chapter, the transmission over fiber is orders of magnitude more stable and
accurate than even the best microwave clocks (see Chapter 2.2). Hence, using a fiber
link a frequency measurement can be carried out straightforwardly without the need for
transporting a frequency standard to the experiment. The results presented below can
also be reviewed in [4] and [8]. An extensive description of the hydrogen experiment is
presented in [111].

6.1 1S-2S Absolute Frequency Measurement

Frequency measurements of the 1S-2S transition and the 2S hyperfine structure in hydro-
gen and deuterium provide a variety of options for deducing fundamental atomic param-
eters such as the Rydberg constant, the deuteron structure radius, or the ground-state
Lamb shift [112, 113, 114, 115]. Upper limits for a possible variation of the fine-structure
constant a have been derived [110]. Furthermore, two well-timed measurements of the
same frequency were recently used to set new limits on the electron boost Lorentz in-
variance violation (see below) [8].
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6.1. 1S-2S Absolute Frequency Measurement

6.1.1 Experimental Setup

The experimental setup for the 1S-2S hydrogen experiment has been continuously im-
proved for the last 35 years [120, 4]. The setup for to date latest measurements is briefly
described in the following.

The dipole-forbidden 1S-2S transition is interrogated by two-photon absorption of 243
nm laser light. It has a life-time of about 143 ms which corresponds to a narrow natural
line width of 1.3 Hz. Therefore, a stable laser system with an adequate amount of power
to drive the two-photon transition is required to sample the line.

The spectroscopy laser setup comprises a 972 nm external cavity diode laser system
(ECDL) that is frequency stabilized to a high-finesse ULE-cavity by means of the Pound-
Drever-Hall-technique (see Appendix D). It yields a line width of ~ 0.5 Hz reaching a
stability of 4 x 107!% after 1000 seconds. The linear drift at zero crossing temperature
was measured to be 50 mHz/s [94].

The laser is quadrupled in two frequency doubling stages to yield 243 nm light. This
signal enters an enhancement cavity to form a standing wave for the two-photon transi-
tion and also to provide the required excitation intensity of 300 mW per direction (see
Fig.6.1). A small fraction of light leaks through the cavity mirrors and is detected by
a photo diode attached to an integrating sphere. From this, the intra-cavity power is
determined and the line spectra calibration can be carried out.

Part of the stabilized 972 nm light is measured against the corresponding mode of a
250 MHz fiber laser-based frequency comb in order to relate the hydrogen resonance to

486nm Dopplgr channeltron cryostat with
laser - only during nozzle chopper
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Figure 6.1: Hydrogen spectrometer setup: Hydrogen atoms are dissociated by rf-discharge and
then cooled down to cryogenic temperatures. 2S-atoms are detected by mizing the 2-S state

with the 2P-state that decays via emission of Lyman-« photons [4].
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the microwave-reference (see Appendix B.2). The most precise rf-reference in the laser
spectroscopy division at MPQ is a hydrogen maser (see Fig.6.2, yellow curve). Due to
a slow drift, it is necessary to correct the maser frequency on long time scales to a more
accurate reference such as a cesium fountain clock (see Fig.6.2, red curve). To optimize
the referencing, the maser is additionally measured against the ULE-cavity stabilized
laser for short integration times < 10 s. The Cs-fountain clock was previously provided
by the portable FOM [74] (see 3.2) for all hydrogen measurement campaigns until May
2010. The latest measurement in November 2010 was referenced to PTB’s primary Cs
fountain clock [35] using the fiber link (see below).

A microwave discharge provides the needed dissociation energy that isolates the hydro-
gen atoms. Their subsequent path in the experiment is shown in Fig.6.1: To slow the
atoms down they are cooled to 5-7 Kelvin by a copper nozzle. Directly after the nozzle,
a 486 nm quench laser de-excites 2S-atoms produced within the nozzle. This 'reset’
reduces the dc-Stark as well as the pressure shift that are both not controlled within
the nozzle.

The cold 1S-beam then propagates along the optical axis of the enhancement cavity into
the detection region. A graphite coated Faraday cage shields the atoms against stray
electric fields to reduce the dc-Stark effect.

To scan the atomic line the laser frequency is randomly shifted across the resonance by
a double-pass AOM. For detection, the 2-S state is mixed with the 2P-state by a dc
electric field (10 V/em). The 2P-state promptly decays into the ground state emitting
a Lyman-a photon that is detected by a solar-blind photo-electron multiplier tube. The
count rates of the multiplier are recorded in direct relation to the scanned laser frequency.

7



6.2. 15-2S Absolute Frequency Measurement in Units of CSF1 at PTB

All beat signals for the absolute frequency measurement have been recorded with con-
tinuous A-counters to yield advanced frequency resolution (see Appendix 2.1.3). For
cycle- slip detection, all signals have been counted redundantly. A comb-comb compar-
ison has proven that the detection scheme is able to identify cycle slips with a sufficient
reliability for this experiment [90].

6.1.2 Uncertainty Budget

The two major systematic effects that are currently limiting the accuracy of the 1S-2S
experiment at MPQ are the 2nd order Doppler shift and the quadratic AC-Stark shift
that contribute as 1.1 x 107 and 2.4 x 107! to the uncertainty budget, respectively.

The next significant contribution is given by the cesium reference with a relative un-
certainty level of ~ 8 x 1076, This clearly shows how close the accuracy of hydrogen
spectroscopy experiment to the accuracy limit of rf-clocks has been pushed.

6.1.3 Results May 2010

In May 2010, the centroid of the 1S-2S transition frequency in atomic hydrogen was
determined to be

Moy — 2466 061 413 187 035 (10) Hz

This has been a threefold improvement in accuracy compared to previous measurements
at MPQ and represents the most accurate value of the 1S-2S transition frequency in
atomic hydrogen as of today (see Fig.6.6 on page 81).

6.2 1S-2S Absolute Frequency Measurement in Units
of CSF1 at PTB

6.2.1 Frequency Map

In order to link the hydrogen maser at MPQ to the cesium clock at PTB the transmis-
sion scheme described in Chapter 4 was used. The frequency map that illustrates the
conversion from the rf-clock signals to the transfer laser frequencies is shown in Fig.6.3.

Both rf-clocks are linked to the transfer laser systems using femtosecond frequency
combs. At MPQ, comb and transfer laser are located in different laboratories connected
via a phase noise compensated optical fiber of approximately 50 m length. The mea-
surement was performed using the parallel link configuration (see Section 5.2).
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6. Precision Spectroscopy on Atomic Hydrogen Referenced to a 600 km
distant Frequency Standard
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Figure 6.3: Frequency map for the correction of MPQ’s H-maser to PTB’s Cs-fountain as
required for the absolute frequency measurement of the 15-2S transition in atomic hydrogen (not
to scale). Both rf-clocks are linked to the transfer laser systems using femtosecond frequency

combs as described in Chapter 4.

The H-maser fluctuations in units of CSF1 can be derived by measuring the absolute
frequency NIRprp at PTB and at MP(Q in units of the respective local rf reference.
Taking into account all fixed radio frequencies such as AOMs and rf-synthesizers shown
in Fig.6.3 yields:

Mean = -1.569 (0.003) x 10 |

55503 55504 55525 55526 55527 55523 55524 55525 55526 55527
MJD UTC WD LITC

Figure 6.4: Comparison of the MPQ hydrogen maser to PTB’s primary Cs-fountain clock
CSF1 during the 15-2S measurements in November 2010 (green curve) and 10,000s moving
average (purple curve). Left: time trace in full scale. Right: 75 X zoom to better illustrate the

H-maser fluctuations.
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6.2. 15-2S Absolute Frequency Measurement in Units of CSF1 at PTB

1 — fmaser _ NIRPTB - NIRMPQ - fFl
fosr 1.94353206 x 104 H z

6.2.2 Results November 2010

The absolute frequency of the 1S-2S frequency has been determined in analog manner
as described above. Line spectra for different atom velocities are shown in Fig.6.5. Due
to the lack of a comprehensive line shape model the experimental data are fitted by
a Lorentzian which represents a good approximation. For high velocities the second
order Doppler effect causes an asymmetry which is why they are not evaluated. A
small residual asymmetry for the slower atoms is determined and taken into account by
comparing with a Monte-Carlo simulation [111].

The value :

yNov, = 2 466 061 413 187 017 (11) Hz

is in good agreement with the May value (see Fig.6.6).
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Figure 6.5: 1S5-2S atomic line spectra for different velocities together with a Lorentzian fit.
Here, velocities are measured as delays T from excitation to detection. The right plot shows
the same data as the left one but with enlarged vertical azis [111]. With kind permission of C.
Parthey.
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6. Precision Spectroscopy on Atomic Hydrogen Referenced to a 600 km
distant Frequency Standard
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6.3 Testing Electron Boost Invariance with 1S-2S
Hydrogen Spectroscopy

The unification of general relativity and the Standard Model remains one of the major
unsolved problems in theoretical physics. It is assumed that both theories merge within
the frame of a superior quantum gravity theory which will supposedly become dominant
at energy levels at the Planck scale of ~10' GeV. Direct experimental verification of
promising theory candidates such as string theory or quantum loop gravity is thus hard
to realize. However, it has been shown that both, string theory and quantum loop grav-
ity can lead to a violation of Lorentz symmetry which is not included in the Standard
Model [121, 122]. The strategy of the Standard Model Extension (SME) is therefore to
identify all parameters that would measurably affect a particle’s fundamental properties
by Lorentz invariance violation. This also includes violation of the charge conjugation,
parity, and time reversal (CPT) symmetry.

The above mentioned advantages of 1S-2S spectroscopy on atomic hydrogen (simple sys-
tem, high spectral purity) make it also an attractive candidate for measuring Lorentz
symmetry violation. Especially the electron boost symmetry violation parameter c¢”*
can be probed by measuring the frequency difference of the 1S-2S transition at different
times of the year [123].

The difference of the May and November measurements together with the average Earth
velocity difference in May and November hence yields a bound for one linear combination
of the ¢(ry) coefficient [8]

0.95¢(rx) — 0.29¢(ry) — 0.08¢(r7) = (2.2 £1.8) x 107"} (6.2)
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6.4. Discussion

which is a 4 fold improvement compared to previous measurements. Other linear com-
binations of the c(rj) coefficient could be constrained by repeating this measurement
again [123].

6.4 Discussion

Above derived fractional frequency instability of the fiber link of 3.8 x 1074 s77! ex-

ceeds the requirements of the rf-clock comparison by at least one order of magnitude for
all integration times longer than 1 second. Therefore, it allows for a direct comparison
between the MPQ H-maser and PTB’s CSF1. As the link as well as the two rf-clocks
are operated more or less on a continuous basis CSF1 can be provided for high precision
experiments at MP(Q as a permanent service.

Frequency measurements such as the one described in this chapter, put lower demands
on the performance of the link than the phase-coherent measurements discussed in Chap-
ter 5. Here, cycles may be lost during transmission. As long as detected, they will only
affect the statistical uncertainty and not systematically shift the transmitted frequency.

Next generation hydrogen experiments are expected to possess an accuracy improved by
up to one order of magnitude. This will surpass Cs-fountain clocks as suited references
making the usage of optical references compulsory. By then, the fiber link connecting
the MPQ hydrogen experiment to a standards institute such as PTB will even more
become a mandatory prerequisite for providing a remote optical reference for hydrogen
spectroscopy. Future link applications might hence employ PTB’s Sr or Yb™ standards
[124, 16] that allow for even higher accuracies.
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Chapter 7

Conclusion & Outlook

The work presented here encompasses the implementation, characterization and appli-
cation of a 920 km long optical fiber link for phase-coherent transmission of a stable
reference oscillator. It proved that fiber links are perfectly suited for comparing even
the most accurate optical clocks available [2].

The fiber link was successfully utilized to provide a 600 km distant precise microwave
reference for high precision spectroscopy on atomic hydrogen. Due to the simple level
structure, spectroscopy on atomic hydrogen is one of the most important experiments
to test QED and accurate referencing is a crucial prerequisite to fully explore its capa-
bilities. Both rf-clocks - a cesium fountain clock and a hydrogen maser - were compared
in real time as the link stability supersedes the clock stability by at least one order of
magnitude on all time scales longer than one second. By performing this experiment
exactly half a year later than a previous hydrogen measurement, new limits on the elec-
tron boost Lorentz invariance violation could be set.

The negotiations for an extension of the link to Paris have already started. This would
enable cross-border optical clock comparisons between the Physikalisch-Technische Bun-
desanstalt (PTB) and the French institute for Systemes de Référence Temps-Espace
(LNE-SYRTE) over even larger distances (~1500 km). Several research facilities along
the link have already announced their interest to get connected. Hence, the foundation
for a continental scale research fiber network has been laid.

Dark channels will be more likely employed than the dark fibers used in this experiment
as they are more easily available. New technical challenges will arise due to cross talk
and severe restrictions for input power and transmitted frequency. However, French
researchers have already demonstrated that this will be a solvable issue [144].

Future generations of fiber links will implement technical improvements of the ampli-
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fication and stabilization scheme, which may include some of the following aspects.
Brillouin amplifiers show a larger gain and a significantly narrower ASE band compared
to bi-directional EDFAs but require a reliable non-laboratory locking scheme. Raman
amplifiers that show a broader gain spectrum could be an alternative and will be tested
at MPQ in the near future.

The fiber noise cancellation for the long links is strongly limited by the runtime of the
light of ~10 ms. In this experiment, this was not an obstacle because the link itself
was rather undisturbed. A more noisy system might require concatenated stabilization
stages that do not necessarily have to have equidistant lengths. Combining short and
fast locking stabilization stretches (passing urban agglomerations, for example) with
longer quiet distances that mainly compensate for slow temperature drifts could further
increase the stability of the transmission.

In the near future, a large number of long-haul synchronization applications will strongly
benefit from optical fiber links. Examples, aside from time and frequency metrology, are
next-generation linear colliders [145] and large astronomical antenna arrays such as the
Atacama Large Millimeter Array [146], both demanding low-noise frequency dissemina-
tion systems with minimal phase drifts and errors. The stable synchronization afforded
by the transmission of an optical carrier frequency will also foster new developments in
very long baseline interferometry (VLBI) astronomy such as large-aperture VLBI in the
near-infrared and optical wavelength range. Here, the combination of high frequencies
and long interferometric base lines requires the distribution of a local oscillator with low
phase noise and low phase drift through the array [147]. For the Deep Space Network of
NASA, a system of optical fiber links has been developed to distribute reference signals
from a hydrogen maser for antenna synchronization [148].

The implementation of a European fiber network for highly stable optical frequency
transmission would boost the field of time and frequency metrology. In particular, the
network would enable stability tests of satellite-based time transfer techniques and of
the timing facilities of the global navigation satellite systems GPS, Glonass, and Galileo
[149].

Several fundamental physics research programs would benefit from the ability to compare
distant optical frequency standards through optical fiber links without any significant
loss in accuracy or stability. Prominent examples are tests on possible violations of
the equivalence principle of general relativity and the possible drift of the fine structure
constant [149]. Clearly, the ability to perform comparisons between distant optical clocks
at the highest possible accuracy level is also a prerequisite for a possible redefinition of
the SI second on the basis of an optical clock.
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Appendix A

Signal Statistics

The characterization of stable oscillators such as the atomic clocks and stable lasers
described in this work is equivalent with the analysis of phase and frequency noise.
Hence, the following sections provide both, the mechanisms that lead to phase and
frequency fluctuations in a periodic signal as well as the mathematical background to
describe them. Let therefore

V(t) = A(t) - sin(2mvet + o(t)) (A.1)

be the signal of a stable oscillator with time-dependent amplitude A(t), nominal fre-
quency vy , and phase excursions ¢(t). Fig.A.1 illustrates how a modulation of A or ¢
with a constant modulation period changes the characteristics of the sinusoid.

In the frequency domain the spectral features of the oscillator are given by the signal’s
Fourier transform:

V(f) = / - V(t)-e 2™t (A.2)

o0

Modulations as described above will result in the spectra shown in Fig.A.2: Amplitude
modulation will cause single sidebands at the modulation frequency faa; around the
carrier frequency.

Vit)
Vi)
|
Vi)

Time t Time t Time t

Figure A.1: Temporal behavior of a sinusoid that is a) amplitude modulated or b) phase

modulated
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A.1. Signal Statistics in the Time Domain

Harmonic phase modulation results in a more complex spectrum with an infinite number
of sidebands at frequencies n - fpyr and peak amplitudes described by Bessel functions.
However, for small modulation depths most of the power is found to be in the carrier
and in the first order sidebands. Hence, the instantaneous frequency is given by:

deo(t

2mdt

For better comparability between different systems it is common use to state fractional
phase x(t) and frequency deviations y(t):

v(t) = vy +

o(t) = ;0752 (A4)
and
1 dy
y(t) = Srve di (A.5)

A.1 Signal Statistics in the Time Domain

Consider a time series of frequency values y; measured with a frequency counter as
described in Appendix 2.1.3. For a purely stochastic process and a sufficient large
number N of measured samples, the oscillator is well characterized by the mean

| N
Y= I ; Yi (A.6)
variance and standard deviation
1 N
OStVar = Ogtpes = N_1 Z(?Ji -9)° (A.7)
i=1

and the standard deviation of the mean

lo g {/‘H\
log V(f)
log \/H )

Fourier Frequency f Fourier Frequency f Fourier Frequency f

Figure A.2: Sideband generation by a) amplitude modulation or b) phase modulation of a

sinusoidal function.
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A. Signal Statistics

O StDev
= 27 AR
VN (A8)

However, for certain correlated noise types, such as frequency drifts Eqns. A.6- A.8

diverge. Therefore, two-sample variances such as the Allan deviation and the modified
Allan deviation have been suggested to characterize frequency fluctuations [18, 20]:

) = 5 (G 0) — ) (A9

1 /1 &1 & 1 & :
2 —_— — _. —_— — _.
Umod(7> - 5 < [N ;1 (N 2—1 Yi+k+N o N 2_1 yz-‘rk,m)] > (AlO)

with 7; being the measurement samples averaged over increasing integration times 7 and
To being the frequency counter gate time. The modified ADEV is preferable to use if a
high sensitivity to white phase noise is required.

A.2 Noise Sources

Most random frequency fluctuations can be described as a linear combination of five
independent processes that affect the oscillator’s stability (modified Allan variance)
obeying a power law:

agwd(T) o< ho ¢ (A.11)

with a = —3, —2,...1. These noise types often have characteristic origins and the corre-
sponding instability curve can help identify excess noise in the system.

A.2.1 White Phase Noise (h_3)

White phase noise is broadband noise and normally distributed. Out of all noise types
it has the strongest dependence on the averaging time 7 and hence most quickly reveals
possible systematic effects. For white phase noise and corresponding measurement times,
the Allan deviation differs from the standard deviation only by the constant factor 1/2/3
[125]. A properly phase-locked system is, for example, subject to white phase noise.

A.2.2 Flicker Phase Noise (h_s)

Flicker noise is literally ubiquitous: it can be found in every electronic device but also
in biological systems, in economics, in language and music and even in psychology
[126, 127, 128, 129]. No mathematical formalism has been developed so far to describe
flicker noise thoroughly. It is found in electronic systems and in particular in active
resonators and amplifiers.
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A.3. Signal Statistics in the Frequency Domain

A.2.3 White Frequency Noise (h_;)

White frequency noise often represents a fundamental feature in frequency standards.
Quantum projection noise is for example a white frequency noise source. A shot noise
limited light source can turn into one where intensity fluctuations turn into frequency
fluctuations.

A.2.4 Flicker Frequency Noise (h)

Every oscillator exhibits a flicker 'floor’ at which the stability is independent from the
averaging time 7. This may be due to thermal or power supply voltage fluctuations,
magnetic field fluctuations, or changes in microwave power [130].

A.2.5 Random Walk of Frequency (h;)

Environmental parameters such as temperature fluctuations and mechanic vibrations
cause a random walk of frequency [17]. Proper isolation or active stabilization can
mitigate this effect.

A.3 Signal Statistics in the Frequency Domain

In the Fourier domain, phase (or frequency) fluctuations are characterized by means of
the power spectral density

So(f) = o) (A.12)
and

5,0 = L. (A13)
applying:

y(t) = do/dt <5 G(f) = f&(f).

According to the Wiener-Khintchine-theorem, S,(f) is related to the signal’s autocorre-
lation function R,(7) = (p(t) — ¢(t — 7)) for stationary distributed phase fluctuations:

S,p(f)?sided = / " Ru(r)e™ (A.14)

Since R,(7) is an even function the spectrum of S, ( f) contains no additional information
for Fourier frequencies —oo < f < 0. Therefore, it is often expressed as S, (f)! % =
25, (f)**ied Throughout this work, S,(f) is considered to be S,(f)'~**°? unless
denoted otherwise. From that, the rms-value of the phase fluctuations is given by:
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A. Signal Statistics

(o)) = /OOO Se(f)df (A.15)

A.4 Conversion from Time Domain to Frequency

Domain

As mentioned in Chapter 2, the Allan deviation can be written as:

o (7) = < ( /_ Z y(E)h(t — t’)dt’) 2> (A.16)

with a rectangular filter function h(t):

—ﬁ for —-T<t<0
h(t) = ﬁ for 0<t<—71 (A.17)
0 otherwise

Eq.A.16 is the convolution of the two functions y(¢) and h(t). For uncorrelated fluctu-
ations y(t) it can be re-written to hold

o(7) = \/ < < /OO Ty @)h(t - t’)th’> > (A.18)

as any term y(t;) - y(t;) averages to zero for i # j.

According to the convolution theorem, in the frequency domain this corresponds to a
multiplication of the Fourier transforms F {y(¢)?} and F {h(t)*}. The Allan variance
hence relates to the phase spectral density S,(f) as:

N A (A.19)

For white phase noise, |H.(f)|* = % (see e.g. [17] pp. 61).

Similar to the 7-dependence of the Allan variance the frequency -dependence of Sy(f)
uniquely corresponds to a certain noise type.
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A.4. Conversion from Time Domain to Frequency Domain
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Appendix B

Optical Frequency Measurements

As frequency can be measured more precisely than any other physical unit it is desirable
to relate a measured quantity to a frequency. However optical signals with frequencies of
several hundreds of THz are not accessible directly by using electronic devices. The fol-
lowing section describes how optical frequency measurements can be performed anyway
by down-converting the signal to the microwave regime.

B.1 Optical Heterodyne Beat Detection

To make an optical frequency v, detectable for electronic devices it can be mixed down
using a second well known optical frequency v5 nearby. The resulting beat note yields
information about frequency, line width, and power levels. This method constitutes the
basic principle of the frequency comb technique described at the end of this section.

B.1.1 Optical Beat Notes

The principle of generating a beat note between two optical frequencies is shown in
Fig.B.1.

T Figure B.1: Principle of the het-
R N A RS MU D’\J erodyne beat detection: Signals with

(1-T-A)P(v,) powers P(v1) and P(v2) are over-
d Photo . , .
A6 lapped using a beam splitter with
P(v,) transmission T and attenuation A.

The resulting beat intensity is de-
tected with an AC coupled photo
diode.
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B.1. Optical Heterodyne Beat Detection

Overlapping two single-frequency electric fields E(v1) = Eqcos (214t 4 ¢1(t)) and E(v,) =
Escos (2mvat 4+ ¢o(t)) results in a linear superposition E = E(271,) + E(271v,). The cor-
responding optical power on a photo detector surface is given by:

Py o |E(Q271y) + E(271y) 2
= E + E; +2E Eycos (2 (v — o)t + Ap(t))

taking into account that the photo diode is not able to detect the fast oscillations at 2v
and vy + 5. By ac-coupling the beat signal of interest can be extracted:

Poear < E1Egcos (2m(11 — o)t + Ap(t)) (B.1)

The corresponding photon flux ®(¢) has an average power Pyeat = Nphotons - v where
photons 15 the number of photons per second and hv is the photon energy. It is converted
into an electrical current according to the quantum efficiency n of the photo diode:

Iel = Nel g = % : Pbeat (BQ)

with ¢ = 1.6...1071°C being the elementary charge.

Hence, the photo diode can be considered as a frequency mixer with a nonlinear response
to the individual input amplitudes E; and Es. The mean electrical power across a load
R is given by the intensities of the individual light fields:

(Pu) = L7 (B) - Rox (PY) (Py) (B.3)

B.1.2 Signal-to-Noise Ratio
The SNR of the beat signal given by [131]:
SNR _ Psignal <Pel>

anoise B ZIBW an'se(y)dl/

where all stochastic independent noise processes are summarized after having been inte-
grated over the detection bandwidth BW. For purely shot noise limited signals FEq.B.4

(B.4)

reads:

_ <Pel> - Poptlpoptg

 2¢(Le, + Ly ) BW 7 Popy, + P,
Eq.B.5 considers the power that impinges on the detector surface which in turn illustrates
that the choice of the beam splitter will influence the SNR for given P, and P;. To

optimize the SNR, Eq.B.5 is re-written to account for a beam splitter with transmission
T, reflection R=1-T-A with the inherent loss A:

SNR (B.5)
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B. Optical Frequency Measurements

1,0
P,/P ,=0.001
0,84 =
# PP 0.01
—~ 064 .
= Figure B.2: Signal-to-Noise ratio for
14 . S
Z - beat notes with varying input powers
Y and for different transmission of the
Pyo/PLo=0-1 beam splitter.
02+
0,0 r r - - . T .
0,80 0,85 0,90 0,95 1,00
TP(1-T—-A)P.
SNR = 1 )P (B.6)
2qBW(TP,+(1-T - A)P,)
The SNR is maximized for:
Py
T=1-—A B.7
1D (B.7)

B.1.3 Measuring Weak Signals with a Strong Local Oscillator

Comparison of a weak signal to a strong local oscillator (LO) using the heterodyne
technique rather than measuring it directly will result in improved detection efficiency.
The reason for that is the square-law behavior of the photo detector described above
that causes a current which is amplified by \/I;0/Is;c compared to direct detection.
Choosing the LO intensity strong can therefore significantly improve the sensitivity. In
the regime of shot noise the SNR is determined by the power of the weak signal:

SNR P, (B.8)

For given LO power Prp it is maximized using a beam splitter with high transmission

T:1-A,/PSZG (B.9)
Pro

which close to 1 is for small fractions of Ps;q/Pro (see Fig.B.2).

according to:

The heterodyne beat detection technique thus combines amplification of a weak optical
signal with phase-coherent down-conversion to the radio frequency domain.

93



B.1. Optical Heterodyne Beat Detection

B.1.4 Self-Heterodyne Beat Detection

Another important heterodyne technique is the comparison of a signal with frequency
vy to a time-delayed copy of itself. This is for example employed in the interferometric
fiber noise cancellation scheme described in Appendix E. The ratio of the arm lengths
and the coherence time 7. of the laser determine the degree of correlation of the two
superimposed signals and hence the line width of the resulting beat note as shown below.

A frequency shifter such as an acousto-optic-modulator (AOM) is usually placed in one
arm in order to generate the beat note at a convenient radio-frequency. When superim-
posing both beams the light having passed the long arm is delayed by 7. The detected
beat note has a frequency centered on the AOM frequency and its width depends on
the ratio of coherence length to the delay 7./7 as well as to fiber phase noise arising in
the long arm. According to Eq.B.2 the photo current generated in the detector is:

U Pycos (=27 (faom )t + 2m(vo + faom)T + p(t) + @(t — 7)) (B.10)

q
I, =
! 2hl/()

From that the autocorrelation function R;(d7,7) can be determined to be [132]:

1
Ri(67,7) = <§P26T|/TCCOS (27rfAOM57'el/TC(5T|T|))> (B.11)
Making again use of the Wiener-Kintchine theorem (see above) yields the power spectral
density
1/2P?%r,
S(0.7) PRI

1 + (27v + faom)?T2

: {1 — e Il/7e. [cos(27rl/ + faom) 7]

sin(2mv £ faom) ’T|] } (B.12)
(2mv £+ faom)Te

1
. §P27T6—IT\/% . 5(27r1/ + fAOM)

Two limits can be considered: if one arm is long compared to the coherence length of
the laser the ratio |7| /7. approaches co and the resulting beat note is fully uncorrelated.
S(v, T) then simplifies to:

1/2P%r,
L+ (27v + faom)?*72
This is a Lorentzian with a FWHM of 1/7. which represents the line width of the laser.

S(v,7) ~ (B.13)

Considering the other limit when the coherence length of the laser is long compared to
the interferometer arm S(f, ) is given by:
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B. Optical Frequency Measurements

Figure B.3: A phase- coherent pulse train generates a comb-like pattern in frequency domain.

Any unknown frequency within the comb-spectrum can thus be calculated according to Eq.B.15.
Frequency combs had an unexpected impact on fundamental research, telecommunication and
satellite navigation and were awarded the Nobel Prize in 2005 [134].

S(v, 1) ~ %P% 027 £ faomr) (B.14)

In this limit S(v, 7) is dominated by fiber phase noise.

Two applications come to mind: using a low noise fiber long enough to de-correlate
the signal can be used to determine the line width of the laser (according to [132],
the required length is about six times the coherence length). Considering narrow line
width lasers of a few kHz with coherence lengths of several tens of kilometers it is
most applicable to use temperature-stabilized and acoustic shielded fiber spools. In
this configuration, the heterodyne beat signal can even be used to stabilize the laser.
This was recently demonstrated by [105]. In the fiber link experiment, laser noise is
suppressed and Eq.B.14 is purely dominated by fiber phase noise. Hence, the resulting
beat note can be used for active stabilization of the fiber path.

B.2 Femtosecond Frequency Combs

A femtosecond frequency comb is provided by a mode-locked laser which emits a pulse
train with the very characteristic feature of two subsequent pulses having a fixed phase
relationship. In the frequency domain, this pulse train generates a comb-like structure
of n frequency modes with amplitudes A,, that are equally spaced by the inverse pulse
round-trip time f,., = T,;'. They are further shifted from zero by a certain carrier offset
frequency f.., which results from different phase and group velocities of the pulses inside
the resonator. This causes a constant phase shift after one round-trip Ap = 27 foeoTr4
(see Fig(B.3).

Any unknown optical frequency v within the spectral range of this frequency comb can
be deduced from three radio frequencies by measuring the beat note to the closest comb
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B.2. Femtosecond Frequency Combs

mode vy, = feeo + 1+ frep [44]:

V:fceo+n'frep+fbeat (B15)

The remarkable feature of this equation is that the optical comb mode v, can be ex-
pressed by two radio frequencies f,., and f., thus determining any optical frequency
via the beat note fieq:. The repetition frequency f,., is measured in a straightforward
manner using a fast photo-diode and appropriate filtering.

The determination of the carrier envelope offset cannot be performed by direct detection
such as f,.p, since it is a true’ radio frequency offset. Rather, it is usually determined
employing a nonlinear interferometer in which one mode out of the 'red ’ part of the
comb spectrum is frequency doubled and measured against its second harmonic. Spectral
broadening to reach an octave spanning spectrum is obtained by self-phase modulation
using special nonlinear fibers [135]. The resulting beat note equals the offset frequency:

fbeat — Q(fm + 'fceo) - (f?m + fceo) = me +2- fceo - f2m - fceo = fceo (B16)

Having set up this beat note the offset frequency is directly accessible and the comb
spectrum is nearly fully determined. The only parameter missing is the mode number n.

If v can be measured with a wave-meter with a resolution better than half the mode
spacing, the actual determination is straightforward. However, the mode spacing typi-
cally lies in the range of ~100 MHz which requires a wave-meter with very high accuracy.
If no such a spectrometer is at hand it can also be obtained by measuring fy..; with two
different repetition rates frcp, and frep, = frepy + Afrep as in detail described in [136].
The mode number is then given by:

n = Afbecnf + frep1 + Afrep
Af'rep

It should be noted that the radio frequencies f,., and f., are not inherently stable

(B.17)

enough to produce the periodicity in the pulse train that is necessary to generate the
comb pattern. Hence, both need to be stabilized to a superior frequency reference. Here,
the stability of f.., is not as crucial - it just shifts the whole comb along the frequency
axis. However, the stability of f,., scales with n (~ 10°) and strongly influences the
quality of the comb mode. From that it becomes clear that the locking scheme has to
be designed carefully like for example discussed in [137].

On the other hand, this large scaling between optical and microwave region can be used
in a determined manner by stabilizing the comb modes directly to an optical reference
cavity. The spacing between the modes can reversely be down-converted using a fast
photo-diode to generate a very stable microwave signal [138].
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Appendix C

Basics of Phase-locked Loops

The basic principle of any phase-locked loop (PLL) is shown in Fig.C.1. The oscillator
to be stabilized has a tuning input that can be controlled by applying a voltage. This
is commonly referred to as voltage controlled oscillator (VCO). The VCO frequency
is compared to a stable reference by feeding both into a phase detector. The phase
detector (e.g. a frequency mixer) returns a voltage Vpp that depends on the phase-
difference @i, — Your:

Vep = Kpp - (%‘n - @out) (Gl)

with the device-dependent gain factor Kpp. The loop filter transforms this error signal
into a control signal that suppresses noise and high frequency components. The VCO
is steered by the control voltage Vi

Ve =h(t) Vep (C.2)

with a transfer function h(t). In the Laplace domain it is transformed into the loop

filter response function H(s): h(t) £ H (s) with the complex variable s = jw

H(s) = / T h(t)edt (C.3)

Local Oscillator

Phase Figure C.1: Basic scheme of a phase
Detector

locked loop: The instantaneous fre-

quency of a voltage controlled oscil-
lator (VCO) is compared to a stable

reference, the local oscillator (LO).

VPD
Loop Filter

Ve
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For Laplace transform pairs (as for Fourier transform pairs) the following useful relations
hold true:

d"h(t
dt( ) £, s"H(s) (C.4)
t
H
o(t) = / nrydr L A (C.5)
s 5
L —sT
gt —71) <= g(s)e (C.6)
Using C.1 - C.6 yields the characteristic loop parameters:
Ve(s) = Krpl@in(s) = Gou(s) (C.7)
Ve(s) = F(s)Vpp(s) (C.8)
Gout(s) = KycoVe(s)/s (C.9)
with the loop filter function F'(s). The open loop gain G(s) of the system is given by:
KyvcoKppF
G(s) = =YEO=E8 (5) (C.10)
Whereas the transfer function for the closed loop H(s) is:
Soout(s) KVC’OKDF(S) G(S)
()= () ~ 5+ KvooKoF(s) ~ 1+G(5) (C11)
Phase noise is suppressed by [139]:
1 2
= 1= H(s)|] Sin(s) = |——=—| S; 12
Sout(s) = | ()" Sin(s) 1+ G(s) Sin(s) (C.12)
The loop filter F'(s) for a PLL of n-th order is given by the rational function
F(s)= S8 — s ) (5= 2) (C.13)

(s =p1)(s —p2) -+ (5 = pn-1)
with zeros and poles that are determined by the design of the filter components which
can be simple RC-elements in a low-pass filter design. For a first-order loop with a
frequency independent proportional gain F'(s) = const.

A very common type of PLL comprises a second order loop filter with active proportional-
integral (PI) gain. The corresponding loop filter can be looked up for example in [139]:

F(s) = (s +1)/sm (C.14)
with 7, = R;C. The filter design used in the fiber link experiment is described in
Appendix E.
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Appendix D

Laser Stabilization:
Pound-Drever-Hall Technique

The Pound-Drever-Hall stabilization technique allows for stabilizing a turn-key laser
system to line widths of 1 Hz or less by comparing the laser frequency to the free-
spectral-range of a high-finesse Fabry-Perot resonator [140]. Lasers stabilized with this
method are crucial components of many precision spectroscopy experiments, as well as
in interferometric gravitational-wave detectors [141].

Comparing a laser frequency to a cavity mode can simply be accomplished by coupling
some laser light into the cavity of length L., and finesse F and observing the reflected
signal as depicted in Fig.(D.1): Whenever the laser frequency matches an integer mul-
tiple of the free spectral range Avpgg all light couples into the cavity and the reflection
has a sharp dip according to the Airy-function of the reflected intensity:

I Fsin*(p/2)
Iy 1+ Fsin2(p/2)

(D.1)

with ¢ = mdnv/cL; m € N.

Unfortunately, this signal cannot be used to lock the laser since the reflected intensity
is symmetric about resonance: it contains no information about the direction in which
the lock has to tune the laser in order to stabilize it to minimum reflection. The deriva-
tive, however, is anti-symmetric. Hence, periodically changing the frequency of the laser
yields the desired information about the position of the laser with respect to the cavity.

In a Pound-Drever-Hall lock this is realized by phase-modulating the laser frequency v
and observing the reflected signal which now comprises the carrier and two modulation
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sidebands at frequencies v — ) and v + 2. This is true, to first order, for small modula-
tion depths. Mixing this signal to DC yields the characteristic error signal as shown in
Fig.(D.2):

¢ = —2\/PoPs - S{F()F* (v + Q) — F*(\)F(v + Q)} (D.2)

with the reflectivity coefficient F(v) = Eg(v)/Ey(v) and the optical power of the carrier
Pc and the sidebands Pg, respectively.

Near resonance the error signal depends linearly on the deviation between laser fre-
quency and cavity resonance v [140):

Output Signal
Isolator ﬂ

Laser ¢4 EOM I H
A L M4 -
;To Piezo } @

IPI-éontroIIerI
7y

14

3
o)
©
=
=
o
[0}
=
A
Error signal / a.u

' | N_
Mixer Photo Diode w \/\)

Frequency / MHz

Figure D.2: Pound-Drever-Hall Lock: An EOM is employed as a phase discriminator for the
light reflected from the cavity.
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D. Laser Stabilization: Pound-Drever-Hall Technique

5
e~ —2y/PoPg—" (D.3)

AVFSR/.F

After passing an appropriate low-pass filter and servo amplifier it can be used to control
the tuning port of the laser. In a real system two tuning ports are usually employed:
fast fluctuations are compensated by an AOM and the laser piezo compensates for slow
temperature drifts.

It should be noted that this locking technique is not sensitive to intensity fluctuations
of the carrier, to the modulation depth or frequency or the response of the photo diode
since the carrier vanishes on resonance. However, shot noise will also affect the sidebands
and hence constitutes the fundamental limit for the PDH-locking technique.

101



102



Appendix E

Fiber Noise Cancellation:
Phase-Locked-Loop with Delay

The Dop
sion via

feedback

E.1

pler noise cancellation scheme assures stable and accurate frequency transmis-
the fiber link. This section discusses the implementation of an appropriate
loop for active fiber stabilization.

Delay Unsuppressed Fiber Noise

The scheme of the Doppler noise cancellation is shown in Fig.E.1: The signal accumu-

lates phase noise @i, (2,t) while traveling the fiber link of length L which is given by

[142):

Laser

LO}- @--R*lPl-controll:erI F(S)= _ STZ+1

--------- N -——lFiber Delay Line] —"} >
’ e-sr
) B <o

.0
VCO :
O &

ST,
PD

Phase
Detector

Figure E.1: Basic scheme of the fiber noise compensation scheme comprising a second order
loop filter. See text for details.
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E.1. Delay Unsuppressed Fiber Noise

nz

gofibeT(z,t):/o So(zt — (1 — "Z0)da (E.1)

c

For Doppler noise compensation, part of the light is reflected back within the same fiber
and consequently has accumulated twice the phase noise after one round-trip:

nz nz

O fiverpr (2, 1) = /0 [5@(2,t —(r— 7)) +dp(z,t — (27 — ?)) dz (E.2)

In the Fourier domain, the time delays simply transform into phase shifts

L
Grie() = [ TS5z, ) (E3)
0

D fiverpy (W) = /0 [e “Tcos(w(t —nz/c))@(z,w)] dz (E.4)

From that one derives the power spectral densities Spiper(w) and Sfiper . (w) according
to Eq.(A.15):

Siver (@) = [ (|0(z, (W)[) d= (E.5)

0
and

Stiverr (W) = 28 fiper (W) (1 + sinc(2nL/cw)) (E.6)

Note that, for low frequencies sinc(0) ~ 1 and the round-trip phase noise is four times
larger than the one-way noise at the remote end.

The round-trip signal is compared to a local copy of itself that is assumed to have no
delay and negligible phase noise. Therefore, the derived fiber phase fluctuations are
converted into voltage fluctuations with a conversion gain factor Kpp (see Appendix
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E. Fiber Noise Cancellation: Phase-Locked-Loop with Delay

C). After being filtered with a certain loop filter function F(s) (see below) they are
converted into frequency fluctuations with conversion factor K/s. This signal steers a
double-pass AOM at the fiber input in order to compensate for the one-way fiber phase
noise. The corresponding open loop gain G(s) = G(iw) hence becomes:

Glw) = KppF(w) >

w

(14 e 2T) (E.7)

After closing the loop, the residual PSD after one round-trip Sjne0p(w) is according to
Eq.(C.12) given by:

1

76w Stivernr (W) (E.8)

Sinloop (CU) - ‘

As will be shown below, G(w) and especially F'(w) have to be chosen carefully to assure
stable loop operation. However, even for an optimized loop filter the one-way phase
fluctuations are not perfectly canceled due to the large delay. This is denoted as delay
unsuppressed fiber noise. The residual phase error @,emote(w) at the remote end is given
by the subtracting the compensated one-way phase noise from the uncompensated one.
Here, the compensated phase noise is given by H (w)e™ ™7 @inio0p(w) [139] and hence [142]:

G(w) 1
1+ G(w) 2cos(wr

—WT %

@remote (UJ) = Safiber (w)—H(w)e Spinloop(w) = Sbfiber (w)

) P fiverrr (W)

(E.9)
According to Eq.(A.12) and after some algebraic manipulation that can be reviewed in
[142] one derives the corresponding power spectral density (PSD):

B 472

nL\?
Sremote(f) - 3 (f?) Sfiber(f) (EIO)
Eq.(E.10) only holds for stationary phase fluctuations and equal light propagation times
71 = 7o = 1/27,,. Further it is assumed that the loop filter suppresses phase noise with
infinite gain within the loop bandwidth.

If the driving frequency coincides with a resonance, the oscillator will respond with a
180° phase shift and become instable. Noise will be enhanced rather than suppressed.
This determines the loop bandwidth that can - other than the delay unsuppressed fiber
noise - get increased by choosing an appropriate loop filter.
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E.2. Loop Filter Design

© () [deg]

Frequency [Hz] o [H

Figure E.2: Bode plots for a 920 km fiber interferometer (round-trip delay ~10ms) comprising
a second order loop filter as described in Appendiz C and Ri=Ro=1k 2, C=100 nF, Kpp=150
kHz/rad. At multiple integers of 1/41 the gain amplitude is zero (a)) and the phase diverges
(shown here as mod(I1)).

E.2 Loop Filter Design

To identify the region of stable operation it is useful to display the open loop gain graph-
ically separated in magnitude A(G) and phase p(G) (Bode-plots):

Aw) = [G(s)] = \/9?{G(8)}2Jr%{G(S)}2 (E.11)
while the phase writes:
o(w) = arctan (%) (E.12)

For the link setup this turns into:

_ 2KPD|F(S)|
w

Aw) cos?(wr) (E.13)

and

o(w) = —(wT + 7/2) (E.14)

The Bode plots for a fiber link with round-trip time 10 ms and a second order loop filter
F(s) = % with Ry = Re=1 kQ, C=100 nF, and Kpp=150 kHz/rad are shown
in Fig.E.2a) and Fig.E.2b). For frequencies equal to integer multiples of 1/47 the gain

amplitude becomes zero (unity gain) and the phase starts to diverge.

An optimized loop filter with alternating poles and zeros as e.g. suggested by [143]
can be capable to increase the bandwidth over many interferometer nulls. Following
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E. Fiber Noise Cancellation: Phase-Locked-Loop with Delay

this approach, a loop filter particularly for the 920 km link was designed by [101]. Tt
comprises H poles at 2 Hz, 50 Hz, 500 Hz, and 1.5 kHz 2.5 kHz and zeros at 15 Hz, 150
Hz, 850 Hz, 2.1 kHz, and 10 kHz. Unfortunately, the technical realization could not be
operated in a stable mode and will need further refinement in future.
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