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ABSTRACT The paper gives an overview of the use of the
coherent population trapping phenomenon (CPT) in alkali-
metal atoms in the implementation of atomic frequency stan-
dards. Several avenues are examined. These include: the ap-
proach using a combination of the CPT phenomenon and the
Ramsey separated interaction field technique on an atomic
beam; the passive approach in a cell in which the microwave
hyperfine resonance excited by the CPT phenomenon is de-
tected directly on the transmitted radiation; the maser ap-
proach in which the same resonance is observed by means of
stimulated emission in a microwave cavity-cell arrangement;
and, finally, the proposed approach using pulses in a time
sequence that implements the combined CPT–Ramsey sepa-
rated interaction field technique in time rather than in space.
A review of field and laboratory implementations using these
approaches is made.

PACS 32.10.Fn; 32.30.Bv; 32.70.Jz; 32.80.Wr

1 Introduction

The last fifty years have been a period of outstand-
ing developments in the field of atomic frequency standards
[1]. This development has progressed by quantum leaps in the
quality of the implementations to reach, at the present day,
frequency stabilities in the 10−16 range in hydrogen masers
[2, 3] and accuracies better than 1 × 10−15 in cesium fountains
[4–7]. On the other hand, demand of standards for field use
has led to the development by several industries of small units
such as the field Cs beam clock and the optically pumped Rb
frequency standard, for which frequency stability and size are
of prime interest.

In all those classical implementations, the frequency of
the transition between the two ground-state hyperfine levels
of the atomic species chosen (hydrogen or an alkali-metal
atom) serves as the atomic resonance frequency reference.
This resonance, which is in the microwave range, is detected
in all cases by means of the classical magnetic resonance
technique [8]. Another common characteristic of those im-
plementations is the use of state selection, by means of either
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magnetic spatial deflection [9] or optical pumping [10], in the
preparation of the atomic ensemble, a process that is required
to enhance the detected resonance signal.

Coherent population trapping (CPT), accomplished by
means of two laser radiation fields applied in a so-called �

scheme [11], provides an alternative to these classical ap-
proaches. CPT makes possible preparation of the atomic en-
semble and resonant excitation at the same time and same
region of space. In the case of alkali atoms, the fields are
applied to an ensemble of atoms in resonance with the transi-
tions between the two hyperfine levels of the S1/2 ground state
and one of the P-state hyperfine levels, forming the � scheme.
Due to inherent physical quantum properties, interference ap-
pears in the excitation process, coherence is created in the
ground state, and the ensemble is placed in a non-absorbing
state called a ‘dark state’. The phenomenon, as observed at a
hyperfine frequency, was reported for the first time by Alzetta
et al. in sodium by means of a multimode dye laser [11]. A re-
lated phenomenon was also reported by Bell and Bloom at the
Zeeman frequency of Cs and Rb vapors using an amplitude-
modulated spectral lamp [12].

The phenomenon may be observed in several ways. Since
in CPT no atoms are excited to the P state at exact resonance,
a narrow ‘black’ line in the fluorescence spectrum of the op-
tically pumped ensemble is observed. Furthermore, since the
system does not absorb energy at resonance, it becomes trans-
parent. Consequently, the phenomenon can be observed either
on the fluorescence as a black line (generally called a dark line)
or on the transmitted radiation as an increase in transmission
at resonance (often called a bright line). On the other hand, the
ensemble is placed in a superposition state of the two alkali
atom hyperfine ground state and coherence at the hyperfine
frequency is created. This coherence, in turn, creates an os-
cillating magnetization that can be detected directly through
stimulated emission in a cavity.

Early proposals were made on the use of the phenomenon
in several applications such as magnetometry [13, 14], in-
duced transparency [15–17], atom cooling [18], and precision
spectroscopy [19], and its properties were studied in con-
nection with state-selection improvement in optical pumping
[20, 21].

On the other hand, the resonance phenomenon reflects all
the properties of the hyperfine resonance in the ground state
of the alkali atoms and may be used to implement an atomic
frequency standard in the same way as is done in the classical
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approach using double-resonance microwave–optical pump-
ing [21]. A first effort on the use of the phenomenon towards
such a realization was reported by Thomas et al. [22]. In
those experiments, the phenomenon was used on a sodium
beam to implement a Ramsey type of separated interaction
regions [23] entirely with light beams without the classical
Ramsey microwave cavity. Serious efforts were also started
in the mid 1990s on the application of the CPT phenomenon
towards the use of sealed-off cells to implement small-scale
atomic frequency standards [24–26]. The last effort [26] has
led to the industrial implementation of a small, completely
autonomous, passive frequency standard using 87Rb [27, 28]
as well as a laboratory-type CPT maser [29–31]. The phe-
nomenon is also being studied with the goal of implementing
an atomic clock based on CPT, using a laser-cooled atomic
ensemble [32]. Finally, the phenomenon was also proposed
in the implementation of a laboratory prototype of a so-called
chip-scale optical package [33–36].

It is possible to interpret the phenomenon and most of the
observations by means of a simple three-level model. In the
case of atomic beams, the problem is simplified due to the
free evolution of the atoms in the beam and the absence of
relaxation. In the case of cells, with the presence of relaxation,
the rate equations for the evolution of the energy-level pop-
ulations and of the coherence created by the laser radiation
fields in the ensemble may be solved exactly in the case of
low alkali metal atom density [37]. The results of that anal-
ysis, however, are rather complex and are not transparent to
easy interpretation. In order to interpret more easily experi-
mental data in connection with atomic frequency standards
applications, simpler analyses have been developed [24, 26].
In those analyses, a three-level model is also used, but the
rate equations are solved approximately by means of a first-
order analysis relative to optical coherence. The expressions
obtained for the hyperfine resonance line shape, width, and
amplitude are transparent and easy to interpret. The results
can explain most experimental data in the case of an optically
thin absorbing medium. The optical thickness is controlled
by both the buffer-gas pressure, which broadens the absorp-
tion line, and the alkali-atom density, which influences the
optical absorption. In practice, the temperature of operation
(T > 50◦C in the case of Rb, T > 40◦C in the case of Cs)
is such that the ensemble is optically thick, and a more elab-
orate approach using concepts developed in the study of the
electromagnetically induced transparency (EIT) phenomenon
[15] is required [38]. Furthermore, in the case where relatively
intense radiation fields are used, it is found that the three-level
model is not adequate [39]. The lower manifolds of an alkali-
metal atom contain many energy levels and the � system is
no longer closed as in the three-level model [40]. For exam-
ple, when circularly polarized radiation is used, as required
to observe the so-called ground-state field-independent 0–0
transition, atoms are optically pumped to a level not involved
in the coherent population trapping phenomenon. They are
transferred to that level, and trapped in it: they no longer
contribute to the CPT resonance phenomenon. This effect
has consequences on the observed signal amplitude. This ef-
fect is also encountered in several other experimental stud-
ies related to atom cooling [41–44] and absorption of laser
radiation [45].

Reviews have been made of the basic physics of CPT
[46] and of its use in high-resolution spectroscopy [19]. The
present paper will concentrate on the use of CPT in connection
with application to the field of atomic frequency standards.
We will make a review of the progress made up to now on the
implementation of frequency standards using CPT, in either
the active or the passive mode, in beams as well as in closed
cells containing a buffer gas. We will review the theoretical
analysis developed up to now to interpret the results obtained
experimentally. Finally, as a conclusion, we will provide an
unbiased evaluation of the implementations realized up to
now. The number of articles published on the subject of CPT
is rather large. We will limit the present review to those articles
most closely connected to the field of atomic frequency stan-
dards and useful in the interpretation of the results obtained
in the implementation of those standards.

2 Coherent population trapping

2.1 The phenomenon

We will first establish the basic equations, describ-
ing the CPT phenomenon in an alkali-metal atom such as the
87Rb isotope, and we will adapt those to various situations.
To do so, we will assume the presence of two coherent radia-
tion fields resonant with the transitions from the levels F = 1
and F = 2 of the ground state to one of the hyperfine levels
of the excited P state. In practice it is best to choose level
P1/2, F ′ = 2 (D1 radiation), since in that case the transition
probability is the same for both transitions making the system
symmetrical, avoiding direct optical pumping and simplifying
the analysis [47]. The analysis can be easily adapted to other
pairs of levels and to the case of other alkali-metal atoms. The
scheme is illustrated in Fig. 1a.

In the scheme shown, only those transitions starting from
the levels mF = 0 of the ground state are shown, although the
spectral width of the lasers generally used would allow transi-
tions from other Zeeman levels. In all applications concerned,
however, a small magnetic field of the order of 10 µT is ap-
plied to the atomic ensemble and the other Raman resonances
are well resolved. Consequently, a given � scheme may be
selected to be resonant with only two of the ground-state lev-
els. In the present case, the scheme starting at levels mF = 0
is chosen since the positions of these levels are independent
of the applied magnetic field in first order, a property desired
in frequency standards applications. It is noted also that right
hand circular polarization exciting �mF = +1 transitions is
used. Left hand circular polarization can also be used. Circular
polarization is required by the fact that transitions involving
simultaneously �F = 0 and �mF = 0 are forbidden. How-
ever, other Zeeman levels may play a role in the evolution
of the system. Decay from the excited state takes place to all
ground-state Zeeman sublevels due to spontaneous emission
and due to atomic collisions in the case a buffer gas is used.
Consequently, atoms may find a path to a Zeeman sublevel
not involved in the � scheme. In such a case, the system is
no longer closed and atoms may be trapped in a level such as
mF = +2 or mF = −2, depending on the polarization used as
in a classical optical pumping process [10]. Those atoms are
lost for the CPT phenomenon. This phenomenon takes place
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FIGURE 1 a Illustration of the lower energy lev-
els manifold involved in the CPT excitation of the
alkali-metal atom 87Rb using circularly polarized
radiation σ+. b Closed three-level model generally
used to analyze the CPT phenomenon
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FIGURE 2 General configuration used in the de-
velopment of the rate equations

in a buffer gas and becomes important at laser intensities cor-
responding to excitation rates comparable to or larger than the
ground-state relaxation rates. Consequently, it is necessary to
use a four-level system including a trap to explain some of the
results obtained [39].

The analysis is best done in the density-matrix formalism.
The general configuration shown in Fig. 2 is used to establish
the rate equations. The atomic ensemble may be contained
in a closed cell and imbedded in a buffer gas. In that case
the populations of the levels within the ground state and the
coherence that may exist at the hyperfine frequency relax
towards equilibrium at rates γ1 and γ2, respectively. On the
other hand, if the atomic ensemble is an atomic beam, those
rates may be assumed to be zero. The buffer gas also has
important effects on the excited state, increasing the decay
rate �∗ of the P state by a factor that depends on its pressure.
Consequently, the optical resonance line is homogeneously
broadened to a large extent. At a buffer-gas pressure of about
20 Torr, the rate �∗ is of the order of 3 × 109 s−1 as compared
to a free space decay rate � (spontaneous emission) of the
order of 3 × 107 s−1, as in a beam.

2.2 Basic equations

In the analysis the laser radiation is assumed to
propagate in the same direction as the applied magnetic field.
The electric component En of the two laser radiation fields is
assumed to be of the form

En(ωn, z, t)

= Eon(z) eλ cos(ωnt + kn • r ) (n = 1, 2), (1)

where Eon is the amplitude of the laser radiation field com-
ponent n at position z, ωn is its angular frequency, kn is its

wave vector, eλ is the polarization vector assumed the same
for both radiation fields, and z is the distance traveled by the
wave as measured from the entrance of the region contain-
ing the atomic ensemble. These two radiation fields may be
produced from a single laser through bias-current modulation
or by means of an electro-optic modulator. The two radia-
tion fields may also be created by means of two phase-locked
lasers with a frequency difference corresponding to the hy-
perfine frequency.

We introduce the optical Rabi angular frequencies ωR1

and ωR2 as a measure of the laser field intensity and of the
transition probability:

ωR1 = (E1/h̄)〈µ|e rrr • eλ|m〉, (2)

ωR2 = (E2/h̄)〈µ′|e rrr • eλ|m〉, (3)

where e is the electronic charge, h̄ is Planck’s constant
over 2π , and 〈i |er |m〉 is the electric dipole moment of the
transition from level i to level m (i = µ or µ′). We assume
that the ensemble is placed in an environment where a
microwave field Bµw(z, t) oscillating at angular frequency
ωµw may be present. This field, which may be created by the
atoms themselves through stimulated emission, is assumed to
be parallel to the dc magnetic field, a condition required for
�mF = 0 transitions. In that condition the microwave field is
assumed to have the form

Bµw(z, t) = z Bz(z) sin(ωµwt + φ), (4)

where φ is its phase. The associated Rabi angular frequency
describing the interaction of this field with the atomic
ensemble is defined as

b(z) = µz Bz(z)/h̄, (5)
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FIGURE 3 Alkali metal atomic beam frequency
standard using CPT excitation and detection. Bo is
the magnetic induction applied parallel to the prop-
agation vector k of the laser beams in interaction
with the atomic beam

where µz is the atom magnetic moment. We define

ω12 = ω1 − ω2. (6)

The rate equations for the populations of the levels and for the
coherence in the ground state are obtained from Liouville’s
equation:

∂ρ

∂ t
= 1

ih̄
[H, ρ], (7)

where ρ is a density-matrix element and H is the interaction
Hamiltonian.

We expand this equation into its various terms. We assume
a solution for the off-diagonal matrix elements of the form

ρµµ′(z, t) = δµµ′(z, t) ei [(ω 1−ω 2)t−(k1−k2) z], (8)

ρµm(z, t) = δµm(z, t) ei [ω 1t−k1 z], (9)

ρµ′m(z, t) = δµ′m(z, t) ei [ω 2t−k2 z], (10)

and the resulting equations for the three level system are

d

dt
ρmm = −ωR1 Imδµm − ωR2 Imδµ′m − �∗ρmm, (11)

d

dt
ρµ′µ′ = −Im(be−iφ)δµµ′ + ωR2Imδµ′m + �∗

mµ′ρmm

− (γ1/2)(ρµ′µ′ − ρµµ), (12)

d

dt
ρµµ = +Im(be−iφ)δµµ′ + ωR1Imδµm + �∗

mµρmm

− (γ1/2)(ρµµ − ρµ′µ′), (13)

d

dt
δµm + (�∗/2 + i(ω1 − ωmµ))δµm

= + i(ωR1/2)(ρmm − ρµµ)

+ i(b/2)eiφδµ′m − i(ωR2/2)δµµ′ , (14)

d

dt
δµ′m + (�∗/2 + i(ω2 − ωmµ′))δµ′m

= + i(ωR2/2)(ρmm − ρµ′µ′)

+ i(b/2)e−iφδµm − i(ωR1/2)δµ′µ, (15)

d

dt
δµµ′ + [γ2 + i(ω12 − ωµ′µ)]δµµ′ = i(b/2)eiφ(ρµ′µ′ − ρµµ)

+ i(ωR1/2)δmµ′ − i(ωR2/2)δµm, (16)

with the condition

ρmm + ρµ′µ′ + ρµµ = 1. (17)

The above equations apply to a group of atoms having a
given velocity. Doppler broadening of the optical interaction
is of the order of 500 MHz. In a cell containing a buffer gas,
as mentioned above, collisions cause optical line broadening
of several hundreds of MHz and in that case homogeneous
broadening represented in the equations by the decay rate �∗ is
assumed. It is also assumed that Dicke narrowing takes place
at the microwave frequency corresponding to the hyperfine
frequency of the ground state [48]. When the phenomenon
is observed in an atomic beam, the experimental setup is
such that the laser radiation traverses the beam at right angles,
avoiding the first-order Doppler effect. Questions of the phase
of the various fields are taken into account in the derivation
when appropriate.

We will apply this set of equations to several cases rep-
resenting the experimental approaches that have been studied
towards the implementation of a frequency standard. The pa-
rameters in the above set of equations will be adjusted to the
appropriate experimental situations encountered in those var-
ious approaches. The analysis can also be adapted easily to
other alkali atoms through a proper adjustment of the frequen-
cies, wavelengths, and other decay and relaxation parameters.

3 The two-zone atomic beam approach

The first reports of the use of CPT for implementing
a frequency standard describe a laboratory system in which
a beam of sodium atoms is excited by means of CPT at two
zones separated by a distance L as shown in Fig. 3 [22, 49–
52]. The approach simulates the standard Ramsey separated
field technique used in classical Cs beam standards [23]. To
implement this technique with CPT, two co-linear laser ra-
diation fields at frequencies ω1 and ω2 are used. The light
beam incorporating these two fields is made to cross at right
angles the thermal alkali-metal atomic beam at two regions of
space or zones separated by a distance L . The interaction in
the first zone A, lasting for a time τA, places the atoms in a
superposition state through the CPT phenomenon. The atoms
emerge from zone A in a coherent state as after a π/2 pulse.
These atoms evolve freely in space C in that superposition
state for a time T (T = L/〈v〉, where 〈v〉 is the average speed
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of the atoms). They then enter into the second zone B where
they interact with the same radiation fields for a time τB. First
zone A acts essentially as the first branch of the Ramsey cav-
ity in the classical approach. The interaction in the second
zone, acting in a similar way and consisting of an excitation
by radiation fields of a phase related to that existing in the
first zone, enters into interference with the coherence carried
by the atomic beam. The fluorescence emitted in this second
zone reflects this interference phenomenon and shows up as
Ramsey fringes as in the classical approach.

The main advantage that results in this CPT approach, also
called Raman–Ramsey excitation, over the classical approach
is the absence of a Ramsey double microwave interaction
structure and of selector magnets. No state preparation in
principle is required although zone P could be used for such a
purpose. No microwave excitation is required and the whole
system gains in simplicity. The atomic beam can be enclosed
entirely in a sealed evacuated glass tube with a diameter of
a few mm, and 10–15-cm long. In such an arrangement, the
central fringe has the same width (∼ 1/2T ) as in the classical
approach using a similar Ramsey interaction length. The ap-
proach also gains a great deal in simplicity when compared to
the optical pumping approach used for atom preparation and
detection in combination with a microwave Ramsey interac-
tion structure. In that case, the optical pumping is used solely
to replace the selector magnets, and the Ramsey microwave
interrogation structure is still required. In the CPT approach,
preparation and interrogation are done in the same region of
space and no microwave structure is needed.

3.1 Basic theory

Basic equations (8)–(17) describing the interaction
with the atomic system apply, except that in the present cir-
cumstances there is no microwave field applied, and there is
no buffer gas present. Consequently, b = 0 and the relaxation
rates in the ground state γ1 and γ2 are both zero. In a beam,
atoms are free, and the decay from the excited state takes place
by spontaneous emission at the rate �. In order to obtain eas-
ily tractable expressions, we assume that ωR1 = ωR2 = ωR.
Hemmer et al. [53] have solved the resulting set of equations
and have obtained expressions for the fringe as observed in
zone B and the phase associated with it. The calculations done
in a mathematical context somewhat different from that used
by Hemmer et al. are outlined in Annex A. The expression for
the fringes is

Pfl(zone B) = (1 − exp[−�ξτB/(1 + 3ξ )])

× Nh̄ω{1 + (−1 + exp[−�ξτA/(1 + 3ξ )])

× |sec[φA]|cos[φA − T �µ]}, (18)

while the phase of the atoms at the exit of zone A is given by

tan[φA] = αi

αr

= exp[−�ξτA](ρµ′µ′ − ρµµ)osin[�ξδoτA]

1 − exp
[
− �ξτA

1+3ξ

] . (19)
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FIGURE 4 Ramsey fringe calculated for the CPT two-zone approach in an
alkali-metal atomic beam

In those equations, N is the total number of atoms in inter-
action with the laser beam in zone B and (ρµ′µ′ − ρµµ)o is
the population difference of states µ′ and µ at the entrance of
zone A. The following definitions are also used:

�µ = ω12 − ωµ′µ, (20)

δo = 2�o

�
, (21)

ξ = �2
R/�2

1 + δ2
o

. (22)

The phase shift is caused by the ac Stark effect taking place in
zone A (light shift) and causes a frequency shift as in the clas-
sical Ramsey separated zone approach, although the physical
origin of this phase shift is quite different. The times τA, τB,
and T are functions of the atomic velocities. Consequently,
the actual shape of the Ramsey fringe is obtained through
an integration over all interaction times in the beam, whose
spread is given by an altered Maxwell–Boltzmann distribution
[21]:

f (τ ) = 2

τo

(τo

τ

)5
e−(τo/τ )2

. (23)

This expression is normalized to unity upon integration over
τ . For a ratio L/ l equal to 100, numerical integration with
� = 3 × 107 s−1 gives a fringe shape as shown in Fig. 4.

The effect of the phase shift on the central fringe is to
displace its center by the amount

�ω(φA) = φA/T . (24)

This phase shift is referenced to the phase imbedded in the
laser radiation and supported in the second zone. Its behavior
as a function of detuning δo is shown in Fig. 5 for several values
of ωR and a value of ρµ′µ′ − ρµµ equal to 0.2. It has been
averaged over atomic velocities using the same distribution
as that used in the case of the fringe calculation, with � =
3 × 107 s−1 and a ratio L/ l = 100.

As is clearly seen in this graph, the dependence of the
phase on tuning is much reduced around the value δo = 50,
which corresponds to exact optical resonance in the axis origin
chosen for the calculation. The reduction varies with Rabi
frequency or laser intensity. This behavior appears essentially
as an optical saturation effect, although the excited state m
never becomes much populated even for ωR = 0.25�.

With the intent of making more transparent the physics in-
volved in this two-zone CPT setup, we have limited the above
analysis to the case of equal intensities for the laser radiation
fields at ω1 and ω2. The problem of unequal intensities is more
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complex. However, it is shown that the general behavior re-
garding phase shift is not much dependent on this asymmetry
[53].

3.2 Experimental results

Laboratory setups using such an approach have
been implemented with the alkali atoms Na and Cs [22, 54].
In the case of sodium, a dye laser was used as the source of the
two radiation fields, while for cesium diode lasers were used.
The results confirm the observation of Ramsey fringes in the
fluorescence of the second zone with a shape in agreement
with that shown above.

3.2.1 Frequency stability. In sodium, with a distance L =
15 cm between the interaction zones, a fringe line width at
half maximum of 2.2 kHz was obtained experimentally. On
the other hand, a signal to noise ratio of 4500 for 1-s averaging
time was also measured. The expected frequency stability for
such a setup in the limit of shot noise was calculated to be
5 × 10−10τ−1/2. The measured frequency stability confirmed
this evaluation [22, 51]. In the case of Cs, a signal to noise
ratio of 1800 was observed for an averaging time of 1 s. It
was projected that the measured fringe width (1 kHz) and this
signal to noise ratio translated into a frequency stability of
6 × 10−11τ−1/2 [54].

3.2.2 Frequency shifts. The ac Stark phase shift: the phase
shift was measured for different values of the optical Rabi
frequency and various values of the ground-state population
difference at the entrance of the first zone [53]. The results are
in general agreement with the model developed and summa-
rized above, the phase shift introduced by the first interaction
zone following the trend shown in Fig. 5. It is found that for
certain adjustments of the parameters, such as large pumping
rates, the slope of the phase shift as a function of detuning δo

changes sign. This behavior was explained by means of differ-
ences between the decay rates from the excited state to various
levels of the ground state. It should be mentioned, however,
that the actual variation of φA with δo is a very sensitive
function of the Rabi frequency ωR and shows a complicated
behavior regarding the sign of the slope at large values of the
Rabi frequency, as shown in Fig. 5. Hemmer et al. [53] have

20 40 60 80 100
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- 0.1
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0.1

φ/π
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b

c 

d 

FIGURE 5 Phase shift affecting the Ramsey fringe in the case of
a two-zone CPT approach in an atomic beam. The phase shift is av-
eraged over velocities in zone A as for the Ramsey fringes. The pa-
rameters used for this graph are � = 3 × 107 s−1, τA = 10−5 s, and
ρµ′µ′ − ρµµ = 0.2. a ωR = 0.1�, b ωR = 0.15�, c ωR = 0.2�,
d ωR = 0.25�. The optical resonance condition corresponds to
δo = 50 on the axis chosen

also evaluated that the minimum slope observed in their setup
(Na beam) led to a frequency shift of the order of 2 × 10−11

for a laser detuning of 0.01�, corresponding to a detuning of
the order of 300 kHz. Recent theoretical work has considered
the multiplicity of levels entering into interaction with the
laser radiation [55].

Other frequency shifts: there are several other frequency
shifts present in the approach proposed. In particular, a fre-
quency shift may be present if a phase shift is introduced
physically through a difference in path lengths between the
two radiation beams before entering the interaction regions.
Such a phase shift was commented upon in Ref. [56]. It has
also been observed [53]. Other important frequency shifts may
be caused by misalignment of the ω1 and ω2 radiation beams,
phase shifts due to laser polarization, atomic beam or laser
beam misalignment, and overlapping of Ramsey fringes. The
importance of these shifts has been evaluated and, although
they are not negligible, it is believed that they would not cause
a major impediment in the practical realization of an opera-
tional frequency standard with useful properties [51].

4 Sealed cell with a buffer gas in continuous mode:
passive frequency standard

An experimental arrangement using a sealed cell is
shown in Fig. 6. The setup shown can be used either to observe
the CPT phenomenon through the transmitted radiation or
to implement a frequency standard by closing the feedback
loop by means of appropriate modulation and synchronous
detection. It is also general practice to include in such a setup
a second feedback loop for locking the laser wavelength to
the optical absorption in the cell. We assume that a buffer gas
such as N2 is used. Collisions with this molecule have the
property of quenching the fluorescence. This is a desirable
property since fluorescence photons emitted at random would
cause optical pumping, resulting in a loss of coherence in the
ensemble. The use of such a gas prevents of course detection
of the resonance CPT phenomenon by means of fluorescence.

As is readily observed in Fig. 6, no microwave field is
applied and no microwave cavity is required. This is an ad-
vantage of the approach over the classical intensity optical
pumping approach (IOP) that uses the double microwave–
optical resonance technique. The two approaches have been
compared in some detail in the same cell and conclusions
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FIGURE 6 Experimental arrangement used either to observe the CPT phe-
nomenon in transmission or to implement a passive frequency standard

have been reached regarding specific advantages of CPT over
IOP in implementing a passive closed cell atomic frequency
standard [57, 58]. The microwave Rabi angular frequency b
is thus set equal to zero in Eqs. (11)–(17). The solution of
this set of equations can be obtained exactly [37]. However,
as mentioned above, such a solution is rather complex and is
not transparent to easy interpretation. It is best to perform ap-
proximations in order to obtain some insight into the physical
phenomena taking place and to evaluate the importance of the
various parameters in the final implementation of a frequency
standard.

4.1 Signal amplitude and line width

4.1.1 Homogeneous three-level model. In practice, the pa-
rameter measured in Fig. 6 is the light intensity at the exit
of the cell. Actually, the CPT phenomenon is observed as an
increase of transparency of the cell, or a reduction in power
absorbed, at exact resonance. The power absorbed by slice dz
of the cell is given by

�Pabs(z) = nh̄ω1�
∗ρmm dz, (25)

where n is the alkali-metal density. The energy absorbed is
given back either as fluorescence or to the buffer gas vibra-
tion modes when a quenching gas such as N2 is used. Con-
sequently, a measure of transparency is obtained from the
change of the population of the excited state ρmm upon CPT
resonance. The value of ρmm is given by Eq. (11) in stationary
state. In the case of low Rb density, the absorption is small and
the system may be considered homogeneous. As an approxi-
mation, we may then assume that the density-matrix elements
are constant throughout the cell. If the sidebands at ω1 and
ω2 have the same amplitude and the laser is exactly tuned to
the optical transition, the populations of the two ground levels
remain equal, that is ρ11 = ρ22, and straightforward algebra
gives the excited-state population as

ρmm = ω2
R

�∗2
{1 + 2δr

µµ′ }, (26)

FIGURE 7 Experimental transmission CPT signal in a small cell in 87Rb.
In that particular recording made in an Ar/N2 mixture with a pressure ratio
of ∼ 1.5 and at a temperature of about 65◦C, the line width is of the order of
500 Hz and the contrast is about 5%

where δr
µµ′ is the real part of the coherence created in the

ground state by the CPT phenomenon and is given by

δr
µµ′ = −

(
ω2

R/2�∗) (
γ2 + ω2

R/�∗)
(
γ2 + ω2

R/�∗)2 + �2
µ

, (27)

with

�µ = ω1 − ω2 − ωµ′µ. (28)

The transmission shows a sharp increase at resonance when
ω1 − ω2 = ωµ′µ. A typical experimental signal is shown in
Fig. 7.

This CPT transmission resonance signal has a Lorentzian
shape and has all the properties of the ground-state hyperfine
resonance, as in the case of the double-resonance technique
used in standards based on intensity optical pumping [58].
The width of the resonance line is given by

�ν1/2 =
(
γ2 + ω2

R/�∗)

π
(29)

and is proportional to the laser radiation intensity. On the
other hand, in this closed three-level model, the ensemble be-
comes totally transparent for a light intensity such that ω2

R/�∗
becomes much larger than the relaxation rate γ2.

This simple homogeneous model gives some insight into
the behavior of the system and the importance of the sizes of
the parameters. Later on, we will call ω2

R/2�∗ a pumping rate.
For a �∗ of 3 × 109 s−1 and a γ2 of 1000 s−1, typical values
encountered in practical setups for a cell volume of a few cm3

and a buffer-gas pressure of the order of 2 kPa (15 Torr), the
Rabi angular frequency required to double the line width is
1.7 × 106 s−1. The laser intensity required for providing such
a Rabi frequency is of the order of 10–100 µW/cm2, depend-
ing on the laser radiation spectral width. It is also readily seen
that in equilibrium, using these values, the population ρmm

of the excited state does not exceed 3 × 10−7, a value much
smaller than that of the ground state.

4.1.2 Inhomogeneous model with a trap. The previous
model, although providing the basic physics behind the CPT
phenomenon for implementing a frequency standard, does
not represent completely the experimental situation. First,
optical absorption is not negligible and the ensemble at normal
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FIGURE 8 Four-level model used in the analysis to take into account the
trapping property of the levels not involved in the � scheme and not excited
by the laser radiation under circular polarization

temperatures of operation (∼ 60◦C for Rb) is optically thick.
The system is no longer homogeneous. Furthermore, the sys-
tem includes several energy levels and is not closed. In partic-
ular, atoms excited to the P state under circular polarization
(σ+ or σ−) and falling into either level mF = +2 or level
mF = −2 are trapped in those levels for a time of the order
of 1/γ2 and are lost for the CPT phenomenon involving the
mF = 0 levels. This effect may be accounted for by simply
introducing a fourth level into the three-level model as shown
in Fig. 8 [39].

All of Eqs. (11)–(16) stay the same except that we now
have an added equation taking into account decay from level
m to level b:
d

dt
ρbb + (ρbb − 1/3)γ1 = �∗

mbρmm, (30)

with

ρµµ + ρµ′µ′ + ρbb + ρmm = 1. (31)

We assume that ρmm always stays very small and that the equi-
librium value of all ground-state levels is 1/3. In order to take
into account the inhomogeneous character of the ensemble,
it is required to obtain a relation between light intensity and
position in the cell. This is done in the following way.

This coherent laser radiation field interacts with the en-
semble and creates a polarization Pn. The field En and the
polarization Pn are connected by the relation [21]

∂2 En

∂z2
− 1

c2

∂2 En

∂t2
= µ0

∂2 Pn

∂t2
, (32)

where c is the speed of light and µ0 is the permeability of free
space. On the other hand, the polarization is given by

P = nTr(ρ Pop), (33)

where n is the Rb density and Pop the equivalent quantum-
mechanical operator of the classical electrical polarization. In
that expression ‘Tr’ means the trace of the product of the two
matrices ρ and Pop. After some algebra, assuming a stationary
state and making the adiabatic approximation, one obtains

∂ En

∂z
=

(
nωndij

cεo

)
Imδij(z), (34)

where ωn is the laser sideband angular frequency, εo the per-
mittivity of free space, and dij the Rb atom electric dipole
moment for transition i to j . dij contains the appropriate in-
formation on the transition probabilities of the transitions in-
volved. Imδij is the imaginary part of the optical coherence

(Eqs. (14) and (15)) created in the system by the laser radia-
tion. The problem thus reduces to that of evaluating the value
of δij in stationary state. To simplify the calculation, we as-
sume that the two radiation fields have equal intensities. Since
we do not know the dynamics of the quenching by the buffer
gas, we assume also that the decay rates from the excited state
to all levels of the ground state are equal:

�∗
mµ = �∗

mµ′ = �∗
mb = �∗/3. (35)

Since the fractional population ρmm of the excited state is
always small (< 10−6) relative to that of the ground levels,
we assume that, in equilibrium, in the absence of radiation,
the ground-state levels have equal populations:

ρµ′µ′(eq.) = ρµµ(eq.) = ρbb(eq.) = 1

3
. (36)

Using Eqs. (2) and (3), Eq. (34) can be transformed readily
into
∂ωR

∂z
= α Im δµm, (37)

where α is the absorption coefficient and is given by

α =
(

ω

cεoh̄
d2

µm

)
n. (38)

The imaginary part of δµm is obtained from the rate equations
at equilibrium. We assume that the laser is tuned to the optical
transition and that the populations of the two ground levels
contributing to the CPT phenomenon remain equal. Making
the adiabatic approximation in which one assumes that the
excited-state population and coherence follow the slow evo-
lution of the ground state, one obtains

Im δµm = −ωR

�∗

(
1

3
− (2/9)(�p/γ1)

1 + (2/3)(�p/γ1)
+ δr

µµ′

)
, (39)

where

δµµ′ =
−(2/3)�p(γ2 + 2�p) + (4/9)

�2
p (γ2+2�p)

γ1(1+2�p/3γ1)

(γ2 + 2�p)2 + (ω12 − ωµ′µ)2

+ i

(
(2/3)�p − (4/9)

�2
p

γ1(1+2�p/3γ1)

)
(ω12 − ωµ′µ)

(γ2 + 2�p)2 + (ω12 − ωµ′µ)2

(40)

and

ρbb = 1

3
+ (4/9)(�p/γ1)

1 + (2/3)(�p/γ1)
. (41)

In those equations, to simplify writing, we have defined the
pumping rate, a function of position in the cell, as

�p(z) = ω2
R(z)

2�∗ . (42)

In order to obtain the value of the radiation intensity at the
exit of the cell, Eq. (37) needs to be solved with Imδµm and
δr
µµ′ given by Eqs. (39) and (40). Unfortunately, due to the

complexity of the right-hand side, Eq. (37) cannot be solved
analytically and a numerical approach is required in which
ω2

R(z) is evaluated at the exit of the cell, that is z = L .
In view of the form of δµµ′ , the resonance line shape is

assumed to be Lorentzian with a width given by
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taining an Ar–N2 buffer-gas mixture and operated at 75◦C. The
points are experimental and the solid curves are theoretical

�ν1/2 = (1/π )
(
γ2 + ω2

R(z = L)/�∗) , (43)

where γ2 is the relaxation rate in the absence of laser radiation
or ωR = 0. γ2 includes several mechanisms such as relaxation
by diffusion to the cell walls, relaxation by collisions with the
buffer-gas molecules, and spin-exchange interaction between
Rb atoms [21].

4.2 Practical implementation

4.2.1 Frequency stability. In the implementation of a passive
frequency standard based on the CPT phenomenon, the fre-
quency of the microwave generator used to modulate the laser
frequency is locked to the center of the hyperfine resonance
line. This may be done by modulating the frequency of the mi-
crowave generator at a low frequency and using synchronous
detection to create an error signal. If the amplitude of this
modulation is of the order of one-half of the resonance line
width, the short-term frequency stability in the limit of shot
noise is given approximately by [59–61]

σ (τ ) = K

4νhf

√
e

Ibg

1

q
τ−1/2, (44)

where K is a constant that depends on the type of modulation
used and is of the order of 0.2, νhf is the hyperfine frequency,
e is the charge of the electron, Ibg is the background current
created by the residual transmitted radiation reaching the pho-
todetector, τ is the averaging time, and q is a quality figure
defined as the ratio of the contrast C to the line width �ν1/2:

q = C/�ν1/2. (45)

The contrast C is defined as the CPT signal intensity divided
by the background intensity. To obtain best frequency stability,
it is thus important to maximize contrast and to minimize line
width. In practice, the laser spectrum is affected by amplitude
and frequency fluctuations, which are additional sources of
noise affecting frequency stability, and the limit of shot noise
given above is not reached. For example, the amplitude noise,
characterized by the relative intensity noise (RIN) parameter
[62], adds directly to shot noise. For amplitude noise, Eq. (44)
becomes

σ (τ ) ≈ 1√
2

(
RIN

)1/2

4q νhf
τ−1/2. (46)

In such a case, it is also important to maximize the quality
figure q. On the other hand, laser frequency fluctuations are
transformed into amplitude fluctuations through various res-
onance mechanisms in the atomic ensemble and contribute to
additional noise [63, 64].

The signal amplitude is a function of Rb density and pump-
ing rate. A typical experimental result is shown in Fig. 9 for a
cell containing a buffer-gas mixture of argon and nitrogen in
the pressure ratio of 1.4 at 10.5 Torr.

The solid curve through the experimental points is a plot of
a numerical integration of Eq. (37) using the four-level model
developed above. The free parameter used in this plot is the
maximum contrast observed. It is seen that the maximum con-
trast is limited to a value of the order of 5%. This is due to the
fact that in 87Rb only two levels out of eight in the ground state
contribute to the CPT phenomenon, the other levels contribut-
ing individually to optical absorption. Furthermore, in modu-
lating the laser through the bias current, many sidebands are
produced which contribute to the background light intensity. It
is possible to obtain a larger contrast by raising the cell temper-
ature, thereby increasing Rb density and optical absorption.
The contrast maximum is then observed at a larger light inten-
sity. An undesired side effect is an increase in line width due
to increased laser radiation broadening and spin-exchange in-
teraction. In practice, the optimum operating condition giving
a maximum quality figure q is determined experimentally.

The behavior of the line width is also shown in Fig. 9 as
a function of light intensity. The result confirms the linear
dependence of the line width on light intensity. It is used to
calibrate the system in terms of Rabi frequency by means
of Eq. (43). The four-level model was further verified by
applying it to an ensemble at several other temperatures. It
was found to agree well with the experimental data [39].

It may be pointed out that the standard three-level model
predicts a contrast that increases with Rb density and laser
radiation intensity, which is not in agreement with the ex-
perimental data that shows a maximum in response to laser
intensity. The maximum is caused by the fact that the trap-
ping of atoms in level mF = 2 becomes important at radiation
intensities larger than the relaxation rate in the ground state.
Several approaches have been suggested to avoid the effect of
trapping levels using push–pull optical pumping [65], counter-
propagating waves [66, 67], or co-linear, so-called lin-per-lin
polarization, laser beams [68]. These techniques make possi-
ble an increase in contrast and may be useful when small cells
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FIGURE 10 Frequency stability of a CPT frequency standard using a small
cell (a few cm3), a VCSEL as the laser pumping source, and a totally digital
electronics approach for accomplishing the wavelength and frequency lock
of the laser wavelength and microwave frequency to the atomic resonances
(Kernco, model V01 [27, 28])

are used. However, they add complexity to the overall design
of the optical system.

A totally autonomous frequency standard has been imple-
mented using the basic approach shown in Fig. 6 [27, 28]. The
alkali-metal atom used is 87Rb and the buffer gas is a mixture
of Ar and N2 in a pressure ratio of about 1.5. The cell is a glass
enclosure of a few cm3 in volume and the radiation source is a
vertical cavity surface emitting laser (VCSEL) modulated in
frequency at 3.4 GHz. The contrast observed at the optimum
operating point is of the order of 5% and the line width is
somewhat less than 500 Hz. The electronic servo systems are
entirely digital. The unit in its present stage of development
has a volume of 125 cm3. The frequency stability obtained is
of the order of 3 × 10−11τ−1/2 and reaches levels below 10−12

at an averaging time of the order of 2000 s, as shown in Fig. 10.

4.2.2 Frequency shifts. As in the standard IOP double-
resonance approach there are many frequency shifts that are
present in such an implementation. These include magnetic
field shifts, buffer-gas shifts, and light shifts. Although they
are well known and do not cause a major problem, instability
in these shifts may affect frequency stability in the medium-
and long-term regions of averaging times.

Magnetic field shift: a magnetic field is required to provide
an axis of quantization to the system and a reference axis for
laser radiation polarization. The magnetic field removes Zee-
man degeneracy in the ground state. The mF = 0 sublevels
are shifted quadratically, causing a shift of the hyperfine fre-
quency according to [21]

�νB(87Rb) = 575.14 × 108 B2
o Hz, (47)

where Bo is the magnetic induction in tesla (T). This field is
generally created by means of a solenoid inside a magnetic
shield. It is of the order of a few tens of µT. The current
driving this field and the shielding factor are made compatible
with the frequency stability desired. It should be mentioned
that a magnetic field is required in all CPT implementations,
in either the beam or the cell approach, and that the same
requirements as those just mentioned apply.

Buffer-gas shift and temperature coefficient: the buffer
gas causes a frequency shift. This shift is proportional to
the buffer-gas density or, in a sealed cell, to its pressure P .
Furthermore, this shift is temperature sensitive. The hyperfine
frequency is shifted by [21]

�ν = P(β + δ�T + γ�T 2), (48)

where β is the pressure coefficient, δ is the linear temperature
coefficient, and γ is the quadratic temperature coefficient.
Two buffer gases widely used are nitrogen and argon that
have opposite pressure and temperature coefficients. In that
case the coefficients of Eq. (48) are combinations of the
individual buffer-gas coefficients. When mixed in the ratio
of pressures R = PAr/PN2 ∼ 1.5 the linear temperature
coefficient is nearly canceled, and is of the order of 10−10/◦C.
However, due to the presence of the quadratic term in
Eq. (48), the residual coefficient is a function of the tem-
perature of operation and can be minimized by appropriate
adjustment of the ratio R for the desired temperature of
operation [69]. On the other hand, due to uncertainties in the
cell’s filling pressure and the large buffer-gas frequency shift
involved (∼ 200 Hz per Torr), CPT units using the sealed-cell
approach need to be calibrated and cannot be used as primary
frequency standards.

Light shift: a frequency shift that has caused a major prob-
lem in the classical IOP approach using laser optical pumping
is the light shift [70, 71]. Fortunately, this shift appears to be
well under control in CPT. In the case of frequency-modulated
lasers, this is due to the fact that for equal amplitudes, the first
sidebands’ radiation fields displace both ground-state levels
by the same amount. On the other hand, the total light shift
introduced by all sidebands disappears for certain modula-
tion conditions. This question has been studied in some detail
[72–74]. The total sidebands’ light shift is given by

�ωLS

ωµ′µ
=

(
ωRL

ωµ′µ

)2{
�(m) + ξ (m)

(
�o

ωµ′µ

)2}
, (49)

where it is recalled that �o is the laser detuning. The
coefficients �(m) and ξ (m) are given by the following
expressions and are plotted in Fig. 11 as a function of the
index of modulation m:
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FIGURE 11 Variation of the light-shift coefficients with modulation index
in the case where the first sidebands J1+ and J1− are used to excite the CPT
phenomenon (p = 2) [73]
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�(m) = J 2
o (m) + (1/2)J 2

p/2(m)

− 2
∞∑

n=1
=p/2

J 2
n (m)

(
p2

(2n)2 − p2

)
, (50)

ξ (m) = 4J 2
o (m) − 8

∞∑
n=1
=p/2

J 2
n (m)

12n2 + p2

((2n)2 − p2)3
p4. (51)

In these expressions Ji is a Bessel function and p is an
even integer defined as the ratio of the hyperfine frequency
ωhf to the laser modulation frequency ωm. When p is set equal
to 2, the two first sidebands J1+ and J1− on each side of the
carrier are used in the CPT � scheme and, in the case of 87Rb,
ωm is 2π × 3.41 × 109 s−1.

As is readily observed, the main component of the light
shift, called the power shift and given by the coefficient �(m),
vanishes at a laser modulation index, m = 2.4. This is due to
the fact that the sidebands created in the modulation process
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FIGURE 12 Light shift observed in the compact unit described in the text as a function of the modulation index of the laser for various radiation intensities
[27, 28]. The numbers associated with the various curves are light intensities as measured at the photodetector in Fig. 6

FIGURE 13 Line shapes in the case of laser detuning and unequal sidebands. a Theoretical; β stands for the ratio ωR1/ωR2 and �o is the laser central
frequency detuning defined in Fig. 1b. b Experimental [77]

create light shifts that compensate each other. A typical exper-
imental result is shown in Fig. 12 for the unit just mentioned
[27, 28].

These results show that the clock frequency becomes in-
dependent of laser intensity for a modulation index of ∼ 2.4,
as predicted. On the other hand, the quadratic part of the
light shift given by coefficient ξ (m) is of the order of 10−14

per (MHz)2 of laser detuning from optical resonance and is
negligible in most circumstances [73].

4.2.3 Line shape. In the analysis just presented, the ampli-
tudes of the two sidebands J1+ and J1− were assumed equal.
Furthermore, it was assumed that the laser is tuned exactly to
the optical transition. Studies of the shape and of the center
frequency of the hyperfine resonance as observed in transmis-
sion have been made for the case when these two conditions
are not satisfied [75]. The problem was analyzed for the case
of a three-level model in an optically thin sample. A nu-
merical solution of the rate equations showed that when the
two conditions are not satisfied, the line shape is no longer
Lorentzian, as is shown in Fig. 13a. However, the minimum of
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the resonance line is not displaced in the process. This effect
is observed experimentally, as is shown in Fig. 13b.

The question of the effect of the laser light beam trans-
verse variation on the shape of the CPT resonance line was
also addressed [75, 76]. The line shape is altered because the
pumping rate ω2

R/2�∗ is a function of radial position across
the laser beam. In the case of low pumping rates, it is found
that the line shape remains Lorentzian while in the case of
large pumping rates the line shape becomes sharper than a
Lorentzian, although it remains symmetrical.

It is interesting to point out that the four-level model with
a trap, used above to explain the behavior of the CPT trans-
mission resonance line contrast in 87Rb, may also be used to
analyze the shape of the absorption spectrum for the case of an
unmodulated laser radiation field. In practice, it is found that
the recorded shape of the optical absorption for the D1 line is
a function of polarization and light intensity. This is due to the
fact that upon slow sweeping of the laser wavelength across
the absorption line, optical pumping takes place, with various
energy levels acting as traps. An analysis similar to that done
above but with monochromatic radiation was done for 87Rb.
The results are reported in Annex B and are found to be in
agreement with the observed absorption spectra. These results
validate to some extent the four-level model used above to ex-
plain the contrast observed in the CPT transmission resonance
line.

Aside from the early work reported on 87Rb and 133Cs [24,
25], work has also been done using 85Rb [78, 79]. In the last
case, the hyperfine frequency is 3.035 GHz. An edge-emitter
diode was used, modulated at that frequency. The carrier Jo

and one of the first sidebands J1 were used to generate the two
laser frequencies identified as ω1 and ω2 in Fig. 1. Argon andan
analysis by neon were used as buffer gases. A CPT hyperfine
resonance line width at room temperature of the order of 20 Hz
for zero light intensity was obtained. This compares well to
a line width of 10 Hz measured in the dark in such buffer
gases at room temperature by means of the pulsed stimulated
emission technique [80]. In that case a frequency generator
locked to the CPT resonance line gave a frequency stability
of 3.5 × 10−11τ 1/2 for 1 s < τ < 2000 s.

4.2.4 Other approaches. Cesium has also been used in bench
setups to demonstrate the possibility of making a small optical
package [25, 81, 82]. Recently, the implementation of an opti-
cal package using a semiconductor substrate as the container
has been reported [35, 36]. The intention is the implementa-
tion of an integrated unit including control electronics on the
same substrate. Since the cell itself is very small (∼ a few
mm3), diffusion to the walls causes a large CPT resonance
line broadening unless a large buffer-gas pressure is used, un-
fortunately affecting signal amplitude. In one particular setup
using 87Rb the arrangement was 12 mm3 with a neon–argon
buffer-gas mixture with respective pressures of 24 and 11 kPa.
In order to obtain a contrast comparable to that obtained in
cells with a larger volume, such as that mentioned above, opti-
cal absorption was raised by running the cell at 125◦C. At such
a temperature, the Rb density is very high and spin-exchange
interaction becomes important causing line broadening. Fur-
thermore, in order to obtain good resonance line contrast, a
high laser intensity was required also causing a large broad-

ening of the resonance line. The resulting line width was of
the order of 9.3 kHz. The frequency stability obtained using
this optical package in a bench setup was 4 × 10−11τ 1/2 in
the range 1 s < τ < 30 s. The frequency stability degraded to
about 10−10 at an averaging time of 1000 s, caused by a rather
important linear frequency drift of −5 × 10−9 per day. Simi-
lar results were obtained with Cs. Other work made towards
the implementation of small cells has been reported [33, 34].

Other studies have been initiated using amplitude modu-
lation of the laser to generate the field required to create the
CPT phenomenon [83]. The goal is to use very high buffer-gas
pressures to inhibit diffusion to the cell walls and thus making
possible narrow resonance lines in very small cells. The idea is
based on the concept that CPT behaves differently when am-
plitude modulation of the laser is used instead of frequency
modulation to create the sidebands. With amplitude modula-
tion, it appears that the excitation of the CPT phenomenon
is possible with broad overlapping optical lines (large buffer-
gas pressures) [84]. In the case of frequency modulation, the
observation of the CPT signal requires that the optical lines
be resolved, making the signal amplitude a function of the
buffer-gas pressure.

In order to increase signal to noise ratio, other techniques
have been proposed, of which some have been mentioned
above. One consists in using so-called end transitions, with
the advantage of weaker spin-exchange relaxation and an in-
crease in signal amplitude [85, 86]. However, these end tran-
sitions are field dependent in first order, a property that adds
a difficulty in the practical implementation of a frequency
standard. So-called push–pull optical pumping, in which the
light polarization is alternated between right and left circu-
lar polarization, has been proposed to enhance the 0–0 tran-
sition [65]. The lin-per-lin polarization approach, having a
similar property, has been mentioned above [68]. Another
technique using a so-called ‘polarization-selective method’
for enhancing the signal amplitude without increasing light
shift has also been studied [87]. Finally, a technique has been
proposed in which circularly polarized σ+ radiation is retro-
reflected after traversing the resonance cell providing a σ−
radiation beam [66, 67]. In that case the ensemble is sub-
mitted to a double � scheme and the signal in principle is
enhanced.

4.2.5 Discussion of frequency stability. The expected fre-
quency stability may be calculated with Eq. (44) in the limit
of shot noise. The quality figure q is obtained from the con-
trast and the line width as calculated above. In Ref. [27], for
a temperature of the order of 65–70◦C, a q figure of the order
of 1.5 × 10−4 for a background intensity Ibg = 10 × 10−6 A
is obtained. The resulting expected calculated frequency sta-
bility is of the order of 7 × 10−14τ−1/2.

Unfortunately, such frequency stability is not observed
experimentally, as shown above. A frequency stability of the
order of 3–5 × 10−11τ−1/2 has been a common observation in
most devices, two orders of magnitude less than that expected
from the limit of shot noise [27, 61, 79, 82]. It should also be
mentioned that this behavior is also reported in the case of the
classical passive IOP frequency standard using a solid-state
diode laser as the optical pumping source [88, 89].
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FIGURE 14 Block diagram of the CPT maser
using 87Rb

It is believed that this behavior is due to the inherent AM
and FM noise imbedded in the laser radiation. The AM noise
appears directly at the photodetector as intensity noise and
adds directly to shot noise. This noise contributes to the order
of several parts in 10−13 to the frequency instability and of
course depends on the relative intensity noise (RIN) of the
laser used. On the other hand, it is believed that the laser
FM noise is converted into AM fluctuations by the nonlinear
optical resonance absorption within the ensemble [63, 64].
It also adds directly to shot noise at the detector. Experi-
ments have been made in order to compensate this effect
by either reducing the spectral width of the laser spectrum
or by direct compensation by means of a clone resonance
cell in the IOP approach [89]. Relative success was obtained
in the latter case and, although the technique is somewhat
complex, it appears to provide an avenue for reducing the
effect.

5 The active approach in a cell: the CPT maser

Another approach using CPT for implementing a
frequency standard consists in exploiting directly the hyper-
fine coherence created in the ground state as in a maser. This
coherence creates in turn an oscillating magnetization at the
same frequency [26, 29]. When the ensemble is placed in a
cavity the magnetization excites the cavity mode and creates
an oscillating magnetic field. This oscillating magnetic field
reacts back on the atomic ensemble and causes stimulated
emission in the same manner as in a maser. This CPT maser
has very interesting characteristics such as absence of thresh-
olds relative to pumping rate, alkali-atom density, and cavity
Q, a great improvement over the intensity-pumped Rb maser
which has critical threshold conditions relative to these param-
eters [90]. It may be mentioned that these threshold conditions
have prevented the practical realization of a Cs maser using
IOP [91], while the same Cs maser was readily implemented
using CPT [26]. A block diagram of a typical implementation
of a CPT 87Rb maser is shown in Fig. 14.

The analysis of the CPT maser is more complex than that
of the passive approach, in view of the interaction of the atoms
with the microwave field in the cavity. The analysis must take

into account the phase relationship φ between the microwave
field and the oscillating magnetization. Furthermore, the phase
of the optical fields is coupled to the hyperfine coherence. An
analysis taking into account the interrelation between these
phases has been developed in the case of a closed three-level
system [92]. A more exact analysis of the CPT maser charac-
teristics including optical pumping in an open system is more
complex. However, the most important characteristics of the
maser may be obtained from approximate models that pro-
vide some insight into the physical phenomena taking place.
For this reason, we will outline a few approaches that make
explicit the fundamental characteristics of the maser under
specific conditions of operation as a frequency standard.

5.1 Basic maser theory

The experimental setup used in the analysis is that
illustrated in Fig. 14 with the cavity tuned close to the hy-
perfine frequency. In a maser, the energy given by the atomic
ensemble is dissipated in the cavity walls and coupling loop.
The analysis using this so-called self-consistent approach is
given in Annex C. It is shown that the power delivered by the
atoms is given by

Pat = 1

2

Nh̄ωk(
1 + 4Q2

L(�ωc/ωµ′µ)2
) |2δµ′µ|2, (52)

where N is the total number of alkali atoms, k is the gain factor,
QL is the cavity loaded quality factor, and �ωc is the cavity
detuning relative to the atomic resonance angular frequency
ωµ′µ. An important relation is also obtained between the Rabi
frequency b, a measure of the microwave field intensity in the
cavity, and the coherence δµ′µ existing in the ensemble:

〈b〉 = 2k|δµ′µ|, (53)

where the brackets 〈〉 mean average over the length of the reso-
nance cell and the double bars | | mean absolute value. On the
other hand, the phase between the field and the magnetization
in the ensemble is given by

φ = π

2
+ tan−12QL

�ωc

ω
− tan−1

δi
µ′µ

δr
µ′µ

, (54)
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making explicit the phase quadrature, close to π/2, between
these two physical quantities. The problem is thus one of eval-
uating the coherence δµ′µ. This is done from the rate equations.
Several approximations adapted to the experimental situation
at hand can be made in such a process and they are outlined
in the following paragraphs.

5.2 Homogeneous model

A simple approach for obtaining an expression for
the maser power output consists in assuming that the ensemble
is optically thin and in replacing δµ′µ in Eq. (52) by the value
found in Eq. (40). This approximation is valid only at low
temperatures. In doing so, one neglects entirely the feedback
of the microwave field on the atomic ensemble coherence and
on the population of the levels. This is actually rather approxi-
mate, but the exercise provides nevertheless some insight into
the behavior of the maser. In that exercise, it is readily ob-
served that the maser does not have a threshold relative to
cavity Q, density, line width, or pumping rate.

A more realistic model consists in solving the set of rate
equations (11)–(16) with the presence of the microwave Rabi
frequency in the equations and taking into account its coupling
to the coherence by means of Eq. (53). The system may then
be solved taking into account the phase of the microwave
radiation given by Eq. (54). The results show again that the
maser does not have a threshold relative to the parameters
mentioned above [92].

5.3 Inhomogeneous model

In practice, however, as in the case of the passive
approach, the system becomes optically thick at normal tem-
peratures of operation and the ensemble cannot be considered
homogeneous. In such a case, the amplitudes of the various
parameters vary along the length of the cell and the set of
equations (11)–(16) is valid only locally, that is for a thin slice
of the medium. Furthermore, the phase of the laser sidebands
is coupled to the microwave field and varies along the length
of the cell. The problem has been solved in the case of a
closed three-level system by dividing the cell into small slices
and by means of a numerical integration over the cell length
of the Rabi frequency b, which is a function of distance and
sidebands’ phase [93].

It is found in particular that the calculated maser power is
a function of the ratio of cell length to microwave wavelength.
In fact, for low densities, and a cell whose length L is equal to
λµw, the power output is equal to zero. This effect results from
the fact that the elementary magnetizations in each slice emit
with their own phase. The phase of the microwave radiation
created in the second half of the ensemble is opposite to
that of the radiation created in the first half. However, at
high densities, the system is not homogeneous and the phase
cancelation from one part of the cavity to the other is not exact:
the part of the cell at the entrance of the cavity contributes
more than the part at the exit of the cavity since radiation
is strongly absorbed. Nevertheless, the power calculated still
decreases for cell lengths larger than ∼ λ/2.

The analysis can also be developed for the four-level model
developed above in the case of the passive approach. In that
case, in order to simplify the analysis, the cell dimension is
assumed less than a half wavelength and the variation of phase
is neglected along the length of the cell. The solution consists
in dividing the cell into thin slices and solving Eqs. (11)–(16)
for each of these slices, as was done in the case of the three-
level model. The value of the Rabi frequency is calculated at
each slice by means of Eq. (37) with α defined by Eq. (38) as
in the case of the passive approach. The problem is reduced to
one of solving the resulting set of equations that includes the
self-consistent condition in which the power emitted by the
ensemble is equal to that lost in the cavity. Those equations
are

b = −2
k

L

∫ L

0
δr
µµ′(z) dz, (55)

∂

∂z
�p = −α

2�p

3�∗

{
1 − (2/3)�p/γ1

1 + (2/3)�p/γ1
+ 3δr

µµ′

}
, (56)

(
γ1 + 2�p + b2

γ1 + 2�p

)
δr
µµ′ = −�p

{
2/3

1 + (2/3)�p/γ1

}
,

(57)

where the pumping rate is given by

�p = ω2
R

2�∗ . (58)

The power emitted by the atomic ensemble is given by

Pat = k Na

2L2
h̄ω12

[
2
∫ L

0
δr
µµ′(z) dz

]2

. (59)

These equations are solved through a recursive method in
which the Rabi frequency b is first given a value. Integration
is then done numerically for a given value of the pumping
rate �p at the entrance of the cell. The solution provides a new
value of b, which is then assumed as the initial parameter for a
new integration. The process converges rapidly. The result of
this exercise is shown as the solid lines in Fig. 15 as a function
of the pumping rate �p for three values of α corresponding to
the temperatures indicated. Experimental results obtained in
similar conditions are shown as points on the same graph [77].
It should be pointed out that in general the density of atoms
in the Rb ensemble is not well known and depends to a large
extent on the previous temperature cycling of the cell used or
its history [94, 90]. The experimental value of the density is
usually smaller than that obtained from tables. For this reason,
the free parameter used in the adjustment of the theoretical
results to the experimental data is the power output, a function
of density. It has been adjusted to match approximately the
maser power at the highest temperature. It is observed that
this procedure provides nevertheless a qualitative agreement
with the experimental data.
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FIGURE 15 Power output of the CPT 87Rb maser. Continuous solid lines
are obtained from the four-level model developed in the text while the points
are experimental [77]

5.4 Frequency stability

The CPT maser may be considered as a hybrid
device, the atoms emitting energy, but at a frequency given by
the difference of the two laser sidebands, ω1 − ω2. In that case,
the frequency of the microwave generator used to modulate
the laser needs to be locked to the frequency of the maser
emission line maximum by synchronous detection, as in the
passive case. It is thus a frequency-lock system similar to
that used in the case of a passive maser. Considering only
thermal noise, the short term frequency stability limit of the
CPT maser may be written as [77, 95]

σ (τ ) ≈
√

FkBT

Po

1

Qa
τ−1/2, (60)

where T is the temperature of the cell-cavity arrangement,
Po is the power output of the maser, Qa is the atomic line
quality factor, and F is the noise figure of the amplifier in
the first stage of the receiver. Since the output frequency is
the difference frequency of the correlated sidebands, laser
frequency noise should not affect the CPT maser output fre-
quency directly. However, these fluctuations may affect the
maser frequency stability through the light shift that will be
examined below. As in the case of the passive CPT approach
it is important to minimize the maser line width to obtain the
largest possible line Q in order to maximize frequency sta-
bility. Similarly, higher emission power improves frequency
stability. However, since higher power generally leads to a
greater line width, a trade off must be made. In a typical situ-
ation, around 60◦C with a pumping rate of 300 s−1, the power
delivered by the atoms to the cavity is typically 1 × 10−12 W.
The line width is of the order of 175 Hz providing a line Qa

of 3.9 × 107. With a receiver noise figure of 1.2, the expected
frequency stability is then of the order of 2 × 10−12τ−1/2. An
experimental setup in which a crystal oscillator was frequency
locked to the maser power output maximum gave, under con-
ditions similar to those just described, a short-term frequency
stability of the order of 3 × 10−12τ−1/2 [95]. The implemen-
tation was not optimized and a better frequency stability could

be realized through the use of a better quartz-crystal oscillator
in the frequency-lock loop [77].

5.5 Frequency shifts

All the shifts mentioned in the case of the CPT
passive frequency standard approach are present in the CPT
maser. Furthermore, there are frequency shifts that are partic-
ular to the maser.

In particular, a detuning of the laser by �o coupled to
a difference in amplitude of the laser sidebands produces a
frequency shift given by

�ωLS = − (1 − β2)ω2
R1

4

{
�0

(�∗/2)2 + �2
0

}
, (61)

where β is the ratio of the sidebands’ amplitudes. This is to-
tally different from the case of the passive CPT standard where
such a condition, laser detuning and difference in sidebands,
produces a distortion of the resonance line without displace-
ment of its maximum. This is due to the fact that, in the two
approaches, different physical observables are measured. In
the case of the passive approach, the optical coherence is the
measured parameter through the absorption of the medium,
while in the case of the maser it is the ground-state coherence
that is detected and measured directly.

On the other hand, the interaction of the atomic ensemble
with the cavity microwave field creates added frequency shifts
such as the cavity pulling, a microwave power shift, and a
propagation shift.

The cavity pulling is well known and is common to all
masers. In the case of the CPT maser, which is a hybrid
between an oscillating maser and a passive maser, the shift is
a function of the importance of the microwave feedback on
the atomic ensemble. The effect can be evaluated analytically
in the case of the homogeneous model. Cavity detuning from
hyperfine resonance introduces a phase shift between the field
and the magnetization given by the second term of Eq. (54).
This phase shift produces a maser frequency shift given by

�ν = QL

Qa
�νc(S − 1), (62)

where QL is the cavity loaded Q, Qa is the atomic line Q,
�νc is the cavity detuning, and S is the ratio of the total
line width including microwave interaction (power-broadened
line width) to the line width including all causes except the
microwave interaction (natural line width). The natural line
width is that calculated by means of Eq. (43) with the op-
tical Rabi frequency ωR homogeneous along the cell. The
power-broadened line width is the natural line width, with the
addition of the saturation factor, b2/(γ1 + 2�p). In this homo-
geneous model, the shift creates a stringent demand on the fre-
quency stability of the cavity resonance frequency. For a cavity
QL of 10 000, and a line Qa of 5 × 107, the cavity must be sta-
ble to within 3 to 4 Hz to obtain a maser fractional frequency
stability of the order of ∼ 10−13. In the inhomogeneous case
where the parameters vary along the cell length, a numer-
ical calculation shows that the effect is somewhat reduced
[77].
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FIGURE 16 Frequency stability observed in a CPT 87Rb maser: (a) full
data; (b) drift removed (from [95])

The microwave power shift originates from the fact that
upon stimulated microwave emission the populations of the
ground levels are no longer equal. This creates an asymmetry
in the system and an effect similar to the linear light shift
mentioned above (Eq. (61)) is introduced. It adds directly to
the light shift calculated previously for the effect of sidebands
of different amplitudes.

Finally, an important effect predicted by the analysis is the
introduction of a frequency shift associated with the phase of
the sidebands’ radiation. The shift has been called a propa-
gation shift and becomes rather important in the case of high
densities [77]. It has the effect of altering the value of the mod-
ulation index for which the power light shift becomes zero.
It can thus be canceled in the same way as the sideband light
shift by a proper adjustment of the modulation index [77, 95].
Figure 16 is an illustration of the frequency stability that has
been measured for a CPT 87Rb maser [95].

It is possible that in the setup studied, the behavior of
the frequency stability observed for τ >∼ 200 s is due to
fluctuations of the frequency shifts discussed above. It should
be mentioned that in the particular setup reported, the maser
cavity was made of copper with a temperature sensitivity of
more than 100 kHz per degree and operated at atmospheric
pressure [96]. In that case, environmental fluctuations may
have a direct effect on the cavity tuning and cause long-term
random fluctuations or frequency drifts that will be reflected
by an increasing σ (τ ) such as the one observed.

6 CPT in laser-cooled ensemble
and pulsed approach

In the approaches reviewed above, first-order
Doppler broadening of the hyperfine resonance line is avoided
either by using a buffer gas (Dicke effect [48]) or by using
the separated interaction zone technique (Ramsey separated
field approach [23]). However, as was readily seen, these tech-
niques have limitations.

In the case of the buffer-gas technique, a large frequency
shift as well as a temperature dependence is introduced.
Furthermore, in the approach described above, although sub-
stantial narrowing is introduced even in cells of small dimen-
sions, broadening of the resonance line proportional to the

light intensity is always present. It is possible to use low light
intensity but this can only be done at the expense of signal
size. In the case of the atomic beam approach, the system is
sensitive to various parameters such as the phase shifts and
the relative orientations of the laser beams and of the atomic
beam.

A proposal has been made to address these problems by
avoiding altogether the use of buffer gases and atomic beams.
The approach uses the so-called isotropic cooling technique
[97–99]. An ensemble of the order of 108 Cs atoms has been
successfully cooled in a cell to a temperature of a few µK.
However, since the process of cooling requires intense laser
radiation, it follows that the ensemble is strongly perturbed by
the process. For this reason, it is proposed to use a pulse ap-
proach in both the cooling and the resonance interaction with
the atoms in the implementation of the resulting frequency
standard. There are several ways of extracting the actual res-
onance information, as for example using a probe laser to
measure the cell transparency under excitation by means of a
microwave field as in the classical IOP double-resonance ap-
proach. A possible variant of this approach consists in using
the Ramsey separated field technique but in the time domain
rather than in space. This Ramsey time-domain approach in
a cell had been examined originally in the 1960s using a
double-resonance, microwave-spectral lamp, approach [100].
It has been revisited more recently using laser optical pumping
[101]. It is thus expected that the same technique applied to
an ensemble of cold atoms should provide similar promising
results. In fact, preliminary results obtained on an ensemble of
cooled atoms, using a microwave cavity and the double-pulse
optical–microwave excitation technique, showed a Ramsey
central fringe having a width of ∼ 14 Hz [102]. In prac-
tice, due to free fall in the Earth’s gravitational field, it ap-
pears that the width of such fringes will be limited to about
10 Hz.

However, the technique just described requires a mi-
crowave structure in order to excite transitions. The CPT
approach, on the other hand, can be used without this mi-
crowave structure and two avenues are possible. In the first
avenue, a single laser pulse, consisting of two radiation fields
at frequencies ω1 and ω2 as illustrated in Fig. 1b, is applied
after the cooling pulse. It has the advantage of simplicity and
the CPT resonance phenomenon can then be detected either in
transmission or in fluorescence [32]. The approach, however,
has the disadvantage of line broadening by the laser pulse
exciting the CPT resonance.

In a second avenue, it is proposed to use CPT pulses, im-
plementing the Ramsey separated interaction zones technique
as in the Thomas et al. approach described above [22], but in
the time domain rather than in the space domain. Preliminary
experiments towards the use of this approach have been made
in a cell containing a buffer gas [103]. The analysis done by
Zanon [103] using a wave-function approach is similar to
that outlined above in the case of CPT applied to an atomic
beam. However, relaxation, due to buffer-gas collisions,
spin-exchange interaction, and diffusion taking place while
the ensemble evolves freely between the laser pulses, must
be included in the analysis. The results of the analysis
are in agreement with the experimental data [68, 103]. A
line width of about 60 Hz was obtained for the Cs central
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Ramsey fringe in a cell containing a nitrogen buffer gas at
a pressure of 23 Torr and pulses separated by 8 ms. These
preliminary experiments provide a proof of concept for the
use of the time-domain CPT Ramsey-technique approach in
an isotropically cooled ensemble.

7 Conclusion

In this paper, we have reviewed developments made
up to now on the use of the coherent population trapping
phenomenon as applied to the implementation of frequency
standards. The review was made for several approaches ei-
ther in the continuous or pulsed mode or for closed cells and
atomic beams. It may be concluded that CPT offers in general
considerable advantages over the classical approaches using
either intensity optical pumping or magnetic state selection re-
garding certain characteristics of the implemented frequency
standards.

The approach using CPT with an atomic beam has been
studied in some detail. Experimental results making explicit
the presence of frequency shifts, such as those caused by
the ac Stark effect and misalignment of laser beams and
the atomic beam, have been reported. Although they appear
to be important, they are well understood, and a frequency
stability in agreement with that calculated on the basis of
limiting shot noise in the detection system has been realized
in laboratory implementations. Although the approach offers
some rather interesting characteristics, it does not appear
to be pursued at this time in either national institutions or
private establishments.

The passive approach in a sealed-off cell allows simplicity
in construction and makes possible the realization of relatively
small frequency standards with a frequency stability similar
to that obtained in small units using the classical double reso-
nance intensity optical pumping approach (3 × 10−11τ−1/2).
The CPT technique is also adaptable to the realization of very
small optical packages (cells ∼ mm3), but at the expense of
a larger line width, a smaller signal or contrast, and con-
sequently lower frequency stability. Several laboratories are
active in the development of such a passive standard, and
research is carried out in several institutions in order to under-
stand better the physics involved and to develop techniques
that will improve signal amplitude without broadening the
resonance line.

The maser approach in a sealed-off cell also provides
a certain advantage over techniques of similar nature. Its
implementation is simplified by the absence of oscillation
thresholds and a short-term frequency stability of the order
3 × 10−12τ−1/2 has been measured. The approach appears
to offer intermediate short-term stability between the passive
Cs–Rb frequency standards and the H maser, in a relatively
small unit that could find use in some critical applications. De-
velopment is being carried out in some national laboratories
[104] and in industry [105].

Finally, an approach using pulsed CPT for implementing
a laser-cooled frequency standard in a cell shows promise
relative to frequency stability and size and is under study at
one institution [106].

It may finally be concluded that coherent population trap-
ping provides a new, fresh, breeze in the practical imple-

mentation of field-operable atomic frequency standards in the
microwave range. A sustained effort should lead in the not
too distant future to the realization of frequency standards
that will fulfill specific needs regarding frequency stability
and size and add to the pool of available classical atomic
frequency standards.

Annex A. Derivation of the expressions for the Ramsey
fringes and phase in the CPT beam approach

In this annex, we outline the calculation of the
expression for the Ramsey fringes and their phase in the case
of the CPT beam approach. We use an operator formalism [21]
somewhat different from that used by Hemmer et al. [53]. In
reference to Fig. 1b, we define the following terms:

δo = 2�o

�
, (A1)

ξ = �2
R/�2

1 + δ2
o

, (A2)

�µ = ω12 − ωµµ. (A3)

We apply the adiabatic approximation to the evolution of
the excited state. In that case, it is assumed that the excited-
state response is so rapid that it follows the evolution of the
ground state and is essentially in stationary equilibrium at all
times. The set of equations (11)–(16) is then reduced to three
equations containing only ground-state matrix elements and
atomic parameters. We obtain

δr
µµ′ = − �ξ

1 + 3ξ
δr
µµ′ − 1

2

�ξ

1 + 3ξ
+ �µδi

µµ′ , (A4)

δi
µµ′ = −�ξδi

µµ′ + 1

2
�ξδo(ρµµ − ρµ′µ′) − �µδr

µµ′, (A5)

d

dt
(ρµµ − ρµ′µ′) = −�ξ (ρµµ − ρµ′µ′) − 2�ξδoδ

i
µµ′ . (A6)

The fluorescence power in zone B is given by

Pfl =
∫

h̄ωN�ρmm dt (integral over zone B) (A7)

and the population of the excited state ρmm is given by

ρmm = ξ

1 + 3ξ
(1 + 2δr

µµ′). (A8)

The set of equations (A4)–(A6) can be written in matrix form
as

d/dt




δr

δi

ρµµ − ρµ′µ′




=




ξ�/(1 + 3ξ ) �µ 0

−�µ −�ξ (1/2)�ξδo

0 −2�ξδo −�ξ




×




δr

δi

ρµµ − ρµ′µ′


 +




−ξ�/2(1 + 3ξ )

0

0


 . (A9)
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We may then represent the state of the ensemble as the vector
v:

v = {δr, δi, ρµµ − ρµ′µ′ }. (A10)

The effect of CPT in the interaction zones is obtained by solv-
ing Eq. (A9). It may be represented by a pseudo-rotating
operator Mi(�R,�µδo, t), i = A, B, or C , affecting state
vector (A10) [21]. In zones A and B, M is obtained from
Eq. (A9) by means of Laplace transformation and has the
form

M(�R,�µ, δo, t)

=




exp
(
− t�ξ

1+3ξ

)
0 0

0 exp(−t�ξ ) 1
2 exp(−t�ξ )

×cos[t�ξδo] ×sin[t�ξδo]

0 2exp(−t�ξ ) exp(−t�ξ )
×sin[t�ξδo] ×cos[t�ξδo]




.

(A11)

In the operation, however, a term appears that is not coupled
to the components of vo. It is not included in M(�R,�µ, δo, t)
and is thus introduced as a vector vs:

vs =
{

(1/2)

(
−1 + exp

[
− �ξ t

1 + 3ξ

])
, 0, 0

}
. (A12)

This vector must be added to the state vector resulting from
the transformation of vo by M(�R,�µ, δo, t). At the exit of
zone A the state vector is thus

vA = MA • vo + vs. (A13)

In zone C where the atoms evolve freely, the operator has the
form

M(0,�µ, 0, t) =




cos t�µ sin t�µ 0

−sin t�µ cos t�µ 1

0 0 0


 . (A14)

The final state vector in zone B is obtained by successive
transformation applied to the resulting state vector v, taking
into account the remark made in connection with vs in zones
A and B.

In the calculation, we have assumed that in zones A and
B the intensity of the laser radiation is very large and that the
CPT resonance line is broadened to the extent that the small
detuning �µ is negligible. We call φA the phase of the coher-
ence at the exit of the first zone, defined through the relation

δµµ′ = |δµµ′ |eiφA . (A15)

After performing the operation of Eq. (A13), we obtain δµµ′

at the exit of zone A, and the phase is given by

tan[φA]

= αi

αr
= exp[−�ξτA](ρµ′µ′ − ρµµ)osin[�ξδoτA]

1 − exp
[ − �ξτA

1+3ξ

] . (A16)

Finally, after successive application of operator M in each
zone, the fluorescence integrated over zone B is calculated as

Pfl(zone B) = (1 − exp[−�ξτB/(1 + 3ξ )])

× Nh̄ω{1 + (−1 + exp[−�ξτA/(1 + 3ξ )])

× |sec[φA]|cos[φA − T �µ]}. (A17)

Equations (A16) and (A17) are the expressions used in the
main text1.

Annex B. Optical absorption of polarized laser radiation
including optical pumping

This annex concerns optical absorption spectra
of the cell used in the CPT passive approach experiments
described in this paper. The level structure of the lower
manifold of 87Rb pertinent to the present discussion is shown
in Fig. B1.

The absorption spectra under various conditions are shown
in Fig. B2. The spectra are obtained for two light intensities
and two polarizations, linear polarization propagating in the
direction of the magnetic field, called σ , and circular polar-
ization, σ+ (or σ−). As is clearly observed in that figure, there
is a drastic change in behavior in passing from linear polar-
ization to circular polarization. Absorption through transition
‘a’ is considerably reduced under circular polarization. The
transition probabilities between the various Zeeman sublevels
cannot alone explain this behavior. In fact, a summation over
all these levels considering appropriate transitions gives equal
transition probabilities whatever the polarization. The effect
can only be explained through a detailed examination of the
dynamics of the transitions causing optical pumping that takes
place in the presence of a buffer gas. This is shown in Fig. B3
for the case of σ+ polarization. As is observed, for transition
‘a’, levels F = 2, mF = 1 and 2 are not connected by the
radiation. For transition ‘b’, only level F = 1 and mF = 2 is
not connected. Atoms excited to the P state decay to all levels
equally due to collisions with the buffer gas and are trapped
in these levels. This effect is essentially an optical pumping
process [10]. Decay from the excited state takes place at rate
�∗ (∼ 109 s−1), while equilibrium in the ground state is re-
established through relaxation at rate γ1 (∼ 103 s−1). There
are thus a large number of atoms trapped in these levels and
they no longer contribute to absorption.

The situation for transitions ‘c’ and ‘d’ originating from
level F = 1 is different, as is seen in Fig. B3. Only level F = 1
and mF = 1 can act as a trap for transition ‘c’. However, in all

1It is noted that the expression given by Hemmer et al. [53] for the phase shift
is different from ours by a factor of two in the argument of the ‘sin’ term.
The appropriate expression obtained from Eq. (8) using their notation is.

tan[φA]

= −exp[−�2 SτA](ρµ′µ′ − ρµµ)osin[2�2 DτA]

exp[− f �2 SτA] − 1
, (A18)

where the various terms are connected to those used in the present paper by
the relations

�ξ = �2 S, (A19)

�ξ/(1 + 3ξ ) = f �2 S, (A20)

�ξδo = 2�2 D. (A21)

An analysis by Shahriar et al. made later [107] is compatible with this con-
clusion.
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FIGURE B1 Lower levels P1/2 and S1/2 of the 87Rb atom. The numbers
beside the vertical lines are transition probabilities summed over the Zeeman
sublevels of each manifold

FIGURE B2 Absorption spectrum of a 87Rb cell under linear polarization
(σ ) and circular polarization (σ+). The laser is not modulated. The absorption
lines are identified by ‘a’, ‘b’, ‘c’, and ‘d’ corresponding to the transitions
shown in Fig. B1. The absorption spectrum is shown for two light intensities
of 21 µW (2.11 V) and 34 µW (3.42 V) incident on the cell

cases the other hyperfine level not involved in the transition
can also act as a trap. The only difference between the two
cases is related to the number of trapping levels involved. In
the case of σ polarization the situation is radically different.
A similar representation as that shown in Fig. B3 shows that
transitions are possible from all Zeeman sublevels and there
are no trapping levels as in the previous case. Optical pumping
is possible only to the other hyperfine level not involved in
the transition.

An analysis can be made of this effect using the tools devel-
oped in the present paper. Since there is only one radiation field
present there is no coherence introduced in the ground state.
Solving Eq. (37) through numerical integration, we can calcu-
late readily the intensity of the transmitted radiation (square
of the amplitude of the optical Rabi frequency) at the exit of
the cell. The required expression of the optical coherence is
calculated from rate equations similar to the set (11)–(16).
In the calculation we assume the appropriate number of trap
levels as determined from Fig. B3 for σ+ polarization, and
from a similar one for σ polarization. We use tabulated val-
ues of transition probabilities. This is done for two intensities
approximating the experimental situation shown in Fig. B2.
The result of this exercise is shown in Fig. B4.

These results can be compared to the actual absorption
spectrum of laser radiation shown in Fig. B2. It appears that
the model developed based on optical pumping explains rather
well at least qualitatively the experimental observations. The
net effect is a transfer of population from absorbing levels to
other levels not coupled by the radiation, decreasing consider-

FIGURE B3 Manifold of 87Rb lower energy levels used to illustrate the
characteristics of optical absorption. The numbers attached to the arrows are
transition probabilities

FIGURE B4 Calculated absorption spectrum (D1) by a cell containing
87Rb and a buffer gas for two values of the intensity of monochromatic
laser radiation corresponding approximately to those used in the case
of Fig. B2. The constants assumed in the calculation are α = 2.1 ×
1011 m−1 s−1 and �∗ = 2 × 109 s−1

ably the absorption and affecting the shape of the overlapping
absorption lines. The present results validate to a certain extent
the four-level model that was used in the calculation outlined
above in connection with the CPT hyperfine resonance trans-
mission contrast and the maser power output.

Annex C. Basic CPT maser theory

In a maser, the energy given by the atomic ensem-
ble is dissipated in the cavity walls and coupling loop. In a
self-consistent approach, for continuous oscillation, it is re-
quired that the power emitted by the atoms equals the power
dissipated in the cavity. The power dissipated in the cavity of
volume Vc is given by [108]

Pcav = µoω

2QL

∫

Vc

|H (r )|2 dV, (C1)
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where QL is the loaded quality factor of the cavity, µo is the
permeability of free space, and ω is the angular frequency
of the oscillating magnetic field H (r ) in that cavity. Using
Eq. (5), this expression can be written in terms of the Rabi
angular frequency b as

Pdiss = 1

2

Nh̄ω

k
µo〈b〉2

bulb, (C2)

where the brackets 〈〉bulb mean an average over the length of
the bulb (resonance cell) containing the ensemble of alkali
atoms N . The gain parameter k, in units of photons per atoms
per second, is defined as

k = N QLη′µ2
Bµ0

h̄Vbulb
, (C3)

where µB is the Bohr magneton, Vbulb is the bulb volume, and
η′ is the filling factor equal to

η′ = Vbulb〈Hz(r )〉2
bulb

Vc〈H 2(r )〉c
. (C4)

The classical magnetization is coupled to the rf field through
Maxwell’s equations. In a cavity, the relation is [21]

Ḧ(r, t) + (ωc/QL)
.

H(r, t) + ω2
c H(r, t)

= Hc(r )
∫

Vc

Hc(r ) • M̈(r, t) dv, (C5)

where ωc is the cavity angular resonance frequency, Hc(r ) is
the orthonormal cavity field mode, and M(r, t) is the oscillat-
ing magnetization created by the coherence in the ensemble.
It is given by

〈Mz〉 = Tr(ρMop). (C6)

Here Mop is the equivalent quantum-mechanical operator of
the classical magnetization. The result is

〈Mz〉 dv = −1

2
nµB(ρµ′µ + ρµµ′) dv, (C7)

where n is the Rb density. We write H and M in complex
form:

H(r, t) = (H+∗(r )e−iωt + H+(r )eiωt )z, (C8)

M(r, t) = (M+∗(r )e−iωt + M+(r )eiωt )z, (C9)

where H+ and M+ are complex amplitudes of the field and of
the magnetization, respectively. We replace these expressions
in Eq. (C5) and, keeping only the resonant component as in
the rotating wave approximation used before, we obtain

|H|e−iφ = −iQL

1 + 2iQL
(

�ωc
ω

) Hc(r )

×
∫

Vc

Hc(r ) • (1/2)nµB
(
δr

24 + iδi
24

)
z dv, (C10)

where the off-diagonal density-matrix element has been writ-
ten explicitly in complex form. Simple algebraic manipula-
tions show that the phase of the field is given by

φ = π

2
+ tan−1 2QL

�ωc

ω
− tan−1 δi

24

δr
24

, (C11)

making explicit the phase quadrature, close to π/2, between
the field and the magnetization.

On the other hand, the power given by the atoms can also
be obtained from Eq. (C1) by realizing that the value of H
can be written in terms of the magnetization by means of
Eq. (C10). One obtains

Pat = 1

2

Nh̄ωk

(1 + 4Q2
L(�ωc/ωµ′µ)2)

|2δµ′µ|2. (C12)

The energy given by the ensemble compensates for the losses
in the cavity. Equating Eqs. (C2) and (C12) and assuming that
2QL(�ωc/ω) is much smaller than 1, one obtains an interest-
ing relation between the absolute value of the coherence δµ′µ
and the Rabi angular frequency averaged over the interacting
atomic ensemble:

〈b〉 = 2k|δµ′µ|. (C13)

Equations (C11)–(C13) are those used in the main text.
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