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Abstract. The paper is concerned with the line shapes of resonance phenomena observed in Coherent
Population Trapping (CPT) applied to alkali atoms in a cell containing a buffer gas. Significant asymmetries
and departures from a Lorentzian shape have been observed in connection with the measurement of dark
lines and CPT maser emission profiles. Measurements are reported as a function of the power and frequency
tuning of the laser used to create the CPT phenomenon. The paper reports on different experimental
conditions and a comparison between theory and experiments is made for the cases of cesium and rubidium
in a buffer gas.

PACS. 32.70.Jz Line shapes, widths, and shifts – 42.50.Gy Effects of atomic coherence on propagation,
absorption, and amplification of light

1 Introduction

In recent years, the possibility of using atomic three level
systems to realize a new generation of atomic frequency
standards [1–3] or other measurement instruments such as
magnetometers [4] has been proposed by several groups. In
the practical implementation of a high resolution atomic
reference, all the effects that may lead to shifts or asym-
metries of the resonance line shape are of crucial impor-
tance. In this paper we analyze, both theoretically and
experimentally, several effects that may affect the atomic
response to a Λ excitation scheme.

The observation of a Λ transition in an alkali metal
vapor cell containing a buffer gas is a straightforward
experiment. In fact, the first sidebands of a single laser
modulated at half the hyperfine transition frequency are
sufficient to excite the Λ transition and to produce a co-
herent superposition of the atomic ground states (Coher-
ent Population Trapping or CPT). When the coherence is
established, two main effects appear: a dark line in the
fluorescence spectrum (an Electromagnetically Induced
Transparency effect) [5], and coherent microwave emis-
sion due to the hyperfine coherence created in the ground
state, when the ensemble is placed in a microwave cavity
(CPT-maser) [6].

The theory of these systems has been widely exam-
ined [7–9]. In the present article, we will recall first some
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Fig. 1. Three level scheme representing the Λ transition in
alkali atoms: in Cs the hyperfine frequency is 9.2 GHz and the
optical wavelength (D2 line) is 852 nm; in 87Rb the hyperfine
frequency is 6.8 GHz and the optical wavelength are (D1 line)
795 nm and (D2 line) 780 nm; typical values of the relaxation
parameters are: Γ ∗/2π ≈ 700 MHz and γ1 ≈ γ2 ≈ 500 s−1.

theoretical results in order to go into a more detailed the-
oretical analysis of the line-shape. In particular, the effect
of the laser beam profile and of the asymmetries of the ex-
citation process on the line-shape will be considered and
compared with the experimental results.

2 Theory

The evolution of the three level system shown in Figure 1
is analyzed in the ensemble averaged density matrix for-
malism. Starting from the theory developed in [8], we have
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(with minor changes in notation):
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where the various terms are defined as follows: ∆ is the
population difference in the ground states (∆ = ρ22−ρ11),
ωR1 and ωR2 are the Rabi frequencies of the optical tran-
sitions, Γ ∗ is the lifetime of the excited state taking into
account all the relaxation processes (spontaneous decay,
collisions with the buffer gas, etc.), γ1 and γ2 are respec-
tively the population inversion and the coherence relax-
ation rates, Ωµ is the detuning between the laser radiation
difference and the hyperfine transition frequency and ∆0

is the detuning of the laser carrier from the optical line
“center of gravity”. The off diagonal terms of the density
matrix (coherences) have been assumed to have the form:

ρ12 = δ12 ei(ω1−ω2)t

ρ13 = δ13 eiω1t

ρ23 = δ23 eiω2t

. (2)

The following physical assumptions have been made to
obtain the system of equations (1):

(1) the saturation of the optical transitions is small, ωR1,
ωR2 � Γ ∗;

(2) the Rabi frequency of the generated microwave field
is small compared to the atomic line width and its
effect on the system can be neglected1;

(3) the microwave detuning is small compared to the
optical line width.

The case when the two Rabi frequencies are equal,
(ωR1 = ωR2 = ωR) was discussed in details in [8]. The
main results reported in that article with respect to the
population in the excited state and the coherence in
the ground state are summarized below.

The optical fluorescence is directly proportional to the
population in the excited state ρ33. Solving system (1) in
the stationary condition (∂/∂t = 0) we have:

ρ33 =
(ωR

Γ ∗

)2
(

1− ω2
R

Γ ∗
Γ ′

Γ ′2 +Ω2
µ

)
(3)

1 In this paper we assume that the effect of microwave field
on the density matrix elements is totally negligible. However,
when the maser emitted power increases, the reaction of the
microwave field on the atomic ensemble has to be taken into
account. The solution of that case will be discussed in a future
work.

where Γ ′ = γ2 + ω2
R/Γ

∗.
It is readily observed from equation (3) that a dark line

appear in the fluorescence spectrum when the frequency
difference of the two laser radiation fields equals the hy-
perfine splitting of the ground state. The line-shape of the
dark line is given by:

πDL(Ωµ) = ω2
R/Γ

∗ Γ ′

Γ ′2 +Ω2
µ

(4)

and its line width is:

∆ω1/2 = 2Γ ′. (5)

The coherence term in the ground state is then given by:

ρ12 = − ω2
R

2Γ ∗
1

Γ ′ + iΩµ
ei(ω1−ω2)t. (6)

This coherence produces an oscillating magnetization at
the angular frequency (ω1 − ω2), as discussed in [8]. This
magnetization acts as the source for a microwave field
when the atomic ensemble is coupled to a microwave cav-
ity. The power dissipated in the cavity, Pdiss, and the
emission profile of the CPT-maser are respectively:

Pdiss =
1
2~ω21kN |2 δ12|2

1 + 4Q2
L(∆ωc/ω21)2

, (7)

πM(Ωµ) =
(ω2

R/Γ
∗)2

Γ ′2 +Ω2
µ

· (8)

In expression (7), N is the total number of atoms coupled
by the Λ scheme, QL is the quality factor of the loaded
microwave cavity, ∆ωc is the detuning between the cavity
and the atomic line, and k may be interpreted as the num-
ber of emitted microwave photons per atom per second.
The expression for k is given by [8]:

k =
µ0 µ

2
21 η
′QLN

~Va
(9)

where µ0 is the vacuum permeability, µ21 is the magnetic
dipole moment of the transition, η′ is the filling factor of
the cavity and Va is the volume occupied by the atomic
vapor interacting with the laser field. The line width of
the maser emission profile is given by (5) also in this case.
According to this theory, both phenomena, dark line and
maser emission, have Lorentzian shapes. We will discuss in
the following paragraphs the experimental situation and
the conditions which can lead to a different line-shape.

On the other hand, the intensity of the signal is pro-
portional to ω2

R/Γ
∗ for the dark line, and to (ω2

R/Γ
∗)2

for the CPT maser. This observation is not surprising be-
cause of the different origin of the two signals: the dark
line originates from an incoherent fluorescence, while the
CPT Maser signal is generated by a coherent microwave
emission.
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Fig. 2. Experimental set-up.

3 Experimental set-up

The experimental set-up is shown in Figure 2. Experi-
ments have been done with the D1 and D2 optical transi-
tions in the case of 87Rb and with the D2 optical transition
for the case of 133Cs.

The experimental set-up is made of three main parts:
the optical system, the physical package and the mi-
crowave generation and detection apparatus.

The optical part provides the radiation fields neces-
sary to excite the Λ transition: it is realized using a sin-
gle laser diode, frequency modulated at half the hyper-
fine frequency splitting of the alkali metal atoms ground
state. In that way, when the laser carrier is set to the line
“center of gravity” of the transition, the first modulation
sidebands are in resonance with the optical transitions.
The laser center frequency is locked to a saturated absorp-
tion signal obtained with an external absorption cell, and
its spectrum is monitored with a Fabry-Perot cavity used
as an optical spectrum analyzer. The polarization of the
beam is made circular with a λ/4 wave-plate before being
sent to the microwave cavity. Consequently, the selection
rules allow the excitation of only one of the possible Λ
transitions (see also the next section). In the experiments,
the laser intensity is approximately 200 µW/cm2 for each
sideband. An acousto-optic modulator is placed along the
laser beam to act as an optical switch and to allow a pre-
cise frequency tuning with respect to the atomic optical
reference, in fact, due to the presence of the buffer in the
maser cell, the optical radiations are shifted with respect
to the reference cell.

The physical package consists of a sealed cell inside
a microwave cavity. The quartz cell containing the alkali
vapor and a buffer gas (N2 at a pressure of 19 torr for the
Cs cell and 32 torr for the Rb cell) is thermally controlled.
The operating temperature is around 45 ◦C in the case of
Cs and around 60 ◦C in the case of rubidium. The effective
cell volume is 3 cm3 and the loaded cavity Q is 3 000 in
the Cs case. In the case of Rb, the effective cell volume is
6 cm3 and the loaded cavity Q is 10 000. The cavity used
is made of brass, cylindrical, and operates in the TE011

mode. It is placed inside a magnetic shield package that
acts also as thermal oven and a support for the C-field
solenoid, a quantization field of 400 mG is applied in order

Fig. 3. Clebsch-Gordan coefficients for σ+ and σ−−Λ transi-
tions in 87Rb D1 line.

to resolve the Zeeman structure. A hole, covered with a
layer of metal-mesh, is placed on the cavity front end-
cap, allowing a laser beam diameter up to 2 cm inside the
maser active region without destroying the cavity quality
factor.

Finally a microwave synthesizer is used to modulate
the laser carrier. A high sensitivity spectrum analyzer is
used as heterodyne detector. For the observation of the
dark line, the experimental set-up is basically the same,
but the detection is made with a photodiode by observing
the laser transmission through the atomic vapor cell. The
microwave cavity is absent.

4 The role of the λ/4 wave-plate

The use of a λ/4 wave-plate necessitates some explanation.
In the realization of a frequency standard we are interested
in the excitation of the ground mF = 0 ⇒ mF = 0 tran-
sition because of its low magnetic sensitivity. Since the
coupling of the S ground states with mF = 0 to an ex-
cited P state with mF = 0 is forbidden by selection rules
we are forced to use circularly polarized light and to con-
nect the ground states to an excited mF = ±1 state: two
Λ scheme are then possible. If we look at the Clebsch-
Gordan coefficients, Figure 3, we see that only one of the
four coefficients that give the intensity of the two Λ transi-
tions changes sign while the amplitude remains always the
same. This means that the magnetization created with σ+

and σ− polarization have a different phase relation with
respect to the arbitrary zero fixed by the laser modulation
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Fig. 4. Experimental set-up for the observation of the phase of the emitted microwave radiation.

phase: there is thus a phase shift equal to π between the
two magnetizations.

This phase shift between the two emitted microwave
radiations is experimentally confirmed. In the experimen-
tal set-up of Figure 4 two synthesizers are phase locked
to a common reference, the first one is used to modulate
the laser current, while the second one is used to inject
a small amount of microwave power at twice the modula-
tion frequency inside the cavity. We then detect the power
generated by the sum of the two fields inside the cavity.
As it is shown in Figure 5, the phase of the maser emission
is shifted by π going from σ+ to σ−. However since the
quantization axis is parallel to the light beam, it is pos-
sible in principle to use also linearly polarized light that
can be thought of as a superposition of σ+ and σ−. It is
thus possible to excite two Λ transitions, one connecting
the mF = 0 to mF = 1 and the other one connecting
mF = 0 to mF = −1. If this is done it is not possible to
observe neither the microwave emission nor the dark line
in the fluorescence spectrum, indicating that, in this case,
no coherence is created in the ensemble. This means that
the change in the sign of one of the Clebsh-Gordan coef-
ficients (treated in the proper four level atomic system)
inhibits the interference effects that are at the origin of
the CPT phenomenon.

5 Laser Gaussian profile effect
on the line-shape

It is interesting to analyze how the shapes of the dark line
and of the CPT maser are modified by the laser profile
used in the excitation process. These kind of effects were
also studied in [9]. We assume in the following that the
laser radiation has a Gaussian profile (TEM00 mode); the
pumping rate ω2

R/Γ
∗ is then a function of the radial po-

sition across the laser beam. We assume moreover that
the medium is optically thin and that the light absorption
along the z-axis is negligible.

We can define the laser beam profile utilizing cylindri-
cal coordinates as:

ω2
R(ρ, ϕ, z) = ω2

R0 e−ρ
2/ρ2

0 ∀ϕ, ∀z (10)

Fig. 5. Power emitted by the system in the configuration of
Figure 4. Changing from σ+ to σ− the phase of the emitted
radiation rotate by π; obviously the phase of the microwave
rotates also with the span across the atomic line.

and, assuming no spatial variation along z, the line-shape
can be obtained by a double integration of the profiles ex-
pressed by (4, 8) over the cylindrical coordinates ρ and ϕ.
The new profiles are then obtained in the two cases as:

ΠM(Ωµ) =

∫ 2π

0 dϕ
∫∞

0 ρ dρ πM(Ωµ)∫ 2π

0
dϕ
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0
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1
2
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1 + ζ2
− 1
ζ
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(11)
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0
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1
2

ln
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where we have defined:

n =
ω2

R0

γ2Γ ∗
and ζ = Ωµ/γ2. (13)

We are interested in the limit of the expressions (11, 12)
in the low and high pumping rate (n → 0, or n → ∞).
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They can be obtained as:
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The low power approximation gives again a Lorentzian
shape in both cases, and the line width can always be
expressed by (5). The line shape described by (14c) on
the other hand is quite different from a Lorentzian shape
and the line width turns out smaller than that described
by equation (5) for an equivalent value of pumping rate:

∆ω1/2 = 2γ2

√
ω2

R

γ2Γ ∗
· (15)

The description of the experimental data with these pro-
files is quite satisfactory as can be seen by the fitting
curves of Figure 6. In particular, in Figure 6b we report the
experimental emission profile of the maser at low saturat-
ing power fitted with a Lorentzian curve; in Figure 6a the
profile of the dark line observed at low saturation power is
fitted with a Lorentzian curve, and in Figure 6c the emis-
sion profile of the maser excited with a high intensity laser
beam is fitted with equation (14c).

6 Asymmetries in the excitation process

Up to now we have assumed to excite the Λ transition with
a perfectly symmetric spectrum using atoms with sym-
metric dipole coefficients and to have a laser well tuned
with respect to the atomic levels. In the following para-
graphs we will investigate the effects on the atomic line-
shape when these conditions are no longer respected.

It is worth noticing that since only the optical Rabi
frequencies appear in the equations, it is concluded that,
from the mathematical point of view, an asymmetry in
the spectrum or in the Clebsch-Gordan coefficients cause
similar effects. In fact, the Rabi frequency is defined as
the product of the applied field time the transition dipole
moment (ωR1 = E01 d13/~, ωR2 = E02 d23/~); the higher
symmetry degree is one of the reasons why it is impor-
tant to use the D1 line; another reason that leads to the
choice of the D1 line is the absence of cycling transitions
that could lead to strong differential absorption of the two
radiation fields.

When ωR1 6= ωR2 and ∆0 6= 0 simultaneously, it is
still possible to derive an analytical solution from sys-
tem (1) [9]. The solution, however, is quite complex and
the mathematical expressions obtained are not transpar-
ent to a physical interpretation. A numerical integration of

(a)

(b)

(c)

Fig. 6. (a) Dark line signal in 87Rb (D2 line): ω2
R/Γ

∗ ≈ γ2 (low
pumping rate). (b) Maser emission profile in 87Rb (D1 line):
ω2

R/Γ
∗ ≈ γ2 (low pumping rate). (c) Maser emission profile in

133Cs (D2 line): ω2
R/Γ

∗ � γ2 (high pumping rate).

system (1) is best for the interpretation of the various phe-
nomena involved. Such a calculation makes explicit two
different behaviors for the dark line and the CPT maser
profile. A Raman type transition that distorts the line-
shape appear in the fluorescence spectrum, without mov-
ing the minimum of the profile. In the case of the maser,
the emission is shifted in frequency but its line-shape
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(a)

(b)

(c)

Fig. 7. (a) and (b) Calculated value of ρ33 and |δ12|2 re-
spectively: laser asymmetry: ωR2/ωR1 ≈ 0.15, carrier detuning
320 MHz, γ2 = 500 s−1, ω2

R1/Γ
∗ = 560 s−1. (c) Calculated

value of ρ33: ω2
R1/Γ

∗ = 1600 s−1, other parameters as before
specified.

is not affected by the Raman transition. This difference
is due to the fact that while the CPT maser emission is a
phenomenon related only to the coherence in the ground
state, the dark line is observed trough the Electromagnet-
ically Induced Transparency and is thus sensitive to all
the effects that affect the excited state population.

Calculated profiles when a carrier detuning of 300 MHz
is present (∆0 ≈ Γ ∗/2) together with a laser asymmetry
of 85% are reported in Figure 7. As can be seen, the maser
emission profile is a Lorentzian shifted by 140 rad/s while

(a)

(b)

Fig. 8. (a) Dark line signal in 87Rb (D2 line): laser power
(ω2

R1/γ2Γ
∗) ≈ 5, carrier detuning 350 MHz, ωR2/ωR1 ≈ 0.5.

(b) Maser emission profile in 87Rb (D1 line): (ω2
R1/γ2Γ

∗) ≈
0.5 in the excitation process the two first sidebands are used
(ωR2/ωR1 ≈ 1) curve c, or the carrier and the second harmonic
(ωR2/ωR1 ≈ 0.05), curve b and a, laser detuning 100 MHz.

the dark line is distorted, but the minimum of ρ33 remains
always at Ωµ = 0. With the same asymmetry but much
higher laser power, it is possible to enhance the Raman
transition, but the minimum always remains at zero de-
tuning (Fig. 7c).

Experimental observations confirm these results with
respect to the line-shapes. In order to excite the Λ transi-
tion with strongly asymmetric radiation fields, it is possi-
ble, in practice to use the carrier and the second harmonic
of the modulation frequency instead of the two first side-
bands. In Figure 8 some experimental profiles are reported
for the dark line and for the CPT maser. The results con-
firm that the maser emission profile is always Lorentzian
no matter what is the laser detuning and what is the laser
asymmetry, while the shape of the dark line is sensitive to
the parameters mentioned above.

Measurement of the shift of the CPT-Maser profile is a
more complex problem. In fact, as it was discussed in [11]
the total light shift (accounted for in the static Hamil-
tonian operator, as well as other effect like for example
buffer gas and static Zeeman shifts) is a complex func-
tion of the modulation index and of the carrier detuning.
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It is thus extremely difficult to distinguish between the
static light shift and the dynamic light shift described
above, using the present experimental set-up.

7 Conclusions

We have investigated the line-shape of the dark line and of
the CPT maser emission profile observed in rubidium and
in cesium vapor cells containing a buffer gas. In particu-
lar a non-Lorentzian line shape is determined by the joint
effect of a Gaussian laser field profile and a high pumping
rate. Moreover the imbalance of the optical Rabi frequen-
cies in the Λ scheme together with a detuning of the laser
carrier frequency with respect to the “center of gravity” of
the optical transitions produces a significant asymmetry
in the line-shape of the dark line and a shift of the maser
emission profile. All the above mentioned effect have been
theoretically explained in the framework of a three level
system and, with the exception of the precise measure-
ment of the CPT maser frequency shift for the reasons
reported before, found in good agreement with the exper-
imental results obtained on the optical transitions of 133Cs
(D2 line) and 87Rb (D1 and D2 lines).

The theory on the line-shape of the CPT maser, re-
ported in this paper, refers to the case of a negligible feed-
back of the microwave cavity field on the atomic ensemble.

With the removal of this hypothesis, new effects are ex-
pected which will be examined in a forthcoming paper.

We would like to thank J.C. Camparo for useful discussions,
M. Inguscio for his help at different stages of the work and ASI
for financial support.
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