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Abstract  
	
  

Vapor-cell atomic clocks exploit the ground-state microwave transition in an alkali 
atom to provide a stable frequency reference. At the heart of a conventional vapor-cell 
atomic clock is a cell containing the alkali atoms. A vapor-cell atomic clock can be 
realized using two different basic principles: Double Resonance (DR) and Coherent 
Population Trapping (CPT). In DR, the alkali atoms are optically pumped in order to be 
placed in the desired states, and the microwave resonances are excited by a microwave 
field resonant with the clock transition. In the CPT principle, the two ground-state 
atomic levels of the alkali atom are coupled to a common excited state, using two 
coherent electromagnetic fields (here, the microwave transition frequency is present in 
the frequency difference of the two coherent electromagnetic fields). The atoms are 
trapped in a coherent superposition of the ground states, called a dark state. The 
frequency of the vapor-cell atomic clocks can shift due to various residual variations 
such as: the properties of the light field (through the light-shift effect), the buffer gas 
pressure in the resonance cell, the temperature of the clock cell, and others. It is 
therefore critical to carefully stabilize all these parameters and to find a clock 
operational scheme that minimizes the sensitivity of the clock frequency towards them.  

This thesis presents the studies on two laboratory atomic clocks: based on DR and 
CPT, using different vapor-cell content and size and different laser wavelengths. The 
main part of this thesis is focused on the study of the light-shift and temperature-shift 
phenomena in DR and CPT atomic clocks. These studies include theoretical 
developments and experimental measurements of these phenomena, showing a good 
agreement between them. Two novel approaches for the CPT vapor-cell atomic clock 
frequency shift suppression are proposed. The first is on the light-shift suppression as 
function of the miniature vapor-cell temperature. The second is on the temperature-shift 
suppression in the miniature single buffer gas vapor-cell. This temperature-shift 
suppression is obtained for the temperature that coincides with the cell temperature for 
suppressed intensity light-shift and it is also in the range of suitable temperatures for 
clock operation. DR and CPT clocks frequency stabilities are measured using both: 
buffer gas and wall-coated cell. A first ever wall-coated clock long-term frequency 
stability measurement is shown here. These results potentially provide possibilities for 
a number of applications like realization of novel CPT miniature atomic clocks with 
frequency stability of ∼10-11 at 10 000s, which will enable a new generation of portable 
instruments for positioning, navigation, smart-grid synchronization and 
telecommunication applications. Also, the results discussed in this thesis are used in 
devising the first European integrated miniature atomic clock.  
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Résumé 
	
  

Les horloges atomiques à cellules exploitent une transition de l’état fondamental 
d’un atome alcalin afin d’obtenir une référence de fréquence stable. La cellule contenant 
ces atomes est au le cœur de ce type d’horloges. Une horloge atomique à cellule peut 
être réalisée selon deux principes différents: La Double Résonnance (DR) et le Piégeage 
Cohérent des Populations (CPT). Dans le cas de la DR, les atomes sont pompés 
optiquement dans l’état désiré, puis interrogés par un champ micro-onde résonnant 
avec la transition dite “horloge”. Dans le cas de la CPT, les deux états fondamentaux de 
l’atome alcalin sont couplés à un état excité commun en utilisant deux champs 
électromagnétiques cohérents (ici, la fréquence de transition micro-onde est appliquée à 
travers la différence de fréquence entre les deux champs électromagnétiques cohérents). 
Les atomes sont ainsi «piégés» dans une superposition cohérente des deux états 
fondamentaux, appelée «état noir». La fréquence d’une horloge atomique à cellule est 
sensibile aux variations de divers paramètres, tels que: les propriétés de la lumière 
utilisée pour l’excitation (à travers l’effet du «déplacement radiatif»), de la pression du 
gaz tampon dans la cellule, de la température de la cellule, etc. Il est donc très important 
de stabiliser tous ces paramètres et de trouver une configuration qui minimise la 
sensibilité de l’horloge aux variations de ces paramètres. 

Cette thèse décrit l’étude de deux horloges atomiques de laboratoire, basées sur la 
DR et la CPT, utilisant des cellules de tailles et contenus différents. L’impact de la 
source lumineuse y est également étudié. La partie principale de cette thèse se concentre 
sur l’étude du déplacement radiatif et du décalage en température (temperature-shift) 
des deux types d’horloges atomiques. Ces études incluent un développement théorique 
ainsi que des mesures expérimentales de ces phénomènes, montrant une bonne 
correspondance entre eux. Deux nouvelles approches de suppression de ces taux de 
variation de fréquence sont proposées pour les horloges CPT. Le premiére est la 
suppression du déplacement radiatif en fonction de la température de la cellule. La 
seconde est la suppression du taux de variation de fréquence en température. La 
suppression du taux variation de fréquence en température est obtenue à une 
température coïncidant avec la température de la cellule à laquelle le déplacement 
radiatif d’intensité est supprimé. De plus, cette température se trouve est dans une 
gamme favorable à l’opération de l’horloge. La stabilité en fréquence des horloges DR et 
CPT est mesurée avec deux types de cellules: des cellules avec gaz tampon et des 
cellules avec revêtement. La première mesure à long-terme de stabilité en fréquence 
avec une cellule à revêtement est présentée dans cette thèse. Les résultats obtenus 
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permettront la réalisation de nouvelles horloges atomiques miniatures basées sur le 
principe CPT, ayant des stabilités en fréquence de l’ordre de 10-11 à 10 000s, ce qui 
permettra de produire une nouvelle génération d’instruments portables pour le 
positionnement, la navigation, la synchronization des réseaux de distribution d’energie 
(smart-grids) ou encore les télécommunications. De plus, les résultats discutés dans 
cette thèse ont ètè utilisés dans l’élaboration de la première horloge atomique miniature 
Européenne. 
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Introduction 
	
  

The first idea about using an atomic transition to measure time was proposed by 
Lord Kelvin in 1879 [1]. It took 60 years before this idea was implemented 
experimentally. Rabi’s pioneering work on molecular beams bred the concept of 
stabilizing a quartz oscillator to an atomic transition, which suppressed the instability of 
the quartz frequency over longer timescales [2]. This approach was advanced by 
Ramsey and his method of successive oscillatory fields [3], and eventually led to the 
first atomic frequency standards [4, 5, 6]. 

In more than 130 years of research, a large body of experiments triggered further 
developments either directly or indirectly. One of them is Zacharias Cesium (Cs) atomic 
beam experiment in 1954 [5]. Although unsuccessful, this experiment led to the first 
practical laboratory Cesium beam frequency standard [6]. In 1967, the 13th “Conférence 
Générale des Poids et Mesures”, defined the second in the International System of Units 
(SI) as the duration of 9 192 631 770 periods of the radiation corresponding to the 
transition between the two hyperfine levels of the ground state of the Cs 133 atom. In 
the following 40 years, the 1.5x10-11 frequency accuracy obtained with the first Cs beam 
[7] was improved to 3x10-15 by the development of a Cs fountain in Laboratoire 
Primaire du Temps et Fréquences (LPTF) in Paris [8]. The present Cs atomic fountain 
clocks have reached an accuracy of 4x10-16 and stability at the 10-14 / τ1/2 level [9]. 

In the 1980’s clocks with ions trapped [10] and cooled in RF potentials were built 
[11, 12], operating at microwave frequencies. Their stability is intrinsically limited by 
the relatively small frequencies of the clock transition and therefore comparable with 
the best fountain clocks [13]. Clocks operating at optical frequencies were developed 
starting in the 1980’s. Nowadays with the advance of frequency combs it has become 
possible to directly transfer frequencies from the optical to the microwave domain. 
Subhertz linewidth lasers are realized through stabilization to a high finesse FP cavity. 
The narrowband lasers can then be used to sample narrow (Hz-level) atomic lines with 
quality factors on the order of Q=1014, while this optical stability can be transferred to 
the microwave domain using frequency combs.  The combination of frequency combs 
and subhertz linewidth lasers is used in realization of optical clocks [14-28]. The present 
optical atomic clocks are considered to be the most stable atomic frequency standards in 
the world with stability of 10-15 τ-1/2. 
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In 1949, Lyons built the first microwave ammonia clock [29], and in the same year, 
Kastler showed that optical pumping technique [30] can be effectively combined with 
the double resonance (DR) method [31]. A vapor-cell standard can be established by 
stabilizing a quartz oscillator using the ground-state transition of an alkali atom: 
simultaneously, the alkali atoms are optically pumped in order to create the 
polarization, and the microwave resonances are excited by a microwave field. Here, 
alkali atoms are contained in a glass-cell placed in a microwave cavity that produces the 
microwave field resonant with the clock frequency.  This combination together with the 
buffer gas method for reducing Doppler shift [32] references the optically pumped gas-
cell clock as secondary frequency standards since their frequency must be calibrated 
against a primary frequency standard. Their assets consist in simplicity, small size and 
relatively low cost. Large shift in frequency due to buffer gas pressure and temperature 
or changes in the intensity and frequency of the pump light prevent them from being 
primary time and frequency standards. 

In most commercially available gas-cell atomic clocks, the optical pumping 
technique is implemented using a discharge lamp. Several experiments have shown that 
significantly better performances can be achieved if the discharge lamp is replaced by a 
laser diode. Recent advances in laser diode technology incite to exploit the advantages 
of laser optical pumping to develop high performance gas-cell clocks [33, 34]. In parallel 
to the laser optical pumping technique, the need for miniaturized gas-cell clocks was 
growing. As the size of the microwave cavity used for inducing the atomic resonance 
was considered as limiting factor, alternative technique is devised. In 1976 Alzetta 
observed the Coherent Population Trapping (CPT) effect in a Sodium cell by coupling 
two ground-state atomic levels to a common excited state, using two coherent 
electromagnetic fields in a so-called Λ-scheme [35]. The atoms are trapped in a coherent 
superposition of the ground states (the dark state) where, ideally, they stop absorbing 
incident photons (the difference from optical pumping where atoms are also placed in 
non-absorbing state is in the fact that in CPT the dark state is given by a coherent 
superposition of atomic states). CPT represents a mechanism to achieve 
electromagnetically induced transparency (EIT) [36] and slowed speed of light [37]. In 
1993, Cyr suggested to use the CPT method in atomic clocks by irradiating alkali vapor 
with an RF modulated laser beam [38]. Since then a number of existing CPT atomic 
clocks have been reported [39, 40, 41, 56-58]. The idea of using CPT method in atomic 
clocks also led to their strong miniaturization. In 2004 the NIST group presented a first 
fully operational physics package of a micro-fabricated gas-cell atomic clock with a size 
of 9.5 mm3 and a frequency stability of 6x10-11 τ-1/2 [42]. 
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The miniature gas-cell atomic clocks based on the CPT are one of the research 
subjects of this thesis. This study was done in the frame of the European FP7 project 
MAC-TFC (MEMS Atomic Clocks for Timing, Frequency Control & Communications). 
The goal of this project was to develop the first European Cesium miniature atomic 
clock based on CPT using a micro-fabricated buffer-gas cell, with a stability on the 6 x 
10-11 τ-1/2 level. This project represented a consortium of 10 partners from six different 
European countries: University Franche-Comte FEMTO-ST (France), Politechnika 
Wroclawska (Poland) and Ecole Polytechnique Fédérale de Lausanne-EPFL SAMLAB 
(Switzerland) developed the miniature Cs vapor cells, Universität Ulm (Germany) was 
in charge for developing the VCSELs emitting at 894 nm, VTT Technical Research 
Group of Finland (Finland) part was to do 3D LTCC packaging of the miniature clock, 
SAES Getters SpA (Italy) provided the getters placed in miniature vapor cells, 
Commissariat à l'Énergie Atomique et aux Energies Alternative CEA (France) was in 
charge to evaluate the possibility to use the developed subsystems and building blocks 
for the development of an atomic magnetometer, finally there were two industrial 
partners: Oscilloquartz S.A. – Swatch Group and The Swatch Group Recherche et 
Developpment S.A., both from Switzerland. Our part in this project was to focus on the 
clock characterization and optimization. 

In the first part of this thesis we discuss the frequency shifts of the CPT gas-cell 
miniature atomic clock resonance due to instabilities of the cell temperature, the light 
intensity and light frequency. The effect of the cell temperature instability can be 
minimized if a mixture of two buffer gases with opposite temperature coefficients is 
used, to obtain a suppressed linear temperature coefficient at a specific inversion 
temperature [43-45]. This result was confirmed in the collaboration with the (FEMTO-
ST group), France and (SAMLAB group) Switzerland (published in a peer-reviewed 
journal [46] and presented at four different conferences [69-71, 75]). Working in the 
same collaboration we showed that in the case of Cs, the same effect can be obtained 
with pure Ne as buffer gas, without need for a gas mixture [47, 64, 73], see Chapter 4. 

Concerning the clock instabilities due to the light intensity and frequency, several 
methods are already known for light-shift reduction in commercial lamp-pumped Rb 
clocks [48, 49], in laboratory clocks based on laser optical pumping [50-53], and in CPT-
based vapor-cell clocks [54-58]. In the case of a CPT-based clock with continuous-wave 
laser excitation, the light-shift can be significantly reduced by optimizing the 
modulation index of the RF frequency-modulated laser field used to create the CPT 
signal [54, 55]. In all published cases the light-shift reduction was obtained on Rb D2 
line [51], Rb D1 line [54] or Cs D2 line [55-58]. There are no reported methods of a light-
shift reduction for a CPT atomic clock using the Cs D1 line. This thesis proposes a 
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technique for the light-shift suppression using the Cs D1 line for the case of a 
frequency-modulated laser field, but as function of the Cs cell temperature [59, 60, 65, 
72, 73], see Chapter 4. 

This thesis not only provides results that will be used in devising a miniature 
atomic clock using a micro-fabricated buffer-gas cell but also discusses atomic clocks 
using a wall-coated cell (Chapter 4, section 4.3). Alkali cells whose walls are coated are 
of high interest to, achieve both narrow clock signal linewidths (therefore improving the 
clock frequency stability) and allow further clock miniaturization. Studying the light 
shift effect in DR and/or CPT clocks using wall-coated cells allow comparisons between 
the frequency shifts in two different CPT clocks: using either the Cs micro-fabricated 
buffer gas cell or the Rb cm-scale wall-coated cell. Furthermore, it is possible to compare 
the frequency shift measurements in CPT and DR cases, and thus obtain an overall 
picture of the observed effects [61, 66, 68, 74, 76]. 

This research was also supported by the Swiss National Science Foundation (FNS) and 
part of the research on Rb wal—coated cell benefitted from a project funded by the 
Association Suisse pour la Recherche Horlogère (ASRH). 
 
The thesis is organized as follows. 

In the first chapter, the operational principle of the atomic clock with detailed 
description of the DR and CPT method is given. The general information on Cs and Rb 
atoms are followed by a description of the absorption signals obtained from Cs and Rb 
vapor cells. Finally, the main systematic shifts in vapor-cell atomic clocks and Allan 
deviation, as a measure of the clock frequency stability, are introduced. 

In Chapter two, the CPT theory is briefly introduced through the simple three-level 
model, followed by a presentation of expected line-shapes of the CPT signal. Theoretical 
descriptions of the light shift and temperature coefficient in a gas-cell atomic clock are 
given here. 

Chapter three describes the experimental setups: it contains a detailed characterization 
of the laser and its modulation parameters, lists the vapor cells used in the experiments, 
describes the experimental setups and gives the characterization of the obtained DR and 
CPT signals. 

Chapter four discusses the experimental measurements of the light shift and 
temperature coefficient in two different cases: using Cs MEMS buffer gas cell, and the 
Rb cm-scale wall-coated cell.  
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To conclude, in Chapter five, short-, medium- and long-term stabilities are shown for 
the two clocks. The influence of the light shift and temperature coefficient to the clock 
stability is evaluated. 

The main results are summarized and next experimental steps are proposed. Appendix 
A describes the experimental setup used for obtaining the results shown in section 4.4. 
Appendix B details on the laser head used for obtaining the results discussed in section 
4.3. Appendix C gives information about the relevant transition strengths of the 133Cs 
and 87Rb alkali atom. 
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Chapter 1      Gas-cell atomic clocks 

In this chapter the operational principle of the gas-cell atomic clock and the Double 
Resonance (DR) and the Coherent Population Trapping (CPT) method are described. A 
short summary on Cs and Rb atom is presented. The description of the laser linear and 
saturated absorption obtained from an evacuated and buffer gas Cs cell is given. The 
main systematic shifts in gas-cell atomic clocks are listed. The introduction on the Allan 
deviation, a measure of the clock frequency stability, concludes the chapter. 

 

 Operating principle of a gas-cell atomic clock  1.1
	
  

A quartz crystal oscillator with frequency stabilized to an atomic transition 
provides the timekeeping signal of a vapor-cell atomic clock. The frequency of a free-
running quartz crystal oscillator is influenced by a number of environmental factors like 
temperature, vibration, etc. In order to stabilize this frequency, specified ground-state 
transitions in alkali atoms (Cs, Rb) are used to transfer the stability of the atomic 
structure to the quartz frequency. The selected transition is typically a transition 
between the two hyperfine ground-state levels in Rubidium (Rb) or Cesium (Cs). Their 
ground-state hyperfine frequency in the microwave region can be synthesized by 
frequency multiplication and mixing from available quartz oscillators in the 
radiofrequency domain, acting as local oscillator (LO).  

Figure 1-1 shows the simplified level models in alkali atoms. The ground state of 
an alkali atom (2S1/2) is split into two hyperfine levels by magnetic-dipole interaction 
between the single valence electron and the nucleus. Energy levels are labeled by the 
total-angular momentum quantum number F equal to the sum or difference of the total 
nuclear angular momentum I and the total angular momentum of the outer electron 
J=S+L. In the case of the ground-state levels, the total orbital angular momentum is L=0, 
so the ground-state levels depend only on the spin angular momentum S and the total 
nuclear angular momentum I. When a magnetic field is applied to the alkali atom each 
hyperfine level is further split into Zeeman sublevels, characterized by magnetic 
quantum numbers mF. The mF=0 levels are unaffected in first-order by the magnetic 
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field, qualifying the mF=0-mF=0 transition as the one to be used for the quartz oscillator 
stabilization. This transition is often referred to as the “clock transition”. 

	
  

Figure 1-1: Energy level scheme of the atomic transition in alkali atoms. Black solid arrow indicates the 
optical D transitions. Dashed arrow indicates the magnetic dipole transitions. The Zeeman levels of the 
ground states are shown as red lines (for example I=5/2, splittings not to scale). The Zeeman splitting of 
the excited states are not shown. The red dashed arrow indicates the “clock transition”. 

The electronic energy levels are generally represented by the notation 2S+1XL+S, where X 
designates the total orbital angular momentum by a capital letter, where S stands for 
L=0, P for L=1, D for L=2, etc. In alkali atoms with L=0 the ground-state level is 
represented by 2S1/2. The states with L=1 are represented by 2P1/2 and 2P3/2, split by the 
spin-orbit interaction and labeled by the total-angular momentum F. The transitions 
between ground-state levels and the electronically excited P levels are two spectral lines 
called D1 (2S1/2 → P1/2) and D2 (2S1/2 → P3/2) lines. The optical transitions are produced 
by electric-dipole interaction, applying a suitable light field to the atoms in the ground-
state energy levels. The transitions between the hyperfine ground-state levels are 
realized through a magnetic-dipole interaction by applying a microwave field. 

A gas-cell atomic clock, where the atoms are contained in a vapor cell, can be 
realized using two different preparation principles: Double Resonance (DR) or Coherent 
Population Trapping (CPT). The DR principle of a gas-cell atomic clock [1] is shown in 
Figure 1-2. 

In DR two fields are applied on atoms: microwave and optical. The microwave 
field is resonant at the ground-state hyperfine frequency of the alkali atom causing the 
transfer of the atoms from one to the other ground-state level.  
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Figure 1-2: Energy level scheme of the atomic transition in an alkali atom, for the DR case. Solid and 
dashed arrows indicate the optical and microwave radiation, respectively. The Zeeman splitting of the 
ground and excited states is not shown. 

Optical detection of the resonant microwaves is possible when there is a population 
imbalance between the two levels that allows the applied microwave field to change the 
population of the two ground states. At the operation temperature of atomic clocks the 
two ground state levels are almost equally populated and therefore no difference in 
optical light absorption would be detected. The imbalance between the two ground-
state levels population is created by optical pumping [2], produced by using an optical 
light field, acting selectively on one of the ground-states level only, which creates a non-
thermal population distribution among energy levels. The laser field excites the atoms 
from one of the ground-state levels. Decay from the excited state repopulates both 
ground-state levels, but the atoms are re-pumped from the selected ground-state level. 
After several cycles, a population imbalance is created (τdecay∼ns [3]). If the resonant 
laser light field and microwave radiation are applied simultaneously the transmitted 
laser light through the vapor cell is decreased and this decrease in the transmission (i.e. 
increase in the absorption) is measured. Adding the buffer gas in the cell improves the 
efficiency of the optical pumping by impairing the diffusion of alkali atoms to the cell 
walls (the interaction of alkali atoms with the cell walls leads to depolarization of the 
atomic state).  

Figure 1-3 shows the microwave-optical DR gas-cell atomic clock scheme. The 
optical pumping is done by using a discharge lamp or a laser stabilized at the 
frequencies of the specific transition in alkali atoms (e.g. 795 and 780 nm for D1 and D2 
87Rb line and 895 or 852 nm for 133Cs D1 and D2 line, respectively). The DR signal is 
detected by a photodetector (PD) as a decrease in the pump light level transmitted 
through the vapor cell. This absorption signal is used to stabilize the quartz local 
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oscillator (LO) frequency in a feedback loop. The microwave synthesizer feeds the 
microwave cavity with the magnetic microwave field resonant with the clock 
frequency.  The microwave synthesizer is referenced to the LO that oscillates usually at 
5, 10 or 100 MHz providing the clock signal output. 

 

Figure 1-3: DR clock scheme. PD is the photodetector detecting the DR signal. LO is quartz local oscillator 
and µ is microwave source. The vapor cell is placed in the microwave resonator, represented by the two 
solid lines). 

Today’s commercially available DR Rb atomic clocks are used in radio, video and 
mobile communications [4, 6], satellite navigation and communication [7, 8]. The best 
high-performance Rb DR atomic clocks are used in the space segment of satellite 
navigation and positioning systems (GNSS: GPS, Galileo and GLONASS) [4, 9]. 

An alternative technique proposed for the replacement of the DR technique is 
known as the Coherent Population Trapping (CPT) technique, shown in the Figure 1-4 
[10]. Here, two ground-state atomic levels are coupled to a common excited state, using 
two coherent electromagnetic fields in the so-called Λ-scheme. When the Raman 
resonance condition is satisfied (Raman detuning is zero δR= ν1-ν2-νhfs =0), destructive 
quantum interference occurs and the atoms are trapped in a coherent superposition of 
the ground-states (the “dark state”), which is the non-absorbing state (see Chapter 2). 

In the realization of a CPT experiments the two coherent electromagnetic fields 
can be produced from two phase-locked diode lasers [11], or by external modulation of 
one diode laser [12], or direct modulation of the diode laser injection current [13, 14]. 
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Figure 1-4: Principal interaction scheme in an alkali atom for the CPT case. Solid arrows indicate the 
optical light field frequencies ν1 and ν2. Δ0 is the optical detuning and δR is Raman detuning. The Zeeman 
sublevels of the ground and excited states are not shown. νhfs is the frequency of the ground-state 
hyperfine splitting in alkali atom. 

The frequency of the laser carrier is modulated creating the optical light fields with 
sidebands, usually separated by the frequency equal to the ground-state hyperfine 
splitting frequency in alkali atom or half of this value (typically in range from 1.5 GHz 
to 10 GHz), see Figure 1-5. If the frequency of the laser modulation is equal to the 
frequency of the ground-state hyperfine splitting in the irradiated alkali atom (νhfs), the 
carrier and one of the first-order sideband are used to create CPT (Figure 1-5 Left). If the 
frequency of the modulation matches to half of the frequency of the ground-state 
hyperfine splitting in the alkali atom (νhfs/2), CPT is created by the two first-order 
sidebands (Figure 1-5 right).  

 

Figure 1-5: Modulated laser spectrum. LSI represents the laser sideband intensity and fopt is optical 
frequency. k represents the laser sideband order. Red arrow represents the frequency of the ground-state 
hyperfine splitting in alkali atom νhfs. Left: Laser modulation frequency is equal to Δhfs. Right: Laser 
modulation frequency is equal to νhfs/2. 

In Figure 1-6 the block scheme of the CPT atomic clock with external laser modulation is 
shown. Here the CPT resonance is prepared using a diode laser, whose frequency is 
modulated using an Electro-Optical Modulator (EOM). The microwave frequency, 
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provided by the microwave synthesizer (marked as µ in the Figure 1-6) is referenced to 
a local oscillator (LO). The CPT signal is detected by a photodetector (PD) and used to 
stabilize the LO.1 

 
Figure 1-6: CPT clock scheme. EOM is Electro Optical Modulator used to modulate the laser frequency. 
PD is photodetector detecting the DR signal. LO is the quartz local oscillator and µ is the microwave 
source. 

Reported existing CPT atomic clocks are [15-19]. NIST group realized the first miniature 
CPT clock prototype in 2001 [20]. Nowadays, commercial miniature CPT clocks are 
devised by Symmetricom (Chip Scale Atomic Clock - CSAC) [5], for use in underwater 
sensors for seismic research, gas and oil exploration or military systems. 

In both DR and CPT cases, it is necessary to modulate the microwave frequency in 
order to use phase-sensitive lock-in detection. In this way, signal-to-noise ratio of the 
clock signal is increased and the produced error signal is used to stabilize the quartz LO 
frequency. 

 
 
 
 
 
 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1	
  In this work, the microwave frequencies refers to 6.834 GHz in the case of 87Rb atoms and 9.192 GHz in 
the case of Cs atoms; LO refers to the quartz. 
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 Cs and Rb atoms 1.2
	
  

Gas-cell atomic clocks use atomic transitions in Cs or Rb atoms to stabilize the 
quartz frequency. The use of these two atoms is associated with several advantages: 
even though their hyperfine frequency is relatively high (low GHz range) it can be 
synthesized from existing quartz oscillators, their temperature of operation (melting 
point < 313 K, allowing high density of alkali vapor for relatively low vapor cell 
temperatures of Tc∼323 to 333 K) and available lasers diodes on these wavelengths. The 
widespread use of Rb clocks with fluorescent lamp excitation is due to the fact that Rb 
has two abundant isotopes with partly overlapping hyperfine lines that can be used to 
filter the lamp light in order to obtain hyperfine optical pumping. Table 1-1 lists some of 
the important data of these elements: 

 

Alkali metal Cesium (Cs) Rubidium (Rb) 

Isotopes present in the nature 133Cs 87Rb 85Rb 
Relative natural abundance (%) 100 27.83 72.17 
Atomic number 55 37 37 
Melting temperature (K) 301.5 312.30 312.30 
Boiling temperature (K) 671 688 688 
Specific heat capacity (J/g*K) 0.242 0.363 0.363 
Molar heat capacity (J/mol*K) 32.210 31.060 31.060 
Vapor pressure at 298 K (Torr) 1.488 (74) x 10-6 3.92 (20) x 10-7 3.92 (20) x 10-7 
Density at 298 K (g/cm3) 1.93 1.53 1.53 
Nuclear spin 7/2 3/2 5/2 

Table 1-1: Basic data of Cs and Rb atom [21]. 

The relevant information for the calculation of the DR and CPT signal is the number of 
atoms per cell cubic centimeter, at the exact cell temperature. Using the ideal gas 
formula the density number n of the Cs and Rb vapor as function of temperature can be 
calculated [25]: 

 n =
P!
k!T

e!
!!
!  (1.1) 

where P0 and T0 are the reference pressure and temperature, respectively. Figure 1-7 
shows density number n of the Rb and Cs vapor as function of temperature: 
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Figure 1-7: Densities of the Rb and Cs vapor as function of temperature are labeled with blue and red 
solid lines, respectively. Red and blue dashed lines indicate the respective melting temperatures. 
References for P0 and T0 for liquid and solid state of Cs and Rb are taken from [23]. 

The energy levels for the Cs and Rb atoms, D1 and D2 lines are shown in Figure 1-8 and 
Figure 1-9: 

 

Figure 1-8: Energy levels of the 133Cs atom, nuclear spin quantum number I=7/2, involved in the D line 
transitions. Energy splitting is not drawn to scale. Figure was taken from [21] and numerical values are 
cited according to references given in [21, 22]. 
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Figure 1-9: Energy levels of the 87Rb atom, nuclear spin quantum number I=3/2, involved in the D line 
transitions. Energy splitting is not drawn to scale. Figure was taken from [21] and numerical values are 
cited according to references given in [21, 22]. 

	
  

 Linear and saturated absorption in a Cs and Rb vapor 1.3
cell 

	
  

In the interaction between a laser light field and atomic vapor the atoms may 
absorb photons. The resulting absorption spectrum reveals the atomic energy structure 
of the atom and the optical density of the atoms in the sample. The relative intensity of 
the transmitted light varies exponentially to the vapor density and the path length of 
the light through the atomic vapor, which can be determined by the Beer-Lambert law. 
This law says that the intensity decays exponentially with the distance travelled 
through the sample (until optical saturation condition is reached): 

 I! = I!e!!!  (1.2) 

I1 and I0 are the transmitted and incident intensities, respectively. α is the absorption 
coefficient, which depends on the density of atoms and the absorption cross section of 
the alkali atom σ, and L is the path length of the light through the atomic vapor. 
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The simple configuration shown in Figure 1-10 is used to measure a linear 
absorption spectrum. The cell contains the Cs or Rb atomic vapor and the laser 
frequency is scanned through the optical resonances of the atoms.  

 

Figure 1-10: Basic setup for absorption spectroscopy. 

The absorption process is described by an absorption rate γ [rad/s], giving the 
probability per unit time for the atom to absorb the laser photon: 

 γ =
I   ν!
hν!

σ! ν dν (1.3) 

In (1.3) I(νL) is the incident laser intensity, h is the Planck’s constant, νL is the laser light 
frequency and σi(ν) is the effective absorption cross section of the alkali atom for the 
transition under consideration. The line shape of the absorption can be expressed with 
the Lorentzian function: 

 g ν! =
1

4 ν! − ν! !/Γ! + 1  , 
(1.4) 

where Γ is the natural linewidth of the transition Γ=γ/π (Hz), also known as full width 
at the half maximum (FWHM), νL is the laser frequency and ν0 is the resonant 
frequency. 

 
Figure 1-11 shows a simple linear absorption spectrum across the Cs D1 line. The 

four peaks represent the transitions of the atoms from the ground states F=3 and F=4 to 
excited states F’=3 and F’=4. Each peak represents a Gaussian curve due to thermal 
motion of individual atoms in the gas. Different atom velocities result in the cumulative 
effect that causes absorption in a wider spectrum than just the natural width. This effect 
is known as Doppler broadening [24]. The Doppler widths, which depend on the cell 
temperature (∼ 500 MHz [25], see 2.2.3) limits the resolution of optical spectroscopy, e.g. 
D2 line of Cs and Rb (see section 2.2.3). Table 1-2 shows the natural and Doppler widths 
of D1 and D2 lines of Cs and 87Rb atoms. 
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Atom  Cs 87Rb 
Transition D1 D2 D1 D2 
Natural width (MHz) 2π*4.575(12) 2π*5.234(13) 2π*5.7500(56) 2π*6.0666(18) 
Doppler width (MHz) 390 410 530 538 
	
  
Table 1-2: Natural and Doppler widths of D1 and D2 lines of Cs and 87Rb atoms [21]. Doppler widths are 
calculated for the Cs vapor cell temperature of T=353 K and Rb vapor cell temperature of T=333 K. 

 

 
Figure 1-11: Linear absorption spectrum obtained with the light field scanned over the Cs D1 line 
showing an absorption in the 25 mm long and 26 mm diameter glass-blown evacuated cell at room 
temperature. Laser frequency is varied by the laser current variation. Sloping background is present due 
to the laser frequency scan obtained by injecting the laser current. 

The frequency ν0 of the absorption line of an atom moving with a velocity 𝑣 with 

respect to a laser beam with wave vector 𝑘 is Doppler shifted by an amount: 

 δν! =k   v = ν
v!
c  (1.5) 

Laser saturated absorption spectroscopy [26-28] allows to overcome the Doppler 
broadening and to observe the hyperfine splitting of the excited states even when they 
overlap due to the Doppler broadening, e.g. D2 line of Cs and Rb atoms. The pump and 
probe laser beams, having the same frequency but different intensities, are shining from 

opposite directions (𝑘!"#$% = −𝑘!"#!) through the atomic medium in a vapor cell, 
interacting with different velocity classes of atoms. The probe beam will be shifted by a 

Doppler shift (𝑘!"#$% ∗ 𝑣) when interacting with an atom of a given velocity 𝑣, while the 
pump beam will be shifted by a Doppler shift of the same magnitude but of opposite 

sign (−𝑘!"#$% ∗ 𝑣). Only for 𝑘!"#$% = 𝑘!"#! , the two laser beams will interact with the 
same velocity class of atoms observing the spectral linewidth its natural width: 
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 𝑘!"#!𝑣 = 𝑘!!"#$𝑣 = 0 (1.6) 

Figure 1-12 shows a setup used for saturated absorption spectroscopy.  

 
Figure 1-12: Saturated absorption spectroscopy setup. 

The observed signal (using the setup described in Figure 1-12) is a Doppler-free profile, 
the so-called saturated absorption dip (Lamb dip). Figure 1-13 shows the saturated 
absorption spectrum obtained from the Cs evacuated cell (the same cell was also used 
in linear absorption spectroscopy setup, see Figure 1-11). The difference in the 
amplitude of the absorption peaks between Figure 1-11 and Figure 1-13 (a) comes from 
the different laser intensities used in these two cases (in the case of the Figure 1-11, the 
laser intensity is three times smaller than in the case of Figure 1-13 (a)). Figure 1-13 (b) 
gives the zoom on the two absorption peaks, representing the transitions from ground 
state F=4 to excited states Fʹ′=3 and Fʹ′=4, in order to highlight the saturated absorption 
dips (Lamb dips). 
 

 
Figure 1-13: (a) Saturated absorption spectrum obtained with the light field scanned over the Cs D1 line 
showing the absorption in the 25 mm long and 26 mm diameter glass-blown evacuated cell at room 
temperature. (b) Zoom on two peaks (Lamb dips are more visible) presenting the transitions from ground 
state F=4 to excited states Fʹ′=3 and Fʹ′=4. 
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In order to prevent the collisions of the alkali atoms with the cell window (for DR and 
CPT), buffer gas atoms and/or molecules are added into a vapor cell containing alkali 
atoms. Usually, inert gases such as nitrogen, argon or neon are used as buffer gases, 
because they have small cross sections for alkali atoms ground-state decoherence which 
means that they affect only weakly the ground-state relaxation of alkali atoms [29]. 
Buffer gas atoms not only prevent collisions with the glass walls of the vapor cell but 
also virtually eliminate the Doppler broadening of the microwave transition. However, 
adding the buffer gas causes a shift and broadening of the ground-state and excited 
state optical transitions [30]. Optical transitions to electronically excited states are much 
stronger affected by the buffer gas collisions than the alkali ground state transitions. 
The excited P state involved in the transitions gets shifted in energy and each of its 
hyperfine components undergoes additional dephasing, resulting in population 
redistribution between the respective mF sublevels and broadening of the optical 
transitions. Table 1-3 lists the broadening (γbuff) and shifting (σbuff) coefficients [25] for 
the optical Cs D1 and Rb D1 transition in Ne and Ar buffer gas cells: 
 

Transition Cs D1 [28] 87Rb D1 [27] 
Buffer gas Ar Ne Ar Ne 
Broadening γbuff (MHz/Torr) 19.73 10.12 9.8 3.91 
Shift σbuff  (MHz/Torr) -8.69 -2.88 -7.65 -0.41 

Table 1-3: Broadening and shift coefficients for the optical Cs D1 and Rb D1 transition in Ne and Ar 
buffer gas cell [30, 31]. 

 
Figure 1-14: The red line represents the linear absorption spectrum obtained with the light field scanned 
over the Cs D1 line showing the absorption in the 19 mm long and 10 mm diameter glass-blown buffer 
gas cell with Ar and Ne (total pressure 40 Torr) heated to Tc=338 K. The black line shows the linear 
absorption spectrum obtained with the light field scanned over the Cs D1 line showing an absorption in 
the 25 mm long and 26 mm diameter glass-blown evacuated cell at room temperature. 
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Figure 1-14 shows the linear absorption spectrum obtained from the two different Cs 
vapor cells: evacuated Cs cell at room temperature and Cs cell containing the mixture of 
the buffer gases Ne and Ar at Tc=338 K. The Gaussian fit of the absorption peak 
representing the F=4→F’=3 transition, obtained from the evacuated cell without buffer 
gas, and the Voigt fit [3] of the same absorption peak obtained from the buffer gas cell 
allow estimation of the broadening and the shift of the absorption peaks due to the 
buffer gases: (464±50) MHz and (-155.2±2.2) MHz. Knowing the coefficient for Ne and 
Ar shifts and broadening of the Cs D1 line [31], it can be estimated that the buffer gas 
cell contains 8 Torr of Ar and 32 Torr of Ne, giving the Ar-Ne ratio of 1:4. 

	
  

 Systematic shifts in gas-cell atomic clocks 1.4
	
  

Gas-cell atomic clocks frequency shifts may be due to various operation 
parameters, i.e. the buffer gas pressure in the vapor cell, the temperature of the clock 
cell, the external magnetic field, light shift, etc. Residual variations of these parameters 
mentioned above contribute to the clock frequency instability. It is therefore critical to 
carefully stabilize all these parameters and to find a clock operational scheme that 
minimizes the sensitivity of the clock frequency towards them. The main sources of the 
gas-cell clock frequency shift are discussed below. 
	
  

1.4.1 Buffer-gas pressure and temperature shift 
	
  

With buffer gases in the vapor cell the clock resonance may be shifted by several 
hundred Hz per Torr, depending on the buffer gas. This pressure shift is the combined 
effect of several physical interactions. The hyperfine splitting of alkali-metal atoms is 
modified by the alteration of the valence electron density at the nucleus, when the 
collision with buffer gas atom occurs [32]. This is a result of the two forces: attractive 
long-range Van der Waals interactions and repulsive short-range Pauli exclusion forces. 
Van der Waals interactions decrease the electronic density at the nucleus and therefore 
reduce the hyperfine splitting. Pauli exclusion forces act in the opposite direction: they 
increase the electronic density at the nucleus and enhance the splitting. The resulting 
frequency shift depends on the nature of the gas, its density, and temperature and can 
be expressed as [33]: 
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 Δν = ν− ν! = P!(β+ δ T− T! + γ T− T! !) , (1.7) 

where P0 is the pressure at the reference temperature T0 (T0=(298-431 K) [35]) , β is the 
pressure shift coefficient and δ and γ are first- and second-order temperature shift 
coefficients. 
It has been shown that for Cesium atoms the frequency shift is positive with light gases 
(He, Ne, N2), where the Pauli exclusion forces are dominant. In the case of the heavy 
gases (Ar, Kr, Xe) the frequency shift of Cs atoms is negative, mainly due to the Van der 
Waals interactions [34].  
 

This thesis presents studies on temperature shift of the atomic clock frequency due 
to buffer gas in the vapor cell. Other related phenomena such as buffer gas variation 
due to adsorption, permeation [35], reaction with impurities, leakages [36], etc., depend 
on the cell production processes and they are not studied here.  
If the vapor buffer gas cell is placed in atmospheric pressure (no pressure-controlled 
environment, which is sometimes the case for atomic clocks), buffer gas pressure 
variations will occur whenever the ambient temperature changes. This effect is known 
as the barometric effect [37]. Studies given in ref [37] showed that a cm-scale glass-cell 
clock has a sensitivity of 1.3x10-13/Torr of external pressure. In ref [37] the barometric 
effect is scaled with respect to cell window dimensions. Therefore it can be estimated 
that in the case of the microfabricated cell (see section 3.2), the barometric effect is 
1.3x10-16/Torr.  
Absolute shift of the atomic clock frequency due to the buffer gas pressure variation is 
negligible compared to the total buffer-gas shift, for example (see section 1.4.4, Table 1-
4).  
	
  

1.4.2 Magnetic field shift 
	
  

A static magnetic field is applied to the atoms to provide the quantization axis and 
gives rise to the further splitting of the hyperfine atomic levels into Zeeman sublevels, 
characterized by the quantum number mF. The Hamiltonian describing the atomic 
hyperfine structure interaction in the presence of an external magnetic field with flux 

density 𝐵 is: 
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 H!"# =
hν!"#

2(I+ 12)
IJ+

g!!µμ!
ћ JB+

g!!µμ!
ћ IB (1.8) 

In the case of total electronic angular momentum quantum number J = !
!
 the energy 

splitting of the ground-state magnetic sublevels is given by the Breit-Rabi formula: 

 ν!! = −
ν!"#

2 2I+ 1 +
g!!m!µμ!

h B±
ν!"#
2 1+

4m!

2I+ 1 x + x!  , (1.9) 

where x=(µB/hνhfs)B(gJ-gI), B magnetic flux density, νhfs is the hyperfine ground-state 
splitting frequency, g’j and g’i fine structure Landé and nuclear g’-factors and µB Bohr 
magneton. The mF=0 sublevels are shifted only quadratically causing a shift of the 
hyperfine frequency according to the equation [22]: 

 Δν = K!B!! , (1.10) 

where B0 is the magnetic induction in Tesla and K0=427.45x108 HzT-2 for Cs and K0 

=575.14x108 HzT-2 for 87Rb.  
 

1.4.3 Light shift (AC-Stark shift) 
	
  

Besides pressure, temperature and magnetic shift, the light shift (LS) is one of the 
biggest contributors to the atomic-clock instability. The LS is the shift of atomic energy 
levels due to the interaction of the induced atomic dipole moment with the oscillating 
electric field of the light and can be approximated by a dispersive Lorentzian as 
function of a light field detuning and light field intensity [38]. 

 δν! ν!, I =
1
4 g! ! ν! − ν!

(ν! − ν!)! + Γ!/4
 (1.11) 

It depends on the laser intensity I∼⎪gR⎪2, where gR is optical Rabi frequency, νL is the 
laser frequency, ν0 is the resonant frequency and Γ is the width of the optical transition 
to the excited state. A more detailed analysis of the LS will be given in Chapter 2. 
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1.4.4 Summary of typical shifts in gas-cell atomic clocks 
	
  

Typical absolute shifts of buffer gas vapor-cell clock frequency due to different 
clock parameter variations, e.g., light field, magnetic field, vapor cell temperature are 
listed in Table 1-4: 

Physical effect Coefficient Typical value Absolute shift 

Buffer gas pressure  ∼102-103 Hz/Torr 30-100 Torr ∼ 103-104 Hz 
Magnetic field ∼500x108 Hz/T2 1-5 µT < 1 Hz 
Intensity LS ∼10-12 cm2/µW 10-90 µW/ cm2 < 0.1 Hz 
Frequency LS ∼102 mHz/MHz 100 kHz < 0.1 Hz 
Buffer gas cell 
temperature 

∼0.5 Hz/Torr*K 30-100 Torr ∼15-50 Hz/K 

Table 1-4: Typical absolute shifts of the gas-cell clock frequency, estimated for the typical clock operating 
conditions. 

The light field, the vapor cells temperature, etc., will not only shift the clock frequency. 
The small fluctuation of these parameters will also influence the clock frequency 
stability. The typical stabilized laser intensity and frequency variations are ~few 10-4 
and ~few 10-10 for τ=10 000s, respectively, which contribute to the clock frequency 
stability on the level of ~10-11-10-12. The typical buffer gas mixture cell temperature 
variation is ~tens mK for τ=10 000s which influences the clock frequency stability on the 
~10-12-10-13 level. The typical buffer gas pressure variation due to barometric effect is ∼ 
1.3x10-13 and ∼1.3x10-16, for the cm-scale glass cell and the microfabricated cell, 
respectively (see section 1.4.1). The barometric effect is negligible in the atomic clock 
short-term frequency stability. In the case of the atomic clock long-term stability the 
influence of the buffer gas pressure variation due to barometric effect (for a typical one-
month atmospheric pressure variation of 50 Torr) is ∼ 6.5x10-13 and ∼ 6.5x10-16, for the 
cm-scale glass cell and the microfabricated cell, respectively. Buffer gas variations due 
to alkali atom permeation through the walls of glass-blown alkali vapor cells and due to 
the leak are typically 1.5x10-13mbar 1/s [35] and 2x10-9 mbar 1/s [36], respectively. 
 
The studies performed in this thesis focused on: 

• Evaluation of the intensity and frequency LS and temperature shift in a vapor-
cell atomic clock (Chapter 4) and proposition of mechanisms which will 
minimize these shifts.  
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• Evaluation of the laser intensity, laser frequency and vapor cell temperature 
variations and their impacts to the clock frequency instabilities (Chapter 5)  

	
  

 Atomic clock frequency stability 1.5
 

The Allan variance σy2 (τ) is a measure of clock frequency stability. An example of 
the signal used for the Allan variance calculation is shown in Figure 1-15: 

	
  

Figure 1-15: Example of a signal used for the calculation of the Allan variance. y(t) is signal measured 
value, the x-axis represents the measurement time. 

The yk represents the average signal y(t) value in the time  interval [tk, tk+1], where the 
average time for each average is τ= tk+1- tk: 

	
   y! =
1
τ y t dt

!!!!

!!
	
   (1.12) 

The Allan variance is defined as one half of the square of the time average of the 
difference between successive readings of 𝑦! (deviation of y(t) averaged over the 
sampling period): 

	
   σ!! τ =
1
2 y!!!,! − y!,!

! =
1
2 lim!→!

1
n y!!!,! − y!,!

!
!

!!!

	
   (1.13) 
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The Allan variance can also be expressed through the power spectral density Sy(f) of y(t) 
[39]: 

 σ!! τ = S!
!

!
f H f !df, (1.14) 

where H (f) is the transfer function of the detector detecting the clock signal. The noise 
spectrum Sy (f) can be expressed as a sum of different type of noises with a frequency 
dependence f!: 

 S! f = h!f!
!

!!!!

 (1.15) 

The coefficient α determines the type of the noise dominating in the measurements, e.g. 
α=0 correspond to the white frequency noise. The experimentally measured value is the 
Allan deviation σy (τ), which is a square root of Allan variance.  

Table 1-5 reviews the values of different coefficients, their impact as function of 
sampling time and indicates the name of the various processes [40].  

α  σy(τ) Type of noise 

2 ∼τ-1 White PM 

1 ∼τ-1 Flicker PM 

0 ∼τ-1/2 White FM 

-1 ∼τ0 Flicker FM 

-2 ∼τ1/2 Frequency random walk 

-2 ∼τ1 Frequency drift 

Table 1-5: α values for different types of noise: evaluation of the influence to the Allan variance for each 
value of alpha. FM corresponds to the Frequency Modulation and PM to the Phase Modulation. 

An example of the typical Allan deviation as function of sampling time τ is given in 
Figure 1-16, including typical types of the noise dominating for specific regions of τ. The 
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graph shows that the white frequency noise typically dominates clock short-term 
frequency stability and that is limited by, so called, Flicker phase modulation noise. The 
clock frequency drift due to various clock intrinsic parameters usually determines long-
term clock frequency stability. 

	
  

Figure 1-16: Example of the Allan deviation graph in double-logarithmic scale. 

The Allan deviation can also be estimated as function of τ-1/2 (only in the case of white 
FM noise) [40]: 

	
   σy τ =
1
ν0

NPSD
2D

1
τ
  ,	
   (1.16) 

where NPSD [V/Hz1/2]is the measured noise of the atomic transition detection during 
one cycle, ν0 [Hz] is the resonant atomic frequency, and D [V/Hz] is the experimental 
discriminator slope (see Chapter 3) which depends on the signal amplitude A and 
signal linewidth FWHM: D≈A/FWHM (see Chapter 3). By measuring the clock 
detection noise, knowing the resonant atomic frequency and evaluating the signal 
discriminator slope it is possible to calculate the expected clock short-term frequency 
stability. This formula is used in the further text for the prediction of the clock 
frequency stability. 

Main processes studied in this thesis are white noise (σ∼τ-1/2) influencing the clock 
short-term stability, and clock frequency random walk and drift (σ∼τ1) influencing the 
clock medium- and long-term stability. In particular, the focus will be on the evaluation 
of the LS and temperature shift-effects contributions to the clock short-, medium and 
long-term frequency stability (Chapter 5). 
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 Summary and conclusions 1.6
	
  

The DR and the CPT methods in the standard three level model of alkali atom are 
described in this chapter. Clock schemes using these methods are depicted. A short 
summary on Cs and Rb atoms is given, including the equation for the atomic density 
calculation (1.1), important for the calculation of the DR and CPT signals. This chapter 
also discusses linear and saturated absorption in a Cs and Rb vapor-cell. Shifts and 
broadenings of the optical transitions in a buffer gas vapor-cell are explained by 
comparing the absorption signals obtained from two different cells: the Cs glass-blown 
vapor cell containing the mixture of the buffer gases Ne and Ar, heated up to Tc=338 K 
and the Cs glass-blown evacuated cell at room temperature. The typical contributions to 
shifts in gas-cell atomic clocks (pressure, temperature, magnetic and LS) have been 
evaluated (Table 1-4). The light field, the vapor cell temperature, etc. will not only shift 
the clock frequency but the small fluctuation of these parameters will also influence the 
clock frequency stability. The typical stabilized laser intensity and frequency variations 
are few 10-4 and few 10-10 for τ=10 000s, respectively, which contributes to the clock 
frequency stability on the level of 10-11-10-12. The typical buffer gas mixture cell 
temperature variation is some of tens mK for τ=10 000s, which influences the clock 
frequency stability on the ~10-12-10-13 level. The introduction of the Allan deviation, a 
measure of the clock frequency stability, concludes the chapter (important for Chapter 5 
where the influence of the light shift and temperature coefficient to the clock frequency 
stability is evaluated). 
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Chapter 2      Coherent Population 
Trapping theory 

This chapter introduces the CPT theory through the simple model of a three-level atom. 
Equations for the calculation of the CPT signal linewidth and amplitude are given and 
the main contributors to the CPT signal linewidth are discussed. The theoretical 
description of the CPT LS for a simple three level model atom is given. The description 
starts with the simpler picture of LS in the case of monochromatic laser light. 
Subsequently taking into account the multi-frequency laser spectrum in order to obtain 
the CPT LS picture extends this description. Then, we introduce the theoretical 
description of the LS in a CPT gas-cell atomic clock for a four level model atom (Cs D1 
and 87Rb D1 lines). Finally, the theory of the temperature-shift effect in two different 
vapor cells (buffer gas and wall-coated cell) is discussed. 

	
  

 Three-level models for CPT in Λ systems 2.1
	
  

The relevant atom-light system for CPT with Λ configuration is depicted in Figure 
2-1. In a Λ system, it is assumed that, in first approximation, every light field interacts 
with one atomic ground-state level, only. If the light field is applied to one transition, 
e.g. field ν1 to the transition |1〉 → |3〉 the atomic population will be optically pumped 
into state|2〉 due to spontaneous emission from |3〉. Atoms in state|2〉 cannot be excited 
anymore with the light field and stay trapped in this state (in absence of a second light 
field ν2 and in absence of relaxation). Experimentally, this effect will be observed as a 
reduction of fluorescence signal or an enhancement in the transmission. If a second light 
field ν2 is applied, the atoms initially in state|2〉 will be re-pumped to the excited state 
|3〉 and fluorescence and absorption of light fields ν1 and ν2 are observed again. If the 
laser frequencies ν1 and ν2 correspond to the transition frequencies of the atom ground-
state levels |1〉 and |2〉 to the excited state |3〉 and if the fields have a fixed phase 
relation (see 2.8), the CPT effect occurs, i.e. absorption reduction of both fields ν1 and ν2 
is observed. 
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Figure 2-1: Level diagram of the ideal three-level Λ system. δL=ν1-(Ω3-Ω1) and δR=ν1-ν2-Δhfs represent the 
optical and Raman detuning, respectively. Ω1,2,3 are energies of the atomic levels and ν1 and ν2 are the 
laser frequencies. Δhfs is the frequency of the ground-state hyperfine splitting in the atom. Γ31 and Γ32 are 
population decay rates from the excited state|3〉 to the ground-state levels |1〉 and |2〉, respectively. γ31 
and γ32 are the spontaneous emission rates. γ12 and Γ12 are hyperfine ground-state coherence relaxation 
and population decay rate, respectively. Γi=γi/π. This notation will be kept throughout the thesis. 

A more detailed semi-classical description of CPT is done by treating the light-
fields classically and using quantum mechanics to describe the atomic levels shown in 
Figure 2-1. The light field is composed of two monochromatic light waves and can be 
expressed as: 

 E = E! cos(ν!t+ φ!)+ E! cos(ν!t+ φ!)  (2.1) 

The Hamiltonian H describing the atom-field interaction is composed of two terms: an 
unperturbed atomic part H0 and a part describing the light-atom interaction in the 

electric dipole approximation (Hint =-𝑑𝐸): 

 

H = H! + H!"# = ћΩ!
!

i >< i +
ћg!
2 e!!!!!!!!! 3 >< 1

+
ћg!
2 e!!!!!!!!! 3 >< 2 + h. c., 

(2.2) 
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where ħΩi for i=1, 2 are the energies of the energy levels and gi are the Rabi frequencies 
used to express the interaction strengths; all are assumed to be real (all polarizations 
and vector properties of the electric dipole operator omitted): 

 
g! = −

3 er i
ћ E!, i ∈ 1,2  

(2.3) 

Instead of the ground-state levels |1〉 and |2〉 it is instructive to consider a new 
orthogonal basis for the ground-state consisting of the so-called “coupling” state ⎪C〉 
and “non-coupling” state ⎪NC〉: 

 C   =   
1

g! ! + g! !
g!e!!!!! 1 + g!e!!!!!!! !!!!! 2   (2.4) 

 NC   =   
1

g! ! + g! !
g!e!!!!! 1 −   g!e!!!!!!! !!!!! 2  (2.5) 

The transition amplitude between the new states and the excited state 3  can be 
expressed as: 

 3 H!"# C =
ћ

2 g! ! + g! !
e!! !!!!! !!!!!(g!! + g!!e!!!!!! !!!!! ) (2.6) 

 3 H!"# NC =
ћ𝑔!𝑔!

2 g! ! + g! !
e!! !!!!! !!!!! 1− e!!!!!! !!!!! , (2.7) 

with the Raman detuning δR =ν1 - ν2 - Δhfs. 

If the Raman detuning is zero, i.e., ν1-ν2=Ω2-Ω1, |NC〉 is a solution of the Schrödinger 

equation:  iћ !
!!
Ψ   =    Ψ  and it is shown that for ϕ1 - ϕ2=nπ, n∈Z: 

 3 H!"# NC = 0  and     3 H!"# C =
ћ g! ! + g! !

2 e!! !!!!! !!!"!! (2.8) 
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From equation (2.8) it can be seen that the atom in the state |NC〉, called “dark state”, 
cannot be excited by the resonantly interacting light-fields. This is not true for the state 
C   which can again be excited.  

To obtain a more adequate approach towards the CPT effect, for the case of a three-level 
system a spontaneous emission channel must be included because it is the essential 
process for populating the coherent dark state NC . This is done with the help of the 
density matrix formalism [1]. Solutions of the density matrix equations, using a 
perturbation approach, in the fully three-level symmetric system (Γ31=Γ32=Γ and 
γ31=γ32=γ) and exactly on the optical resonance δL =0, provide the (Lorentzian) signal 
absorption (Eq. 2.9) and signal dispersion (Eq. 2.10) of the dark line resonance, 
respectively [2]: 

 gIm ρ!" ≈
1
2
g
Γ

! 2Γ!" +
g!
Γ

2Γ!" +
g!
Γ

!
+ δ!!

 (2.9) 

 gRe ρ!" ≈
1
2
g
Γ

! δ!

2Γ!" +
g!
Γ

!
+ δ!!

  ,    (2.10) 

where the broad background due to the optical transition is neglected (since the natural 
optical linewidth is typically five orders of magnitude broader than the dark line 
resonance) and it is assumed that hyperfine ground-state population and coherence 
decay rates are approximately the same, i.e. Γ12 ∼ γ12 is used. From these Lorentzians the 
CPT linewidth ΓCPT and the amplitude ACPT of the absorption signal are extracted, using 
the approximation that the ground-state coherence decay rate is much smaller than 
population decay rates from the excited state Γ12 ≪ Γ: 

 Δν!"# = 2Γ!" +
g!! + g!!

2Γ
= 2Γ!" +

g!

Γ
 (2.11) 
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   A!"# =

g1
2 + g

2
2

2Γ

2

2Γ12 +
g1
2 + g

2
2

2Γ

=

g2
Γ

2

2Γ12 +
g2
Γ

	
   (2.12) 

where Γ12 is the hyperfine ground-state population decay rate, g1=g2=g are the Rabi 
frequencies and Γ=Γ31=Γ32 for a symmetric Λ system. These formulas will be used to 
calculate signal linewidth and the amplitude for the case of the two laser fields of 
similar power and the small optical detuning (< MHz). 

	
  

 CPT signal amplitude and linewidth 2.2
	
  

An example of a transmission CPT signal, having a Lorentzian shape, is given in 
Figure 2-2 showing the signal linewidth and amplitude.  

 

Figure 2-2: The transmission CPT signal as function of the Raman detuning. ΔνCPT is the signal full width 
at the half maximum (FWHM) and A is the signal amplitude. Typical linewidth for a buffer gas cell is few 
kHz and typical signal amplitude is on the level of µA. 

The amplitude A of the CPT signal in the case of a three-level system, with g1=g2=gR can 
be calculated with equation (2.12) [3]. The amplitude of the CPT signal is proportional 
to the density of the alkali atoms, which increases with the cell temperature. Hence, the 
CPT signal amplitude increases with the cell temperature. However, it is necessary to 
find the optimum cell temperature for which the signal amplitude is at maximum, since 
for very high temperatures the CPT signal vanishes due to the optical density of alkali 
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vapor such that no resonant light is transmitted [4]. The CPT transmission resonance 
signal has a Lorentzian shape in the case of a symmetric Λ system (Γ31=Γ32 =Γ and 
g12=g22 =g2) and the width of the resonance is given by the equation (2.11) [5]. Equation 
(2.11) clearly shows that the width of the CPT resonance depends linearly on the laser 
radiation intensity. At very low laser intensities the CPT linewidth is dominated by γ12, 
i.e. by the buffer gas collisions (or time-of-flight broadening). 

In the following, the main contributions to the CPT signal linewidth are discussed, 
e.g. time of flight, Doppler broadening and broadening due to different types of 
collisions: alkali atoms with alkali atoms, alkali atoms with the gas-cell walls and alkali 
atoms with buffer gas atoms. Each contribution to the CPT signal linewidth is evaluated 
through the two broadening rates (γTOF (rad/s) and γDOPP (rad/s)) and three ground 
state coherence rates (γSE (rad/s), γdiff (rad/s), γbuff (rad/s)), for the two Cs buffer gas cells 
of different sizes. The CPT signal linewidth is then calculated as Γ12=γ12/π=(γSE + γdiff + 

γbuff)/π (Hz). 

	
  

2.2.1 Time of flight  
	
  

In the case where the vapor cell only contains alkali atoms, the linewidth of the 
CPT signal is usually dominated by the limited interaction time between the atoms and 
laser light field (atoms move through the laser beam of limited diameter). As a result 
the signal resonance is narrower if the interaction time is longer (usually called “time-
of-flight”, TOF): 

 γ!"# =
v!
d =

1
d 4ln2

k!T!
m    , (2.13) 

vR is the mean atom velocity, kB is Boltzmann constant, m is the mass of the alkali atom, 
Tc is the vapor cell temperature, and d is the length of the atom’s path through the laser 
beam volume. At the cell temperature of Tc=354 K, the calculated mean velocity is vR ≈ 
413 m/s. Using a d=2 mm beam (measured to be in our experiment) through a Cs vapor 
“time-of-flight” coherence rate is γTOF ∼ 206000 rad/s. Any linewidth limitation from 
TOF is overcome by the presence of a buffer gas in the cell. The motion of alkali atoms 
becomes diffusive and essentially keeps the atoms longer time in the laser beam, 
reducing the TOF broadening (see section 2.2.5). 
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2.2.2 Spin-exchange 
	
  

Another contributor to the overall signal resonance is the spin-exchange 
interaction between individual alkali atoms. In these collisions, the total angular 
momentum is conserved but a transfer between the hyperfine states is possible [6]. The 
spin exchange collision contribution to the overall ground-state coherence rate is [7]: 

 γ!" = (  
6I+ 1
8I+ 4 v!n!"σ!")  , 

(2.14) 

where I is the total nuclear angular momentum, v! =
!!!!
!"

 is the mean relative velocity 

between the two colliding Cs atoms with reduced mass µ between them, nAL is the 
density of alkali atoms and σSE is the cross-section of spin exchange collisions. In the 
case of Cs with nuclear spin quantum number I=7/2 the spin exchange cross-section is 
σSE=(2.18 ± 0.12)x10-14 cm2 [8]. For the cell temperature Tc=354 K the density of Cs 
atoms is 3x1012 atoms/cm3 (see Chapter 1, Figure 1-7). Therefore, it can be calculated 
that the spin-exchange contribution to the signal linewidth, in these conditions is 
γSE=1857 rad/s. 

 

2.2.3 Doppler broadening 
	
  

The Doppler broadening exists not only for the optical transitions but also for the 
microwave transitions, due to same reasons (see Chapter 1). It is given by:  

 γ!"## = ν!"#
2ln2k!T!
mc!   , (2.15) 

where m is alkali atom mass, kB is the Boltzmann constant, c=299,792,458 m/s and Tc 
the vapor cell temperature. At the gas cell temperature Tc=354 K, γDOPP ≈ 5400 rad/s. 
With buffer gas in the vapor cell the Doppler broadening is eliminated through the 
Dicke effect [9], when the mean free path between two collisions is smaller than the 
relevant wavelength scale, given by the ground-state hyperfine splitting. Doppler 
broadening can also be suppressed by coating the vapor cell walls with anti-relaxation 
coating material. With cells coated with anti-relaxation material at low laser intensity 
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such that the crossing time of atoms through the laser beam is faster than optical 
pumping, velocity averaging during multiple passes of the atoms through the beam 
also creates the signal narrowing. 

 

2.2.4 Atom-cell walls collisions (diffusion equation) 
	
  

As mentioned in Chapter 1 the vapor cells contain buffer gas in order to prevent 
collisions of alkali atoms with the cell walls and keep their state of polarization. With 
this technique the signal resonance becomes narrower [9], since the time that alkali 
atoms spend passing through the laser beam increases and time-of-flight broadening is 
suppressed. The motion of the alkali atoms through the neutral buffer gas atoms can be 
treated as diffusive motion with a small relaxation, since the collision frequency 
between alkali and buffer gas atoms is much higher than the collision frequency 
between alkali atoms and of alkali atoms with the cell walls [7]. Relaxation rates of the 
alkali atoms due to collisions with the cell walls are obtained as solution of the diffusion 
equation. For low cell temperatures and small light beam diameters (d≪R) the ground-
state coherence rate is given by the [7]: 

 γ!"## =
2.405
R

!

+
π
L

!
D!
P!
P

T!
T!

!/!

,   (2.16) 

where R and L are cell radius and length of a cylindrical cell, respectively, D0 is the 
diffusion constant of Cs in the buffer gas considered, P0 and P are the reference and cell 
pressure, and T0 and Tc are the reference and cell temperature, respectively. It is clear 
that γdiff is inversely proportional to the buffer gas pressure. High buffer gas pressure 
seems desirable in order to reach minimal linewidth. For the Cs micro-fabricated cell 
studied here, the diffusional ground-state coherence decay rate can be expressed as 
function of the buffer gas pressure: 

 γ!"## = 1.8  x  10!  Torr ∗ rad/s ∗
1
P  , 

(2.17) 

calculated for the gas-cell dimensions of R=1 mm and L=1.4 mm, cell temperature 
Tc=354 K and diffusion constant of Cs in Ne (for T=273 K and P0=760 Torr) 
D0=(0.15±0.014) cm2/s [10]. For 75 Torr of Ne cell, γdiff=2418 rad/s. 
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2.2.5 Collisions with buffer gas atoms 
	
  

The frequent collisions with the buffer gas atoms cause an additional contribution 
to the alkali hyperfine ground-state coherence rate: 

 γ!"## = L!v!σ!"##
!
!!

 , (2.18) 

where L0≃2.69x1025 m-3 is the Loschmidt constant, v!"# =
!!!!
!!!

 is the mean relative 

velocity between the alkali and buffer gas atoms at the cell temperature (µr is reduced 
mass between Cs and buffer gas atoms), and σbuff is the collisional cross-section between 
alkali and buffer gas atoms. γbuff is directly proportional to the buffer gas pressure since 
the density of the atoms increases with the pressure. For the studied micro-fabricated 
cell here, the hyperfine ground-state coherence rate can be expressed as function of the 
buffer gas pressure: 

 γ!"## = 0.136
Hz
Torr ∗ P  , 

(2.19) 

for the cell temperature Tc=354 K and the collisional cross section between Cs and Ne of 
σbuff=(9.27 ± 0.90)x10-23cm2. For the 75 Torr of Ne, γbuff is 10 rad/s. 
 
Since Γdiff is inversely proportional, and Γbuff is directly proportional to the buffer gas 
pressure, for low buffer gas pressures the resonance linewidth strongly drops with 
increasing pressure caused by the diffusive effects, while for higher pressures the 
linewidth increases again due to collisional ground-state dephasing [11], as described in 
Eq. (2.18), see Figure 2-3.	
  2 

γTOF and γDOPP are only evaluated for evacuated Cs cells and their contribution to 
the linewidth is significantly suppressed by having a buffer gas in the cell. In the case of 
a vapor cell with buffer gas, the ground-state coherence rate can be calculated with 
(2.11), where γ12 is: 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

2 Figure 2-3 reprinted with permission from: S. Brandt, A. Nagel, R. Wynands and D. Mechede, Phys. 
Rev. A 56, pp. R1063-R1066, 1997. Copyright (1997) by the American Physical Society. 
http://link.aps.org/doi/10.1103/PhysRevA.56.R1063.  
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   γ!" = (γ!" + γ!"## + γ!"##)	
   (2.20) 

 
Figure 2-3: Measured coherent dark resonance linewidth vs. neon pressure for very low laser intensity 
(squares, 17 µW/cm2; triangles, 11 µW/cm2; circles, 6 µW/cm2; diamond, 1 µW/cm2). The solid line is 
calculated using values measured by direct excitation of RF transitions between cesium ground-state 
levels [10], and does not involve any adjustable parameters. This figure was taken from [11]. 

Table 2-1 summarizes the CPT signal linewidth contribution due to all mentioned 
effects above, for the two different Cs cells:  for the MEMS cell with 75 Torr of buffer gas 
Ne total γ12 is γ12=4285 rad/s and for the cm-scale cell with 90 Torr of Ne γ12=209 rad/s: 

 
Table 2-1: Signal linewidth broadening contributions due to different effects, in the case of two different 
cells.  

Vapor cell micro-fabricated Cs cm-scale Cs 

Dimensions (mm) R=1 and L=1.4 R=10 and L=10 

Cell temperature (K) 354 323 

Beam diameter (mm) 2 5 

Ne buffer gas (Torr) 75 90 

γTOF  (rad/s) 206x103 39.5x103 

γDOPP  (rad/s) 5400 3575 

γSE (rad/s) 1857 200 

γdiff (rad/s) 2418 23 

γbuff (rad/s) 10 18 

Total γ12=γSE+γdiff + γbuff (rad/s) 4285 241 

Total Γ12=γ12/π  (Hz) 1364.6 76.7 
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 Light shift in CPT for a simple three-level model atom 2.3
	
  

In this section the theoretical description of the LS in a CPT gas-cell atomic clock is 
given. The explanation will start with the LS for a simplified three-level model atom, in 
the case of the monochromatic laser field, already briefly discussed in 1.4.3. Sum over 
all existing laser frequency components gives the total LS in the case of a multi-
frequency laser spectrum, e.g. for CPT induced with a frequency-modulated laser. 
Previously published CPT LS reduction technique is discussed here in order to 
distinguish this technique from the one that will be proposed in this thesis (Chapter 4). 

The LS is the shift of atomic energy levels due to the interaction of the induced 
atomic dipole moment with the oscillating electric field of the light [12, 13]. The LS δνi of 
a single atomic level can be approximated by a dispersive Lorentzian (as function of a 
single laser frequency νL and intensity I∼⏐gR⏐2) of width Γi centered at the optical 
atomic resonance νi, [14, 15]: 

 δν! ν!, I =
1
4 𝑔! ! ν! − ν!

ν! − ν! ! + Γ!!/4
 (2.21) 

 

Figure 2-4: Diagram depicting the intensity and frequency light - shift effect. The x-scale shows the laser 
frequency detuning around the frequency of the specific transition in alkali atom, i.e., F=3→F’=3 in Cs D1 
line, etc. 

	
  

The total LS of the microwave atomic clock transition (in the case of the ideal three level 
symmetric model atom shown in Figure 2-1) is the difference of the two mF=0 atomic 
level shifts involved: 
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 δν!! ν!, I = δν! ν!, I − δν! ν!, I   , (2.22) 

which is depicted in Figure 2-5. The dashed blue line indicates the LS due to the 
interaction of a single laser frequency with one ground-state level only. The solid red 
line indicates the full LS due to both ground states. 

 

Figure 2-5: The total LS of the microwave atomic clock transition in the case of ideal three-level system 
and single laser frequency. Two ground-state levels are depicted above the LS curve. The dashed blue 
line indicates the frequency-dependent LS of the one atomic ground-state level (⎪2〉) in presence of one 
single light frequency fL. The red solid line gives the full LS including both ground-state levels (LS of the 
clock transition). Below the LS curve, the monochromatic laser spectrum (laser carrier J0) is depicted. 
Solid black line represents the local slope used for β estimation (see below). 

When the laser frequency is modulated in order to create sidebands for inducing 
CPT resonances, the intensities Ij of the carrier and the j-th sidebands are I j ≈ ⎜Jj(M)⎜2, 
depending on the phase-modulation index M through the Bessel functions Jj (if the 
amplitude modulation is small or negligible) [16] (see Chapter 3). While M can be 
optimized in order to obtain maximized light intensity in the two first-order sidebands 
creating the CPT resonances (one of the possibilities, see Figure 1-5), it is not possible to 
simultaneously have zero intensity in the laser carrier and the higher-order (⎜j⎜ ≥ 2) laser 
sidebands. 

In the case of a multi-frequency laser spectrum the total LS is obtained as the sum over 
the contributions from all existing laser frequency components νj with their respective 
intensities Ij: 
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 δν!!!"# ν!, I = δν! ν!, I! − δν! ν!, I!!  , (2.23) 

where νL is the laser carrier frequency (j=0) and j≠0 indicates the orders of the 
modulation sidebands.  

In a CPT atomic clock application, the LS can be expressed locally (for a given laser 
frequency and laser intensity) by coefficients known as the intensity LS coefficient α 
and the frequency LS coefficient β, by taking the respective partial derivatives of (2.23): 

  

α ν!,I =
dν!!!"#

dI  

β ν!,I =
dν!!!"#

dν!
3 

(2.24) 

With α and β having in general non-zero values, it is evident that residual fluctuations 
in the laser intensity or laser frequency give rise to fluctuations in the atomic level 
energies and thus to instabilities of the atomic clock. Changes in the amplitude of the 
solid red line due to the laser intensity instabilities correspond to the intensity LS 
coefficient α in Figure 2-5. The local slopes of the solid red line give the frequency LS 
coefficient β in the same Figure. Usually, β is evaluated as a local slope around zero 
(black solid line in Figure 2-5). It is common practice to express the LS coefficients and 
clock frequency stability in fractional values, i.e., normalized to ν!!. 

There is already one method developed for LS reduction in CPT-based vapor-cell clocks 
[14, 17-20]. In this case the LS can be significantly reduced by optimizing the 
modulation index of the RF frequency-modulated laser field used to create the CPT 
signal [14, 17]. It is also possible to obtain modulation conditions where the frequency 
LS β is reduced to first-order, because the slopes of the LS curve at the ± 1st-order 
sidebands are of opposite sign and can largely compensate each other for appropriate 
sideband intensities [17]. However, second-order effects due to the carrier and higher-
order sidebands result in a non-negligible quadratic frequency LS, and the M values 
required for obtaining suppressed α or β are not necessarily the same [14]. In Chapter 4 
of this thesis a novel technique of the LS reduction will be proposed – a technique based 
on optimizing the vapor cell temperature, not the modulation index M. 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
3	
   In order to be compatible with widespread literature convention, the two different coefficients are 
labeled with the same symbol β: Frequency LS coefficient β (mHz/MHz) and the pressure coefficient β 
(Hz/Torr) introduced in Eq (1.7).	
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 Light shift in CPT for a four-level model atom 2.4
	
  

The LS for a four-level model atom is calculated by using Eq. (2.21) taking into 
account that Cs D1 line cannot be aproximated by the simple three-level model since the 
influence from the off-resonant excited state must be considered (see Figure 1-8). 
Therefore the LS δνi of a single atomic ground-state level  is (Eq. (2.21) becomes): 

 𝛿ν! ν!, I =
1
4 g!" ! ν! − ν!"

ν! − ν!" ! + Γ!"!/4

!

!!!

  , (2.25) 

where i=3, 4 and the LS from the off-resonant excited state is included. The difference of 
the involved ground-state level shifts is then calculated by using: 

 δν!! ν!, I = δν! ν!, I − δν! ν!, I   , (2.26) 

and shown schematically in Figure 2-7 (b), for a case of a single laser frequency. 

Rabi frequencies g!" depend on the nature of the atom, the optical transition in the 
atom, the light intensity and light field polarization (see Appendix 3). In our case we 
deal with right hand (σ+) polarization light field geometry inside the cell, shown in 
Figure 2-6: 

 

Figure 2-6: Scheme of the light and magnetic field vectors inside the vapor cell. The black solid arrow 
represents the circular σ+ polarization. 

Optical transition strengths are different for the different light polarizations and are 
dependent on the square of the dipole matrix elements, which are usually given in the 
literature [7]. Table 2-2 represents the optical transition probabilities for the F=3→Fʹ′=4 
transition of Cs D1 line (for detailed Cs and Rb atom transition probabilities see 
Appendix 3): 
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Transition probability 

mF=-3    mF=-2    mF=-1      mF=0     mF=1      mF=2      mF=-3 

Optical 
transition 
in Cs 

TP 
Selection 

rule 
       

F=3→Fʹ′=4 π ΔmF=0 7/48 1/4 5/16 1/3 5/16 1/4 7/48 

F=3→Fʹ′=4 σ+ ΔmF=+1 1/48 1/16 1/8 5/24 5/16 7/16 7/12 

F=3→Fʹ′=4 σ- ΔmF=-1 7/12 7/16 5/6 5/24 1/8 1/6 1/48 

Table 2-2: TP denotes transition polarization. Optical transition probabilities for the ground state F=3 of 
Cs atom for σ+, σ- and π light polarization are taken from [21].  

In our specific case we are interested only in the LS of the F=3, mF=0→F=4, mF=0  (clock 
transition) of Cs D1 transition. For F (mF=0) →Fʹ′ (mF=+1) transitions in the case of σ+ 
laser polarization, the transition strengths for the four transitions are: 

Optical transition in Cs D1 line Transition probability 

F=3→Fʹ′=4 5/24 

F=3→Fʹ′=3 1/8 

F=4→Fʹ′=4 5/24 

F=4→Fʹ′=3 1/8 

Table 2-3: Optical transition probabilities for the Cs D1 line in the case of right handed σ+ light 
polarization, taken from [21]. 

Figure 2-7 shows the schematic view of LS of the clock transition in the case of CPT on 
the Cs D1 line, in presence of one single light frequency only. The top curve in Figure 2-
7 shows an example of an optical transmission spectrum for a thermal Cs vapor, while a 
typical example of a multi-frequency laser spectrum, for CPT excitation by the positive 
and negative first-order sidebands is depicted by the lowest curve. Clock transition LS 
on Cs D1 line, in presence of one single light frequency only, is calculated by using Eq. 
(2.26). Broadening due to the buffer gas is taken into account by approximate choice of 
Γik in Eq. (2.25). Optical transition probabilities from Table 2-2 are implemented into Eq. 
(2.25) and Eq. (2.26) through the Rabi frequencies gRk.  
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Figure 2-7: Schematic view of LS in the case of CPT on the Cs D1 line. Top curve: Example of an optical 
transmission spectrum for a thermal Cs vapor, showing line broadening by a buffer gas. Middle curve: 
Frequency-dependence of the LS of the clock transition in presence of one single light frequency only. The 
dashed vertical lines indicate the positions of the optical transitions. Lowest curve: Typical example of a 
multi-frequency laser spectrum, for CPT excitation by the positive and negative first-order sidebands.  

In the case of a multi-frequency laser spectrum, the total CPT LS in the case of Cs 
D1 line can be calculated as the sum over the contributions from all existing laser 
frequency components νj with their respective intensities Ij (Eq. 2.23). Therefore, the 
total CPT LS of the Cs D1 line is calculated by using the formula (2.26), where the sum 
over all the contributions are taken into account: 

 dν!!!"# ν!, I = δν! ν!", I! − δν! ν!", I!
!

 (2.27) 

Using Eq. 2.27 and the transition rates for the Cs D1 line (see Table 2-2 and Annex 3) in 
the case of σ+ polarization, i.e. using the gRk of Table 2-3, the total CPT LS for Cs D1 line 
(in a cold vapor cell, i.e. neglecting light absorption in the cell) can be calculated for a 
different values of the modulation index M, Figure 2-8. In this case, the positive and 
negative first-order sidebands of the laser are used to create CPT. Taking into account 
the light absorption in the cell, i.e. calculating LS or a high cell temperatures, was not 
investigated in this thesis. 
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Figure 2-8: Frequency-dependence of the LS of the clock transition in presence of the multi-frequency 
laser spectrum (see Figure 2-7 (c)), for a various modulation indices M. The pink arrow indicates the laser 
carrier frequency when the CPT is created by coupling to the Fʹ′=3 state. The green arrow shows the laser 
carrier frequency when CPT is created by coupling to the Fʹ′=4 state. δν00CPT is in arbitrary units and 
additional work must be done in order to have it in Hertz. 

The LS model (Figure 2-8) shows that in the case when two first-order sidebands create 
CPT by coupling to the Fʹ′=3 state (pink arrow), LS is negative for M=1.8 and M=2, and 
only for small M<0.4 the LS becomes positive. This model also shows that in the case of 
CPT created by coupling to the Fʹ′=4 state (green arrow), the LS is always positive, 
independent on the modulation index M.  

The theoretical treatments shown in Figures 2-7 and 2-8 are in agreement with the 
experimental measurements discussed in Chapter 4:  

• Section 4.2.1 - Experimental results of the CPT intensity LS in Cs MEMS 
buffer gas cell, fit to the calculations shown in Figure 2-8. CPT created by 
coupling to the Fʹ′=3 state LS is negative and CPT created by coupling to 
the Fʹ′=4 state LS is positive (for M=1.8). 

• Section 4.3.1 – Experimental results of the DR frequency LS shown in 
Figure 4-18 fit to the calculations introduced in Figure 2-7. 
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 Temperature coefficient 2.5
	
  

Theoretical description of the temperature shift in a CPT gas-cell atomic clock is 
given in the following. This effect is considered for two different vapor cells: buffer gas 
and wall-coated cell. Temperature coefficient for both cells is evaluated.	
  

	
  

2.5.1 Temperature coefficient in a buffer gas cell 
	
  

In addition to the LS, the temperature coefficient (TC) of the clock cell is another 
main source of instability in atomic clocks. With each buffer gas species (typically Ar, 
Ne, N2, etc.) is associated a shift of clock frequency which depends on the gas pressure 
and temperature (temperature coefficient) and thus links the clock frequency to the 
environmental conditions (see Chapter 1, (1.7)). To limit this effect, a mixture of two 
buffer gases with opposite temperature coefficients is generally used in order to obtain 

a suppressed linear TC at a specific inversion temperature !!
!" !!"#

= 0  (see 1.7) [22-24].  

Table 2-4 represents the pressure and temperature coefficients according to Equation 
(1.7), for different buffer gases in Cs cell. 

Buffer gas N2 [23] Ar [23] He [24] 

β (Hz/Torr) 921.8 ± 12.8 −183.4 ± 4.2 1185±46 

δ (Hz/(Torr*K)) 0.826 ± 0.012 −1.088 ± 0.025 1.49±0.150 

γ (mHz/(Torr*K2)) −2.6 ± 0.04 0.0 ± 0.3 −3.9± 0.06 

 
Table 2-4: Linear and quadratic temperature coefficients for different buffer gases in a Cs cell, taken from 
[23, 24]. 

	
  

The total shift from the resonant frequency due to the pressure and temperature shifts 
can be calculated by using (1.7). In the case of Cs vapor cell with buffer gas mixture 
formula (1.7) becomes: 
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Δν = ν− ν! = P!
β! + rβ!
1+ r +

δ! + rδ!
1+ r T− T!

+
γ! + rγ!
1+ r T− T! ! , 

(2.28) 

where βi, δi and γi are pressure, linear and quadratic temperature coefficients for two 
buffer gases, respectively, P0 is the total buffer gas pressure, and r is the buffer gas ratio 
r=P2/P1.  

For 80 Torr of Ar-N2 buffer gas pressure in Cs vapor cell, T0=354 K and r (PAr/PN2)=0.48 
the inversion temperature can be calculated. In this case Tinv=329.9(2) K. The result is 
shown in Figure 2-9.  

TC for the single buffer gas N2 (P=57 Torr) is TC=dν/dT≈ 4.8x10-9 (1/K) while for the 
buffer gas mixture Ar-N2 (P=80 Torr and r=0.48) same coefficient is TC≈ 1.2x10-10 (1/K). 

	
  

Figure 2-9: Black solid line represents the temperature shift in Cs vapor cell with buffer gas mixture Ar-
N2. Inversion temperature for 80 Torr of total pressure and r=0.48 is Tinv=329.9(2) K. Red solid line 
represents the temperature shift in Cs vapor cell with 57 Torr of single buffer gas N2. 

 

2.5.2 Temperature coefficient in a wall-coated cell 
	
  

Adding buffer gas to the resonance cell is not the only technique to reduce 
depolarizing collisions of the alkali atoms with the cell walls. Another possibility is the 
use of wall-coated cells where a thin layer of tetracontane or a silane on the cell walls 
reduces the sticking time of the alkali atoms on the walls, thus strongly reducing 
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ground-state depolarization. With the tetracontane coating material the atomic 
coherence can survive several thousand wall-collisions and the observed linewidths can 
be as narrow as only few Hertz [26]. Dicke narrowing is possible in this case too, when 
the mean free path between two collisions is smaller compared to the wavelength 
λhfs=c/Δhfs of the involved transition between the two ground states (λhfs=3.2 cm for Cs). 
For a spherical wall-coated vapor cell, in the case of the ideal coating, the relaxation rate 
is given by [7]: 

 γ =
3
4
v
R  , 

(2.29) 

where R is the radius of the cell and 𝑣 is the average speed of the atom.  

Table 2-5 lists obtained wall-shifts and signal linewidth for different coatings in 
different 87Rb cell sizes. 
 

Reference [26] [27] [28] 

Coating Tetracontane Paraffin OTS 

Cell diameter (cm) 3.6 2.3 4 

Wall- shift (Hz) -52 -107 -600 

Linewidth (Hz) 10.6 260-346 870 

TC  ∼ 2x10-10/K ∼ 3x10-10/K n.c. 

 
Table 2-5: Measured wall-shifts, linewidths and TC in different wall-coated 87Rb cell, with different 
dimensions. n.c. denotes not communicated. 

The TC of a wall-coated cell is intrinsic property of the coating material itself [29]. The 
variations in the cell temperature will determine the physics of atoms interacting with 
the wall-coating and its impact on their polarization state. Temperature frequency shift 
behavior can be explained introducing the adsorption process of the alkali atom on the 
coated walls, assuming uniform adsorption energy Ea in the overall cell volume [30-32]: 
 

 τ! = τ!e
!!
!!! , (2.30) 
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where τa is adsorption time of an atom on the walls, τ0 is the period of vibration of the 
adsorbed atom in the wall potential, kB is the Boltzmann constant and T is the absolute 
temperature. 
If we consider the formula for the clock frequency wall shift due to temperature [33]: 

	
   Δν = Δν!
τ!
τ!
  ,	
   (2.31) 

with Δνa is the difference between the resonant hyperfine frequency while the Rb is 
absorbed on the surface and in the free space and τc is the correlation time for atom-wall 
collisions (depends on cell radius R and mean velocity <v> of Rb atoms inside the 
spherical cell), the fractional change in adsorption time by the influence of the 
temperature can be written as [30]: 

 
dΔν
Δν = −

E!
k!T

dT
T  (2.32) 

TC measurements gives the information about adsorption energy Ea, using (2.32). 
Typical TC=dΔν/dT for the cell coated with tetracontane is on the level of ∼ 10-10/K. 

 

 Summary and conclusions 2.6
	
  

In this chapter three-level models for CPT in Λ systems are discussed. This model 
includes spontaneous emission in CPT effect by using the density matrix formalism. 
CPT signal linewidth and amplitude equations are given and the main contributors to 
the CPT signal linewidth (TOF, spin-exchange, Doppler broadening, atom-cell walls 
collisions and collisions with buffer gas) are introduced. The theoretical description of 
the CPT LS for a simple three-level model atom and TC in a gas-cell atomic clock is 
discussed. It is shown that the total CPT intensity LS is given by the sum over all 
sideband contributions and can be minimized by adjusting M to balance the positive 
and negative contributions. Later, the theoretical description of the LS in a CPT gas-cell 
atomic clock for a four level model atom is introduced. Theory of TC in a buffer gas and 
wall-coated vapor cell is also discussed here. Typical TC for the single buffer gas is on 
the 10-9/K level (for 57 Torrr of N2 TC≈4.8x10-9 1/K) while for the buffer gas mixture 
same coefficient is on the ∼10-11-10-12/K level (for N2-Ar mixture (P=100 Torr and r=1.3) 
TC≈ 1.2x10-10 1/K). Typical TC for the wall-coated cell is on the level of ∼ 10-10/K. The 
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experimental measurements of the LS effect and TC in the Cs buffer gas and the Rb 
wall-coated cells are discussed in Chapter 4. 
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Chapter 3      Experimental methods 

This chapter discusses the experimental methods used in this thesis. The laser source is 
described and its linewidth is estimated using two different experimental methods. The 
laser modulation technique is shown and modulation indices are evaluated for the 
modulation frequency ν=νCs/2=4.596 GHz. Three different vapor cells used in the 
experiments are described, followed by the presentation of the two experimental setups 
used in this thesis. Finally, the two different CPT signals (obtained from the Cs MEMS 
single buffer gas cell and the 87Rb wall-coated cell) are discussed. Signals linewidth and 
amplitudes are evaluated as functions of laser intensity and microwave power and 
compared to the theoretical values calculated in Chapter 2. The signal discriminator 
slope D is introduced and optimized in order to obtain the best clock short-term 
stability, discussed in Chapter 5. 

 

 Laser sources 3.1
	
  

It was already shown (see Chapter 2) that two light fields interacting with a three-
level atomic system, in various configurations, can lead to CPT, where the Λ 
configuration is of special interest. These two light fields ω1 and ω2 can be produced by 
two phase-locked lasers [1] or by one frequency modulated laser, whose sidebands are 
used for creating the CPT signal. The number of sidebands and their amplitude depend 
on the laser modulation technique, e.g., single beam modulation techniques using 
Acousto-Optical Modulator (AOM), Electro-Optical Modulator (EOM), current 
modulation of the laser source, etc. 

Two phase-locked diode lasers exciations have been used in several CPT 
experiments since 1996 with Cs and Rb vapor cells [2-4] and atomic beam experiments 
[5]. Here, the beams from the two lasers (reference and slave laser) overlap on a 
photodiode. The phase difference between the two light fields is detect on the beat 
signal and compared with a stable reference phase. The error signal is used to make a 
correction to the tunable slave laser. The disadvantage of this method is that the setups 
to realize phase-locking are rather complex and more expensive. 
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Single beam modulation techniques, using an (AOM) [6], (EOM) [7] or current 
modulation of the laser source [8], are less complex allowing easier experimental 
realization. There are already reported CPT experiments using an EOM [9] and current 
modulation of the laser source [10, 11]. Today, one of the most common single beam 
modulation techniques is current modulation of the vertical-cavity surface-emitting 
laser diode (VCSEL). VCSELs are characterized by high modulation bandwidths (> 4 
GHz range). This make them very suitable for use in CPT experiments, where the 
splitting between sidebands corresponds usually to half or full hyperfine splitting 
frequencies of alkali atoms (Rb, Cs, etc.). VCSELs are intrinsically single-mode devices 
with a circularly shaped output beam. They have low threshold currents and require 
only few mA of drive current to operate. Typical single-mode VCSEL’s linewidths are 
around 50 MHz (a VCSEL at 894.6 nm produced by Ulm Photonics has a linewidth of 
20-25 MHz [12]). The laser linewidth plays a significant role in CPT contrast. Natural 
width of the optical transition in alkali atom is usually few MHz (6 MHz for Rb, 5.3 
MHz for Cs, etc.). If the laser linewidth is larger than few MHz, only part of the laser 
power will drive the transitions and be involved in creating a CPT signal while all of the 
laser power contributes to the signal background. By adding a buffer gas to the metal 
vapor in the cell the optical transitions get homogeneously broadened and thus all 
power contained in the full VCSEL linewidth can contribute to the CPT signal. 

The problem mentioned above can be also avoided by using a distributed 
feedback (DFB) lasers instead of VCSEL since typical DFBs have a linewidth of few 
MHz. Unfortunately the limited bandwidth of the DFB prohibits direct current 
modulation in the GHz range. Therefore a DFB laser carrier frequency is modulated by 
using other mechanisms for single beam modulation techniques: AOM or EOM. Using a 
DFB laser in a CPT atomic clock will limit the clock miniaturization possibilities due to 
the setup complexity, compared to the configurations using current modulated 
VCSELs. 

At the beginning of this work (mid 2009) no commercial VCSELs emitting 894.6 
nm (Cs D1 line) were available. Therefore, the CPT experimental clock utilized a DFB 
laser at 894.6 nm as a light source, modulated with an external EOM, see Figure 3-18. 
Also, the use of a DFB laser was a better option for characterizing the experimental 
clock parameters, providing a better control of the laser spectrum. Later, the further 
CPT clock miniaturization (since the goal of this work is devising the first European 
chip-scale atomic clock (CSAC)) was done by project partners in 2011-2012, by 
implementing the first VCSEL at 894.6 nm in the clock demonstrator [12]. 
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3.1.1 DFB lasers 
 

The DFB laser at 894.6 nm used in the experiment with Cs MEMS buffer gas cell is 
described below. The DFB laser at 795 nm (87Rb D1 line) used in the experiment with 
87Rb wall-coated cell will be described in Annex A. 

DFB lasers diodes achieve intrinsic single-mode operation from the diode chip itself by 
a grating structure imprinted on the laser chip for mode selection. These lasers show 
low noise levels and narrow linewidths around 10 MHz [13] or less. The DFB laser 
diode wavelength used in the experiment is tuned for emission around 894.6 nm (Cs D1 
line) [14]. The laser is packaged into 5.6 mm TO packages and placed into a home-made 
laser head. Figure 3-1 show the laser diode housing and control electronics. 

  

 

Figure 3-1: (a) DFB laser mounted in 35 mm diameter housing. The laser head is thermally isolated and 
then temperature stabilized with a Peltier-element and NTC. (b) View into the laser housing. Red and 
blue wires connect the chip with current and the ground sources, respectively. T and NTC indicate the 
laser temperature control. (c) Control electronics used to operate the DFB. Left: temperature control unit 
(283–333 K), Center: low-noise current unit (0-100mA). Right: lock-in detection unit. This unit modulates 
the DC current at 50 kHz for phase-sensitive detection and servo-locking of the laser frequency to 
maximum absorption in vapor cell. 

The dynamic range of the current and temperature control are 0–100 mA and 283–333 
K, respectively. The system operates with three servo-loops:  
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Current source unit: the voltage drop of the output current (across an internal resistor) 
is stabilized to a stable reference voltage in order to have low noise and stable laser 
frequency. External modulation inputs (modulation and servo) used in conjunction 
with the lock-in detector (GEN-MOD) allow laser locking. This module generates a 50 
kHz signal used to modulate the laser current. The response signal is fed back to a 
synchronous detection stage, where finally a DC correction is applied to the laser 
current. 
 
Lock-in detector (GEN-MOD): the lock-in unit is used to modulate/de-modulate the 
laser frequency at 50 kHz. This procedure generates a phase-sensitive error-signal that 
is zero when the laser frequency is locked (via the current) to maximum absorption in 
the cesium cell. The bandwidth of the lock-in detector is several kHz. 
 
Temperature control unit: the resistance of an NTC (mounted next to the DFB) is 
compared with a stable reference resistance in order to have low noise and stable laser 
temperature (therefore, stable laser frequency). The NTC resistance is “locked” to the 
reference by heating/cooling the laser head (NTC + DFB) with a Peltier-element. 

	
  

3.1.2 Laser linewidth measurements 
 

The linewidth of the DFB laser was measured using two different principles. The 
first linewidth measurement is done by using a confocal Fabry-Perot cavity, formed by 
two, identical, spherical mirrors separated by their common radius of curvature, with a 
free spectral range (FSR) of 1 GHz. Laser light (10.58 mW) enters the Fabry-Perot cavity 
and undergoes multiple reflections between the mirrors so that the light wave can 
interfere with itself many times. The light will be transmitted only if the frequency of 
the incident light is such that constructive interference occurs within the Fabry-Perot 
cavity. Otherwise, destructive interference will not allow any light being transmitted 
through the Fabry-Perot interferometer [15]. Intrinsic linewidth of the used Fabry-Perot 
is < 5 MHz. In order to vary the transmitted wavelength a ramp voltage is applied to the 
piezoelectric spacers of the Fabry-Perot cavity. In this way, the mirror separation 
usually is scanned over several half wavelengths of the incident light resulting in a 
spectrum displaying a transmission peak every time the constructive interference 
equation is satisfied. The adjacent peaks of this repeating pattern are simply different 
orders of interference of the same incident wavelength. The laser linewidth, obtain by 
measuring the transmission of a Fabry-Perot cavity is 22(4) MHz, shown in Figure 3-2. 
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Figure 3-2: The laser spectrum obtained by measuring the transmission of a Fabry-Perot cavity with free 
spectral range FSR=1 GHz (red curve). Lorentzian fit of the transmission peak gives the laser linewidth 
(black curve). 

By subtracting the intrinsic linewidth of the used Fabry-Perot from the measured laser 
linewidth we can conclude that the laser linewidth is ∼ 18(4) MHz. 

Laser linewidth measurements are also done using the so-called, “beat measurement”.  
Heterodyne beat-note measurements are measurements between two independent 
lasers expected to be identical [15]. If we consider the beat note of the two light waves: 

 E! = E!" cos ν!t− φ!(t) and  E! = E!" cos ν!t− φ!(t)  (3.1) 

The beat note between them can be expressed as: 

 E!"#$ = E!E! cos Δνt+ Δφ t , (3.2) 

where Δν = ν2 - ν1 and Δϕ(t) = ϕ2 - ϕ1. 

The experimental setup used for the beat-note measurement between two DFBs at the 
same optical output power (18.8 mW) is given in Figure 3-3: 
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Figure 3-3: Experimental setup used for the beat-note measurements for the two DFB lasers (denoted as 1 
and 2) expected to be identical. The red solid line represents the optical paths of the two DFB lasers, 
having the approximately same output power. 

Figure 3-5 shows the result of a beat-note measurement obtained by using the 
experimental setup shown in Figure 3-3, giving a beat signal linewidth of 28.4(4) MHz. 
Assuming that the two DFBs are identical, the linewidth of each laser is half of this 
value, giving a result of ∼ 14.2(4) MHz. 

 

Figure 3-4: Beat note measurement obtained between two DFBs. The linewidth of each DFB corresponds 
to half of the beat-note linewidth. The black solid line represents the Lorentzian fit of the data. 

The difference in the linewidth (18(4) MHz with FP measurements and 14.2(4) MHz 
with the beat note) can be explained by the different optical powers used in these two 
measurements, since the linewidth depends on the optical output power [16]. It is also 

1 

2 
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possible that the second laser in the beat-note measurement had significantly narrower 
linewidth, leaving the “measured” laser with the linewidth of 20 MHz or more. 
However, including the error of the measurements we can conclude that the laser 
linewidth is in the range of 14-18(4) MHz. 

 

3.1.3 Laser noise 
	
  

Relative intensity noise (RIN) can be one of the limitations of the clock short-term 
stability and therefore needs to be low. RIN was measured with a photodetector and a 
FFT spectrum analyser for different optical output powers of the DFB. For the case of 
the DFB laser emitting at 894.6 nm a RIN ≤ 10-11 /Hz is found at frequencies ≥ 100 Hz, 
see Figure 3-5: 

 

Figure 3-5: RIN for different output powers of a DFB emitting at 894.6nm. 

The frequency noise (S) of the laser also adds to the noise budget of the atomic clock. 
The frequency noise was measured by translating it into intensity noise on the steep 
discriminator slope (C) at the side of the Cs atomic absorption signal, and subtracting 
the pure intensity noise measured with the laser tuned out of the atomic absorption (see 
Figure 3-6):  

 

	
   S! =
U!"!!"#$%&! − U!"#$%!

C! 	
   (3.3) 
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Figure 3-6: Saturated absorption signal used to measure the FM noise. Dashed black line indicates 
discriminator slope. 

The frequency noise spectra were measured with a FFT spectrum analyser showing the 
1x108 Hz2/Hz at 300 Hz and 2x107 Hz2/Hz at 50 kHz, Figure 3-7.  

 

Figure 3-7: FM noise of a DFB laser emitting at 894.6 nm. 

Using the PSD of the laser’s frequency fluctuations S (f) it is possible to calculate the 
laser linewidth using an approximated equation for the case when FM noise is 
sufficiently high so that one can neglect correcting for the β line [17]: 

	
   FWHM = 8ln2A (3.4) 

where A represents the integral over S(f).. In our case A=49(2) MHz and the resulting 
laser linewidth is FWHM=16(1) MHz. This calculated linewidth shows a good 
agreement with the measured values given in section 3.1.2. 
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3.1.4 Laser modulation with Electro-Optical Modulator (EOM) 
 

As mentioned at the beginning of this chapter, the DFB laser is modulated using 
an Electro-Optical Modulator (EOM). Direct current modulation of a DFB laser at 4.6 
GHz shows a low efficiency since the DFB laser bandwidth is limited. The EOM 
principle is shown in Figure 3-8. A EOM consists of a crystal, usually lithium niobate 
(LiNBO3) whose refractive index is a linear function of the local electric field strength 
(created by placing a parallel plate capacitor across the crystal). The simplest type of 
EOM is a phase modulator, where an electric field changes the phase delay of a laser 
beam sent through the crystal. When the crystal is exposed to an electric field the phase 
of the light leaving the crystal is directly proportional to the length of time it took the 
light to pass through it. Therefore, changing the electric field in the crystal can control 
the phase of the laser light exiting an EOM.   

 

Figure 3-8: Electro-optic phase modulation of a laser beam. The electric field in a LiNiO3 crystal is 
modulated to generate sidebands separated at chosen frequency. 

The phase modulator combined with other optical elements, in particular with 
polarizers, represents an amplitude modulator - modifying the polarization state and a 
polarizer for subsequently converting this into a change in transmitted optical 
amplitude and power. The EOM used in the Cs CPT experiment with the MEMS buffer 
gas cell (section 3.3.1) shows the phase and the amplitude modulation of the laser 
frequency while the EOM used in experiment with the Rb wall-coated cell (discussed in 
section 3.3.2) shows only laser frequency phase modulation. This difference arises from 
the different modulation frequencies (in the case of Cs CPT the modulation frequency is 
ν=νCs/2=4.6 GHz and in the case of Rb CPT ν=νRb=6.8 GHz). 

If we apply a sinusoidal voltage with angular frequency ωRF to the EOM crystal 
the modulation results in amplitude and phase modulation. The modulated laser field 
is given by [18]: 
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E t =
E!
2 1+ R sin ν!"t+Ψ e!(!!!!! !"# !!"! ) + c. c.

=
E!
2 a!

!!

!!!!

e! !!!!!!!" ! + c. c., 
  (3.5) 

where R is the amplitude modulation index, M the phase modulation index, Ψ the 
relative phase between frequency and amplitude modulation, and ak are the coefficients 
of the Fourier expansion. These coefficients can be expressed in terms of Bessel 
functions Jk: 

 a! = J! M − i
R
2 J!!! M e!! + i

R
2 J!!! M e!!!   (3.6) 

The optical power of the kth sideband is proportional to ⎪ak⎪2.  Formulas (3.5) and (3.6) 
show the modulated laser field: the laser emission is a multi-frequency field composed 
of the carrier (k=0) and sidebands (k≠0). The frequency spacing between two nearby 
components is equal to ωRF. The fraction of the total power contained in the kth 
sideband, deduced from the coefficient ak is: 

 S! =
J!! M 1+ 2k RM sinψ+ k

! R
M

!
− R

!

2 J!!! M J!!! M 1+ cos 2ψ

1+ R
!

2

  ,   (3.7) 

with the normalization of S!! = 1. If the amplitude modulation is negligible (R≪M), 
then the Sk=Jk2 (M). 

In order to determine the phase modulation index M for the laser frequency 
modulation of 4.6 GHz, the laser spectrum was recorded using a Fabry-Perot cavity, for 
different values of microwave (PRF) power.  
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Figure 3-9: The spectrum of the DFB modulated at 4.6 GHz, sampled by a Fabry-Perot interferometer 
scanning. The spectrum was obtained by measuring the transmission of a Fabry-Perot cavity with free 
spectral range FSR=10 GHz. The x-scale represents the laser frequency. 

An example of such a spectrum, for microwave power of PRF=3.5 dBm is shown in 
Figure 3-9. The amplitude of the first-order sidebands shows that 35(2) % and 18(2)% of 
the optical power are transferred to the +1st and –1st first-order sidebands, respectively; 
14(2) % is in the carrier, while the remaining power is distributed over higher-order 
sidebands. This corresponds to M=1.8, R=0.6 and Ψ=π/7. This evaluation has been done 
for different microwave powers and the normalized transmission of the carrier and the 
first-order sideband versus microwave power in dBm is displayed in Figure 3-10. 

 

Figure 3-10: Normalized transmission of the carrier and the first-order sideband versus RF power in mW. 
Conversion between dBm and mW is P (mW)=10P(dBm)/10. 

In the case of 4.6 GHz modulation, the two first-order sidebands are used to create CPT. 
Therefore, maximum optical power in two first-order sideband is needed. Figure 3-10 
shows that this is the case when PRF=3.5 dBm=2.23 mW. 
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Figure 3-11 shows the relative sideband power as function of M, where solid lines 
represent fits to equation (3.6) for the kth-order sideband, with k=0 and k=±1. 

The amplitude modulation index R and the phase Ψ are chosen to be close to the 
experimental results observed in this experiment and fitted parameter is M. The 
experimental results show good agreement with the theory. The ratio between the 
carrier and the sideband amplitude is equal to the ratio between the corresponding 
functions Sk calculated from (3.7).  

 

Figure 3-11: Sideband amplitudes as function of RF power. The red solid line represents the amplitudes 
of the carrier. Blue and black solid lines represent the negative and positive first-order sideband 
amplitudes, respectively. All solid lines represent the calculations using equation (3.7). The red marker 
represents the measured carrier amplitude. Blue circles and black stars are measured negative and 
positive first-order sideband amplitudes, respectively. The PRF (mW) is linearly scaled with the fitted 
scaling factor of π/9 in order to have the results as function of M. 

	
  

	
  

 Micro-fabricated (MEMS) and glass-blown cells 3.2
	
  

As mentioned before, vapor cells, placed at the heart of a conventional gas-cell 
atomic clock, contain alkali atoms. They are usually made from fused quartz glass or 
borosilicate glass and of cylindrical, spherical or cubical shape. Beside alkali atoms, 
these cells contain either buffer gases or their inner walls are coated with an anti-
relaxation material (see sections 2.2.4 and 2.2.5). Results discussed in this thesis are 
obtained from four different types of vapor cells. These cells are different in size, 
content and cell production technique: 

 



Chapter 3.  Experimental methods 73 

Micro-fabricated Cs (MEMS) cells: 
• 4x6 mm single buffer gas cell (FEMTO cell), section 3.2.1 
• 4x6 mm single and mixture buffer gas cell (PWL cell), section 3.2.2 
• 10x10 mm buffer gas mixture cell (SAMLAB-LTF cell), section 3.2.3 

 
Glass-blown 87Rb cell: 

• 14x14 mm 87Rb glass-blown wall-coated cell, section 3.2.4 
 

3.2.1 The Cs MEMS single buffer gas cell (FEMTO cell) 
	
  

The FEMTO cell (made by FEMTO-ST, France) consists of a glass/silicon 
(Si)/glass structure containing two cavities as described in [19] and shown in Figure 
3-12. The dimensions of a single cell chip are (4x6) mm and 2.4 mm thick (inner 
dimensions are (3.7x4.7) mm and 1.4 thick). The first cavity contains a Cs metallic 
dispenser while the second cavity (2 mm diameter and 1.4 mm length) is devoted to be 
the volume where the CPT interaction takes place. Both cavities are connected through 
filtration channels.  

 

Figure 3-12: The FEMTO cell photo. The microcell has two cavities: in one is a Cs dispenser and the 
second is CPT detection cavity. 

In the first step of the cell production, a glass wafer is anodically bonded to the Si wafer 
in which both cavities are realized by deep reactive ion etching techniques. A Cs 
dispenser is then placed in the first cavity. In a second step the cell is completely sealed 
by anodically bonding a second glass wafer on the top surface of the Si wafer in a buffer 
gas atmosphere (Ne) at the desired pressure. After complete sealing of the cell, the Cs 
dispenser is heated by a high-power 808 nm laser source in order to generate Cs vapor 
that migrates into the second cavity. The activation time is typically 1-6 minutes for a 
laser power of 1.25 W. This technique is expected to allow keeping a stable atmosphere 
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inside the cell because Cs vapor activation is done after the anodic bonding process that 
requires high temperatures (623 K).  

After fabrication, absorption measurements are performed to confirm the presence of 
Cs and buffer gas inside the micro-fabricated cell. For this purpose, the optical beam of 
an 894.6 nm DFB is split into two directions and sent through the microcell and a cm-
scale pure Cs reference cell. The transmitted optical power at the output of each cell is 
then monitored by a low noise photodiode. Figure 3-13 shows the optical linear 
absorption spectrum of the Cs D1 transition obtained for a microcell filled with a 
nominal Ne pressure of 50 Torr for different temperatures compared to the spectrum 
obtained from the Cs evacuated reference cell at a temperature of Tc=294 K. 

 

Figure 3-13: Optical absorption lines (Cs D1 line) obtained in a micro-fabricated cell filled with an 
expected Ne pressure of 50 Torr (estimated to be 46 Torr after sealing of the cell, calculated from the total 
buffer gas shift and broadening) at various temperatures compared to absorption lines obtained in a 
centimeter-scale pure Cs reference cell at Tc=294 K. 

The broadening and red shift of the optical absorption lines demonstrate the presence of 
buffer gas in the microcell. In this example, employing data reported in reference [19], 
the actual buffer gas pressure in the microcell is measured to be about 46 Torr since 
optical broadening is ∼ 500 MHz and optical shift ∼ 135 MHz. Thermal aging behavior 
has been investigated to verify that the internal cell atmosphere remains constant over 
time. The lifetime of the cell is estimated by the so-called Q10 = 2 method, assuming that 
the rate of aging increases by a factor of 2 for every 10 K increase in temperature. 
Usually, 50-100 days-long thermal tests are performed at 373 K during which 
absorption lines are recorded periodically. These tests showed that the lifetime of these 
cells is expected to be at least 220 days at Tc=353 K [19].  
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3.2.2 The Cs MEMS single and mixture buffer gas cell (PWL cell) 
	
  

PWL cells (produced by Politechnika Wroclawska, Poland) have the same 
dimensions and are fabricated in the same way as the FEMTO cells (discussed in section 
3.2.1). The only difference between these cells and cells made by FEMTO is that they 
were filled with a buffer gas mixture also. More than five cells were characterized: filled 
with both, Ar and Ar-Ne mixtures. Absorption measurements are performed to confirm 
the presence of Cs and buffer gas inside the micro-fabricated cell. 

 

Figure 3-14: Optical absorption lines (Cs D1 line) obtained in a PWL micro-fabricated cell filled with an 
expected Ar-Ne pressure of 180 Torr (estimated to be 68 Torr after sealing of the cell, calculated from the 
total buffer gas shift and broadening) at cell temperature Tc=353 K (red curve), compared to absorption 
line obtained in a centimeter-scale pure Cs reference cell at Tc=294 K (black curve). 

 

3.2.3 The Cs MEMS cell with buffer gas mixture (SAMLAB-LTF cell) 
	
  

The SAMLAB-LTF cell, produced in collaboration of SAMLAB and LTF, Neuchatel 
(Switzerland) is shown in Figure 3-16. The outer dimensions of a single cell chip are 
(10x10) mm and 3 mm thickness, with an internal cell volume of 5 mm diameter by 2 
mm height occupied by the Cs atomic vapor. This cell is made by using the anodic 
bonding technique. The difference between this cell and the cell described in 3.2.1 is in 
the cell dimensions and the number of the cell cavities (only one cavity) [21]. The cell 
holds the buffer gas mixture of Ar-N2. Linear laser absorption studies are not performed 
on this cell. The temperature shift of the clock using this cell is discussed in Chapter 4 
(see section 4.1.3). 
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Figure 3-15: SAMLAB-LTF cell. The outer dimensions of a single cell chip are 10x10 mm and 3mm 
thickness, with an internal cell volume of 39 mm3 (5 mm diameter, 2 mm height). 

 

3.2.4 The glass-blown 87Rb cm-scale wall-coated cell 
 

The 87Rb glass-blown wall-coated cell is shown in Figure 3-17.  The inner (outer) 
dimensions are diameter d=12 (14) mm and length L=12 (14) mm. Purified tetracontane 
(C40H82) is applied on the inner walls by vapor deposition. This cell was procured in an 
external collaboration.  
 

 

Figure 3-16: Tetracontane coated 87Rb cell. This cylindrical cell is 14 mm long and has 14 mm diameter. 
The cell stem (reservoir), depicted with the yellow arrow is 23 mm long.  

Purpose of the stem is to keep the metallic rubidium away from the coated surfaces. 
Since the coating material is sensitive to the temperature, the cell temperature must be 
carefully controlled and not go above Tc=352 K which is the melting temperature of 
tetracontane [22]. Also, the temperatures of cell volume (Tv) and cell stem (Ts) are 
maintained at a gradient to avoid formation of Rb droplets on the coated walls (Ts < 
Tv). 

23 mm 
mm 
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Absorption measurements are performed to confirm the presence of 87Rb inside the 
wall-coated cell. The optical beam of a 795 nm is split into two directions and sent 
through the wall-coated cell and an uncoated 87Rb reference cell. The transmitted 
optical power at the output of each cell is then monitored by a low noise photodiode. 
Figure 3-17 shows the optical linear absorption spectrum of the 87Rb D1 transition 
obtained for a wall-coated 87Rb cell at Tv=329 K and Ts=321 K, compared to the 
spectrum obtained from the 87Rb evacuated reference cell at a temperature of Tc=308 K. 

 

Figure 3-17: Optical absorption line (87Rb D1 line) obtained in a cm-scale cell whose inner walls are coated 
with tetracontane. Cell volume temperature is Tv=329 K and cell stem temperature is Ts=321 K. This 
signal is compared to saturated absorption line obtained in a 10x19 mm pure 87Rb reference cell at Tc=308 
K. 

The LS and TC of the clock using this wall-coated cell are discussed in Chapter 4 
(section 4.3). 

 

  

 Clock experimental setup 3.3
 

There are two different experimental setups which are used for the clock LS and 
TC measurements given in Chapter 4: the experimental CPT clock using the MEMS Cs 
buffer gas cell and the experimental DR and/or CPT clock using the cm-scale Rb wall-
coated cell. Both experimental setups are described in details in this section. 
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3.3.1 The CPT clock using the MEMS Cs buffer gas cell 
	
  

The CPT resonance is prepared using a DFB laser emitting at 894.6 nm, i.e. 
resonant with the Cs D1-line. The block diagram of the experimental setup is given in 
Figure 3-18. Two phase-coherent electromagnetic fields, separated by 2ν≈νCs≈9.2 GHz, 
are generated by modulating the laser frequency at ν=νCs/2≈ 4.6 GHz using a fiber-
coupled EOM. The two first-order sidebands are used to create the CPT effect. In this 
experiment 3.5 dBm of RF power (PRF) was applied, resulting in a phase modulation 
index of M=1.8. The 4.6 GHz frequency is generated by a commercial frequency 
synthesizer (HP 83620A [23]), referenced to a 10 MHz quartz local oscillator. The quartz 
is compared to a Hydrogen Maser, monitored against a Global Positioning System 
(GPS) receiver for improved accuracy and stability in our measurements. A beam 
splitter is placed directly after the EOM in order to split off one part of the optical beam 
and send it through a 25 mm long and 26 mm diameter glass-blown evacuated Cs 
reference cell. The resulting absorption signal can be used to stabilize the laser 
frequency using a standard lock-in scheme. 

 

 

Figure 3-18: Block diagram of the experimental CPT clock using the MEMS Cs buffer gas cell setup. LA1 
is a lock-in amplifier operating at 50 kHz, used for laser frequency stabilization. LA2 is a second lock-in 
amplifier operating at 660 Hz, used to increase signal-to-noise ratio of the clock signal. PD1: 
photodetector detecting a CPT (clock) signal, PD2: photodetector detecting the saturated-absorption 
signal from the evacuated cell and PP: physics package. The solid black arrows indicate the optical path 
and the dashed black arrows the electrical path. 
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The second part of the laser beam is circularly polarized by a quartz-plate before 
passing through a MEMS Cs buffer gas cell. This MEMS cell is filled with 75 Torr of Ne 
and placed in a clock physics package (PP), shown in Figure 3.19, where it is heated and 
temperature-controlled to a cell temperature Tc in the 318 K to 363 K range 
(temperature variation ≪ 0.1 K). Beside the MEMS cell, the PP also contains a solenoid 
that generates a static magnetic field of 12 µT across the cell, oriented parallel to the 
light propagation vector to split the degeneracy of the Zeeman sublevels. Finally, two 
concentric µ-metal magnetic shields (thickness of 1.1 mm and 0.8 mm, length of 45 mm 
and 101 mm and width of 32 and 92 mm, respectively) to reduce perturbations from 
external magnetic fields complete the PP.   
At the entrance to the MEMS cell the laser beam has a Gaussian profile with diameter 
2.08 (2) mm, centered with respect to the cell diameter. A Si photodiode PD1 is placed 
directly after the physics package to detect the transmitted CPT signal. CAD design of 
the physic package is shown in Figure 3-19. 

 
 

 

Figure 3-19: (a) CAD design view of Physic Package (PP). Number 1 labels the MEMS cell support with 
heater. Number 2 labels the C-field solenoid that generates a static magnetic field, number 3 denotes the 
demagnetization wire and number 4 shows two µ-metal magnetic shields. (b) CAD design view of Physic 
Package (PP), zoom on the cell holder. Number 1 labels the MEMS cell support. Number 2 labels the coils 
for producing the magnetic field. 

A photo of the experimental setup is shown in Figure 3-20. 
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- 

Figure 3-20: CPT experimental setup, using the MEMS Cs buffer gas cell. The red line indicates the laser 
beam path. 1 label DFB laser; 2 shows EOM driver; 3 denotes PP and 4 shows the reference cell. 

	
  

3.3.2 The DR and/or CPT clock using the cm-scale Rb wall-coated cell 
 

The experimental setup, shown in Figure 3-21 represents the clock scheme for the 
87Rb wall-coated cell, which can be operating in both regimes: DR and/or CPT. 
Previous studies of the influence on the laser source to the clock based on the lin⎪⎪lin 
CPT and studies of light effects in the atomic-motion-induced Ramsey narrowing of 
CPT resonances in wall-coated cells, using the same identical laser source were 
published in [24-26]. Studies of the tetracontane wall-shift and temperature shift were 
reported in [27, 28] in DR clock regime, using the same physic package and wall-coated 
cell described here. 
The light source is a compact laser head (see Appendix B) [29]. Its output frequency is 
stabilized to sub-Doppler saturated absorption lines of the 87Rb D1 transition (at 795 
nm) obtained from a separate Rb cell (see Figure 3-17), and passed through an Electro-
Optical Modulator (EOM). At the entrance of the Rb cell, the laser beam is linearly 
polarized and has a diameter of 5 mm. DR is obtained by injecting the 6.835 GHz 
microwave signal from the local oscillator (courtesy of L'Istituto Nazionale di Ricerca 
Metrologica (INRIM), Torino, Italy) [30] into the magnetron cavity [31], whereas CPT is 
obtained by injecting the microwave into the EOM. The DR or CPT photodetector signal 
is used to stabilize the microwave frequency to the center of the clock transition using a 
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Proportional/Integrator (PI) feed-back loop. In the CPT case, the microwave 
modulation frequency is equal to the Rb hyperfine frequency νRb = 6.835 GHz.  

	
  

Figure 3-21: Block diagram representing the DR and/or CPT experimental setup using the Rb wall-coated 
cell setup. 

The wall-coated cell is placed inside a magnetron-type microwave resonator (MWR) 
with TE011-like field geometry [27], placed inside the physic package (PP) shown in 
Figure 3-22.  

     

 

Figure 3-22: (a) CAD design of the Physic Package (PP). Number 1 labels the wall-coated Rb cell support 
with heater. Number 2 labels the MWR, number 3 denotes the connector for the injecting the 6.834 GHz 
in MWR and number 4 shows two µ-metal magnetic shields. (b) CAD design view of Physic Package 
(PP), zoom on the cell holder. (b) Number 1 labels the wall-coated Rb cell support with heater and 
number 2 labels the MWR. 
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A solenoid around the MWR generates a static magnetic field parallel to the light 
propagation vector in order to split the degeneracy of the Zeeman sublevels. Inside the 
PP the cell volume is heated and temperature-controlled to Tv=329 K and the cell stem 
to Ts=321 K (uncertainty ≪ 0.1 K). The two µ-metal magnetic shields surround the 
whole ensemble. 

The photo of the experimental setup is shown in Figure 3-23. CPT is created when 
the atoms from the two ground-state levels of the 87Rb atom are coupled to a common 
excited state, using the laser carrier and one of the laser first-order sidebands. In order 
to have the highest signal contrast, the modulation index M must be optimized in order 
to have the maximum power in the carrier and the first-order sideband. The laser 
spectrum was recorded using a Fabry-Perot cavity, for different values of microwave 
(PRF) powers (same principle as in Figures 3-10 and 3-11). Normalized transmission of 
the carrier and the first-order sideband versus RF power in mW is evaluated giving the 
PRF value for which the carrier and the first-order sidebands have same intensity. For 
PRF=10 dBm the carrier and the first-order sidebands have approximately the same 
intensity. The amplitude of the first-order sidebands shows that the 27(2) % and 28(2) % 
of the optical power are transferred to the +1st and – 1st first-order sidebands, 
respectively; 38(2) % is in the carrier, while the remaining power is distributed over 
higher-order sidebands. This correspond to the modulation index M=1.5 (amplitude 
modulation is negligible here, R≪M). 

 

 

Figure 3-23 The CPT and/or DR experimental setup using the cm-scale Rb wall-coated cell. The red line 
indicates the laser beam path. 1 labels DFB laser head; 2 shows EOM, 3 denote the rotational holder of 
neutral density filters and 4 show the PP. 
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When the laser carrier frequency is stabilized to the F=2→Fʹ′=1 transition (see Figure 3-
18), the carrier and one of the two first-order sidebands are exciting the atoms from the 
both ground states to a common excited state and CPT occurs; the CPT signal is 
detected with the photodetector in Figure 3-21.  
	
  

	
  

 DR and CPT signal: first characterization 3.4
 

In this section the two different CPT signals are discussed: the one obtained from 
the Cs MEMS single buffer gas cell (section 3.2.1), using the experimental setup 
described in section 3.3.1 and the other obtained from the 87Rb wall-coated cell (section 
3.2.3), using the experimental setup described in section 3.3.2. Signal linewidth and 
amplitudes are evaluated as function of the laser intensities and microwave powers in 
both cases. The signal discriminator slope D is introduced and optimized in order to 
have the best clock short-term stability (Chapter 5). 

 

3.4.1 CPT signal obtained from the Cs MEMS cell 
	
  

The laser frequency can be stabilized using the signal from the Cs reference 
evacuated cell or the Cs MEMS cell.  

 

Figure 3-24: Dashed black line: Absorption spectrum obtained with a single, non-modulated light field 
scanned over the Cs D1 line showing an absorption in the MEMS cell heated to Tc=353.0(1) K. Solid red 
line: Same spectrum obtained with the modulated light field. Laser locking point 1: coupling via Fʹ′=3 
state. Laser locking point 2: coupling via Fʹ′=4 state. 



                                                                                                     Chapter 3.  Experimental methods 84 

In the second case, the laser frequency is stabilized to a broadened line (Voigt profile 
resulting from Doppler and homogeneous broadening due to the buffer gas inside the 
MEMS cell). All the results given in this thesis are obtained with the laser frequency 
stabilized to the MEMS cell (except for the results shown in Figure 4-13 where both 
cases are discussed).  

When the laser frequency is stabilized to the point 1 or 2 in Figure 3-24, the two first-
order sidebands are exciting the atoms from the two ground states to a common excited 
state and CPT occurs; the CPT signal is detected at the PD1 in Figure 3-18. Figure 3-25 
shows the typical CPT signal observed for the laser modulation at ν=4.6 GHz, in the 
case when the laser is stabilized to point 1 in Figure 3-24. The laser intensity is IL=1.78 
mW/cm2 (all data in this thesis are presented with respect to 2Δ=ΔCs=9.192631770 GHz). 
The CPT signal contrast C is the ratio between signal amplitude and signal background 
(C=A/BCG) and it is only few percent in this case - much smaller than the contrast of 
the typical DR signal [32]. Therefore, to improve signal-to-noise ratio frequency 
modulation (FM) [33] is performed: the frequency ν is frequency-modulated at 660 Hz 
and the phase-sensitive CPT signal is detected with a lock-in amplifier (LA2 in the 
Figure 3-18). 

 

Figure 3-25: CPT signal observed on the Cs MEMS cell heated to Tc=353.0 K. The signal amplitude is 
A=0.042(2) µA, linewidth Δν=10.1(1) kHz, and contrast C=A/8.88 µA=0.5 %. 

The LA2 extracts the signal in the desired bandwidth by mixing the overall photodiode 
signal with the applied modulation signal as a reference, giving the two signals: in-
phase and quadrature lock-in signal. To retrieve the original line shape the FM spectra 
can be numerically inverted with the help of a purely analytical algorithm [34]. The 
obtained in-phase lock-in signal for the same experimental conditions as for Figure 3-25 
is shown in Figure 3-26. 
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Figure 3-26: Lock-in CPT signal observed on the MEMS cell heated to Tc=353.0 K. The frequency Δ=4.6 
GHz is frequency-modulated at 660 Hz. The signal amplitude is A=0.0043(5) and linewidth ΔνCPT=10.2(3) 
kHz.  

The equation for the CPT linewidth calculation (see Chapter 2, Eq. (2.11)), in the 
symmetric case, can be written as: 

 Δν!"# =
1
π (γ!" +

G
Γ I)  , (3.7) 

where G=g2/I contains all intensity-independent parts of the square of the Rabi 
frequency. Eq. (3.7) written in this manner shows that the CPT linewidth depends 
linearly on the laser intensity, which is confirmed by the measurements shown in 
Figure 3-27 (a). The solid line is the fit of the Eq. (3.7) where γ12 and G/Γ are the free 
parameters. The zero-intensity width is limited by the hyperfine ground-state coherence 
relaxation rate γ12, estimated from the fit to be γ12=10.6(4) rad/s . The broadening rate as 
function of the laser intensity is G/Γ=12.7(2) kHz/(mW/cm2). The CPT linewidth, 
calculated for the total laser intensity IL=1.78 mW/cm2, is ΔνCPT=10.6(6), which is 
confirmed by the measurements shown in Figures 3-25 and 3-26.  
Comparison of these results with the theoretical calculations obtained in Chapter 2, 
Table 2-1 shows a difference by factor of 2.5.  
 

Intrinsic linewidth (Hz) Calculated Measured 

Γ12  1364 3384.4(4) 

Table 3-1: Comparison table of measured and calculated intrinsic linewidth Γ12. 

A possible difference between expected and sealed buffer gas pressure cannot be the 
reason for the observed discrepancy, since the total CPT shift is measured (Figure 3-25) 
and it corresponds to the expected buffer gas pressure of 75 Torr.  However, this 
difference may be explained by the fact that the diffusive equation (2.17) (the biggest 
contributor to the calculated intrinsic linewidth) is based on the assumption that the 
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sampled atoms are in a laser beam that is narrow compared to the cell diameter, which 
cannot be applied in the experiment with the MEMS cell. 

  

Figure 3-27: (a) CPT resonance linewidth (FWHM) as function of the laser intensity. (b) CPT resonance 
amplitude as function of the laser intensity. The laser frequency is stabilized to point 2 in Figure 3-20 and 
the MEMS cell temperature is Tc=353 K. Red solid lines represent the fit of the Eq. (3.7) and (3.8), 
respectively. 

For the CPT amplitude based on the same symmetric three-level theory a similar 
behavior is expected, i.e. a quadratic increase for small laser intensities and a linear rise 
for larger ones. The equation for the CPT amplitude calculation (see Chapter 2, Eq. 
(2.12)), in the close symmetric case, can be written as: 

 A!"# ≈
G!I!

Γ!
1

2Γ!" + GI/Γ
≈

I!

I! + I
 (3.8) 

For low intensities, i.e., I≪Is=Γ12Γ/G, the amplitude is expected to rise quadratically 
and to increase proportional to I at higher intensities. Using the parameters of the 
resonance width estimated fitting Eq. (3.7) to the data (G/Γ=4.06(6) kHz/(mW/cm2) 
and γ12=10.7(7) Hz), it can be estimated that the CPT saturation intensity is Is=0.4(2) 
mW/cm2. This result is in the agreement with the experiment shown in Figure 3-27 (b)). 
The dots are the measured values while the solid line is a fit of Eq. (3.8) to the data 
below 2.3 mW/cm2. The value of IS is taken from the fit to the CPT resonance width and 
therefore the scaling factor of the amplitude remains the only fit parameter. The CPT 
resonance amplitude shows linear behavior for higher laser intensities I>Is. The linear fit 
does not fit for the laser intensities > 2.4 mW/cm2, due to the optical intensity saturation 
effect (for Cs is IL=2.5 mW/cm2 [34]). Quadratic behaviors as function of the laser 
intensity for I≪Is is expected but not observed here, due to the limited number of 
measurement points for low laser intensities. 

CPT signal amplitude and linewidth were measured as function of microwave 
power PRF. The laser frequency is stabilized to point 2 in Figure 3-24 and the Cs MEMS 
cell temperature is Tc=353 K The measurements are performed with IL=2.3 mW/cm2. It 
is expected that the CPT signal amplitude and signal linewidth show the same behavior 
as function of PRF. Maximum of the signal amplitude is obtained for the microwave 
power of PRF=3.5 dBm, for which the most optical power is contained in the two 
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resonant light fields. For the same PRF the highest CPT width is obtained because 
maximum optical power is contained in the two resonant light fields and therefore the 
highest contribution due to the optical broadening is present. Solid lines represent the 
polynomial fit to the data to guide the eye. 

 

   

Figure 3-28: (a) CPT resonance linewidth (FWHM) as function of the microwave power PRF. (b) CPT 
resonance amplitude as function of the microwave power PRF. Solid lines represent the polynomial fit to 
the data to guide the eye. 

The important information for a clock application is the so-called clock signal 
discriminator slope D. D can be estimated as the ratio between the signal amplitude and 
signal linewidth (D≈A/FWHM). It has an important impact on the clock stability, see 
Chapter 1 Eq. (1.16). Therefore it is important to optimize the signal discriminator slope 
as function of laser intensity and of PRF in order to reach the best possible clock stability. 
Figures 3-28 (a) and (b) and Figures 3-29 (a) and (b) show that D is optimized for a total 
laser power IL=1.5 mW/cm2 and PRF=3.5 dBm. In order to clarify the role of the clock 
discriminator slope Figures 3-29 (a) and 3-29 (b) display the clock discriminator slope D 
as a functions of laser intensity and microwave power. Red solid lines represent the fit 
to the data calculated as deviation of two fit functions from Figures 3-27 (a) and (b) and 
Figures 3-28 (a) and (b), respectively. This information will be useful for the estimation 
of the clock short-term stability in Chapter 5.  
 

   
Figure 3-29: (a) CPT resonance discriminator slope D as function of the total laser intensity. (b) CPT 
discriminator slope D as function of the microwave power PRF. Solid lines represent the polynomial fit to 
the data to guide the eye. 
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3.4.2 The DR and CPT signal obtained from the 87Rb wall-coated cell 
 

Figure 3-30 presents typical DR and CPT signals obtained from the 87Rb wall-
coated cell, using the experimental setup described in section 3.3.2. In this case the laser 
modulation is ν=6.835 GHz and total laser intensity is IL=0.47 mW/cm2. The wall-
coated cell volume and stem temperatures are Tv=329 K and Ts=321 K, respectively. 
The laser frequency is stabilized to the F=2→Fʹ′=1 transition. All the frequency data are 
given with respect to ΔRb=6.834682611 GHz. 

 

	
   	
  

Figure 3-30: DR and CPT signals observed on the Rb wall-coated cell heated to Tv=329 K and Ts=321 K. 
DR signal amplitude is A=0.155(2) µA, linewidth ΔνDR=364(6) Hz, shift from the ΔRb is -301(3) Hz and 
contrast C=A/7.14 µA=2.17 %. CPT signal amplitude is A=0.126(2) µA, linewidth ΔνCPT=344(7) Hz, shift 
from the νRb is -288(3) Hz and contrast C=A/8.15 µA=1.55 %. 

Like in the previous section, the CPT signal amplitude and the linewidth are evaluated 
as function of the laser intensity and microwave power, Figures 3-31 (a) and 3-32 (b).  

	
  	
  	
   	
   	
  

Figure 3-31: (a) CPT resonance linewidth (FWHM) as function of the total laser intensity. (b) CPT 
resonance amplitude as unction of the total laser intensity. Red solid lines represent the fit of the Eq. (3.7) 
and (3.8), respectively. 

The DR signal linewidth and amplitude show the same behavior like the CPT signal 
linewidth and amplitude shown in Figure 3-31 (a) and Figure 3-31 (b) and therefore will 
not be presented in detail here. Equations (3.7) and (3.8) can be also applied in this case. 
The only difference from the buffer gas Cs MEMS cell is the hyperfine ground-state 
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coherence relaxation rate γ12 (calculated for the buffer gas cell, see Table 2-1). (3.7) 
predicts a linear increase of the CPT resonance width with intensity, which is well in 
agreement with the experimental data shown in the figure 3-31 (a). The solid line in 
Figure 3-31 (a) is a fit of the Eq. (3.7), with γ12 and G/Γ as free parameters. The zero-
intensity width is limited by the hyperfine ground-state relaxation rate γ12, estimated 
from the fit to be γ12=505.4(7) rad/s. The broadening rate as function of the laser 
intensity is G/Γ=1166.5(6) Hz/(mW/cm2). γ12 is limited by the atom-wall coating 
collisions [35], the spin-exchange collisions (see Eq. 2.4) and the contribution from the 
atoms escaping through the Rb reservoir [36]. 
The contribution to the signal linewidth of the spin- exchange can be evaluated by using 
the equation: 

 Γ!" = 2
5
8πn 2  v!σ!" ≈ 4  Hz   (3.9) 

vR is the mean relative atom velocity defined in (2.14), n is the density of Rb atoms 
(natom=1x1011 atoms/cm3 for Ts=329 K, see Figure 1-7) and σSE is the cross-section of 
spin exchange collisions between 87Rb atoms σSE=(1.6 ± 0.2)x10-14 cm2 [37]. 
The linewdith contribution due to reservoir losses (hole contribution), in our case the 
channel from the reservoir to the cell cavity, is given by [38]: 

 Γ!"#$ = 2
a
πV v! ≈ 116  Hz, (3.10) 

where V is the volume of the cell cavity, a is the area of the hole and vs the mean atom 
velocity. For a dh=1.0(0.1) mm diameter hole, Γhole is at level of 116(7) Hz. 
The contribution Γwall-coll from the collisions between the Rb-atoms and the coating 
(which depends on the cell geometry) can be written as [39]: 

 Γ!"##!!"## = 2  
Φ!

𝜋 𝑣!"## ≈ 24  Hz (3.11) 

for Rb phase shifts per collision in tetracontane of Φ=0.03 rad [38] and vcoll=vs/l is the 
average collisional rate between atoms and walls of the cell. vs is the mean atom 
velocity and l is the mean distance between two collisions and depends on the geometry 
of the cell. 
The total intrinsic linewidth Γ12 is calculated to be Γ12=144(7) Hz. Comparison of these 
results with the theoretical calculations obtained in Chapter 2 shows a good agreement: 
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Linewidth (Hz) Calculated Measured 

ΓSE  4  

Γhole  116  

Γwall-coll  24  

Γ12 = ΓSE +Γhole +Γwall-coated 144(7) 161.2(7) 

Table 3-2: Comparison table of measured and calculated intrinsic linewidth Γ12. 

For the CPT amplitude the same symmetric three-level theory agrees similarly well 
with the experiment. Using the parameters of the resonance width G/Γ=1166.5(6) 
kHz/(mW/cm2) and Γ12=161.2(7) it can be estimated that the CPT saturation intensity is 
Is=0.22(2) mW/cm2. It cannot be concluded if this result is in agreement with the 
experiment shown in Figure 3-31 (b) due to the small number of measurement data. The 
dots are the measured values while the solid line is a fit of Eq. (3.8) to the data. The 
value of IS is taken from the fit to the CPT resonance width and therefore the scaling 
factor of the amplitude remains the only fit parameter. The CPT resonance amplitude 
shows linear behavior for higher laser intensities I>Is. Quadratic behaviors as function 
of the laser intensity for I<Is is expected but not observed here, due to the limited 
number of measurement points for low laser intensities. 

In Figure 3-32 the CPT signal amplitude and linewidth is evaluated as function of 
microwave power PRF.  

  

Figure 3-32: (a) CPT resonance linewidth (FWHM) as function of the PRF. (b) CPT resonance amplitude as 
function of the PRF.  
 
The measurements are performed with IL=1.06 mW/cm2. The laser frequency is 
stabilized to the transition F=2→Fʹ′=1 and the wall-coated cell temperature is Tv=329 K 
and Ts=321 K. Maximum of the signal amplitude is obtained for the microwave power 
where most optical power is contained in the two resonant light fields, i.e. for PRF=10 
dBm. For the same PRF the highest CPT width is obtained because maximum optical 
power is contained in the two resonant light fields and therefore the highest 
contribution due to the optical broadening is present. 
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It is expected that the CPT signal amplitude and signal linewidth show the same 
behavior as in the case of the MEMS cell (section 3.4.1). In Fig. 3.28 (a) and (b) signal 
amplitude and linewidth are decreasing with the microwave power, while in Fig. 3-32 
(a) and (b), signal amplitude and linewidth are increasing with the microwave power. 
The explanation is following: in the case of the MEMS cell, laser frequency modulation 
is ν=4.6 GHz and the two first order sidebands (+1st =35(2) % and -1st =18(2) %) are used 
for creating the CPT. For wall-coated cell laser frequency modulation is ν=6.8 GHz and 
CPT is created by the carrier (38(2) %) and one of the first order sideband (∼27(2) %). 
Since different laser sidebands are used in these two different experiments, their 
respective powers and thus the optical Rabi frequencies will vary differently when the 
microwave power PRF drive power is changed. 
The discriminator slope D is optimized as function of laser intensity and as function of 
PRF in order to reach the best possible clock stability. Figure 3-33 (a), (b) shows that D is 
optimized for IL=0.58 mW/cm2 and PRF=10 dBm, for the studied range of I and PRF. This 
information will be used for the estimation of the clock short-term stability in Chapter 5. 
Figure 3-34 (a) and Figure 3-34 (b) present the clock discriminator slope D as functions 
of laser intensity and microwave power. Solid lines represent the polynomial fit to the 
data to guide the eye. This information will be useful for the estimation of the clock 
short-term stability in Chapter 5.  
Similar explanation given by comparison of Fig.3-28 and 3-32 can be applied to the 
comparison of Fig. 3-33 (a) and Fig 3-29 (a) and comparison of  Fig. 3-33 (b) and Fig. 3-
29 (b).  
 
 

  
Figure 3-33: (a) CPT resonance discriminator slope D as function of the laser intensity. (b) CPT resonance 
discriminator slope D as function of the microwave power PRF. Solid lines represent the polynomial fit to 
the data to guide the eye. 
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 Summary and conclusions 3.5
	
  

Chapter 3 described the laser source used in the experiment with the MEMS Cs buffer 
gas cell (the laser used in the experiment with the 87Rb wall-coated cell is described in 
Appendix B). The linewidth of this laser at 894.6 nm is determined with two different 
experimental methods: using the Fabry-Perot interferometer and with the beat-note 
measurement. With these two methods different linewidths are obtained: 18(4) MHz 
and 14.2(4) MHz, possibly due to the different optical power used in these 
measurements. The laser modulation technique was introduced and modulation indices 
are evaluated for the modulation frequency of ν=4.596 GHz (R=0.6, ϕ=π/7 and M=1.8). 
The two experimental setups used in this thesis and the three different vapor cells used 
in the experiments are described. The two different CPT signals (obtained from the Cs 
MEMS single buffer gas cell and the one obtained from the 87Rb wall-coated cell) are 
discussed. Signals linewidth and amplitude are measured as function of the laser 
intensity and the microwave power. These values are compared to the theoretical 
values calculated using the equations introduced in Chapter 2. In the case of Cs MEMS 
cell the intrinsic linewidth Γ12 is expected to be Γ12=1364 Hz (the main contribution 
comes from the atom-cell walls collisions). The measured value is Γ12=3384.4(4) Hz. This 
difference may be explained by the fact that the diffusive equation (2.17) (the biggest 
contributor to the calculated intrinsic linewidth) is based on the assumption that the 
sampled atoms are in a laser beam that is narrow compared to the cell diameter, which 
is not fulfilled in the experiment with the MEMS cell. A good agreement between the 
theoretical and measured value of Γ12 is shown in the case of the Rb wall-coated cell - 
calculated Γ12=144(7) Hz and measured is Γ12=161.2(7). Here, Γ12 is limited by the atom-
wall coating collisions, the spin-exchange collisions and the contribution from the atoms 
escaping through the Rb reservoir. In both cases, the broadening rates as function of the 
laser intensity and saturation intensities Is were evaluated.  The signal discriminator 
slope D is optimized in order to obtain the best clock short-term stability (see Chapter 
5). 
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Chapter 4      Light shift and 
temperature shift in 
CPT atomic clocks 

After the theoretical introduction in Chapter 2, we here present experimental studies on 
the light shift (LS) effect and temperature coefficient (TC) in CPT vapor-cell standards. 
These measurements are performed in two different experimental cases: 1.) the Cs D1 
line using the MEMS buffer gas cell (section 4.2) and 2.) the Rb D1 line, using the cm-
scale cell coated with tetracontane (section 4.3). 

The case of the Cs MEMS buffer gas cell is considered first, starting with the 
intensity LS measurements as function of the two different parameters: modulation 
index M and MEMS cell temperature. The description of the LS suppression as function 
of the cell temperature is proposed. The frequency LS for different MEMS cell 
temperatures is measured and the laser frequency is found for which the frequency LS 
coefficient β is minimized. Finally, the temperature shift of a Cs cell is measured and the 
inversion temperature is evaluated, for different buffer gases.  

The measurements of the LS and temperature shift are also performed in the case 
of a 87Rb cm-scale wall-coated cell. The frequency LS is measured and compared to the 
theoretical calculations by using the equations introduced in Chapter 2. Intensity LS 
measurements as function of various parameters, e.g., microwave power, laser 
frequency detuning, the cell volume and cell stem temperatures are performed. The TC 
for the tetracontane wall-coated cell is evaluated.  

Finally, in order to compare the experimental results of the LS coefficients α and β 
and temperature coefficients in two different experimental conditions a summarizing 
table of the measured coefficients concludes the chapter. 
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 Light shift and temperature shift in the Cs MEMS cell 4.1
with buffer gas 

	
  

4.1.1 Intensity light shift in the Cs MEMS cell with buffer gas  
	
  

It was shown that the light shift of the clock resonance frequency is a linear 
function of light intensity [1]. For low light intensities (I≪2.5 mW/cm2 for Cs) LS shows 
linear dependence while saturation of the LS has been experimentally verified and 
explained in terms of the optical pumping inhomogeneity [2, 3, 4]. 

Figures 4-1 (a) and (b) report the intensity LS of the clock transition, measured in 
the experimental setup described in section 3.3.1 as function of the total laser intensity, 
for four different RF powers driving the EOM (i.e. different modulation index M, see 
Chapter 3). CPT coupling is via the F’=3 excited state (laser carrier frequency stabilized 
to point 1 in Figure 3-24). The lock-in signal is recorded for several RF powers and laser 
intensities (see Figure 3-27). A Lorentzian fit function of the lock-in signal provides the 
shift of the clock transition frequency.  

 

	
   	
  

Figure 4-1 (a): Shift of the CPT clock transition as function of total light intensity, for several RF powers 
PRF. The MEMS Cs buffer gas cell temperature is Tc=353 K. Solid lines are linear fits to the data 
representing the intensity coefficient α. (b) Intensity coefficient α as function of the PRF. 

Figures 4-1 (a) and (b) show that the intensity LS coefficient α (slope of the data in 
Figure 4-1 (a)) can be minimized by a proper choice of the modulation index M (via the 
RF modulation power PRF here). Such behavior was already reported in [5] using a 
current-modulated extended-cavity diode laser (ECDL) and current-modulated vertical-
cavity surface-emitted lasers (VCSEL) [6-9]. For PRF=3 dBm, α is minimized to α = 
1.6x10-12 cm2/µW while for PRF=2.5 dBm and 3.5 dBm α is increased by factors of +4.5 
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and -4.5, respectively. From Figure 4-1 (a) it can be seen that the resonance frequency 
shift for zero laser intensity, i.e. the total buffer gas pressure shift is (46.29±0.01) kHz, 
which corresponds to the total Ne pressure of 72(4) Torr. 

If we compare these data with the theoretical calculation of the CPT LS on Cs D1 line 
(see 2.4, Fig. 2-8), the observed effect shows the behavior expected from Fig. 2-8: By 
increasing the PRF the modulation index M is taking higher values. Figure 2-8 (pink 
arrow) shows that the total CPT LS in the Cs cell varies from positive to negative values 
by increasing the M, with the laser frequency stabilized to the transition F→Fʹ′=3. The 
same behavior is confirmed by the measurements shown in Figure 4-1 (b): by increasing 
the PRF the modulation index M increases accordingly and the intensity LS coefficient 
changes from positive to negative values, with the laser frequency being stabilized to 
the F→Fʹ′=3 transition. In further experiments we chose to apply RF modulation power 
of PRF=3.5 dBm in order to obtain the highest CPT contrast (see section 3.4.1), although 
that it is not the best condition for the intensity LS. 

The intensity LS has been measured for different MEMS Cs buffer gas cell temperatures, 
at microwave power of PRF=3.5 dBm. The shift of the clock transition frequency is 
estimated from the Lorentzian fit function of the lock-in signal, for various cell 
temperatures and two laser carrier frequency stabilization points (1 and 2, see Figure 3-
24) and shown in Figure 4-2 and Figure 4-4.  

	
  

Figure 4-2: Shift of the CPT clock transition measured on the MEMS Cs buffer gas cell, as function of laser 
intensity for different cell temperatures, results for the laser frequency tuned for coupling via the F’=3 
excited state. Solid lines are linear fits to the data.4 
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
4 Intensity LS measured for PRF=3.5 dBm and Tc=353 K is shown in Figure 4-1 (green hash) and Figure 4-2 
(red dots), and these results may appear different. The y-scale (shift of the ν00 from the νCs) on both 
graphs is different, and therefore give the impression that the results are not the identical. Plotting these 
data on the same graph shows that these two measurements give the same result.  
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When CPT is created by coupling via the F’=3 excited state, the intensity LS coefficient α 
(given by the slope of the lines) can be adjusted over a wide range around zero value by 
changing the cell temperature: α is strongly suppressed at Tc=354 K, while for lower 
temperatures α is negative and for higher temperatures α is positive. Figure 4-2 also 
gives the information about clock resonance frequency for zero laser intensity of 
(46.24±0.06) kHz, which is in good agreement with the value obtained from the 
measurement given in Figure 4-1 (a).  
The data of Figure 4-2 are shown differently in Figure 4-3 where intensity LS coefficient 
α is presented as function of the cell temperature. Figure 4-3 clearly demonstrates that 
for T=354K α is strongly suppressed when the laser carrier frequency is stabilized to the 
Fʹ′=3 transition. 

	
  

Figure 4-3: Intensity LS coefficient α as function of the cell temperature. α crosses the zero-value level for 
a cell temperature of 354 K. Coupling is via the F’=3 excited state. 

In the case of CPT created by coupling via Fʹ′=4 (Figure 4-4), α is always positive for any 
cell temperature used and we do not find a cell temperature with similarly strong 
suppression of α as for coupling via F’=3 (Figure 4-2). The data of Figure 4-4 are given 
differently in Figure 4-5 where the intensity LS coefficient α is presented as function of 
the cell temperature, similar as in Fig. 4-3. Figure 4-5 clearly shows that the condition 
with α strongly suppressed is not reached when the laser carrier frequency is stabilized 
to the Fʹ′=4 transition. Comparing the Figure 4-3 and 4-5 we can conclude that α is one 
order of magnitude higher in the case when the laser carrier frequency is stabilized to 
the Fʹ′=4 transition. 
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Figure 4-4: Shift of the CPT clock transition measured with the MEMS Cs buffer gas cell, as function of 
laser intensity for different cell temperatures, results for the laser frequency tuned for coupling via the 
F’=4 excited state. Solid lines are linear fits to the data. 

	
  

Figure 4-5: Intensity LS coefficient α as function of the cell temperature. Laser frequency is tuned for 
coupling is via the F’=4 excited state. 

The LS measurements shown in Figure 4-2 and Figure 4-4 confirm the theoretical 
calculations given on Figure 2-8 (section 2.4), where the LS is calculated for a multi-
frequency laser field varied around the Cs D1 transition. In Figure 2-8 the pink and 
green arrows indicate the laser frequencies used for the laser carrier stabilization (pink 
represents the transition F→Fʹ′=3, green the F→Fʹ′=4 transition). From this graph it can 
be seen that in the case of the laser frequency stabilized to the transition F→Fʹ′=3 the LS 
is negative (confirmed by the measurements shown in Figure 4-1, for a low cell 
temperatures). In the case when the laser frequency is stabilized to the transition 
F→Fʹ′=4 (green arrow in Figure 2-8) the LS is always positive, which is confirmed by the 
measurements shown in Figure 4-4). A explanation for such LS behaviour is found in 
overall contributions from all the sidebands and including the influence from the off-
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resonant excited state to the LS. We start the explanation with Figure 2-7 which presents 
the calculated LS for a single frequency laser field varied around the Cs D1 transition.	
  
Figure 2-7 shows that for coupling via the F’=3 excited state, the carrier and +1st-order 
sideband contribute a positive LS, while the contribution of all other sidebands is 
negative. With increasing the cell temperature, the atomic density in the cell increases 
and hence the resonant light (first-order sidebands) is absorbed more strongly in the 
cell. As a result, the overall intensity LS from all laser sidebands changes from negative 
to positive, as it is shown here.  

To confirm this statement, the absorption of the resonant laser light was measured 
as function of the cell temperature (Figure 4-6). A Fabry-Perot interferometer was 
placed after the MEMS Cs buffer gas cell and for each cell temperature the transmitted 
laser spectrum was recorded (see Figure 3-9). The laser frequency is stabilized to the 
Fʹ′=3 transition. 

 

Figure 4-6: Fabry Perot transmission of the laser carrier and the two first-order sidebands (normalized to 
the +1st order sideband) as function of the MEMS Cs buffer gas cell temperature. 

It is shown that for all cell temperatures, the carrier is transmitted essentially non-
attenuated through the cell (such behavior is expected for the higher-order sidebands 
also). The -1st-order sideband is absorbed more strongly than the +1st–order sideband. 
This means that the temperature-induced increase in optical absorption of the 
F=4→F’=3 transition will reduce the negative LS contribution from the -1st-order 
sideband more strongly than the smaller increase of optical absorption of the F=3→F’=3 
transition reduces the positive LS contribution from the + 1st-order sideband. Therefore 
in the case of the Cs D1 line when the two first-order sidebands used for creating CPT, 
the LS will change with the vapor cell temperature increase, going from negative to 
positive values. In the case of a laser stabilized to the transition coupling to the Fʹ′=4 
state, the reasoning why only positive LS is observed is the same:  the temperature-
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induced increase in optical absorption of the F=3→F’=4 transition will reduce the 
negative LS contribution from the +1st-order sideband more strongly than the smaller 
increase of optical absorption on the F=4→F’=4 transition reduces the positive LS 
contribution from the -1st-order sideband. Since the contribution from the carrier is also 
positive and the negative LS contribution is reduced, the LS is always positive for the 
case of the laser stabilized to the transition coupling to the Fʹ′=4 state. 

By changing the cell temperature it is possible to obtain the supressed intensity LS only 
for coupling via the Fʹ′=3 state, since in this case the initial (low-temperature) value of α 
is one order magnitude smaller than in the case of coupling via the Fʹ′=4 state. α is 
strongly positive for the case of coupling via Fʹ′=4 state. Here the initial absolute value 
of α is too large and positive compared to the adjustment range of δα≈1.5x10-11 cm2/µW 
achievable by changing the cell temperature (see Figure 4-4), which is on the same order 
for both couplings via F′=3 and F’=4. This prevents obtaining a supressed α value when 
coupling via F′=4 in the same range of cell temperatures, so that in this case we observe 
always a positive α. 

The light- shift effect was studied and reported for the case of an optically-
pumped double-resonance 87Rb clock in [11] but not studied as function of the vapor 
cell temperature. There, the intensity LS coefficient α is significantly smaller for 
coupling to the higher-lying excited state (F’=2), but was not measured for CPT clocks 
or Cs.  

 

4.1.2 Frequency light-shift in the Cs MEMS cell with buffer gas  
	
  

Before discussing the frequency LS it is useful to list the transition frequencies of 
the Cs D1 line in the MEMS cell with 75 Torr of Ne and in the Cs evacuated cm-scale 
cell, Table 4-1. Transition frequencies for the evacuated cell are taken from [10], while 
for the MEMS buffer gas cell they are calculated by adding the -216 MHz of buffer gas 
shift [12]. Transition frequencies of the F→Fʹ′=3 and F→Fʹ′=4 in Cs MEMS and evacuated 
cell (points 1 and 2 of Figure 3-24) are measured directly, using the wavemeter. The 
wavemeter resolution is on the MHz level. It is not possible here to identify exactly the -
216 MHz of the buffer gas shift in the case of CPT locking to the F→Fʹ′=3 and F→Fʹ′=4 
transitions (points 1 and 2 in Fig. 3-24) due to a problem of locking precision to the line, 
but it is visible that this shift is negative and on the < GHz level. 
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Cs vapor cell Buffer-gas MEMS Evacuated cm-scale 

F=3 → Fʹ′=3 (THz) 335.120 3464 842 335.120 562 842 

F=3 → Fʹ′=4 (THz) 335.121 514 522 335.121 730 522 

F=4 → Fʹ′=3 (THz) 335.111 154 211 335.111 370 211 

F=4 → Fʹ′=4 (THz) 335.112 321 891 335.112 537 891 

CPT: F→Fʹ′=3 (THz) (point 1 
Figure 3-15) 

335.1159 (3) 335.1160 (3) 

CPT: F→Fʹ′=4 (THz) (point 2 
Figure 3-15) 

335.1170 (3) 335.1172 (3) 

Table 4-1: Transition frequencies of the Cs D1 line in the MEMS buffer gas cell and the cm-scale 
evacuated cell. Transition frequencies for the evacuated cell are taken from [10], frequencies for the 
MEMS buffer gas cell are calculated by adding the -216 MHz buffer gas shift [12]. Transition frequencies 
of the F→Fʹ′=3 and F→Fʹ′=4 (points 1 and 2 of Figure 3-24) are measured directly, using a wavemeter. 

The shift of the clock transition as function of the laser frequency is measured and 
shown in Figure 4-7, for different laser intensities and the Cs MEMS cell temperature of 
Tc=338 K. These data are recorded for the laser frequency varied slightly around 
335.1160(3) THz, i.e. for coupling via the F’=3 excited state. For the chosen frequency, 
precisely measured by the wavemeter, the CPT signal was recorded. Lorentzian fit of 
the CPT signal gives the νCs plus the total shift of the CPT clock transition ν00 (see Fig. 3-
25). The frequency LS coefficient β is given by the slopes of the line fits in Figure 4-7 e.g. 
β=-644 mHz/MHz for a total laser intensity of 4.04 mW/cm2. The intersection of the 
three lines fits (for different light intensities) gives the laser frequency for which a zero 
α-coefficient is obtained. This intersection point depends on the cell temperature and 
for Tc=338 K this point is at 335.11603(3) THz, which is closer the transition F→F’=3 than 
to the transition F→F’=4 in the Cs MEMS cell (see Table 2-2).  

We choose to use the intersection point of the black and the red curve and not the black 
and the green curve since the data presented with the green dots are more scattered and 
therefore a linear fit is less precise. This result confirms the previous conclusions on the 
intensity LS (Figure 4-2 and Figure 4-4) where it is stated that suppressed α can be 
obtained when the laser frequency is stabilized to the F→F’=3 transition. 
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Figure 4-7: Shift of the clock resonance line as function of laser frequency, measured for different total 
laser intensities (IL). The LS coefficient α is given by the slopes of the line fits. The Cs MEMS cell 
temperature is Tc=338 K. 

The shift of the clock transition as function of the laser frequency was also 
measured for the MEMS cell temperature of Tc=363 K, Figure 4-8. For this temperature 
the intersection point of the three lines (and intensity LS coefficient α is zero) is 
335.11641(3) THz. This frequency is ∼ 500 MHz different from the frequency F→Fʹ′=3 in 
the buffer gas cell (see Table 4-1). 

	
  

Figure 4-8: Shift of the clock resonance line as function of laser frequency, measured for three total laser 
intensities (IL). The LS coefficient α is given by the slopes of the line fits. The MEMS cell temperature is 
Tc=363 K. 

These measurements were performed before the discovery that Tc= 354 K is the MEMS 
cell temperature for which α is suppressed. Therefore, there is no measurement of the 
frequency LS for the cell temperature of Tc=354 K, but the intersection point frequency 
for this temperature can be extrapolated from the two measurements shown above, for 
Tc=338 K and Tc=363 K, see Figure 4-9. With this method the intersection point for 
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Tc=354 K was linearly extrapolated to be at 335.11627(3) THz. This means the intensity 
LS coefficient α is zero for 335.11627(3) THz, in the case when Tc=354 K. This frequency 
is close to the frequency of F→F’=3 transition (see Fig. 4-9). Therefore if the laser is 
stabilized to F→F’=3 transition, the intensity LS will be low (much lower than in the 
case of laser frequency being stabilized to the to F→F’=4 transition). 

 

Figure 4-9: Laser frequency for which the intensity LS coefficient is zero, as function of the cell 
temperature. Dashed black arrows indicate the laser frequencies of the transitions F→Fʹ′=3 and F→Fʹ′=4. 
The red solid curve is a linear fit of the data estimated from Figure 4-7 and Figure 4-8. The solid black line 
indicates the estimated laser frequency (for α=0) for the cell temperature of Tc=354 K. 

The frequency LS measurements are repeated for the case of the laser carrier 
frequency stabilized to the two transitions (via Fʹ′=3 and Fʹ′=4 state), but in the separate 
evacuated reference Cs cell. Figure 4-10 displays the intensity LS coefficient α for the 
laser frequency stabilized to the 4 possible laser lock points, namely for coupling via the 
F’=3 or F’=4 excited states in either the MEMS cell or the evacuated cell. The smallest 
intensity LS (lowest value of ⎜α⎜) is found with the laser stabilized to the F→F’=3 
transitions in the MEMS or evacuated cell, close to 335.1160(3) THz. This means that the 
best possible solution is to stabilize the laser carrier frequency to the transition to Fʹ′=3 
state (in MEMS or evacuated cell), for which the frequency LS is the smallest.  

Figure 4-10 shows a good agreement (except for the case of Fʹ′EVAC=4) with the 
theoretical calculations shown in Figure 2-8 (for the case of M=1.8, using transition rates 
from Table 2-2 and where free parameter is the amplitude of the δν00CPT). These 
theoretical calculations are done for the case of the 75 Torr Ne MEMS cell (see section 
3.2.1), including the buffer gas shift of -216 MHz. 

Figure 4-10 also confirms the measurements shown in Figure 4-2 and Figure 4-4: in the 
case of coupling via Fʹ′=3 state, α=1.5(6)x10-12 and it is one order magnitude smaller than 
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in the case of coupling via Fʹ′=4 state where α=2.6(3)x10-11 , comparing for the T=355K (α 
is strongly positive for the case of coupling via Fʹ′=4 state). Therefore by changing the 
cell temperature it is possible to obtain the suppressed intensity LS.  

These measurements supply an important information for an atomic clock, namely 
the laser frequency for which the intensity LS is smallest. For the cell temperature of 
Tc=354 K this frequency is 335.1160(3) THz (closest to the F → Fʹ′=3 transition) and 
therefore this transition should be used in evacuated or MEMS cell for the laser 
frequency stabilization in order to minimize the intensity LS.  

.  

Figure 4-10: The red solid curve indicate the CPT LS in Cs MEMS cell (shown in Figure 2-7) zoomed 
around F→F’=3 and F→F’=4 transitions, for M=1.8. Black dots indicate the intensity LS coefficients α for 
laser frequencies stabilized to the F → F’=3 or F → F’=4 transitions in either the MEMS cell or the 
evacuated cell. The MEMS cell temperature is Tc=338 K. The solid black line indicate the zero LS level. 

	
  

4.1.3 Comparison of the light-shift coefficients α and β 
	
  

Comparisons between already published values for α and β with the results 
discussed in this thesis are shown in Table 4-2. Our reported data are for the case of 
laser stabilization to the F→F′=3 transitions in the Cs MEMS cell. In particular we find 
that our result for β has the same sign, but is a factor of 2 smaller than the value 
reported in [14], when rescaled to the resonant laser intensity used in [14]. This 
difference can be attributed to the different intensities of the first-order sidebands in 
both works, resulting in a different degree of β compensation between these sidebands. 
In [14] a current-modulated VCSEL is used and amplitude modulation causes a 
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stronger sideband asymmetry than the EOM-modulated technique used in this work 
(the Ne pressures used in these works differ by 3% only). 

	
  

Reference [13] [14] [15] [16] 
This 
work 

Transition Cs D2 Cs D2 Cs D2 Cs D2 Cs D1 

Buffer-gas Ne Ne N2/Ar Ne Ne 

Laser 

TWO 
PHASE-

LOCKED 
LASERS 

VCSEL VCSEL VCSEL 
DFB + 
EOM 

I-1 / I0 / I+1 (%) 60/0/40 19/8/47 no data 14/14/33 32/16/35 

α ((µW/cm2)-1) 8.7x10-10 1.08x10-10 1.6x10-10 -3.2x10-12 -1.7 x10-13 

β (mHz/MHz) no data -20 no data no data -11 

Table 4-2: Comparison of the different intensity LS coefficients α and frequency LS coefficients β reported 
in the literature and in this work. The values for β are normalized to the resonant laser intensity of I=45 
µW/cm2 used in [14]. The line labeled “I-1 / I0 / I+1” gives the percentage of total light intensity contained 
in the -1st-order sideband, the carrier, and the +1st-order sideband in the respective studies (CPT is 
induced using the two first-order sidebands in all cases). 

	
  

4.1.4 Temperature shift in the Cs MEMS cell with buffer gas 
	
  

Temperature shift was introduced in Chapter 2. To obtain a suppressed linear TC 
at a specific inversion temperature, a mixture of two buffer gases with opposite 
temperature coefficients is generally used [16-18]. The perfect buffer gas mixture ratio 
can be calculated by measuring vapor cells containing only one buffer gas and estimate 
from these measurements the pressure and first-order temperature shift coefficients β 
and δ (see Eq. (1.7)). To estimate the second-order temperature shift coefficient usually 
vapor cells with different mixtures of gases are used.  
 
The barometric effect or the other buffer-gas related aging processes discussed in 
sections 1.4.1 and 1.4.4 will not significantly change the turnover temperature because 
the relative pressure change is negligible. 
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In this thesis, the LS measurements (Figure 4-2 and Figure 4-4) are used to isolate 
the TC of the MEMS Cs cell with buffer gas content. This is done by extrapolating the 
CPT clock frequency to zero light intensity, for each Cs MEMS cell temperature. The 
example of TC measurement in a single buffer gas cell is shown in Figure 4-11, for the 
Cs FEMTO MEMS cell with 28 Torr of Ar: 

	
  

Figure 4-11: Resonance frequency shift extrapolated at zero laser power as function of the cell 
temperature (temperature shift). The MEMS cell contains 28 Torr of Ar. The solid line indicate the fit of 
the Eq. (1.7). 

The solid line indicates the fit of the Eq. (1.7) estimating the linear TC of δ=-3.3x10-9 
1/K=-30.36 Hz/K. Estimation of the linear TC δ for the 28 Torr Ar cell from the 
literature value (Table 2-4), gives the same result (within 0.1 Hz/K of error) δ=-30.46 
Hz/K. 

In the case of buffer gas mixture the same measurements are performed for the Cs 
SAMLAB-LTF cell with the mixture of two buffer gases Ar and N2, with the ratio of 

r = !!"
!!!

= 0.37 and 10 Torr of total pressure (Figure 4-12). 

In this case, it is possible to evaluate the linear and quadratic temperature coefficients  δ 
and γ of the buffer gas mixture by fitting the Eq. (2.28) to the data (given with the red 
stars) where the fixed parameters are buffer gas ratio r, total buffer gas pressure and T0. 
The linear TC in this case is evaluated to be δ=2.6(5) Hz/K and the quadratic TC is 
γ=0.03(1) Hz/K2 for T0=333 K. These coefficients are in agreement with the one listed in 
Table 2-4: using the coefficients from the Table 2-4, for the 10 Torr of buffer gas mixture 
Ar-N2 with ratio r=0.37, the estimated linear TC is δ=3.1 Hz/K and the quadratic TC is 
γ=0.018 Hz/K2.  The inversion temperature (for the buffer gas mixture Ar-N2 with ratio 
of r=0.37) of Tinv=348.4(3) K is calculated by using the Eq. (2.28). 
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Figure 4-12: Resonance frequency shift extrapolated at zero laser power as function of the cell 
temperature (temperature shift). The SAMLAB-LTF MEMS cell contains 10 Torr of buffer gas mixture Ar-
N2 in the ratio of r=PAr/PN2=0.37. The solid line represents the fit of the Eq. (2.28). 

The measurements of the TC for the buffer gas mixture are also performed in Rb cm-
scale cell (experimental setup using the cm-scale Rb cell is described in Appendix A). 
The buffer gas mixture is Ar and N2 with the ratio of 60-40 and the obtained inversion 
temperature is Tinv=338.0(1) K, Figure 4-13.  

 

Figure 4-13: Resonance frequency shift extrapolated at zero laser power as function of the cell 
temperature (temperature shift). The cm-scale Rb cell contains 26 torr of Ar/N2 mixture. Solid line 
represents the fit of the Eq. (2.27). 

The linear TC in this case is evaluated to be δ=0.16 Hz/K and the quadratic TC is 
γ=4.8x10-4 Hz/K2 for T0=333 K. These coefficients are in agreement with those shown in 
[19]. Using the coefficients from [19] for the 26 Torr of buffer gas mixture Ar-N2 with 
ratio r=1.5, estimated linear TC is δ=0.15 Hz/K and quadratic TC is γ=7.5x10-4 Hz/K2.  
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From the Figure 4-12 and Figure 4-13 it can be seen that the choice of the buffer gas 
mixture and the ratio between used buffer gases will determine the inversion 
temperature, for which the clock temperature shift is suppressed [16].  

We discover that performing the temperature shift measurements on the single 
buffer gas Ne cell shows that the inversion temperature of Tc=354 K can be reached 
[20]. The temperature shift of the 75 torr Ne Cs MEMS cell is measured and shown in 
Figure 4-14.  

	
  

Figure 4-14: Resonance frequency shift extrapolated at zero laser power as function of the cell 
temperature (temperature shift). The MEMS cell contains 75 torr of Ne. Solid line represents the fit of the 
Eq. (1.7). 

The fit of Eq. (1.7) represented by the solid red curve in Figure 4-14 gives the linear 
coefficient of δ=0.83 Hz/K and quadratic coefficient γ=-1.8x10-5 Hz/K2 for a pure Ne Cs 
cell [20]. This result shows that the mixture of two buffer gases is not necessary in order 
to obtain a low temperature coefficient. The low TC can be reached by using single 
buffer gas cell containing Ne at Tc=354 K cell temperature. This result was later 
confirmed by Kozlova, SYRTE institute, Paris giving the linear temperature coefficient 
of δ=-0.264 Hz/Torr*K and the quadratic coefficient γ=-1.70 mHz/Torr*K2 [18], for a 
T0=273 K. 

Fig. 4-14 shows that no mixture of buffer gases is needed to obtain turnover 
temperature because such behavior can be obtained by using a single Ne buffer gas cell. 
The advantage of a low TC with Ne buffer gas cell lies in the fact that the Cs metal in 
dispenser inside the MEMS cell will not chemically react with Ne (it was shown that the 
Cs dispenser has a chemical reaction with N2, for example) [21].  
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4.1.5 Summary and conclusions 
 

The intensity LS measurements on the Cs D1 line in MEMS cell with 75 Torr of Ne 
are discussed here. The LS suppression as function of the modulation index M, already 
reported before was confirmed. The LS was also measured as function of the MEMS Cs 
cell temperature. The conditions were found for which α is suppressed, if the laser 
frequency is stabilized to the transition coupling ground states to a common Fʹ′=3 
excited state on Cs D1 line. A qualitative explanation of this effect is proposed. The LS 
measurements shown here are the first LS measurements for a CPT clock on the Cs D1 
line. Previously published results were obtained on the Cs D2 line. These results show 
that conditions exist where the intensity LS coefficient α can be minimized by choosing 
an appropriate cell temperature, even in the case of non-optimized phase-modulation 
index M. This allows working with a higher CPT signal amplitude for improved clock 
stability (as is the case for our data obtained with PRF=3.5 dBm) compared to the LS 
compensation scheme using adjustment of M only, or to adjust M for minimized 
intensity LS α.  

The frequency LS was also measured for the laser frequencies around coupling via the 
F’=3 excited state and for different MEMS cell temperatures. The frequency LS 
coefficient β is evaluated for each light intensity and found to be two times smaller than 
the one already reported on the Cs D2 line (see Table 4-2). These results confirm the 
previous measurements on the intensity LS (section 4.1.1). Most favorable for a low LS 
is to stabilize the laser to transitions which couples the ground states to a Fʹ′=3 excited 
state. 

The temperature shift in the single buffer gas Cs MEMS cell was evaluated. It was 
found that the low TC can be obtained by using the 75 Torr Ne cell at Tc=354 K. This 
temperature of Tc=354 K coincides with the cell temperature for suppressed intensity 
LS for coupling ground states to a common Fʹ′=3 excited state on Cs D1 line.  

The results obtained here are the first results on the full LS picture, intensity and 
frequency LS coefficient α and β, published for the Cs D1 line. The MEMS cell 
temperature is defined for which the clock will operate at best possible conditions: low 
intensity LS and low TC. The application of these results will significantly improve 
medium and long-term frequency stability of the atomic clocks (see Chapter 5). 
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  Light shift and temperature shift in the 87Rb wall-4.2
coated cm-scale cells 

	
  

The measurements of the LS and temperature shift are also performed for 87Rb 
tetracontane coated cm-scale cell. These measurements are done, using the same cell, in 
both clock regimes: DR and CPT and it will allow drawing comparisons between the 
frequency shifts of the two different CPT clocks: using the Cs micro-fabricated buffer 
gas cell (section 4.1) or the Rb cm-scale wall-coated cell. Also, it is possible to compare 
the frequency shift measurements in CPT and DR cases, and thus obtain an overall 
picture of the observed effects. 

The intensity LS is measured as function of different parameters, e.g., microwave 
power, laser frequency detuning, the cell volume and cell stem temperatures. The 
frequency LS is measured and compared to the theoretical values calculated using the 
equation given in Chapter 2. The TC for the tetracontane wall-coated cell is evaluated. 
Finally, in order to compare the experimental results of the LS and TC in the two 
different experimental conditions with the two different vapor cells, a summarizing 
table of the measured coefficients is given. 

The measurements are done in both clock regimes: DR and CPT. If the final results are 
the same in both clock regimes, only results for CPT case will be shown followed by the 
statement that the results for DR case are the same. Only if the results in DR are 
different from the ones obtained in the CPT regime, both data sets will be reported here. 

 

4.2.1 Frequency light shift in the 87Rb wall-coated cell 
 
Frequency LS, for the DR-scheme clock on the 87Rb D1 line has been measured and 

is shown in Figure 4-15. This measurement is performed with the experimental setup 
shown in Chapter 3, section 3.3.2, operated as DR clock. The laser frequency is not 
stabilized to the reference transitions, but is set to different detunings and is measured 
with a high-resolution wavemeter (see section 3.3.2). For each chosen frequency, the DR 
or CPT signals were recorded and from the signal Lorentzian fit the total shifts of the ν00 
from the νRb were extracted. Figure 4-15 shows the result obtained for DR case. The LS 
coefficient β is given by the local slopes of the data and depends on both the laser 
detuning and the laser intensity. The solid black horizontal line corresponds to the level 
of zero intensity LS (see Figure 4-21). Figure 4-15 also gives information about intensity 
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LS coefficient α: α is positive when the laser frequency is stabilized to the transitions 
F=1→Fʹ′=1 and F=2→Fʹ′=2 or negative for the laser frequency stabilized to the transitions 
F=1→Fʹ′=2 and F=2→Fʹ′=1.  

 

	
  

Figure 4-15: LS of the clock transition in the DR scheme, as function of the laser frequency. Total laser 
intensity is 0.2 mW/cm2. Short red vertical lines indicate four possible frequencies used for the laser 
stabilization. The solid black line represents the zero LS level. 

For comparison of the measured frequency LS in the case of 87Rb D1 line with the 
theoretical calculations of this effect, we started with the calculations following a similar 
approach as proposed in [22]. The procedure for theoretical calculations of the 
frequency LS were already shown in Chapter 2 (see Eq. (2.26) and Figure 2-7), for the Cs 
D1 line. In the case of the Rb D1 line the theoretical approach is the same; there are two 
excited states and the contribution from the off-resonant state must be included (section 
2.4). The linewidth of the optical resonance is Doppler broadened Γ=525 MHz (see 
section 2.2.3). The difference of the involved ground-state level shifts is then calculated 
by using Eq. (2.27) and the transition probabilities listed in Table 4-3 and using the mF=0 
ground state sublevels only (see p. 50-51). 

We use the Rb D1 transition rates for the σ+ and σ- components of the linearly polarized 
light field shown in Table 4-3, published in [10, 23]. The calculated frequency LS (solid 
blue line) and the measured frequency LS (black stars) are shown in Figure 4-16. The 
amplitude of the calculated frequency LS curve is the only fitted parameter while the 
optical transition frequency and the level of zero LS are fixed at the known values. A 
good agreement between calculated and measured frequency LS shown in Figure 4-16 
also validates the model for the LS calculations in the case of the Cs D1 line (Eq. (2.26) 
and Figure 2-7). 
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Optical transition in 87Rb D1 line Transition probability 

F=1→Fʹ′=2 1/2 

F=1→Fʹ′=1 1/6 

F=2→Fʹ′=2 1/2 

F=2→Fʹ′=1 1/6 

Table 4-3: Optical transition probabilities for the 87Rb D1 line in the case of the linear π light polarization, 
taken from [10]. 

From the Figure 4-16 we can conclude that there are two possible laser frequencies for 
which the total LS is zero: -70 (5) MHz shifted from the transitions F=2→Fʹ′=2 and 44 (5) 
MHz from F=1→Fʹ′=2.  

 

Figure 4-16: LS of the clock transition in the DR scheme, as function of the laser frequency. Black stars 
represent the experimental measurements and the blue solid line calculated values. Total laser intensity is 
0.2 mW/cm2. Short red vertical lines indicate four possible frequencies used for the laser stabilization. 
Hyperfine dipole transition strengths are taken from [23]. The solid black line represents the zero LS 
level. 

The frequency LS curve shown in Figure 4-16 is different from the one published in [22], 
mainly by the number of the laser frequencies for which the total LS is zero (here there 
are two such laser frequencies for which the total LS is zero while in the case of [22] 
there are four such frequencies). The LS curve published in [22] is shown in Fig. 4-17.5 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
5 Figure 4-17 reprinted with permission from: B. S. Mathur, H. Tang and W. Happer, Phys. Rev. 171, pp. 
11-19, 1968. Copyright (1997) by the American Physical Society. 
http://link.aps.org/doi/10.1103/PhysRev.171.11 
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This difference comes from different Rb D1 transition rates used in the LS equation 
(2.25). Similar measurements of the frequency LS have been reported in [11] for the DR 
case in a buffer gas 87Rb cell, but not over such a large laser frequency range showing 
the two laser frequencies for which the total LS is zero: the frequency are close to the 
F=1→Fʹ′=2 and F=2→Fʹ′=2 transitions. 

  

Figure 4-17: The LS of the clock transition in the DR scheme, as function of the laser frequency for a 
different normalized broadening parameters γ, published in [22]. 

The measurements of the frequency LS have also been performed for the CPT case 
and results are shown in Figure 4-18.  

	
  

Figure 4-18: LS of the clock transition in the CPT scheme, as function of the laser frequency. Total laser 
intensity is 0.2 mW/cm2. Short red vertical lines indicate four possible frequencies used for the laser 
stabilization. Solid black line represents the zero LS level.6 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
6 Note that zero LS level is not the same for DR and CPT, Fig. 4-18 and Fig. 4-20. In the case of DR zero LS 
level is -287 Hz and in the CPT case -272 Hz. This difference comes from the error bars in the 
measurements, which can be seen from Fig. 4-24 and 4-25. 
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In this case there are less experimental points than in the DR case (Figure 4-15), since no 
CPT is created using the carrier and first-order sideband, for the laser frequencies 
between the indicate four possible frequencies used for the laser stabilization.  

Concerning the theoretical calculations of the frequency LS in the case of CPT, we 
assume that the theoretical approach is similar to case of Figure 4-16. Only here, the 
contributions from all the sidebands and their relative intensities must be included in 
the calculations (see section 2.4, Equation 2.27). The Doppler width of the optical 
resonance is Γ=525 MHz (see section 2.2.3). For relative sideband intensities see Chapter 
3, section 3.3.2.  

Using Eq. 2.27 with Γ=525 MHz and correct transition strengths, the calculated and 
measured CPT frequency LS show serious discrepancies. Therefore we can conclude 
that the present model used for the calculation of the CPT LS is too simple and that 
processes like the light absorption in the cell must be taken into account. Further 
development of the theoretical model must be done in order to detect the present 
reasons for the differences between the measurements and theoretical calculations. 

	
  

4.2.2 Intensity light shift in the 87Rb wall-coated cell 
	
  

4.2.2.1 Intensity light shift as function of total laser intensity 

	
  

Figure 4-19 reports the CPT intensity LS measured in this experimental setup with 
a wall-coated cell as function of the total laser intensity, for five different RF powers 
driving the EOM (i.e. different modulation index M). The laser carrier frequency is 
stabilized to the transition F=2→Fʹ′=1 in wall-coated 87Rb cell and for each RF power the 
shift of the clock transition frequency from the νRb is measured. 

A different presentation of these data is given in Figure 4-20 where the intensity LS 
coefficient α is presented as function of the microwave power PRF. Changes in α with 
the RF power are visible, but unlike for the case of the experimental setup with MEMS 
cell where the suppressed LS was obtained for PRF=3 dBm (Figure 4-1), here we did not 
find the same condition for the measured range of microwave powers. 

One of the reasons why the suppressed LS is not obtained can be explained by the 
modulation performances of used the EOM (the EOM is not the same used in the 
experiment with the MEMS cell (4.1.1) and in this case the modulation frequency is 
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higher than in the case of 4.1.1). The used range of PRF is narrow; it is conceivable that 
for higher PRF values the sum of the all involved atomic level shifts and the sum over 
the contributions from all existing laser frequency components would nullify (see 
Figure 4-1). 

	
  

Figure 4-19: Shift of the CPT clock transition as function of total light intensity, for different RF powers. 
The lines are linear fits to the data. 

Also, in the experiment with the MEMS cell CPT is created by using first order 
sidebands, where laser carrier is not totally suppressed acting hallways between the 
two ground-state levels in Cs (see 3.3.1). In this experiment with the 87Rb wall-coated 
cell, CPT is created by using laser carrier and one of the first order sidebands and 
therefore there is no influence of the laser component acting between two ground-states 
in 87Rb atom. This difference of different modulation frequencies used in two 
experiments can be one more reason why the suppressed LS is not obtained in Fig. 4-19. 

 

Figure 4-20: Intensity LS coefficient α as function of the microwave power PRF. The laser carrier frequency 
is stabilized to the transition F=2 → Fʹ′=1. 
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The tendency of the α increasing with PRF is visible on the Figure 4-20. This behavior 
can be explained by looking at Figure 4-18. The laser carrier is stabilized to the 
F=2→Fʹ′=1 (α is negative) transition and 1st order sideband is on the F=1→Fʹ′=1 
transition (α is positive). By increasing the modulation power PRF (and modulation 
index M) the 1st order sideband relative intensity is increasing, while the relative 
intensity of the carrier is decreasing. Therefore, by the increasing the M it is expected 
that α will have a tendency to go from negative to positive values, which is shown in 
Figure 4-20. 

It could not be measured for which PRF α becomes zero, since PRF=10 dBm is the 
maximum microwave power that can be used to drive the EOM. It can be concluded 
that in this experimental setup with the cm-scale 87Rb wall-coated cell, a condition with 
suppressed α is not obtained due to the limited performance of the EOM, for the laser 
modulation of 6.834 GHz. 

The CPT intensity LS was measured for several laser carrier stabilization 
frequencies (the four possible transitions in the Rb D1 line), for the chosen microwave 
power of PRF=10 dBm and shown in Figure 4-21.  

 

Figure 4-21: LS of the clock transition in the CPT scheme, as function of the laser intensity. The laser 
frequency is stabilized to the four transitions in Rb D1 line. Shifts are given relative to the unperturbed Rb 
clock transition frequency νRb=6.834682611 GHz. 

When the laser carrier frequency is stabilized to the transitions F=2→Fʹ′=1 and 
F=1→Fʹ′=2 the intensity LS coefficient α (given by the slope of the lines) is negative:    
α=-6(1)x10-12 cm2/µW. For the two other cases of laser carrier frequency stabilization 
(F=2→Fʹ′=2 and F=1→Fʹ′=1) the LS coefficient α has approximately the same value, but is 
positive. The wall-coated cell temperatures are Tv=329 K and Ts=321 K, the same as in 
DR case. Extrapolating the intensity LS to zero laser intensity gives the result about the 
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wall-shift. It confirms the wall-shift value measured in the Chapter 3 (Figure 3-30), 
278(10) Hz. The CPT intensity LS results presented in Figure 4-21 confirm the data on 
the CPT frequency LS, presented in the Figure 4-18. From Figure 4-21 we can conclude 
that the sign of α is different, depending on the laser frequency detuning: positive when 
the laser frequency is stabilized to the transitions F=1→Fʹ′=1 and F=2→Fʹ′=2 or negative 
for the laser frequency stabilized to the transitions F=1→Fʹ′=2 and F=2→Fʹ′=1. Such 
behavior was already shown in Figure 4-17, for a much larger frequency scale. 

The same measurements of the clock transition LS as function of the laser intensity 
is performed for the DR case and shown in Figure 4-22. The DR intensity LS results 
shown in Figure 4-22 confirm the data on the DR frequency LS, given in Figure 4-15. 
From Figure 4-22 the same conclusions can be given: the sign of α is different, 
depending on the laser frequency detuning: positive when the laser frequency is 
stabilized to the transitions F=1→Fʹ′=1 and F=2→Fʹ′=2 or negative for the laser frequency 
stabilized to the transitions F=1→Fʹ′=2 and F=2→Fʹ′=1. Such behavior is in agreement 
with the data of Figure 4-15, for a much larger frequency scale. 

 

Figure 4-22: LS of the clock transition in DR scheme, as function of the laser intensity. The laser frequency 
is stabilized to the four transitions in Rb D1 line. Shifts are given relative to the unperturbed Rb clock 
transition frequency νRb=6.834682611 GHz. 

	
  

4.2.2.2 Intensity light shift as function of the cell temperature 

 

In order to investigate the intensity LS suppression as function of the cell 
temperature like in the case of the Cs buffer gas MEMS cell (section 4.1.1), the CPT 
intensity LS was measured at several wall-coated volume cell temperatures, when the 
laser carrier frequency is stabilized to the F=2→Fʹ′=1 transition, Figure 4-23.  
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Figure 4-23: Shift of the CPT clock transition measured on the wall-coated cell, as function of laser 
intensity for different cell volume temperatures, while temperature of the cell stem is fixed to Ts=313 K. 
The solid lines are linear fits to the data. 

When comparing these results with the same measurements obtained with the MEMS 
cell (Figure 4-2 and Figure 4-4) it is visible that in the case of the wall-coated cell there 
are no changes in α as function of the temperature. A different presentation of data 
from Figure 4-23 is given in Figure 4-24, where intensity LS coefficient α is evaluated as 
function of the cell volume temperature: 

 

Figure 4-24: Intensity LS coefficient α as function of the cell volume temperature. The laser carrier 
frequency is stabilized to the transition F=2 → Fʹ′=1. 

The explanation is following: the clock frequency shifts with the temperature, but not α. 
In the case of the MEMS cell, α depends on the cell temperature due to the atomic 
density in the cell. Here, by changing the wall-coated cell volume temperature the 
atomic density does not change significantly (the atomic density change can be 
achieved only by changing the temperature of the cell stem that contains the liquid Rb 
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reservoir) therefore the α dependence on the cell volume temperature is not expected. 
The result of the intensity LS coefficient α being constant as function of the wall-coated 
cell volume temperature is confirmed by the same measurement in DR clock regime 
(data not shown). 

The wall-coated cell stem acts as reservoir of Rb atoms and any temperature 
change of the cell reservoir will directly influence the density of the atoms in the cell. 
Following the explanation in this chapter about α depends on the cell temperature due 
to the atomic density in the cell (section 4.1.1), such behavior should only be obtained 
for the wall-coated cell in the case when the stem temperature varies (and not as 
function of the cell volume temperature). The LS intensity as function of different wall-
coated cell stem temperatures is measured in both clock regimes: DR and CPT. In the 
case of DR, α dependence on the wall-coated cell stem temperature is visible. In CPT 
clock regime such behavior is not obtained, as will be shown in the following. 

Figure 4-25 reports on the LS intensity as function of different wall-coated stem cell 
temperatures, for the laser carrier frequency stabilized to the F=2→Fʹ′=1 transition, in 
DR regime. From Figure 4-25 it can be concluded that, as expected, α depends on the 
wall-coated cell stem temperature. If we compare this result with the one obtained on 
the MEMS buffer gas cell (Figure 4-2) the LS behavior as function of the temperature 
shows the same tendency, going from negative to positive values, when the cell 
temperature is increasing. 

 

Figure 4-25: Shift of the DR clock transition measured on the wall-coated cell, as function of laser 
intensity for different cell stem temperatures, while the temperature of the cell volume is fixed Tv=329 K. 
The solid lines are linear fits to the data. 

A different presentation of these data is given in Figure 4-26 where the DR intensity LS 
coefficient is presented as function of wall-coated stem temperatures: 
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Figure 4-26: DR intensity LS coefficient α as function of the wall-coated stem temperature. The laser 
carrier frequency is stabilized to the transition F=2→Fʹ′=1 and the cell volume temperature is Tv=329 K. 

The stem temperature of TS=325 K is the maximum temperature used in this 
experimental setup, since the tetracontane coating melting temperature limits the use of 
higher stem temperatures. The atomic density is one order magnitude smaller here than 
in the case of the MEMS buffer gas cell, Figure 4-2. Here, the absolute value of the offset 
of α is much further away from zero than in the case of the MEMS buffer gas cell, 
Figure 4-2. Therefore, the tendency of α increasing with the cell stem temperature is 
visible and confirmed, but a condition for positive LS cannot be reached even for high 
stem temperatures (Ts=373 K).  

The measurement displayed in Figure 4-25 for the case of DR is repeated for the 
CPT case. Figure 4-27 reports on the CPT intensity LS as function of different wall-
coated stem cell temperatures, for the laser carrier frequency stabilized to the F=2→Fʹ′=1 
transition. These measurements are precise within ± 4 Hz, which does not allow us to 
have strong conclusions about the behavior of α as function of the cell stem temperature 
in the case of CPT. It is expected the that the LS goes from being negative to the 
positive, when the cell temperature is increasing (the same behavior like in DR case 
shown in Fig. 4-25). Data given in Fig 4-27 with its given error bars is equally 
compatible with α being constant, slightly increasing or decreasing with cell stem 
temperature. 
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Figure 4-27: Shift of the CPT clock transition measured on the wall-coated cell, as function of laser 
intensity for different cell stem temperatures, while temperature of the cell volume is fixed Tv=329 KC. 
Solid lines are linear fits to the data. 

A different presentation of the data from the Figure 4-27 is given in Figure 4-28 where 
the CPT intensity LS coefficient α is presented as function of wall-coated stem 
temperatures. For the same range of the cell temperatures, the CPT signal contrast is 
much smaller than in the case of DR. This can be one of the possible explanations why 
the measurement resolution is not good enough to extract a strong conclusion in the 
case of CPT, since same behavior is expected in both clock regimes. No similar effect of 
the CPT LS dependence on the wall-coated cell temperature was observed and reported 
in the literature that would allow us comparison and further conclusions why in the 
case of CPT the same effect is not observed. 

 

Figure 4-28: Intensity LS coefficient α as function of the wall-coated stem temperature, CPT experiment. 
The laser carrier frequency is stabilized to the transition F=2→Fʹ′=1 and the cell volume temperature is 
Tv=329 K. 
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4.2.3 Temperature shift in the 87Rb wall-coated cell  
	
  

The temperature shift of a wall-coated cell is an intrinsic property of the coating 
material itself [24] (see section 2.5.2). The physics of atoms interacting with the wall-
coating will depend on variations in the cell temperature. The TC is calculated using the 
measurements of the intensity LS as function of cell volume and cell stem temperature, 
i.e. using both DR and CPT data (Figure 4-23 and Figure 4-25). For each temperature the 
shift as function of the laser intensity was measured.  The linear fits of the data will give 
values for α and the resonance frequency shift extrapolated to zero laser power is the 
temperature shift (and in the case of DR interaction scheme microwave power shift). 
Cell volume temperature was varied in the range of [317-329 K]. Figure 4-29 shows the 
temperature shift due to the cell volume temperature in cell coated with tetracontane. 

The temperature shift of the cell volume is determined by the atom-wall collisions [24]. 
Figure 4-29 gives the information about TC=1.43(3)x10-10 1/K in DR scheme, which can 
be used in calculation of the average Rb activation energy on the coating Ea (see 2.31). 
From (2.31) it can be found that Ea=-(d(Δν)/dT)*kBT/dν. Measured TC=1.43(3)x10-10 
1/K=0.977 Hz/K (Fig. 4-29) gives the energy of activation Ea=0.031(4) eV. The TC has 
been measured in CPT regime and verified by the measurements in DR regime. The 
result is in agreement with the one published using the exact same wall-coated cell, by 
Bandi et al [25], see Table 4-4. 

	
  

Figure 4-29: DR resonance frequency shift extrapolated at zero laser power as function of the cell volume 
temperature (temperature shift). The temperature of the cell stem is fixed Ts=313 K. The black solid curve 
represents the linear fit of the (Eq. 2.13) which gives the activation energy of Ea=0.031(4) eV. 

The stem of the wall-coated cell acts as reservoir of Rb atoms and any temperature 
change of the cell reservoir will directly influence the density of the atoms in the cell. 
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Therefore, the temperature shift due to the stem temperature change is mainly 
determined by the spin-exchange effect, see Eq. (2.16) [26]. The cell stem temperature 
was varied in the range of [313-325 K]. For each temperature the DR shift as function of 
the laser intensity was measured, see Figure 4-23. The DR resonance frequency shift 
extrapolated at zero laser power gives the TC of the cell stem temperature, Figure 4-30: 

	
  

Figure 4-30: DR resonance frequency shift extrapolated at zero laser power as function of the cell stem 
temperature (temperature shift). The temperature of the cell volume is fixed Ts=329 K. 

Table 4-4 lists the measured TC of volume and stem of the tetracontane coated cell in 
DR and CPT clock regime and compares these results with the those using the same 
physic package, already published in [25]. The measurements discussed in this thesis 
are consistent with the measurements published earlier in [25] using the same wall-
coated cell. The stem TC is 2.5 times smaller than the TC of the cell volume in DR and 
CPT case. These measurements show that the shift of the clock frequency will be more 
influenced by the atom-wall collisions (change of the cell volume temperature) than by 
the spin-exchange (cell stem temperature), by a factor of 2.5. The influence of the TC 
and the LS on the clock frequency stability will be studied in detail in the next chapter. 

 TCVOLUME TCSTEM 

In DR (1/K) 1.2(5)x10-10 2.7(9)x10-11 

In CPT (1/K) 1.4(3)x10-10 4(2)x10-11 

In DR (1/K) [25] 2.03(7)x10-10 3.22(4)x10-11 

Table 4-4: Measured cell volume and cell temperature coefficients, compared with the already published 
values in [25]. 
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4.2.4 Summary and conclusions 
	
  

The frequency LS measurements on the 87Rb D1 line in cm-scale cell coated with 
tetracontane are discussed here. A full picture of the frequency LS is given in the both 
experimental setups: DR and CPT. 

• DR: Preliminary theoretical calculations of the clock transition LS as function of 
laser frequency are done and show good qualitative understanding of the obtained 
measurements. Two possible laser frequencies are found for which the intensity LS 
is zero, a result different from the results published in [22], due to the different 
optical transition probabilities (which reflects different geometry and polarization in 
the experiments) in Rb atom used in the theoretical evaluations. 

• CPT: The calculations of the CPT frequency LS show serious discrepancies 
compared to the measured LS. Further development of the theoretical model must 
be done in order to detect the reasons for the present differences between the 
measurements and theoretical calculations. 

• The intensity LS is measured as function of the total laser intensity, for five 
different RF powers driving the EOM, in CPT studies. The LS suppression as 
function of the modulation index M (like it is shown in section 2.4) is not obtained 
due to the limited EOM efficiency at ν=6.8 GHz used here, but the tendency of the α 
increasing with increasing the PRF is shown. 

The intensity LS is measured as function of the wall-coated cell temperature in both 
experimental schemes: DR and CPT.  

• DR: The intensity LS as function of the cell volume temperature measurements 
show that there are no changes in α as function of the temperature. Such behavior is 
expected since the atomic density in the cell is not changed by changing the cell 
volume temperature and therefore α should remain the same for each cell volume 
temperature. In the case when cell stem temperature is changing, the LS behavior 
shows the same tendency as in the case of the MEMS Cs buffer gas cell (section 
4.1.1), going from being negative towards zero, when the cell temperature is 
increasing. The usable temperature range in this case is smaller than in the case of 
the MEMS Cs buffer gas cell due to melting temperature limit of the coating (the 
maximum temperature stem temperature is TS=325 K). Therefore the positive LS 
condition was not reached in this case, but it is expected at higher temperatures.  



                                                 Chapter 4.  Light shift and temperature shift in CPT atomic clocks 
 
128 

• CPT: The behavior that α does not change with the cell volume temperature, as 
already demonstrated in DR case, is confirmed for the CPT interaction scheme. 
However, the expected change of α with the cell stem temperature, already shown 
in DR case, could not be confirmed working in the CPT scheme. This might be 
possibly due to a limited measurement resolution. 

The temperature shift of a tetracontane-coated cell is measured and evaluated for the 
cell volume and the cell stem temperature. It is evaluated that the shift of the clock 
frequency is more strongly influenced by the change of the cell volume temperature 
than by the cell stem temperature, by factor of 2.5, indicating that the atom-wall 
collisions influence the temperature shift of the clock frequency much more than the 
spin-exchange effect. Such behavior is obtained for both: the DR and CPT case. The 
average Rb adsorption energy on the coating Ea is calculated. These results showed a 
good agreement with the already reported ones, using the same wall-coated cell [25]. 
The influence of TC of the coating on the clock frequency will be evaluated in the next 
chapter and may be expected to have an important impact on the clock stability. 

 

 Comparison and discussions of the results 4.3
	
  

The possibility to measure and evaluate the LS and TC coefficients in different 
clock schemes, using different vapor cells, gives the opportunity to learn more about 
their dependence on used atoms, chosen experimental conditions or different cells. 

The theoretical model for the frequency LS calculation for a four level model atom was 
proposed in section 2.4. Experimental measurements of the same effect for the two 
different experimental setups: using the Cs buffer gas MEMS cell in CPT and using the 
87Rb wall-coated cm-scale cell and in both CPT and DR are shown in section 4.1 and 4.2. 
These measurements are then compared to the theoretical calculations: 

• DR in 87Rb wall-coated cell: The theoretical model for the frequency LS 
calculation shows a good agreement with the measured frequency LS, for a 
single laser frequency (section 4.2.1). 

• CPT in 87Rb wall-coated cell: The same theoretical model can be applied in CPT 
case; only here the contributions from all sidebands and their relative intensities 
must be included in the calculations. But unlike in the DR case, the calculated 
and measured frequency LS show serious discrepancies. The present model is 
too simple to be used in the CPT case and further development of this model 
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must be done (e.g. including the processes like the light absorption in the cell) to 
obtain the full LS picture in CPT case. 

• CPT in Cs buffer gas cell: Similar conclusion can be given for the CPT frequency 
LS model in the case of Cs buffer gas cell: there is a qualitative agreement 
between the calculated and measured LS (being positive in the case when CPT is 
created by coupling to F’=3 excited state or negative for coupling to F’=4 excited 
state), but the theoretical model must include the light absorption in the cell, etc. 
in order to obtain the full picture of the CPT frequency LS in buffer gas Cs cells. 

Table 4-5 summarizes the results on the intensity LS coefficient α, frequency LS 
coefficient β and TC, including the results obtained with the cm-scale glass-blown 87Rb 
cell with buffer gas mixture Ar-N2 (experimental setup described in Appendix A). 

Experiment Section 4.1 APPENDIX A Section 4.2 

Cell 
Cs MEMS + 
Ne (75 Torr) 

Rb cm-scale 
cell +Ar-N2 

(20 Torr) 
Rb cm-scale wall-coated 

Interaction scheme CPT DR DR CPT 

Optical transition D1 line D2 line D1 line D1 line 

Tc (K) 354 343 
Tv=329 and 

Ts=321 
Tv=329 and 

Ts=321 

Transition used for 
laser stabilization 

Coupling to 
Fʹ′=3 

CO 21→23 F=2→Fʹ′=1 F=2→Fʹ′=1 

α (cm2/µW)x10-12 0.17(1) 1.3(1) -15.0(1) -6.1(8) 

β (mHz/MHz) 

 (IL=0.2 mW/cm2) 

-32(2) 

(Tc=338 K) 
460(34) 80(5) -93(5) 

TC (1/K)x10-10 
0.10(2) 

Tinv=354 K 
0.18(7)  

Tinv=338 K 

1.2(2)volume 1.4(3)volume 

0.27(4)stem 0.6(2)stem 

Table 4-5: Summarization of the intensity LS coefficient α, frequency LS coefficient β and TC for three 
different experimental setups. 
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The measured frequency LS in the case of the wall-coated 87Rb cm-scale cell is three 
times higher than in the case of buffer gas Cs MEMS cell and 5-6 times smaller than in 
the case of 87Rb cm-scale cell with buffer gas mixture. This difference can be attributed 
to: 
 

• The width of the optical transitions is not the same and therefore this difference 
will contribute to the different frequency LS (see Eq. (2.21)). In the case of Cs, the 
width of the optical transition, due to the presence of Ne buffer gas atoms is 
Γ=1510 MHz while for the 87Rb wall coated cell Γ=525 MHz. It is expected that 
this difference in Γ contribute to a lower LS in case of Cs cell. 

• Different transition rates for Cs and Rb atoms will also contribute to the different 
LS (see Eq. (2.21)). In both experiments the D1 line is used: for Cs D1 line 
transition rates see Table 2-3 and for Rb D1 line transition rates see Table 4-3. 

• The laser sidebands used in the two CPT experiments (section 3.3) have different 
intensities resulting in a different degree of β compensation between these 
sidebands. In experiments with the Cs MEMS cell, the two first-order laser 
sidebands are used and here the amplitude modulation causes a stronger 
sideband asymmetry while in the second experiment with the Rb wall-coated 
cell, the carrier and one of the first-order sidebands which have almost equal 
intensity are used to create CPT. This can lead to smaller LS in the experiment 
with the 87Rb wall-coated cell. This is not the case for our results given in Table 4-
5. The LS is bigger for the case of the experiment using the Cs MEMS cell 
compared to the case using the Rb wall-coated cell, which means that 
contributions from different transition rates and different optical widths are 
compensating the a stronger sideband asymmetry in the experiment with the Cs 
MEMS cell. 
 

In both experimental setups (4.1 and 4.2) the laser frequency is determined for which 
the intensity LS is suppressed. It has been previously demonstrated that the intensity LS 
α and frequency LS β are inversely proportional to the buffer gas pressure, essentially 
due to the broadening of the optical resonance [13], so further reduction of the LS 
coefficients in the case of buffer gas cell may be expected when using higher buffer gas 
pressures [26].  

The TC in the case of buffer gas mixtures can be suppressed at a selected temperature 
by choosing an optimized buffer gas ratio. This thesis shows that having a pure Ne 
buffer gas cell and choosing the proper temperature, the same effect can be obtained. 
Because of these findings, it is expected that TC will be significantly larger in the case of 
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the wall-coated cell than in the case of buffer gas cell. These expectations are confirmed 
by our measurements (see Table 4-5).  

The experimental results discussed in this chapter are of importance for understanding 
the short- medium- and long-term stability limits of atomic clocks using buffer gas or 
wall-coated cells. The use of the MEMS buffer gas cells in atomic clocks is of high 
interest since the need for compact and low power instruments is constantly growing. 
The use of wall-coatings in atomic clocks is also of high interest since very narrow 
signal linewidths can be achieved from both, cm-scale and small dimension cells. These 
very narrow linewidths significantly improve the clock frequency stability (see Chapter 
5). Evaluation of the possible frequency shifts of an atomic clock using the wall-coated 
or buffer gas cells is one step further towards the new generations of atomic clocks 
which will be used for satellite navigation and positioning systems (GPS, GALILEO), 
telecommunication, etc. 
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Chapter 5      Clock frequency 
stability 

This chapter reports investigations on short-, medium- and long-term stabilities of the 
two clocks, used for the studies in this thesis, based on the MEMS Cs buffer gas cell and 
the 87Rb cm-scale wall-coated cell, respectively. The influence of the intensity LS, 
frequency LS and TC, experimentally measured and discussed in Chapter 4, on the 
clock short-, medium- and long-term frequency stability is evaluated. 

 

 CPT atomic clock using the MEMS Cs buffer gas cell  5.1
	
  

5.1.1 Short-term frequency stability 
	
  

As shown in section 1.5 (Eq. 1.16), the atomic clock short-term frequency stability 
depends on the signal discriminator slope and the clock detection noise. The clock 
signal is preliminary optimized as function of the laser intensity and the MEMS cell 
temperature. First, the signal amplitude and the signal linewidth as function of the laser 
intensity were measured to optimize the signal discriminator slope D (see Figure 3-27 
(a) and Figure 3-27 (b)) to obtain the best possible clock frequency stability (1.16)). The 
signal amplitude and signal linewidth were also measured as function of the MEMS cell 
temperature. The discriminator slope D is optimized for the laser intensity of IL=1.9 
mW/cm2 and the cell temperature of Tc=353 K (Figures 3-29 (a) and 3-29 (b)), resulting 
in D=8.4x10-7 V/Hz. 

The shot-noise limit, as ultimately achievable clock stability, is evaluated. Shot-
noise represents the average statistical noise due to the statistical nature of photons 
arrival at the detector and the corresponding voltage noise density can be evaluated by 
using the formula: 
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 n!"#$ = R ∗ I!"#$ = R ∗ 2eI!"BW = 2eRV!"BW   
V
Hz

,   (5.1) 

where R=100 kΩ is photodetector resistance, Ishot the shot-noise current for the DC 
signal current IDC [A/Hz1/2] recorded on the photodetector, e the elementary charge, 
VDC the signal voltage recorded on the photodetector and BW the measurement 
bandwidth. 

With this evaluation it is possible to predict the short-term stability for the case where 
the shot-noise limit is reached, using Eq. (1.16): 

 

σ! τ !"#$!!"#$% =
1
ν!"

n!"#$
2D

1
τ =

1
4.596 ∗ 10!  Hz

5 ∗ 10!! V
Hz

2 ∗ 8.4 ∗ 10!! VHz

= 1 ∗ 10!!!
1
τ 

(5.2) 

In the atomic clock operating conditions it is often difficult to reach the shot-noise limit 
due to the additional noise contributions from different clock elements, e.g., local 
oscillator, laser intensity noise, laser FM-to-AM noise conversion in atomic vapor, EOM 
technical noise, etc. Therefore, the clock short-term stability is usually higher than the 
shot-noise limit. 

The expected preliminary clock short-term stability can be evaluated by measuring 
the clock detection noise. The clock detection noise is measured as the PSD of the clock’s 
photodetector output voltage by using a Fast Fourier Transform (FFT) spectrum 
analyzer as shown in Figure 5-1.  

The clock short-term stability is estimated by using (5.2), but in this case nshot is 
replaced by the measured detection noise shown in Figure 5-3. Taking into account that 
the noise measurements are preliminary and therefore noise spectrum spurious, nexp is 
estimated as average value of spurious for 660 Hz, which is the FM frequency of the 
microwave frequency used in experiment here (see 3.3.1): 
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1
τ	
  

(5.3) 

 

Figure 5-1: Clock detection noise measurement (measured on the clock photodetector) for the CPT 
resonance obtained by coupling via Fʹ′=3 state and cell temperature of Tc=353 K. The black line represents 
the measured noise of the detector in the dark. The green line is the measured laser noise on the 
photodetector placed before EOM (laser RIN noise) and the red line represents the noise on the 
photodetector placed after EOM and after the cell. 

For the frequency stability measurements, the CPT atomic clock (using the MEMS Cs 
cell with buffer gas) frequency was compared to the 10 MHz output of a Hydrogen 
maser and measured with the Picotime frequency comparator device with phase time 
resolution of < 2 ps rms [1]. The laser carrier frequency was stabilized to the transition 
F→Fʹ′=3. Figure 5-2 displays two results: red squares show the measured Allan 
deviation of the clock, for the MEMS cell temperature of Tc=353 K and laser intensity of 
IL= 1.9 mW/cm2 and black circles represent the clock frequency stability after the LS 
and TC optimization (see 4.1.1 and 4.1.4). 

The black solid line represents the predicted short-term stability (signal-to-noise limit) 
with optimized signal and measured detection noise, while the blue solid line 
represents the shot-noise limit. The clock shows a short-term stability of 5.6x10-10 at   
τ=1 s (red squares in Fig. 5-2). For τ=100 s to τ=1000 s (onset of medium-term) it levels 
between 3x10-10 to 6x10-10.  
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Figure 5-2: Short-term clock frequency stability measurement of the CPT atomic clock with buffer gas Cs 
MEMS cell, measured before (red squares) and after (black circles) optimizing the clock parameters for 
suppressed LS and TC. The black solid line represents the signal-to noise ratio calculated with (5.3) and 
the blue solid line represents the shot-noise limit, calculated with (5.2). 

The measurements discussed in section 4.1 (Figure 4-2) showed that the intensity LS is 
suppressed for the MEMS cell temperature of Tc=354 K. Also, for the same MEMS cell 
temperature of Tc=354 K, the inversion temperature is reached, indicating that the TC is 
optimized (Figure 4-14). To see the impact of the LS and TC optimization on the clock 
frequency stability, the MEMS cell temperature was changed to Tc=354 K and the clock 
frequency stability re-measured (all the other clock parameters remained the same as in 
the measurement shown in red squares in Figure 5-2). The clock frequency stability 
data, with optimized LS and TC are shown in Figure 5-2 in black circles. The clock with 
optimized LS and TC displays a short-term stability of 3x10-10 τ-1/2 up to τ=30 seconds, 
which is in a good agreement with the predicted value of 3.1x10-10 τ-1/2. The observed 
difference in the short-term (up to τ=30 s) arises from the decreased detection noise of 
the system after optimizing the laser frequency stabilization parameters. Comparison 
between data in medium-term clock frequency stability indicates an improvement of 
one order magnitude in the clock frequency stability due to the optimization of the LS 
and TC. 

Table 5-1 represents the summary of the instability contributions to the clock 
short-term frequency stability. The table includes measured short-term laser frequency 
stability and typical laser intensity variation in short-term, which are used in the 
equations for the calculation of the intensity and frequency LS contribution at τ=1-100 
sec. From the Table 5-1 it can be concluded that the total contribution of the LS to the 
clock frequency stability is on the level of 9.4x10-12, for τ=1-100 s. Intensity LS has 
negligible influence to the clock short-term and limitation on the 10-12 level comes from 
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the frequency LS. The intensity and frequency LS do not limit the present clock short-
term stability since the measured clock short-term stability is on the 10-10 level. 

From the Table 5-1 it can be concluded that the main contributor to the short-term 
frequency stability is the signal-to-noise ratio (mainly LO noise and small contrast of the 
CPT signal). Further improvement in short-term clock frequency stability can be 
obtained by detailed signal optimization (in the case above, the signal was preliminary 
optimized) and by decreasing the detection noise on the experimental setup originating 
from the various experimental setup elements, e.g., LO, laser (intensity noise and FM-to 
AM noise conversion in the cell), EOM, etc.  

Physical 
effect 

Experiment Variation at 1 s Equation Instability 
(τ -1/2) 

Shot-noise 
limit 

/ 
nshot=5x10-8 

V/Hz1/2 
Eq. (5.2) 1x10-11 

S/N limit  D=8.4x10-7 

(V/Hz) 
nS/N=2x10-6 

V/Hz1/2 
Eq. (5.3) 3.1x10-10 

Intensity 
LS (⎪α⎪) 
 

1.16(2) 
(mHz*cm2/µW) 

σI-laser<6x10-4 [2] 
α ∗ I! ∗ σ!!!"#$%

ν!"
 <1.4 x10-13 

Frequency 
LS (⎪β⎪)  
 

644(2) (mHz/Hz) 
 

σf-laser<4x10-10  β ∗ ν! ∗ σ!!!"#$%
ν!"

 <9.4x10-12 

LO not measured unknown 

Total instability contribution between 1-100 s ~3.1x10-10 

Table 5-1: Summary of the instability contributions to the clock short-term frequency stability (τ=1-100 s). 

Intensity and frequency LS coefficients α and β are evaluated for the F→F’=3 transition. σI is measured in 
the case of the DFB laser head and estimated to be 2 times worse here [2]. Instability due to intensity LS is 
evaluated for IL=3 mW/cm2. 

After the preliminary short-term frequency measurements discussed above, Dr. Luc 
Schneller continued to work on the same experimental setup, optimizing the 
discriminator slope and replacing the commercial synthesizer providing the 4.6 GHz 
(see 3.3.1) with the Caesium Frequency synthesizer CS-1 OPT2 [8].	
   Due to the new 
frequency synthesizer and laser intensity optimization a one order-of-magnitude better 
short-term frequency stability is obtained, Figure 5-3. 
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Figure 5-3: Short-term clock frequency stability measurement of the CPT atomic clock with buffer gas Cs 
MEMS cell, measured in August 2012, after replacing the LO and optimizing the clock parameters. Red 
dashed line represents the shot-noise limit and blue solid line connects the measured data. Dr. Luc 
Schneller performed this measurement [7]. 

 

5.1.2 Medium-term frequency stability 
	
  

Here we discuss the medium-term clock frequency stability for the clock settings 
which short-term frequency stability is shown in Fig. 5-2. Instability contributions of 
physical perturbations on the clock transition in medium-term time scales may 
originate from the LS, TC and possible variations of the buffer gas pressure inside the 
vapor cell. By estimating the typical parameter variations, e.g. laser intensity and 
frequency stability and cell temperature stability, at 10 000 s, it is possible to estimate 
the influence of the intensity and frequency LS and TC to the medium-term clock 
frequency stability (using the same equations given in Table 5-1), shown in Table 5-2. 
Table 5-2 shows that the frequency LS contributes to the clock frequency stability on the 
level of 1.2x10-10 around τ=10 000 s. Intensity LS contribution is negligible in the clock 
medium-term stability, being estimated as 6.7x10-13 at 10 000s. The buffer gas pressure 
variation contributes on the to the clock frequency instability on the level of 1.3x10-16.  

 
Comparing Table 5-2 results with the measured data shown in Figure 5-2 suggests the 
conclusion that the present clock medium-term frequency stability is limited by the 
frequency LS. The repeated clock frequency stability measurement performed by Dr. 
Luc Schneller (Figure 5-3) shows the clock frequency stability is 5x10-11 at 10 000 s (with 
optimized signal and four times less laser intensity than in the case shown in Figure 5-
2). In this case the frequency LS coefficient β is four times smaller than the one shown in 
Table 5-2 due to the four times smaller laser intensity and this is expected to limit the 
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clock frequency stability on the 5x10-11 level. Therefore, the dominating contributor to 
the clock medium-term stability in both cases (Figure 5-2 and Figure 5-3) is the 
frequency LS. 
The further improvements in the medium-term stability can be obtained by two 
methods: improving the laser frequency stability or suppressing the frequency LS by 
optimizing the microwave power PRF [3]. 
 

Physical effect 
Coefficient 

(See Chapter 4) 
Variation at 10 000 s Instability 

Intensity LS (⎪α⎪) 
 

1.16(2) 
(mHz*cm2/µW) 

< 5.3 µW/cm2 [4]* < 6.7x10-13 

Frequency LS (⎪β⎪)  644(2) (mHz/MHz) < 5x10-9[5]** < 1.2x10-10 
TC  1x10-11 (1/K) 10x10-3 K [4] 1x10-13 

Barometric effect ∼1.3x10-16 /Torr [6]*** < 1.3x10-16 

Other buffer-gas 
related effects**** 

not measured unknown 

Total instability at 10 000 s < 1.2x10-10 

Table 5-2: Estimations of the LS, TC and buffer gas variation influence on the clock medium-term 
stability (τ=10 000 s). Typical variation of the laser intensity and the cell temperature are measured and 
reported in [4]. Intensity and frequency LS coefficients α and β are evaluated for the F→F’=3 transition.    
*Laser intensity variation is estimated to be ten times worse than in the case of measured intensity 
variation of the laser head (since in this case the experimental setup is consisted of the DFB and the 
EOM). **Laser frequency variation is expected to be 1000 times worse than in the case of the compact laser 
head, since in our case the laser frequency is stabilized to a Doppler broadened line obtained from the 
buffer gas cell, not from the separated evacuated cell like in [5]. ***The buffer gas pressure variation is 
taken from [6] where cm-scale cell is considered and estimated (with respect to the cell window 
dimensions) as to be 1000 less sensitive for the case of microfabricated cell. Instability contribution is then 
calculated taking the 1 Torr for atmospheric pressure variation at 10 000 s. **** These effects depend on 
the cell production processes (see section 1.4.1).  

The laser frequency stability can be improved by improving the thermal control of laser 
itself and by thermal control of the MEMS cell, which is used for the laser frequency 
stabilization. Note, that variations in the reference cell temperature can have a strong 
impact on the laser frequency due to changes in the background Doppler profile and 
light absorption in the cell varying with the Cs atomic density. Table 5-2 shows that the 
influence of the intensity LS is negligible. It also shows that the microwave power can 
be optimized to suppress the frequency LS coefficient β without significantly increasing 
the influence of the intensity LS coefficient α on the clock stability. Further experimental 
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steps also include measurements of the buffer gas pressure variation in the MEMS cell 
in order to estimate its exact influence on the clock medium-term frequency stability.  

 

5.1.3 Long-term frequency stability 
	
  

Typical laser intensity, laser frequency and cell temperature drifts estimated at one 
month time scale are listed in Table 5-3.  

Physical effect Coefficient 
Typical drift 
after 1 month 

Drift after 1 
month 

Intensity LS (⎪α⎪) 
 

1.16(2) (mHz*cm2/µW) 
Estimated 

>10.6µW/cm2 [4] 
>1.8x10-12 

Frequency LS 
(⎪β⎪)  644(2) (mHz/MHz) 

∼ Estimated 

5x10-8 [5] 
∼1.2x10-9 

TC  1x10-11 (1/K) 
Estimated 

>20x10-3 K [4] 
>2x10-13 

Barometric effect ∼1.3x10-16 /Torr [6] ∼6.5x10-15  

Other buffer-gas 
related effects* 

not measured unknown 

Table 5-3: Estimations of the LS, TC and buffer gas variation influence on the clock drift. Intensity and 
frequency LS coefficients α and β are evaluated for the F→F’ = 3 transition. Temperature drift is estimated 
to be 2 times worse compared to the medium term measurements reported in [4]. Intensity LS and buffer 
gas variation are estimated to be ten and two times worse compared to the variations at 10 000 s, 
respectively. Laser frequency variation is expected to be 10 times worse compare to the variations at 10 
000 s. The buffer gas pressure variation is taken from [6] where cm-scale cell is considered and estimated 
(with respect to the cell window dimensions) as to be 1000 less sensitive for the case of microfabricated 
cell. Instability contribution is then calculated taking the 50 Torr for atmospheric pressure variation at one 
month. *These effects depend on the cell production processes (see section 1.4.1). 

 

Using these data the LS, TC and buffer gas variation influence to the clock drift after 
one month of operation is evaluated. Since the clock long-term frequency stability was 
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not measured, it is not known if the LS or the TC limits the present clock frequency 
stability. It can be expected that typical laser intensity drift after one month is two times 
worse compared to measured laser intensity variation at 10 000 s, due to expected laser 
aging and daily temperature cycles. This estimation leads to the assumption that 
intensity LS will influence clock drift on the 1.8x10-12 level. A similar estimation can be 
done for the TC. Typical temperature drifts after one month can expected to be two 
times worse than the measured temperature variation at 10 000 s. Therefore, the TC will 
influence clock drift on the 2x10-13 level, however the clock frequency stability after one 
month should not be limited by the TC.	
  

Table 5-3 shows that the limitation due to frequency LS for τ=1 month is on the level of 
1.2x10-9. The expected limitation of the buffer gas pressure variation is on the level of 
6.5x10-15. Therefore, the clock frequency stability at 1 month can be expected to level on 
1.2x10-9, and to be limited by the frequency LS. The impact of the TC to the clock 
frequency stability is negligible compared to frequency LS effect in this case.  

It is crucial to measure the long-term laser intensity and frequency stability as well as 
the temperature stability of the cell. Also, it is important to measure the buffer gas 
pressure variation over the one month, since the typical drift for one month taken from 
the reference [6] and it is not measured for the cell used in experiment here. In this way, 
it will be possible to know (not only assume) the limitation of the clock frequency 
stability in the long-term due to these effects. 

 

5.1.4 Summary and conclusions 
 

The measured frequency stability of the CPT clock (using the Cs MEMS cell with 
75 Torr of Ne) corresponds to the predicted stability with optimized signal and 
measured detection noise. The main contributor to the short-term frequency stability is 
the signal-to-noise ratio (mainly laser detection noise and small CPT signal contrast). 
Further improvement in short-term clock frequency stability can be obtained by 
detailed signal optimization and by decreasing the detection noise on the experimental 
setup coming from the different experimental setup elements, e.g., laser, EOM, LO, etc. 

Significant improvement of the clock medium-term frequency stability thanks to the TC 
and LS optimization was obtained (Figure 5-2). In this case the intensity LS and TC 
contribution to clock frequency instability is negligible (since both of these effects are 
suppressed, see section 4.1). Present clock frequency stability is limited by the frequency 
LS in medium-term. Further improvements in the clock frequency stability can be 
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reached by improvements in the laser frequency stability (improving the thermal 
control of the laser itself and by thermal control of the MEMS cell used for the laser 
frequency stabilization). The present frequency LS limitation in medium-term can also 
be overcome by optimizing the microwave power PRF in an effort to suppress frequency 
LS coefficient β without significantly increasing the influence of the intensity LS 
coefficient α on the clock stability.  

The clock long-term frequency stability is expected to level at 1.2x10-9 after one month. 
Limitation of the clock long-term frequency due to frequency LS is on the level of 
1.2x10-9, estimated using the measured laser frequency drift for one month. 
Contribution to the clock frequency instability from intensity LS and TC are assumed to 
be (estimating laser intensity variation and temperature variation at one month, as ten 
and two times worse as compared to their variation at 10 000 s, respectively) 1.8x10-12 
and 2x10-13, respectively.  In order to estimate and not only assume the clock frequency 
drift due to LS and TC, it will be important to measure the long-term laser intensity and 
frequency stability and the temperature stability of the cell. Likewise, it is crucial to 
measure the barometric effect and buffer gas pressure variation due to adsorption, 
permeation, reaction with impurities, leakage, etc., over days in order to estimate the 
limitation to the clock frequency stability due to these effects. Also, dedicated studies on 
cell aging processes would be useful. 

 

 CPT and DR atomic clock using the cm-scale 87Rb wall-5.2
coated cell 

 

5.2.1 Short-term frequency stability  
	
  

Clock frequency stability was studied for clocks based on DR and CPT, using the 
cm-scale 87Rb tetracontane coated cell. Like in the case of CPT clocks with MEMS cell 
(section 5.1.1), the clock signal discriminator slope D was evaluated as function of laser 
intensity and cell stem and volume temperatures, in order to optimize the clock signal 
and measure the frequency stability of the atomic clock. The discriminator slope was 
optimized for the wall-coated cell volume temperature of Tv=329 K, cell stem 
temperature Ts=321 K and the laser intensity of IL=0.23 mW/cm2 (see Figures 3-33 (a) 
and 3-33 (b)). The laser frequency is tuned to the transition F=2→F’=1. Local oscillator 
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(LO) quartz delivers a 10 MHz frequency, which is converted to the 6.835 GHz 
frequency of the atomic transition by a multiplication chain. 

To measure clock stability the LO output is compared to the signal delivered by a 
Hydrogen maser by using a Picotime frequency comparator. The clock frequency 
stability was measured in both clock operational schemes, DR and CPT. Using Eq. (5.1) 
the first estimation of the shot-noise limit and the predicted short-term stability is 
evaluated. Figure 5-4 compares the short-term clock frequency stability in DR (red 
circles) and CPT operation (black circles), including the DR and CPT shot-noise limit 
(dashed red and black lines, respectively) and DR and CPT predicted S/N short-term 
stability limits (solid red and black lines, respectively).  

 

	
  

Figure 5-4: Short-term clock frequency stability measurement. Black squares represent the CPT clock 
frequency stability. Red dots represent the DR clock frequency stability. Solid red and black lines 
correspond to the predicted DR and CPT S/N stability limits, respectively. Dashed red and black lines 
correspond to the DR and CPT shot-noise limit. 

Both clock operation (DR and CPT) display a short-term stability of 5-6x10-12 at τ=1 s up 
to τ=30 s, which is in a reasonable agreement with the predicted value of 3.8x10-12 τ-1/2 

or 4.6x10-12 τ-1/2 in DR and CPT case, respectively. Also, both of the measured clock 
frequency stabilities show similar behavior over measured time. 

Table 5-4 represents the summary of the instability contributions to the clock short-term 
frequency stability. The table includes measured short-term laser frequency stability 
and typical laser intensity variation in short-term, which are used in the equations for 
the calculation of the intensity and frequency LS contribution at τ=1-100 sec. 
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Table 5-4: Summary of the instability contributions to the DR and CPT clock short-term frequency 
stability (τ=1-100 s). σI is taken from [2]. σf is taken from [4]. Intensity and frequency LS coefficients α and 
β are evaluated for the F=2→ F’=1 transition. 

From the Table 5-4 it can be concluded that the main contributor to the short-term 
frequency stability is the signal-to-noise ratio (mainly FM-to-AM noise conversion in 
the cell) and intensity LS in the DR case. The total contribution of the intensity LS to the 

Physical effect Experiment Variation at 1 s  Formula 
Instability 

(τ -1/2) 

Shot-noise 
limit 

 

DR  
nshot=7x10-8 

V/Hz1/2 

Eq. (5.2) 3.5x10-13 

CPT  Eq. (5.2) 3.3x10-13 

S/N limit  

 

DR 
D=2.2x10-5 

(V/Hz) 
nS/N=5x10-7 

V/Hz1/2 
Eq. (5.2) 1.8x10-12 

CPT 
D=1.5x10-5 

(V/Hz) 
nS/N=9x10-7 

V/Hz1/2 
Eq. (5.2) 3.6x10-12 

Intensity LS 
(⎪α⎪)  

DR 
0.1(1) 

(Hz*cm2/µW) 

σI-laser<3x10-5 [2] 
α ∗ I! ∗ σ!!!"#$%

νRb
 

<1.2 x10-13 

 

CPT 

 

0.05(8) 

(Hz*cm2/µW) 
<4.2x10-14 

Frequency LS 
(⏐β⏐)  

DR 
80(5) 

(mHz/MHz) σf-laser: < 4x10-12 

[4] 

 

β ∗ ν! ∗ σ!!!"#$%
νRb

 

< 1.8x10-14 

CPT 
93(5) 

(mHz/MHz) 
< 2x10-14 

LO -102 dBrad2/Hz [4] ∼6x10-13 

Total instability contribution between 1-100 s 
DR 

CPT 

< 1.9x10-12 

< 3.6x10-12 
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clock frequency stability is on the level of 1.2x10-13 in DR and 4.2x10-14 in CPT, indicating 
that the intensity LS is higher in the DR case.  

Further improvement in clock short-term frequency stability must be sought in 
optimizing the intensity LS, improvements of the resonance signal and noise 
contributions from the different elements of the experimental setup: LO, laser, etc. 

	
  

5.2.2 Medium-term frequency stability  
	
  

Measurements of the clock medium- and long-term frequency stability were 
performed only for the clock working in DR regime (shown in Figure 5-5). The 
operational parameters were identical to those in the short-term measurements, i.e.at 
the wall-coated cell volume temperature Tv=329 K, cell stem temperature Ts=321 K and 
laser intensity of IL=0.23 mW/cm2. The laser frequency was tuned to the transition 
F=2→F’=1 excited state.  

 

Figure 5-5: Medium-term clock frequency stability measurement in the case of DR. 

After τ=100 s the clock frequency instability increases following a positive τ1/2 slope, 
which is typical for random walk processes, not for clock drift (see section 1.6). By 
estimation of the typical variation of the physical parameters at 10 000 s, we estimate the 
influence of the intensity and frequency LS and TC to the medium-term clock frequency 
stability, shown in Table 5-5. Frequency LS is negligible in this case, being estimated on 
the 10-14 level. From Table 5-5 we can conclude that the intensity LS, TC and wall-
coating aging are limiting the medium-term clock frequency stability since the total 
contribution from these effects is on the level of <8.9x10-12 and measured clock stability 
levels is 9x10-12 for τ=10 000 s.  
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There are mechanisms to solve the problems of the clock frequency limitation due to the 
intensity LS. One of them is the suppression of the intensity LS by using the detuning 
method [9], for example. But the clock frequency stability limitation due to the cell TC 
in the case of the wall-coating stays the issue that requires detailed theoretical and 
experimental studies. Further experimental steps should include the measurements of 
the laser intensity, frequency variation, cell temperature variation and measurements of 
the DR microwave power shift, since the typical parameter variation used in Table 5-5 
are taken from different references and thus only give an approximate description of 
the situation. 

Physical effect 
Coefficient 

(Chapter 4) 
Variation at 10 000 s Instability 

Intensity LS (⏐α⏐) 0.1(1) (Hz*cm2/µW) <5.3 µW/cm2 [4] <7.7x10-12 

Frequency LS (⏐β⏐)  80(5) (mHz/MHz) 5x10-12 [4] < 2.2x10-14 

TCcell at Tv = 331 K  1.43x10-10 (1/K) 10x10-3K [4] 1.43x10-12 

TCstem  6x10-11(1/K) 10x10-3 K [4] 6x10-13 

DR Microwave 
power shift  

7.8(4) (Hz/µW) [3] 1x10-4 µW [4] 1.1x10-13 

Wall-coating aging  2.7x10-12 * 

Total instability at 10 000 s <8.9x10-12 

Table 5-5: Estimations of the LS, TC and microwave power shift influence on the clock medium-term 
stability (τ=104 s). Microwave power shift, laser intensity and frequency stability and cell temperature 
variations are taken from [4]. Intensity and frequency LS coefficients α and β are evaluated for the F=2→ 
F’=1 transition. * Wall-coating aging is discussed in section 5.2.3. 

	
  

	
  

5.2.3 Long-term frequency stability  
	
  

In order to extract the clock frequency drift the relative clock frequency was 
monitored over 1 month, as shown in Figure 5-6. The observed drift of the relative clock 
frequency (linear fit of the data) is -2.4x10-11/day=7.2x10-10/month. Figure 5-6 shows 
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not only the linear drift of the clock frequency, but also day-scale variations, due to the 
daily temperature oscillations in the laboratory. 

	
  

Figure 5-6: Measured relative clock frequency in DR. The laser frequency is tuned to the transition 
F=2→F’=1 excited state. Wall-coated cell volume temperature is Tv= 329 K and stem temperature is 
Ts=321 K. Black solid line is the linear fit of the data. 

The evaluation of the intensity and frequency LS and TC influence (measured and 
discussed in Chapter 4) on the clock drift is estimated and listed in Table 5-6.  

The estimated total drift from the frequency LS is on the level of 10-13/month, i.e., which 
is a far too small to explain the measured drift. Long term measurements of the laser 
intensity stability and cell temperature variations are not measured in this thesis. 
Expected laser intensity and cell temperature variations are assumed to be two times 
worse compared to their variations at 10 000 s, due to expected laser aging and daily 
temperature cycles. Using this assumption it can be evaluated that total drift from the 
intensity LS and TC is on the 1.5x10-11 and 10-13/month level, respectively. Drifts 
originating from these effects cannot explain the measured drift in Figure 5-6 (Intensity 
LS is >1.5x10-11/months but for sure <1x10-10/month). Therefore this is a strong 
indication that recorded drift does not originate from physical effects like LS, TC or 
microwave power shift (in the case of DR). Buffer gas variations need not to be 
estimated here (like in Table 5-1) since there is no buffer gas.  We suspect that the 
observed drift may arise from an aging effect of the wall shift due to the tetracontane 
coating in the cell.  

Further experimental steps including studies of the long-term laser intensity stability 
and temperature stability of the cell will help to reveal the influence of the intensity LS 
influence and TC to the clock long-term stability. In addition, the detailed study of the 
wall shift due to the different coatings in the cell is crucial for the clock long-term 
frequency stability, since this effect seems to be that an origin of the recorded drift. The 
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barometric effect discussed in section 1.4.1 will be negligible here, but Rb outgassing or 
leak are expected and impact of these effects to the clock medium- and long-term must 
be studied in details. 

Physical effect Coefficient 
Typical drift at 1 

month 
Drift at 1 

month 

Intensity LS (⏐α⏐)  0.1(1) (Hz*cm2/µW) 
Estimated 

>10.6µW/cm2 [4] 
>1.5x10-11 

Frequency LS (⏐β⏐)  80(5) (mHz/MHz) ∼ 5x10-11 [4] ∼5.9x10-13 

TCcell at Tv = 331 K  1.16x10-10 (1/K) 20x10-3K [4] 2.3x10-13 

TCstem (1/K) 2.6x10-11 20x10-3K [4] 5.2x10-13 

DR Microwave power 
shift  

7.8(4) [3] (Hz/µW) 2x10-3 µW [4] 2.3x10-12 

Table 5-6: Estimations of the LS, TC and DR microwave power shift influence on the clock drift, 
measured for 31 days. Laser frequency variation is expected to be 10 times worse compare to the 
variations at 10 000 s while typical temperature drift is estimated to be 2 times worse than the measured 
one in medium term for the same physic package [4]. Laser intensity stability is estimated from [4] as 2 
times worse compare to the measured one in medium term. Typical microwave power drift per one 
month is measured, taken from [4]. Intensity and frequency LS coefficients α and β are evaluated for the 
F=2→F’=1 transition. 

 

5.2.4 Summary and conclusions 
 

The study on the DR and CPT clock frequency stability, using the 87Rb cm-scale 
cell coated with tetracontane was discussed. The measured short-term stability 
corresponds to the predicted stability with optimized signal and measured detection 
noise (Figure 5-4). The DR clock short-term frequency stability is limited by the 
intensity LS and the signal-to-noise ratio (mainly laser FM-to-AM noise conversion in 
the cell), while in the CPT case only the signal-to-noise ratio (laser FM-to-AM noise 
conversion in the cell and small CPT signal contrast) is the limiting factor. Frequency LS 
and TC are negligible. Further improvements of the DR clock short-term stability must 
be sought in reducing the intensity LS, by decreasing the laser RIN noise. In the case of 
CPT, further improvement is expected in optimizing the signal-to-noise ratio by 
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reducing FM-to-AM noise conversion in the cell. Signal contrast of few percent is 
typical for CPT case and cannot be improved much further with a simple excitation 
scheme as used here. 

The measurements of the clock medium- and long-term frequency stability were 
performed only for the clock working in DR regime. The clock medium-term frequency 
stability is limited by the combined effects of the intensity LS and TC. The intensity LS 
can be reduced by using the detuning method [9], for example. But the clock frequency 
stability limitation due to the cell TC in the case of the wall-coating stays the issue that 
requires detailed theoretical and experimental studies 

The measured drift of the relative clock frequency is -2.4x10-11/day=7.2x10-10/month. 
We show that recorded drift doesn’t originate from the LS, TC and microwave power 
shift, since the estimated total drift from these effects is on the level of 1.7x10-11/month, 
i.e. one order magnitude smaller that measured drift. A possible reason for this drift can 
come from the wall shift due to the tetracontane coating in the cell and this assumption 
requires detailed experimental studies in the future. Further work should also include 
the Rb outgassing and leak studies so the influence of these effects to the clock medium- 
and long-term can be evaluated and possible suppress through the cell production 
process. 

 

 

 Conclusions and future prospects on the clock stability 5.3
measurements 
 

This chapter discussed the clock frequency stability measurements of the two 
different vapor-cell atomic clocks: using the Cs buffer gas MEMS cell and using the 87Rb 
cm-scale cell coated with tetracontane. We considered the influences of the parameters 
related to the vapor cell, i.e., intensity LS, frequency LS and TC (discussed in Chapter 4) 
on the clock stability. Other parameters, e.g., noise contributions from different 
elements of the setup (laser, local oscillator, EOM, etc.), magnetic properties, light 
polarization, etc., are not studied here. 

In the case of the CPT clock with Cs buffer gas MEMS cell, the influence of the intensity 
LS and TC is negligible to the clock stability. Frequency LS limits the clock frequency 
stability at τ=10 000 s. Further improvements in the clock medium-term frequency 
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stability can be obtained by decreasing the frequency LS coefficient β. This can be done 
by improving the stabilization of the laser frequency (by improving thermal control of 
laser itself and of the MEMS cell used for the laser frequency stabilization) or by 
optimizing the microwave power PRF. It is also important to measure the barometric 
effect and related phenomena of the buffer gas pressure variation over days (see 
sections 1.4.1 and 1.4.4) in order to estimate the limitation to the clock frequency 
stability due to these effects (and possibly improve the long-term effects of the buffer-
gas through the cell production process).	
   Beside their scientific interest, the given 
results on CPT atomic clock using the Cs MEMS buffer gas cell (sections 4.1 and 5.1.2) 
are important for improving the performances of the existing atomic clocks and for 
devising the new prototypes. The experimental results shown here form the basis in 
devising the first European integrated portable and low power atomic frequency 
reference [10]. These clocks (resonators based on CSAC (chip-scale atomic clocks) 
technology) may be an alternative to the conventional local oscillators used in e.g. 
3G/4G wireless synchronization.  

In the case of the DR or CPT clock using the 87Rb cm-scale cell coated with 
tetracontane, the frequency LS influence on the clock frequency stability is negligible in 
short-, medium- or long-term. The clock short-term stability is limited by the signal-to-
noise ratio (mainly FM-to-AM noise conversion in the cell) and intensity LS, while the 
medium-term stability is limited by the combined effects of intensity LS and TC. 
Further improvement in the clock short- and medium-term frequency stability can be 
obtained by FM-to-AM noise conversion reduction and intensity LS reduction, using 
the frequency detuning method [9]. The clock medium-term frequency stability 
limitation due to the cell TC stays an issue that requires detailed theoretical and 
experimental studies. The observed clock drift does not originate from LS or TC. A 
possible cause for the clock frequency drift may originate from the wall shift due to the 
tetracontane coating in the cell. Further experimental steps would include detailed 
studies of the wall shift in clocks with tetracontane coated cell and the influence of the 
Rb outgassing and leak from the wall-coated cells to the clock medium- and long-term 
frequency stability. For such studies, all the results obtained on DR and CPT atomic 
clock using the 87Rb cm-scale cell coated with tetracontane provide the basic scientific 
research on the use of the wall-coated cells. In this way they are important for 
understanding the physics behind the studied processes. 
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Conclusions and prospects 
	
  

This thesis discussed the studies on the two atomic clocks: the atomic clock based on 
CPT, using the Cs MEMS cell with 75 Torr of Ne and the atomic clock based on DR 
and/or CPT, using the 87Rb cm-scale wall-coated cell. 

• The atomic clock based on CPT, using the Cs MEMS cell with 75 Torr of Ne 

A novel technique for the suppression of the intensity light shift and temperature 
coefficient in atomic clocks based on CPT was proposed and demonstrated 
experimentally (Chapter 4). It was shown here that, in the case of the CPT atomic clock 
using the Cs MEMS cell with 75 Torr of Ne, the intensity light shift coefficient α is 
suppressed as function of the cell temperature, on Cs D1 line (for the cell temperature is 
Tc=354 K and when the laser carrier frequency is stabilized to the transition F→ Fʹ′=3 
state). It was also shown that at the same cell temperature of Tc=354 K the temperature 
coefficient is suppressed even when using a pure Ne buffer gas cell only (the mixture of 
two buffer gases is not necessary in order to obtain low TC). Therefore, the clock can 
operate at low intensity light shift and low temperature coefficient simultaneously, for a 
Tc=354 K.  

The theoretical model of the frequency light shift effect in the case of four level model of 
atom is proposed (section 2.4). This model is used for the calculations of the light shift 
effect in the case of CPT in buffer gas cell, on Cs D1 line. The theoretical calculations 
and measurements on the light shift effect were compared and some qualitative 
understanding of LS effect was obtained, but for a quantitative understanding an 
additional development of the theoretical model must be done. 

The clock frequency stability was measured and significant improvement of the clock 
medium-term frequency stability thanks to the temperature coefficient and intensity 
light shift optimization was obtained (section 5.1). Presently, the clock frequency 
stability in medium-term is limited by the frequency light shift. Therefore, next steps are 
finding the experimental conditions in which the frequency light shift is suppressed. 
This can be reached by improving in the laser frequency stability (by better thermal 
control of laser and of the vapor cell used for the laser frequency stabilization) or by 
optimizing the microwave power PRF (see Chapter 5).  

The results on the atomic clock based on CPT, using the Cs MEMS cell with 75 Torr of 
Ne are used in devising the first European chip-scale atomic clock (CSAC). This clock 
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will be useful in wireless synchronization where the goal is to replace the conventional 
local oscillators by resonators based on CSAC technology. Also, future studies of 
magnetic properties and their influence on the clock frequency stability will be helpful 
in improving the chip-scale magnetometers (CSAM) performances. One further 
potential and important application is in smart power grids, where a clock is essential 
for the precise electronic control, metering, and monitoring in order to avoid black-outs. 

For a future work, the DFB light source should be replace with the VCSEL. Once 
when the clock is operating using the VCSEL, it is necessary to repeat all the 
measurements discussed in this thesis. Signal optimization is important in order to 
obtain good clock short-term frequency stability (since it was shown here that in the 
case when DFB laser is used, the limitation factor in the short-term is the small CPT 
signal contrast). It is also very important to measure intensity and frequency LS since 
these effects will be different from the LS given in this thesis, due to different laser 
frequency spectrums (the DFB laser frequency is modulated using EOM, while VCSEL’s 
frequency is modulated by direct current modulation) and evaluate the intensity and 
frequency LS impacts to the clock frequency stability. Also, aging of the MEMS cell 
must be studied, not only from the cell quality point of view (does the Cs number of 
atoms decrease over the time?) but also to discover the Cs dispenser behavior over the 
time (does it slowly-react with Cs atoms and therefore additionally decrease their 
number?). The barometric effect and related phenomena of the buffer gas pressure 
variation over days must be quantified in order to estimate the limitation to the clock 
frequency stability due to these effects (and possibly improve the long-term effects of 
the buffer-gas through the cell production process). Finally, when the miniature clock is 
devised it will be important to measure the clock frequency stability, detect what limits 
this frequency stability and possible find the tools to suppress these limitations. 

 

• The atomic clock based on DR and/or CPT, using the 87Rb cm-scale wall-coated 
cell. 

This thesis also discussed studies of light shift and temperature coefficient, 
performed on 87Rb atomic clock using a cm-scale wall-coated cell based on both clock 
schemes: DR and CPT. A theoretical model of the light shift effect (section 2.3 and 2.4) 
was developed for both clock schemes: DR and CPT.  
 
The intensity light shift as function of the wall-coated cell volume temperature 
measurements showed that there are no changes in α as function of the temperature. 
Such behavior is expected since the atomic density in the cell is not dependent on the 
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wall-coated cell volume temperature (only on the cell stem temperature) and therefore 
α should remain the same for each cell volume temperature. In the case when the wall-
coated cell stem temperature is changing, the light shift behavior shows the same 
tendency as it is in the case of the MEMS Cs buffer gas cell (section 4.2.1), going from 
being negative towards zero, when the cell temperature is increasing. Such behavior is 
confirmed in both: DR and CPT regime. 
 
The theoretical model of the frequency light shift effect used here have been applied in 
both clock schemes, DR and CPT. In DR these light shift calculations provide good 
qualitative understanding of the obtained measurements. In CPT, theoretical model of 
the light shift show serious discrepancies compared to the measured LS. Further 
development of the theoretical model must be done in order to find the present reasons 
for the differences between measurements and theoretical calculations. 
 
Temperature shifts of a tetracontane coated cell were measured and evaluated as 
functions of cell volume and cell stem temperature. It was found that the shift of the 
clock frequency is more affected by the change of the cell volume temperature than by 
the cell stem temperature, by factor of about 2.5. It was concluded that the atom-wall 
collisions have a stronger influence on the temperature shift of the clock frequency than 
the spin-exchange effect. Such behavior is obtained for both, the DR and CPT 
configuration. 
 
This work reports for the first time long-term frequency stability measurements on a 
wall-coated clock. The results show that the frequency light shift does limit the clock 
short-, medium- or long-term frequency stability. The clock short-term stability is 
limited by the intensity light shift, while medium term stability is limited by the 
combined effects of intensity light shift and temperature coefficient. The observed clock 
drift may originate from the wall shift due to the property of tetracontane coating in the 
cell. Future work should aim towards the reduction of the intensity light shift by 
implementing the frequency detuning technique and detailed study of the wall shift 
due to tetracontane coating in the cell. Recent work discovered new cell coatings (like 
OTS) that can sustain temperatures up to 443 K. It would be interesting to study the 
interaction of alkali atoms with different types of the cell coatings and confirm the 
result discussed in this thesis, especially since most of the measurements given here 
were limited by the cell temperature. The influence of the temperature coefficient of the 
coating on the clock transition appears to be the most important effect to be studied, 
since it is  expected to have a significant impact on the clock frequency stability. 
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The experimental results on the wall-coating in vapor-cell atomic clocks are 
important for an understanding of the physics behind the studied processes. The use of 
wall-coatings in atomic clocks is not only of high interest to achieve narrow clock signal 
linewidths (therefore to improve the clock frequency stability) but it is also crucial for 
developments towards further clock miniaturization. Further experimental steps would 
be detailed studies of the wall shift in the case of the clock with tetracontane coated cell. 
The influence of the Rb outgassing and leak from the wall-coated cells to the clock 
medium- and long-term frequency stability must be studied and quantified.  Also, the 
detailed study of the wall shift due to the different coatings in the cell is crucial for the 
clock long-term frequency stability, since we assumed here (section 5.2) that it is an 
origin of the recorded drift. Adding a small amount of buffer gas in wall-coated cell [2] 
will reduce the cell temperature dependence and therefore improve the performances of 
the clock using this cell. It has been shown that the DR light shift can be suppressed if 
the frequency of the pumped laser is modulated (similar like in CPT only here 
modulation frequencies are much lower) [1]. This method was demonstrated on the 
87Rb buffer-gas cell and it would be interesting to apply this method on the wall-coated 
cell, where the effects of the buffer gas broadening are not present. 
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APPENDIX A    DR atomic clock using 
the cm-scale glass-blown 87Rb cell with 
buffer gas mixture 

This appendix describes the experimental setup of a DR atomic clock using the 
cm-scale glass-blown 87Rb cell with buffer gas mixture Ar-N2. The result shown in 
section 4.2.3 (Figure 4-16) is obtained by using the experimental setup depicted here. 

 
Experimental clock scheme is based on continuous-wave laser-microwave double-

resonance spectroscopy of the ground state “clock” transition of 87Rb atoms held in a 
vapor cell containing the buffer gas mixture Ar-N2 [1]. The clock concept is shown in 
Figure A1-1. 
	
  

 
Figure A- 1: The experimental realization of the DR clock using the 87Rb vapor cell containing the buffer 
gas mixture of Ar-N2.  

The pump light from a single-mode laser diode at 780 nm (Rb D2-line) is provided from 
a compact laser head (see Appendix B) [2]. In order to reduce frequency fluctuations of 
the pump light, the laser module includes frequency-stabilization to saturated-
absorption lines from an internal reference cell. The pump light (beam diameter is 
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expanded to 9mm) is directed to a physics package that houses the Rb vapor cell 
(volume ≈ 2 cm3) containing a buffer gas mixture Ar-N2 for line narrowing and 
suppression of the temperature coefficient. Microwave radiation (equal to the Rb 
hyperfine frequency νRb=6.835 GHz) from a low-noise synthesizer [3] is applied via a 
magnetron-type TE011 resonator cavity [4] placed around the cell. A solenoid around 
the resonator cavity generates a static magnetic field parallel to the light propagation 
vector to split the degeneracy of the Zeeman sublevels. Inside the physics package the 
cell is heated and temperature-controlled. Two µ-metal magnetic shields surround the 
whole ensemble. The clock transition is detected in the light transmission through the 
cell. This signal is used to stabilize the microwave frequency to the center of the clock 
transition using a Proportional/Integrator (PI) feedback loop. The picture of the 
experimental setup is shown at Figure A-2: 
 

	
  

Figure A- 2: Picture of the experimental setup using the cm-scale 87Rb buffer gas mixture cell. The red line 
indicates the laser beam path. 1 label the physic package, 2 shows the amplifier and 3 the laser head. 
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APPENDIX B     Compact laser head 

This appendix describes the compact laser head used in experimental setup 
depicted in section 3.3.2. The results shown in section 4.3 are obtained using the 
compact laser head as a light source. 

 
The design of the laser heads is inspired by a previous design using Extended-

Cavity Diode Lasers (ECDL) [1]. The laser head consist of a distributed-feedback laser 
(DFB) and frequency stabilization to Rb absorption lines from a small (10 x 19 mm) 
reference cell. All optical components are mounted on a thermally controlled baseplate. 
The laser part is composed of the DFB laser that emits at 795 nm, a collimation lens and 
a miniature optical isolator essential in order to avoid any retro-reflected beam that 
would perturb the laser emission. The frequency reference units consist of a small-
saturated absorption spectroscopy setup, which delivers a narrow (FWHM≈20 MHz) 
Doppler-free resonance. The reference cell is evacuated cell containing Rb vapor. In 
order to increase the atomic density inside the cell, the cell is heated to around 311 K 
and temperature-stabilized within a precision on the mK level. The Rb cell is 
surrounded by a two µ-metal shielding in order to reduce stray magnetic fields 
originating from the environmental sources like isolator, etc. At the vapor cell the light 
polarization is linear and parallel for the pump and the probe beam (lin⎪⎪lin 
configuration). The complete cell setup has a volume of 3 cm3 and a mass of 0.6 kg. 

The DFB has a threshold current of about 38 mA (when operated around ambient 
temperature) and reaches an optical output power of about 65-70 mW at 120 mA [2]. 
Side-Mode Suppression Ratio (SMSR) is > 40 dB. Table B-1 lists the measured noise at 
two frequencies: 50 kHz used for the laser frequency stabilization and 300 Hz which is 
of interest for the atomic clock application.  

A laser linewidth of < 4 MHz was measured using the beat-note method. 
Stabilization of the laser frequency to the reference absorption lines is achieved by 
frequency modulation of the laser frequency at 50 kHz, via injection current and lock-in 
demodulation of the signal. The error signals obtained in this way are applied to the 
laser diode current and piezovoltage, respectively, in order to correct frequency 
deviations. A picture of the compact laser head is shown in Figure B-1 
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Fourier frequency 300 Hz 50 kHz 

FM noise (kHz*Hz1/2) 3 1.4 

AM RIN (Hz-1) 2x10-14 8x10-15 

Table B- 1: Measured noise for the compact laser head. Data are taken from [1]. 

  

Figure B- 1: Photo of the laser head. 1 labels the Rb cell, 2 shows laser module and 3 shows the 
photodetectors for monitoring dc optical power and sub-Doppler absorption signal. 
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APPENDIX C     Relative optical 
transition strengths of the D1 line in 
Cs and 87Rb atoms 

This appendix gives the relative line strengths of the optical transitions between 
hyperfine-Zeeman states   n  S!/!, F,m! >→ nS!/!, F′,m! > of the D1 line in Cs and 87Rb 
atoms. 

 

 

  

Figure C- 1: Transition strengths for the D1 line of Cs atom [1]. 
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Figure C- 2: Transition strengths of the D1 line in 87Rb atom [1]. 
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