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Introduction and Outline

[...] €l téte x0DpOg Ear VOV adTé pe yhpog OmaleL.
AN xol O¢ inmedot uetéooopal AOE xEAEHoW
BovAf] xal pvbototl: TO Yo YEPOG €TTL YEPOVTWY.
Alypog & alypaooouotl vewTepoL, of TTep EUELD
OTAGTEQOL YeYdooL temolbooly te BinpLy.

As I was then a youth, so now doth old age attend me. Yet even so will I
abide among the charioteers and urge them on by counsel and by words; for
that is the office of elders. Spears shall the young men wield who are more
youthful than I and have confidence in their strength.

Homer, Iliad, book IV, verses 321-325 (Translation by A. T. Murray, PhD)

Atomic clocks that work in the micro-wave domain (i.e. at a frequency of a few GHz)
are currently at the base of the realization of the SI second and the “Temps Atomique
International” (TAI) - atomic international time. They are progressively reaching their
intrinsic limit, and systems that operate in the optics domain (i.e. at a frequency of a
few hundred THz) are expected to progressively replace them in the next few decades.

These systems in the optics domain operate by probing an ultra-narrow atomic tran-
sition with a cw laser of extremely high stability and spectral purity (usually less than
1 Hz linewidth). By locking the laser’s frequency to the resonance of the probed optical
transition, one realizes an optical frequency standard®. The short term frequency stabil-
ity of such standards (currently a few 10715 at 1s) greatly surpasses that of microwave
frequency standards (based on Cesium or Rubidium), which is, in itself, a strong motiva-
tion for developing them. Furthermore, a better stability also provides an easier, faster
and more convenient characterization of systematic bias that may impact the frequency
standard. In term of accuracy, many effects are insensitive to the reference frequency
(Zeeman effect, density shift, for exemple), and therefore become relatively smaller when
compared to an optical frequency than to a microwave frequency. The effects related to
the movement of the atoms (Doppler effect, recoil effect) are the only ones which induce
shifts proportional to the frequency, but this particular point has been solved for optical
clocks either by confining the atoms in an optical lattice (neutral atoms), or in an ion

Lthe terms “optical frequency standard” and “optical clock” are used very often, somewhat abusively,
to describe the same kind of setup. Rigorously, a frequency standard produces an oscillating signal
which is frequency stable and absolutely referenced to primary standards. A clock includes a frequency
standard, but also the surrounding systems that allow to use it to actually measure the passing of time.
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trap (charged particles).

The advantage of using optical frequency standards is therefore particularly clear.
The inconvenient lies in the fact that the actual signal produced by such frequency
standard is an electro-magnetic field in the optical frequency domain, which exhibits an
oscillation frequency of several hundreds of THz: no electronic system is fast enough to
count it or compare it to other frequency standards, either optical (operating at other
wavelength) or microwave.

Before the invention of optical frequency combs, the only possibility to realize opti-
cal frequency measurements were involving extremely complex frequency multiplication
chains, with tens of lasers, and very manpower consuming. Only a handful of labo-
ratories worldwide had access to such technology. Optical frequency combs, based on
self-referenced femtosecond lasers [[, 2], allow such measurement with a simple, compact
(approx. 1m? of optical table), reliable and, nowadays, commercially available device.

Optical frequency chains of old time were, on the contrary, extremely complicated
apparatuses, designed for a single very specific wavelength measurement, and requiring
half a dozen of highly trained specialists to operate (and even then, only so rarely, a
few times a year at best in the handful of institution that sheltered them). Optical
frequency combs are now ubiquitous tools which have revolutionized the domain of
optical frequency metrology by providing a phase coherent link over the optics and
microwave domain, thereby covering hundreds of THz of spectrum with a single device
of moderate complexity.

Their relative simplicity of operation, wide optical spectrum and high performance
have also allowed the blooming of a very rich domain of applications, where they have
shown their usefulness beyond the relatively narrow circle of highest-performance optical
clocks community. Research with optical frequency combs includes, nowadays, applica-
tion in the microwave domain (sources for radar and telecommunication), tera-Hertz (as
sources of radiation and frequency control), mid-infrared, optical and VUV-XUYV range.
Scientific communities as various as radio-astronomers, optical domain astronomers, par-
ticle accelerator operators, free electron lasers researchers and, of course spectroscopists
with various fields of interest are showing interest for these tools.

My working in the field of optical frequency combs and optical frequency measure-
ments started at the National Institute for Standards and Technology (NIST) in Boulder,
Colorado, USA, during my stay as a guest researcher in 2004-2007. My original field of
research was Bose-Einstein condensation of laser-cooled neutral atoms [|. After a PhD
thesis in this field, under the supervision of Alain Aspect and Philippe Bouyer at Insti-
tut d’Optique, I pursued working in this group where I, along with three undergraduate
students and various interns, had the opportunity to build from zero a high performance
Rubidum Bose-Einstein condensation experimental apparatus. This two-year long post
doc position led me to publish several papers in the field of atom laser realization and
analysis [B, 4, 5, 0], as well as precision measurement using Bose-Einstein condensation
[7]. The present manuscript doesn’t describe these experimental and theoretical contri-
butions, as I preferred keeping the scope of this manuscript to one single field. a list of
the papers in peer-reviewed international journals that were published in relation with
this work is given at the end of the introduction.

After leaving Institut d’Optique, I was employed as a guest researcher at NIST,
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Boulder, in the group of Leo Hollberg, where I was working on a cold neutral calcium
optical atomic clock and with optical frequency combs in 2005-2007. After this stay
abroad, 1 was recruited at LNE-SYRTE in Paris Observatory to take in charge the
optical frequency comb activities in the optical frequency measurement group. I have
been doing research in this institution since then.

In the present manuscript, I have divided my various research projects at NIST and
LNE-SYRTE along three main themes. The first chapter describes the realizations that
I was a part of in the domain of optical frequency measurements. This includes detailed
description of how to actually measure the signal from an optical clock with a frequency
comb and a description of the results of the various measurement campaigns that I
was involved in over the years. The second chapter describes my work in the field of
ultra-low phase noise microwave signal generation with optical frequency combs. The
third chapter describes various experiments I have worked on, which demonstrate new
utilization possibilities of frequency combs in the optics domain. The first and third
chapter mix work that was realized at NIST and LNE-SYRTE, while the second chapter
covers a research program that I worked on exclusively at LNE-SYRTE.

The separation in three chapters is, of course, somewhat arbitrary, as many technical
and fundamental problems were found indiscriminately in the three lines of research, and
solving them in one context benefited the others greatly. For example, generating low
noise microwave signal with a frequency comb renders the absolute frequency measure-
ment of an optical clock against a primary frequency reference much more efficient. To
be capable of quasi-autonomous operation of combs for hours and days, as is required for
optical frequency measurement, makes the study of transfer of spectral purity between
optical wavelengths and between optics and microwave much more convenient as one
can rely on robust and reliable apparatus, etc.

As a general rule of research in the field of metrology, the real progress in the long
run can only be obtained from a highly advanced, yet reliable technology. Indeed, at
NIST and LNE-SYRTE, which are both National Metrology Institutes, researchers are
strongly encouraged to design reliable and autonomous experiments, as, in the long
run, they are supposed to be operated continuously with minimal human intervention.
Whereas this could be considered a burden, this is also a strength as they then provide
a reliable and solid ground on which to build highly ambitious research programs. This
is a strong specificity of experimental research in National Metrology Institutes that
cannot be emphasized enough.
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CHAPTER 1

Optical frequency measurements

One should avoid carrying out an experiment
requiring more than 10 per cent accuracy.

Walther Nernst (1864-1941), physicist and chemist. Quoted in [8].

The optical frequency measurement is the prime application of frequency combs and
historically the most developed worldwide. I describe in this chapter the work I have
realized in connexion with optical frequency measurements at LNE-SYRTE and NIST.

At NIST, I was working primarily on a simple and robust cold atom optical frequency
standard based on neutral Calcium that served as a high long term stability reference,
allowing the full characterization of systematic errors of a state-of-the-art neutral Stron-
tium lattice clock at JILA [9]. The measurement campaigns were realized thanks to
an optical fiber link between the two institutions (distant by 3km), and optical fre-
quency combs at each end of this link to connect it to the wavelength of operation of
the Strontium and the Calcium clocks.

My work at LNE-SYRTE is mostly centered on the comb part, in strong interaction
with the people working on the optical frequency standards per se. This includes many
measurement campaigns of the two Strontium lattice clocks [10, 11, 12], the one neutral
mercury clock of the laboratory [13, 14, 15, 16, 17, 18], as well as some long-distance
measurement of the CO2/0s04 mid-infrared frequency standard located at Laboratoire
de Physique des Lasers (LPL) in Villetaneuse, via an optical fiber link between this
laboratory and LNE-SYRTE [19].

I begin with a general introduction to the concepts and techniques related to optical
frequency combs. This can be considered a short “technical-tutorial-like” introduction
to the subject, presenting concepts that are fundamental for the rest of the manuscript.

I proceed with a description of the system, techniques and setups used nowadays at
LNE-SYRTE for optical frequency measurements. This description gives an overview of
present day state-of-the-art fiber-based frequency comb system. Although not exactly
equivalent to the systems used at NIST and JILA while I was there (Titanium-sapphire
based systems with phase-locking of both fy and f.ep, were, and are still, the technique
of choice there®), the system I describe can be considered as a good example of a reli-
able device that allows measuring any present-day optical frequency standards without
degradation in terms of stability or accuracy.

I finish by giving an overview of the various experiments that I participated in over
the years which relate to optical frequency measurements.

!The definition of the parameter fo and frep will be given in the following paragraphs
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CHAP 1 - OPTICAL FREQUENCY MEASUREMENTS

1.1 Optical frequency comb principles

The electromagnetic field emitted by a mode-locked femto-second laser is composed, in
the frequency domain, of a series of modes, regularly spaced in frequency, and phase
coherent with each other. The frequency of each mode thus follows the relation

vy =N X frep+f0 (11)

where fiep is the repetition rate (typically radio-frequency) of the laser pulses, vy is the
optical frequency of the considered mode, N a large integer (typically of the order of
10%), and fj is a global shift frequency called “carrier-envelop offset frequency”. This
last term is related to the difference between the phase velocity and group velocity in
the laser oscillator. It corresponds, in the the time domain, to the fact that the electric
field is not strictly identical from one pulse to the next, but exhibits a phase shift with
reference to the time envelop of the pulse (see figure EI)

¢CE 2(t)CE

lE(t) | -—Il-— -] |-

T=1/fg u

A S(v) f

rep
—-—l |-q— \'N=fD+N'frep

|
1 1] H|||||||||II‘;

Figure 1.1: Correspondence between the time (successive pulses) and frequency domains
(regularly spaced modes) for the electromagnetic fields generated by a mode-locked fem-
tosecond laser of repetition rate frep. The dephasing ®cg between the envelop and the
optical carrier that arise between two successive pulses corresponds, in the frequency do-

main, to a global shift of the frequency of the modes by a offset fy = % d(ﬁgE = (DQ—S;E Srep-

p—_
==

By mixing (on a partially reflecting mirror or a fibered beam-combiner) the electro-
magnetic fields generated by a femtosecond laser and a cw laser whose frequency veyw
needs to be measured, and detecting the result with a fast photo-diode (of which the
bandwidth will be denoted fpw), one gets a radio-frequency signal whose spectrum is
composed of, for one part, harmonics of the repetition rate f.op, and, for another part,
different optical beat-notes with frequencies f, N = |Vew — N X frep — fo|, with the integer
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N taking all the values such that f,nx < fsw. One can then easily isolate from this
complex signal, using a sufficiently narrow radio-frequency band-path filter, one of the
fbNe,, components which provides the frequency shift of the cw laser with one on the
modes of the femtosecond laser, indexed by the integer Ny .

Likewise, with another narrow band-path filter, one can isolate one of the harmon-
ics of frep, Which provides access to this value. In practice, it’s however common to
physically split the measurement of f., and fi, x on two different photo-diodes, so as
to optimize the detection for these two signals separately. For example, optimizing the
signal-to-noise ratio of the beat-note fi, x.,, normally requires to limit the spectrum of the
femtosecond laser that illuminates the photo-diode to a narrow spectral width around
the optical frequency vey. Otherwise, using the full spectrum of the femtosecond laser
would produce a very large number of components with frequencies fi, N higher than
fBw, which produce shot-noise without producing a useful signal. To decrease as much
as possible this added shot-noise by filtering the spectrum around its “useful domain” can
therefore greatly increase the signal-to-noise ratio of the beat-note at frequency fi, N, -
This is typically done with a narrow interferometric filter with a spectral bandwidth of
1nm or below. In contrast, the optimal detection of frep requires to use the maximum
available optical power (within the limit imposed by the photo-diode saturation), so
as to maximize the detection signal-to-noise ratio. Furthermore, in this case, we have
shown how some specific operation regime can greatly reduce the residual measurement
noise of frep, and therefore enables the use of the detected signal, for instance, as an
ultra-low phase-noise microwave source (see chapter P|). These solutions, at the current
stage of our research, can only be used reliably when a specific photo-diode is dedicated
to the sole detection of fiep (or of one of its harmonics).

If the integer N, is known, or at least easy to determine (for example in the case
where the frequency vy, is already known with a better accuracy than the repetition rate
Jrep)s fo is the only remaining frequency to determine for completely defining the equa-
tions, and therefore measuring absolutely the optical frequency v.y. The measurement
of fy is realized by the self-referencing technique, which requires the femtosecond laser
to exhibit a spectrum that spans at least one octave (i.e. from one optical frequency
to its double for the so-called f-2f technique¥). In practice, very few lasers exhibit such
a wide spectrum “naturally” (so far, only ultra-short pulses Titanium-Sapphire based
lasers with pulse duration of 3 to 5fs approximately have been shown to exhibit such
a wide spectrum, see for examples [21, 22, 23, 24]). Nevertheless, using a piece of
highly non-linear fiber allows to broaden the spectrum of a few types of short pulses
femtosecond lasers, sufficiently to reach the octave spanning condition while maintain-
ing the phase coherence condition between modes that is necessary for the operation
of the self-referencing techniqued. These highly non-linear fibers are engineered so as
to exhibit a quasi-vanishing chromatic dispersion near the central wavelength of the

2Some self-referencing experiments have been realized with spectrum covering only two third of an
octave, see for example [20]. They require an even higher level of sophistication and are not widely used
nowadays

3Many lasers can reach an octave spanning spectrum by propagating in a long enough dispersion-
managed non-linear fiber, provided they can reach a high enough peak intensity. One can buy, nowadays,
such “white light lasers” from various providers. However, maintaining the coherence between the two
sides of the octave spanning spectrum is an entirely different business.
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femtosecond laser. This allow the pulses to propagate in them while keeping a short
duration and therefore keep a high peak intensity along the propagation, which in turns
provide the requirement for high non-linear effects. By successive 4-wave mixing pro-
cesses (both degenerate or non-degenerate for the various possible mode combination)
between the various modes that compose the femtosecond laser spectrum, the non-
linear fiber progressively broadens the spectrum until there is a factor equal or higher
than two between its low and high frequency sides, which the a prerequisite for the
self-referencing technique. Thus, it appears in the spectrum a component at optical
frequency vy = N X frep + fo and another one, at the other end of the spectrum of
frequency von = 2N X fiep + fo. By doubling the frequency of the component vy in a
non-linear crystal, and detecting the optical beat-note between this signal of frequency
2 x vy and the mode of frequency ron with a fast photo-diode, one gets a signal at
frequency [2N X fiep + 2fo — 2N X fiep — fO| = fo. The frequency doubling acts on
several optical modes at the same time. The final signal therefore contains, in addition,
harmonics of the repetition rate frep, but also components at frequencies M X frep £ fo
with M an integer. It is however easy to remove those components with sufficiently
narrow radio-frequency bandpass filters. It is important to notice that the participation
of a large number of pair of modes of frequencies 2vy and vy to the signal is actually
favorable, since several pairs will produce beat-notes that may add coherently to pro-
duce a signal of much larger amplitude than would be produced by a single pair. As the
typical optical power per mode is of the order of a few pW, this coherent build up is
actually essential to the detection. However, it can only happen if every pair produces
a signal of frequency fy with identical phase as the others, which requires a fine tuning
of the global dispersion of the optical systems that realize this {-2f interferometer (the
optical path for components of frequency 5y and for components of frequency vy be-
fore, while and after the frequency doubling must be identical). This phase matching
condition is actually equivalent, in the time domain picture, to ensure that the parts of
the pulse which have been frequency doubled, and that which haven’t, reach the photo-
diode at the same moment. This condition can for example, simply be realized with
an adjustable delay line that acts only on part of the optical spectrum (before the fre-
quency doubling stage), or with ad hoc fixed dispersion elements (glass plate or negative
dispersion mirrors) added in the optical path.

The set of radio-frequency signals fi, N, frep and fo gives all the parameters that
completely define the system of equations, and therefore provides a mean to compare
optical to microwave frequencies. Furthermore, when using several beat-notes between
the optical frequency comb and several cw lasers (operating at different wavelengths),
Iy NIOF Iy N 1 @) etc. one can compare simultaneously several optical frequencies,
without nécessariiy using the intermediate of the micro-wave domain.

Nevertheless, these measurements assume that the mode indices Nc(fg are previously
known. The easiest way to determine those is when the optical frequency to measure is
known beforehand with an accuracy better than the comb’s repetition rate. Indeed, in
this case, it’s easy to locate the mode closest to v.y. In the particular case of optical clock
transitions whose frequency is known with a very large accuracy (for the “classic” clock
transitions like for neutral Strontium for example), this condition is naturally fulfilled.
For non-absolute optical frequency standards, like a high-finesse Fabry-Perot cavity not
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in relation with an atomic transition, or an atomic clock transition that hasn’t been
measured previously (as was the case for the first neutral mercury experiments at LNE-
SYRTE), this previous knowledge of the optical frequency is normally not sufficient as the
best commercially available wavemeters don’t provide, in general, an absolute accuracy
of a few MHz or tens of MHz, as required, for an arbitrary wavelength (in the best case,
such accuracy is only available a few nm away from a fixed calibration wavelength).
Realizing several measurements using different repetition rates of the comb, assuming
the optical frequency to determine doesn’t change too fast in-between the measurements,
and the measurements themselves are realized with a sufficiently high resolution, one
can however deduce the integer indexes of modes with basic mathematics. If one has
access to two working combs, one can even make the measurement with the two combs
(operating at different repetition rates) simultaneously (or, even better, synchronously)
[25, 26], thereby greatly relaxing the necessity for the optical frequency which is measured
to exhibit small fluctuations, as well as the necessity of high resolution measurement.

1.2 Optical frequency combs at LNE-SYRTE

The LNE-SYRTE owns several optical frequency combs based on two different technolo-
gies. The combs based on Titanium-sapphire femtosecond lasers appeared in the year
2000 and allowed the measurement of many optical frequencies in the visible domain
and the near infra-red. Their operation for more than a few hours or a day is gener-
ally still a challenge for the high repetition rate lasers that are preferred for metrology
applications. A new generation of comb, based on fiber lasers, that we started working
on in 2009 at SYRTE, are progressively replacing the Titanium-Sapphire based systems
for operational level measurement tools. Our work in collaboration with our industrial
partner (MenloSystems GmbH) has allowed these fiber-based optical frequency combs
to reach the current state-of-the-art and these devices are progressively taking over for
measurement campaigns at LNE-SYRTE.

1.2.1 Titanium-sapphire based system
1.2.1.1 Description of the laser

The first generation of optical frequency combs at LNE-SYRTE uses, as a femtosecond
laser oscillator, a titanium ion-doped sapphire crystal in a free-space resonant cavity.
This system is pumped by a continuous 8 W commercial laser at 532nm, based on
intra-cavity frequency doubling of a neodymium YAG laser. The mode-locked pulsed
operation is realized by Kerr-lens effect in the Titanium-Sapphire crystal itself. The
repetition rate is close to 767 MHz, finely tunable with a piezo-electric actuator mounted
on one of the mirrors of the cavity. The pump beam, before reaching the laser oscillator,
is passing through an acousto-optic modulator (AOM), used in the 0*" order, which
allows fine tuning of the effective pumping power. This fast actuator allows typically
to provide feed-back with a bandwidth near 400 kHz,and acts both on the frequency fy
and the repetition rate frep, by modifying the index of refraction and the dispersion
seen by the femtosecond laser in the titanium-doped crystal. A motorized glass wedge
also allows a coarse adjustment of the fy frequency, by adding or removing a dispersive
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glass thickness in the laser cavity. The pulses that are produced by this laser, typically
30fs in our case, are send, in parallel, on a fast GaAs photoconductor (to detect frep
and its harmonics up to 14 GHz), and on a 20 cm non-linear photonic crystal fiber which
produces at its output a quasi-continuum that covers more than one octave of spectral
bandwidth (from 520 nm to 1100 nm approximately). Several free-space optical elements
allow to generate from this wide spectrum the self-referencing fy signal and the optical
beat-notes between the comb and several cw lasers to measure at LNE-SYRTE: clock
(698nm) and trapping (813nm) lasers of the Strontium optical frequency standards,
clock (1062.5nm before frequency quadrupling for interrogation of atoms at 265.6 nm)
laser of the neutral mercury optical frequency standard and an iodine-stabilized laser
(1064nm). The general setup schematic for the Titanium-Sapphire optical frequency
comb at LNE-SYRTE is represented on figure @

1.2.1.2 Phase-locking of the comb onto a 1062.5 nm cw laser, narrow linewidth
regime

The beat-note signal at at A, = 1062.5 nm exhibits a large signal to noise ration (>50dB
in a 500kHz bandwidth). We use this property to phase-lock the comb to the ultra-stable
laser at this wavelength with a large (>400kHz) feed-back bandwidthll. This beat-note
signal is, like any other optical beat-note amplified and mixed with the fy signal. After
this mixing, we obtain mainly two components at frequencies v, — New frep — fo + fo
and Vew — New frep — fo — fo, but only the first is independent of fp and its fluctuations.
We isolate this radio-frequency component with a narrow band-pass filter and divide its
frequency by 8. This digital division step is used to increase the phase-lock loop reliability
by decreasing the probability of cycle-slips occurrence. We beat the result against a fixed
frequency reference made with a synthesizers referenced to the primary standards of the
laboratory. After low-pass filtering, the error signal obtained is processed in an analog
corrector, implementing proportional gain plus multiple integrators, which acts, for high
Fourier frequencies to the optical pump power (via the 0 order AOM at 532nm) and
for low Fourier frequencies (<1kHz) on the piezo-electric actuator that tunes the length
of the femtosecond laser cavity. This realizes a phase-lock loop which connects the
repetition rate of the pulsed laser with the optical frequency of the cw laser via the
relation: N
Vew 8cwfrop _ fREF (12)
In practice, we do not necessarily use the comb mode nearest to 1, but choose a beat-
note at a frequency sufficiently far from spurious or unwanted beat-notes to facilitate
its isolation from the rest of the signal. Because of this phase-lock loop, we therefore
connect two frequency domain of the electromagnetic spectrum separated by more than
5 orders of magnitude (radio-frequencies and optical frequencies), via an integer division
factor Ng, and a fixed frequency shift frpp.
It’s not necessary to precisely know fy, as this quantity is removed from the beat-
notes by RF mixing. It is sufficient to ensure that the relative electronic and propagation

4The rule a thumb for phase lock-loops is that the signal-to-noise ratio of the beat-note used to
generate the error signal must be higher than ~23-30dB in a given bandwidth B to be able to phase-
lock with a unitary gain bandwidth of approximately B.
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Figure 1.2: Setup schematics of the Titanium-Sapphire based optical frequency comb
currently used at LNE-SYRTE for optical frequency measurements.

delays between fy and the optical beat-note are small to provide fy suppression on a
large Fourier frequency domain (normally larger than the bandwidth of the phase-lock
loop without particular precautions). After the optical beat-note is removed from fo,
the resulting signal exhibits a spectral purity as good as that of the laser on which the
optical frequency comb is phase-locked. This is a consequence of the fact that the large
feed-back bandwidth achievable with the phase-lock loop (>400kHz) allows reaching the
narrow-linewidth regime, also called “ultra-stable” regime, in which the residual phase
noise from the loop itself is negligible and in which, consequently, every tooth of the
comb (virtually, once fj is removed) possesses the same spectral purity as the optical
reference to which the comb is phase-locked. When the experimental conditions are
not met for reaching the narrow-linewidth regime (free-running noise of the laser too
high and achievable feed-back bandwidth too small), the modes of the comb exhibit a
linewidth basically identical to that obtained for the free running comb (even though
their central frequencies are very well locked to that of the optical reference, thanks to
the phase-lock loop.

Historically, the first work at LNE-SYRTE (as well as other places) was realized in
the “multiplicative mode”, where the repetition rate of the laser is directly phase-locked
onto a radio-frequency (RF) reference derived from the microwave frequency standards
of the laboratory. The optical frequencies are then measured by realizing the beat-note
between the laser to measure and the nearest comb mode and counting the frequency of
this beat-note with an RF counter. This method, although easier to implement, since the
phase lock loop is much more robust, has the drawback of multiplying the phase noise of
the RF reference, when looking in the optical domain, as well as all electronic noises of
the loop. On the contrary, the method I described (“division mode”), which is currently
used for every comb in the laboratory, divides the noise of the optical reference (and the
electronic noises from the detection and the loop) to produce an RF signal (by detection
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of frer and its harmonics) of very low phase noise, that can be compared against the
laboratory’s primary reference with very high stability and accuracy. The final optical
frequency measurement is therefore of much better quality.

1.2.2 Erbium-doped fiber based systems
1.2.2.1 Description of the lasers

The second generation of optical frequency combs at LNE-SYRTE uses a technology
mostly based of fiber optics with Erbium doping as an active medium. The core of
the systems is commercial-based, with heavy modifications by the LNE-SYRTE team to
make them reach the current state-of-the-art performance.

The mode-locked laser uses the non-linear polarization effect, thanks to which a
convenient choice of orientation for birefringent intra-cavity wave-plates strongly favors
a pulsed mode operation. Although mostly fibered, over a few centimeters the laser
cavity is realized in free-space, which is used to setup several actuators. Adjustment
of the optical path length of the cavity, and therefore the repetition rate fp, can be
realized coarsely with a motorized translation stage, finely with a piezo-electric ceramic,
both acting on the position of a mirror of the cavity, and very finely (but with a very
large feed-back bandwidth capability) with an intra-cavity electro-optic modulator that
acts as a voltage-tunable group delay. A coarse adjustment of fj is also possible via
a motorized glass wedge in the cavity. This oscillator is pumped by high power diode
lasers at 980 nm, which are powered by constant current low-noise power supplies. The
femtosecond lasers produce pulses of 300fs with a repetition rate of 250 MHz and an
average optical power of 200 mW (at the available ouput) [27].

The main advantage of these setups is a much improved reliability and long-term
maintenance-free operation. A mode-locked operation is typically obtained without
interruption or operator intervention for 3 to 6 months. Historically, such technology had
the disadvantage of a large noise in free-running operation (both amplitude and phase
noise), typically larger than Titanium-Sapphire based systems, mostly due the high
power pump diode lasers, relatively noisy compared to commercial solid-states 532 nm
pump lasers typically used for pumping Titanium-Sapphire lasers. Furthermore, the
relaxation times of the relevant transitions and gain saturation dynamics in the Erbium-
fiber medium are quite long, which prevent acting on the system with a large feed-back
bandwidth by modulating the pump power. A feed-back bandwidth of a few tens of kHz
is typically the maximum achievable (even with a carefully designed electronic phase
compensator), which normally prevents reaching the narrow-linewidth regime (of which
I have described the advantages for the Titanium-Sapphire systems).

We have resolved this issue by the addition of an intra-cavity electro-optic modu-
lator in the femtosecond laser cavity which produces a variable group delay that can
be adjusted via the control voltage. This actuator is an efficient way to provide feed-
back onto the repetition rate of the laser with a large bandwidth, typically larger than
1.4 MHz, which has proven sufficient to reach the narrow-linewidth regime. We have
realized a detailed study of the effect of this actuator, in particular regarding the un-
avoidable cross-talks to the power or the fy frequency of the femtosecond laser [28],
which demonstrated the strong potential of this technique. Thanks to our partnership
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with the industry, this technology is now commercially available [@]

1.2.2.2 Phase-locking the comb onto a 1.5 ym cw laser in the narrow-linewidth
regime

The phase locking and absolute frequency measurement chain of the fiber-based optical
frequency comb are described in Fig. . Part of the optical power from the femtosecond
laser is filtered with an Optical Add and Drop Module (OADM - an interferometric
narrow-band filter from the optical telecommunication technology) centered at 1.54 pm.
The narrow band-passed component is combined with an ultra-stable laser at the same
wavelength (which is the reference oscillator for the LNE-SYRTE/LPL long distance
frequency reference transfer via optical link [@]) After RF filtering, frequency division
by a factor 8, and mixing with a fixed frequency reference (generated by a computer
controlled DDS - Direct Digital synthesizer), the beat-note signal provides the error
signal of the optical frequency comb phase-locking process. With a proportional plus
multiple cascaded integrator corrector, this signal is applied to the intra-cavity electro-
optic crystal of the femtosecond laser (for Fourier frequencies >5kHz) and the piezo-
electric actuator that tunes its cavity length (Fourier frequencies <5kHz). When the
loop is on, the optical frequency comb is phase-locked to the 1.54 um reference and
reaches the narrow-linewidth regime. The part of the spectrum that is not filtered by
the OADM (approx. 70 mW) is fully used to illuminate a fast and highly linear InGaAs
photo-detector (DSC40S HLPD by Discovery Semiconductor Inc.) which generates RF
components at the repetition rate and its harmonics.
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Figure 1.3: Schematics of the setup of the Er-doped fiber based optical frequency comb
currently used at LNE-SYRTE for optical frequency measurements.

Another part of the femtosecond laser output is send to an Erbium-doped Fiber
Amplifier (EDFA) followed by a Highly Non Linear Fiber (HNLF) which broadens the
spectrum to one octave (from 1pum to 2pm). A Periodically Poled Lithium Niobate
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(PPLN) doubling Crystal in waveguide geometry, followed by a photodetection of the
beatnote between the part of the spectrum near 2 um that is frequency doubled and
that near 1pm. This beatnote gives the fy signal. Furthermore, part of the light
obtained near 1 um is also used to generate the optical beat-note of the comb with the
1062.5 nm ultra-stable laser which, after frequency quadrupling, is used to probe the
clock transition of the neutral mercury optical frequency standard experiment. Finally,
a part of the femtosecond laser output is sent to a second EDFA followed by a highly
non-linear fiber and a frequency doubler that provides some comb modes near 698 nm.
This last system allows the generation of an optical beatnote with the 698 nm ultra-
stable laser that is the probe for the clock transition on the two Strontium optical
frequency standards developed at LNE-SYRTE. After removing the fy signal (or 2 x fj
in the case of the 698 nm beat-note), the 1062.5nm and 698 nm signals are narrow-
linewidth (typically <1 Hz) and are therefore easily filtered and subsequently amplified
to have their frequencies measured with a dead-time-free, synchronous multi channel RF
frequency counter B, referenced to the primary frequency standards of the laboratory.
The general setup schematics for the Er-doped fiber-based optical frequency comb at
LNE-SYRTE which is used primarily for optical frequency measurement is represented
on figure

1.2.3 Measuring the repetition rate

It is, of course, necessary to measure accurately and continuously the repetition rate of
the optical frequency comb against primary frequency standards. This allows to deduce
from the various frequencies of the optical beat-notes the absolute optical frequencies
being measured, as well as that of the optical frequency reference onto which the comb
is phase-locked. To do so, we use the higher harmonics of f.., that are produced by
the fast InGaAs or GaAs photo-detector (depending on the laser, Er-doped fiber in the
first case and Titanium sapphire in the second case). With narrow microwave bandpass
filters, we isolate, for the Titanium Sapphire based system, the twelfth harmonic of fep
whose frequency is close to 9.2 GHz and mix it with an exact microwave reference at
9.185 GHz derived from the primary frequency reference of the laboratory. The resulting
beat-note, whose frequency is close to 15 MHz, is then mixed with a RF signal that is
also exact (i.e. derived from primary frequency references) but tunable (it is produced
with a computer controlled DDS), so as to obtain a frequency very close to 275kHz (to
within 1Hz). This signal near 275kHz is then multiplied by 200 to reach a frequency
of approximately 55 MHz which is measured by the dead-time-free synchronous multi-
channel RF frequency counter. The frequency multiplication step is necessary in order
to use the counter as best as its performance allows. As a matter of fact, this device
exhibits a frequency resolution of 1 mHz at 1 s measuring time which would correspond to
a resolution of only 10™'3 on the measurement of the harmonic 12 x frep, Which is much
less than the available stability of the frequency reference available at LNE-SYRTE.
The multiplication step allows to measure in 1s the 55 MHz frequency signal with a
1mHz resolution, which is equivalent to measuring the 275 kHz signal with a “virtual”
resolution of 5 uHz (at 1s measuring time). Compared to the carrier at 9.2 GHz, this
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corresponds to a resolution of 5.4 x 107'6 which is compatible with the stability of
the 9.185 GHz microwave reference. Indeed, this resolution is better than the expected
stability (at a few 10715) of the microwave reference that is distributed throughout the
LNE-SYRTE laboratory and therefore doesn’t represent a limitation to the optics-to-
microwave frequency comparison in the laboratory. For the Er-doped fiber -based optical
frequency combs, the setup is similar, except that the thirty-sixth harmonic of fcp, is
used, and that the mixing is realized with first a fixed and exact reference at 8.985 GHz
then a tunable (and exact) reference near 15 MHz to obtain a signal with a frequency
very close to 275 kHz

1.2.4 Determining the index of the comb mode

In order to measure the absolute optical frequency, one needs also to identify unequiv-
ocally the index N of the optical frequency comb that realizes the beat-note with the
cw laser to measure, as well as the various signs + or - in the arithmetic formulas that
gives the optical frequency v from the beat-note frequency and the repetition rate fre-
quency. The frequency of the optical carrier vrgr onto which the comb is phase-locked
is given by the relationship:

VREF = IVREF X frep + 8 X sighgpp X fREF (1.3)

Thus phase-locked to an optical cw reference, the comb allows to also measure other
optical frequency references V(EQ by isolating their beat-note signals against the nearest

mode of the comb, and then mix it with fy to remove this parameter from the equations:
Vé\lzg = Nc(vls;frep + Sign(i) X fé;)at (1'4)

(note that equation @ also holds for vgrrr = Vég,) by defining fégit = 8 X frrr and

sign®) = signppp)-

Three complementary methods allow to determine the N(Ef,g integers and the sign(®
quantities if the optical and microwave reference that are compared are sufficiently stable
and/or previously known.

If the optical frequency to measure is known beforehand with an inaccuracy suffi-
ciently small compared to the repetition rate fiep, the first method simply consists in
direct identification. Indeed, in this case, a single integer NC(Q, and only one sign before
fé?at are compatible with the equation @, which naturally solves the indetermination.
This is the case, for example for the ultra-stable lasers at 698 nm and 1062.5 nm at LNE-
SYRTE (after their respective frequencies have been determined with other methods at
least once), whose frequencies do not change by more than 1.5 MHz per year, i.e. more
than two orders of magnitude lower than the repetition rate of the Titanium-Sapphire-
based (approx. 767MHz) and Erbium-doped fiber-based (approx. 250MHz) optical
frequency combs.

The optical frequency drifts or the experimental tunability of other lasers in the
laboratory can make the a priori uncertainty of the optical frequency too large, in which
case other methods need to be used. First, the quantities sign?) are generally quite easy
to determine by opening the phase-lock loop which sets up equation and scanning
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slightly fregr while observing the direction in which the corresponding féi)at signals

are moving. To determine Nc(év), a possible method consists in realizing two successive

comparisons between the optical frequency to determine and the microwave reference

by using two different repetition rates frep,1 and frep2. By measuring the frequency of
(4) ‘

the' beat-note between v¢y and the mode Néf,v) of the comb, and then with the mode
Néf,v) + M, where M is an integer easily deduced from the scrolling of the spectral lines

when going from frep 1 to frep2. Thus, we can get NC(Q from the relationship:

frep,l Signg) X fk()ze)at,Q - Signgl) x flgle)at,l

frep,2 - frep,l frep,2 - frep,l

N=M (1.5)

In most cases, the stability of these two measurements (limited by that of the optical
and microwave frequency reference), leads to an uncertainty much lower than 1 in
(note that increasing M reduces proportionally the stability requirement). The only
hypothesis necessary for this method to succeed is that the drift of the optical frequency
to determine is much smaller than fiep2 — frep,1- This condition is easily fulfilled in the
laboratory, where the frequency drifts of the laser to measure rarely exceed a few tens
Hz per second.

Finally, by looking at equations E and @, one can see that the factors N can
be interpreted as the sensitivity of the relevant optical frequency to changes in frep.
The third method, that we use regularly and have completely automatized, consists in
inducing_voluntarily a change in fep, while keeping the phase-lock loop that imposes
relationg@ closed. This is done by shifting by A the value of frgr slightly (A=1.8 MHz
in practice, a value limited essentially by two fixed narrow-band filters used to isolate the
various beat-notes), which must be done by ramping it continuously (to prevent failure
of the phase-lock-loop @, the ramping needs to be slow compared to the bandwidth of
the phase-lock loop). By averaging (after the ramping) for a certain time, we obtain a
repetition rate frequency value frep + with a given resolution. If frgr and fiep vary in
the same direction, then signgpr = —1 (and +1 in the other case). A second ramping of
frer down by —2A and second averaging provides a symmetric measurement of frep, —.
The value of Nrgr is obtained by the relation:

(1.6)

sign X2xX8xA
NREF:{gREF -‘

frep,+ - frep,f

where the || operator denotes the “round to nearest integer” function.

For A=1.8 MHz, fr.p ~ 250 MHz, and Nrgr =~ 8 X 10° (hence vrer ~ 200 THz,
ie 1.5 um wavelength), a stability at the 1071 level for the measurement of frep + and
frep,— is sufficient to reach a resolution much better than 1 on Nrgr (as calculated
by equation @) At LNE-SYRTE, the very high stability of the microwave frequency
reference distribution system allow this level to be reached in typically 8s averaging,
provided that the measurement at 8s is dominated by, at most, flicker frequency noise
process and not higher order processes which would prevent the Allan deviation of the
measurement to average down (with longer averaging times) like, in particular, linear
drifts.
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In practice, it is very often the case that optical frequency references exhibit linear
drifts of a few Hz per second that may prevent reaching a sufficiently high resolution on
the measurement of the repetition rate. This issue is however easily solved, as this linear
drift is not a stochastic process on the considered time scale, by measuring this drift and
modifying equation to take it into account. Specifically, if during the two averaging
periods, both the average values of fiep.+ and frep,— are measured, but also their first
derivative with time f + and fﬁep7_ and the average time of the two measurements ¢,
and t_, the equation @ is modified into :

sighppp X 2 X 8 X A
(frep,+ - frep,—) - (t-i- - t—) X ( r,ep,-i- + frlep7—)/2

NRgr = (1.7)

Such a way of taking linear drift into account could be further pushed to higher order
non-stochastic drifts (quadratic drifts and so on), but we have never experienced the
necessity for it at LNE-SYRTE.

The main advantage of this third method is that it can be easily automatized as it
doesn’t require the opening and closing of the comb’s phase-lock-loop. However, as the
value of the frequency shift A that can be achieved is limited to a couple of MHz, this
method requires to be able to realize an optics-to-microwave frequency comparison with
a resolution of a few 1071% in a time over which the frequency drifts remains predictable
(as for linear drift for example), ie a few seconds or minutes. This method is easy to
implement only in an institution where microwave frequency reference with an intrinsic
stability in the 107! range over these time constant is available (a cryogenic sapphire
oscillator frequency locked on a H-maser for example).

Finally, this last method is also applicable for determining the integers Nc(viv), as a

shift in the repetition rate A fio, induces a shift of f, @

beat Whose sign and amplitude allow

to determine sign(i) and NC(&?

1.3 Overview of my work on optical frequency measure-
ments

At NIST, I was involved in the work that led to the first demonstration of a neutral atom
optical clock with an accuracy near 1 x 10710 in the context of a collaboration between
the team at JILA lead by Jun Ye and the team at NIST led by Leo Hollberg, Chris Oates
and Scott Diddams. My central contribution was on the development of a robust atomic
frequency standard based on neutral Calcium using a Ramsey-Bordé interferometric
interrogation scheme. Although this frequency standard setup is relatively old in its
design, and its performance in absolute accuracy is modest, its most prominent quality
is its robustness, ease-of use, and good short term (up to a few hundred seconds) stability.
Typically, after my few years at NIST, this setup was able to operate continuously for
days and weeks with minimal human supervision and provide long term stability as low
as 3 x 10716 at 200s averaging time.

The robustness of the Ca clock comes primarily from the low number of lasers used
to operate it as only two lasers systems are used. One ultra-stable laser at 657 nm
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is used to probe the clock transition 1Sy(4s%)(m = 0) —3 Py (4sdp)(m = 0) transition
of cold Ca atoms. The natural linewidth of this transition is 400 Hz, which is quite
large compared to modern state-of-the-art optical lattice clocks (which typically use
effective linewidths about 1Hz), but sufficient to provide a stability of the clock near
2 x 10715 x 771/2 where 7 is the integrating time. This laser is an extended cavity diode
laser frequency locked, with the Pound-Drever-Hall (PDH) technique on a high finesse
ultra-stable Fabry-Perot cavity. The phase sidebands for realizing the PDH are realized
with an EOM (finely aligned to minimize residual amplitude modulation). This master
clock laser injection locks a similar diode laser (although not in an extended cavity
configuration) that provides (after switching and frequency shifting AOMs) 10 mW of
power on the atoms. A second laser is used for laser cooling (Zeeman slower and magneto-
optical trap) the atoms down to 1mK temperature, using the 1Sy(4s?) —1 P (4sdp)
transition at 423 nm. This cooling transition has a natural linewidth of 34 MHz, which,
combined with the absence of sub-Doppler cooling effect due to lack of fine structure,
prevents reaching sub-mK temperatures but still allows very fast and efficient cooling.
This laser is a 846 nm extended cavity diode laser frequency locked (PDH) on a highly
stable Fabry-Pérot cavity and frequency doubled in a periodically-poled lithium niobate
(PPLN) crystal in a resonant bow-tie cavity (also frequency locked to the input laser with
the PDH technique). As these frequency locks have much less stringent requirements
than that of the clock laser, the PDH sidebands (identical for both locks) are simply
realized by modulating the current driving the diode laser (which has the drawback of
producing substantial residual amplitude modulation -RAM-, whose effect on the lock is,
however, much smaller than the natural linewidth of the cooling transition). All lasers
can be switched by single-pass AOMs before reaching the atoms, and the offset between
the part of the 657 nm laser that probes the atoms and that which is used to frequency-
lock in on the reference cavity is controlled by a DDS. The clock transition probing
uses the Ramsey-Bordé method on the freely expanding atoms. The complete laser
cooling cycle and frequency-lock loop is controlled by a micro-controller which drives
the switches and DDS necessary to operate the full system. The full cycle duration is
5ms, including 3ms laser cooling (MOT) of the atoms. An important aspect of the Ca
clock is that its cycle is very short, which actually allows recapturing of the atoms from
the previous cycle during the laser cooling phase. This is an essential process for allowing
such a small cooling cycle (90 percent of the atoms are actually recycled for the next
cycle, the Zeeman-slowed newly captured atoms making the extra 10 percent in a stable
cyclo-stationary regime). A total of 6 x 107 atoms are laser cooled in the MOT, over
which only 20 percent are used in the Ramsey-Bordé interferometric process to produce
a clock error signal. This loss of efficient atoms is due to the finite available optical power
at 657 nm, as the duration of the 7 and /2 pulses in the Ramsey-Bordé interferometer
is inversely proportional to the light intensity and the width of the velocity class that
is resonant with these pulses is inversely proportional to this duration. In practice
the parameters of the Ca clock were all optimized for the highest stability and not for
absolute accuracy. In particular, the width of the Ramsey-Bordé beams are identical to
that of the MOT, which maximizes the amplitude of the clock signal for a given optical
power but renders the experiment more sensitive to residual wavefront curvatures and
drifts in the atomic velocity and density distributions.
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This device was used as a reference oscillator to evaluate the systematic errors of
a state-of-the-art lattice-trapped neutral Strontium clock at JILA, by use of a 4-km
long optical fiber link operating at 1064 nm wavelength and two optical frequency combs
(one at JILA and one at NIST) connecting this optical fiber link to the 657nm (Ca
clock at NIST) and 698 nm (Sr clock at JILA) ultra-stable clock lasers (see figure [1.4).
By averaging many data points, each of them corresponding to an integration over 100s

transfer fiber noise
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Figure 1.4: Schematic of the setup for the comparison between the neutral calcium clock
at NIST at the lattice-trapped neutral. The robustness and ease-of-use of the Ca clock
allows to use it as a local oscillator of high stability to evaluate the systematic errors of
the remote Sr clock.

(corresponding to a ~ 3 x 10716 stability of the comparison between the JILA Sr clock
and the NIST Ca clock), the various systematic errors of the Sr optical lattice clock
were studied with a resolution below 1 x 10716, leading to a total budget uncertainty of
1.5x 10716, j.e. lower than the best existing microwave fountain clocks. This experiment
was reported in Science [J].

Although these NIST/JILA experiments demonstrated for the first time absolute
accuracy of an optical lattice clock near 1076, they didn’t provide an actual optical
frequency measurement of the Strontium clock transition at this level and didn’t realize
a link to primary frequency standards. At LNE-SYRTE a few years later, I was took
part in such an experiment, which was involving the absolute frequency comparison be-
tween two Strontium optical lattice clocks and the three atomic fountain clocks of the
laboratory (see fig [L.5). This absolute frequency measurement campaign built upon the
collective work of many LNE-SYRTE projects over decades, and provides a firmly estab-
lished link between optical clocks and microwave clocks that enables a future redefinition
of the SI second in terms of optical frequency cycles, (instead of the current microwave
based definition). This work was recently reported in Nature Communications [12]. It
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Figure 1.5: Schematics of the setup for the absolute frequency measurement of the Stron-
tium lattice clocks at LNE-SYRTE vs. the laboratory’s primary frequency references
(fountain clocks).

exhibits a total accuracy budget for the Strontium clocks of 1.1 x 1076, and an accuracy
of the Sr clock transition measurement set by that of the combined microwave fountain
clocks at 3.1 x 10716 .

The dominant term of the accuracy budgets of these two optical clocks is the so-called
black-body radiation shift. This effect arises from the emission of incoherent radiation
from the atoms’ experimental environment (which is near room temperature). Indeed,
the blackbody radiation spectrum at 300K is broadband and centered at 9.7 um (as is
well known from the Wien law). This radiation couples to the atomic transitions to
shift the energy levels, including the ground and excited state of the clock transition.
This results in a fixed frequency offset between the zero-temperature frequency and
the measured frequency, which depends on the actual temperature environment expe-
rienced by the atoms. The temperature of the apparatus surrounding the atoms, and
most particularly the gradients are difficult to know with an accuracy much better than
a degree, which produces an accuracy limit of the black-body radiation correction (near
0.8 x 10716 for JILA and SYRTE Sr clocks). To decrease this effect, a possibility is to
design carefully controlled thermal enclosures for the atoms, or even cryogenic environ-
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ments. An alternative (or complementary) route is to use atoms with lower sensitivity to
the black-body radiation shift. Along theses lines, a neutral mercury experiment is being
designed at LNE-SYRTE, for which several measurement campaigns have been realized
with the optical frequency combs. The idea behind using the mercury atom is that the
clock ground and excited states are less coupled to the 300 K blackbody radiation than
in the case of Strontium. In a nutshell, this is due to the fact that the strongly allowed
(electric dipole) transitions from these levels are all in the UV domain, while many are in
the visible domain for Strontium and therefore are coupled more strongly to the 9.7 pm
radiation from the environment. The drawback of using such an atomic specie is that
its laser-cooling transitions are also in the UV range which makes the laser-cooling and
trapping challenging. Therefore, only a couple of groups in the world currently develop
such an optical clock.

The group at LNE-SYRTE has pioneered work using this atom for optical clock ap-
plication, which has led to the first observation and measurement of the clock transition
(reported in Physical Review Letters [13]) in freely expanding laser cooled atoms, the
first realization of a lattice trapping and subsequent accurate determination of the clock
transition in neutral mercury (reported in Physical Review Letters [15]). The current
apparatus realizes a frequency stability of 5.4 x 107 /771/2 [1§] and an absolute ac-
curacy at 5.7 x 1071 [17]. The currently limiting contribution to the accuracy budget
is the precise determination of the magic wavelength (i.e. the lattice trapping wave-
length which doesn’t perturb the clock transition) for the mercury atom, which should
improve in the future with larger available lattice trapping potential depth. The current
blackbody radiation shift component of the accuracy budget is not a limiting factor
to the current evaluation (1.6 x 10716), and, in any case, has yet a lot of margin for
improvement.

The current capability of the comb to measure optical frequencies, in stability or
accuracy largely exceeds any current and future requirement of optical and microwave
clocks. In this context, the future evolution of the research on the optical frequency
comb measurement capability will be to go towards the “operational” level, by which
I mean a stand-alone operation without human supervision for long periods of time
(weeks, months, at least). This capability will be important in the future, where the
optical clocks are expected to replace the microwave fountain as primary frequency
standard and, therefore, be at the heart of national and international timescales. In
such configurations, operation of the optical clocks and the frequency comb that tends
progressively to 24/24h | 7/7 d all year long will become a stringent technical requirement
that will need to be addressed. In this context, the expertise and extensive use of
fiber-based frequency combs, that can typically operate in mode-lock regime for months
without human supervision, is a strong asset of the LNE-SYRTE laboratory.
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CHAPTER 2

New applications of frequency
combs in the microwave domain

Dear lord, thank You for this microwave bounty
even though we don’t deserve it

Dan Castellaneta (1957-), American actor, voice actor (Homer Simpson),
comedian, singer and screen writer, in “The Simpsons” season 1 episode 4

Optical frequency combs realize a phase coherent link between the optics domain and the
microwave domain [30, B1]. As such, they generate microwave signals the performance of
which, in term of noise, can be, in principle, serious competitors for the existing purely
microwave technology. Although the science of low-noise microwave is quite ancient (it
stems mostly from the development of RADAR applications during the second world
war...), it’s still attracting attention and research efforts nowadays, due to the numerous
domains of applications requiring high performance microwave sources and processing
tools. This chapter describes the several years research efforts that we have conducted
at LNE-SYRTE is this domain.

The original interest for this topic at LNE-SYRTE came from the microwave fre-
quency metrology research, where the Laboratory’s primary standards (atomic fountain
clocks) are using a cryogenic sapphire oscillator [32] based system to probe the atoms
[B3, B4]. As this cryogenic system is very high cost of operation and maintenance con-
suming, it appears, in the context of ever increasing operational requirements, that
developing an alternative microwave source from opto-electronic technology is an im-
portant goal, in order to increase redundancy and cost-effectiveness. The first section of
the chapter describes the experiment we have carried out to demonstrate this capability.

Beyond their applications for primary microwave frequency standards, low phase-
noise microwave sources can have a wide range of applications in scientific, civil and
military fields. For example, they can provide ultra-low timing jitter synchronization
capabilities for particle accelerators, Very Long Baseline Interferometry (VLBI) radio-
astronomy facilities and be used in deep-space navigation networks. They are raising
interest in the telecommunication industry for higher transfer rates and time-stamping
accuracy. The civil and military RADAR companies are also in the search for alternatives
or better microwave sources to improve the directivity in noisy multi-echo environments.
I begin this chapter with a general overview on phase noise and present a few different
techniques to measure it. I proceed by describing the results that we have obtained so
far for very high performance low-phase noise comb-based systems.
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2.1 Phase and amplitude noise of an oscillator, mathemat-
ical definitions, properties and measurement in the mi-
crowave domain

A real-world oscillator produces a quasi-periodic signal s(¢) that can be described by the
equation
s(t) = Ag - [1 + a(t)] - cos[2muvt + ¢ + &(t)] (2.1)

where t is the time, v the carrier frequency, Ag and ¢q the “static” amplitude and phase,
while a(t) and ¢(t) are stochastic functions representing, respectively, amplitude and
phase fluctuations.

The phase noise power spectral density S, (f) is defined, mathematically, as

v e R, Sy(f) 2 tim ZUPTWE

2.2
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where E]| is the statistical expectation value operator and the ®p(f) are the Fourier
transforms of the truncated functions ¢ defined as

A [ x(t) for [t|<T
vfE€R,é1(t) = { 0 for [t|>T (2:3)
which are square-integrable (and therefore do have a Fourier transforms ®7(f))
+o0o
vieRer() = [ or(t)- expl2nf)de (2.4)

As ¢(t) is expressed in [rad], Sy(f) is expressed in [rad?/Hz] (and ®7(f) in [rad.s]). For
¢(t) a stochastic stationary function of time (i.e. its self-correlation R(7) = E[¢(t) -
¢(t + 7)] doesn’t depend on the time ¢, only on the time difference 7), the Wiener-
Khintchine theorem states that, equivalently, Sy(f) = fj;o R(7) - exp[2nf7]. In this
case, as ¢(t) is real, R(7) is real and of even parity, thus S,(f) is real, positive and of
even parity. Without loss of information, in the literature, the one-sided power spectral
density S¢OS( f) is therefore rather used. This quantity is defined as

Vf e RY,SP5(f) =2 S4(f) (2.5)

Without further precision, in the rest of the manuscript, all power spectral densities of
phase must be understood as one-sided. A further concept, widely used in the literature
(and de-facto standard for manufacturers specifications), is the single-side-band (SSB)
power spectral density L£(f), defined as L(f) = Sgs(f)/Q. Note the term “single-side-
band” should not be confused with the term “one-sided”. This concept arises from early
(obsolete) definitions, based on measurement of s(¢) (understood here as a signal of
electrical nature) on a spectrum analyzer with resolution bandwidth frpw. In the case
of negligible amplitude noise (a(t) ~ 0) and sufficiently low excursion of phase ¢(t) ¥,
the phase noise SSS( f) appears, in such a measurement and for v >> f >> frpw as

!The “sufficiently low” condition is mathematically expressed here as f;o Sgs (f)df < 0.1rad®
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two symmetric components at frequencies v + f and v — f around the carrier peak (of
which the central frequency is of course v). A single one of these two components (for
instance at v + f), normalized by the power in the carrier peak (at v) and the RBW
frBw corresponds to £(f) while the sum of them corresponds to Sgs( f). In logarithmic
units (which is the most usual representation of noise power spectral densities), the
(one-sided) phase noise PSD S, (f) is expressed in dB(rad?)/Hz (this unit being the
result of the mathematical expression 10 - loglo[Sgs( f)], while the SSB phase noise
PSD is expressed in dBc/Hz (this unit being the result of the mathematical expression
10 - logo[Sg°(f)] — 3dB).

Similarly, with the same notation conventions, the amplitude noise power spectral
density S, (f) is defined as

¥f €R,Sa(f) £ lim E[JAr())P]
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where the Ar(f) are the Fourier transforms of the truncated functions ar(t). The
one-sided amplitude noise power spectral density SO5(f), and the SSB amplitude noise
(expressed, in logarithmic unit, in dBc/Hz) are defined similarly to that of phase noise.
The use of the same unit to describe SSB amplitude and phase noise power spectral
density is not accidental. It arises from the observation of the power spectrum of s(t)
on a spectrum analyzer (with s(¢) a signal of electrical nature). For a signal s(t) with
negligible amplitude noise the sidebands from the carrier directly represent phase noise
components. For a signal s(¢) with negligible phase noise, they represent amplitude
noise components. For a signal where neither amplitude nor phase noise is negligible,
the sidebands are the sum of these two noise components (which may add incoherently or
even coherently if there is a non-vanishing correlation between ¢(t) and «(t), in which
case the right and left sidebands become asymmetric). Building a measuring device
solely sensitive to amplitude or phase noise can be non-trivial in this general case and
great care must be taken to realize a meaningful measurement.

In the microwave (or radio-frequency) domain, the most standard way of measuring
the relative phase noise [35] between two oscillators is to set them at the exact same
frequency and in quadrature phase, and mix them on a double-balanced microwave
mixer with the input powers according to the mixer specification (typically 7dBm on
the “local oscillator” -LO- port and 0 dBm to 7dBm on the “radio-frequency” -RF- port
for a typical mixer, said to be of “level 7”). In this configuration, the voltage noise at
the output is proportional to the relative phase noise between the oscillators. If the two
signals are set in phase, the output voltage fluctuations are proportional to the amplitude
fluctuations of the signal applied to the RF port. In phase detection configuration, the
proportionality coefficient depends on the actual microwave powers on the mixer input
ports (LO and RF) and is easily calibrated by setting two oscillators on the LO and
RF ports with identical powers to that used in the real measurement, but operating at
slightly different frequencies and measuring the slope of the resulting beat note when
it crosses 0 (i.e. at quadrature). The unavoidable small mismatch between the fast
diodes that compose the mixer are responsible for an input-amplitude-dependent offset
in the output voltage that causes a small amplitude noise to phase noise conversion
process [36]. For typical double-balanced mixers, this technique is, however, relatively
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insensitive to amplitude noise as it provides typically 20-30dB isolation from it. For
microwave sources with amplitude noise 20 dB or more over their phase noise, this point
must be carefully considered®.

Any microwave device exhibiting non-linearities (like a double-balanced mixer, or an
amplifier working at an output power not negligible compared to its 3dB compression
point) exhibits 1/f flicker phase noise which is an important part of its specifications when
one has to make a choice for a specific application. For measuring phase noise close to
the carrier, this flicker phase excess noise can be a strong limitation. One solution to
get rid of it is to realize a carrier suppression scheme [37, B§]. The idea is to set the
two microwave sources to be compared at exactly the same frequency and send them
at the two input ports of a hybrid junction (the microwave equivalent of a 50/50 beam
splitter in optics). Fine tuning of the amplitudes and phases provides exact cancellation
of the signal at one of the outputs of the hybrid junction (carrier suppression) except
for the very small fluctuations arising from amplitude and phase noise of the sources.
Subsequent amplification and demodulation of these small fluctuations using a mixer
provides a measurement devoid of the 1/f excess noise limitations (since the amplifier
and mixer operate with powers much smaller than their compression points). To realize
phase detection, the demodulation is realized with the mixer fed on its LO port with
a signal at the carrier frequency of normal amplitude (7dBm for a level 7 mixer) and
phase quadrature (with reference to one of the sources to measure), while the small
fluctuations (carrier suppressed) signal to demodulate is applied on its RF port. Note
that the intrinsic phase noise of this demodulating signal at the LO port doesn’t perturb
the measurement, as it’s in common mode between the two sources at the input of the
hybrid junction. Usually, this demodulating signal is conveniently obtained from the
second output of the hybrid junction (where the two sources do not cancel each other
but build up coherently) suitably amplified and phase-tuned.

Other advanced techniques exist for measuring phase noise in the microwave domainE,
but the two described here were sufficient for the several experiments that we have
realized at LNE-SYRTE with optical frequency combs as low phase-noise microwave
sources over the last few years.

2.2 Low phase noise microwave sources and optical fre-
quency combs

The idea behind obtaining a very low phase-noise microwave source from an optical
frequency comb is quite simple. When phase-locked to a state-of-the-art cw optical
reference, as that realized by a laser frequency locked on a high-finesse ultra-stable
Fabry-Perot cavity, the repetition rate of the femtosecond laser is a down-converted

2Some solution still exist, as there are - normally slightly away from quadrature - phase difference
points where the mixer provides infinite rejection of amplitude noise. Using the mixer near these points
therefore allows good phase noise sensitivity with very low amplitude noise sensitivity. As these “magic”
points are device-specific and extremely input microwave power dependent, using them should be con-
sidered a last resort solution, to be implemented only by experienced microwave metrologists.

3In particular, the cross-correlation technique [36] is likely to be used in our future experiments when
very low white noise floor measurement capability (beyond our current capabilities) will be required.
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image of the optical frequency of the cw laser. Mathematically, the phase noise of a
source is decreased in frequency division process. More precisely, if the frequency is
divided by N, the phase noise (in logarithmic units) is decreased by —20 - log(N). This
is because the time jitter is identical, whereas the carrier period is decreased, hence the
mathematically decreasing phase noise. The frequency division process from the optical
domain (near, for instance 200 THz for a 1.5um cw laser) and the microwave domain
(near, for instance 10 GHz for the 40'" harmonics of a 250 MHz repetition rate Er-doped-
fiber comb of the kind described in chapter m), provides a division by N =~ 20000, .e.
a mathematical reduction of the phase noise by 86 dB ! A state-of-the-art cw optical
reference using a high-finesse ultra-stable Fabry-Perot cavity [39, 40, 41, 42, 43, 44]
exhibits low phase noise in the 0.1 Hz to 100 kHz Fourier frequency range and beyond,
which, once mathematically frequency divided by 20000, can be as low as -105dBc¢c/Hz
at 1Hz and -175 dBc/Hz at 10kHz from a 10 GHz carrier (see typical exemple in fig @)
This compares favorably with any existing microwave source existing to-date from other
technologies ([45, 46, 47, 48, 49].
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Figure 2.1: The phase noise power spectral density of a typical Fabry-Perot stabilized
ultra-stable laser at 1.5 uym wavelength, mathematically divided to a carrier frequency
of 10 GHz. The actual frequency comb that is making the “real-world” division process
is adding extra phase noise to this mathematical limit that needs to be minimized.

Close to the carrier, the best microwave sources to-date are cryogenic sapphire oscil-
lators (of the kind currently used at LNE-SYRTE for the microwave fountain clocks, or
using a close-cycle cryogenic system for lower operation cost [@, @]) that exhibit phase
noise at 1 Hz from a 10 GHz carrier of -100 dBc/Hz comparable with the performance
of our opto-electronic system. Further from the carrier, cryogenic sapphire oscillators
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suffer from reduced microwave power in the resonator, and room temperature sapphire
oscillators exhibit lower phase noise, although their close-to carrier performance is rather
poor (typically -60 dBc/Hz at 1 Hz). The availability and price of both these technologies
are however highly problematic for the application that require themF. The last existing
technology for low-noise microwave source is the opto-electronic oscillator (OEO) [49],
which is commercially available with a very low footprint (approximately 1 liter) and ex-
hibits a phase noise about -160 dBc/Hz in the 1 kHz-10 kHz Fourier frequency range from
a 10 GHz carrier, which is particularly important in radar applications. Their close-to
carrier performance (about -40dBc/Hz at 1Hz) is however quite poor and they exhibit
strong phase noise resonant harmonics in the 10kHz-1MHz Fourier frequency range, at
best reaching -40dBc/Hz, that can be the source of serious complication for many ap-
plication. Comb-based systems, on the other hand, have the capability to offer both
close-to-the-carrier and far-from-the-carrier extreme performance with one single device
with a system that, we believe, can be reasonably robust and industrially packaged in a
volume of a few liters.

Of course, in practice, the frequency division process that generates microwave signals
from optical reference with a comb is not perfect and produces additive phase noise. We
have worked extensively over the years to reduce this to a minimum, which requires a
good understanding of the physics behind this process.

2.3 Application to fountain clocks and first experiments

Our primary goal when beginning to explore this technology was based on the fact that
using such advanced devices proved necessary to reach the Quantum Projection Noise
(QPN) limit of these frequency standards, i.e. a regime where the stability performance
is solely imposed by the number of probed atoms, and not by the phase noise of the
microwave source used to probe the atoms. Our first experiments trying to generate
a microwave signal from an optical frequency comb phase-locked to an ultra-stable cw
laser already produced signals with sufficient] low phase noise for this application. These
experiments are reported in [50]. See also [51] for comparable work performed at the
PTB in Germany. Briefly, an Erbium-doped fiber-based optical frequency comb is phase
locked to a 1542 nm ultra-stable cw laser. The repetition rate of the femto-second laser
was tuned such that the 48" harmonics is close to 11.932 GHz. This frequency was
chosen because it corresponds to that of the free-running Cryogenic Sapphire Oscillator
of the laboratory ( that is used normally as the source of the frequency chain that probes
the atoms in the fountain clocks at LNE-SYRTE). The direct photo-detection of the
pulse train, microwave narrow-band filtering near 11.932 GHz and transfer over the few
hundred meters between the different laboratories via an amplitude-modulated optical
carrier fiber link similar to that described in [52] provided a microwave signal directly
suitable to replace the cryogenic sapphire oscillator (CSO) in the frequency chain. We
demonstrated that this very first proof-of-principle experiment was indeed providing
a microwave source with sufficiently low phase-noise to operate the fountain clocks in

“Although companies now exist that sell each of these two technologies, one for each [47, 48], the
price of a single device is in the 300 k€range in 2013, and the room temperature Sapphire systems are
now produced, to our knowledge, exclusively for Raytheon integrated radar systems
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the QPN limit, therefore providing a suitable and credible alternative microwave source
for this application. The project of making these systems sufficiently reliable for an
operational task requiring near to continuous autonomous operation over months with
minimal intervention is still under process, but should lead to the replacement of the
CSO as the core of the atomic primary frequency standards microwave chain in the next
few years.
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Figure 2.2: Circles: Fractional frequency instability (Allan standard deviation) vs in-
tegration time of the microwave signal generated by the fiber-based optical frequency
comb (FOFC) against the cryogenic Sapphire oscillator (CSO) at 11.932 GHz. Triangles:
FOFC vs titanium Saphire based optical frequency comb(TSOFC). Diamonds: FOFC
locked onto the FO2 atomic signal, compared against the CSO, quadratic drift removed.
The latter instability scales as 3.5 x 10714771/2 (dashed line).

To evaluate the intrinsic limit of our comb system without the possible limitation
from the cw laser itself (or the microwave fiber transfer used in the previous experiment),
we have realized a differential measurement, in collaboration with the FEMTO-ST lab-
oratory (Besangon, France), where two quasi identical combs were phase locked on the
same cw reference (and with the same mode index, therefore producing two identical
frequencies microwave signals). A microwave phase noise measurement system based
on a simple double balanced mixer set at quadrature, assuming equal contribution of
the two combs, allowed characterization of the additive phase noise produced by our
comb-photo-detection system. The result were published in [53] and were exhibiting
differential microwave phase noise of -105dBc/Hz at 1Hz from the 11.55 GHz carrier.
The carrier frequency was chosen here only for narrow microwave filter immediate avail-
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ability, and other similar frequencies would lead to similar results. Note that the phase
noise far from the carrier (in the 100 Hz-100 kHz range) was, at that time, limited by
the lack of fast actuators on the repetition rate, as the intra-cavity EOM technology was
not yet developed.

2.4 Copying the cw laser spectral property on a large Fourier
frequency range

Even though the first experiment we realized did exhibit very low phase-noise close to the
carrier, the performance above 10 kHz of Fourier frequencies was limited by the low feed-
back bandwidth achievable with piezo and/or pump diode current modulation actuators
on the repetition rate of the femtosecond laser. We have developed two techniques to
overcome this limitation.

2.4.1 Feed-forward technique

In the first technique, developed before we implemented intra-cavity EOM with high
feed-back bandwidth capability, we were using a voltage-controlled phase shifter (VCPS)
on the generated microwave source. The idea is that even though the feed-back band-
width achievable at that time was limited, the measured error signal of the phase-lock
loop contains the information about how much residual phase error should have been
corrected, had the feed-back bandwidth been larger. Multiplying this in-loop phase
error by the suitable factor and applying it to the VCPS, the residual phase error is
“post-corrected”. This method proved useful to reduce the microwave phase noise in
the 100 Hz-100 kHz Fourier frequency range to below -130dBc/Hz [54]. This “post-
correction” technique is not a feed-back process, in that its effect depends directly on
the exact value of the multiplying factor (and the phase of the correction signal), while,
for a feed-back process the exact value of the gain of the loop is, up to a certain point, not
an essential parameter. As the multiplication factor was realized with analog electronics
and pre-determined via calibration of the radian-volts correspondence of the VCPS and
the phase detector of the combs phase-lock loop, it was difficult to realize an accuracy
much better than 10 percent on the multiplication factor, implying a reduction of in-loop
phase noise by 20dB at best.

2.4.2 Intra-cavity EOM

In a second time, along with our collaborators at MenloSystems GmbH, we implemented
an intra-cavity EOM, which acts as a voltage-controlled group delay actuator thereby
allowing fast feed-back bandwidth on the repetition rate of the femtosecond laser. We
were able to realize unitary gain bandwidths of more than 1 MHz with this system. At
such large bandwidths, great care must be taken with the electronics of the phase-lock
loop. In particular, the narrow band-path filters used to isolate the various beatnotes
from the neighboring peaks must be set as large as possible to keep the corresponding
group delay of the filter as low as possible. Also, carefully designed electronics using
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very high gain-bandwidth products and low group delay operational amplifiers must be
used.

A particular concern that arises with the introduction of an intra-cavity EOM is
that of cross talk to other parameters of the comb than its repetition rate, which must
be reduced ideally to minimum, and at least, at a level where it doesn’t impact the
microwave generation. We have characterized these cross talk coefficients thoroughly
and showed that it will not be a limitation to microwave generation down to a very low
level (see [28]). In particular, the small action of the EOM actuator to the laser output
power may lead, through amplitude-phase conversion process in the photo-detection,
to additional microwave phase-noise and this cross-talk must therefore be verified to
be small. Another effect is the small coupling of the EOM to the fy carrier-envelop
offset frequency of the comb. Whereas the fy signal is removed from the beat-note with
the reference cw laser before producing the error signal of the comb phase-lock-loop, a
particularly subtle effect arise if the dynamics of the EOM to f.ep, and EOM to fy action
are substantially different (which is indeed often observed to be the case, the coupling
to fo being typically mediated via polarization/amplitude and therefore limited by the
relaxation dynamics of the laser exhibiting low-pass behavior with bandwidths of a few
tens of kHz). In such a case, the coupling of the EOM to fy must be significantly smaller
than that of the EOM to N x frep (N being the index of the comb mode which is locked to
the cw reference), otherwise, at Fourier frequencies where fo and N x fcp, have different
response dynamics, the response of the comb to EOM actuation is a complex combination
of that of fy and frep, which we observed to produce a strong decrease in the achievable
phase-lock-loop bandwidth. A careful alignment of the EOM crystal principal axis on
the incident polarization is however sufficient to reduce these cross-coupling effects to a
low enough level.

2.5 Limiting the effect of amplitude phase conversion

One effect that we, as well as colleagues at NIST), identified early as a strong limitation
to the phase noise performance achievable, at least close to the carrier, is the conversion
of amplitude noise of the femtosecond laser into microwave phase noise that occurs in
the photodetection process. We have successfully implemented two techniques to reduce
the impact of this effect.

2.5.1 Active stabilization

We have successfully demonstrated the strong gain achievable, close to the carrier, by
implementing an amplitude servo-locking of the optical power impinging the pulse-train
detection photo-diode. We have implemented an amplitude stabilization by measuring
the DC output of the microwave signal generating diode. The feed-back was applied
either on a zero-order fibered AOM set as a controllable amplitude modulator in front
of the microwave-generating photo-diode, or directly on the driving current of the pump
diode laser of the femto-second oscillator. In collaboration with FEMTO-ST, we have
realized a differential measurement to characterize the achieved reduction in microwave
phase noise. The results were reported in [b4], where we demonstrated a record low
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phase noise of -120dBc/Hz at 1 Hz from a 11.55 GHz carrier sufficiently low to transfer
any present-day cw ultra-stable reference into the microwave domain. Measuring such
a low level of phase noise close to the carrier required developing and implementing a
microwave carrier suppression scheme adapted to the pulsed nature of the microwave
signal that is produced immediately after the photo-diode.

Interestingly, we have observed that, for time scales longer than 1s (which are tra-
ditionally characterized by the Allan standard deviation rather than the phase noise, as
this metric requires substantially less time to evaluate with a small error bar), the results
we obtained were better in the case where the active power stabilization was acting on
the pump of the oscillator than on an AOM before the photo-detection process. Indeed,
the differential Allan variance typically exhibits a plateau between 1 Hz and 10 Hz (while
a 77! behavior is expected for a flicker-phase noise dominated measurement). Although
we haven’t yet pursued the detailed study of this phenomenon, we can speculate that
the reduction of pump power noise that is likely to occur in the second technique (as
this noise correlates strongly to the laser’s output amplitude noise) makes the spectral
phase properties of the femto-second laser pulses more stable in time, which may impact
the optical-microwave phase relation imposed by the comb main servo-loop. Expressing
the stability of the microwave generation process in terms of time deviation, this second
technique implies a synchronization stability between the optical and microwave domain
significantly below the 100 as level for time scales between 1s and 1000s.
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Figure 2.3: Fractional frequency stability (FFS) measured by Allan standard deviation
(left scale) and time deviation (TDEV, right scale) for a single optics-to-microwave
fiber-based optical frequency comb system. Top solid line: FFS with power stabilization
on acousto-optic modulator; diamonds and circles, respectively, FFS and TDEV with
power stabilization on pump current control; bottom continuous line: FFS floor of the
measurement system. The error bars, when not visible, are smaller than the size of the
marker.
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2.5.2 “Magic points” of the photo-diode

Although the active stabilization technique proved very efficient to reduce phase noise
close to the carrier, the limited achievable feed-back bandwidth (both with the AOM
technique or the pump diode feed-back) makes it quite inefficient for Fourier frequencies
larger than a few tens of kHz. Fortunately, a careful study of the photo-detection process
that generated the microwave signal led us to discover the existence of “magic points”:
experimental conditions for which the amplitude-phase conversion process was exactly
vanishing for a given harmonics of the photo-detected repetition rate. The experimental
and simple theoretical analysis of this effect is reported in [55]. Work along the same
line, carried out by our colleagues at NIST, is reported in [56].
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Figure 2.4: Time response of photo-diode HLPD from Discovery semiconductor for
various optical energies per pulse (from bottom to top: 3.2, 6.4, 12.8, 19.2, 25.6, 32,
38.4, 44.8, 51.2, 57.6 and 64 pJ/pulse)

Briefly, when reaching the onset of saturation in a pin photo-diode, the space charge
screening effect is responsible for a decreasing of the velocity of carriers in the intrinsic
part of the pin junction. When the photo-diode is illuminated with pulses from a fem-
tosecond laser (therefore much shorter in time than the inverse of the bandwidth of the
photo-detector), at low energy per pulse, the space-charge screening is negligible and
the resulting electrical pulses are narrow peaks, of which the duration is imposed by the
bandwidth of the photo-diode. When the energy per pulse is getting closer to satura-
tion, the electric response becomes asymmetric, with a fast rising followed by a slower
decrease to zero. This asymmetry is responsible for the amplitude phase conversion
effect. However, for higher harmonics of the repetition rate, this non-linear effect makes
the amplitude-phase conversion factor alternate between positive and negative values for
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increasing energy per pulse. Therefore, for specific combinations of optical energy per
pulse, temperature and bias voltage, one gets annihilation of the amplitude-phase con-
version effect which is of strong interest for low phase noise microwave generation. Most
particularly, this annihilation is valid for any Fourier frequency. Using such “magic
points” is therefore a more powerful technique than an active stabilization of power,
which is necessarily realized over a limited bandwidth. The microwave amplitude noise,
however, is not removed by this technique, which may be troublesome for some applica-
tions, and should be considered when measuring the phase noise with a technique that
exhibits a finite rejection of the amplitude noise.
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Figure 2.5: Amplitude to phase conversion coefficients obtained for the HLPD photo-
diode at various carrier frequencies. Only the absolute value of the coefficient is plotted.
The temperature is servo-ed at 19 °C and the bias voltage at 9V

2.6 Increasing the signal to-noise ratio

The ultimate limit of low phase noise generation at Fourier frequencies where the flicker
limit is no longer an issue is the white phase-noise plateau arising from the limited signal-
to-noise ratio of the microwave signal. The signal level is imposed by the optical power
impinging the photo-diode, the quantum efficiency of the detector and the saturation
effect which limits the microwave power even for increasingly large illumination. The
white microwave noise background comes from two possible sources:

The thermal noise(or Johnson-Nyquist noise) is due to the finite temperature of
resistors in the electric circuit which implies a random movement of the electrons that
produce a “white” voltage noise of variance v% = 4kpTRAf, with R the resistance
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(in Ohm), T the temperature (in Kelvin), Af the measurement bandwidth and kp
the Boltzman constant. This voltage noise is normally considered to be shared equally
between amplitude noise and phase noise. For an matched impedance source/load pair
at room temperature, the thermal noise has a power spectral density of -174 dBm/Hz
(independent of the actual impedance), which induces an additive phase noise on the
microwave signal of -177dBm/Hz. The calculated thermally-induced noise must be
normalized by the carrier microwave power to give the corresponding phase noise limit
(removing 3dB to get the L£(f) single side-band limit in dBc/Hz). In other words, a
0 dBm microwave signal in an impedance matched circuit cannot possibly have a phase
noise lower than -180dBc/Hz at room temperature. In practice, all microwave devices
(amplifiers and mixers in particular) are characterized by a “noise figure” which gives
the excess white phase noise plateau that arises on top of the mathematically calculated
thermal noise from the particular implementation of the device (a few dB typically for
a good amplifier). The cumulated noise figures of the equipment rapidly increase over
this “mathematical” limitation. Increasing the signal’s amplitude of the source (without
using amplifiers, which also amplify the noise...) is the best way to decrease this white
phase noise limit.

The second source of white phase noise is the shot noise, arising from the finite
number of electrons transporting the signal and their associated Poissonian statistics.
For a long time, the community has used the stationary shot-noise expression, obtained
for a cw light illumination, as an estimation of the shot-noise limit for the microwave
generation with a femtosecond laser. This leads to an estimation of the shot-noise limited
phase noise power spectral density of

£(f) = el R

= 2.7
8Pnfrep ( )

where e is the electron charge, I,z the average photo-current, R the impedance of the
circuit (typically 50 Ohms) and P, frp the measured microwave power at the desired
harmonics. However, very recently our colleagues at NIST pointed out that the real
shot-noise limit to be considered was different (and possibly much lower), due to the
cyclo-stationary nature of the photo-current and the corresponding correlations in the
statistics [57, p8]. In the case of a gaussian pulses with duration 7¢ (half width at 1/e
from maximum) much smaller than the detector’s bandwidth, the shot-noise-induced
photo-detection phase noise power spectral density is expressed as [58]:

L(f)

— T (271'71!}%61)7'(;)2 (2.8)

with frep the repetition rate and n the order of the considered harmonics (n frep is the
frequency of the microwave carrier). The corresponding jitter on the arrival time of the
pulses on the photo-detector is

e hv
- o - = 2.9
o 20y Jrep - TG 2k, G (2.9)

with E, the energy per pulse and 7 the photo-electric quantum efficiency. In other words,
the pulse arrival time can be detected with a resolution at best equal to the optical pulse
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WidthE divided by the square root of the number of photo—electronsa. Interestingly,
this limit can be set arbitrarily low for extremely short optical pulses. This recent
development sheds a new light on the shot noise issue and will certainly lead us to
minimize the optical pulse duration on the photo-detector in the future (whereas, until
now, we were simply making sure that it was much smaller than the inverse of the
photo-detector’s bandwidth).

To reduce the white noise plateau limitation, we have used two complementary ap-
proaches detailed in the following.

™ /4 T8
Out 1

N=2 N=3 >-<
N N N Out 2

Figure 2.6: An illustration of the cascaded Mach-Zehnder interferometer (MZI) scheme
used to achieve a pulse rate multiplication.

2.6.1 High linearity photo-diodes

The saturation effect of the photo-diode, due to space-charge screening, is responsible
for limiting the microwave power in a given harmonics of the repetition rate when the
impinging optical power is increased. To get the maximum possible microwave power
from a 250MHz repetition rate Er-doped fiber based femtosecond laser with typically
70mW available at the output (or even several hundreds mW if one uses an EDFA), it’s
paramount to use specially designed photo-diodes which exhibit a linear behavior on a
very large range of impinging optical power. We have focused primarily on the high
linearity photo-diode (HLPD) from Discovery semiconductor based on the pin technol-
ogy. We have thoroughly characterized it for our application [55]. Further development
will be undertaken by Discovery semiconductor to reach even larger linearity without
reducing the bandwidth of the photodiodes.

An alternative technology which is now becoming available is the uni-traveling carrier
(UTC) photo-diode, in which only the electrons are carrying the signal (while for pin
photo-diodes, both electrons and holes are). As electrons have a much larger velocity
than holes, the space-charge screening effect is much reduced for this technology, which
is very promising for our application. For the same reason, the achievable bandwidth
can be much larger than for pin photo-diodes (hundreds of GHz) for the same junction
size. We do not yet have easy access to well packaged UTC diodes, but if such were

5Tt’s indeed the optical pulse width that matters, not the electrical pulse width (the later being
imposed by the finite bandwidth of the photo-detector.). This surprising feature is due to the fact that
the process which transforms the photo-generated electron pulse into a bandwidth limited pulse is not
random, but perfectly predictable.

5The similarity with the quantum projection noise effect for atomic clocks is particularly striking
here.
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to become accessible, these devices would be very interesting to try for our application

5.

2.6.2 Repetition rate multiplication

In our low-phase noise microwave generation scheme, we produce on the photo-diode all
the harmonics of the repetition rate (250MHz for our Er-doped fiber systems) within
the bandwidth of the photo-diode. The one harmonic of interest among those (typi-
cally around 10 GHz) is then narrow-bandpass filtered to obtain the single frequency
microwave source of subsequent use. The energy from all the unwanted harmonics is
therefore lost. In the context of signal-to-noise-limited phase noise at high Fourier fre-
quency, it is therefore desirable to multiply the repetition rate of the femtosecond laser.
As higher repetition rate Er-doped comb systems are not commercially available, a pos-
sible alternative is to externally multiply the repetition rate, for example by using a
filtering Fabry-Perot cavity.
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Figure 2.7: Photodiode (HLPD from Discovery semiconductors) output spectrum driven
with 10 mW optical power. Plot (a) after repetition rate multiplication x8 with cas-
caded Mach-Zehnder interferometer. Plot(b) driven by the un-multiplied output of the
frequency comb.

We have implemented an external repetition rate multiplier based on cascaded Mach-
Zehnder interferometers [@] that present the strong advantage over a filtering FP cavity
of not losing the optical power from the undesired repetition rate. The implementation is
illustrated in fig .. We were able to obtain microwave powers at 10 GHz near 0 dBm.
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This led to the demonstration of differential phase noise of the microwave extraction
process (one cw laser and 1 comb in common mode) as low as -165dBc/Hz at 10 MHz
from a 10 GHz carrier. For differential microwave generation process (1 common mode
cw laser and 2 combs) there is excess phase noise of undetermined origin that still needs
to be investigated. However, at 10 MHz from the carrier, the phase noise is below -
160dBc/Hz and substantially below -150 dBc/Hz for Fourier frequencies above 1kHz.
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Figure 2.8: Plot (a) Residual phase noise for a single repetition rate multiplier sys-
tem (measured with a common fiber-based optical frequency comb). The dotted line
estimates the shot-noise limit for these conditions ( 11 mW optical power, 8 mA photo-
current). Plot (b) Residual phase noise for a single complete optical-to-microwave system
i.e. a frequency comb followed by a repetition rate multiplier and high linearity photo-
detector (measured with two independent systems). The dashed line represents the
typical phase noise level that would be achievable without the repetition rate multiplier.

2.6.3 dual-photo-detector combined with repetition rate multiplication

The repetition rate multiplier topology we use exhibits two outputs, of which only one
was used previously for low noise microwave generation. In a later work, we used a
combination of repetition rate multiplier with dual photo-detectors (at the two outputs)
whose microwave signals are combined coherently to provide an increased signal to noise
ratio. Furthermore, by carefully tuning the bias voltage of each photo-detector, it is
possible to operate one and the first zero amplitude-phase conversion point, while the
other operate at the second vanishing point. As the first and second point exhibit
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opposite slope of amplitude-phase conversion factor with reference to impinging optical
power, the combined dual-photo-detector scheme exhibits a much reduced dependence
of the global microwave phase noise sensitivity to the laser power fluctuations [61]. Such
a multi-detector coherent combination technique will be subject to further investigation
in the future. In particular, as it allows to reach higher coherently combined signals (up
to 6 dB) than a single photo-detector, it is likely to lead a substantial improvement of the
microwave signal-to-noise ratio and hence, the high Fourier frequency white phase noise
plateau, at least in the context of ultra-short pulses where the high Fourier frequency
noise is imposed solely by thermal noise whereas shot-noise is considered negligible.

w 0.6
o 0.4
O -
£ 0.2
5
O 0.01 ‘.
©
O -0.2- 4
-0.4-
2 4 6

Energy per pulse (pJ)

Figure 2.9: Energy to phase conversion factor (EPC, in rad) vs energy per pulse (in pJ)
for various phot-detectors. Squares: first high linearity photo-diode (HLPD) with 9V
bias voltage. Dots: second HLPD with 7.36V bias voltage. This second bias voltage was
chosen so that the second zero of the EPC curve matches the first zero of the previous
curve. Triangles: combined system were the microwave fields from the two previous
photo-detectors are coherently combined. Open triangles: simple model for the curve
in filled-triangles, where the average of the dots and square curves is considered a first
order approximation of the expected experimental data.

2.7 Chapter conclusion

The research on low phase noise microwave signal generation by photo-detecting the
pulse train of a fs laser phase locked to a cw ultra-stable reference is currently very ac-
tive and progressing fast. With the emergence of new photo-diode technology, and the
development of high repetition rate lasers, either by direct increasing of the repetition
rate or external multiplication, it seems within reach to achieve extremely competitive
systems with phase noise below -100 dBc/Hz at 1Hz from a 10 GHz carrier and about
-170 dBc/Hz at 10 kHz and above. Such systems would be unprecedented in performance
by any competitive technology and raise strong interest, for example in radar applica-
tions. Although I have focused here on our work at LNE-SYRTE on this topic which, as
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well as those at NIST [62], utilize the photodetection technique, another promising tech-
nology has been developed at MIT in F. Kartner’s group for synchronizing microwave
signal with the repetition rate of a fs laser [63, 64, 65, 66]. This technique is based on
Sagnac loops with an Electro-optic transducer in the loop that couples microwave signals
with the balancing condition of the Sagnac loop. The full capability of such technique
still needs to be fully investigated and several groups worldwide are investing research
time on it.
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CHAPTER 3

New applications of Frequency
combs in the optics domain

The most exciting phrase to hear in science, the one that heralds new
discoveries, is not 'Eureka!’” (I found it!) but 'That’s funny ...

Isaac Asimov (1920 - 1992)

Beyond the original application of optical frequency combs in optical frequency measure-
ment, and their application to low noise microwave signal generation, another variety of
applications has appeared, which use the coherence properties of the combs in the optics
domain itself. Examples of such applications include, for example, extension to deep UV
by high harmonic generation for spectroscopy and UV frequency metrology [67], dual-
comb spectroscopy [25, 26, 68], calibration of spectrometers for astrophysics [69, 70, 71],
gas trace detection by cavity enhanced absorption spectroscopy [68] or molecular finger-
printing [72]. The range of applications is ever increasing and, no doubt, new utilities
will keep being invented in the future for the ubiquitous optical frequency comb.

The main properties of optical frequency combs that are used in these applications
are:

e the phase coherence between the various optical modes that compose the comb
o the large span of frequencies available in parallel

« the large optical peak power, enabling strong non-linear effects (in particular for
high harmonic generation applications)

My research activities at NIST and LNE-SYRTE have led me to carry out several
proof-of-principle experiments that explored new applications of frequency combs, and
this chapter will summarize the various publications that stemmed from this research.
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3.1 Direct frequency comb spectroscopy

For some spectroscopy applications, the lack of reliable and high performance cw lasers
at the required wavelength can be problematic. Furthermore, for very high resolution
spectroscopy, as that realized in an optical clock, the development of an ultra-stable
cavity stabilized laser at the required wavelength can be time consuming and costly. An
optical frequency comb phase-locked to an ultra-stable cw optical reference is spectrally
composed of a very large number of modes spanning over one octave of spectrum, each
of them having the same spectral purity and stability of the cw laser that the comb is
phase-locked to. It is therefore tempting to use the photons in one of these many modes
to directly realize the spectroscopy of the atomic (or molecular) transition that is under
consideration. The problem is that the available optical power per mode of the comb is
very small (typically in the micro-watt range, or even lower) making the detection of a
spectroscopic signal challenging.

During my stay at NIST, we have realized high resolution Direct Frequency Comb
Spectroscopy (DFCS) of two spectral absorption lines in a cold (2 mK) sample of neutral
Calcium atoms utilizing new original techniques to circumvent the low available opti-
cal power per mode. These proof-of-principle experiments have been realized with the
cold Ca atomic clock which was described briefly in chapter [l and an octave spanning
Titanium-Sapphire based frequency comb in the next door room. The comb’s light was
brought to the Ca clock experiment with a 20m long polarization maintaining single
mode optical fiber.

In a first experiment, the mode of the comb closest to the “clock transition” between
the 4s? 1Sp(m=0) and 4s4p 3P; (m=0) levels of 1°Ca is scanned through the resonance
by acting on the reference synthesizer that controls the phase-lock loop of the comb to
an ultra-stable 1068 nm fiber laser. The light of the comb is filtered around 657 nm by a
ruled grating before injection to the fiber that guides it to the Calcium clock experiment.
To compensate for the various losses in the fiber and grating, the output of the fiber
is amplified in a anti-reflection coated semiconductor diode laser (operated below the
self-lasing threshold driving current) that acts as a gain chip to provide approximately
8 times amplification to a 3 uW per mode power at 657 nm. The cold sample of atoms
is probed by this light with 100 us pulses and the resulting depletion from the ground
state is detected by the standard shelving technique. We were able to get down to a
resolution of 5.9 kHz enabling the observation of the recoil doublet of cold Ca (for which
the recoil splitting value is 23.1kHz). As the recoil doublet is a saturated absorption
feature, further improvement in resolution was limited by the low percentage of atoms
that are, at such high resolution, within the resonant velocity class. For a 2mK sample
of atoms, the Doppler width is about 3 MHz. Hence, at 5.9 kHz resolution, only about
0.1 percent of the atoms (~6000 atoms) participate in the spectroscopic feature

In a second experiment, although the implementation is quite similar, we changed
completely the semi-conductor amplification regime by setting the driving current above
the self-lasing threshold. In such regime, the effect of the input comb mode is that of an
injection locking, by which the free-running lasing optical frequency is forced to equate
that of the seed laser. In such regime, the phase locking bandwidth (and the capture
range) is proportional to the seed optical power. For such low optical power (about
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400nW per mode), the injection range is small, and actually smaller than the 1 GHz
spacing between two consecutive modes of the comb. As a result, a single mode of
the comb is preferably amplified by the injection locked semiconductor laser, leading to
optical power as large as 800 uW at resonance with the Ca clock transition. The amplified
power was experimentally asserted by measuring the power broadening of the transition
line spectroscopy. For such power, it is feasible to realize Ramsey-Bordé interferometry,
which allows high resolution spectroscopy with a participation of a substantial portion of
the thermal distribution. In practice, ~3 percent of the atoms are used in the Ramsey-
Bordé interferometer, leading to a signal to noise ratio of the fringes of the order of 4
after 150 ms averaging for a resolution of 1.2 kHz.
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Figure 3.1: Time-resolved optical Ramsey-Bordé fringes for pulse lengths of 7 us, sep-
arated by 203 us. Each point in the plot is the result of 150 ms of averaging. On the
vertical axis, 1 mV corresponds to 600 atoms.

These techniques could be used for high-resolution absolute measurement of the line
center because the weak dipole coupling of the clock transition yields a negligible ac
Stark shift due to other comb components. Even for the unlikely case of a completely
asymmetric distribution of comb lines with equal amplitudes, we estimate this shift to be
<1 mHz. These proof-of-principle experiments were reported in Physical Review Letters
[73].

In a third experiment, we used the standard 657 nm clock high-finesse diode lasers
to pump the atoms in the 4sdp 3P; state from which we excited the metastable atoms
to the 4s5s 3S; state thanks to direct frequency comb spectroscopy using a single tooth
of the optical frequency comb (filtered by a grating around 612nm). The resonance was
detected by its effect on the depletion of the ground state (4s? 'Sg) while cycling the
experiment continuously. Indeed, the atoms pumped in the 4s5s 3S; state are “lost” and
cannot be re-captured in the next cycle, contrary to the majority of atoms in the 4s% 'S,
(ground) state or those in the 4s4p 3P; which decay back to the ground state in a few
milli-seconds after excitation. To reach the required level of sensitivity in the detection,
we used a combination of an optical chopper on the comb beam and a lock-in amplifier
to realize a lock-in detection scheme at 10 Hz. The modulation frequency was chosen to
be sufficiently slow so that the 612nm light leak mechanism would yield the necessary
depletion of the steady-state number of atoms, while still providing sufficient suppression
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of low-frequency noise. This experiment led to a determination of the absolute frequency
of the 3P;-3S; optical transition with an accuracy of 56kHz, nearly three orders of
magnitude better than previously reported. In a fourth experiment, we realized the
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Figure 3.2: Low-lying energy levels of Ca. The 423 nm transition is used for laser cooling
(and atom number detection). The 657 nm transition is the clock transition.

direct frequency comb spectroscopy of the 4sdp 3Py - 4sbs 3S; transition at 616 nm.
Probing this excited transition was possible due to some specificities of the experimental
apparatus. The cooling transition for neutral Ca atoms is the 4s% 'Sy to 4sdp 'P; at
423nm. From the 4s4p 'P; state, the atoms have a small (=~10~°) probability to decay in
the 4s3d 'D, state, from which they further decay predominantly into the 4s4p 3P states.
Atoms that decay to the 3Py state can be magnetically trapped in the magnetic-field
gradient due to the magneto-optical trap coils. By ex-citing these atoms on the 4s4p 3P,
to 4sbs 3S; transition at 616 nm we were able to create a re-pumping mechanism that
increases the number of atoms in the ground state, as some of the atoms decay from the
351 state to the 3 P1 state and then back to the ground state. The same lock-in scheme,
with chopping the optical frequency comb beam at 10Hz, allows observation of this small
re-pumping mechanism effect, leading to an absolute measurement of the 4sdp 3P - 4s5s
38, transition at 616 nm with an accuracy of 9 MHz, a 50 times improvement over the
previously reported value. These last two experiments were reported in Physical Review
A [74].

The four DFCS experiments reported here represent interesting examples of tech-
niques that can be implemented to allow probing an atomic transition in a sample of
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cold atoms with a single tooth of the frequency comb, despite the low optical power
available in the said tooth. With such methods, the large spectrum covered by the
optical frequency comb demonstrates its full potential in enabling, the probing of any
atomic transition within its spectrum, typically covering a full octave in the visible to
near infrared range.

3.2 Multiple frequencies optical network over 100’s of me-
ters and 100’s of Tera-Herz

While at NIST, I took part in an other proof-of-principle experiment involving optical
frequency combs and ultra-stable lasers that demonstrated coherent transfer of optical
spectral purity and stability across different locations and at various optical frequencies.
This experiment was involving two optical frequency combs, one based on Ti:Sapphire
femtosecond laser (covering a spectrum from ~550nm to ~1200nm), the other on Er-
doped fibre laser (covering a spectrum from ~1000 nm to ~2000nm), and 4 ultra-stable
cw lasers (operating at 657 nm, 767 nm, 1126 nm and 1535nm). We demonstrated full
coherence of optical frequency transfer across buildings (over a few 100s of meters of
fibre-optics) and across the various wavelengths at stake in the network. Such a complex
network, involving many different experiments and laser technologies is an important
step toward a complex integrated system at the scale of a metrology institute. As the
development of ultra-stable lasers are increasingly expensive and time consuming as
time passes by and the required performance increases, developing in such institution
the capability of distributing one or more references among different experiments that
may require its high spectral purity (although at a different wavelength and relatively
remote location) will become more and more important in the future.

These first experiments at NIST demonstrated a coherent phase link between optical
frequencies in different locations with an excess degradation in stability as low as 6.7 x
107 at one second integrating time, with an accuracy budget at the 5.3 x 107 level
reached after 5 hours of data accumulation (obtained in different runs). These results
were reported in Nature Photonics [[75].

3.3 Transfer of spectral purity between wavelengths at the
10718 level

Furthering the line of research discussed in the previous section, we recently realized
at LNE-SYRTE an experiment demonstrating the actual transfer of spectral purity
from a master laser at 1062nm to a slave laser at 1542nm via a fiber-based optical
frequency comb. The master laser exibits a stability at 1s of 4.5 x 10716 (independently
characterized). The slave laser by itself has a 1s stability of a few 107! which, after
applying our spectral purity transfer technique becomes equal to that of the master laser
(as was independently demonstrated with the help of an extra high quality reference laser
at 1542nm). The setup is depicted in figure

The level of degradation in the spectral purity transfer was experimentally demon-
strated (by differential measurement involving two quasi identical frequency comb-based
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Figure 3.3: Experimental setup. AOM: acousto-optic modulator; EDFA: Erbium-doped
fiber amplifier; HNLF: highly non-linear fiber; Synth: radio-frequency synthesizer. This
setup is used for transferring the spectral purity from the master laser at 1062 nm
wavelength to the slave laser at 1542 nm wavelength with a heterodyne phase-locking
technique. To demonstrate the stability improvement, the resulting oscillator is charac-
terized against the 1542 nm reference laser with a phase noise analyzer. To characterize
the limit of the system, we compare two such comb-based systems and compare their
results with the phase noise analyzer, with a setup illustrated by the dashed lines.

spectral purity transfer systems and one single pair of master/slave lasers) to be equal
to 3 x 107! at 1s, reaching a stability of 2 x 10720 at 1000s integrating time [@,CE]
This is a factor 20 to 100 lower in stability than the best previously reported results
[@, @, @, @, @] Very importantly, this level is more than an order of magnitude
lower than the best ultra-stable laser demonstrated to-date [@] and compatible with the
requirements for operating the current optical lattice clocks at the quantum projection
noise limit.

To achieve this level of performance, it was necessary to realize the various phase
comparisons of the comb teeth with the cw lasers, as well as the comb’s self-referencing
at the output of a single branch , i.e. after a single Erbium-doped fiber amplifier (EDFA)
and highly non linear fiber (HNLF). As a matter of fact, when comparing the optical
phases obtained from different EDFA4+HNLF branches, the extra differential noise in-
between branches can typically limit the stability at 1s near the 1 x 1076 level. The
inconvenient is that, without a proper optimization of a branch specifically designed for
obtaining one large “good” beat-note signal at a given optical frequency, it is highly
unlikely to get good signal to noise ratios (SNR) of the various RF signals. Indeed,
we typically obtain SNRs of at best 10dB in 1 MHz bandwidth for beat-note signals
with cw lasers at 1062nm and 1542 nm obtained from the fy measuring branch of or
Er-doped fiber based optical frequency combs. The multi-frequency phase comparison
system make use of the “transfer oscillator technique” [82, 83] where the RF beat-note
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signals to compare are digitally divided each by a specific scaling factor that allows
direct comparison of the output phases. The digital frequency divisions are realized
with DDSs for which clock signals are the RF signals to divide and programed in a way
to make the output frequencies equal to that of the clocks divided by a fixed factor
specific for each beat-note. Such systems require clean (high SNR) clock signals to
operate, which seems incompatible with our application. However, by operating the
comb in the narrow linewidth regime, the RF beat-note signals have line-width of a few
Hertz at most (depending on the quality of the cw lasers to compare and of the cw laser
on which the comb is phase-locked to). This allows narrow-band filtering of the RF
signal to “clean” them, up to a level sufficient to drive the clock inputs of the frequency
dividing DDSs. As a minimal ~30dB SNR is required for driving digital electronics,
by filtering the RF beat-note signals in tracking oscillator filters with bandwidths about
2-10kHz, sufficient quality DDS clocking signals are therefore recovered. This essential
step is only possible due to the narrow linewidths of the beat-notes as otherwise such
narrow bandpass filtering wouldn’t be possible.
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Figure 3.4: Frequency stability limit (modified Allan deviation) of the spectral purity
transfer setup obtained by differential measurement between two identical setups, as-
suming uncorrelated systems. Green: typical result obtained in a multi-branch configu-
ration. Blue: result obtained in the phase noise canceling transfer oscillator technique
configuration. KError bars, when invisible, are smaller than the graphical size of the
markers.

The advantage of using a single branch to generate fy and the different beat-note
signals between the comb’s teeth and the cw lasers, combined with the “transfer oscillator
technique” is that all excess spectral phase fluctuations that may appear in, either the
femtosecond laser itself or the EDFA+HNLF system, and that scale up to linear order
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with the optical frequency are common mode and therefore rejected from the phase
comparison.

This technique and its demonstrated lower limit are readily applicable to transfer the
spectral purity between lasers in the 1 pm-2 pym spectral range where self-referenced Er-
doped fiber based optical frequency combs have a non-negligible output optical power.
With proper use of second harmonic generation, extension to the visible and near-UV
domain is also possible. The bandwidth over which the master laser’s phase noise is
copied onto that of the slave laser is solely limited by the lowest of the ensemble of
tracking filter bandwidths, which are themselves set by the RF beat-note signals de-
tection SNRs. In the example that we realized, we transfered the spectral purity of a
1062 nm laser to a 1542 nm laser that is also used to lock the comb with large feedback
bandwidth and set it in the narrow linewidth regime. Note that the slave laser doesn’t
necessarily have to be the one used for prestabilizing the comb, nor to be operating at a
wavelength compatible with large SNR (and hence large feed-back bandwidth) with the
comb. However, in this case, as the comb itself is also locked to the slave laser, when
the setup is running, the transfer of spectral purity applies both to the slave laser and
the frequency comb itself. This could have useful applications, for example with low
phase noise microwave generation by photodetection of the femtosecond laser’s pulse
train (which is the subject of chapter E) Indeed, in this particular application, the
lowest absolute phase noise generation reported close to the carrier is still limited by the
spectral purity of the cw laser to which the comb is phase-locked [62]. Transferring the
spectral purity of an excellent quality master laser operating at a wavelength different
than the one required for large feed-back bandwidth phase-locking of the comb would
therefore improve the cw reference, and hence the microwave phase noise (close to the
carrier).

The most straightforward application that we will be targeting in the near future
is to transfer the spectral purity of an excellent quality cw laser to the wavelength of
the clock transitions in the Hg and Sr optical frequency standard experiment. In these
experiments, so far, the laser that realizes the spectroscopy of the clock transition is
limiting the frequency standard stability due to the so-called Dick effect [84]. Realizing
a new cw laser with a spectral purity sufficiently high so as not to impact the stability
(i.e. operating the clock at the quantum projection noise limit - QPN) is a formidable
task that has yet to be demonstrated in the metrology community. However, once this is
realized, our spectral purity transfer, with its 3 x 107!® level stability near 1s does have
now the capability to transfer it to the clock transition wavelength of the LNE-SYRTE
lattice clocks and operate them at the QPN limit.

3.4 Remote spectroscopy in the mid-IR

In the context of the long-standing collaboration between LNE-SYRTE and the Labo-
ratoire de Physique des Lasers (LPL, CNRS/Université Paris XIII Villetaneuse), some
experiments involving the optical fiber-link between the two laboratories have been car-
ried on for several years [85, 86, 87, b2, B8] transmitting a radio-frequency reference on
an optical carrier via this link. Recently, the research has turned to directly transmit-
ting the frequency of the optical carrier itself [29, 89, 90]. The optical link uses telecom
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fibers to transmit a cw ultra-stable laser at 1.5 pm wavelength over 43 km from the LNE-
SYRTE laboratory to the LPL, with noise-compensation phase lock loops to reduce the
effect of perturbations that arise along the fiber.

We realized recently an experiment that involved optical frequency combs in both
laboratories, both phase-locked to the 1.5 uym optical link laser. At LNE-SYRTE the
frequency comb was used to generate a microwave signal of which the frequency was
monitored against the laboratory primary reference. At LPL the comb was used to
generate, via non-linear fiber and sum frequency mixing a coherent mid-infrared domain
signal, used to monitor the frequency of a OsOy-stabilized CO2 laser. Effectively, this
whole experiment was realizing a coherent network of various electro-magnetic signals
spanning from the RF and microwave to the mid and near infrared, and that over a
distance of 43 km.

As a proof-of-principle, an absolute MIR frequency measurement of the OsOy4 sta-
bilized CO4 laser was realized, with an accuracy of 8.4 x 107!3 dominated by the re-
producibility of the OsO4-stabilized laser. In principle, with this network, the stability
and accuracy performance of the LNE-SYRTE atomic fountain become achievable for
distant institutions connected to the LNE-SYRTE via optical link and equipped with
a state-of-the-art optical frequency combf. As was demonstrated in this experiment,
the wavelength of interest for the remote institution doesn’t have to be in the visible
range as non linear-optics combined with frequency comb can transfer the measurement
capability of the comb to the MIR range. This experiment was reported in New Journal
of Physics [19].

'The REFIMEVE+ “equipex” project, jointly managed by LNE-SYRTE and the Laboratoire de
Physique des Lasers aims at realizing a network of such optical links, using the standard RENATER
telecommunication infrastructure, connecting at the beginning a dozen of institutions throughout France
to the LNE-SYRTE optical frequency reference, with planned extensions to other European institutions
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Conclusion and perspective

When nothing is done, nothing is left undone

Lao-Tou ( ZF ), Dao De Jing ( &L ), book 48 (trans. by S. Mitchell)

I have presented here some of the research that I have worked on involving optical
frequency combs and optical frequency measurements over the last decade. This is of
course but a glimpse of a very active field in which new applications are born every year.
In the context of the optical frequency standards developed at LNE-SYRTE and other
National Metrology Institutes worldwide, the performance that we reached for optical
frequency measurement greatly exceeds the one required for the foreseeable next several
years of progress in frequency standards. Beyond this core application, the search for
new applications of self-referenced optical frequency combs has been quite successful and
full of promises for the future. I have presented several of such new applications in this
manuscript.

In the next several years, part of my research activity will be an extension of my
current work on the generation of low phase noise microwave signals with optical fre-
quency combs. In particular, working in close collaboration with two industrial partners,
one from Germany (MenloSystems GmbH, specialized in optical frequency combs) and
the other from the USA (Discovery semiconductor Inc., specialized in high performance
high speed photo-diodes), I am planning to further the performance of our systems by
studying the potentiality, in particular, of new fibre-comb technologies (solitonic regime
vs stretched pulse fiber lasers,...) and higher power handling photo-detectors. It will
also be interesting to experiment with micro-resonator-based optical frequency combs
for the generation of low-noise microwave signals with ultra-compact systems. A collab-
oration with the group of Pr. Tobias Kippenberg at the Ecole Polytechnique Fédérale
de Lausane (EPFL) has been initiated for this specific topic. A European Union based
research program (in the Eurostar framework) between MenloSystems, LNE-SYRTE
and the Laboratoire Photonique, Numérique et Nanoscience (LP2N) is currently start-
ing and formalizes these collaborations with the industry. A DARPA-funded research
program between LNE-SYRTE, LP2N, MenloSystems, Discovery Semiconductor and
EPFL is currently in the negotiation phase to further formalize (and fund) this aca-
demic/industry collaborative project for the next 2 to 5 years (depending on progress).

In the absolute frequency measurement part of my research work LNE-SYRTE, which
is an essential part of the development of optical clocks, a strong emphasis will be
put in the next few years on automatizing the measurement process and render it as
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maintenance-free as possible. Although mostly technological, this aspect of research
is essential in the context of a National Metrology Institute like LNE-SYRTE. Indeed,
such institution has a strong requirement to, progressively, go beyond the “proof-of-
principle” and “demonstration of pure performance” experiments and make its state-of-
the-art developments available to the operational-level tasks of the laboratory. Fundings
for this part of my work are and will mainly be provided by the LNE, the ANR (LIOM)
and the Refimeve+ Equipex.

In parallel and in synergy with my optical frequency comb activity, I have recently
started a new research project aiming at producing ultra-stable cw lasers of a new
generation. This project needs to be contextualized to the current state of research in
optical frequency standards. In these frequency standards, a narrow (highly forbidden)
optical transition in cold atoms is probed with a cw laser whose frequency is maintained
at resonance via a locking scheme. The most fundamental limitation of atomic clocks in
term of short term stability is set by the quantum projection noise limit (QPNL) which,
very schematically, gives a stability which, for an ideal probe laser, is proportional
to atomic transition linewidth divided by the square root of the number of probed
atoms. Unfortunately, for non-ideal cw probe lasers, the overall performance of the
frequency standards is degraded. The current state-of-the-art probe lasers are based on
ultra-high finesse Fabry-Pérot cavity in highly controlled environments. These systems
nowadays reach their own fundamental limits (at a few 10710 short term stability), set
by the thermal agitation of their composing atoms at room temperature. The stability
corresponding to this limit is not sufficient to allow the neutral atoms lattice optical
frequency standards developed worldwide to reach their fundamental quantum projection
noise limit. Four possibilities are currently explored in the optical frequency metrology
worldwide community to circumvent this limitation.

The first is to develop longer and larger high finesse Fabry-Perot cavities, with opti-
mized high-reflection coatings, as the thermal noise agitation effects are averaged over
the size of the cavity and therefore reduced for larger devices. A development in this
direction is currently underway in the optical frequency group at LNE-SYRTE, led by
another permanent member of the group.

A second possibility is to set the whole Fabry-Perot cavity device at cryogenic tem-
perature [44]. As the temperature is lowered, the thermal agitation of the atoms is
reduced, which, in turn, decreases the thermal fluctuations of the length of the cavity.
At LNE-SYRTE, a collaboration with the team of Pr. Kersalé at FEMTO-ST institute
(Besangon) is being developed in this direction, where my contribution will focus on the
application to optical frequency standards wvia optical frequency combs.

A third possibility, currently explored at room temperature but which could be
adapted to cryogenic temperatures in parallel to the previously discussed route, is to use
crystalline ultra-high reflection coatings [91]. As a matter of facts, at room temperature,
a study of the various sources of thermal noise for an ultra-stable high finesse Fabry-
Perot cavity shows that the dominant effect comes from the high reflection coatings
themselves. This comes from the fact that the thin layer materials in use for standard
high reflection coatings are not chosen normally for their very high mechanical quality
factor and there small size doesn’t allow for large averaging of the thermally-induced
atomic mechanical vibrations. The use of special dielectric coating realized with crys-
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talline materials (which therefore require special fabrication and deposition techniques)
therefore permits reducing this contribution by several orders of magnitude. These
special coatings are now in the process of becoming commercially available.

The fourth possibility is the one in which I am starting a new research program at
LNE-SYRTE, with main fundings, so far, from the LNE, a CNRS/PSL* PEPS, the Ville
de Paris (Emergences program), the Région Ile-de-France (DIM nano-K), the FIRST-TF
Labex, the Observatoire de Paris and the Humboldt foundation. It consists in changing
paradigm and, rather than stabilizing a laser to a macroscopic Fabry-Perot cavity, sta-
bilizes it to a narrow spectral structure realized in a few mm 3 rare-earth doped crystals
(REDC) at cryogenic temperature. Such structures can be realized by spectral hole
burning (a few hundred Hz linewidth has been obtained in Eu3+:Y2SiO5 crystals near
4K). As the crystal is small (much smaller than a Fabry-Perot cavity in particular), it
is comparatively easy to cool it down to a few Kelvin and keep it in a very low per-
turbation environment (in term of temperature, pressure and vibrations in particular).
Preliminary experiments realized at NIST (Boulder USA) have demonstrated a stability
of such a laser at 6 x 10716 at 2s, comparable to the best Fabry-Perot stabilized lasers,
with much room for improvements [92].

These new systems have a large potentiality for extremely high short term stabil-
ity cw laser realization, as the spectral reference is operating at cryogenic temperature
and therefore is expected to have very low thermal-agitation-induced limit. However,
strong challenges will have to be overcome to realize the full potential of these systems.
Among them the sensitivity to (dynamic) external perturbations on the crystalline ma-
trix is one of the most important ones to assess and control. My work (and that of
co-workers at LNE-SYRTE, including 1 post-doc and 1 PhD student both full time on
the project under my supervision) on this topic will be realized in collaboration with
the team led by Dr. Philipe Goldner at Laboratoire de Chimie de la Matiere Condensée
de Paris (LCMCP) for the chemistry of solid and crystal growth, the team led by Dr.
Thierry Chaneliere and Dr. Jean-Louis Legouét at Laboratoire Aimé Cotton (LAC)
for the physics and spectroscopy of spectral hole burning structures, and the team led
by Dr. Vincent Giordano and Pr. Yann Kersalé at FEMTO-ST for the realization of
extremely low perturbation cryogenic environments. Promising routes to explore are,
in particular: the use of isotopically pure doping of samples, which may decrease the
homogeneous linewidth achievable; high symmetry matrices which may exhibit lower
sensitivity to pressure and residual acceleration (forces); and development of novel spec-
troscopic methods to use the maximum number of rare-earth ions in the probing, thereby
increasing signal-to-noise ratio and lowering the shot-noise limit on short term stability.

As the laser that we will be developing will be complex and intrinsically wavelength
specific, an important aspect of my future work will be to develop techniques to transfer
the spectral purity that will be achieved by such technique at one given wavelength
to the other wavelengths of metrological interest via an optical frequency comb. As
an example (and first foreseen realization), we will realize the spectral purity transfer
between a Eu3+:Y2Si05 stabilized laser at 580 nm and a 698 nm laser used to probe the
clock transition of neutral Strontium atoms (one of the lattice atomic clocks developed
at LNE-SYRTE). Currently, 1 post-doc is working full time on this project under my
supervision. This will allow to use the quality of the rare earth doped crystal (REDC)
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stabilized laser to actual improvement of the performance of an existing optical clock.
The long term goal will be, of course, to reach the QPNL for the optical lattice clocks
developed at LNE-SYRTE thanks to the REDC stabilized laser technology. Realizing
this spectral purity transfer without degradation at the 1077 level in a robust and
reliable way is a challenge that we have already started to address (see part @ of
this manuscript). Extending this technique to other wavelengths, including some which
require the use of multi-branch fiber-based frequency combs will be explored. Beyond
the primary use in optical frequency metrology, and on a longer timescale, my research
activity in this field may have impact on the development of highly sensitive pressure,
force, or electric field sensors based on REDC systems, for example by realizing micro or
nano resonator systems in such materials, where externally applied strain or stress could
be detected via the frequency shift of extremely narrow linewidth spectral structures.
This may open fruitful collaboration with the nano-opto-mechanics community in the
future.
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