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Sub-Doppler signals of the hyperfine Cs[6%P;5(F,) —62S1,,(F,)] transition lines in a diode laser-induced retro-
fluorescence spectrum at the interface between glass and Cs vapor are, for the first time to our knowledge,
experimentally identified and phenomenologically investigated. We propose a qualitative explanation of the
origin of the sub-Doppler hyperfine line, based on kinematic effects of the population of the excited 62Ps,(F,)
atoms of the laser-pumped velocity classes confined in the near-field region of the interface. The role played by
different relaxation processes contributing to the retrofluorescent atomic linewidth has been characterized.
The effective decay rate of the atomic hyperfine level 62Pg5(F,=5) near a metallic thin film has been measured
by using both sub-Doppler retrofluorescence and frequency-modulated selective reflection spectroscopies. For a
saturated Cs vapor in a glass cell at a temperature of 130°C, the effective nonradiative relaxation rate of the
62P5(F,=5) energy hyperfine level due to the coupling with a metallic film is estimated to be A‘[}f:fHF -
~3.10% s~1. © 2005 Optical Society of America cE
OCIS codes: 240.0310, 260.2510, 300.2530, 300.6210.
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1. INTRODUCTION

The study of the integrated retrofluorescent spectral
signals generated with a diode laser at the interface be-
tween a metallic vapor optically thick at resonance and a
surface composed of adsorbed atoms, metallic clusters,
and atoms chemically bonded to the surface is a promis-
ing new way of experimental spectroscopic research for
the in situ determination of the physical properties of in-
terfaces. The retrofluorescence spectroscopy method is
complementary to the methods of selective reflection spec-
troscopy and evanescent wave spectroscopy.l’2 In Refs. 3,4
the authors have used a nonradiative and noncollisional
mechanism of relaxation of the excited atomic level in the
vicinity of a metallic film to interpret the inhibition effect
of the spectral retrofluorescent signal observed at the in-
terface between glass and saturated Cs vapor optically
thick at resonance. Moreover, these authors mentioned
the existence of a sub-Doppler spectral structure located
in the spectral region of inhibition of the retrofluorescent
signal associated with the 852.2 nm resonant line. The
phenomenological model developed3’4 does not allow, in its
present form, the identification and explanation of the
origin of this sub-Doppler spectral structure.

In this paper our objective is to present experimental
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results that corroborate the existence of a spectral sub-
structure in the retrofluorescence signal associated with
the resonant 852.2 nm (62P3,—62S;/5) line at the inter-
face between glass and Cs vapor at a temperature around
130°C. Using frequency-modulated (FM) selective reflec-
tion spectroscopy, we show by comparison that this sub-
structure really corresponds to the sub-Doppler hyperfine
structure of the atomic 62Pg/5 < 6257/, absorption line. We
have measured and analyzed the profiles of the cycling
(F,=5—Fg4=4) hyperfine spectral line of the retrofluores-
cence and FM selective reflection spectra. Starting with
the spectral properties of this sub-Doppler hyperfine line,
we propose and carry out an experimental method allow-
ing the in situ measurement of the effective decay rate of
the population of atoms, excited in the atomic 62Ps,(F,
=5) hyperfine level, which is located near a metallic film.

By using these measurements, and the physical con-
cepts of the methods of selective reflection spectroscopy5’6
and of retrofluorescence spectroscopy,’ we estimate the ef-
fective decay rate due only to the nonradiative relaxation
process of the excited atomic level in the vicinity of a me-
tallic film. The value of the effective nonradiative decay
rate due to the coupling of the excited atom with the me-
tallic surface, A},’~£=5% Fy=t0 obtained by using this new
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method and based on the retrofluoresecence sub-Doppler
effect, is compared with the values measured by Le Bris et
al.® and Gagné et alt

2. EXPERIMENTAL SETUP

The diode laser-induced retrofluorescence spectroscopy
technique reported here is the same as the one described
in Ref. 3. The experimental setup is illustrated in Fig. 1.
The Cs cell is embedded in an aluminum block and heated
to a programmed temperature (between 90° and 180°C),
controlled by a Mirak thermometer (Model HP72935). A
diode laser from Environmental Optical Sensors, Inc.
(Model LCU 2001), with a bandwidth below 10 MHz, is
used to excite the Cs atomic vapor around the 852 nm
resonance line. We limited ourselves to weak laser powers
(between 20 and 570 uW for a beam area of ~0.014 cm?)
to avoid nonlinear effects. The calibration was carried out
with a Fabry—Perot interferometer by directing a fraction
of the exciting laser beam to it. The main laser beam is
directed to the cylindrical Cs cell along the cell axis at an
angle of incidence of ~2° with respect to the normal of the
entrance window surface. The fluorescence emitted back-
ward at an angle of ~16° with respect to the normal of the
surface was captured by a 0.5 m focal-length Jarell Ash
spectrometer (Model 5) equipped with a photomultiplier.
The fluorescence signals were amplified by a picoammeter
(Keithley Instruments) and were then digitized and re-
corded by a computer. FM selective reflection spectros-
copy signals were simultaneously collected by a Si photo-
diode. For studies at high resolution related to the
hyperfine structures of the Cs ground state covering a
bandwidth of 20 GHz, we used a piezoelectric device hav-
ing a resolution of a few megahertz to ensure the spectral
stepping of the laser sweep.

3. RESULTS

Figure 2(a) shows the integrated retrofluorescence spec-
trum and Fig. 2(b) shows the FM selective reflection spec-
trum generated at the glass—Cs vapor interface at a tem-
perature ~130°C and a laser power ~50 uW when the
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Fig. 1. Schematic of the experimental setup. P, polarization ro-
tator; L, lens; M, mirror; P.P., polarizing prism; P.M., photomul-
tiplier; D, spatial filter.
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Fig. 2. (a) Integrated retrofluorescence spectrum at a 852.2 nm
wavelength as a function of the laser detuning for a cell tempera-
ture ~130°C and laser power ~50 uW. (b) Simultaneous record-
ing of the FM selective reflection spectrum.
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Fig. 3. (a) Enlarged plot of the integrated 852.2 nm resonant
retrofluorescence and (b) the FM selective reflection spectra as a
function of laser detuning from the resonance center for the
[6%S19(Fy=4) — 6%P35(F,=3,4,5)] transition obtained at a tem-
perature ~130°C and laser power ~50 uW.

diode laser is tuned over the 852.2 nm (62S;,,— 62P5)
atomic transition line for a bandwidth laser sweeping of
20 GHz. As mentioned in Ref. 3 and as specified in Fig. 2,
the simultaneous measurement of the FM selective reflec-
tion and retrofluorescence spectra shows that the deep
dips in the retrofluorescence spectrum correspond, as a
first approximation, to the centers of the two transitions
lines 62S1/2(Fg=3) — 62P3/2 and 62S1/2(Fg=4) — 62P3/2 as-
sociated with the hyperfine structure of the ground state
6289, energetically separated from each other by a gap of
9.2 GHz. For different cell temperatures (<150°C), we
observe a weak spectral substructure signal in the deep
dips of the retrofluorescence spectrum as previously
mentioned.?

For the identification and a detailed analysis of the
substructure, we choose as an example the spectral band
corresponding to the deep dip of the spectral line associ-
ated with the 62S/5(F,=4) — 6Py, transition. The analy-
sis performed on this spectral line can easily be extended
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to the 62S1/2(Fg=3) —62P5 line. To this end, Fig. 3(a) dis-
plays an enlarged plot of the integrated retrofluorescence
and Fig. 3(b) shows the FM selective reflection spectra in
the inhibition spectral region for the optical [6%Sy/(F,
=4) —62P5,,] pumping transition, obtained at a tempera-
ture ~130°C. Since the FM selective reflection spectra of
Cs vapor are well known,? we use them [Fig. 3(b)] as ref-
erence frequency scaling spectra and for comparison to
identify the substructure observed in the retrofluores-
cence signal. The high-resolution analysis (with a data re-
cording frequency stepping of the order of megahertz) re-
veals, as a first approximation, that the peaks of the
substructure coincide in frequency position with the three
reference lines of the sub-Doppler signal obtained in se-
lective reflection spectroscopy. Accordingly, this retrofluo-
rescent substructure reflects the signature of the hyper-
fine structure of the excited 62P5/5(F,=3,4,5) level when
the pumping laser is tuned over the resonant 62S1/2(Fg
=4)— 62P5, transition. As in selective reflection spectros-
copy, no Doppler cross resonances were observed in the
retrofluorescence spectra. Similar results were obtained
when we analyzed the 62S1/(Fy=3)— 62P3; line, i.e., the
substructure is attributed to the hyperfine structure of
the excited 62P54(F,=2,3,4) levels.

4. HYPERFINE SPECTRAL DATA ANALYSIS
AND DISCUSSION

Using the spectral properties of the sub-Doppler cycling
hyperfine [6281,2(Fg=4) —6%P45(F,=5)] line, which is the
strongest of the structure, we propose and carry out an
experimental method allowing the measurement of the ef-
fective decay rate of the atomic 62Pg(F,=5) hyperfine
level in the presence of a near-metallic thin film. To this
end, one must extract and analyze this hyperfine spectral
line. In Subsections 4.A—4.C we present an extraction of
the sub-Doppler hyperfine line profile from the integrated
retrofluorescence signal, a phenomenological description
of the origin of the sub-Doppler signal, and an experimen-
tal characterization of the [62P3/2(Fe=5)—>6281/2(Fg=4)]
transition linewidth.

A. Experimental Sub-Doppler Hyperfine Line Shape

In this subsection we propose to extract the experimental
hyperfine line profile, which is added to the integrated
retrofluorescence spectral signal S7(v;) that has been pre-
viously analyzed.3 ST(v) has been associated with the
62P5, excited atoms population, completely redistributed.
ST(vy) has the following form®:

ST(wp) o arp(vy)expl— 7p(vy)]
X f aT—(V)eXp[— Z(v)ldv, (1a)
Av aT(VL) + aT(V)

where ap(v;) is the normalized profile of the effective
atomic absorption coefficient of the F,=3,4,5 hyperfine
lines at the laser frequency v;; ap(v) is the normalized
profile of the effective atomic emission at frequency v in
the vapor region far away from the cell entrance window
where surface effects on the excited atoms are practically
negligible; 7(vy) is the effective spectral optical thickness
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at laser frequency vy, of the so-called stop-band filter® for
the atomic hyperfine transition between the ground hy-
perfine level F,=4 and the overall excited levels F,=3,4,5;
and FfT( v) is the effective spectral optical thickness of the
stop-band filter at frequency v.

We can extract the experimental hyperfine signal
§" exp(v) by subtracting S”(vy), given by Eq. (1a), from
the total experiment signal S°°(v;). However, as a first ap-
proximation, to evaluate the essential spectral character-
istics of the hyperfine F,=5—F,=4 line, we use a direct
and simple method. To this end, we approximate ST(v;)
by using an affine function a(v;,—vg)+b in the ~100 MHz
spectral band centered on the F,=5— Fy,=4 line, where a
and b are constants determined experimentally. This lin-
ear approximation is illustrated in Fig. 4(a) where the
dashed curve represents the approached function of
ST(v;). We have

8" exp(v) = 8(vp) = ST (vy) = S(vp) - [alvy, - vg) +B].
(1b)

We scaled the frequency axis by using the well-known gap
between the two reference hyperfine lines F,=5—F =4
and F,=4—F,=4 (value of 253 MHz), whose positions
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Fig. 4. (a) Extraction of the hyperfine [62Py(F,=5) — 62S1,(F,
=4)] transition signal profile. The dashed curve represents the
approached function of S”(v;); the vertical line (F,=5) indicates
the center of the hyperfine line. (b) Distribution of the points in
the ~100 MHz width spectral band around the (F,=5—F,=4)
transition line center, obtained after subtraction of S7(v;) from
the experimental data. The solid curve is a Lorentzian fit of ex-
perimental points.
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were determined by FM selective reflection spectroscopy.
The frequency sweep is linear in the spectral band of in-
terest. Each point of the hyperfine signal profile is ob-
tained by subtracting the value of ST(v;) from the mea-
sured signal S°(y;) for frequency interval samples
~5-10 MHz. The spectral distribution of points obtained
by this method in the central area (~100 MHz spectral
band centered on the line) and normalized to unity at the
maximum is shown in Fig. 4(b). It is well known that the
resonance collisional broadening at the center of the line
and in the wings differs in magnitude and mechanism.’
The x axis is the laser frequency detuning Ay, from the
hyperfine F,=5— F,=4 line center .

A fit of the normalized profile of the data [Fig. 4(b)] cor-
responding to the spectral band (~100 MHz) centered on
the cycling F,=5—F,=4 hyperfine transition line is ob-
tained by using a Lorentzian distribution function with a
90 MHz full width at half-maximum. We note an agree-
ment of the Lorentzian fit with the experimental data of
the line profile. The full width at half-maximum of the
spectral profile obtained is estimated to be ygp~90 MHz.
Note that ygy is greater than the natural linewidth v,
~5.3 MHz, but is smaller than the Doppler width vyp
~0.4 GHz.

B. Origin of the Sub-Doppler Signal

In this subsection we propose a phenomenological quali-
tative explanation of the origin of the sub-Doppler hyper-
fine line and we justify the Lorentzian-type profile of the
experimental spectral line. For that, we consider the ther-
malization processes and the kinematic properties of a ve-
locity class of excited atoms in a thin vapor layer near the
cell entrance window. The sub-Doppler signal is associ-
ated with the kinematic properties of the population of a
velocity class, which is confined in a thin vapor layer in
contact with a metallic film. In Subsections 4.B.1-4.B.3,
respectively, we briefly recall the geometric and physical
modeling of the glass—Cs vapor interface, the thermaliza-
tion processes in a pure Cs vapor and the kinematic prop-
erties of the laser-pumped velocity classes of the excited
62P5,5(F,) atoms, and then we explain the origin of the
sub-Doppler signal.

1. Geometric and Physical Modeling of the Glass-Cs
Vapor Interface

Figure 5 shows a schematic representation of the geomet-
ric and physical properties of the interface between the
glass cell window and the Cs vapor. Because of its expo-
sure to the saturated Cs vapor, the internal surface of the
glass cell is covered by a thin metallic Cs film, probably
composed of clusters, adsorbed atoms, atoms chemically
bonded to the surface, and atoms diffused into the glass
(region a). The thin vapor layer (region b) in the vicinity of
the cell surface is designated as the optical near-field re-
gion of the interface, which has a thickness of x;<\. Re-
gion ¢, far away from the surface, designated as the far-
field region, is a semi-infinite vapor next to the near-field
region. In the present work we complement the simple
model® by taking account of the signal generated in the
near-field region. This sub-Doppler signal, having its ori-
gin in the near-field region, is designated by s*(v;) in Fig.
5.
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Fig. 5. Physical and geometric description of the characteristic
regions of the glass cell window and Cs vapor interface: a, thin
Cs metallic layer on the glass surface; b, proximity region of the
surface (¥;~\) called the near-field region of the interface; c, the
far-field region of the interface. S”(v;) designates the integrated
retrofluorescence signal from the far-field region of the interface.
s"(v;) designates the integrated retrofluorescence sub-Doppler
hyperfine signal originating from the near-field region. The ob-
jects labeled (i)—(iv) represent a Cs atom in the ground level, an
atom adsorbed on the surface or on a Cs cluster, excited Cs atom

undergoing a nonradiative relaxation, radiating (or fluorescent)
atom, respectively.

2. Thermalization Processes in a Pure Cs Vapor
According to Huennekens et al.,” in a pure Cs vapor, pho-
ton trapping processes and resonance exchange collisions
can lead to substantial thermalization of the excited atom
velocity distribution. In our case, in the vapor region far
from the cell entrance window, the thermalization process
by radiation trapping is more important than that of reso-
nance exchange collisions. The authors of Ref. 7 have
noted that, in the case of a vapor layer confined in a thin
cell, one can expect that the thermalization due to radia-
tion trapping will be reduced to the point where the reso-
nance collisions can be directly studied. On the basis of
their work, it is reasonable to consider that a thin vapor
layer of thickness x;<<\ (A is the wavelength of the tran-
sition) at the interface, that we call the near-field region,
can be studied by using the hypothesis of partial thermal-
ization of the population of the excited atoms of a velocity
class in the vicinity of the cell entrance window. We take
the escape factor of the retrofluorescent photon
[62P3/5(F,=5) —6%S15(F,=4)] emitted from the near-field
region close to one. Considering the results of Huennek-
ens et al.” and considering the fact that trapping effects
are negligible in the near-field region, we can assume that
a fraction of the population of a velocity class is not com-
pletely thermalized in the near-field region of the
glass—Cs vapor interface, contrary to the case of the far-
field region where trapping effects are important and
where the redistribution of the population of the excited
62P5,, atoms is complete.

As the spectral line considered here has a sub-Doppler
spectral width and a Lorentzian-type profile, it is reason-
able to associate the origin of the sub-Doppler signal with
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the population of a velocity class of atoms of the ground
628 1/2(Fg=4) level, located in the optical near-field region,
which is pumped to the excited 62Ps,(F,=5) level by the
diode laser. On the velocity axis V, in the laser beam di-
rection, a certain velocity interval AV, is associated with
the spectral Wldth of the 62S 12(Fg 4)—»62P3/2(F 5) ab-
sorption line.® We can write AV,=\v, where 7y is the spec-
tral broadening of the transition for a homogeneous
broadening related to the different competing relaxation
processes of the nonthermalized atoms in the exited state.
The atoms in the ground 62S;/,(F;=4) level, lying in this
velocity interval, that are pumped to the excited
62P55(F,=5) level constitute the population of the velocity
class interacting effectively with the laser. AV, is the
width of the velocity class population distribution. The
mean velocity (V,) (along the laser propagation direction)
of this velocity class at laser frequency vz, is (V,)=A(yg,
—1p). Because of the Maxwell-Boltzmann (MB) velocity
distribution of the population in the ground state, the dis-
tribution of the population of the laser-pumped velocity
class is modulated by this MB distribution. Thus the ef-
fective distribution of population D(V,,(V,),AV,) of
62P4/5(F,=5) atoms of a velocity class, along with the ve-
locity component in the laser propagation direction, nor-
malized to one at the maximum is given by

D(V,,(V,),AV,) o exp[- (V/V)l,

[2(<Vx> - Vx)/AVx]2 +1
(2)

where V|, is the most probable speed of the MB distribu-
tion [Vo=(2kT/m¢s) Y2, here % is the Boltzmann constant,
T is the vapor temperature, and mcg is the Cs atom
mass].

Considering relation (2), we can outline three kine-
matic properties of the excited population of a velocity
class when (V,)=0. Note that for (V,)=0, the velocity
class is composed of two groups of atoms moving in oppo-
site directions +V,. When (V,)> 0, all the atoms of the ve-
locity class move in the same direction as the mean veloc-
ity (V,) of the velocity class. In the intermediate case, we
have two groups of atoms, with different population num-
bers, moving in opposite directions.

3. Origin of the Signal and Profile of the Spectral Line

It is reasonable to assume that the atoms of a velocity
class, moving away in free flight from their origin in the
near-field region before photon emission, do not contrib-
ute significantly to the sub-Doppler hyperfine signal gen-
erated at the interface. Indeed, the excited atoms collid-
ing with the cell wall do not contribute to the
retrofluorescent signal.10 We also consider that the ex-
cited atoms that enter the far-field region do not partici-
pate significantly with the sub-Doppler signal because
they are either thermalized or the photons emitted in this
region are trapped and thermalized.” Only the excited
62P55(F,) atoms of the laser-pumped velocity class having
a larger residence time in the thin vapor layer close to the
cell entrance window compared to the radiative lifetime
(spontaneous emission) may contribute significantly to
the sub-Doppler hyperfine signal. It would be interesting
to address the possible analogy with the physics of sub-
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Doppler spectroscopy in a thin film of resonant vapor.'!
There is only a fraction of the initial population of a ve-
locity class that satisfies this residence time constraint in
the near-field region. In the velocity space, this fraction of
atomic population contributing to the sub-Doppler hyper-
fine signal is confined in a velocity interval 6V, centered
at the one-dimensional MB velocity distribution of the at-
oms in the ground 62Sy,(F,=4) level, i.e., with a velocity
V,.=0. In other words, we consider that a fraction of the
population of the excited atoms of the velocity class in the
near-field region behave practically like a two-
dimensional gas normal to the laser beam. The sub-
Doppler effect observed is attributed to the fact that the
velocity interval 6V, centered on V,=0, is independent of
the mean velocity (V,), as we will explain in the following.
As the near-field region (of thickness X;) is optically thin
at resonance, the atomic population of the velocity class in
the interval 6V, is uniform along the x spatial coordinate
in the near-field region. The velocity interval 6V, is re-
lated to the geometric thickness x; of the vapor layer and
the radiative lifetime 75 _5 .p -4 of the transition. We con-
sider that 6V, satisfies the fogllowmg constraint:

oV, < sV (3a)
where
Vi =xd Th,=5—F =4 = 3_C/gF2=5,Fg=4AJng’ (3b)

where 8F,=5F -4=1/2.908 is the statistical weight of the
hyperﬁne [6§P3/2 F,= 5)—>62SI/2(F =4)] transition and
AJ 7,=3.3. 107 s71 is the spontaneous emission rate of the
6 P3/2 level. Considering that the escape factor of the pho-
ton emitted backward from the near-field region is close
to one, then we can write that the optical thickness of this
region at resonance (v;,=vp) is smaller than one:

XF ~40F ~4F,5(vL = Vo) <1, (4)

where np =4 is the effective density of hyperfine ground
level F, and 0F —4.F,=5(v,~ 1) is the effective cross sec-
tion for atoms in the near-field region at resonance vy,
~ vy. The analytic form of op . in the presence of a me-
tallic film has been studledgby Le Bris et al.? By using
Egs. (3a), (3b), and (4), we have

SV =gFL,:5,Fg:4AJan/ an:4a'Fg:4—»Fe:5(VL ~w). (5)

Considering that ygp<yp, we derive the following
relation'?

A2 2d,+1
O-Fg:4HFE=5(VL ~ 1) = ET mg&:&Fg:ALAJQJg
4In2\"21
X(1+ €p,5,,-4) -,
YD
(6a)

where
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f
AF9=5,Fg=4

, (6b)

€F =5F =4 =
CE 85 dAd 3 212

and A%, =57 -4 is the total effective nonradiative decay
rate of the excited atom in the near-field region. Putting
together Eqs. (5), (6a), and (6b), we have

87 2J,+1 U 1
6V;Cnax ~ 2 g .
0.93M* 2, + 1 (1+ €p,=5,1 =4) L =4

(7

In this case we are concerned with J,=1/2, J,=3/2,
and np_4=9n/16 where n is the vapor density
~8.101° atoms/m? at a temperature of 130°C. Using these
values and approximation (7), we have

OV (m 871) ~ 165(1 + €p,=5.p,=0) " (8)

From approximation (8), note that the velocity domain
6V* is related to the parameter characterizing the effec-
tive nonradiative decay rate of the excited atoms in the
near-field region.

To illustrate the origin of the sub-Doppler retrofluores-
cence signal in the velocity space, we use a schematic rep-
resentation. Figure 6 represents the normalized distribu-
tion along the velocity component in the laser beam
direction at a spatial coordinate x in the near-field region
of the atomic population distribution brought up to the
62P5(F,=5) excited level by the laser at frequency vy.
The curve G corresponds to the one-dimensional MB ve-
locity distribution of the population of thermalized atoms
at the ground 6281/2(Fg=4) level. The curves ¢, cg, and c3
represent the effective stationary distributions along the
velocity component V, for different velocity classes of the

2
6°Py(F.=5)
S wm

Laser (v|)

C4,C5.Cq

2 -
628, 5(F;=4)

<V, >

Fig. 6. Illustration of the velocity population distribution of the
thermalized 62S,(Fy=4) ground level (G) and the nonthermal-
ized 62P,,(F,=5) excited level population (c;,c,c5) pumped by a
quasi-monochromatic diode laser at frequency v, in the near-field
region of the cell window and Cs vapor interface. For more de-
tails, see the text.
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population of excited atoms nonthermalized at the
62P55(F,=5) level. For a velocity class c;, corresponding to
the laser frequency (v1);, we have (V,);=\[(vz);— vo]. At la-
ser frequency zero detuning from the resonance line cen-
ter vy, we have (V,)=0. The 6V, width striped slice, cen-
tered on V,=0, is proportional to the effective population
of radiating atoms in the near-field region that contribute
to generate the sub-Doppler hyperfine radiation. Thus we
introduce a probability density per wunit velocity,
(v, 6V,), in which an excited atom of velocity V, in a ve-
locity class contributes effectively to the sub-Doppler ret-
rofluorescent signal. It is reasonable to take

In(v,,évV,) =1, for —-6V/2<V,.< +6V,/2
=0, elsewhere. 9)

6V, is the width of the II(V,,éV,) function centered on
V,.=0.

On the basis of the preceding paragraph, for a given
value of vy, (or (V,)), the theoretical integrated retrofluo-
rescence sub-Doppler hyperfine signal s"((V,)) originating
from the near-field region of the interface is given by

s"((Vy) o J IV, V)D(V,,(V,),AV,)dV,

=I(V,,8V,)"'D(V,,(V,),AV)), (10)

where the symbol " denotes the convolution operation. It
will be shown in Subsection 4.C that we have

SV < AV,, or 165(1 + 6F2=5’Fg=4)_1 <AV, (11)

and knowing that the intervals AV, and 6V'®™* remain
practically unchanged for all velocity classes c;, it is im-
portant to emphasize that the normalized theoretical in-
tegrated retrofluorescent spectral signal s"((V,)), corre-
sponding to the population confined in the velocity
interval 6V;'®* in the near-field region, is proportional to

s"((V,) = (12)

(AUVIAV)2+1°

The theoretical signal reproduces a Lorentzian profile
with a width AV, corresponding to the velocity class and
where (V,) is the experimental variable. The theoretical
sub-Doppler signal is maximum when the mean velocity
(V,) coincides with the center of the one-dimensional ve-
locity distribution of the ground level. The signal gradu-
ally decreases with the laser frequency detuning v;, from
the Bohr frequency v of the transition. By writing AV,
=Ny, (V,)=\(v;-vg), and substituting them into relation
(12), in the frequency domain one arrives at

1

[2(v, —vo)/ Y +1° (13)

s"(vy,) =

As a conclusion to the theoretical model, let us note that
the sub-Doppler signal is a homogeneous profile (Lorent-
zian) and that vy is related to the lifetime of the excited
state (or to the total effective decay rate of the excited at-
oms in the near-field region). We can link this theoretical
result to the experimental data of the sub-Doppler hyper-
fine shape.
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The experimental hyperfine sub-Doppler signal profile
given in Fig. 4 is reasonably fitted by relation (13) when y
is identified with the experimental linewidth ygp esti-
mated to be 90 MHz. Thus ygy is a spectral width, which
is characteristic of the atomic excited level 62Ps(F,=5)
in the near-field region. Now we need to characterize the
spectral width ygp to evaluate the value of the effective
nonradiative decay rate reflecting the coupling of the ex-
cited atom with the metallic film, as shown in Fig. 5.

C. Characterization of the Linewidth of the Hyperfine
[6%P;/,(F=5)—6%S,,,(Fz=4)] Signal
To characterize contributions of different relaxation pro-
cesses contributing to the experimental retrofluorescent
atomic line width ygp, it is necessary to model the evolu-
tion of the population of the excited 62Pgo(F,=5) level
confined in the thin vapor layer near the cell window.
Because the atomic transition of interest can be treated
as cycling, we consider the near-field region as a vapor
composed of two-level atoms. When the near-field region
is irradiated by a quasi-monochromatic laser beam, the
vapor behaves like a mixture of Cs atoms in the ground
62S1/2(F,=4) level, nonthermalized excited 6%P3(F,=5)
atoms and atoms in a coherent state or pure state in the
presence of a metallic film. The sub-Doppler retrofluores-
cence spectroscopic method permits an in situ character-
ization of the nonthermalized excited atoms of a velocity
class in the 62P34(F,=5) level between the cell wall cov-
ered by a metallic film and a semi-infinite far-field region.
We consider that the cycling transition line undergoes a
homogeneous broadening related to the different compet-
ing relaxation processes of the nonthermalized atoms in
the 62P5,5(F,=5) level. In our elementary analysis we re-
tain three dominant causes generating the relaxation of
the excited level: the spontaneous emission process, the
process of nonradiative transition of the atomic dipole
(atom in the energy hyperfine level) due to the presence of
the metallic film, and the resonant elastic collisions pro-
cesses. Assuming that the relaxation probability is the
same for all the excited atoms confined in the near-field
region, and taking into account the competing relaxation
processes of the 62P5,(F,=5) level, we sum up the corre-
sponding spectral broadening and obtain the following re-
lation:

YRF = Ynt Yeoll + Ynr» (14)

where vy, is the resonance collisional broadening of the
hyperfine line, and 7,, is an additional broadening in-
duced by the nonradiative energy-transfer phenomena of
the excited atoms near the cell window surface.!®* To
evaluate 7y,,, we use the FM selective reflection spectros-
copy technique.

According to Akul’shin et al.® and Vuletic et al.,% for the
FM selective reflection for the hyperfine line, the follow-
ing relation holds:

YRS = Yn t Yeolls (15)

where ygg is the width of a hyperfine structure spectral
line in selective reflection (ygg is equal to the interval be-
tween the extrema on the experimental curve). By using
Egs. (14) and (15), we have
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Yar = YRF — YRS- (16)

Considering the (Fy=4-F,=5) line of the selective reflec-
tion spectra [Fig. 3(b)], we measure the linewidth ygg
~41 MHz. This value is in agreement with that measured
by Akul’shin et al.’ Using the preceding experimental val-
ues, we deduce the spectral width associated with the
nonradiative relaxation produced by the coupling of the
excited atoms in the near-field region with the metallic
film:

90 - 41 =49 MHz.
(17)

= (’YRF)measured - (VRS)measured

Note that y,,~ ygs.- We have AF =57, =27y, ~3.108 571,
Using Eq. (15) and the value yn~5 3 MHz, we obtain
Yeoll=35.7 MHz. The value of the nonradiative decay rate
associated with the collisions is A;,f’l 5.5 —4= 2T Yoo ~2.24
x 108 s~1. Using both precedlng nonradlatlve decay rate
values, we get AL 5.F =AY 5.F AR =524
% 108 _1 e g e g e g

From the values of AF =5,F,=4> 8F,=5.F =4 and Eq. (6b),
we obtain ep _5 F, —4~46. With this experlmental value of
the parameter EF =5.F =4> usmg approximation (8) we esti-
mate that SV™*~3.5m s 1 which is much smaller than
AV,=76 m s‘1 [which conﬁrms inequality (11)]. Thus the
experimental values are compatible with Eqs. (4), (9),
(12), and (13) of the simple theoretical model used to ex-
plain the origin of the sub-Doppler hyperfine line.

The parametric analysis,* based on the model devel-
oped by Le Bris et al.,? of the integrated retrofluorescence
spectra at the temperature of 130°C gives the following
value for €F =4’

epgzgcgffrl =49, (18)
where a_céffz)\ is a parameter characterizing the effective
geometric depth of the filtering region and \ is the tran-
sition wavelength. The parameter €F =4 used by the au-
thors in Ref. 4 is an effective coefﬁc1ent i.e., it is the same
for all the hyperfine levels:

€F,=3,F =4 = €F =4,F =4 = €F =5 F =4 = €F =4- (19)

The value of er _4 evaluated by the parametric method
is compatible with our value of €F,=5F =4 for the cycling
F,=5—F,=4 transition line. The quaﬁtatlve agreement
between these two values, taking into account the differ-
ence of the two models and the approximations used, con-
firm the validity of our phenomenological model and ex-
perimental method for measuring the atomic
Cs[62P55(F,=5)] hyperfine level effective nonradiative
decay rate AF =5,F =4 associated with the interaction be-
tween excited atoms and metallic film. The effect of modi-
fication of the lifetime of the excited atoms in the vicinity
of the metallic film'®* is reflected in the spectral proper-
ties of the integrated sub-Doppler signal.

The value of the effective nonradiative transfer rate
AF 5.7 —4~3.108 57! seems relatively large compared to
the spontaneous emission rate 8F,=5F, 4AJ =3/2,J,=1/2
~1.14x 107 s~1. The morphology of the metallic film on
the cell Wmdow at a temperature of 130°C is not known.
It can be complex, made of randomly distributed Cs me-
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tallic clusters, atoms adsorbed on the clusters, and atoms
chemically bonded to the surface. We do not have the nec-
essary information to compare our experimental value of
€F -5 F -4 With a theoretical value that takes into account
the real structure of the metallic film. There is no theo-
retical work, to our knowledge, that has thoroughly ana-
lyzed such a case. It is well known that the lifetime of an
excited atom in the vicinity of a metallic film is influenced
by its nature, thickness, rugosity, complex dielectric con-
stant, and other factors related to the surface effects (sur-
face plasmons) modifying the nonradiative relaxation
rate.

5. CONCLUSION

We have confirmed the existence of a sub-Doppler struc-
ture in the inhibition spectral band of the retrofluores-
cence signal, corresponding to the atomic (625,
—62P5)9) transition at the interface between glass and
saturated Cs vapor at 130°C temperature. Thanks to a
comparative analysis with the help of the selective reflec-
tion spectroscopy method, we have shown that the sub-
Doppler hyperfine structure of this atomic transition co-
incides with the sub-Doppler structure observed in
retrofluorescence. A particular analysis of the hyperfine
[62P3,2(Fe=5)—>62S1/2(Fg=4)] transition has been con-
ducted to evaluate the influence of the presence of a me-
tallic film at the interface for this atomic transition. The
origin of the sub-Doppler line is mainly governed by the
kinematic properties of the populations of the excited ve-
locity classes confined in the vapor layer in the near-field
region of the cell. In fact, in this region a fraction of the
nonthermalized population of a velocity class behaves like
a two-dimensional vapor normal to the laser beam direc-
tion, playing the dominant role on the nature of the sub-
Doppler profile. The population of a velocity class confined
between the metallic film and the far-field region consti-
tutes the effective population of radiating atoms generat-
ing the sub-Doppler retrofluorescent signal. The effect of
the metallic film on the effective excited atom in the hy-
perfine 62P3,(F,=5) level in the near-field region has
been measured when the cell temperature is 130°C by us-
ing simultaneously both the retrofluorescence and FM se-
lective reflection spectroscopic methods. We believe that
the utilization of a frequency modulation technique to
suppress the retrofluorescent signal originating from the
far-field region will improve the observation and the reso-
lution of the sub-Doppler hyperfine signal. Because the
cell is slightly tilted, there is an additional broadening
mechanism involved. It will be interesting to evaluate the
relative value of this effect. Measurements as a function
of laser intensity and measurements with the atomic 894
and 455 nm transitions would be interesting to comple-
ment the analysis. It is desirable to carry out a more
elaborate theoretical development to justify the phenom-
enological approach used for the estimation of the effec-
tive nonradiative relaxation rate of a hyperfine excited
level due to the coupling between an excited atomic state
and a metallic film. We would also like to point out the
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physical analogy between the hyperfine spectral proper-
ties of our vapor cell and the spectral properties of a vapor
confined in an extremely thin cell studied by Sarkisyan et
al.’ and Briaudeau et al.'' where the far-field region, in
our case, plays the role of a photonic and atomic trap
where the population of a velocity class and the resonant
photons are thermalized.
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