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Abstract— This article reports a dedicated theoretical and ex- broadens and shifts [15], [16], [17] the optical transitloes,
perimental study on the properties (signal amplitude, linevidth)  allowing excitation of the dark state towards other excited
of coherent population trapping (CPT) resonances detectedh  giqi05 and resulting in a decrease of its lifetime. Morgover
vacuum vapor cells. Results are presented for conventionaingle- .
lambda schemes of atomic energy levels but also for double- th? buffer gas induces _a_l temperature-dependent.fr_eq_uency
lambda schemes, now widely used in various applications ih¢ shift of the clock transition that needs to be minimized
ding atomic clocks and magnetometers. Approximate compact using a finely-tuned buffer gas mixture [18], [19], [20] or a
analytical expressions, valid for a wide range of light wave gpecific single buffer gas configuration [19], [21]. The s&to
intensities, i.e. beyond the low intensities or pump-probeegime,  hathod consists to deposit anti-relaxation coatings sieh a

have been obtained. Analytical results are found to be in exalent - . .
agreement with exact numerical solutions based on the optit saturated paraffins [22], [23], octadecyltrichlorosila@TS)

Bloch equations. Experimental results, obtained in a Cs vapr ~coatings [24], [25], [26], or alkene-based materials [27]
microfabricated cell, are reported and found to be in corre¢ on the cell inner walls. With such coatings, alkali atoms
agreement with theoretical expressions. experience a significant number of atomic-state preserving
bounces on the cell walls before destruction of the atom
spin orientation (up to TOwith paraffins, 16 with alkenes
and 16 to 10° with OTS). However, finding a reproducible
In Coherent Population Trapping (CPT) physics [1], [2]process to fabricate coated-cells is a challenging taskcatid

[3], atoms can be prepared in a non-interacting quantysarformances developed with an analog process often suffer
superposition of two hyperfine ground states by coherefgm a non-negligible dispersion.

interaction with two resonant optical fields coupling a coomm

excited-state in a\-configuration, the main condition being The theoretical and experimental study of CPT resonance
that the two-photon (Raman) frequency detuning must Beoperties in Doppler broadened media such as evacuated
close to zero [3], [4], [5]. In this so-called dark stategells has also motivated a significant interest, for fundatale
atoms are no longer coupled to light, resulting in enhancgfysics but also for potential applications. Line narrain
transmission of laser power through the atomic vapor @fechanisms in CPT or electromagnetic induced transparency
reduction of the fluorescence emitted by the atoms. The d3iqT) have been reported in Doppler-broadened media. The
resonance line-width is ultimately determined by the iiff effect of velocity selective coherent population trapping
of the hyperfine coherence rather than by the excited Sta8SCPT) or EIT in a Doppler broadened medium has been
lifetime and can be much smaller than the natural line-widtHdressed by Taichenachewval. [28], Ye and Zibrov [29],
of the optical transition. Consequently, CPT spectrosdu®y and Javaret al. [30], using only monochromatic laser fields.
been widely investigated for precision sensing in view Gfajlacheet al. [31] has investigated theoretically in thin cells
applications in high-resolution spectroscopy [6], noreén (one-dimensional model) the lineshape of CPT resonance
optics, quantum frequency standards [7], magnetometgrs [§ith VSCPT in an open atomic system, with Doppler effect
[9], laser cooling [10], slow light [11] or quantum opticsJl on the optical transitions but not on the CPT transition.
In most CPT?based atomic devices, light-atom mteractu_gbme papers have also reported the dependence of the CPT
takes place in a vapor cell. In such setups, two mafsonance lineshape on the laser linewidth. In [32], it leenb
techniques are usually employed to increase the wallstofii reported in a Doppler-freé-system that the CPT resonance
induced CPT coherence relaxation time and allow thg unaffected by the laser linewidth when the driving fields
detection of narrow resonances. The first method consistsgi@ critically phase correlated. In case of EIT and the use
dilute the alkali vapor with a pressure of buffer gas [13hf two independent lasers without phase coherence, &uo
that also reduces the Doppler broadening via the Dicke teffeg. [33] showed that the effect of the laser spectral linewidth
[14]. Nevertheless, the presence of buffer gas homogeheoys equivalent to a relaxation rate between the two ground
1 Lo . . . states. Also, the influence of laser sources with different
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[35]. In this paper, a numerical computation of the CPTin L lin pumping configuration when the openness can be
resonance was performed in a closed three level atom, imeglected, is also considered. Some preliminary expetahen
Doppler broadened vapour in a one-dimensional cell modedsts have been performed in a Cs vapor microfabricated
taking into account the laser linewidth. From this study thcell in order to evaluate the validity of theoretical cakions.
LILN effect is expected to occur in pure alkali-vapor cells

when CPT resonance is excited using a narrow-band laser

exhibiting a spectral linewidth narrower than the atom redtu
linewidth. While no experimental proof of this phenomeno
has been reported yet, this effect could be interesting f
the development of ultra-compact or even miniature atonic—p,.-
vapor cell clocks [36], [37] based on pure evacuated cel
without buffer gas neither wall-coatings. More recentlye t
excitation of dark states in evacuated vapor cells has be
exploited for the stabilization of laser frequency usinmioal

dual-frequency sub-Doppler spectroscopy setups [38], [39
g y PP P Py P [ ] [ Fig. 1.  Single (a) and double (b)-schemes of atomic energy levels.

L. . Wavy arrows denote spontaneous relaxation channels, whigethe total
The CPT phenomenon is in general correctly describggontaneous relaxation rate from the stig In the case of the double

by a single A-scheme of atomic energy levels in varioug-scheme, each upper-state level relaxes with the yafe stands for the
regimes of atom-light interaction and resonance obsenvati ﬁﬁ‘:i}ﬁg g?tﬁigcﬁt Tfa%rg?gﬂ'fﬁfgigah”'ticgrgggmwh'Ch carcused by the
stationary (continuous-wave) mode, Ramsey-like techwiqu
or active maser approach [2], [4], [5], [40], [41], [7], [42]
The regularA-scheme is presented in Fig. 1a. A significant
number of papers has been reported with this approach. Some
works have reported analytical expressions for the widith an Let us briefly describe the mathematical formalism used in
amplitude of the dark resonance in the case of a vacu@wr theory. We consider resonant interaction of atoms with
vapor cell but for the EIT regime (or pump-probe regimed light field composed of two monochromatic plane waves
where one of the laser waves is much weaker than the otiéppagating along the-axis :
one, i.e.l; <<l wherel; andl, stand for the intensity of
each light wave respectively [28], [30], [29], [43]. Anallyal
results have been also reported for the atom at rest [2], [4],
[5], [40], [41], [42] or in the case of buffer-gas-filled vapo The constant phases can be neglected, so that the waves
cells [44], [45], even taking into account the full atome#l amplitudes are real numbers. As in [28], we also neglect the
structure [46]. The study of the dark resonance parameteesidual Doppler broadening of the dark resonance due to
under the CPT regimely( ~ I2) in vacuum vapor cells hasthe difference of absolute values of the wave vectors, ie. w
been investigated in various articles [47], [48]. take kyx~ko,=k. The wave with frequencyy induces optical
Despite this well-furnished literature, we have noted thatansitions shown as blue arrows in Fig.1, while red arrows
any analytical expressions for the dark resonance parasnetmrrespond taw,.
(amplitude, linewidth) valid beyond the pump-probe and In the case of a dilute gas, collisions between atoms can be
low saturation limits have been derived and presented ymeglected. Moreover, we do not take into account linear mo-
Another important point is to note the lack of theoreticahentum exchange between an atom and a photon, leading to
expressions describing the parameters of the CPT ddhle recoil effect. Thus, the problem can be considered wiigh t
resonance detected in vacuum vapor cells with optimizéelp of a one-atom density matrix in the Wigner represeuortati
doubleA CPT pumping schemes (see Fig. 1b), such @z v,t) according to the Lindblad-type equation [57] :
lin L lin [49], lin || lin [50], push-pull optical pumping N ,
(PPOP) [51], [52] or double-modulation CPT [53]. Such @:_'_[(qom) ﬁ} + j{{ﬁ}_ )
schemes are now widely used with buffer-gas filled cells in dt h ’
concrete applications such as atomic clocks [54], [55] or Hered/dt =d/dt +v0d/0z with v the projection of atom’s
magnetometers [56]. velocity on thez axis. The hamiltoniarHy describes a free
atom, whileV is for the atom-field interaction in the dipole
From this context, the original contribution of this papeapproximation. The relaxation operat® accounts for the
is to report a theoretical study on the properties (ampéitudspontaneous relaxation with rate and the corresponding
linewidth) of CPT resonances detected in vacuum vapor,celsanching ratiosB; > (see Fig.1). For the case of an open
yielding approximate compact analytical expressionsidvalscheme of levels, we will consider a finite diameter of the
for a wide range of light wave intensities, i.e. beyond th& lolight beam. Strictly speaking it means that we should take in
intensities or pump-probe regime. These clear and compactount transverse intensity distribution for the wavesph-
analytical expressions are found to be in good agreemeht witidesE; »(X,y) and include corresponding derivativesddt.
exact numerical solutions based on optical Bloch equationisstead, the widely used approximation allows to introdace
The specific case of a closed doullescheme, modeling the additional relaxation rat€ responsible for the finite time of
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flight of an atom through the laser beam. Besides, this cohsté&ssuming this, we considgsi > = 1/2. Note that the equal
is responsible for the ground-state decoherence rateethdebranching ratio can be easily realized in real experimeiitts w
we consider the case of a regular vacuum vapour cell withddi lines of Rb or Cs atoms by using the"o™ (or c707)
any antirelaxation coating of walls. Therefore, there aoe Hight field configuration. In this paragraph, we also assumag t
ground-state-anisotropy preserving collisions betwetma there is no relaxation process for the ground-state aoiggtr
and the cell walls. This means that we can consider atoms. the corresponding relaxation rdie= 0. Thus, based on
to be distributed isotropically over the ground-state kuels the aforesaid density matrix formalism (see also [2], [8], [
when they are out of the light beam. As described furthgtl], [42] especially for the CPT studies), the excited estat
in the text, all three dimensions of the cell are larger thanpopulation, i.e. the diagonal density matrix elemegs, is
beam diameter. Moreover, the cell length is large enough raaticulated to be expressed as :

to demonstrate any "thin-cell" physics [31]. To summarize,

we can state in our case that atom-wall collisions manifest WA(X,AR) = p33 = —8|1|2A% ©)
themselves only via the ground-state thermalization E®ce ’ axx? +aix+ap
which is described by thé constant. Here, x = kv/y is the Doppler frequency shift (also in

Before presenting the results of calculations, we noterd®g nits) for a moving atom in a gas. The coefficiemts are
assumptions of our theory. Namely, we seek for the steagyjyen by :

state solution of Eqg. (2) in the rotating-wave approximatio

(RWA). Thus, diagonal density matrix elements, respoesibl a0 = 417 — ANRIE + DR(1+ ARy + 240311, (4)
for populations of atomic energy levels, can be treated as in B 2

dependent of time. Besides, the power broadening is assumed 21 = 4Ag(l1 — 12)[AR = 21, ()
to be the main process of the dark resonance broadening for ap = 402l (6)

the open and closed schemes of energy levels. The time-of- ) ) ) )

flight relaxation process is taken into account in the cagheof Where the tzotal intensitl = 11 + 12, with saturation parameters
openA-scheme but is not considered for the closed schembis™ (Ri/Y)*. Rj = Ejd/h are the Rabi frequencied, is the

We do not use any perturbation theory over the light intgnsifiPole momentum equal to both transitions of thescheme.
and the general analytical expressions obtained in the nExtare real values of the light wave amplitudes. _
section are valid for a wide range of wave intensities, ag loA\SSUmingv = 0 in Eq. (3), we obtain a relatively simple
as the power broadening is smaller than the Doppler wigsRlution for the atom at rest even if the function FWHM
Ap=2kvo (with Vo the most probable atom thermal velocity irf!1:/2) does not have a compact form. Under the low light-
a gas). The latter condition is regularly satisfied in experits Wave intensities limit, we obtain the well-known soluticor f
with CPT in a thermal gas. The last key assumption consiststf}f linewidth caused by the power broadening mechanism [3],
considering the medium optically thin in order to preverg thl4], [3] :

solving of a bulky system of Maxwell-Bloch equations [58].

Last words should be said about the light wave frequencies. FWHM iy 1«1 ~ 4y(I1+12) (7)

Usually, due to experimental simplicity reasons, a sing&t s expression is useful to describe the dark resonance
in combination with a fast electro-optical modulator (EOM), the case where the motion of atoms can be neglected.
or just a vertical-cavity surface-emitting laser (VCSEUEa pegjges, the similar linear dependence shown in (7) is also

used in CPT studies to generate two resonant light wavesiq for a thermal gas of atoms under the low intensity
of frequencies.o; andw,. We assume that these frequencigggime. Also, expression (7) can be obtained from a more
are two +1 sidebands of the frequency spectrum, whicBenera) one derived in [42] for atoms at rest. Relativelypsém
are equally distant from the carrier optical frequenoy. gnaiytical expressions can be obtained in the case of buffer
In our calculations, this frequency is taken to be fixed _a'tfiols—filled vapor cells [44], [7], [46]. However, it is imparit
equal to the averaged frequency of twoscheme transi- ¢, fndamental laser spectroscopy and many applications
tions : wo=(ws1+ ws2)/2. The two-photon (Raman) detuningy¢ the dark resonances to figure out any explicit analytical

is defined iny units asAr=(w1 — w2 —Ag)/y, With Ag the oy ressions in the case of evacuated cells. To achieve this
frequency difference between the ground-state suble®&s ( o4 expression (3) is averaged over the Maxwellian vajoci
1). In such real experiments, two frequenciesandw, are jistribution

changed simultaneously but in opposite directions to asze
or decrease the two-photon detunidg and scan the dark (Wa)y =
resonance. Vo .

We consider (8) to be the expression of a spectroscopic
signal. The transmission of the light beam through an olbyica
thin medium can be easily expressed Weh )y.

We focus here on a closed scheme of levels, such thHdtis spectroscopic signal can be obtained by using Eq. (8)
the branching ratios (see Fig. la) satisfy the conditionand integrating analytically the expression (3). This pahae
B1+B2=1. Also, we assume the branching ratio to be equal weas applied by other authors and the result is well-known
each other. This assumption was also considered in [28], [26ee for instance [28]). Nevertheless, with this appro#ud,
[30] to obtain the expressions of the EIT resonance lindwidtprecise analytical result is expressed via the specialr erro

/ W/\e—vz/v% dv (8)

A. Single-closed A-scheme



function Erfx), which cannot be expressed via elementary ¢~ ) light field configuration. The final approximate formula
functions. Moreover, such precise solutions are quite youlkor the dark resonance linewidth in a thermal gas is given to
[28]. All these factors make difficult to obtain explicit andbe :

compact analytical expressions for the dark resonance para

meters (amplitude and linewidth). For this purpose, sdvera FWHM =~ ﬂ| (10)
approximations are regularly applied. In general, authiors XoT1

to use an approximate expression for the error functionyor tiin, xo = kvo/y the Doppler halfwidth iny units. The dimen-

to find the most appropriate fitting function for the Gaussiag)gnless functions of have been introduced such as :
profile in the integral of exp. (8) (for instance, see [30]).

Further simplification assumptions are even often consitler 2
A relevant example is to study the problem under the pump- fa(l) = \/
probe regime, assuming that one of the waves (probe) is much |

weaker than the other one. This regime is often treated inWith :

the case of electromagnetically induced transparency)(EIT

where only a probe-wave first-order analysis is valid [28], fo(l) =4n(1+n) (12)
[29], [30]. In the case where both light field components are

weak enough, the optical Bloch equations can be expanded in VT

a series over the small paramefgr treated as the "time-of- =2 1+12 (13)
flight" saturation parameter :

[+ fo(1) — /11 2fo(1)] (11)

Tt

The approximation (10) with functions (11-13) is not so
bulky and can be used to estimate the linewidth. By conti-
nuously simplifying Eq. (10), we obtain the pretty simple
with T =" the average time of flight of an atom througt@Pproximation :
the beam. This method has appeared to be powerful enough a1
to obtain the analytical expression for the spectroscopic FWHM ~ ——
signal, even in the general case of an optical dipole triamsit V1+12
Fy — Fe with degenerate energy levels [59]. However, ifFor moderate and relatively high intensitiesl($21), a simple
this case, the results are valid for quite narrow light bearsguare-root dependence is obtained :
and weak light fields. Moreover, the signal is also expressed
here via the error function, not convenient to obtain compac FWHM = zy\/|/_3 (15)
formula for the resonance parameters. Following all afickes
we can state that no compact and clear solutions describing\Pproximate FWHM expressions described in (10) and (14)
the dark resonance parameters in a thermal vapor cell vali@ plotted on Fig. 2. Expression (10) is found to be a quite

beyond the perturbation theory approach have been obtaifi@d approximation for FWHM in a wide range of light wave
yet. intensities (compare solid black and dashed red curve®. Th

simple formula given in (14) yields also a quite acceptable

To solve this issue, we do not seek for some approximdsult (dash-dotted blue curve). On Fig. 2, the linear lawmfr
formula of the final spectroscopic signdWy),. Instead, Expr. (7) is reported (almost vertical short-dotted blaicie).

we try to use the most appropriate approximation for tHé is well seen that the linewidth starts to deviate from the
Gaussian profile standing in Eq. (8). This approach is similinear dependence even at low intensities, i.& 1. In our

to the one used in [30] for the pump-probe regime and §@Se, expression (7) works correctly only fofs 103, This
implies using a Lorentzian profile instead of a Gaussidihavior was discussed in details in [28], [29], [30] for the
profile. This approximation (the Lorentzian function extsb EIT regime and can be considered as a "Doppler narrowing”
longer "tails" than the Gaussian profile) can help to obtagifect. The strength of this effect demonstrates one mare ti
explicit and compact analytical expressions for the dafow considerable the influence of atomic motion is.
resonance parameters. Two options are possible to check this paragraph, the decoherence effects in the groutel sta
the validity of the approximation. The first one consists ifiave been neglected. Thus, the fluorescence signal describe
providing different results on the same plot, demonstgatinn (8) is null under the two-photon resonance conditgn=

the results of approximate analytical expressions togett& Therefore, the amplitude of the dark resonance coincides
with results of exact numerical calculations with the Garss With the maximum value of the fluorescence signal. At equal
profile fully taken into account. The second way consists fiabi frequencie®; = R, = R, this maximum is reached at
conducting an experiment. In this paper, both options af& = +2Rand brings the resonance amplitude to be :
explored and discussed.

o=yl <1 9

(14)

Ar— 10 (16)

Let us omit routine calculations just for shortness. Onlg th sz’n(1+n)

situation wherel; =1, =1 is considered. This regime is ofwith n described in (13).

relevant practical interest and can be easily realized Wi¢h In the linear case of very weak intensities (k2 1), we
help of Dy lines in Rb or Cs atoms irradiated by toéo™ (or obtain :



both approximate analytical formula (16) and (18) lead to
acceptable results for very small £ 10~4 and lower) and

relatively high ( ~ 10) intensities.

=] B. Closed double A-scheme

: =T The closed doublé\-scheme can be thought analog to the
;' closed single/\-scheme in the case where the coherepge

ZZ-

- (and ps3 = p34) between the 3 and 4 upper-state levels, not
induced in the singlé\-scheme (see Fig. 1a), is neglected (see
Fig. 1b). Taking this coherence into account, we come for the

closed doubleA-scheme to the formula :

A\
A\

FWHM, (y units)

7

o4— : : . .
0 1 2 3 4 5
2
Intensity, (Rfy)® We iy Aoy — 1611120 20
h-n(X,DR) b+ boxt+ by (20)

FWHM of the dark resonance in a vacuum vapor cell fomgls with the coefficients

Fig. 2.
closed A-scheme versus the light-wave intensity. The Doppler wikith
equals 59 (typical for the experiments with thermal alkali-metal at).
The solid line corresponds to the numerical calculationeiasn accurate bo = 16|t3_8A2R|t2+AEz(1+A2R)It _|_48A%|1|2 (21)
expressions (3) and (8). The dash-dotted blue line correlspto the simplest
approximate expression given in (14). The dashed red linadst for the
formula (10). The black short-dashed line describes the oaatoms at rest. by = 4AR(|1 _ |2)[A2R _ 4|t] (22)
0.06 e bz = 403k (23)
.‘*é’ ,%% We consider herdR; to be the Rabi frequency for both
2 oo P o |1) — |3) and|1) — |4) transitions, whileR; is for |2) — |3)
g P and |2) — |4) transitions. The same notations are used for
< It and I12. In this case, we obtain a result qualitatively
:é 0.02 similar to the one obtained for the single-scheme, see
TEl ' Egs. (3)-(6). It is worth noting that we can reduce the
< expressions (20)—(23) to the same expression than (3)46) |
0.00 by replacing the intensitiek 2(A — A) = 112(A)/2. Indeed,
o 2 4 6 8 10 @f we put I1(A—=A) = Il(_/\)/2 and I>(A—A) = I?(/\)/_Z
Intensity, (Riy)? into Egs. (20)—(23), we will come t@y_A=W\. While this
¥, (R operation might just seem an interesting mathematica,tric
has a real physical meaning. Indeed, by comparingthe™

Fig. 3. Amplitude of the dark resonance in a vacuum vaporfoela single

closed A-scheme versus the light-wave intensity. As for Figk% = 50y. light field configuration with the linL lin configuration

The solid line corresponds to the numerical calculationetlasn accurate [49], we can see that Rabi frequencies in these schemes

expressions (3) and (8). The dash-dotted blue line correlspto the simplest - 1/2 .

approximate expression (18). The dashed red curve is @gtaimough the &€ related asRy2(A —A) = Ri2(A)/2 due to cyclic
components of the light polarization vectors. Therefore,

the two polarization configurations™ ot and lin L lin are

formula (16).
identical for a vacuum vapour cell and closed system of evel

A~ Mﬁ (17) Both previous subsections 1I-A and 1I-B have considered
X0 closed systems of atomic energy levels. This problem has

where the standard assumptiggn>>> 1 is taken into account. a general academic interest and can be applied in specific
For the moderate intensities regime (12 1), we should experimental cases. However, in most experiments, the real
atomic transitions induced by the light waves form an open
system of levels (i.31+ B2 < 1 and, moreover, witf1 # (32).
Thus, the following subsection is dedicated to the study of a

A 2ym | (18)
T % Vi+12 single open\-scheme.

In the last case of relatively high intensities (frdne 1 up
to several tens), we obtain a clear square-root dependenceC. Single open A-scheme
Many systems of atomic energy levels relevant for real

(19) experiments are open. In this configuration, one or more

An \/m/3
sub-levels are non-resonant with the light field. These sub-

Xo
The approximate solutions (16) and (18) are compared wittvels can collect the atomic population during a long time

the exact numerical calculation on Fig. 3. It is shown thand influence the properties of the nonlinear resonances. In

slightly correct Eq. (17), coming to the formula :



particular, it is well-known that the openness can harm the 0.008
amplitude of the dark resonance and impacts also the CPT : -
resonance linewidth [60], [30]. 0006 ]
Considering an open system of levels makes the problem
much more complex in comparison with the closed one. An
open system of levels is usually studied using the low light 0.004 7=
intensities regime, assuming that the "time-of-flight'Usation ] i
parameter, given in (9), is small enough. Here, we focus on a 0002 /
regime beyond this limit.

In this paper, we demonstrate the results for the resonance

amplitude only. For shortness, we consider intensitieseo b 0.000
equal (1 =1, =1) as well as the branching ratioi;(= B2 = B). 0 2 4 6 8 10
We also assume thg; + B2 < 1 andll # 0. We takel’ <y htensiy, R 4)°

as a typical condition for a real experiment with thermal

; ; Fig. 4. Amplitude of the dark resonance in a vacuum vapour foela
vapor. The branChmg I‘atIOBl,z are assumed to be Smallsingleopen N-scheme versus the light-wave intensity. The Doppler hdtfw

(B < 1). Eventually, one more important assumption is thaliy, — 50, and the time-of-flight relaxation rate 5= 0.02y. The solid line
Rz/y > T, i.e. the power broadening prevails over the timesorresponds to the numerical calculation on the basis otpeessions (8)
Of-ﬂight broadening. Using the same approach than in tﬁl@d (24). The dash-dotted blue line corresponds to the sshplpproximate

: . . expression (30). The red dashed curve represents the Igw (29
previous paragraphs, we come to the following expression :

L -

Ampliude, (@lun.)
\

2
~ P2X* + po
W (x,AR) = — 22 THRo
N AR = e o+ %

with explicit expressions for the coefficienfg and gk
reported in Appendix.

(24) _
E= /T = /mytl = /1 /F" (27)

with &p used in Eq. (9).
For the center of the resonance, we obtain a very similar

In this regime, due to the decoherence effect in the grouﬁépressmn :
state [ # 0), the fluorescent signal described in Eqg. (24) is Vi Fg (28)
not equal to zero ahg = 0, in contrast with (3) and (20). The ~
amplitude can be found as follows : V2(1-B)[x0+/2(1-B)]

Both expressions (26) and (28) give the amplitude :
A = Whax —\Wo (25)

whereWhex = (Wh)u(Ar = A) with A, the position of the A ~ & 1 _
fluorescence maximum. Here, the latter does not equal to (1-B) [X0+(1—I3)E]
+2R as for the closed schem®éb = (Wp)y(Ar = 0) is the JI=B
level of the signal at the center of the two-photon resonance — (29)

V2[xo+ \/2(1—6)2}]

Actually, the CPT effect can be "switched off" to calculate Actually, under the low and moderate intensities (up to
the first term in Eq. (25). This trick gives a quite acceptabkeveral tens of mWi/cf), even if the conditiorf < xg is not
result and means that the two light waves can be assumggisfied, we can use a much simpler expression :
to be mutually incoherent (for example, there could be two B
different laser sources without any phase lock). In thisagion A~ (1_ ﬂ) e (30)
the low-frequency coherence between the ground stdfes - 2 ) x(1-pB)
and |2) is not induced (see Fig.1) and the dark resonance ) o
does not occur. To consider this regime in our theoretical -8t US now clarify the value of approximations (29) and
model, we can just assume the low-frequency coherence (f39) With the help of plots. In typical experiments using Rb
corresponding density matrix elements) to be null. Degpite ©F Cs thermal vapors gnd light beam diameters in the 1 — 10
use of this approximation, the analytical integration of, Eq"M range, we approximately have~ (0.5—5) x 10?y and _
(25) over the Maxwellian distribution still leads to a corespl X0 = KVo/Y~ 50. The branching ratio, as explained further, is
expression. Taking into account the assumptions mentioned@Ssumed to b@=5/24.

the beginning of this paragraph, the latter is simplified to ; Figure 4 presents the approximate analytical expressie@)s (
and (30), together with the exact numerical calculatioredas

re on equations (24) and (8). Compared to the case of the closed
(1-B) [0+ (1—B)E] (26)  A-scheme (Fig. 3), Fig. 4 reveals in the case of the ofyen
scheme a dramatic reduction of the CPT signal amplitude.
where [ = I/y. A new time-of-flight saturation parameterAs shown on Fig. 4, the obtained formula give quite good
(instead of the one given in Eqg. (9)) has been introduced sumhalytical approximations for the dark resonance ampditud
that : in a wide range of light intensities= (R/y)?. The simplest

Wrnax%



analytical expression, given in Eqg. (30), can be used to Fe=4

estimate the CPT amplitude up to relatively large intensity 4 3 2 4 ¢

values such thdt~ 10. Such values, corresponding to several e o o +_1 +2 43 44

hundreds of mW/crh are not often used in the experiments. B.y el
L v (1-B4—Bo)y

IIl. COMPARISON BETWEEN THEORY AND EXPERIMENTAL
TESTS R,

A. Connexion of theory with experiments

The present section 1l is devoted to comparison between Fg2=4 - = =
theoretical and experimental results. In a first step, #ieor — - +-1 +2 13 4
cal parameters likdj; = (Rj/y)?, [ etc. must be connected : 3 2 -1
with those used in the experiments. In particular, during th —
derivation of expressions (29) and (30), we have assumed 3 3 - o
both ground-state sub-levels in tilescheme to have initial 10 +1 E E
populations equal to /2. In the case of a real alkali atom,
one should multiply (29) and (30) by the coefficiendefined Fgl=3

as
Fig. 5. Partial structure of energy levels involved in the @sline (not in
1 scale). The magnetic field is switched on. Numbers correspmthe quantum
a= (Fgl+ Fgo+ 1) (31) numbersm. Straight solid arrows denote* light induced transitions. Wavy
dashed arrows show three possible channels for the sponsmecay with
with Fy g2 the total angular momenta of the hyperfine levelsrresponding branching ratifis Ry » are the Rabi frequencies for both arms

in the ground state. Fdr3Cs, we haven = 1/8. of the open single\-scheme.

moritaring the Ight power ransmited traugh the collowi MYoNINg the approximate saluton (30), expressions (34
' and (35) together with (25) and (31) result in the expression

the help of Maxwell equations, the transmitted light wave
intensity can be written in the form of quadratures : 2
~ T chynL 1-B =
Ar=——— X |14/ — . 36
T ol D) ( 2)” 40

L

X (br) = Joexp| - | n(3(2) dz], (32)

0 The experimental intensity is defined from the intensitly

where Jp is the incident light beam intensity anil is the used in the theory such that :
output intensity at the output of the cell, withthe cell length.
The functionn(z) is the absorption index per unit length. As l=(=)?= J x W, (37)
mentioned in the introduction, the medium is consideredeto b Y 8Js
optically thin. In such a case, the absorption index is smalhere Js is the saturation intensity determined here in the
enough. Moreover, the latter does not depend significamtly following way [61] :
the z-coordinate. For this purpose, this dependence igctegl

here. Therefore, we can write : _ 2T[2hCV
‘]S - 3)\3 ) (38)
JL(BR) = Jo(1—nL) =Jo(1—onlL), (33) For cesium D line, we get Js ~7900 erg/s/cr=0.79

mW/cn?. The parameteW in (37) contains information about
the relative strength of a certain dipole transiti|<Frg,mg> —
|Fe,me) with mge the magnetic quantum numbers of the

with ¢ the absorption cross section andhe atomic density
in the cell. The optical Bloch equations lead to :

Wi (J ground @) and excited €) states (see Fig.5) :
o 2mehy Av(do) 7 (34)
A Jo
with ¢ the speed of light and = h/(2m) with h the Planck W = (2%e+1)(2FRg+1)(2Re+1) x
constant andj extracted from (24). Fe 1 Fy (e Feo 132
The dark resonance amplitude observed in the transmit- —me 1 my Fp Jy 1 (39)

ted signalJ_ (Ar) is determined by the expression : ) )
Herely is the nucleus spirly, Je are the total angular momenta

of electrons for the ground and excited states respectively
(35 _. -2 . T :

Since theot o' excitation configuration is studied, we took
Here gy is the cross section at the center of resonafige{ q=1 in Eq. (39), withq the light polarization component
0), Omax corresponds to the maximum level of the light waven the circular basis (in generaj = +1,0). The standard
absorption and defines a wide background pedestal of the dadtations(...) and{...} for 3jm— and §—symbols are used
resonance. [62].
Figure 5 shows the partial structure of energy levels of the

AT = JonL(omx — O'o) .



Cs Dy line (Fe =4 excited state). The strengtd = 5/24 is the CPT resonance is fitted by a Lorentzian function in order
the same for both transitions induced in thescheme shown to extract its main characteristics (linewidth and amplé

in Fig. 5. Therefore, as already assumed abdve; I =1. Such measurements are performed for a wide range of laser
The total intensity of the light field id; = 21 (& = 2J). intensities, up to about 60 mW/ém

Expression (39) coincides with the effective branchingorat

for a single transition of thé\-scheme. The branching ratiosC. Experimental results and comparison with theory

for both transitions of the scheme are equabie= B> = 5/24. Figure 7 plots the evolution of the CPT amplitude versus the

Expressions (36)—(38) lead to the square-root law dep&edef,qer intensity, in the case of a circular polarization sobe
of the CPT amplitude to the intensitly such as :

~ 0.5 -t
~  30A%nL 2 [QVANY
Ar = “1) %y sme X, (40) - e
4x0 1-B 2m(1-B) “c 0.4 g L
Q9 ] el
B. Description of the experimental setup % 0.3+ ,x" > -
We have implemented an experimental setup, similar to the g ] ’/'
one described in [63], to perform CPT spectroscopy in a Cs 2 024 oA I
vapor microfabricated cell. g 1 .
014, /nu -
< A
PD T
DFB |—| EOM |—| AOM |—| Cell |—o—> ! oo~—-v—1+ +—FF
| ket 0 10 20 30 40 50 60

4.6 GHz
| v |

Fig. 6. Experimental setup to perform CPT spectroscopy. DEBtributed

feedback laser, EOM : Mach-Zehnder electro-optic modulat® : local

oscillator, AOM : acousto-optic modulator, RF : radiofregay synthesizer,
Cell : cell under test, PD : photodiode

Total Intensity, mW/cm?

Fig. 7. Comparison between theoretical curves and expatahdata (black
squares). Amplitude of the CPT resonance versus the tcid latensity of
the laser field. The solid orange line is for numerical cataohs on the basis
of equations (24) and (8). The time-of-flight relaxation stamt is taken to be
' =0.06y. The dashed black line shows the result of the analyticalesgion
reported in (40).

The laser source is a 1 MHz-linewidth distributed feedback
(DFB) diode laser, tuned on the Cg ne at 895 nm. A70 dB  Experimental results are compared with theoretical expec-
optical isolation stage is implemented at the output of #set tations extracted from analytical results and numerigalusi
source to prevent optical feedback. The laser light is tegc lations. Numerical calculations are found to be in correct
into a fibered Mach-Zehnder EOM (EOM iXblue Photlineagreement with the experimental data. The agreement betwee
NIR-MX800-LN-10). The EOM is driven by a microwaveanalytical formula and experimental data is less satigfyin
frequency synthesizer at 4.596 GHz such that both firstrordgeveral reasons can explain this discrepancy. The first sug-
optical sidebands are frequency-split by 9.192 GHz and cgastion is that the optical thickness of the medium is not
be used for CPT interaction. Dedicated servo systems ack usegligible in our experimental test. The medium can not be
to reduce greatly the optical power contained in the opticllly considered as an optically thin medium as assumeden th
carrier and higher-order harmonics. This allows to obtaintheoretical section. The second and the most valuable measo
clean optical spectrum, composed roughly of only two ojptices that the calculation a priori of an appropriate value foe t
lines. At the output of the EOM, the light is sent into arime-of-flight relaxation constanft is difficult. Indeed, our
acousto-optical modulator which can be used to control tiieeory relies on the standard theoretical approach of agilax
laser power. The light is then sent into a quarter-wave platenstants, often used to obtain analytical results [28]],[3
to obtain a circularly-polarized laser beam and crosses a[29]. However, strictly speaking, the validity of this apgich
mm diameter and 1.4-mm length Cs vapor microfabricatésl higher for light beams with a large-enough beam diameter
cell [64]. The beam diameter has been measured to be 1aM exhibiting a step-like intensity profile. In the latterse,
mm using a beam profiler. The cell is temperature-stabil@edthe constanf” can be estimated on the basis of well-known
75°C. On the basis of measured linear absorption profiles, tepressions (for instance, see [61]). The acceptabletsasarh
atomic density was estimated to be about %.20'? at.cn3.  be also obtained for the case of small time-of-flight satonat
At this temperature, the optical absorption is measured parameter (9) [59]. At the same time, it is well known that
be about 40 %, corresponding to a non-negligible optical the general case the relaxation-constants approach may d
thickness. A static magnetic field of 10.4 G is applied imonstrate a significant discrepancy with either real expen-
order to separate well Zeeman transitions and isolate thet@ observations or accurate numerical calculations takito
0 clock two-photon transition. During the experiments, thaccount the transit-time effect under the real transveaserl|
laser frequency is connected to tlie= 4) excited state. The intensity distribution (e.g., see [45], [65], [66]). Thisgblem
frequency of the microwave frequency synthesizer is swegdn be really relevant in the case where a narrow Gaussian
over a few MHz in order to detect the CPT resonance in theam is used, as actually operated in our experimental .setup
bottom of the CPT-resonant absorption line. Once recordedjditionally, our situation is even more complicated thgbu



the use of a miniature vapor cell, which does not allow usgisishould be obtained using a regular cm-size vapor cell and a
larger beam diameters (5-10 mm instead of 1.2 mm). Undarger beam diameter.

these conditions, the assumption in the theoretical sectio

that the power broadening is the dominant contribution to ACKNOWLEDGMENTS

the CPT line shape might be distorted due to the interaction h h hank Cl S .
with a beam of finite width [43]. In particular, this is why 1€ authors thank Dr. E. De Clercq (LNE-SYRTE, Paris)

the relative discrepancy between the dashed curve and blgE'l(ii Prof. A. Taichenachev (ILP SB RAS, Novosibirsk) for

squares in Fig. 7 is more noticeable at low light intensit?f“n“”ating discussions.
levels than at the high ones. Nevertheless, we consider that
the agreement between theory and experiments is correct, so APPENDIX
that the derived analytical expression (40) can be used forthe explicit form for the coefficients in (24) is :
estimating the amplitude of CPT resonance in practice.
A last possible reason to explain the discrepancy between by
experimental data and the model comes from our theoretical Po= aRT {4R2F+y(r +AR)] X
model in which the multi-level Cs Dstructure is simplified 2
to a 3-level A-model. For example, the particular ground- X {4R2y+r(y2+AR)],
state sub-levelFy =4,m=0) in Fig. 5 experiences additional
optical pumping due to spontaneous emission from excited- p, = 16R* %3 (M+A3),
state sub-level$Fe = 4,m=0) and |Fe = 4,m= —1). Such
processes are not considered in fhscheme approach used
in our theory. Nevertheless, we consider that experimemal Qo= [4R2y+ r(y2+A2)} {32R4F(2F +y(1-B)) +
theoretical results fit correctly and that the derived aticay
expression Eq. (40) can be used for estimating the amplitude 4 (y+ F)(y2+A§)(F2+A§) +
of CPT resonance. 2
To summarize aforesaid, we can state that in our configuratio +4R° [yr (5F +y(3- ZB)) +
the relaxation rat€ can be considered as a matching parame- )
ter to get a good agreement between theory and experiments. +0 (Y (1—2B) + T (y— 2F))} ;
In particular, the numerical calculation presented in Fg.
has been performed with = 0.06y. This value gives a good N2 A2
agreement between the numerical calculation and expetaihen Ao =8y’ T(y+T) [8R4+ (yz —4R) (T +AR)} +
data but this regime remains pretty far from the one required
in the theoretical section. We anticipate that a bettereagemnt 2 2
: . _ +4R?|T2y (3 +y(2—B)) +L&(Y(1—B) + T (3y+T ,
between theory and experiments should be obtained using a [ v( v2=P)) R(yz( P+ T3y ))}}
laser beam with a larger diameter and a cm-size vapor cell. In — 1672 M) (A2 4+ 2
this case, thd rate could be estimated a priori as described ® Vv )( RF )
in [61].
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