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Abstract

Since the beginning of civilization, humanity has had an interest in mea-
suring time. Over the years, time measurements have ranged from day
and night tracking using sundials, to pendulum clocks, to modern wrist
watches. These use quartz crystals to measure time, with the higher accu-
racy and precision made available by technological improvements. Atomic
clocks enable accurate time and position management using satellite-based
systems, such as the GPS (Global Positioning System).

Currently, optical atomic clocks are used to perform the best time measure-
ments with a relative uncertainty of 10718 and lower [1], an improvement
of 3 orders of magnitude over the microwave atomic clocks developed in

the 20th century and currently used as the definition of the SI second.

At the basis of every atomic clock stands an atomic species that possesses a
metastable clock transition allowing long interrogation times. In the clock
being developed in our lab, we use Ytterbium (Yb)-171 neutral atoms,
which can be cooled to about 10 pK to reduce their thermal velocity, as well
as to enable trapping, thereby counteracting gravity. This is accomplished
with a periodic optical potential called an optical lattice. Our aim is to
achieve a long interrogation time of a large number of atoms for measure-
ment with a small statistical uncertainty. The clock transition is 15, —3Py
at 578 nm with a spectral width of less than 10 mHz [2].

To be able to realize and measure a frequency such as a clock reference,
several technological advances are needed to occur, mainly improvements

in laser technology which enable very narrow-linewidth lasers, and the
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optical frequency comb allowing the transfer of the stability of the high
frequency clock transition (~500 THz) to a low-frequency comb param-
eters [in the radio frequency (RF) spectrum] manageable by electronics.
The frequency comb granted its inventors, John L.Hall and Theodor W.
Haénsch, the 2005 Nobel prize [3].

These properties of optical atomic clocks make them the best measuring
devices available for metrology, and even to experimentally explore theo-
retical predictions of General Relativity [4, 5] and the foundations of Quan-
tum Mechanics [6, 7].

In this thesis, I provide a detailed description of the work that I have done
on the 1Yb clock. Specifically, I contributed to the design and construc-
tion of the clock laser and cavity optical systems (see Fig. 3.4 and 3.3 ), the
operation and locking of the clock laser and frequency comb, the imple-
mentation of the mini-link fiber stabilization, and the design and applica-
tion of the frequency dissemination system (see Fig. 3.13).
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1 Introduction - Optical Lattice Clock

1.1 Time and Frequency Measurements

Time measurements have evolved enormously throughout history. Early
humans relied on astronomical phenomena, such as the movement of the
sun and the changing seasons, to gauge time. Sundials were among the
tirst tools to measure time more accurately. The invention of mechanical
clocks in the Middle Ages marked a significant advancement, enabling
more precise timekeeping and fostering the growth of trade and industry.
The pendulum clock, developed in the 17th century, further refined the
accuracy of time. The 20th century brought about the the first electronic
clocks, based on the frequency of a quartz oscillator, which uses vibrations
of quartz crystals to measure time with higher precision and smaller size.
The invention of atomic clocks that measure the microwave radiation fre-
quency required to excite energy levels in atoms was the next step towards
more accurate timekeeping. Such a microwave transition of the Cs atom
has been used since 1967 as the definition of the International System of
Units (SI) second.

The setup of every atomic clock contains a local oscillator that drives a
population change of the atomic energy levels using a narrow atomic tran-
sition. The population change is measured to produce a correction signal
to lock the local oscillator frequency, thus achieving a stable frequency ref-
erence. In the past, the transitions used by the first atomic clocks were

the microwave frequency of the ground-state hyperfine splitting of alkali



CHAPTER 1. INTRODUCTION - OPTICAL LATTICE CLOCK

metals. Currently, Cs fountain clocks are at the pinnacle of accuracy for
microwave atomic clocks, with a fractional uncertainty of 10~ 1 and lower
[8].

The optical lattice clock (OLC), based on neutral atoms, is one of the main
candidates (among other optical atomic clocks such as ion clocks) to lead
the next stage of development in the field of precise time measurement and
timekeeping. OLCs are projected to play a major role in the redefinition of
the SI second with optical frequencies [9, 10].

The quality of a clock (or frequency standard) is determined by two main
parameters: firstly, its systematic uncertainty or accuracy; the possible de-
viation of the measured frequency from the known unperturbed value.
Systematic uncertainty is determined by experimental factors such as atomic
level shifts caused by black body radiation (BBR) originating in the env-
iorment [11] and by the light from the optical lattice holding the atoms
[12]. Secondly, stability, that is, the statistical precision of the clock fre-
quency measurements. The statistical instability is usually measured by
Allen deviation (ADEV) - ¢(7) (named after D.W. Allen [13]). The ADEV
is a mathematical tool that quantifies the correlation between consecutive
measurement intervals 7. The Allen variance (the square of the ADEV) is
given by [14]:

M—1
(Fis1 — 7:)%, (1.1)
-1

1

o(r) = 2(M1— 1)

where 7; is the average value of the i-th fractional frequency values out
of M values taken during the measurement interval 7. When using a fre-
quency reference to stabilize the standard, such as a narrow atomic transi-
tion, the total stability can be estimated by [15, 16]:

11 [T
0(T) @S/—N\E, (1.2)

where Q = v/Av is the quality factor of the atomic clock that depends on
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the measurement technology used (for example, in a microwave fountain
clock, using Ramsey interrogation, Av is 1/ Tramsey [17]), S/N is the signal-
to-noise ratio of the measurement and T is the single measurement cycle
time. Under optimal conditions, the lower limit for the S/N is quantum
projection noise (QPN) [18, 19] also known as the ”"Standard Quantum
Limit” of:

S/N =V Natom/ (1-3)

where Nyt is the number of atoms in the interrogated population. For
example, a state-of-the-art 133Cs beam clock with v = 9,192,263,770 Hz,
a narrow linewidth of 1 Hz and a population of 10° atoms, can reach an
ADEYV in the range of 10713 after only 1 s averaging time [20], where a
typical single measurement cycle time is on the order of 1 s.

1.2 Optical Atomic Clocks

The simplest way to achieve a clock with better stability, according to Eq.
1.2, is to improve the quality factor, for example by using higher frequen-
cies without sacrificing the transition linewidth. Using optical instead of
microwave frequencies as clock transitions gives a potential for five or-
ders of magnitude improvement. Dipole-forbidden electronic transitions
in the optical domain have very narrow linewidths, making them suitable
for use as clock transitions. To realize the full potential, the rest of the pa-
rameters that affect instability need to be improved to the level of Cs foun-
tain clocks, such as the number of interrogated atoms (a few thousands for
OLCs).

All optical clocks share the same basic principles of operation. The local
oscillator of the clock is established by frequency locking a laser to a high-
finesse cavity, achieving short-term stability of the laser [21]. Simultane-
ously, the stable laser is used to probe the atomic population under test,
creating a long-term frequency reference by tuning the laser frequency to

the interrogated narrow atomic resonance.
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Fig. 1.1 shows the stability values of microwave and optical references
achieved over the last three decades. Rapid improvements in optical clocks
has been enabled by the development of atom manipulation technologies
such as laser cooling and trapping, and by the invention of the optical

frequency comb.
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Figure 1.1: Progress in the long-range fractional uncertainty achieved by atomic clocks
[22]. While Cs fountain microwave clocks have steadily improved since their emergence,
the invention of the frequency comb enabled optical standards like the trapped ion and
OLGs to take the lead as the best frequency standards with a fractional uncertainty of
~ 10718 and lower [23].

There are two main realizations of optical atomic clocks: charged ion clocks
and neutral-atom OLCs. Work is also being done towards the realization
of a nuclear optical clock using a thoriom-229 nuclei [24], with promising
potential, but such a clock has not yet been built. Additionally, several
groups are developing optical clocks using diatomic molecules of iodine
[25] and strontium [26]. Another “exotic” optical clock is being developed

using a continuous-wave atom laser [27].

Optical ion clocks are usually based on a single ion trapped and cooled
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by electric fields (both static and oscillating) and laser radiation, respec-
tively. Neutral atoms cannot be trapped by electric fields. To overcome
this obstacle, the technique of optical dipole trapping [28] is being used
in the form of an optical lattice (a spatially periodic dipole trap), with the
added benefit of trapping and interrogating a large number of atoms si-
multaneously. Both approaches enable long interrogation times for the
atomic species under test to allow high-precision spectroscopy. While ion
clocks are realized with a simpler system, this comes at the cost of a few
orders of magnitude lower signal-to-noise ratio due to the population size

compared with OLCs.
We in the BGU Atom-Chip Group are working on a 'Yb OLC for fu-

ture contributions to international frequency comparisons as well as for
developing the potential for an independent and robust optical frequency
standard local to Israel.

The 71Yb OLC is a very complex system consisting of several different
lasers (for cooling, trapping, and interrogation of the atoms), as well as
the frequency comb and an ultra-stable optical cavity. For a detailed ex-

planation of the system, see Sec. 2.1.

1.3 Comparisons and Dissemination of Optical

Frequency Standards

As the technology of optical frequency standards enabled improvement
beyond the SI level - the accuracy of the definition of the second, a prob-
lem arose in determining the accuracy of optical clocks. One may ask: how
can I know how accurate my clock is if it is more accurate than the current
standard? The answer is to compare it with a clock showing similar capa-
bilities. Comparisons can be made in the same lab with two independent
clocks with identical or different atomic species, or with remote clocks via
free-space or optical fiber links [29].
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1.3.1 Various Optical Frequency Standards

Ytterbium (Yb)-171 OLCs were first developed in the USA in 2009 [30].
Recently, a group at NIST constructed a shallow lattice apparatus with the
potential to achieve fractional uncertainty beyond the 1018 level [12]. At
INRIM in Italy, continuous operation of a Yb clock with sub-nanosecond
capabilities was recently reported [31]. In Asia such clocks operate in
Japan [32], China [33], and Korea [34]. Other neutral-atoms OLCs have
been developed with 87Gr [11, 35]. A recent publication from JILA demon-
strates a clock with stability of 8 x 10719 [23]. Other OLCs have been de-
veloped using 199Hg [36, 37] and 1°°Cd [38].

In Israel, a 8Sr" single ion optical clock is being developed at the Weiz-
mann Institute. Other Sr™ clocks have been developed in Germany [39]
and Canada [40] with fractional uncertainty on the order of 10~17. Various
additional ionic species have been used for ion clocks, such as Yb™ [41],
Hg™ [42], Ca™ [43]; Al" has been used for an ion clock with systematic
uncertainty of 9.4 x 10~!% and a frequency stability of 1.2 x 1071°//7 has
been reported [44].

Currently, the dominant limiting factor in the absolute frequency mea-
surement of the clock transitions of optical references is the inaccuracy
of the definition of the SI second [45]. This raises interest in frequency
ratio measurements between different atomic references. Together, three
independent ratio measurements should satisfy the following loop closure
relationship:

EX%XE:L (1.4)
vy Ve g
where v; (i = a,b,c) are individual clock frequencies. Full loop closures
have been demonstrated for 71Yb/%7Sr/1%Hg up to 1071¢ [46], and for
171Yb /87Sr /27 Al+ up to 10719 [29].
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1.3.2 Dissemination

The most common method used to distribute the optical clock signal is a
long-distance optical fiber link. Usually, an existing communication fiber
is used as the conduit for accurate frequency transfer between remote lo-

cations without the need for additional infrastructure.

Figure 1.2: The communications fiber network connecting Israel’s main universities [47].
The red dashed line represents two international links to the European GEANT network
and through these to the American research network Internet2.

In Europe a vast network of fiber links has been established between most
metrology institutes; in Switzerland, for example, connecting Bern, Basel
and Zurich [48]; in Italy a 1739 km network spanning from Turin (INRIM)
in the north to Matera in the south [49]; in France, from Paris to Lille (225

7
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km) and Strasbourg (705 km) [50]; and in Germany, from Hanover to Mu-
nich for a total of 930 km [51]. International networks are also in use; for
example, from Turin to Paris [52] and between Braunschweig (PTB), Paris
(SYRTE) and London (NPL), for a total of 2220 km [53].

Fig. 1.2 presents the layout of the fiber communication network connect-
ing the main universities in Israel. Each institute is connected to the two
central hubs, one in Tel Aviv and another in Petah Tikva. We plan to use
the BGU-Tel Aviv-Weizmann link to compare our clock with the Weiz-
mann 8Sr* ion clock.



2 Background

2.1 Yb Optical Atomic Clock

Ytterbium is an element from the lanthanide series of the periodic table
with the atomic number 70. The 71Yb fermionic isotope is commonly cho-
sen for OLCs because of its useful properties. Fermions are preferable to
bosons to reduce the number of atoms at the same lattice site (only one
in the case of a 3D lattice [54]), thereby minimizing the frequency shift
caused by collisions. The 71Yb fermionic isotope has a narrow transition
(<10 mHz [2]) in the optical domain (578 nm), suitable as a clock transi-
tion. Furthermore, 171YDb clocks benefit from the structure of accessible en-
ergy levels in the visible and near-infrared (NIR) spectral regions (see Fig.
2.1) to perform primary and secondary cooling. In addition, the 1Sy —3Pg
clock transition exhibits a “magic wavelength” (759 nm) that allows the
use of an optical lattice with a minimal AC Stark shift (see Sec. 2.1.3). Last,
studies have shown that Yb clocks are relatively less sensitive to ambient
temperature variations in terms of BBR compared to other atomic refer-

ences [55].
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21.1 Energy Levels

The 71Yb clock transition! (yellow arrow in Fig. 2.1) between the ground-
level singlet state 1S, and the excited triplet Py state is a forbidden tran-
sition?, in terms of both spin (AS # 0) and dipole (] = 0 + J' = 0) se-
lection rules [16]. Ytterbium-171 possesses the smallest possible non-zero
nuclear spin I = 1/2, splitting the ground and exited states to two sub-
states mp = +1/2 in an external magnetic field through the Zeeman effect.
Theoretical studies have shown that introducing external fields increases
the transition strengths without significant perturbations to the clock fre-
quency [56]. Thus, having the lowest (non-zero) nuclear spin is beneficial
for accurate optical spectroscopy while having a relatively simple level
structure of only two substates per level, compared to nine for %Sr, for
example [11].

The clock transition (578 nm) has the special attribute of a possible magic
wavelength (A,4ic in Fig. 2.1) for trapping in an optical lattice, where the
Stark effect shifts due to external electric fields at that frequency are equal
for the ground state and the excited state, thus providing the ability to trap
the atoms with minimal effect of the Stark shift on the clock frequency (see
Sec. 2.1.3).

The other transitions presented are used for the preparation of the atoms.
The 'Sy —!P; transition (blue arrow in Fig. 2.1) at 399 nm is used for the
initial stages of cooling (Zeeman slower and 2D MOT) and in the detection
stage. Its wide linewidth of 29 MHz contributes to the high capture range
of the 2D MOT (see the following section). The 15, =3P, (green in Fig.
2.1) narrower transition at 556 nm with 182 kHz linewidth is used for the
second-stage cooling, namely 3D MOT and spin polarization of the atomic
population. To repump the population during the cooling and detection

IReaders familiar with the energy levels of alkali metals will notice the lack of hyper-
fine splitting of the clock transition levels due to zero total angular momentum.

The spectroscopic notation used in this text as follows: »T1L;, where 25 + 1 is the
number of spin states, L is the state orbital angular momentum quantum number and
J = L + s is the total angular momentum quantum number.

10
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Figure 2.1: The relevant energy levels for 171y}, including the Zeeman splitting of the
clock transition 1Sy —3P at 578 nm (yellow). The strong transition 15y —1P; at 399 nm
(blue) is used for the first-stage laser cooling [Zeeman slower and 2D magneto-optical
trap (MOT)] and for detection of the atoms. The 'Sy —>P; transition at 556 nm (green) is
used for second-stage cooling (3D MOT) and spin polarization. To repump the popula-
tion back to the ground level, the fast decaying 3Py —3D level at 1389 nm (red) is used.
The magic frequency of the clock transition 759 nm (black) is used to create the optical
lattice trapping potential [2].

stages, the 3Py —3D; transition at 1389 nm is used (red in Fig. 2.1).

2.1.2 Cooling Scheme

The setup of the complete cooling system is described in detail in [57].
First, the Yb source is heated inside an oven to ~ 700 K to produce a suf-
ficiently high vapor pressure (~ 7 x 10~* Torr). Steel capillaries collimate
the atomic flux from the oven to the center of the 2D MOT chamber. The
hot atomic beam is then slowed by a Zeeman slower configuration [58], as
explained below.

11
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The hot atomic flux is illuminated by a 399 nm laser beam to slow the
atoms on the way to the 2D MOT chamber. Using red-detuned light causes
absorption of the counter-propagating photons (each with momentum 7k)
and creates a maximal deceleration of a,,;,y, = hkI'/2m, the factor of 1/2
comes from the fact that half of the photons are emitted against the direc-
tion of the atomic beam, thus counteracting the deceleration. As the atoms
slow down, the Doppler shift from resonance is reduced and the atoms
go out of resonance with the illuminating beam. To compensate for this
problem, a variable magnetic field operates along the atomic beam path
to maintain the resonance between the slowed atoms and the red-shifted
laser beam. The Zeeman slower tube in our system is designed to slow the
atoms to a final velocity of 30 m/s at the center of the 2D MOT chamber

from initial velocities of ~ 350 m/s [57].

Next, a 2D MOT is applied to further cool the atoms to ~ 700 pK (in the
two dimensions involved). The 2D MOT is realized by two sets of red-
detuned counter-propagating laser beams with orthogonal circular polar-
izations (0,0~ in the laboratory frame). Two sets of anti-Helmholtz coils
generate the required magnetic field configuration: zero magnetic field
along one axis (z) and a linear gradient along the remaining axes (x,y).
The spatially dependent magnetic field causes the Zeeman splitting of the
excited level into three sub-levels (m; = 0,41). The polarization of the
laser beams provides compliance with the selection rules, creating recoil
for atoms propagating away from the center. The one-dimensional atomic
beam is then pushed through a differential pumping tube to the lattice

chamber using a pushing laser beam.

This intermediate cooling stage is important for two reasons: firstly, it
reduces the background gas in the main science chamber and thereby
lengthens the lattice lifetime; secondly, it eliminates the high BBR uncer-
tainty caused by a “hot spot” from the oven, when directly viewed from
the direction of the detection. In the lattice chamber, the atoms are loaded
into a 3D MOT (at 556 nm) that cools the atoms to the 10 pK temperature
range. After these two stages of cooling, the atoms are cold enough to be

12
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loaded into our optical lattice potential.

2.1.3 Magic Frequency

An optical lattice potential is a spatially periodic light intensity pattern
caused by a standing wave formed by two counter-propagating laser beams
or a cavity. The interaction of the induced dipole of the atoms with the
oscillating electric field creates the potential suitable for an optical trap.
Neutral atoms in the presence of laser light with intensity I and frequency

w experience the following dipole force [28]:

F=_—ua;(w)VI, 2.1)

where ¢ is the vacuum permittivity, c is the speed of light, and «; is the
real part of the induced polarizability, which depends on the detuning of
the laser frequency relative to a resonance transition frequency between
two atomic levels. The force is directed toward electric-field maxima for
red-detuning and towards electric-field minima for blue-detuning. A fo-
cused laser beam can trap a large number of atoms at high densities, but
interactions and collisions between atoms will damage the clock perfor-
mance. A preferred method is to load low-density atomic samples into
an optical lattice potential created at the waist of a standing wave to max-
imize the laser intensity and phase-front stability. The small number of
atoms in each lattice site in this situation lowers the collision probability,
significantly reducing the clock uncertainty.

The standing wave forming the optical lattice induces a time- and position-
dependent AC Stark shift, perturbing the clock transition. The frequency
shift in state |i) induced by a field with amplitude Ey is given by:

1 -
Aw; = —ﬁai(w,e)Eé, (2.2)

where ¢'is the direction of the polarizability. The frequency difference be-
tween the clock states becomes [59]
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- 1 »
Weg = Weg — ﬁAaeg(w,e)Eg +O(E3), (2.3)

where Aaeg = a, — & is the difference of dipole polarizabilities. It is im-
possible to maintain a stable laser intensity to ensure this shift remains
constant over time. Thus, to cancel the time dependence of this expres-
sion, the lattice frequency must be tuned to eliminate the polarizability
difference [60, 61]. For the 71YDb clock states, tuning to a “magic wave-
length” of 759.35596 nm leads to Aa.q = 0 [62, 63]. The scalar nature of the
clock states (J=0) gives negligible dependence on the polarization of the
lattice light and the polarizability dependency on € can be dropped.

The optical lattice provides the ability to trap thousands of atoms in thou-
sands of lattice sites for prolonged periods of time, achieving a high S/N
ratio.

In addition, the atoms trapped in the lattice can be cooled by sideband
cooling. The attractive potential of a 1D lattice is given by

2
U(z,p) = —Uj cos? (?) exp{—ziz}, (2.4)

where z and p are longitudinal and radial coordinates, Uy is the depth of
the trap in the center of the Gaussian beam (p,z = 0) and py is the radius
of the beam at the waist. This potential can be approximated (at the anti-

nodes of the standing wave) as a two-dimensional harmonic oscillator:

U(z,p) ~ Uy

2mz\* 202 1 1
(%Z) 4 p_p2] = Emwgzz + Emwﬁpz, (2.5)
0

— 2 /2U,

with w, = 554/ = 2z, /2Uo

and wp = o -,

The intensity variations along the longitudinal z axis are much more sig-

where m is the mass of the atom.

nificant compared with the transverse radial direction. The resulting en-
ergy levels are as follows:
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E, = hw, <n + %) , nelN. (2.6)
Thus, the atomic wave function can be divided into two parts: the in-
ternal electronic wave function and the external vibrational part, which
describes the motion in the lattice. This gives rise to vibrational transi-
tions along with electronic ones |g,n) — |e, m) [for frequency wy + (m —
n)w;]. To realize the sideband cooling technique, a red-detuned laser
pulse resonant with the transition |g,n) — |e,n — 1) is applied. A second
repumper pulse is applied, which transfers the atoms to a fast decaying
state |[e,n — 1) — |¢/,n —1). The population will then spontaneously de-
cay to the electronic ground state without a change in the vibrational level
le,n—1) — |g,n—1). As the atoms approach the vibrational ground
state there is no excitation on the red sideband, resulting in reduced lon-
gitudinal temperatures of a few uK. After sideband cooling, the atoms are
ready to be interrogated by the clock laser (at 578 nm) and measured to
complete the measurement cycle.

2.2 Clock Laser Stabilization

2.2.1 Optical Cavity

The Fabry-Perot (FP) resonator, also known as an optical cavity, is a set of
two mirrors placed opposite to one another to form a standing wave with

a frequency that matches the resonance condition [64]:

c
v=i-m:vF5R-m,m€1N, (2.7)

where c is the speed of light, L is the length of the cavity, and vrgsy is the
free spectral range (FSR), the frequency spacing between two adjacent res-
onances (or modes). This condition arises from the interference between

beams that travel in opposite directions in the cavity. Taking into account
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that the mirrors are not perfectly reflecting, we can define the reflection
(and transmission) coefficient as the ratio between the reflected (and trans-
mitted) electric field amplitude to the incoming amplitude:

Evg -y _ Etrans. 2.8)
Einc Einc

An incoming beam will be multiplied by r (or by t) each time it is reflected
(or transmitted, respectively) from one of the mirrors, assuming both mir-
rors are the same. The total amplitude of the reflected field can be rep-
resented as a superposition of the light reflected from the cavity without
entering, and the beams reflected from the cavity after completing any

number of roundtrips, as seen in Fig. 2.2:

Eff = —Einct + Eine ), 21716259, (2.9)

m=1

where A¢p = kL = wL/c is the phase accumulated while the beam propa-
gates inside the cavity. Under the assumption of zero losses, we can apply

t> = 1 —r? to Eq. 2.9 and calculate the sum as a geometric series to get:

Efot _ ¥ (eiZAq) - 1)

ref = mEinc = R(w)Einc/ (2.10)

Calculating the reflected intensity gives the following equation:

)

Itot 4:1’2 SiI’lz(AQD) st <7TVFV5R> (2 11)

ref = 0 4 2 o 2 = 0 2 . 2 Vi .

t* 4 4r2 sin“(Ag) (5)” +sin (nﬁ>
where F is the finesse of the cavity defined as [64]:
Tr VESR

— - _ IDOR 2.12
F=0 50 (2.12)

where v is the linewidth of the resonator transmitted spectrum described

by subtracting the reflected intensity (Eq. 2.11) from the incoming inten-
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Figure 2.2: The operation principle of an optical cavity. Only light with the resonant
condition (Eq. 2.7) of the FP resonator (normal modes of the cavity) can circulate inside
the cavity and be transmitted through it, thus the cavity acts as a discrete frequency filter
as shown on the right. The spectral width of the cavity is determined by the reflectivity
of the mirrors constricting the cavity and can be expressed by the finesse parameter (Eq.
2.12) [65].

sity (assuming a no-loss cavity), and plotted in Fig. 2.2. Another interest-
ing attribute of optical resonators is their ability to temporarily store res-
onance light intensity traveling between the mirrors. If the light is turned

off the power inside the cavity will decay exponentially
I(t) = Le =, (2.13)

where T called the cavity lifetime given by [64]

_ Lz

. (2.14)

T

Thus, measuring the decay time, known as a cavity ring-down measure-
ment, can give a good estimate to the finesse of the cavity [66].

2.2.2 Pound-Drever-Hall (PDH) Technique

All lasers suffer from frequency fluctuations at different timescales that
cause the broadening of the laser frequency spectrum. In the case of a
diode laser (used in our system, see Fig. 3.2) for example, fast fluctuations

are caused by statistical processes such as electron recombination, which
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influence the refractive index and other parameters of the diode [67]. Slow
fluctuations occur as a result of external perturbations, such as vibrations
and temperature drifts. The linewidth of the laser can be reduced by the
construction of a feedback loop. This would use an electronic servo to
make corrections to the laser parameters according to the measured error
signal, which is proportional to the difference between the desired laser

frequency and the measured one.

Developed in the 1980’s the PDH technique has become a commonly used
method for locking the laser to a high-finesse optical cavity and achieving
high-frequency stabilization [68-70]. The cavity resonances are detected
by scanning the frequency of a laser and monitoring the transmission or
reflection of the beam from the cavity. This signal is positive by definition,
so it is not optimal as an error signal. The PDH technique described in
Fig. 2.3 allows us to extract the phase of the complex reflection coefficient,

which changes sign around the resonances to be used as the error signal.

The electric field of incident amplitude Ey and frequency w is phase mod-
ulated to:
Emod — Eoei[wf-i-ﬁ sin (Q)t], (215)

where f is the modulation depth and () is the modulation frequency. For
small B the expression can be expanded to 3

Epnod & Ege'“![1 4 iBsin (Q)t] = Ege'*[1 + geﬁmf - §e<—i0>f]. (2.16)
This field consists of three components: two sidebands with detuning £}
appear adjacent to the carrier frequency w. The reflected field E, from the
cavity is given by:

E, = Eo[R(w)e'* + gR(w + Q)ellwt )t _ gR(aJ —0)e/ W= (2.17)

where R(w) = % is the reflection coefficient of the cavity. The reflected

3A more rigorous approach uses the Jacobi-Anger expansion [72], with Bessel func-
tions, but the following small-angle expansion is simpler and leads to the same result.
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Figure 2.3: Description of the PDH setup: light from the laser is passed via an electro-
optical modulator (EOM) into an FP resonator. The reflected light from the resonator
is detected on a photo-diode (PD). The signal from the PD is mixed with the modula-
tion signal and filtered. The resulting error signal, shown by the black line, serves as an
input to a proportional integral derivative (PID) servo regulator, which keeps the laser
frequency locked on the FP resonance. The red line depicts the transmission intensity
of light through the cavity is presented. The frequency of the laser source is scanned to

observe the transmission of the carrier and sidebands created by the EOM modulation
[71].

power P, which is measured by a photodetector (PD), is given by:

P = |Er|* = Po| R(w)[* + Po%z[lR(w + Q) + [R(w — Q)]
+ Pop[Re{(x(w))} cos () +Im{ () (w))} sin (O#)] + O(2Q2),

(2.18)
where Py = |Ey|? is the power of the carrier, and where Re and Im denote
the real and imaginary parts of x, which is given by:

X = R(w)R*(w+ Q) — R*(w)R(w — Q). (2.19)

For a sufficiently high modulation frequency the sidebands will be totally
reflected [R(w £ Q)) ~ —1] because they are far away from the cavity

resonance, so ¥ becomes purely imaginary:
x = —2iIm{R(w)}, (2.20)
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thus, the term oscillating at cos (2) in Eq. 2.18 is cancelled, and we are left
with the sin (Q)) term oscillating proportionally to Im{R(w)}. This term
is an asymmetrical function of w — w5, the difference between the laser
frequency and the resonance of the cavity. This sign-change around the

resonance frequency allows us to use this term as the PDH error function.

The PD signal (the reflected power) is demodulated by multiplying it with
a phase-delayed version of the original modulation frequency (). The
mixer output then contains two terms, which are the sum and difference
frequencies of the two input signals, so the signal of interest can be con-
verted to a DC signal. This signal is passed through a low-pass filter to
filter out the oscillating terms and obtain the PDH error signal.

A numerical simulation of the PDH error signal (ImR(w)) for different
cavity finesse values is presented in Fig. 2.4. For this simulation the mod-
ulation frequency chosen is () = 20 MHz and the cavity FSR is 0.5 GHz.
One can observe the effect of high finesse on the slope of the function at

the locking point, allowing linewidth narrowing of the stabilized laser.
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1.00
Finesse = 2000
—— Finesse = 10000
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Figure 2.4: A simulation of the PDH error signal for different cavity finesse values. For
all cases, the cavity length was 30 cm and () = 20 MHz. As can be seen, the higher the
finesse of the cavity the sharper the fringes of the error signal. Thus, a steeper slope at the
resonance locking point and a lower signal between the lock point and () are obtained.
Inset: expanded view of the locking point, clearly showing the steeper slope achieved for
high-finesse values.
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2.2.3 Servo Bandwidth

The Proportional-Integral-Derivative (PID) controller is a control algorithm
widely used in engineering and industrial applications. It functions by cal-
culating an error signal e(t) as the difference between a desired setpoint
and the actual value of a process variable. The PID controller then uses
this error signal to generate the control output u(t) that can help minimize

the error and stabilize the system. u(t) has the form
de(t)
dt '’

where kp 1 p is the gain parameter of the proportional, integral and deriva-

u(t) = kpe(t) + ky /Ote('c)dr—i—kp 2.21)

tive term, respectively. Adjusting the weights (kp,kj, kp) of these three
terms allows the PID controller to be tuned to achieve the desired system
properties, such as stability, accuracy, and response speed. The propor-
tional term contributes to the control output in proportion to the current
error, the integral term helps to eliminate any residual error over time,
and the derivative term predicts future errors based on the current rate of

change.

The bandwidth is the range of frequencies over which the servo system
can effectively control a process. Higher bandwidth indicates that the sys-
tem can respond faster to changes in the input signal. This is particularly
important in applications where speed and accuracy are crucial, such as
laser stabilization. The total system bandwidth is composed of the con-
troller bandwidth, the sampling rate at which the controller acquires the
error signal, and the response of the system to the correction signal.

2.3 Optical Frequency Comb (OFC)

The development of OFCs revolutionized precision measurements in op-
tics and lasers, affecting fields such as spectroscopy [73] and fundamental

physics research [74], as well as telecommunications [75, 76]. Initially con-
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ceptualized by Nobel laureates (2005)* Theodor W. Hansch and John L.
Hall in the 1990s, OFCs have since evolved into indispensable tools across

multiple disciplines.

At its core, an OFC is a device that produces a series of evenly spaced spec-
tral lines spanning a broad range of frequencies within the electromag-
netic spectrum, typically in the visible or infrared regime. These precisely
spaced frequencies resemble the teeth of a comb, hence the name. What
distinguishes OFCs is their exceptional coherence and stability, making

them invaluable in numerous applications.

The generation of OFCs primarily relies on mode-locking of femtosecond
lasers. Mode-locked lasers produce ultrashort pulses with extremely high
and accurate repetition rates, resulting through Fourier transform in a
highly precise comb-like frequency spectrum. Another technique for fre-
quency comb generation is utilization of non-linear optical properties of

microresonators to generate equally spaced spectral lines [77].

Figure 2.5: Top: time domain analysis of a mode-locked ultra-short pulse train with phase
shift A¢ between the carrier and the envelope, and period between pulses 1/ fr.,. Bottom:
the resulting frequency comb in the frequency domain, contaning narrow spectral lines
with shift fo = frepA¢/27 from their harmonic frequencies 7 fyep [73].

4Shared with Roy J. Glauber for foundational work on quantum optics.
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OFCs act as the “gears” of optical atomic clocks, correlating different op-
tical frequencies and bridging the gap between different optical frequen-
cies and between the optical and the micro-wave domains, thereby en-
abling the transfer of the clock information to much lower frequencies
manageable by electronics, with no loss of precision. These unique prop-
erties have enabled breakthroughs in various fields. In telecommunica-
tions, OFCs facilitate high-speed data transmission over fiber-optic net-
works by precisely encoding information onto different frequencies. In
spectroscopy, they enable ultra-high-resolution measurements, allowing
scientists to probe molecular and atomic transitions with unprecedented
precision. Furthermore, OFCs play a crucial role in the development of
optical atomic clocks, which are essential for accurate timekeeping and

navigation systems.

Using Fourier analysis from the time to the frequency domain, see Fig. 2.5,
the pulses are translated into a discrete series of equally spaced sharp lines
called teeth. The frequency of the n’th tooth is given by [16]:

fon=mn 'frep + feeos (2.22)

where frep is the repetition rate, the spacing between two consecutive teeth,
and feo (fo in Fig. 2.5) is the carrier envelope offset (CEO) frequency,
which is the deviation of the comb teeth from an integer multiple of the
repetition rate, caused by the phase difference between the carrier wave
and the pulse envelope due to dispersion in the laser medium.

2.3.1 Carrier Envelope Offset (CEO) and Repetition Rate

Stabilization

Both frep and f., are radio frequencies (10s-100s MHz) that can be easily
locked to a frequency standard (such as an Rb atomic clock in our labora-
tory) or, for higher accuracy, an optical reference (such as the clock laser

in the optical atomic clock under development in our lab). Such locking
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stabilizes the comb and in principle, makes each of its teeth an extremely
stable, accurate and precise source of radiation. An absolute optical fre-
quency can be achieved by measuring the beat note between the clock
signal and the closest comb tooth. Locking of f., is achieved by doubling
the frequency of the n’th tooth of the low frequency part of the comb spec-
trum and comparing it to the 2n’th tooth of the high frequency part. The

beat note of the two frequencies gives the offset frequency:

fn = fceo +n 'frep
f2n = fceo +2n 'frep (2.23)

- 2 'fn _f2n = 2(” 'frep +fceo) - (27’1 'frep ‘|‘fceo) = fceo-

This beat note can be phase locked to a stable RF source to lock the fre-
quency shift of each comb tooth relative to the harmonic frequency 7 - frep.

The comb laser cavity properties (length and refraction index) determine
the repetition rate. To stabilize the repetition rate, there are two options:

1. Locking to an RF signal - the fourth harmonic of f., is compared
with a signal synthesized from a frequency standard (Rb clock). The
mixed signal phase is detected and sent into a servo driving the comb
cavity piezo-electric actuator to complete the phase-locked loop.

2. Locking to an optical reference - the beat note (fy.,;) between the
nearest comb tooth (f;;) to a stable optical reference with frequency
fref is phase locked, thus transferring the stability of f.r to every

frequency component u:

M- frep = fref — feeo + foeat

| (2.24)
— fu = fceo + E(fref _fCE’O +fbeat)'

Once both the repetition rate and carrier offset frequencies are stabilized
to a frequency reference, its stability is coherently transferred to the entire

spectral span of the comb.

24



CHAPTER 2. BACKGROUND

Comparison of the comb with an external laser frequency is done using
a beat detection unit (BDU), a device that creates spatial overlap between
the comb and the external laser light. The comb light’s broad spectrum is
optically filtered to the specified frequency range, typically with a spec-
tral width of 0.5 nm. The beat note between the laser and the adjacent
comb tooth is measured while electronically filtering the beat notes with

the other teeth at higher frequencies.

2.4 Stabilization of Optical Links

Stabilized laser systems are typically integrated in a tabletop configura-
tion with multiple optical, electrical, and vacuum components, and conse-
quently not portable. A preferred way to distribute optical standards is by
an optical fiber. When propagating through the optical fiber, perturbations
in the fiber medium cause phase noise in the optical signal and linewidth

broadening.

2.4.1 Optical Fiber Noise

Optical fibers are subjected to thermal and acoustic effects that cause chan-
ges to the effective optical path length of the light propagating through
them and, in turn, to the phase at their output. The phase accumulated in
the fiber of length L is given by

¢ = nkoL = BL, (2.25)

where 7 is the index of refraction and kg is the wavenumber, kg = 271/ A.
Thermal and mechanical fluctuations produce variations in the index of
refraction through the thermo-optic effect and in the length of the fiber
by thermal expansion and mechanical vibrations [78]. Thus, the phase
variation takes the form
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Ag = ABL + BAL. (2.26)

For an ideal oscillator this phase noise has a direct effect on the frequency
noise and broadening of the linewidth, as demonstrated in Fig. 2.6.

Ideal signal Signal with phase fluctuations

r
Signal Signal
Amplitude Amplitude

Time

! !
Signal Signal
Amplitude Amplitude

Freqaency Frequency

Figure 2.6: Time and frequency domain analysis of an ideal oscillator (left column) and
one with phase fluctuation noise. In the frequency domain, the effect of the phase noise
causes broadening of the spectral line and frequency noise [79].

To compensate for this noise, a system may be constructed, as first sug-
gested in [80], using an acousto-optic modulator (AOM) to modulate the
original signal. The fiber noise cancellation (FNC) system implemented in
our setup is presented in Fig. 2.7. The AOM performs the measurement
and cancellation of the phase accumulated along the optical path of the
light through the fiber. In principle it is a variation of the Michelson inter-
ferometer, in which one arm with the original stable frequency interferes
with the beam in the second arm, which is modulated and passes through
the fiber. An AOM (AOM]1) is used to shift the frequency of light from the
base frequency 1y and is sent through the fiber. Part of the output light is
modulated by AOM2 and retro-reflected back to the fiber. After a second
pass through AOM1 the circulated beam frequency is
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v=1y+2(Q1 4+ O +dy), (2.27)

where (); are the modulation frequencies of AOMi and 6, is the noise ac-
cumulated through a one-directional passage through the fiber, assuming
that the same phase noise is accumulated while passing through the fiber
in both directions.

Figure 2.7: A general fiber link stabilization scheme. The first order diffracted beam from
AOMI1 (with modulation frequency ();) propagates through the fiber to the link output.
A portion of it is reflected back to the fiber, making a double pass through AOM2 (with
modulation frequency (),) and mixed after another pass through AOM1 with the zero-
order beam (with frequency 1vp) - the lab arm of the interferometer. Thus the returned
beam (blue) frequency is shifted twice by each AOM and by the noise induced by the
fiber ¢, relative to the original laser frequency vy. The locking electronics mix the beat
note of the two arms of the interferometer with a stable RF source to create an error signal
that drives AOM]1 to reduce the noise. AOM - acousto-optic modulator, FC - fiber coupler,
PD - photo-diode, BS - beam splitter. All graphical components are taken from [81].

The two arms of the interferometer are mixed and a PD measures the in-
terference signal. The beat note is compared with a stable RF source to
generate an error signal. The error signal is fed to a servo controller that
modulates the AOMI1 frequency to achieve a constant signal at the PD,
thereby achieving a stabilized link. Having the second AOM2 enables us
to differentiate between reflections along the optical path and the beam
reflected from the mirror on the output side. Looking only at the light fre-
quency that was also shifted by AOM2 ensures that we look at the light
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that has probed the whole length of the fiber we aim to stabilize.

For this fiber noise cancellation (FNC) system to work, the roundtrip length
of the optical (2L) fiber must be shorter than the coherence length (I.) of
the propagating photons, otherwise, no interference is possible. The co-
herence length is given by

P

= 2.28
nAv ( )

where 7 is the index of refraction of the fiber medium, c is the speed of
light, and Av is the linewidth of the laser. For example, for a 1 Hz linewidth
light, the coherence time is 1 second, and the coherence length is about 108
meters, about twice the circumference of Earth. For a 50 km fiber, you need
the linewidth to be better than 1 kHz.

These kinds of stabilized fiber links are extremely sensitive to acoustic vi-
brations and have recently demonstrated their usefulness as sensors for
seismic activity [82].
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3 [Experimental Realization of the
Yb Clock System

3.1 BGU Yb Clock Setup

Fig. 3.1 shows a block diagram of the BGU Yb optical clock system. Each
subsystem (block) will be explained in detail in the following sections,
except for the cooling and measurement cycle block (upper-left corner),

which is presented in [57].

The light of the clock laser (see Fig. 3.2) is divided into three branches
(see Fig. 3.3). The first branch is frequency-doubled and used for side-
band cooling and interrogation of the Yb atoms (the “heart” of the atomic
clock) for long-term stability. The second branch is sent to the ultra low
expansion (ULE) cavity (see Fig. 3.4) for PDH stabilization for short-term
stability. The third branch is used to lock the frequency comb to the stabi-
lized clock laser (see Sec. 3.3).

The locked comb is used to transfer the stability of the clock laser to an
1560 nm communication laser to disseminate the stable signal out of the
lab by a long-range optical fiber link (see Sec. 2.4). A FNC system compen-
sates for the noise induced by the optical fibers to achieve a stable signal

at the fiber output.
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Figure 3.1: Block diagram of the BGU Yb clock. The light of the clock laser at 1156 nm is
split into three channels: 1. the laser frequency is doubled by second harmonic generation
(SHG) to the clock transition at 578 nm (see Fig. 2.1) that is used to interrogate the cooled
Yb atoms trapped in an optical lattice; 2. the laser is locked to a ULE optical cavity for
short-term stability and linewidth narrowing; 3. the stable laser output is used to lock a
femtosecond OFC. The stable comb is then used to lock a 1560 nm communication laser.
To disseminate the stable clock output from the lab, a FNC system is installed on the
outbound optical fiber to compensate for phase noise along the optical fiber connecting
the lab to a remote user. The FNC system acts upon the signal reflected from a remote
system to compensate for errors accumulated over the long fiber length to the client, as
discussed in Sec. 2.4.

3.2 Clock Laser Lock Scheme and Operation

The clock laser light is produced by an external cavity diode laser (ECDL)
operating at 1156nm, which is doubled to 578nm for the Yb clock transi-
tion, as shown in Fig. 3.1. The laser we use in this experiment is MOGLabs
CEL, a 'cateye’ design external cavity diode laser (ECDL) at 1156 nm [83].
The laser system consists of an external cavity formed between the rear re-
flecting surface of a semi-conductor laser diode and a cateye output cou-
pler mounted on a piezoelectric (PZT) actuator as depicted in Fig. 3.2.
A high-efficiency ultra-narrow filter is inserted into the external cavity to
select a single external cavity mode. The rotation angle of the filter deter-
mines the transmitted wavelength, which is back-reflected by the output
coupler into the laser diode. Scanning of the laser frequency is performed

by applying a periodic AC voltage on the PZT that changes the external
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cavity length.

Figure 3.2: Schematic of a cateye external cavity diode laser (ECDL). Light from the laser
diode (LD) is collimated by using a lens (CL) and then filtered via an angled bandpass
interference filter (IF), through L1 the cateye lens to the partially transmitting output
coupler (oc) and recollimated by lens L2 [83].

The optical setup of the clock laser system is depicted in Fig. 3.3. The out-
put wavelength is at 1156nm which is frequency doubled in a periodically
poled lithium niobate (PPLN) waveguide (Advr, RSH-T0578-P98FSALO-
190510551) to generate 578 nm for probing the clock transition. The 578 nm
and 1156 nm wavelengths are separated using a dichroic mirror (DM). The
1156 nm radiation is directed to the ULE cavity for linewidth narrowing

and to the frequency comb for frequency comparisons and dissemination.

We use three AOMs (G & H 3080 197) for various operations on the 1156
nm lines. The first AOM is in a double-pass configuration, driven at 80
MHz using a home-made voltage controlled oscillator. Corrections to long-
term drifts identified by probing the atoms are digitally added to the fre-
quency of this AOM. The other two AOMs are used to stabilize the phase
and amplitude of the mini-links between the laser and the cavity/comb.
The drivers of these two AOMs are based on direct digital synthesis (DDS)
oscillators (MOGLabs, ARF).
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(a) (b)

Figure 3.3: (a) The clock laser optical system: light from the laser (lower-right corner) is
fiber coupled to a PPLN waveguide for SHG. The output of the PPLN, containing both
the original and the doubled frequencies, is filtered by a DM. The doubled frequency
at 578 nm is directed through a double pass AOM setup and reflected towards the sci-
ence chamber. The fundamental frequency beam is split into two parts by a polarizing
beam splitter (PBS) after a beam-shape correction telescope. The part that is transmit-
ted through PBSI is split again at PBS2 with a small part of the intensity directed into a
wavemeter. Most of the intensity is directed through a double-pass AOM1 to introduce
the frequency correction from the atoms to the laser. The reflected beam is transferred
through PBS2 and directed by PBS3 to the ULE cavity system (see Fig. 3.4) after passing
through AOM2 as a part of the cavity mini-link FNC system. The reflected part from
PBS1 is directed to the frequency comb through AOMS3. (b) A photo of the described
setup.

The PDH technique (see Sec. 2.2.2) is applied for stabilizing the laser. We
use a 30 cm long ULE cavity (Stable Laser Systems), which is isolated
against acoustic noise and external vibrations [57], see Fig. 3.4c. The opti-

cal setup inside the acoustic enclosure is shown in Fig. 3.4.

Light from the clock laser system is transferred via an optical fiber to the
cavity enclosure. The beam is divided by a 30:70 T:R beam splitter. The
light is partially reflected back to the fiber through a second reflection from
the beam splitter and used for fiber noise cancellation (see Sec 3.2.3). The
transmitted light from the second pass in the beam splitter is measured by
PD1 (Thorlabs, DET10N2), see Fig. 3.4a.
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(a)

(b) ()

Figure 3.4: (a) The optical system inside the cavity enclosure box: light arrives from the
clock laser system (Fig. 3.3) via an optical fiber (top-left corner) and is collimated and
split by a 30:70 (T:R) beam splitter. The reflected part is redirected back to the fiber for
FNC and intensity monitoring by PD1. The transmitted part is directed through a cage-
system mounted telescope for mode-matching with the cavity. Next, the beam passes
through a Faraday isolator (FI) and an EOM for phase modulation. The beam is then
focused with a lens for mode-matching to the ULE cavity. A series of three irises are used
for spatial alignment of the beam. The beam reflected from the cavity facet is directed
by a Glan-Thompson polarizer (GTP) to a fast and amplified PD2. The light transmitted
through the cavity is split equally between PD3 for measuring the cavity transmission
and a CCD camera to identify the spatial mode of the beam. (b) A photo of the optical
system inside the cavity enclosure box. (c) The 30 cm long ULE cavity on top of a Zerodur
base mount is inserted into the vacuum chamber. The vacuum chamber contains three
shielding layers for high-temperature stabilization and acoustic noise isolation [57].

Stabilizing the light intensity in the cavity setup is important to eliminate
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error signal fluctuations caused by variations in the intra-cavity optical
power. PD1 is used to monitor the light intensity in the cavity enclosure
box. Fig. 3.5 shows a one-hour recording of the intensity measured by
PD1. The results show a stable average intensity level of 58.2 ptW with a
standard deviation of 0.2 pW over this period. A 31072 relative uncer-
tainty is a good starting point. For a typical optical cavity system, power-
dependent frequency shifts are on the order of 10 Hz/uW [84], so we can
assume that we are now at a level of 2 Hz fluctuations. We chose to refrain
from actively stabilizing the intensity at this point, as it is not the most
detrimental noise source to the clock laser stability (see the following sec-
tions), although the option to implement active intensity stabilization in

the future exists.
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Figure 3.5: Monitoring of the ULE cavity incident light intensity over 1 hour. inset: a 10-
minute section of the measurement. The average intensity over the measurement period
was 58.2 ptW with a standard deviation of 0.2 pW.

The initial alignment of a high-finesse cavity is a challenging task. The
parameters of the ULE cavity are described in the M.Sc. Thesis of Yosef
Bivas [57]. It should be noted that one of the mirrors of the cavity is flat
while the other is curved. In addition, the area of coating on the mirrors is
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not large (a 10 mm hole drilled in the glass block defines the transmission
channel). If the laser beam misses the coatings, a high transmission signal
will appear. Because the cavity is placed inside a large vacuum chamber,
it is impossible to view the incident point on the cavity. The alignment
procedure starts with mode-matching the shape of the laser beam to en-
sure overlap with the TEMyy cavity mode, as described in [57]. This is
done using a telescope and a convex lens to align the beam waist with the
cavity input flat mirror. Next, we used two steering mirrors to scan the
area near the center of the vacuum chamber window until a back reflec-
tion is identified. The mirrors are then used to obtain an overlap of the
back reflection with the incident beam. At this stage, the laser frequency
is slowly scanned at about 5 Hz (sufficiently slow to obtain a measurable

on-resonance transmission signal, as monitored by PD2 (in Fig. 3.4a).

Care must be taken to avoid high power, which may damage the coating
on the cavity mirrors. Hence, during the alignment stages, the power is
kept below 1 mW while scanning, then further reduced to ~ 50 yW when
approaching alignment and before locking. When alignment is improved,
fringes can be detected (averaging of the transmission signal can be very
useful). During this stage, we monitor the fringes and amplify the sig-
nal (x200) using a low-noise preamplifier (SRS, SR560) set to function as a

band-pass filter (1-10 kHz). This amplifier is used for peak detection.

A tedious and iterative procedure is performed to improve the alignment
on both the vertical and the horizontal axes. The number of fringes is
reduced during this procedure due to the excitation of a smaller number
of modes. Eventually, the TEMyy mode is practically the only mode left
(see Fig. 3.6a), as can be verified using a CCD camera (see Fig. 3.8b). For
a very high-finesse cavity like this, it is practically impossible to observe
the cavity modes using the camera unless the laser frequency is locked, as
the linewidth is very narrow and the transmission pulses are weak. The
photo shown in Fig. 3.8b was taken when the cavity was locked. After
cavity alignment, the reflected beam is directed into a fast PD (Thorlabs,
DET10N2, later replaced with Menlo Systems, FPD510-FS-NIR).
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Figure 3.6: Light transmission intensity through the cavity. (a) The laser frequency
scan range is about 5 cavity FSRs (for our 30 cm long cavity the FSR is 0.5 GHz). The
TEMgy mode is prominent compared with higher-order spatial modes. Transmission was
recorded with an oscilloscope, averaging over 16 samples. (b) A single TEM(yy mode with
sidebands created by the EOM. Data were taken with a 16 sample average.

The PDH setup is shown in Fig. 3.7. The EOM (Photonics Technologies,
EOM-01-20-IR) is used for sideband generation (see Fig. 3.6b). It is mod-
ulated by a function generator (Rigol, DG 1022Z) which gets a reference
signal of 10 MHz from a Rb timebase (AccuBeat, AR76). The function gen-
erator has two phase-coherent outputs. The output of the first channel
is amplified using an RF amplifier (MiniCircuits, ZHL-3A+) to drive the
EOM. The output of the second channel is connected to the LO port of
the mixer (MiniCircuits, ZAD-3+). We use an amplified fast PD (Menlo
systems, PFD-510-FS-NIR) to detect the interference of the reflected in-
stantaneous laser light with the leakage long-lived field oscillating in the
cavity. The PD output is connected to a DC block filter (MiniCircuits, BLK-
18-S+). The DC block output is amplified x20 using a home-made circuit
and connected to the RF port of the mixer. We connect a low-pass filter
(MiniCircuits, SLP-5+) to the IF port of the mixer. The output after the fil-
ter has the error-signal information enters the fast servo controller (FSC)
system (MOGLabs, FSC). The FSC unit has fast and slow outputs. The

slow output operates on the piezo crystal, which controls the length of the
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laser’s external filter cavity. To generate the necessary lock bandwidth,
the current has to be directly injected into the laser diode. This is achieved
by the B1240 headboard, which has a current modulation bandwidth of 4
MHz.

Figure 3.7: The PDH electronic system: the MOGLabs ECDL (upper-left corner) is con-
trolled by the diode laser controller (MOGLabs, DLC202), and the servo feedback loop is
managed by the fast servo controller (MOGLabs FSC100). The laser beam passes through
the clock optical system, further discussed in Fig. 3.3. The laser in the cavity enclosure
passes through the system shown in Fig. 3.4. The light transmitted from the cavity is
directed to a PD. The signal is amplified using Toptica miniScan 102 (later replaced by
SRS, SR560) and divided between an oscilloscope and the Digital Delay Generator (SRS,
DG645) activated as a shutter for the signal of AOM2 of Fig. 3.3a, for the cavity ring-
down measurement (see Sec. 3.2.1). The cavity reflection beam is directed to a different
PD whose signal is amplified and connected to the mixer.

Once the cavity is properly aligned, the scan range can be reduced to con-
centrate on one of the temporal fringes. The phase shift between the two
modulation channels needs to be adjusted to achieve a symmetrical error
signal. A stable PDH lock can be obtained by carefully adjusting the PID
parameters. After an initial lock is achieved, the stability is maximized by

fine-tuning the lock parameters.

3.2.1 Evaluation of the Cavity Finesse

For the ring-down measurement [66, 69], a pulse delay generator (SRS,
DG645) controlled the RF amplitude fed into AOM2 (see Fig. 3.3a) RF
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amplitude, and hence the first-order beam which goes to the cavity. Af-
ter achieving a lock, the delay generator was triggered by a threshold PD
voltage, switching off AOM?2 for a period of time, sufficiently long to al-
low all the light circulating in the cavity to escape, but also short enough

to preserve the frequency lock.

(@ (b)

Figure 3.8: (a) Exponential fit for the cavity ring-down measurement. The decay time is
used to calculate the cavity finesse according to Eq. 2.12. (b) The TEMy mode transmis-
sion through the cavity.

The results of the cavity ring-down measurement are shown in Fig. 3.8a,
to which an exponential function was fitted to determine the resonator

lifetime and thus obtain the value of the cavity finesse:

T=190+L2ups

(3.1)
= F = 597000 - 6000

The linewidth of the cavity resonance fringe can be calculated from the
obtained finesse according to Egs. 2.7,2.12:

vpsg &~ 0.5 GHz = év ~ 1 kHz (3.2)

The finesse value obtained from the cavity ring-down measurement (~
600,000) deviates from the “ideal” theoretical cavity finesse (628,000) [57]
by only about 5%. Taking into account errors in the reflectivity values and

other loss mechanisms that contribute to lifetime reduction, this value is
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close enough to the best we could have expected and is comparable with
the best cavities used for Yb clocks [33, 59, 63].

3.2.2 Comparison to an Independent Stable Laser System

In May 2023 we compared our locked laser to an independent laser sys-
tem (Menlo Systems, ORS-Mini ultra-stable laser systems), which we had
on loan for two weeks. The comparison of the two systems consisted of
locking a frequency comb to the ORS-Mini and measuring the beat note
between the locked clock laser and the closest comb tooth, which encodes
the stability of the ORS-Mini. The result of this measurement is shown in
Fig. 3.9. Close to the end of the loan period, the beat note detection unit
(BDU) malfunctioned, so unfortunately we could not further optimize our

system.

Figure 3.9: The beat note measured between our clock laser and the Menlo Systems ORS-
Mini ultra-stable laser system. The results show a profile of a few separated ”fingers”
with a linewidth on the order of 100 Hz. The beat note profile was recorded by a Rhode
and Schwarz FSP spectrum analyzer with a resolution and video bandwidth of 30 Hz and
a sweep time of 2 s. The center frequency is arbitrarily chosen as the maximum point of
the graph.

The results of this measurement were thus unsatisfactory, leading to the

implementation of several changes. As we noticed a significant phase-
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noise induced by the optical fiber we decided to implement a fiber noise
cancellation system, as described in the following section. We also re-
placed the fiber collimator mount feeding light to the cavity enclosure box
by a more robust one. The optical path following the fiber collimator was
redesigned using a cage system. We also replaced the PD that measures
the reflection from the cavity with an AC-coupled one (Menlo Systems,
FPD510-FS-NIR) to prevent saturation of the PD.

3.2.3 Cavity Mini-Link

One of the modifications made in our system - after the disappointing
results achieved for the ORS comparison - is the application of a fiber noise
cancellation system to the optical fiber connecting the clock laser optical
system (see Fig. 3.3a) and cavity enclosure box (see Fig. 3.4). The system
is similar to the one shown in Fig. 2.7 without the output AOM, which is
not needed for such a short distance (5 m).

Observing the beat note between the local arm and the retro-reflected sig-
nal from the cavity system showed a wide linewidth of ~ 10 kHz, pointing
to a large phase noise accumulation. We identified the source of this prob-
lem to be a mechanical coupling between the protective tubing that trans-
ferred mechanical vibrations from the surrounding to the fiber medium.
Once the fiber was removed from the tubing, the beat note signal linewidth

was significantly reduced.

To realize the FNC system to the cavity mini-link, the beat note is mea-
sured by a fast PD (EOT, ET-3000A) and amplified (Mini-Circuits, ZHL1-
2W-5+). The amplified signal is mixed with a 160 MHz signal synthesized
by a function generator (SRS, SG384), the mixer (Mini-circuits, ZAD-3+)
is low-pass filtered (Mini-circuits, BLP-1.9+) and the resulting error signal
is the input to a PID controller (SRS, SIM960) that generates a correction
signal modulating the AOM frequency.

Fig. 3.10a shows the effect of the noise cancellation system on the beat
note, as can be seen by the difference between the locked (orange) and un-
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Figure 3.10: (a) The recorded beat note of the cavity mini-link FNC system sowing a 100
kHz frequency span around the central peak at 160 MHz. The locked signal (orange)
possesses lower noise characteristics at lower frequencies relative to the carrier, com-
pared to the unlocked signal (blue). At higher frequencies signal servo bumps at ~ 20
kHz are observed. The data were taken with a 10 Hz radio/video bandwidth spectrum
analyzer. Inset: a zoomed-in view of the locked beat note, with a 40 Hz frequency span.
The linewidth of the beat signal is limited by the device resolution of 1 Hz bandwidth.
(b) The relative phase noise of the locked and unlocked signals. The stabilization of the
signal reduces the phase noise by about 20 dBc/Hz for low frequencies below about 20
kHz mark.

locked (blue) data. The locked signal linewidth is limited by the resolution
of the measuring spectrum analyzer (Rohde & Schwarz, FSV3013) of 1 Hz.
The one-sided relative phase noise level of the two signals is shown in Fig.
3.10b. A suppression of ~ 20 dBc/Hz is achieved for frequencies up to 20
kHz relative to the carrier frequency.

We believe that this issue was detrimental for comparison to the ORS sys-
tem. By decoupling the fiber from the noisy environment and applying the
noise cancellation system, we have significantly improved the linewidth.
However, a quantitative determination of the linewidth can be done only

when a comparable narrow linewidth source is available in the future (see
Ch. 4).
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3.3 The Comb System

The optical frequency comb installed in our system (Menlo Systems, FC1500-
250-ULN) is shown in Fig. 3.11. It consists of the electronics rack and the
optical setup which is mounted on a breadboard stationed on a vibration
isolation stage (Minus K, VIBRAPLANE). In our system, the OFC laser is
an erbium-doped fiber laser in a "Figure 9” configuration [85]. The comb
light is generated by the seed laser and directed to the different amplifiers
and BDUs via optical fibers - either internally through the comb modules,
as in the case of the f-2f interferometer (as explained by Eq. 2.23) - or
externally, leading the signals to the external BDUs. The f-2f module is
used to extract the CEO frequency, while the repetition rate is extracted
from the laser module. To lock the comb, the two RF signals for the rep-
etition rate and the CEO frequency are locked by a designated servo loop
controller (Menlo Systems, SYNCRO). The electronics rack contains the
locking electronics for the comb signals as well as an oscilloscope and fre-

quency counter for monitoring and tracking the measured frequencies.

(a) (b)

Figure 3.11: The optical frequency comb setup installed in our lab. (a) Schematics of the
system. The comb light is generated in the box designated FC1500-ULN (second box,
top-left). The left-hand box includes the f-2f interferometer for the CEO locking and the
amplifier for the 759 nm light for the matching BDU. The right-hand box includes two
BDU units: at 1156 nm for the clock laser and 1542 nm for comparison to an independent
laser system (see Sec. 3.2.2). The 1560 nm BDU (top-right) is connected to the clock output
link noise cancellation system (see Sec. 3.4 ) (b) Picture of the described setup.
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The locking of the repetition rate can be done in two ways as described
in Sec. 2.3 - either by using a stable RF standard, such as an Rb clock
which we have in our lab (AccuBeat, AR76) - or by using a stable optical
frequency.

3.3.1 Lock to a Radio Frequency Reference

Fig. 3.12 shows a four-hour long measurement of the comb parameter (fc.,
and frep) while locked to an RF reference. The measurement was done by
the comb internal frequency counter with a gate time of 1 s.
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Figure 3.12: Locking the comb to an RF signal. (a) Deviation from the set frequency of the
CEO frequency ( fceo = 35MHz) and the repetition rate (f;ep = 250MHz) over a four-hour
period. (b) The ADEV of the signals.

The stability of the measured signal is limited by that of the microwave
clock. These results demonstrate the ability of the OFC to transfer the sta-
bility of the locking reference signal to each tooth. Thus, in the future,
when we use the clock laser as an optical reference to lock the comb pa-
rameters, each comb tooth will be as stable as the optical clock signal.
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3.4 Long-Distance Fiber link Noise Cancellation

System

As was briefly explained in Sec. 2.4.1 we need to stabilize fiber links, es-
pecially if they are long. The clock output dissemination system is shown
in Fig. 3.13. The 1560 nm communication laser (Rio, ORION Module) is
tiber-coupled to the FNC system. The system is divided into two separate
boxes: the local box (see Fig. 3.13b), including the local arm of the intefer-
ometer and the AOM modulating the signal, and the remote box (see Fig.
3.13c), which is in charge of retro-reflecting the signal back to the lab to
compensate for the accumulation of phase noise along the long fiber link.
The remote box will be placed in a distant location, but at this stage it is lo-
cated in our lab adjacent to the local box (see Fig. 3.11b) for first evaluation
of the BGU-TAU link (see Fig. 3.14).

In the local box, light is divided into two parts. The smaller part (10%)
is directed to the frequency comb BDU to achieve a beat note with the
adjacent comb tooth. The beat note is used to generate an error signal to
stabilize the Rio laser, using the comb locking electronics (Menlo Systems,
SYNCRO LLE), transferring the stability of the comb to the laser. When
the frequency comb is stabilized by the clock laser, we transfer the comb
stability to the Rio laser, making it the output signal of the clock. The major
part of the beam is directed to the BGU Communication Center - which is
connected to the communication network, through the noise cancellation
system. The setup for the fiber-link noise cancellation system is similar to
the basic scheme described in Sec. 2.4.1, with a major difference of being
completely fiber coupled. The local arm of the interferometer (10% of the
beam intensity) is split from the output signal and reflected from a Faraday
mirror back to the splitter and to a PD. The rest of the laser light is directed
into an AOM (G & H, Fiber-Q® PM 1550 nm 40 MHz (AMTIR)). The 1st-
order diffracted beam (at 40 MHz modulation frequency) is directed to the
output fiber link through a polarization controller. In the “Remote” box, a
second AOM2 modulates the light frequency again for identification. Half
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of the intensity is directed to a Faraday mirror and reflected back to the
tiber through AOM2 and to the local box. The beam is modulated again
by AOMLI for a total frequency shift of 160 MHz (40 MHz for each AOM
pass), mixed with the local arm and the beat note is measured by a PD
(Thorlabs, DETO8CFC).

(a)

(b) (0)

Figure 3.13: (a) The fiber-link noise cancellation system scheme. (b) The “local” box; a
fiber-coupled laser is fed to the system, and the beam is split twice. First, a small part of
the beam is directed to lock the laser to a stable frequency comb. The major part splits
again and passes through AOM1 (1) and a polarization controller (2) before coupling
to the external optical fiber. A small part of the original beam propagates towards a
Faraday mirror (3) and then recombines with a retro-reflected beam from the output fiber
to achieve an interferometer. The beat note between the two beams is detected by a
fast PD (4). (c) The "Remote” box; the light from the fiber passes through AOM2 (5)
to differentiate the beam that passes through the full pass from unwanted reflections
produced by optical components along the path. The AOM2 output is split into the low-
noise output, and a second Faraday mirror (6) is used to reflect the beam back to the
“local” box. The measured beat note is amplified, divided, and mixed with a 10 MHz
reference. The mixer output is low-pass filtered to create an error signal, which is fed to
a PID servo to control the AOM1 driver.
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The measured beat signal is amplified (Mini-Circuits, ZHL-1-2W-5+) and
the frequency is divided by a factor of 16 (Analog Devices, HMC394LP4).
The signal is then compared to a stable RF oscillator at 10 MHz by an RF
mixer. The mixer output is low-pass filtered to generate the error signal
which is fed to the PID controller (SRS, SIM960). The controller output
modulates the frequency that drives AOM1 generated by a function gen-
erator (Keysight, 33600A) to apply the correction signal to the laser light.

Figure 3.14: The block diagram of the BGU-TAU fiber loop: the stable laser output signal
of the Yb OLC is directed through the FNC system local box (Fig. 3.13b) to the BGU
Communications Center. There the clock light is fed to the transmission communication
fiber - TX via the Add port of add-drop multiplexer (ADM)1 in the BGU communications
center. In Tel Aviv the clock signal is extracted from the Drop port of ADM2, amplified
by a bi-directional optical amplifier and added to the BGU receiving fiber - RX, through
ADMB3. From the RX fiber the clock signal is extracted by ADM4 and directed to the Yb
Lab to pass through a second bi-directional amplifier and to the FNC systems remote box
(Fig. 3.130).

From our lab, the stable laser light from the local box output is directed
to the BGU Communications Center to transmit the clock signal over the
inter-university fiber network (see Fig. 1.2). Fig. 3.14 presents the planned
system for the BGU-TAU link connection, as a prerequisite to the connec-
tion between our Yb clock and the Sr ion clock stationed at the Weizmann
Institute. The light from our lab is directed to the BGU TX fiber (commu-
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nication transmission fiber) by an ADM (Fibernet, OADM), which allows
the addition and extraction of our laser signal from the communication
network infrastructure without disruption of the regular communication

signal.

In Tel Aviv, the clock laser light is extracted from the TX fiber through
the ADM2 drop port. To overcome the attenuation of the laser intensity
while propagating through the long fiber (~100 km) a bi-directinal ampli-
tier (Keopsys, CEFA-C-BD) is stationed in Tel-Aviv. The amplified beam
is directed to the BGU RX fiber (receiving communication fiber) via the
ADMB3 Add port. At BGU, the signal is extracted via the ADM4 Drop port
and directed to the Yb clock lab, where the light is amplified again and
inserted to the remote box.

As of the day of writing this thesis we have installed the two ADMs in the
BGU Communication Center and are in contact with the Tel-Aviv Center
for installation of our devices and on-site measurements. Work is delayed

due to manpower issues.
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4 Summary and Outlook

This thesis summarizes the work I performed in the framework of my
M.Sc. on the 71Yb OLC, focusing on laser stabilization and frequency
dissemination. The goal of this project is to generate a stable laser signal
that is the “heart” of an optical atomic clock and to disseminate its output
without impacting the signal stability.

To achieve a stable and narrow-linewidth clock laser, I constructed and op-
erated the clock laser optical system (see Fig. 3.3a) and performed locking
and stabilization to a high-finesse cavity (see Sec. 3.2.1). I operated the op-
tical frequency comb system, stabilized it to an RF reference (see Sec. 3.3.1)
and an optical reference, and performed a comparison between our laser
and an independent stable laser system (see Sec. 3.2.2). The comparison
pointed to a high noise level in our laser system. To eliminate this noise,
I built and optimized the cavity mini-link FNC system (see Fig. 3.2.3) and
successfully reduced the noise level induced by light propagating through
the optical fiber from the optical table to the ULE cavity. In order to suc-
cessfully complete the work on this subject, the frequency comb still needs
to be locked to the stable clock laser - and a second comparison to a differ-

ent laser should be carried out to verify our laser stability.

In the field of frequency dissemination, I designed the FNC system that
is installed in our lab (see Sec. 3.4) and the infrastructure to link our lab
to the inter-university fiber communication network. Following the work
summarized here, the following tasks need to be completed in the near

future:
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1. Lock the communication laser to the stable comb.

2. Stabilize the optical fiber link from the lab to the BGU Communica-

tions Center.
3. Install ADMs and a bi-directional amplifier in Tel-Aviv.

4. Introduce our laser light to the BGU TX fiber and measure the signal
output in Tel-Aviv.

5. Stabilize the BGU-Tel-Aviv fiber link.

When completed, these tasks will allow us to connect and compare our
clock with the ion clock being developed at the Weizmann Institute.

In addition, major progress is currently achieved in our lab in the area
of trapping and cooling of Yb atoms. Moreover, a large purchase order
has been placed for multiple RF frequency standards, including hydrogen
maser and cesium beam atomic clocks. These devices would replace the
current atomic clock used as an RF standard for the frequency comb and
the other devices in our system.

When the above tasks are complete, along with the full operation of the
clock, we will be able to use our system as a source for a stable frequency
standard, contributing to precise timekeeping in Israel and to fundamental

science.
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