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IL NUOVO CIMENTO Vor. 7, N. ? ?

High-performing vapor cell frequency standards

A. Gopong(l), F. Levi(!), C. E. Carosso(!) and S. Micarizio(!)(*)
(*) INRIM, Istituto Nazionale di Ricerca Metrologica - Torino, Italy

Summary. — Many nowadays scientific and technological applications need very
precise time and frequency reference signals. Very often, only atomic clocks can
guarantee the high level of accuracy and stability required by these signals. In the
current scenario of atomic frequency standards, vapor-cell clocks are particularly
suited to be employed in those activities that demand for good frequency stability
performances joined to compactness, reliability and low power consumption. Re-
cently, due to better performing laser sources and to innovative techniques to pre-
pare and detect the atoms, several cell-based prototypes exhibiting unprecedented
frequency stability have been developed.

We review advances in the field of laser pumped vapor-cell clocks and we provide
an overview of the techniques that allowed to achieve frequency stabilities in the
order of 1x 107" at 1 s (short term) and in the range of 107" for the medium-long
term. These stabilities are two orders of magnitude better than current commercial
Rb clocks.

We also prospect the possibility of further improving these results.

PACS 06.30.Ft — Time and frequency.

PACS 32.70.Jz — Line shapes, widths, and shifts.

PACS 32.30.Bv — Radio-frequency, microwave, and infrared spectra.
PACS 32.80.Xx — Level crossing and optical pumping.

1. — Introduction

Since their first realization in the 1960’s, lamp-pumped Rb clocks have been used as
precise frequency and time references because of their good short-term frequency stability
performances [1, 2, 3, 4]. Depending on the manufacturer, commercial implementations
of gas-cell Rb clocks exhibit a frequency stability, in terms of Allan deviation, in the
range 0.5 to 1 x 107! for 1s of integration time.

Thanks to the additional properties of being compact and relatively inexpensive,
Rb clocks are adopted where the requirements regarding frequency stability cannot be
satisfied by quartz oscillators and where, at the same time, constraints on size, power
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consumption or cost prevent the use of other frequency standards. Every year, several
thousands of Rb clocks units are sold, and they are exploited in a number of technological
fields, including laboratory equipment as well as space applications, such as the satellite
navigation systems GPS [5], GALILEO [6], GLONASS [7], and COMPASS [3g].

The development of single mode semiconductor laser diodes in the 1980’s opened new
interesting prospects in the field of gas cell frequency standards, thanks to the possibility
of replacing the discharge lamp with a laser source resonant on D or Dy spectral lines
of alkali-metal atoms.

First, a much simpler system without the need of the hyperfine filter could be im-
plemented, reducing at the same time size and power consumption. Later, the laser
coherence properties enabled the investigation of peculiar interrogation schemes, like
coherent population trapping, absolutely unfeasible in a lamp-pumped device.

The main advantage relies, however, in the fact that the laser spectrum is much
narrower (< 100 MHz) than that of a lamp (= 1 GHz), resulting in a more efficient
optical pumping. Accordingly, hyperfine resonance lines with contrasts of the order of
10% or even higher have been predicted and observed.

There are two main trends in the current research on laser pumped vapor cell clocks.
The first is the extreme miniaturization which aims at realizing a vapor-cell atomic clock
as small as a cm?®. If, on one hand, this miniaturization process has many advantages
(e.g. power consumption of a few tens of mW, reduced mass and production cost), on the
other hand the short-term stability is necessarily limited to units of 10710 (at 1s) by the
size of the microfabricated cell and then by the number of interacting alkali-metal atoms.
Miniaturized atomic clocks are developed in view of future applications in mobile and low-
power instrumentation or hand-held devices (see for example [9, 10, 11, 12, 13, 14, 15]).

The other research activity consists of pushing the vapor cell clocks stability perfor-
mances to the limit: compared to a lamp-pumped approach, the expected improvement
is in effect theoretically estimated 2-3 orders of magnitude, predicting a white frequency
noise limit at the level of 1 x 107!* for a measurement time of 1s [16].

In fact, compared to a lamp-pumped device, only one order of magnitude has been
experimentally gained in the short-term frequency stability. The reason is that the previ-
ous estimate refers to the shot-noise associated to the detected photons, but other noise
sources overcome this ultimate limit in a laser-pumped gas cell clock. In particular, we
will see that the laser frequency noise as well as the microwave phase noise transferred
to the clock signal do not allow to reach the expected theoretical limit. Indeed, the at-
tempt of approaching the ultimate shot-noise limit is supported by the always increasing
demand of highly stable local oscillators and for this purpose in the past twenty years
new schemes have been considered.

These techniques include laser noise compensation in a continuously operated clock,
coherent population trapping (CPT) and pulsed optical pumping (POP) in a Ramsey
scheme. Adopting these techniques, frequency stabilities, in terms of Allan deviation, as
low as o, (1) ~ 10713771/2 (7 being the measurement time) have been achieved [17] and,
in some cases, the white frequency noise region extended up to 10* s, reaching a stability
at the level of units of 1071° [18].

Evidently, engineered implementations of these devices would be competitive not only
compared with lamp-pumped Rb clocks currently used in many advanced fields, such as
space, but also compared with passive H-masers (PHM). For example, an optimized
prototype of the POP clock is expected to have a volume less than 15 liters, a mass of
9 kg and a power consumption less than 40 W; these values are approximately a factor
of two lesser than those of the GALILEO PHM [19]. At the same time, the engineered
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POP clock would maintain the good properties of a lamp-pumped Rb clock, such as
a simple physics package and implementation costs relatively low, and would have a
frequency stability comparable or even better that that of a PHM. On the other hand,
the reliability of the laser source is an issue. However, we do not tackle in this work the
topic of the technological development of laser-pumped cell clocks. The interested reader
can refer to the literature (see for example [20, 21])

Rather, in this paper we provide a review of physical and metrological aspects of
high-performing vapor cell clocks developed by various research groups. We will describe
the proposed techniques outlining their main advantages and limitations and the most
significant results. In particular, we limit this review to the works in literature where a
clock stability measurement has been reported.

Chapter 2 reminds the basic interactions taking place in a laser-pumped cell. In
the following chapters we describe the approaches that recently led to the achievement
of short-term frequency stabilities at the level of units of 1073 at 1 s. These include
the continuous-wave double resonance (DR) approach (chapter 3), the CPT standards
operating both in the continuous and in the pulsed modes (chapter 4) and the intensity
optical pumping scheme in the pulsed mode (chapter 5). In chapter 6, very recent
proposals will be analyzed concerning the reduction of the laser noise contributions in the
detection phase and the reduction of the microwave phase noise transferred to the atoms
by aliasing effect. The phenomena affecting the long-term stability will be considered in
chapter 7. Finally, in chapter 8 we will also examine the implementation of a cell clock
using a cold sample of atoms.

2. — Basic interactions in the cell

In this chapter we briefly remind the interactions the atoms undergo in typical vapor-
cell experimental arrangements realized for frequency standards purposes. Except for
the case in which the CPT resonance is detected in the optical domain (see later), in
all the other cases the setup includes an alkali-metal vapor cell and a microwave cavity.
The vapor cell contains Rb or Cs and a buffer gas and is placed in the microwave cavity
resonating at the (angular) frequency we close to the ground-state splitting. The cavity
is characterized by a loaded quality factor @)r and by a detuning Awc = we — wyw
with respect to the atomic resonance frequency w,,/. The buffer gas is added to the
cell to inhibit Doppler broadening of the hyperfine clock transition and to reduce the
relaxation on the cell walls (Dicke narrowing [22]). Nitrogen is generally used as buffer
gas since it quenches the fluorescence radiation in an optically thick Rb vapor. Fluores-
cence quenching prevents radiation trapping which would decrease the effectiveness of
the optical pumping [4].

In addition, the atoms are supposed to interact with either one or two phase-coherent
laser beams connecting the ground states to an excited state; the latter case corresponds
to the so called A scheme responsible of the CPT phenomenon. Basic parameters to de-
scribe the interaction with the electromagnetic fields are the Rabi frequencies associated
to the externally applied microwave and to the laser field; in the following we will refer
to them as b, and wg respectively (wgr1 and wge for the A scheme). These quantities are
proportional to the respective fields amplitudes.

Moreover, an internal RF field coupling the two ground-state hyperfine levels is
present in the cavity. This field is created by the atomic ensemble itself due to the cavity
feedback on the atomic sample [23].

The physics package is in general completed by a quantization static magnetic field
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By, a set of magnetic shields and a heater to operate the clock at the desired temperature.
In particular, By is applied to the atoms in order to remove the Zeeman degeneracy in
the ground-state and is considered as a static-perturbation. Owing to selection rules for
dipole transitions, in most of practical realizations laser propagation direction, microwave
field and quantization magnetic field are collinear.

We have also to consider relaxation and excitation not induced by coherent fields.
In particular, buffer gas and spin-exchange collisions are sources of relaxation in the
ground-state. Specifically, we call 71 the (longitudinal) relaxation rate for the ground-
state population and v the (transversal) relaxation rate for the ground state coherence.
Explicit forms of the various relaxation terms can be found in [4]. We only remind that
for typical buffer gas pressures, operation temperatures and cell sizes, 7, and 7, are of
the same order of magnitude and are in the range 200 + 1000 s~ 1.

Buffer gas not only affects the ground state but also the excited state. Specifically, it
causes homogeneous broadening and red-shift of the optical line. For a buffer gas pressure
of 25 Torr the optical line is of the order of 1 GHz, much larger than the spontaneous
emission broadening (5 MHz) and also larger than Doppler broadening (= 500 MHz),
while the red-shift is of the order of 150-180 MHz. We characterize the excited state
broadening by a relaxation rate I'* that is about 2—5x 10° s~! at the pressures commonly
used in frequency standards.

It is then useful to introduce the laser pumping rate defined as:

2

w
1 r,=—=
( ) P o*

that in frequency standards applications ranges in the interval (10% + 10%) s

The atoms are considered as three-level systems (the two ground state levels and
an exited state) and their evolution is conveniently analyzed in the density matrix p
formalism where the diagonal elements p;; take into account the dynamical evolution
of the atomic levels populations and the elements p;; (i # j) refer to the coherences
excited among them by the coherent fields. For an optically thick medium, absorption
of the laser field as it propagates in the atomic medium must be taken into account.
In this case, it is possible to write the Maxwell-Bloch equations for a three-level system
under microwave and optical excitation, either in a DR approach or in a A scheme and
they have been used to derive all the results reported in the following sections. These
equations can be explicitly found in [24] or [25].

The analysis can be extended to a multi-level system to include the Zeeman structure,
as done for example in [26].

We mention that in a different approach, the cell does not contain any buffer gas but
is paraffin-coated. The interest for wall coated cells relies in the possibility of achieving
very small relaxation rates (see for example [27, 28]). Recently, a rubidium atomic
frequency standard based on a paraffin-coated cell has been realized, exhibiting a short-
term frequency stability of about 3 x 10~'2771/2 between 1 and 100 s [29], not yet at
the level of high-performing clocks adopting buffer gas cells.

3. — The continuous-wave (CW) double-resonance Rb clock with laser optical
pumping

In this approach, a laser diode tuned to either D; or Dy optical transition of 8"Rb
replaces the lamp as a source of optical pumping. The scheme of principle of the setup is
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shown in Fig. 1, whereas the scheme of the levels involved in the interaction is reported
in Fig. 2.

Reference cell: 8Rb

—_—
Laser\ 4_
han Cavity
Servo Cield coil Vexo
l P
Laser AOM A —— Servo

*Rb + buffer gas Magnetic shieIdB0

Fig. 1. — Schematic of a laser-pumped Rb clock in the configuration exploiting an AOM; VCXO:
Voltage Controlled Crystal Oscillator.

W, 'Y
JAVAVAV e
2 Y,

[y |

Fig. 2. — Three-level scheme considered for the continuous DR Rb clock; Ag/27 is the laser
detuning with respect to the optical transition; wy, is the laser angular frequency and we is the
(angular) frequency of the externally applied microwave.

In the most diffused setups, the laser is frequency locked to the optical line using
an external cell containing only 3"Rb by the common sub-Doppler saturated absorption
technique [30]. Due to the red shift of the optical resonance produced by the buffer
gas, an acousto-optic modulator (AOM) may be used to move the laser frequency so
that it matches the optical transition frequency in the clock cell. We note, however,
that in some experimental configurations, light-shift was considerably reduced despite
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the red shift and without using an AOM (see the discussion about intensity light-shift
suppression at p. 8).

Similarly to a lamp-pumped device, the laser light depletes one of the two ground state
levels populating the other one through optical pumping. Simultaneously, a microwave
field resonating with the 87Rb clock transition is applied to the atoms. The light power
transmitted through the cell versus the applied microwave frequency carries the clock
signal used to correct the frequency of the microwave local oscillator Fig 1. The signal is
well described by a Lorentzian shape whose full width at half maximum (FWHM) Ay, /5
can be written as [25]:

(2) Avyjg = —[02 + (72 +T5)?

3|

where the laser (x I'y) and microwave (x be) broadenings are clearly evident.

This approach has been extensively studied in the past from different points of
view. One interesting aspect has been the investigation of new physical phenomena,
especially those related to the laser-atom interaction, like light-shift. On the other hand,
the perspective of developing a new type of atomic clock has considerably intrigued the
frequency metrology community. However, despite the prediction of great improvement
in frequency stability performances [16], it has been soon realized that the cell is a very
complex device in which microwave and optical signals influence each other in non trivial
way, significantly affecting in the end the clock stability.

Different research groups using a variety of laser sources investigated the continuous
laser optical pumping technique in a Rb frequency standard (see for example in the
Vanier’s paper [25]). Here we recall the most recent and performing results.

Among the several notable achievements, we remind that of Saburi et al. [31] who
obtained a frequency stability of 1 x 10~2771/2 (1 < 7 < 200 s) with a DBR laser having
a spectral width of 500 kHz. Camparo et al. [32] used a junction transverse stripe laser
(JTS) with a line width of 21 MHz and the measured clock’s frequency stability was
1.8 x 10712771/2 (for 1 < 7 < 10 s). The interesting aspect of this work is that the laser
is frequency locked on the same cell used for clock purposes, realizing a very compact
device. A frequency stability of 3 x 107137~1/2 (1 < 7 < 20 5) is reported by Mileti et al.
[33] with a 3 MHz linewidth DBR laser. Particular attention was adopted in this work to
reduce the microwave noise transferred to the clock signal through the inter-modulation
effect [34]. The achieved short term frequency stability has been for about ten years the
best result obtained for a laser pumped DR system.

A very interesting solution has been adopted in [35] to reduce the impact of laser fre-
quency modulation (FM) to amplitude modulation (AM) noise conversion on the clock’s
short term frequency stability. The clock uses two identical physics packages so that a
clone cell, not involved in the microwave interaction, is used to create an intensity noise
correlated to that of the clock cell. A noise subtraction technique allows to significantly
improve the short-term stability from 1.1 x 10~'2771/2_ when only one cell is used, to
5.3 x 10~ 13771/2 when laser FM-AM noise subtraction is active. The medium-long term
stability of this clock reaches 3 x 107 at 7 ~ 300 s.

In a more recent work, a high-performance laser-pumped Rb clock was demonstrated
[36, 37]. This clock uses a Rb cell placed in compact magnetron-type cavity [38]. Thanks
to the electrodes arrangement, this cavity resonates on the electromagnetic TEq11-like
mode in a smaller volume compared to a traditional cylindrical resonator, the reduction
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factor being of the order of 3. The complete physics package includes heater and magnetic
shields, with a total volume < 1 liters and mass ~ 1.4 kg. The clock has then a compact
volume, reduced mass and low power consumption, similar to those of conventional lamp-
pumped devices.

The remaining setup is composed of a laser system based on a DFB diode emitting at
780 nm (D5 transition for 8" Rb) and a dedicated low-phase noise electronics [39] which
guarantees a contribution to the clock stability via the inter-modulation effect at the
level of 7 x 10714 at 1 s.

The observed clock resonance is a Lorentzian with a linewidth of 361 Hz (FWHM)
and a signal contrast of 26 %.

The measured clock stability turns out as low as 1.4 x 10~ 771/2 for integration
times 7 up to 100 s. For longer 7, the stability is limited by a flicker floor. A noise budget
analysis shows that the short-term stability is affected by FM-to-AM conversion of laser
FM noise. This process significantly degrades the shot-noise limit that for this clock is
expected to be &~ 5x 10714 771/2, The long-term stability is instead related to light-shift,
specifically to its resonant component (FM-FM conversion). Therefore, laser instabilities
result to affect both the short and the long term performances of continuous DR Rb
clocks and in the following subsections we will quickly describe the physical mechanisms
through which laser fluctuations are transferred to the atomic clock transition.

We conclude this section by reminding that the CW double resonance scheme can be
operated in the maser configuration. In this case, the Rb cell is placed in a high-Q cavity
(@ ~ 30000) and similarly to an active H-maser, a self-sustained oscillation is observed
between the two clock levels [40, 41]. Several studies were done in the past using either
a lamp or a laser as source of the optical field. For laser pumped Rb masers, studies
were mainly focused into the physical characterization of the prototypes [42], including
light-shift [43] and the Q-enhancement technique [44], but not significant results in terms
of frequency stability were reported.

For lamp-pumped Rb masers, some frequency stability measurements are reported
[45, 46, 47] and in the best cases, values of units of 10712 was achieved [48, 49]. However,
the long term is dominated by thermal fluctuations through the cavity pulling effect and
a frequency stability below the 10713 level was never observed.

3'1. Light-shift. — When a nearly resonant optical field interacts with an atom, atomic
energy levels are shifted by the so called AC Stark shift [50, 51]. The two levels involved
in the interaction shift of the same amount but in opposite directions (see Fig. 3).

The light-shift Awpg of the clock transition can be written as:

w% AO
®) BwLs = TR 1 A2

It is then proportional to the laser intensity I7 through the optical Rabi frequency
(I, x w%) and versus the optical detuning is a lorentzian dispersive curve.

In the continuous operation mode, light-shift is conveniently characterized in terms
of two parameters strictly related to experimental situations: a) the frequency light-shift
coefficient 81 s that for a given laser intensity gives the slope of the dispersion pattern;

b) the intensity light-shift coefficient s related to the fact that, for a given laser
detuning, Awrpg is proportional to the laser intensity. Actually, Awpg is not exactly
linear with laser intensity due to inhomogeneity in the laser excitation; therefore, it is
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| 1¢)

Field off Field on

Fig. 3. — Light shift in a two-level system.

more appropriate to renormalize g to the fractional change of laser intensity, defining
arsy = ars/(AlL/1L).

Typical values of these coefficients are reported in Table 1 of chapter 5.

They are relatively large and light-shift is recognized as one of the main source of
instability in the medium long term.

Some techniques can be envisaged to reduce light-shift. Equation (3) simply states
that Awpg scales as I'*2: a high-buffer gas pressure can be used to broaden the optical
line in the resonance cell [32, 52]. However, in this case also the ground-state relaxation
rates increase, with a consequent broadening of the clock resonance linewidth.

In another approach, it is possible to lock the laser frequency to a particular sub-
Doppler transition that minimizes ay gy, as done for example in [53, 54]. Moreover, it is
possible to reduce the influence of 5 g by lowering the laser intensity at the cell entrance.

We will see that CPT, using two-phase coherent lasers, provides a first-order cancel-
lation of light-shift, whereas in the POP technique light-shift remains only at a residual
level.

3°2. Short-term frequency stability. — We have seen that laser instabilities affect both
the short and the medium long term clock performances. The purpose of this section is to
give a more precise picture of the main phenomena contributing to limit the short-term
frequency stability.

The variance 05 (1) of the clock signal can be written as:

(4) Ug,tot(T) = Ug,sh(T) + Ug,RIN(T) + Ui,FMfAM(T) + US,LO(T)

In Eq. (4), the first term is the fundamental shot noise contribution that, as we have
seen, is expected at the level of 1074, However, besides the shot noise term, the clock
variance receives other contributions.

The second term is related to the laser relative intensity noise (RIN) which modulates
the laser amplitude at the laser output. This noise is transmitted through the cell and
is detected by the photodiode as noise directly added to the shot noise component (AM-
AM). To give an estimate of its contribution to frequency stability, we refer for example
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to [55] where for a DFB laser a RIN(f) ~ 2 x 10714/Hz at 300 Hz has been measured
and the contribution to the clock stability results o, gin(T) ~ 10-14 7=1/2,

The third term is the already mentioned FM to AM conversion [56, 57, 58]. To shortly
review the physical mechanisms at the basis of this effect, we consider the well know
Lambert-Beer law describing the exponential attenuation of a laser beam of intensity Iy,
propagating through a medium of given susceptibility x = x" + ix":

5) 1) = e (-a [ ¥/

where the imaginary part of the susceptibility is responsible of the attenuation (« is
the absorption parameter). It is easy to show that, in terms of atomic variables, x” is
proportional to the optical coherence excited by the laser. Therefore, the laser phase
instabilities induce fluctuation in the coherences and consequently stochastic variation
in x” and then in the optical attenuation. The absorbing medium then converts FM
fluctuations of the laser into AM intensity fluctuations. It is a non-linear phenomenon
whose efficiency depends on the laser linewdith (indeed, the linewidth is proportional to
the variance of phase fluctuations) and on the thickness of the medium . If we make
an estimate of its contribution to the frequency stability we find a value of the order of
Uy,FMfAM(T) ~ (1 - 3) x 10713 7'71/2.

The last term in Eq. (4) is responsible of another effect limiting in dramatic way
the short term frequency stability of all passive clocks: the microwave inter-modulation
effect. Noise spectral components around even harmonics of the modulation frequency
are filtered by the atoms and down-converted by aliasing to low frequency noise (Dick
effect for pulsed clocks). State of the art of low-phase noise synthesis chains guarantees
a contribution to the clock’s stability at the level of o, o (7) ~ (7 + 10) x 107 771/2,

Indeed, the last two effects represent the two technical noises limiting the short-term
stability performances of all current prototypes of vapor cell clocks, operating both in the
continuous and in the pulsed modes. Reducing them is really a challenging task which
involves different research groups. We will see in chapter 6 some proposals to overcome
them, allowing, as a consequence, to approach the shot-noise limit.

4. — CPT based standards

In previous section, the laser is mostly used because of its narrow spectrum, rather
than for its coherence. Instead, an important phenomenon in which the coherence prop-
erties are fully exploited is CPT. CPT is a very well investigated phenomenon, the
literature on this topic is very vast, concerning both physics (see for example [59]) and
frequency metrology studies (see [60] and [61]). Here we will remind the basic principle
and we will give an overview of the main results in vapor cell clocks applications.

CPT was observed for the first time in a Na cell using a multimode dye laser [62]. A
longitudinal gradient of magnetic field was also applied to the cell and the fluorescence
was observed as a function of the position in the cell. At longitudinal locations where
the ground-states hyperfine frequency matched the frequency difference between two laser
modes, dark lines were observed in the fluorescence, as shown in Fig. 4.

After the discovery of these resonances and their explanation through the coherent
population trapping mechanism, these narrow features were recognized as possible mi-
crowave frequency references, first in an atomic beam [63, 64, 65] and later in a gas cell



10 A. GODONE ETC.

Fig. 4. — First observation of a dark line in a Na cell. Courtesy of E. Arimondo.

[66]. Since then, the study of CPT application to clocks considerably increased and has
been carried on by several research groups still today.

4'1. The phenomenon. — The CPT phenomenon is easily observed in alkali-metal
atoms when the two ground-state 29, /2 hyperfine levels are coupled to the P state via
two phase-coherent laser radiations (A scheme), as shown in Fig. 5.

At resonance, that is when the laser frequency difference equals the ground state
hyperfine splitting, the atoms no longer absorb energy from the laser light, the scattered
radiation is greatly reduced and a dark line appears in the fluorescence spectrum. The
dark line or the equivalent electromagnetically induced transparency (EIT) line observed
in the transmission spectrum can be used as reference clock signals.

These CPT hyperfine resonances are generated without any microwave cavity since
the bichromatic laser field itself carries the microwave needed by the atoms to excite the
hyperfine transition. This allows the realization of very compact clocks, reducing at the
same time the detrimental effects related to the cavity (e.g. cavity pulling).

We notice that, interestingly, CPT generates a strong coherence coupling the two
ground-state hyperfine levels. This coherence is the source of an oscillating magnetization
leading to the emission of coherent microwave radiation [67]. This emission can be
observed when the atomic sample is placed in a microwave cavity tuned to the oscillating
magnetization frequency (CPT maser). The CPT maser as well can provide a stable
frequency signal useful for the implementation of a vapor cell clock.

4°2. Dark lines and CPT maser. — Figures 6 and 7 show schematics of the setups used
to detect CPT transitions both in the optical and in the microwave domain.

The laser radiations can be provided in different ways: 1) by the first side-bands of
a phase modulated laser; 2) by two independent offset-locked lasers or 3) by modulating
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Fig. 5. — Three-level system under A scheme; w; and w2 are the laser angular frequencies.

Resonance cell: ) )
87Rb + buffer gas ~ Magnetic Shield

Solenoid
Photodetector

/

. (o]
EOM h o
Laser W= X 7_ * | Transmission

Signal (EIT)

< .< Servo

Fig. 6. — Schematic setup of the CPT clock based on the dark line or on the EIT signals. EOM:
Electro-optic modulator. VCXO: Voltage Controlled Crystal Oscillator. Laser stabilization and
thermal controls not shown in the figure.

directly the injection laser current. However, the first technique is preferable compared
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Fig. 7. — Schematic setup of the CPT maser.

to the other two in terms of compactness of the setup and symmetry properties of the
output laser spectrum. In this case in effect, the setup includes an electro-optic phase
modulator (EOM) driven by a RF synthesizer. The modulation index my is related to
the power injected by the synthesizer into the EOM.

The polarization conditions for the laser fields to generate the A scheme are discussed
for example in [68].

The atomic system can be analyzed in the ensemble-averaged density matrix p formal-
ism recalled in chapter 2. We first consider the case of a thin, homogeneous, three-level
atomic sample (( < 1) in the long wavelength (L < A,.,) approximation, ¢ = ‘fif being
the optical length of the sample, o the absorption parameter [69], L the cell length and
Auw the wavelength of the hyperfine transition.

The dark line and the EIT signals are both proportional to the matrix element p,m,
(excited state population) that in this approximation and for wr1 = wge is given by

67, 68):

2
(6) b = (20)" |1 - ezt 20
I (yo +20,)° + Q2

where Q,, = (w1 — w2) — wyw s the two-photon Raman detuning.

Figure 8 shows the dark line (a) and the EIT (b) signals observed in a 87Rb cell con-
taining also a mixture of Ar and Ny as buffer gas. The resonances have been observed in
a low temperature (30 °C) and low optical pumping rates regime, (I, ~ 200 uW/cm? for
each sideband, corresponding to a pumping rate I',, & 72 ~ 300 s~! at this temperature).

In the case of the CPT maser approach, the power emission profile P, of the atomic
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Fig. 8. — Dark line (a) and transmission spectrum (a) versus two-photon Raman detuning. The
cell was 5 cm long and the laser was tuned on Do transition.

ensemble is proportional to the square of the coherence excited in the ground-state by
the CPT phenomenon and can be written as [67):

(21,)°
(72 +2T)% + 02

1
(7) Pa - Eﬁw##/Nak

N, being the number of atoms in the volume of the cell exposed to the radiation fields
and k = ’MB% the number of microwave photons emitted by an atom in 1s (pg is
the free space permeability, up the Bohr magneton, @, the loaded cavity quality factor,
7’ the filling factor and n the atomic density). The maser emission at w; — wo and the
absence of an oscillation threshold [23] are features similar to those observed in the case
of passive masers.

In Fig. 9 we report on a typical CPT maser emission profile. The figure refers to a
18 mm long cell with 8”Rb and 25 Torr of Ar and Ny as buffer gas.

As far as the approximation of a thin and homogeneous medium is valid, in both the
optical and the microwave detection modes, the clock reference lineshapes are Lorentzian
with a full-width at half maximum (FWHM) given by:

1
(8) A1/1/2 = P (v2 + 2Fp)

Equation (8) simply states that, as in the case of CW DR laser-pumped clocks, the
linewidth broadens with the laser intensity (power broadening). It is important to point
out that in the CPT maser approach the clock signal is observed in absence of any
background, whereas in the dark line or EIT ones the resonances are superimposed to a
significant background level of light signal.

In practical operating conditions, the CPT maser output power is of the order of 10
pW; the FWHM is in the range Av, /5 ~ 150+250 Hz and the EIT contrast C' =~ 5+20%.
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Fig. 9. — Emission profile of the CPT maser. Cell temperature 68 °C; T, = 500 s~ *.

For the A excitation scheme of Fig. 5 the resonant light-shift Awyg is found to
be [67]:

1 A

(9) Awps = =7 (Whi — Wha) m

When wgr1 = wprs the excitation scheme is highly symmetric, no population difference
occurs in the ground-state hyperfine levels and Awys = 0: indeed, this property has been
one of the main reasons to develop frequency standards based on the CPT phenomenon
(no FM-FM conversion). From a physical point of view, we can interpret this light-shift
cancellation as a consequence of the fact that the dark state does not interact with the
light and then does not experience any Stark shift.

A deeper analysis of light-shift considers the effect of each laser field on the other
transition of the A scheme, as well as any non resonant component possibly present in the
laser spectrum. Even if off-resonant (no real transitions are induced), these components
create a perturbation of the system and are sources of light-shift (off-resonant light-
shift).

In the case of a phase modulated laser it has been found [70, 71]:

(10) Awrs _ <ﬂ>2

Wpp! Wpp!

O(1ms) + (o) )

Wup!

where wry is the angular Rabi frequency of the unmodulated laser and mg the mod-
ulation index. The analytical expressions of ©(m,) and =(mg) are reported in [70] and
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their behavior is sketched in Fig. 10; both these coefficients have zeroes as function of
mg. The first term, proportional to ©(mg) is responsible of a pure power light-shift
contribution (AM-FM conversion) which can be minimized for mg = 2.4 where ©(my) is
approximately zero. In practical applications, however, this term makes hard to reduce
the clock frequency stability below the 1073 level in the medium term: temperature fluc-
tuations affect the EOM operation, so that it is hard to keep stable in time the value of
the modulation index which makes light shift negligible. The second term, proportional
to E(my) is responsible of a quadratic light-shift contribution and may be neglected in
real operating conditions.

1.0 \
0.8 O(m

Zj VAN Light-shift

=(m.)/4 /\\\\- - . _ compensation
0.2 (Mg - B \ A

0.0 = X.

modulation index m,

Fig. 10. — Behavior of the functions of Eq. (10) versus the modulation index of the microwave
signal driving the EOM. A comparison is done with the Bessel function Ji(me) which gives the
amplitude of the first modulation sidebands.

For a description of CPT frequency standards in a manner closer to practical oper-
ating conditions, we have to remove the hypothesis done so far. Typically the atomic
sample is not thin, the long wavelength approximation does not hold and the multiplicity
of levels can limit the excitation of the dark states. In this case, new effects appear that
influence the resonance lineshape and/or the standard stability.

In the CPT maser, the feedback parameter k increases with the atomic density
and the cavity quality factor. When k becomes comparable to v2 the microwave cavity
feedback on the atomic ensemble cannot be neglected [23]. In this condition, the pure
resonant light-shift is still negligible when wgr1 = wge as predicted by Eq. (9), but a
microwave shift Aw,;s appears. This shift induces an imbalance in the ground state
populations even when wr; = wgre and leads to a residual optical pumping that shifts
the emission profile [69, 72]:

(11) Awps = KaprsAg for Ay < F*/2

where K g is an increasing function of both k£ and wg. In typical operating conditions



16 A. GODONE ETC.

this FM-FM conversion factor turns out Kys ~ 1 x 10712 /MHz [72].

The cavity feedback on the atomic medium is also responsible of a cavity pulling
shift Awcp. For a thick medium (¢ > 1) no analytical solution is available for Awep,
but its physical behavior can be described by the following relation, valid for a thin
medium [23, 72]:

— @ k2|26mﬂ|2 Aw

A —
(12) wep Qe (s +2I‘p)2

where @), is the atomic quality factor, d,, is the hyperfine coherence (|d,,/| < 1/2)
and Awce the cavity detuning. The dependence of k and 72 on temperature via the
atomic density and of Awc on temperature via the cavity thermal expansion and the
electrical permittivity of the cell can limit the medium-long term frequency stability of
the clock to few parts of 107! per degree.

Moreover, for a thick atomic ensemble the dark line in the fluorescence spectrum
can appear inverted (”bright line”) whereas the EIT signal FWHM is narrower than
that predicted by Eq. (8) [73]. Due to this effects and the easier setup required, the
transmitted signal is mostly used in the experimental prototypes.

In general, all the above described effects that appear when ¢ > 1 (thick sample)
increase the sensitivity of the output frequency to the temperature and limit the medium-
long term stability.

Concerning the power light-shift, a value of mg that minimizes the AM-FM conversion
still exists, even if relation (10) is no more exact and the signal lineshape becomes slightly
asymmetric. Again, for the CPT maser, a new effect appears when the long-wavelength
approximation is not satisfied [69]: the propagation shift Awpg, which is an increasing
function of the laser intensity I;, but with a sign opposite to that of a pure power light
shift, so that it is still possible to find a value of my which minimizes the total AM-FM
conversion [72] at the level of (Av/v)/(AIL/IL) <1 x 10712/%.

We still notice that the three-level system is a rough approximation of the atomic
levels involved in CPT and, in addition, the atoms can be excited in a non uniform way.
Concerning the first point, we remind that the excited state is homogeneously broadened
by buffer gas collisions. This broadening is larger than the hyperfine separation in the
excited state so that more levels are simultaneously excited by the optical fields producing
CPT.

For example in the case of D; line, the two lambda systems shown in Fig. 11 are
actually simultaneously excited and the same happens for Dy line.

The existence of a dark state in those double-A systems is basically related to the
phases of individual dark states that can interfere constructively or not. On D; line,
for example, the individual dark states are in phase and sum up producing an overall
dark state. Instead, on D5 transition the two dark states are almost out of phase.
Moreover, in Dy there is a single photon transition that can deteriorate the dark state
by depopulation pumping. Definitely, contrasts of CPT resonances observed on D; line
turn out almost one order of magnitude larger than those observed on Dy [74, 75]. Dark
resonances are also affected by the Zeeman structure in the ground-state. As mentioned
in chapter 2, the ground-state degeneracy is removed by applying a magnetic field so
that the magnetic insensitive clock transition can be interrogated without interference
from the magnetically sensitive transitions. However, these transitions remain close to
the clock transition and contribute to absorb the incident laser light, increasing the
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Fig. 11. — D; (a) and D2 (b) lines with levels involved in CPT. In red the original three-level
systems and in green the transitions associated to the excited state hyperfine structure. The
transition in blue for D2 acts as optical pumping opposing to the dark state formation.

background level or, om other words, reducing the contrast of the CPT clock resonance.
In addition, when circularly polarized light is used a significant fraction of the atoms are
pumped towards the so called magnetic end state, as shown in Fig. 12. Due to selection
rules these atoms cannot be removed from this trap state (this can be interpreted as
an incoherent dark state). Several solutions have been proposed to mitigate this effect
[76, 77, 78, 79].

Concerning the non homogeneous interaction, the line shape of dark resonances is
sensitive to the laser beam profile that is not uniform but typically has a Gaussian profile;
in the high pumping regime this leads to a non Lorentzian profile and consequently also
to a linewidth different than that expressed by Eq. (8) [68, 80].

Figure 13 reports the Allan standard deviation asymptotic trends summarizing the
most significant results reported in literature with prototypes based on the CPT ap-
proach.

Actually, they are not directly comparable since different atoms with different ar-
rangements are used. In all cases, except curve (4), a temperature compensated buffer
gas mixture is employed. Curves (3) and (4) refer to a Cs prototype, curve (1) to
85Rb and curves (5) and (6) to 8’Rb. As a general behavior, we can say that white
frequency noise always dominates the short term stability, as theoretically expected,
whereas in the medium term flicker or random walk frequency noises limit the stability
in the 1072 — 10! range, with the exception of the CPT maser that, after drift re-
moval, reaches the level of 4 x 10~!'* at 7 = 5000 s. The CPT approach examined in
this subsection reduces the light-shift effect (see tab. I of chapter 5) and allows some
improvement of the frequency stability compared to traditional one.
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mg =1

Fig. 12. — Transitions forming dark states in the ground state due to the Zeeman structure in
the case of o™ polarized light. It is also shown the trap state in which the atoms are pumped
by the laser fields.
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Fig. 13. — Allan standard deviation of CPT based clock prototypes. The curves are adapted
from respective references; (1) from [81], (2) from [82], (3) from [83](4) from [84]; (5) from [72];
(6) from [85]; (5) refers to drift removed data coming from the CPT maser.
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4°3. Pulsed FEIT standards. — A vapor cell frequency standard operating in the EIT
pulsed mode has been proposed in [86] using a Cs cell; it is based on the Ramsey in-
terrogation technique, performed in the time domain, that allows to observe the atomic
resonances with a high @, value and with a reference lineshape free of the laser power
broadening. Moreover, the interrogation of the clock transition is made in the dark (laser
off) so that the light shift is in principle negligible.

In Fig. 14a we report a schematic setup of the pulsed EIT standard. The laser
radiations at w; and ws, required to implement the A scheme, are provided by two
independent offset locked lasers. The double A scheme (Fig. 14b) is implemented through
the lin_Llin polarized beam; this scheme was first suggested in [76] to significantly increase
the contrast of the EIT signal on the background spectrum due to the ground states
Zeeman manifold. Recently, it has been demonstrated that the linllin polarization

scheme is identical to the so called push-pull technique [87].
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Fig. 14. — (a) Pulsed EIT standard schematic setup; (b) double A scheme; (c) timing sequence.
Thermal controls of the physics package are not indicated in the figure, as well as the frequency
lock of the master laser (laser 1) to the saturated absorption of an external cell containing Rb/Cs

vapors

The timing sequence defining the pulsed operation is shown in Fig 14c. Each A pulse
is used both to prepare and interrogate the atoms. Specifically, the part of duration 7
generates the ground states superposition (transversal optical pumping) and pumps the
atoms into the dark state. During 7 the A pulse probes the phase of the dark state after
the free evolution phase of duration 7T'. In this scheme, the Ramsey pulses are by definition
/2 pulses, in fact the CPT scheme is equivalent to an intensity optical pumping process
followed by a /2 microwave pulse. The detection window must coincide with the second
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Ramsey pulse, because only in this case the transmitted optical signal is related to the
hyperfine coherence and not to the population inversion that is negligible in CPT.
An efficient pulsed operation mode requires:

(13) i <Ky +2l, K i
1 T2
in order to guarantee the dark state preparation and a real detection probe. In the
case of a thin atomic medium (¢ < 1) with wr1 = wrs = wr, Ag < I'*/2 and uniform
laser fields profile, an analytical solution for the EIT signal (X pmm) can be found (in the
hypothesis of a three-level system the analysis can be simply done with single A scheme)
[88]:

WR\?2 2T, e~ 2T ;.
(14)  pram = ( ) {1 - [(72 + 2T) cos 2, T — €, sin Q,T]
r (72 +2T)% + Q2 "

where Q) = Q,, — w% /2w, is the microwave detuning which accounts for the off-
resonant light shift during the A pulses. The terms in square brackets describe Ramsey
fringes, the Lorentzian expression at their left the Rabi envelope and the exponential
term the collisional decay due to buffer gas. The Rabi envelope is centered at QL =0
and the central Ramsey fringe at €2, = 0; as a consequence a Rabi pulling is present due

to the light-shift during the A pulses (7 intervals):

Aw/w I ~v2I'p
AIL/IL WﬁH,T (,-YQ +2Fp)2

(15)

Aol < 1% 1079 /%. 1t could be

further reduced with a single phase-modulated laser at the optimum modulation index
(see Eq. (10)). In the case of the double A scheme the experimental setup is analyzed in
[89, 87].

We note from Eq. (14) that the HWHM of the Rabi envelope is 2 4+ 2I',, and that it
is not related to 71 or 7o, as expected in the Ramsey technique. Moreover, no resonant
light-shift is expected from Eq. (14), which is also valid for Ag # 0, if wr; = wra. In
the more practical situation of thick atomic medium ¢ > 1 all the above considerations
remain still valid. The main effects predicted in this case are the narrowing of the Rabi
envelope and of the central Ramsey fringe when ( increases, and a small broadening of
the central Ramsey fringe when the laser intensity increases.

Whatever the value of  is, the double A scheme excites the Amp = 2 Zeeman tran-
sitions, whose pulling effect on the reference transition introduces a magnetic field linear
dependence of the output frequency. In practical operating conditions the sensitivity
factor is estimated to be (Av/v)/(ABy/Bop) ~ 10719/% [87, 90].

An experimental prototype of EIT pulsed standard has been developed using a Cs
cell with a buffer gas and two phase locked diode lasers tuned to the D; line [91, 92].
The frequency stability presently reached is o, (1) = 3 x 10713771/2 for 1 < 7 < 1000
s [93], after drift removal of 7 x 107! /day. It represents an improvement with respect
to the CPT approaches operating in the continuous mode (see also Tabl), and to date

and for typical operating values it turns out
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is the best CPT clock ever realized. The clock midterm frequency stability is mainly
limited by buffer gas related temperature shift, unbalance between laser field intensities
and frequency pulling by Amp = 2 Zeeman transitions; further theoretical and exper-
imental works is in progress to improve this stability currently reached and exploit the
full capabilities of this standard.

5. — Pulsed Optically Pumped standards

The development of semiconductor lasers and pulsed electronics for atomic fountains,
together with new theoretical results, allowed to reconsider the idea of pulsed optical
pumping (POP) [94] originally conceived by Alley [95] and first applied to the field of
frequency standards by Arditi and Carver [96].

The POP clock concept relies on three operation phases. First, a strong laser pulse
generates an imbalance between the two ground-state levels through optical pumping.
Then, the interrogation of the reference transition takes place fully in the dark with a
temporal Ramsey technique. Finally, the atoms that have made the clock transition are
detected. Analogously to the CPT standards, the detection of the hyperfine reference
transition can occur in the microwave domain, through the free-induction decay signal
(POP maser), or in the optical domain, through the transmitted optical signal.

The schematic setup of the POP frequency standard is shown in Fig. 15.
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= Switch t |

Fig. 15. — Schematic setup of the POP frequency standard; AOM acousto-optic modulator; ¢,
t1, T and t4 are respectively the pumping, Rabi pulses, Ramsey and detection times.

The simplified scheme of the levels involved is the same of Fig. 2 but now laser
and microwave fields are alternatively applied. The multilevel scheme including the
Zeeman manifolds of the hyperfine ground states and of the excited optical state has
been considered in [26, 97] to quantitatively describe the optical pumping process and in
particular the initial conditions for the microwave interrogation. The clock dynamics can
be formally reduced to that of a two-level system |u), |¢’) for the mi crowave interrogation
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and |g'), |m) for the detection and the optical pumping; all these phases are well separated
in time as indicated by the timing patterns of Fig. 15.

To give more physical insight into the POP approach, we consider the hyperfine
coherence at the end of a laser pumping pulse 0,/ (t,) which is related to its initial value
3, (0) at the beginning of the same pulse by the following relation [97]:

(16) 5##’ (tp) — 5##’ (0)6—(V2+Fp)tpe_i(Qu_FP‘SO_W??/‘lqu)tp

where dg = 2A¢/I'* is the reduced laser detuning. Equation (16) holds for a thin
atomic medium (¢ < 1).

It is evident from Eq. (16) that in order to avoid any phase memory among consec-
utive cycles, and then the light-shift effect contained in the rotating term, it is necessary
to satisfy the condition I',¢, > 1. In the case of an optical thick medium this condition
becomes [94]:

(17) Ty =)ty >1

In other words, when Eq. (17) is satisfied, the atoms do not experience any laser
light while doing the clock transition, therefore light-shift becomes negligible. It is im-
portant to point out that while in CPT and in pulsed EIT (see Eq. 15) the light-shift
compensation occurs in one single operation point, in the POP technique the condition
that must be satisfied is an inequality on the laser pumping rate and this is much easier
to be fulfilled from an experimental point of view. In practice, as we will see later, there
is still a residual light shift component due to the coherence not completely extinguished
by the laser at the beginning of a new cycle.

5'1. The POP maser. — In the POP maser, the microwave power dissipated in the
cavity can be observed through a spectrum analyzer when the atomic sample is placed
in a high-Q cavity. In Fig. 16, it is possible to distinguish the two microwave pulses
defining the Ramsey scheme, the free induction decay signal between them and the clock
signal that is just after the second microwave pulse at the beginning of the detection
interval [97].

We notice the fast decay of the signal after the detection; this is due to the coherence
destruction caused by the laser pumping pulse: the laser pulse not only inverts the
population in the ground state but at the same time resets the the atomic phase, so that
the atoms start a new cycle without any memory of the laser interaction.

For a fixed microwave frequency, the clock signal is the area highlighted in Fig. 16.
By varying the microwave detuning, it is possible to observe the full pattern of Ramsey
fringes. In the specific case of Fig. 17, Ramsey fringes have been obtained for the
following timing: ¢, = 1 ms, t; = 400 us, T = 4.6 ms, t4 = 2 ms and [, = 120000 s~*.
In addition, the microwave power is set in such a way that the microwave pulse area
0 = b.ty is equal to w/2.

The central fringe of the Ramsey pattern is shown in Fig. 18 and can be written as:

1 _ .
(18) P, = §hwW/Nak|Ai|2 e~ "7 [tanh® A(T) + sech®A(T) sin® Q,, T
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Fig. 16. — Free induction decay observed at the cavity output; ¢, = 4 ms, t1 = 400 us, 7' = 4.6
ms, tqg = 4 ms.

w
=)

N
U
T

N
o

T
—‘—?21

jury
(9]
T

-
o
T

o
U

Microwave output power (a. u.)

0 A.Au“lh Ad il i Adﬂmh mmh‘
98000 —6000 —4000 —2000 0 2000 4000 6000 8000
Microwave detuning @, /27 (Hz)

Fig. 17. — Full pattern of interference Ramsey fringes.

when v; & 72 = v and where A; is the ground state population inversion at the end of
the laser pumping pulse and A(T') = (%)|Al| (1 — e 7). The square brackets describe
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the central Ramsey fringe for /2 microwave pulses, whose FWHM turns out Av/, =

1/4T and whose amplitude is reduced by the radiation damping factor sechQA(T). The
linewidth of the central fringe is then 54 Hz, corresponding to an atomic quality factor
Qq ~ 1.2 x 108.
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Fig. 18. — Central fringe of the Ramsey pattern shown in the previous figure.

The frequency stability of the POP maser is reported in Fig. 20 where is compared
with the stability obtained with the optical detection.

5'2. The POP clock with optical detection. — The optical detection of the clock tran-
sition exhibits some advantages compared to the maser approach. Due to the higher
energy carried by optical photons, a better signal-to-noise ratio is expected. This results
in an improving of the short-term frequency stability. In addition, some requirements
concerning the cavity are relaxed. Since the cavity plays a role only during the interroga-
tion and not in the detection phase, it is not necessary to have a very high cavity quality
factor which is fundamental in the maser approach (@ ~ 5000 + 10000). A @, ~ 1000
or less can be sufficient to operate the clock in the optical detection mode.

The reference signal is provided by the transmission laser pulse of duration ¢4 detected
at the end of the cell oc I', (L) [98]:

(19) (L) = T(0)e~ | To() +2 3 Ln(=x) cos(m,T)

where I'(0) is the laser pumping rate in the detection phase at the cell input; this
”probe pulse” is expected not to change the population inversion, so that the following
condition must be fulfilled:
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(20) [114+T,(0)]ts < 1

In Eq. (19) x = ((negr/n)p e 72T, (ness/n)p is the fraction of atoms effectively
pumped in the mp = 0 clock states and I,,(x) the modified Bessel functions of the first
type. For an optically thin medium the shape of the central Ramsey fringe reduces to
cosQ,T with a FWHM Avy /o = 1/2T and the behavior of the contrast C' is given by
[18]:

hwi Zo(de /h)? Na
= T S
where Zj is the vacuum characteristic impedance, S the section of the interaction
zone and d. the electric dipole moment of the optical transition. The contrast is then
proportional to d? (in this regard, Dy is then better than D; in the detection phase due
to its higher d.) and is nearly independent of I',(0) and t4.
A more complete theoretical description of the POP frequency standard based on a
multilevel approach is reported in [26].
Similarly to the maser approach, it is possible to observe Ramsey fringes scanning
the microwave frequency around the resonance. Figure 19 shows Ramsey fringes for a
cell temperature of 7' = 68 °C, a laser pumping power of 15 mW (corresponding to a
pumping rate of 8.5 x 10% s71) and a laser detection power of 1 mW (5.6 x 10* s71).
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Fig. 19. — Ramsey pattern observed in the optical detection mode. The timing of the different
operation phases is: t, = 0.44 ms, t;1 = 0.4 ms, 7' = 3.3 ms and ¢4 = 0.15 ms.

The central fringe of Fig. 19 exhibits a contrast of 28% and a linewidth of about 150
Hz, corresponding to a quality factor of 4.5x107. In Ref. [18] a complete characterization
of the contrast has been reported. Indeed, the contrast plays a key role not only to
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determine the signal level but also to reduce some noise sources, as it will be explained
in more detail in chapter 6.

We mention that a POP clock prototype operating in the optical detection mode
and using a compact magnetron-type microwave cavity is under development at the
University of Neuchatel [99].

5'3. Frequency shifts and stability performances. — As mentioned at the beginning of
this chapter, the pulsed optical pumping reduces light-shift to a residual level. Specifi-
cally, this residual light-shift is due to the limited laser intensity in the pumping phase
and turns out [97]:

(22) AwLS _ 2(9 - 7T/2) (50 - F*/Zw##/)rptp
Wpp 7Qa 14 cosh(yTc + Tptyp)

where 6 is the microwave pulse area, b. its microwave Rabi frequency and T¢ the cycle
time. Equation (22) predicts a full elimination of the light shift effect when 6 = 7/2.
In the more realistic case |# — 7/2| < 0.1 with I'yt, ~ 5, the AM-FM and FM-FM
conversion factors in practical operating conditions are expected lower than 1 x 10714/%
and 1 x 10~ /MHz respectively.

The inhomogeneities in the atomic sample, mainly due to the non-uniformity of the
RF field of the cavity mode, to the laser absorption and to the laser mode, introduce a
residual coupling between optical and microwave signals so that the clock frequency still
exhibits a dependence on the laser power. This effect, first discussed in [100], is known as
positioning shift or pseudo light shift because it mimics the off resonant light shift
behavior; even if its contribution to the AM-FM conversion factor can be reduced below
1 x 10713/% [26], an intensitiy stabilized laser is required in order not to deteriorate the
clock medium-long term stability. The above shift vanishes when & = 0 or Awe = 0 (we
remind that k is the cavity feedback parameter defined at p. 13 and Awe the cavity
detuning versus the atomic frequency introduced at p. 16. This behaviour, similar to
the cavity pulling effect, is a consequence of the coupling between laser and microwave
fields introduced by the position shift.
The cavity pulling shift Awcp is the direct consequence of the cavity feedback on the
atomic ensemble; in the limit of small cavity detuning we have:

4 QL
(23) Awep = T 0. c(0)Awe
where the function ¢(f) is reported in [94, 97]; it is minimized for 0 ~ /2.
The more relevant contribution of the cavity pulling effect to the clock frequency insta-
bility is due to the sensitivity to the microwave power P,,, (microwave power shift),
that can reach the value (Av/v) /(AP /Puw) =~ 1 x 10713 /% and then require an active
system to stabilize the microwave power (we remind that P, o 62).
In Fig. 20 we report the Allan standard deviations obtained with prototypes based
on the POP approach. Curve (a) refers to a POP maser [26] after a drift removal of
8 x 10714 /day and curve b) to a POP prototype operating in the optical detection mode
[18] after a drift removal of 8 x 107%/day. In both cases, the clock signal is affected
by white frequency noise and the Allan deviation scales as 7~ /2. We notice the im-
provement of one order of magnitude of the optical detection compared to the microwave
one.
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Fig. 20. — Allan standard deviation for the POP maser (white square) and for POP optical
detection mode (black circle).

The stability of the POP clock with optical detection shown in Fig. 20 refers to a
subset of 50000 points extracted from a larger sample; the selected subset corresponds
to the period where environmental parameters, the temperature in particular, were more
stable. Figure 21 shows the POP clock stability using the complete sample of data
corresponding to a measurement run of 12 days. Notably, we point out the long-term
stability remains below the 10714 level for integration times up to 10° s.

The light and microwave shifts experimentally observed are reported in Table 1 for
comparison with the other approaches and are no more the limiting factors of the achieved
stability. Specifically, for the POP operating in the optical detection mode, the short-
term stability turns out to be limited by the laser noise transferred to the amplitude of
the clock signal. The other main instability source comes from the phase noise of the
interrogating microwave. In the medium-long term period the performances are mainly
limited by the instability and non-homogeneity of the cell temperature.

As a conclusion of this chapter, the following points are outlined: i) the pulsed oper-
ation mode is more effective than the continuous case to reduce the light and microwave
shifts; ii) the optical detection mode allows to reach a better short term frequency sta-
bility; moreover, it requires a lower cavity quality factor or no cavity at all in the pulsed
EIT case, but also a better control of the laser amplitude and frequency noises to avoid
AM-AM and FM-AM contributions in the detection phase [26, 18].

In the following sections we will analyze the laser noise contribution, the Dick effect
and the temperature effects that limit the stability independently of the chosen tech-
nique and possible solutions proposed to reduced them in order to further approach the
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Fig. 21. — Medium-long term measurement of POP clock frequency stability.

theoretical limit not yet achieved until today.

6. — Laser and microwave noise

The laser frequency and amplitude noise in the detection phase limits the frequency
stability of the clock operating in the optical detection mode. The amplitude fluctuations

Clock technique Frequency light-shift Intensity light-shift Microwave power shift

(Avps/v) /MHz (Aves/v) /% (Avyw /v) /%
Double'res[gg?nce (CW) (1+10) x 107 (1+10) x 107" 1x10713
00?21?‘;3‘35801]}) T (0.5+2) x 10712 <1x10712 not applicable
Pu[lss.(;?d ;FT 7x 10713 <1x107% not applicable
[187})907? o8] <2x 107" <1x107'® 1x 10718

TABLE 1. — Typical observed sensitivities of the different approaches considered in the text; under
each clock approach the respective references are indicated.
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of the probe field reaching the photodetector add an additive noise whose contribution
to the clock Allan deviation can be expressed as [26]:

o0 1/2
2y = g {Zmz (krz ) SAM<kfc>} 172
¢ k=1

where T¢ is the cycle time, f. = 1/T¢ and San(f) the power spectral density of the
fractional intensity fluctuations of the laser field reaching the photodetector. It contains
both the laser AM noise transferred to the output of the cell (AM-AM) and laser FM
noise converted into amplitude fluctuations (FM-AM) via interaction with the atomic
sample.

For typical experimental conditions (C' ~ 30%, Qg ~ 5x 107, T/Tc =~ 0.7, San (f) =~
2 x 107 Hz ™! for 100 Hz < f < 1 kHz) Eq. (24) predicts o, (1) ~ 1 x 10~13771/2,
In order to improve this limit it should be required to increase the contrast and to
reduce significantly the laser noise contribution. From this point of view, the detection
of the clock transition through the magneto-optical rotation effect, proposed by the Y.
Z. Wang’s group [101], appears very attractive for the POP approach.

The schematic setup of Fig. 15 is simply modified by inserting the cell between two
cross polarizers: the detected scattering signal resulting from magneto-optical rotation
carries the Ramsey pattern information with a contrast of up to 90% and an improved
signal-to-noise ratio due to rejection of the laser background. The experimental results
reported in [101] foresee a possible improvement of the stability limit due to the laser
noise by an order of magnitude with respect to the absorption detection technique.

In passive frequency standards the phase noise of the microwave interrogating signal
limits the achievable frequency stability, as recognized for the first time by G. Kramer
[34]. also known as Dick effect. In frequency standards working in the pulsed operation
mode, the phase noise of the interrogating signal manifests as Dick effect and is given by
[102, 103, 104]:

o0 1/2
> 7u(7) = {Zsinc2 (krz) s;O(zm)} 172

k=1

where SyLO( f) is the power spectral density of the microwave fractional frequency fluctu-
ations. The low phase noise microwave synthesizer designed for the POP clock [18] leads
to a Dick effect limited stability o, (7) ~ 7 x 107'4771/2  state of the art synthesizers and
local quartz oscillators can reasonably reduce this limit by a factor of 2, leaving anyway
the Dick effect as the main limitation for the short term frequency stability of the clock
[105].

A significant improvement could be achieved in the limit T/T¢ — 1, that is in the zero
dead time operational conditions, as it turns out from Eq. (25), but this would strongly
deteriorate the shot noise theoretical limit. To overcome these problem Biedermann et
al. suggested a zero dead time operation of interleaved atomic clocks [106]. The principle
is reported in Fig. 22.

Two identical POP physics packages (for example) are interrogated by the same mi-
crowave synthesizer (Fig. 22a) with Ramsey pulses synchronized in such a way that the
combined operation of the two clocks is dead time free (Fig. 22b). This technique allows
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Fig. 22. — Interleaved atomic clocks: a) basic setup; b) 7/2 microwave pulses timing (adapted
from [106]).

an improvement of the short term stability due to the microwave phase noise, which
now averages as 1/7 down to reach the shot-noise limit, as it has been experimentally
demonstrated in the case of two atomic fountain clocks. We remind that, as suggested in
p- 6, two physics packages can be also used to implement a subtraction of the laser noise
transferred to the atoms. The two techniques could then be combined to simultaneously
reduce Dick effect and laser noise conversion. The double physics package approach
then appears very promising to improve the short-term frequency stability and deserves
further investigation.

7. — Medium-long term

In any atomic frequency standards the clock resonance is influenced by several effects
that produce a shift of the output clock frequency with respect to the unperturbed
transition. In particular, for a vapor cell clock the output frequency vy can be written
as:

(26) Vo = Unts + Avpo + Avpg + Avge + Avgy + Ay

where v, rs is the unperturbed hyperfine frequency and the other terms are the fre-
quency shifts due respectively to the (second order) Zeeman effect, the 3"Rb-buffer gas
collisions, the spin-exchange (¥”Rb-87Rb collisions [107]), the cavity pulling and the light-
shift.

Some of these shifts are inherent to the cell itself, they are then common to all vapor
cell clocks. Others may not be present in some arrangements: Awgp is of course absent
in CPT (with optical detection) since the cavity is not needed.

Equation (26) expresses the fact that the fluctuations of several physical quantities
can be transferred to the clock transition through different physical effects, as pictorially
illustrated in Fig. 23.

For instance, the clock transition frequency is affected by temperature fluctuations
via buffer gas (see later) and spin-exchange collisions and through the cavity pulling.

Since vapor cell frequency standards are intrinsically not accurate, the exact amount
of these shifts is not an issue. Rather, we are interested to evaluate how these shifts
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Fig. 23. — Noise sources affecting the clock transition frequency through the indicated physical
effects; P,¢m is the barometric pressure and u% is the relative humidity. The other quantities
are defined in the text.

change versus the variations of the physical quantities they depend on. In other words,
we must evaluate for each shift the corresponding sensitivity coefficient so that it is known
at which level a given physical quantity must be kept constant in order to get a certain
level of frequency stability.

We do not discuss here each shift reported in Eq. (26). A more detailed analysis
of the medium-long term frequency stability has been examined in detail in [54] for the
continuous DR clock, in [108] for the POP approach and in [90] for the pulsed CPT clock.

In this review, we remind the buffer gas shift that is common to all the approaches
here described and, in addition, it is related to the enhanced temperature sensitivity
(ETS) effect described only recently.

The atom-buffer gas collisions produce a shift Awy, of the hyperfine transition [4]
that can be modelized by:

(27) Avyy = Py [B+0(T — To) + (T — Tp)?]

where P; is the total buffer gas pressure, [ the pressure coefficient, § and ~ the linear
and quadratic temperature coefficients, 7' the working temperature (not to be confused
with the Ramsey time) and Tp is a reference temperature around which the coefficients
are measured.

A mixture of buffer gases can be chosen with the purpose of making negligible the
linear temperature coefficient at a certain inversion temperature 75, in this case, referring
the parabola coefficients to T;, we can write [109]:
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(28) Avpg = Py B +7i(T — T3)?]

where (! and «/ are usually obtained by a parabolic fit of the experimental data. In
the absence of any temperature inhomogeneity, the clock temperature sensitivity is:

Ow/vuw) _ 2P
aT N V!

(29) (T -T)

Unfortunately, Eq. (29), always adopted in the scientific literature, provides a too op-
timistic estimation of the temperature sensitivity. In fact, temperature inhomogeneities,

mostly between the cell (maintained at temperature Tj,) and the stems (73), play an
important role and the proper temperature sensitivity is given by [109]:

OWw/vuw) _ _ PsBiv
OAT a VMMTb

(30)

where AT = T, — T}, and vy, is the relative volume of the part of the cell outside the
cavity.

This ETS effect is not due to changes in the interaction between Rb and buffer
gas atoms, but it is a purely geometrical effect related to a buffer gas density variation
between the cell body and the stem volumes. The effect of the stem temperature on the
clock frequency stability over a period of one day or longer is investigated in [110]

To reduce the temperature sensitivity below 107°/K predicted by Eq. (30) for
typical cell designs, it is required to minimize as much as possible v, and, unexpectedly,
the pressure coefficient 8, (with three different buffer gases, for example); only at that
point Eq. (29) prediction becomes meaningful.

The cavity pulling effect introduces a sensitivity of the clock frequency on the baro-
metric pressure fluctuations, on the cavity temperature, on the microwave power and on
the laser intensity. The first one can be avoided operating the physics package in vacuum,
whereas the second can be reduced, for example, using a Mo cavity. The sensitivities on
the microwave power and on the laser intensity (pseudo-light shift) take benefit, obvi-
ously, from a low cavity Q-factor; in particular, the last shift can be lowered reducing
the inhomogeneities in the atomic sample. A more complete analysis is reported in [108]
and [111].

In general the cavity pulling related effects can be controlled via a proper design of
the cell-cavity system to allow a medium long term frequency stability in the low 10~1°
range, leaving the buffer gas related temperature shifts as the main responsible of the
instabilities in the medium long term.

8. — Cold atoms vapor cell clock

So far we considered vapor cell clocks based on hot samples of atoms. However, very
recently, a cell clock based on cold atoms has been implemented. The clock works thanks
to isotropic cooling of the atomic vapor inside a spherical cavity, so that it is possible
to observe the hyperfine clock transition without any Doppler broadening. Moreover, no
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buffer gas is used to localize the atoms and a number of relaxation effects, such as buffer
gas and cell wall collisions, is avoided.

The feasibility of atom laser cooling with an isotropic light, first considered in [112,
113], was experimentally demonstrated with a cylindrical diffusive material used to slow
a Na atomic beam [114]. The isotropic cooling of a Cs vapor sample inside a cylindrical
cell at the temperature of 3.5 uK was reported in [115]. The above basic works led to the
research program of N. Dimarcq and coworkers named HORACE whose very interesting
properties are reported in [116]. In HORACE, an atomic Cs vapor is isotropically cooled
inside a spherical cavity used also as integrating sphere, as first suggested in [117].

The scheme of the physics package is shown in Fig. 24.
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Fig. 24. — Physics package of HORACE. Reprinted figure with permission from: F. -X. Esnault,
D. Holleville, N. Rossetto, S. Guerandel and N.Dimarcq N., Phys. Rev. A 82,033436, 2010.
Copyright 2012 by the American Physical Society.

The core of the clock is a copper spherical microwave cavity resonating on the TE;1q
mode [111] tuned to the hyperfine clock transition and fed by two symmetric antennas.
The atomic vapor is contained in a blown quartz bulb to prevent the interaction of the
cavity walls with Cs atoms. The cavity acts as an integrating sphere for the 852 nm laser
radiation injected via six multimode fibers. A simple Doppler cooling sequence allows to
cool the atoms to a temperature of about 35 K. After the cooling phase, the operation of
HORACE is very similar to that of the POP clock. Once the cooling lasers are switched
off, the atoms are optically pumped into the clock level |F = 3, mpr = 0). The atoms fall
by gravity and during this free fall experience two microwave pulses according to the
Ramsey scheme. The Ramsey time is then limited by gravity to 25 ms, resulting in clock
transition linewidth of 18 Hz. A vertical retro-reflected laser beam probes the atoms in
order to detect the clock transition. Ramsey fringes of the HORACE clock are reported
in Fig. 25.
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Fig. 25. — Ramsey fringes observed in HORACE; the inset shows the central fringe of the Ramsey
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permission from: F. -X. Esnault, D. Holleville, N. Rossetto, S. Guerandel and N.Dimarcq N.,
Phys. Rev. A 82,033436, 2010. Copyright 2012 by the American Physical Society.

We point out that the isotropically cooled vapor cell standard exhibits in principle
some advantages compared to the approaches so far considered. In particular:

a) the absence of a buffer gas eliminates the temperature related shifts, which are
recognized as the source of the residual medium-long term frequency instability, as dis-
cussed in the previous chapter. In addition, it is possible to make an evaluation of the
accuracy budget; specifically, the expected accuracy level is in the low 10714 region; b)
As in atomic fountains, the atomic cloud is renewed at every cycle, no phase memory
exists between consecutive cycles and then in principle there is no light-shift. The only
possible source of light-shift is the laser leakage during the Ramsey interaction. However,
this effect in similar structures has been evaluated well below the 107! level [118]; c)
the atomic sample is very thin so that the cavity pulling, the microwave power shift and
the position-shift effects turn out strongly reduced, below 10716 [119]. Moreover, being
the medium very diluted, the FM-AM laser noise conversion in the detection phase is
nearly absent, relaxing the laser frequency requirements.

In terms of frequency stability, Fig. 26 shows that the Allan deviation is as low as
2.2 x 107 13771/2 and scales as white frequency noise up to 2000 s, reaching the 4 x 10~1°
level for an integration time of 5000 s.

An analysis of the effects limiting this result shows that the short-term stability is
limited by the atomic shot noise.

Since HORACE, as the other clocks based on cold atoms, can provide the accuracy
information, it is of fundamental importance to reduce as much as possible all the effects
that can shift the clock resonance frequency. In this regard, one of the main limiting
phenomena is the density shift due to collisions among Cs atoms. A clock based on the
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HORACE principle but with 8"Rb has then been implemented (RUBICLOCK). It is in
fact well known that 87Rb has a collisional cross section of about two order of magnitude
smaller than that of Cs. Preliminary results of RUBICLOCK operating in microgravity
conditions have been presented in [21].

9. — Conclusion

We have reported in this paper the current status of the development of high-performing
laser pumped vapor cell frequency standards. The more recent approaches have been
highlighted, as well as the best results reached in terms of frequency stability.

The state selection performed via intensity optical pumping is more efficient when
performed by a laser instead of a lamp. However, the laser induces a strong coupling
between optical and microwave coherences, so that laser fluctuations are transferred to
the clock transition through different mechanisms. A number of different techniques have
been envisaged by several groups in order to mitigate these effects.

For instance, we have seen that in the continuous DR approach, it is possible to
conveniently minimize the light-shift coefficients but they still remain relatively large,
limiting eventually the clock stability.

CPT provides a first-order cancellation of light-shift because of the symmetry in-
herent to the A scheme. However, light-shift can be compensated in CPT but not fully
eliminated and also in this case it may contribute to degrade the medium-term clock
stability.

From a physical point of view, we notice that both in DR and in CPT, the atoms
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can be regarded as three-level systems where optical and microwave coherences are si-
multaneously excited, interfering among them. This is also true for pulsed CPT. In fact,
despite there is a phase in which the atoms evolve freely, during the A pulse the two
ground-state levels and the excited state are all involved in the interaction. In addition,
in the double A technique, not only the laser intensity, but also the polarization affects
the clock frequency.

The pulsed operation demonstrated more effective to strongly reduce light-shift.
Indeed, in this case the atoms really behave as a two-level system (the two clock levels)
while making the clock transition and light-shift only appears in a residual form, provided
the optical pumping is performed with a sufficiently high intensity.

The FM-to-AM laser noise conversion, on the other hand, still remains an issue also
in the POP technique. The use of a laser with a very narrow linewidth as well as the
detection of the clock signal through the magneto-optical rotation can be very helpful to
reduce this effect and to approach the fundamental shot-noise limit.

On the other hand, we have seen that not only the laser but also other parameters can
play a role to limit the clock stability. One of these is the interrogating microwave. Work
is in progress in order to develop ultra low phase noise synthesis chain. The proposed
technique of interleaved atomic clocks could be used to relax the requirements for the
microwave synthesizer.

Moreover, it is of basic importance to reduce as much as possible the inhomogeneities
of the laser and RF fields inside the active atomic medium and the temperature inhomo-
geneities in the whole cell, especially for not limiting the long term stability.

Taking into account the experimental results achieved until today and the very recent
proposals reported in chapter 6, it appears feasible to reach an Allan standard deviation
0,(7) <1 x10713771/2 in the short term, a flicker frequency limit o, (7) <1 x 107 in
the medium term and a drift of the order of 12 x 1075 /day.

Finally, we have also seen that a vapor cell clock based on cold atoms has been
realized. Besides the frequency stability result, this clock is quite remarkable since the
absence of buffer gas allows the evaluation of an accuracy budget.

X Xk
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funded by the EMRP participating countries within EURAMET and the European
Union.
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