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We characterize, for the first time to our knowledge, the laser-induced backward fluorescence (retrofluores-
cence) spectra that result from energy-pooling collisions between Cs atoms near a dissipative thin Cs layer on
a glass substrate. We resolve, experimentally and theoretically, the laser spectroscopic problem of energy-
pooling processes related to the nature of the glass–metallic vapor interface. Our study focused on the inte-
grated laser-induced retrofluorescence spectra for the 455.5-nm (72P3/2–62S1/2) and 852.2-nm (62P3/2–62S1/2)
lines as a function of laser scanning through pumping resonance at the 852.2-nm line. We experimentally
investigate the retrofluorescence from 420 to 930 nm, induced by a diode laser tuned either in the wings or in
the center of the pumping resonance line. We present a detailed theoretical model of the retrofluorescence
signal based on the radiative transfer equation, taking into account the evanescent wave of the excited atomic
dipole strongly coupled with a dissipative surface. Based on theoretical and experimental results, we evalu-
ate the effective nonradiative transfer rate Ā62P3/2→62S1/2s

f for atoms in the excited 62P3/2 level located in the
near-field region of the surface of the cell. Values extracted from the energy-pooling process analysis are
equivalent to those found directly from the 852.2-nm resonance retrofluorescence line. We show that the ef-
fective energy-pooling coefficients k̃72P3/2

and k̃72P1/2
are approximately equal. The agreement between theory

and experiment is remarkably good, considering the simplicity of the model. © 2002 Optical Society of
America

OCIS codes: 020.2070, 240.6490, 290.2200, 300.2530, 300.6490, 350.2450.
1. INTRODUCTION
The monochromatic semiconductor tunable laser has been
used extensively for both fundamental and applied work
on vapor in glass cells. In particular, the linear spectral
effects related to laser photon absorption, laser-induced
fluorescence, or laser cooling in optically thin vapor are
well known. For optically thick vapor, the spectrophysics
problems are totally different. Characteristic features of
the spectroscopic effects related to laser-light interaction
with vapor are often problematic and lead to new chal-
lenges. The laser-induced effects in an optically thick va-
por are more numerous and richer than those from an op-
tically thin vapor. Obviously, the features are complex
because the laser beam and the atoms interact in the
close vicinity of the surface cell, which can act as a dissi-
pative surface. This kind of physical environment
strongly alters the atomic response to resonance interac-
tion light and spontaneous emission. The spectroscopic
phenomena that result from monochromatic laser irradia-
tion could happen either in a deep vapor volume (far-field
region) or in a boundary vapor layer (near-field region)
adjacent, in the case of metallic vapor, to a surface that is
dissipative because of the adsorption of metallic atoms
onto the internal surface of the glass cell. Their interpre-
tation requires our understanding of surface science (at-
oms lost to the wall through physisorption and chemi-
0740-3224/2002/122852-11$15.00 ©
sorption), of atomic dynamic processes, and of the
spontaneous emission and scattering of resonance pho-
tons toward the surface. Experimental and theoretical
investigations of these effects continue to be fundamental
and important subjects of laser spectrophysics research.

Conventional surface analytic methods and traditional
linear laser absorption or laser-induced fluorescence spec-
troscopy are not suitable for the investigation of laser-
induced excited atomic effects in optically thick metallic
vapor near a dissipative surface. Many physical aspects
must be understood: vapor density of ground-state and
excited-state atoms, atomic reactions with the cell sur-
face, photon-trapping effects, and backward radiance
from the interface. Physical properties of the surface
and the evolution of the laser beam intensity as it pen-
etrates the vapor are most important for determination of
the nature of laser-induced effects at the interface. Non-
radiative transfer rates, as well as combined effects of ra-
diation and migration of excited atoms, also affect the be-
havior of the irradiated interface.

Only a few, nonconventional, laser spectroscopy meth-
ods are suitable for the investigation of optical properties
of a dense excited atomic metallic vapor near a dissipative
surface: selective reflection spectroscopy,1 evanescent
wave spectroscopy,2,3 and laser retrofluorescence
spectroscopy.4 Each method has its advantages. The se-
2002 Optical Society of America



Gagné et al. Vol. 19, No. 12 /December 2002 /J. Opt. Soc. Am. B 2853
lective reflection technique is particularly suitable for the
study of long-range atom–wall interactions and collision-
induced broadening. Evanescent wave spectroscopy has
been used for the investigation of collisional dynamics of
the atoms and for determination of the density of alkali
metal vapor in the vicinity of the surface.

In a recent paper,4 laser retrofluorescence spectroscopy
was shown to characterize efficiently the nonradiative
transfer of the energy of excited atoms to the dissipative
surface. In this paper we focus on the characterization of
the laser-induced retrofluorescence spectrum related to
energy-pooling processes Cs (62P3/2) 1 Cs (62P3/2) stimu-
lated by a tunable diode laser near a dissipative film on a
glass substrate. To our knowledge, theoretical and ex-
perimental laser retrofluorescence spectra over a large
spectral range have not been investigated previously.
The interpretation of correlation inhibition effects be-
tween resonance and nonresonance retrofluorescence
spectra is unknown. This lack of information motivated
us to perform fundamental experimental investigations
and a theoretical analysis of this problem. Following the
introduction, in Section 2 we begin by recalling the main
properties of energy-pooling processes between two iden-
tical excited Cs (62P3/2) atoms. We then model the laser-
induced retrofluorescence spectrum that results from
energy-pooling processes, taking into account the evanes-
cent wave of the excited atomic dipoles strongly coupled
with a dissipative surface when the excited atom is lo-
cated in near-field region. In Section 3 we derive a the-
oretical expression for the laser-induced retrofluorescence
signal. In Section 4 we present the experimental retro-
fluorescence results that we quantitatively compare in
Section 5 with our theoretical results. We calculate the
effective nonradiative transfer rate of the 62P3/2 level in
the near-field region. Energy-pooling coefficients are
evaluated.

2. REVIEW OF THE ENERGY-POOLING
PROCESSES BETWEEN TWO EXCITED Cs
(62P3Õ2) ATOMS
A major objective of this paper is the investigation of
energy-pooling processes under continuous optical pump-
ing with the 852.2-nm line in the linear regime, when the
excited atoms are in close proximity to a dissipative film.
The aim of this brief review is to give a descriptive sum-
mary of the pertinent characteristic properties of energy-
pooling collisions of two excited Cs (62P3/2) atoms, leading
to the production of highly excited atomic states.

Numerous experiments have been reported about the
behavior of Cs metal vapor after irradiation with continu-
ous laser light power of ;500 mW, tuned to the absorption
transition Cs (62S1/2) → Cs (62P3/2). Pooling effects oc-
cur under relatively low vapor density (1012 at. cm23)
without interface effects. The reaction is in the form

Cs ~62PJ! 1 Cs ~62PJ8! → Cs ~nlJ9! 1 Cs ~62S1/2!,

(1)

where Cs (nlJ9) denotes a highly excited atom, J and J8
are equal to 3/2 or 1/2, n is the total quantum number, l is
the angular momentum of the electron in its orbit, and J9
is the total angular momentum.

This pooling reaction requires the existence of reso-
nance at a value between the total energies (including the
kinetic energy) of the interacting partners. Particularly
when the partners have the same excitation energy, this
requirement leads to doubling the energy of the initial
state of one of the partners within the limit of DEc, the
difference between the total kinetic energy before and af-
ter the collision. In saturated Cs vapor, this process
leads to several highly excited states described in reaction
(1) by the quantum numbers n, l, and J9.

To obtain an appropriate quantitative interpretation of
the complex retrofluorescence spectra arising from the re-
actions, a number of simultaneous processes have to be
considered. These processes depend on the temperature
and atomic density, the laser-light intensity, and the en-
vironment of the excited atoms, as we shall see in Section
3, in which we introduce a nearby dissipative layer.

When the laser intensity is tuned to the absorption line
at 852.2 nm, we inevitably identify three entrance chan-
nels for energy-pooling processes: 62P1/2 1 62P3/2 ,
62P1/2 1 62P1/2 , and 62P3/2 1 62P3/2 since, from the tra-
ditional interpretation of sensitized fluorescence (i.e.,
fluorescence from the 62PJ level that is not pumped by
the laser), fine-structure changing collisions of the second
kind,

Cs ~62P3/2! 1 Cs ~62S1/2! ↔ Cs ~62P1/2! 1 Cs ~62S1/2!,
(2)

result in the population of both levels. Evidently, in
some specific cases determined by the vapor density, we
must consider the hyperfine structure 62P3/2 (Fe
5 5, 4, 3, 2) and 62S1/2 (Fg 5 4, 3), where Fe and Fg are
quantum numbers. In these cases, we can have a spec-
tral sub-Doppler effect.

The large fine structure of the 62P3/2–62P1/2 state and
the important hyperfine structure of 62P3/2 (Fe) make the
study of energy-pooling collisions more complicated.
However, the hyperfine structure can be used to charac-
terize the dynamic phenomena and to permit the identifi-
cation of spontaneous hyperfine transition.

Figure 1 shows a schematic diagram of the most impor-
tant Cs energy levels involved in the pooling process: the
horizontal dashed line represents a virtual level lying at
twice the 62P3/2 level energy. The broken upward arrows
(82S1/2, 42FJ) show endothermic reactions whereas the
broken downward arrows correspond to exothermic colli-
sion (72PJ, 62DJ). Solid downward arrows indicate ra-
diative transitions that result from pooling fluorescence
levels. In the fluorescence spectral range between 925
and 450 nm, seven spontaneous emission transitions are
classified, if we do not consider the 852.2-nm resonance
line and the 894-nm sensitized line. The latter is an im-
portant special transition that is to be discussed else-
where because the traditional interpretation of this line
does not result from the pooling process. The population
density in the excited state 72P is proportional to the
square of the number density of excited 62P atom pairs in
the vapor volume and the energy-pooling rate coefficient
connected to different entrance channels and the effective
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lifetime of the 72PJ state. Since the population of 72PJ
is governed by the 62PJ population density, we must ob-
serve an important mutual relationship between them.
The nonradiative energy transfer between excited atoms
62PJ and 72PJ in the vapor necessarily affects the num-
ber density in the excited 72PJ atomic level. The fluores-
cence or retrofluorescence spectra resulting from the
energy-pooling collision will have an important link with
nonradiative processes. We expect all atomic spectral
line intensities that result from energy-pooling collisions
to be strongly influenced by nonradiative processes. De-
tailed knowledge of the density and spatial distribution of
the excited atoms in the volume of the vapor are required
for a quantitative interpretation of the fluorescence and
retrofluorescence spectra. The rate equation for the
population of the 72PJ level has been extensively studied
by de Tomasi et al.5 The atomic density in the excited
62PJ state has been modeled.

In Section 3 we use the preceding information for mod-
eling the retrofluorescence signal dominated by energy
pooling of 2Cs (62P3/2) in an optically thick saturated va-
por in the close vicinity of a thin metallic layer.

3. MODELING OF THE
RETROFLUORESCENCE SIGNAL RELATED
TO THE ENERGY-POOLING PROCESS
Cs (62P3Õ2) ¿ Cs (62P3Õ2)
In this section we present a simple model of the retrofluo-
rescence signals produced by the energy-pooling collisions
at the glass–atomic-vapor interface. We analyze the evo-
lution of a weak, parallel monochromatic laser beam that
passes through the near- and the far-field regions of the
interface. The interface is composed of an adsorbate-
covered surface and a slow penetration of Cs into the
glass surface underneath, forming a thin boundary dissi-
pative layer. Between this layer and the reservoir of Cs

Fig. 1. Spectrum wavelength and lower excited levels of the Cs
atom that we studied. Wavelengths are given in nanometers.
The populations in the high-lying levels are attributed to excited-
atoms–excited atom collisions in which two atoms pool their in-
ternal energy to produce a ground-state atom and one in a more
highly excited level. Solid downward arrows represent radia-
tive transition and broken arrows represent collisional processes.
vapor, we consider a near-field region. In this wave-
length thickness layer, the evanescent waves of the ex-
cited atomic dipoles are strongly coupled with the metal-
lic surface (Chance et al.6). The near-field region
contains a great number of atoms in the ground state
(7.72 3 1013 at. cm23 at 130 °C) uniformly distributed
over the volume. The surface and the atoms located in
the near-field region constitute an efficient resonant dis-
sipative environment with maximum dissipation at the
center resonance line. This arrangement and interrela-
tionship is considered to be an elementary transformer of
photonic energy into thermal energy. Our model for the
retrofluorescence energy-pooling process takes into ac-
count the nonradiative phenomena that are due to the el-
ementary mechanism of photonic energy transformation.
The spectral signature of the atomic spontaneous emis-
sion that is due to this mechanism is indicated by deep
dips in the retrofluorescence energy-pooling collision spec-
tra. All the atomic lines related to the energy-pooling
process have this nonradiative relaxation signature, par-
ticularly at the centerline.

The energy-pooling process in a thick Cs vapor near the
dissipative thin layer studied in this section is limited to
the reaction

2Cs ~62P3/2! → Cs ~72PJ! 1 Cs ~62S1/2!

→ 2Cs ~62S1/2!

1 hn~455.5 and 459.3 nm!. (3)

This reaction is a good candidate for the modeling and
measurement of the retrofluorescence signal because the
reaction has been extensively studied by de Tomasi et al.5

and by Jabbour et al.7 and because the spectral lines at
455.5 and 459.3 nm are easily experimentally observed,
as we shall see in Section 4.

In formulating our model, we must consider the hyper-
fine structure of the absorbing Cs transition @62S1/2
→ 62P3/2#. Focusing our attention on reaction (3) allows
us to eliminate a number of transitions and levels in Fig.

Fig. 2. Schematic of the energy level diagram of Cs.



Gagné et al. Vol. 19, No. 12 /December 2002 /J. Opt. Soc. Am. B 2855
1 to obtain the simplified schematic presented in Fig. 2,
which shows a schematization of these hyperfine levels
for the Cs (62S1/2) and Cs (62P3/2) terms. These atomic
terms are composed of two hyperfine Cs (62S1/2 ,
Fg 5 3 or 4) ground levels energetically isolated from
each other by a gap of 9.193 GHz and four excited lying
hyperfine Cs (62P3/2 , Fe 5 2, 3, 4 and 5) levels over a
spectral interval of 604 MHz. Considering both the col-
lisions and the distribution of the kinetic energy in the
saturated vapor, it is reasonable for us to assume a com-
plete redistribution of the excited population. In this
representation we limit ourselves to the observation of
the signals at 455.5 nm @72P3/2 → 62S1/2# and 459.3 nm
@72P1/2 → 62S1/2#. We neglect fine structure 62P3/2
1 62P1/2 and 62P1/2 1 62P1/2 mixing collisions when the
monochromatic laser is tuned to 852.2 nm @62S1/2
→ 62P3/2#. The radiative transitions in the far-field re-
gion are represented by downward straight arrows.
G72PJ

e is the sum of the Einstein spontaneous emission
rates for transitions to all lower levels in the absence of
photon trapping and quenching collisions. G72PJ→62S1/2

e is
the effective radiative rate for level 72PJ to level 62S1/2 .
k̃72PJ

represents effective energy-pooling coefficients (J
5 3/2,1/2). If the 72PJ signals in the 852.2-nm pumping
were due to both 62D and 82S cascades, we would expect
to see 72P3/2 → 62S1/2 fluorescence signals twice as large
as the 72P1/2 → 62S1/2 signals. Experimentally, this is
not the case, as we shall see in Section 4.

Nevertheless, in the situation in which the 72PJ popu-
lation is due primarily to the 82S → 72P cascade, we
would have

k̃72PJ
5 k̃72PJ

~3/2!
1

G82S1/2→72PJ

e

G82S1/2

e k̃82S1/2

~3/2! , (4)

where k̃72pj,8
2S1/2

(3/2) are the effective rate coefficients for the
72PJ and 82S1/2 energy-pooling process levels. The bro-
ken arrows in Fig. 2 represent collision processes, Fe is
the hyperfine quantum number for the 62P3/2 excited
level and Fg is for the 62S1/2 ground level.

We must also consider collisional mixing among struc-
tural and collisional excitation transfer processes such as
62D 1 M ↔ 72P 1 M, where M is the ground state of Cs
or of an impurity diatomic molecule in the vapor. Such
processes can distort the apparent energy-pooling rate co-

Fig. 3. Physical description of the characteristic region of the
window cell: (a) glass substrate with adsorbed Cs atoms, (b) in-
terface region where Cs atoms interact strongly with the surface,
(c) region of free atoms.
efficients. We can estimate the collisional mixing of the
62P3/2 1 62S1/2 → 62P1/2 1 62S1/2 fine structure by ana-
lyzing the ratio of the sensitized fluorescence to the direct
fluorescence. The values of the measured ratios cannot
be explained only by 62P3/2 1 62S1/2 collisions, a discrep-
ancy that will be discussed in a subsequent paper. Nev-
ertheless, Fig. 2 presents a reasonable schematization of
the atomic levels when the observation is limited to the
retrofluorescence signal related to the 72PJ → 62S1/2
spontaneous emission lines.

In our modeling of the retrofluorescence signal, we used
the physical and geometric description of the characteris-
tic region of the cell developed by Le Bris et al.4 (see Fig.
3). A substantial amount of Cs diffuse inside and ad-
sorbs on glass surface (a). Between this thin metallic
layer structure and the reservoir of Cs vapor, we consider
a so-called near-field region (b) or a vapor boundary layer.
The excited atoms in this boundary layer are especially
sensitive to the immediate thin metallic layer surface.
This arrangement is described as a spectral optical filter.
We assume that each laser photon and 72PJ → 62S1/2
emission photon absorbed by an atom located in this re-
gion is quickly transformed into thermal energy. The far-
field region (c) corresponds to the infinitely extended free
atoms adjacent to the near-field structure. In this re-
gion, excited 62PJ , 72PJ , 82S1/2 , 62DJ ,... atoms do not
interact with the thin metallic film. The laser energy-
pooling processes are especially important in this region
for the generation of line retrofluorescence signals. The
far-field region therefore becomes a light source observ-
able through the window in the opposite direction with re-
spect to the laser beam.

The relevant geometric parameters are indicated in
Fig. 4. xf is the mean geometric depth of the near-field
region adjacent to the thin dissipative layer. The inten-
sity of the laser beam, FnL

(W/cm2), is sufficiently weak to
ensure that the number of excited atoms, ue& remains
much less than the number that remains in the ground
state, u g&. LJ(nL , Fg) is the integrated retrofluores-
cence radiance associated with the lines from the energy-
pooling processes observed at the origin x 5 0 (entrance
window). In an elementary slice of vapor of thickness dx

Fig. 4. Geometric description of the characteristic region of the
window cell.
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located in the far-field region at a distance x from the en-
trance window, excited atoms at the 72PJ level, are cre-
ated only by 2Cs (62P3/2) energy-pooling collisions.
n72PJ

(x, nL , Fg), the population density of the 72PJ lev-
els, is related to the laser frequency nL , the spectral op-
tical filtering effect, the effective energy-pooling coeffi-
cients k̃72PJ

, the effective transition rates, and photon-
trapping rate. To simplify the formulation, we neglect
reflection, absorption, and scattering of the energy laser
beam in the glass window and on the thin boundary layer
on the glass.

The spectral radiance Ln,x
J (nL , Fg) at x 5 0 that corre-

sponds to the 72PJ → 62S1/2 transition from an elemen-
tary slice of vapor of thickness dx located at x, where only
the self-absorption process is considered, is given by

Ln,x
J ~nL , Fg!

5
hn

2
G72PJ→62S1/2

e a72PJ→62S1/2

l

3 exp@2t̄62S1/2→72PJ

f
~n!#n72PJ

~x, nL , Fg!

3 exp@2k̄62S1/2→72PJ

l
~n!x#, (5)

where t̄ 62S1/2→72PJ

f (n) is the effective spectral optical
thickness of the stop-band filter at frequency n,
a72PJ→62S1/2

l is the normalized emission shape in the far-

field region, k̄62S1/2→72PJ

l (n) is the effective spectral ab-
sorption for the 62S1/2→72PJ transition line, and
G72PJ→62S1/2

e is the effective radiative rate for the 72PJ

→ 62S1/2 transition line.
The rate equation for the density in the 72PJ level at x

populated through the 2Cs (62P3/2) energy-pooling colli-
sion is given by

d

dt
n72PJ

~x, nL , Fg! 5
k̃72PJ

2
n62P3/2

2
~x, nL , Fg!

2 G72PJ

e n72PJ
~x, nL , Fg!, (6)

where n62P3/2
(x, nL , Fg) is the population density in the

62P3/2 level following the pumping resonance transition.
The steady-state rate equation has the solution

n72PJ
~x, nL , Fg! 5

k̃72PJ

2
~G72PJ

e
!21n62P3/2

2
~x, nL , Fg!.

(7)

The rate equation for the density population at the level
62P3/2 level is described by the equation

dn62P3/2
~x, nL , Fg!

dt

5
dFx~nL!

hnL
2 G62P3/2

e n62P3/2
~x, nL , Fg!, (8)

where dFx(nL) is the rate of laser energy dissipated in an
elementary slice of vapor located at x.

For steady pumping we have
n62P3/2
~x, nL , Fg! 5

dFx~nL!

hnLG62P3/2

e . (9)

From le Bris et al.,4 dFx(nL) is given by

dFx~nL! 5 2FnL(
Fe

k̄Fg→Fe

l ~nL!expF2(
Fe

t̄Fg→Fe

f ~nL!G
3 expF2(

Fe

k̄Fg→Fe

l ~nL!xG , (10)

where k̄Fg→Fe

l (nL) is the effective spectral absorption coef-
ficient of the saturated vapor located in the far-field re-
gion; t̄ Fg→Fe

f (nL) is the effective spectral optical thickness
of the stop-band filter for the atomic hyperfine transition
between the ground hyperfine level uFg& and the excited
level uFe&, respectively; and Fe and Fg are the hyperfine
quantum numbers of the excited and ground levels. We
related k̄Fg→Fe

l (nL) and t̄Fg→Fe

f (nL) to the atomic param-
eters (Le Bris et al.4) as

k̄Fg→Fe

l ~nL! 5
l2

8P

2Je 1 1

2Jg 1 1
AJe→Jg

n̄Fg
gFeFg

aFg→Fe

l ~nL!,

(11)

t̄ Fg→Fe

f ~nL!

5
l2

8p

2Je 1 1

2Jg 1 1
ĀFe→Fg

f n̄Fg
x̄ f gFeFg

aFe→Fe

f ~nL!,

(12)

ĀFe→Fg

f 5 AJe→Jg
«̄Fg

gFeFg
, (13)

gFeFg
5

~2Fe 1 1 !~2Fg 1 1 !

~2I 1 1 !
$ ... 6j ... %2, (14)

where n̄Fg
is the mean number density of the ground hy-

perfine level uFg&, a well-known function of temperature
T,8 aFg→Fe

l (nL) is the normalized absorption shape for
each hyperfine line in the far-field region, AJe→Jg

is the
Einstein spontaneous emission between two degenerate
levels whose statistical weights are (2Je 1 1) and (2Jg

1 1), ĀFe→Fg

f is the effective nonradiative transfer rate
between uFe&→uFg& levels in the near-field region, I is the
nucleus spin, $ ... 6j ... % is the symbol 6j, and «̄Fg

is the
ratio between nonradiative and radiative transfer rates
for the 62P3/2 → 62S1/2(Fg) transition.

The effective nonradiative transfer rate between
Je → Jg for atoms located in the near-field region is given
by

ĀJe→Jg

f 5 (
Fe

(
Fg

ĀFe→Fg

f 5 AJe→Jg(
Fe

(
Fg

«̄Fg
gFeFg

.

(15)

The signal fJ(nL , Fg) is proportional to the integrated
radiance LJ(nL , Fg) evaluated at x 5 0:

fJ~nL , Fg! } LJ~nL , Fg! 5 E
Dn
E

0

1`

Ln,x
J ~nL , Fg!dxdn,

(16)

Considering Eqs. (5), (7), (9), and (10), Eq. (16) becomes
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fJ~nL , Fg! }

FnL

2 G72PJ→62S1/2

e k̃72PJ

l

~G62P3/2

e
!2G72PJ

e H(
Fe

@ k̄Fg→Fe

l ~nL!#J 2

3 expF22(
F

t̄Fg→Fe

f ~nL!GQ72PJ→62S1/2
~nL!,

(17)

where Q72PJ→62S1/2
(nL , Fg) is given by

Q72PJ→62S1/2
~nL , Fg!

5 E a72PJ→62S1/2

l
~n!exp@2t̄62S1/2→72PJ

f
~n!#

k̄62S1/2→72PJ

l
~n! 1 2(

Fe

k̄Fg→Fe

l ~nL!

dn. (18)

It is clear from relation (17) and Eq. (18) that the signal
fJ is principally related to k̄Fg→Fe

l (nL) and t̄ Fg→Fe

f (nL) for
the 62S1/2(Fg)→62P3/2(Fe) resonance transition, and
Q72PJ→62S1/2

(nL) is a function of the atomic parameters for
the 62S1/2(Fg)→62P3/2(Fe) and 72PJ→62S1/2 resonance
transitions. The factor 2 in the transfer filter function is
normal because n72PJ

} n62P3/2

2 .
However, the right-hand side of relation (17) is a func-

tion too complex to analyze analytically. We can simplify
it with a reasonable assumption. If we have

k̄62S1/2→72PJ

l
~n! ! 2 (

Fe

k̄Fg→Fe

l ~nL!, (19)

the normalized fJ
n(nL , Fg) signal becomes

fJ
n~nL , Fg! 5 (

Fe

gFeFg
aFg→Fe

l ~nL!

3 expF22(
Fe

t̄ Fg→Fe

f ~nL!G . (20)

Equation (20) can be used to obtain a hyperfine analytical
normalized signal directly related to the energy-pooling
collision process. fJ

n(nL , Fg) is determined only by
atomic parameters related to the hyperfine structure of
the 62S1/2(Fg) → 62P3/2(Fe) transition. When the
ground hyperfine levels overlap, Eq. (20) becomes

fJ
n~nL! 5 (

Fg
(
Fe

gFeFg
aFg→Fe

l ~nL!

3 expF22(
Fg

(
Fe

t̄ Fg→Fe

f ~nL!G . (21)

With Eq. (20) we could evaluate the nonradiative transfer
rate ĀFe→Fg

f or «̄Fg
between uFe& → uFg& in the near-field

region. The same nonradiative transfer rate values are
obtained equally from the signal of the 852.2-nm reso-
nance line.

For illustration purposes, we consider the 62S1/2
(Fg 5 4) → 62P3/2 (Fe 5 5, 4, 3) transition. In this
case, we have
(
Fe

gFeFg
aFg54→Fe

i ~nL!

5 g34a43
i ~nL , n̄43 , gG

i , gL
i !

1 g44a44
i ~nL , n̄43 2 a, gG

i , gL
i !

1 g54a45
i ~nL , n̄43 2 b, gG

i , gL
i !, (22)

where a i(...) is a Voigt general formula where i 5 l or f,
g34 5 0.159/2.908, g44 5 0.477/2.908, g54 5 1/2.908, a
5 0.203 GHz, b 5 0.456 GHz, and gG

i is the full width at
half-maximum (FWHM) of the Gaussian shape, and g L

i is
the FWHM of the Lorentzian shape. The Doppler effect
is dominant for the center of the line and the Lorentz line
contribution for the edges. Using a parametric adjust-
ment between experimental signal and theoretical values
fJ

n(nL , Fg 5 4), we estimate the important param-
eter «̄Fg54 . Repeating this procedure for the uFg

5 3& → uFe 5 4, 3, 2& transition we get the complemen-
tary value «̄Fg53 . Using both values of «̄Fg54 or 3 , we cal-

culate ĀJe→Jg

f by using the expression

ĀJe→Jg

f 5
AJe→Jg

16
~9 «̄Fg54 1 7 «̄Fg53!. (23)

The Voigt profile cannot be expressed in a simple form,
but must be evaluated by numerical integration.

When the pumping laser is tuned to 62S1/2 → 62P3/2 ,
as we have seen, both the 62D and 82S cascades could
contribute to the 72P3/2 → 62S1/2 and 72P1/2 → 62S1/2 sig-
nals. We work with a vapor temperature higher than
85 °C, and we measure the 72PJ → 62S1/2 ratio retrofluo-
rescence signals with high precision. This has motivated
us to estimate the ratio of the f455.5 nm(nL) and
f459.3 nm(nL) signals by use of our model. The value of
f455.5 nm(nL)/f459.3 nm(nL) is given by

f455.5 nm~nL!

f459.3 nm~nL!
5

G72P3/2→62S1/2

e G72P1/2

e k̃72P3/2
Q455.5 nm

G72P1/2→62S1/2

e G72P3/2

e k̃72P1/2
Q459.3 nm

,

(24)

where

Q455.5 nm

Q459.3 nm

5

E
Dn

a72P3/2→62S1/2

l
~n!exp@2t̄ 62S1/2→72P3/2

f
~n!#dn

E
Dn

a72P1/2→62S1/2

l
~n!exp@2t̄ 62S1/2→72P1/2

f
~n!#dn

. (25)

If cascade effects are negligible, we have k̃72P3/2
' k̃72P1/2

for both lines (de Tomasi et al.5) and the 7P3/2 and 7P1/2
levels become approximately equally populated. It
seems reasonable, at a first approximation, to assume
that Q455.5 nm /Q459.3 nm ' 1. Consequently, the retrofluo-
rescence signal ratio is given by the relative value of the
effective branching ratio of the 455.5- and 459.3-nm tran-
sitions.

The transition probabilities for Cs are known to be

G72P3/2

e
5 8.25 3 106 s21,
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G72P3/2→62S1/2

e
5 2.97 3 106 s21,

G72P1/2

e
5 7.23 3 106 s21,

G72P1/2→62S1/2

e
5 2.12 3 106 s21,

and we have f455.5 nm /f459.3 nm ' 1.22.
In Section 4 we compare the theoretical integrated sig-

nal generated by the laser energy-pooling processes with
the experimental results. We must expect a retrofluores-
cence signal resulting from pooling processes, which gives
us the same information about «̄Fg

or ĀJe→Jg

f as we can ob-
tain from the direct resonance retrofluorescence at 852.2
nm. We now have an appropriate model for the investi-
gation of retrofluorescence characteristics related to the
laser energy-pooling collisions near a dissipative thin
layer.

4. RETROFLUORESCENCE EXPERIMENTAL
RESULTS
We divide this section into three parts: the first de-
scribes the experimental setup, the second presents mea-
surements of a large spectral range when the laser is
tuned to the edges and to the center of the 852.2-nm line,
and the last presents the integrated line shapes at 455.5
and 852.2 nm when the laser frequency is scanned
through the 852.2-nm resonance line.

A. Experimental Setup
The experimental setup is presented in Fig. 5. The Cs
vapor is excited by a frequency-modulated beam of an En-
vironmental Optical Sensors, Inc., laser diode (Model
LCU 2001 M) with a smaller than 10-MHz bandwidth.
We chose the lines of the hyperfine structure @62P3/2
(Fe 5 5, 4, 3) 2 62S1/2 (Fg 5 4)] and @62P3/2 (Fe
5 4, 3, 2) 2 62S1/2 (Fg 5 3)] at 852.2 nm. The laser
carries out a frequency sweep around this bandwidth and
is protected from the return signal by an isolator. A frac-
tion of the laser beam intensity is directed through a
Fabry–Pérot interferometer, which permits scaling of the
spectral band explored. To maintain thermal isolation,
the Pyrex Cs cell is embedded in a metallic covering, leav-

Fig. 5. Experimental setup: P, polarization rotator; L, lens; M,
mirror; P.P, polarizing prism; P.M, photomultiplier; D, spatial fil-
ter.
ing only the windows open. This is placed on a Mirak
thermometer (Model HP 72935) at a programmable tem-
perature under a Pyrex cover. We obtained a uniform
temperature throughout the cell. The beam is directed
toward the entrance cell window at an angle of '2° from
the normal at the surface. The frequency-modulated
selective-reflection spectrum is observed with a Si photo-
diode. The total backward radiation (backscattered, non-
resonance backscattering, and light from energy-pooling
collisions), captured at an angle of '16° with reference to
the normal, is focused onto the adjustable entrance slit of
the monochromator, a (Model 5) Jarrell-Ash spectrometer
equipped with a photomultiplier. The spectral retrofluo-
rescence signal from the monochromator exit slit is am-
plified by a picoammeter (Keithley Instruments). The
signals are then digitized and sent to the computer. The
spectral sweeping step of the laser is adjustable. We lim-
ited ourselves to weak laser powers for a beam area of
'0.014 cm2. At higher laser powers, the retrofluores-
cence spectrum has spectral properties that differ from
those in the linear regime. These spectral properties
most likely result from complex nonlinear effects.

B. Cesium Retrofluorescence Spectra in the 420–930-
nm Spectral Range
To analyze the global influence of the nonradiative trans-
fer of the 62P3/2 state energy toward the dissipative sur-
face on the higher energy levels excited by laser energy-
pooling collisions, we first investigated retrofluorescence
signals over a large spectral range. The spectra shown in
Fig. 6 exhibit the evolution of retrofluorescence intensity
signals when the cell temperature is 130 °C. The laser
power was maintained at 300 mW to ensure that the ex-
periment operates in a linear mode. For higher laser
power, the intensities of the pooling retrofluorescence
lines are no longer proportional to the square of the laser
power.

The spectra shown in Fig. 6 have been taken with the
wavelength laser tuned at 852 nm, where we observed,
the maximum and minimum intensities of the integrated
retrofluorescence line at 455.5 nm. Indeed, as predicted

Fig. 6. Atomic retrofluorescence spectra. Top, the 852.2-nm la-
ser tuned to the maximum of the 455.5-nm retrofluorescence sig-
nal. Bottom, the laser tuned to the center of the 455.5-nm inhi-
bition. The temperature of the vapor was 129 °C.
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by theory, the spectral inhibition signature (deep dips) in
retrofluorescence energy-pooling spectrum is much stron-
ger than the inhibition observed at the 852.2-nm reso-
nance line. So, to obtain the best information over the
large spectral range, we tuned the laser as a function of
the intensity of the 455.5-nm line. As predicted in Sec-
tion 3, when the laser is tuned to the maximum 455.5-nm
signal (top spectrum of Fig. 6), we can identify all the
other lines associated with the energy-pooling collisions
exciting higher levels: the 459.3-nm (72P1/2 2 62S1/2)
line around the same intensity as the 455.5-nm line, the
760.9-nm (82S1/2 2 62P1/2) and 794.4-nm (82S1/2
2 62P3/2) lines with equivalent intensity, the 894.3-nm
(62P1/2 2 62S1/2) line and the 876.4-nm (62D3/2
2 62P1/2), 917.2-nm (62D5/2 2 62P3/2), and 920.8-nm
(82D3/2 2 62P3/2) lines.
The second spectrum in Fig. 6 shows the same spectral
range but with the laser tuned to the 852.2-nm wave-
length, which corresponds to the minimum resonance ret-
rofluorescence intensity at 455.5 nm that is in the central
region of the line. We observed a drastic decrease in the
intensity of all the pooling lines, which we assume to be a
signature of the nonradiative transfer of the 62P3/2 laser-
excited state toward the thin dissipative layer on the sur-
face glass. It is worth noting that two lines (682 and 768
nm) are unaffected when the pumping laser is detuned.
It seems that these lines do not correspond to the Cs
atomic spectrum. In particular, the 682-nm line is too
strong to be identified as the transition (72F5/2
→ 52D3/2), which must have a weaker intensity. We
have not identified any atomic lines compatible with
these lines. They are, as well, not significantly affected
Fig. 7. Retrofluorescence signal at 852.2 nm (left column) and 455 nm (right column) as a function of laser detuning around 852.2 nm
for different temperatures. Experimental results, dotted curves and theorical results, solid curves. All observations are in the linear
regime.
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by the cell temperature. We assume that neither is con-
nected to the energy-pooling effect and so they are not
considered in our investigation.

The 894.3-nm (62P1/2 2 62S1/2) resonance line is a spe-
cial case, which is known as a sensitized fluorescence.
This fluorescent component has been extensively studied
in the fluorescence cell at low temperatures, where its
presence is caused by inelastic collisions between excited
62P3/2 and ground-state atoms.9 During this excitation,
internal and kinetic energies are interconnected. This
excitation transfer reaction differs from the laser energy-
pooling collisions. However, in our case, a preliminary
study of the retrofluorescence shows that the intensity of
the sensitized fluorescence line is proportional to the
square of the power of the signal. Further, in the central
region of this line, the inhibition effect is more of a dip
than the central region of the 852.2- and 455.5-nm lines.
We believe that the sensitized retrofluorescence line pre-
sents an intrinsic interest because the interaction mecha-
nisms involved are not known in detail. The study of this
line will be presented in a subsequent paper to character-
ize these distinctive features.

C. Integrated Retrofluorescence Spectral Lines at 455.5
and 852.2 nm as a Function of Laser Scanning
Through the Resonance Line 62S1Õ2(Fg)\62P3Õ2
Here we experimentally characterize the shapes of the
455.5- and 852.2-nm retrofluorescence lines. As indi-
cated above, the 455.5-nm line has been selected for many
reasons, principally because of its relatively high inten-
sity even at weak pumping laser power, guaranteeing
that we are operating in the linear interaction mode.
Moreover, the 72P3/2 excited state cannot affect the popu-
lation of the excited 62P3/2 state by spontaneous emission.
In the second set of experimental measurements, the
spectrometer is used as a monochromator to isolate a nar-
rowband of the spectrum. It is at the center of the ob-
served spectral line as the laser scans through the reso-
nance shape of the 852.2-nm line.

Typical experimental results are shown in Fig. 7. For
laser power between 20 and 500 mW, we obtained a good
retrofluorescence signal in the linear regime. We show
two series of experimental results for three vapor tem-
peratures: 107 °C, 130 °C, and 160 °C. As predicted by
the model, the inhibition effect within the 455.5-nm line
is more pronounced than in the center of the 852.2-nm
line. The maximum symmetric intensity of the 455.5-nm
line signal is particularly sharp at 130 °C. The spectral
properties of the 455.5-nm retrofluorescence line could
easily be used for the absolute frequency stabilization of
monomode lasers. It would be interesting to investigate
the potential of this effect as a metrological tool and com-
pare it with laser frequency stabilization by use of
selective-reflection spectroscopy.

The preceding results lead us to consider the retrofluo-
rescence signal related to the energy-pooling collisions as
a valid way of studying processes in the boundary layer at
a saturated vapor–glass surface interface. In Section 5
we consider the quantitative investigation of the theoret-
ical and experimental behavior of the retrofluorescence
signal as an optical spectroscopic method to study the dy-
namics of the 62P3/2 excited state and the energy-pooling
process near a dissipative thin layer.

5. PARAMETRIC STUDY AND ANALYSIS
OF THE EXPERIMENTAL RESULTS
A. Introduction
This section is devoted to the experimental investigation
of the retrofluorescence signal from the interface by use of
the theoretical model developed in Section 3. The main
purpose of this analysis is to evaluate the effective nonra-
diative transfer rate Ā62P3/2→62S1/2

f of the Cs atoms located
in the near-field region. First, by using a complete para-
metric method we search for the minimal divergence be-
tween theoretical and experimental spectra for the
455.5-nm lines. Complementary investigations are de-
veloped when the excited hyperfine structure is disre-
garded. The Ā62P3/2→62S1/2

f values extracted from the
analysis of the 455.5-nm retrofluorescence signal are com-
pared with those found when we studied the 852.2-nm
resonance of the retrofluorescence signal. We conclude
the section by considering the relative intensities of the
455.5- and 459.3-nm spectral lines and by providing a
brief evaluation of our model of the nonresonant retro-
fluorescence.

B. Investigation of the 455.5- and 852.2-nm Lines with
the Hyperfine Structure of the Excited State
We compare the theoretical values obtained from Eq. (20)
with the experimental signals shown in Fig. 7. We as-
sume that each hyperfine spectral line of the 62P3/2 fine
structure has the same aFg→Fe

i5l or f(...) profile and we regard
it as a Voigt function. Nevertheless, a i(...) differs de-
pending on whether atoms are in the far-field or near-field
regions (gFg

l Þ gFg

f ). The algorithm used to compute the
fitting is based on the Levenberg–Marquardt nonlinear
least-squares method as applied in the MFIT program.10

This computer program is well suited for the parametric
fitting of complex functions. The fitting results, pre-
sented as solid curves on the right-hand side of Fig. 7, are
remarkably convincing. They support the model of ret-
rofluorescence signal in the boundary layer of a metal–
atomic-vapor–glass interface. To complete this analysis,
we used the formalism of the resonance retrofluorescence
for the 852.2-nm transition to fit these experimental
results.4 Fitted curves are shown as solid curves on the
left-hand side of Fig. 7. We obtained excellent agreement
between theoretical and experimental shapes for the spec-
tral lines. The experimental quantities or parameters,
which we calculated by using the fitting analysis, are
listed in Table 1. The first column indicates the tempera-
ture (°C), the second, the atomic density and the third,
the wavelength. Next, we present the values of the pa-
rameters defined in Section 4. We then present the most
important new physical constant, (Ā62P3/2→62S1/2

f /
A62P3/2→62S1/2

) 3 x̄ f the normalized effective nonradiative
transfer rate of excited atoms in the near-field layer of the
Cs metallic (vapor–glass) interface, multiplied by x̄ f to
avoid errors caused by an approximation of the mean geo-
metric depth of the near-field region (currently defined



Gagné et al. Vol. 19, No. 12 /December 2002 /J. Opt. Soc. Am. B 2861
Table 1. Calculated Values Obtained with Hyperfine Fitting of the Characteristic Parametersa

T (°C)
n

(31013 cm23) l (nm)
«̄Fg 5 4 3 x̄ f

(l852.2)
«̄Fg 5 3 3 x̄ f

(l852.2)
(ĀJe→Jg

f /AJe→Jg
) 3 x̄ f

(l852.2)

107 2.2
455.5 86 139 109
852.2 86 105 94

125 5.9
455.5 59 91 73
852.2 62 72 66

130 8.0
455.5 58 72 64
852.2 49 70 58

147 17.8
455.5 40 58 48
852.2 32 50 40

160 32.3
455.5
852.2

30
22

43
36

36
28

a For retrofluorescence signals 455.5 nm (72P3/2 → 62S1/2) and 852.2 nm (62P3/2 → 62S1/2). x̄ f is the effective geometric depth of near-field region,
AJe→Jg

and ĀJe→Jg

f are the Einstein spontaneous emission rate and the effective nonradiative transfer rate in the near-field region of 62P3/2 → 62S1/2 , «̄Fg

is the ratio between the effective nonradiative and radiative transfer rates for the 62P3/2 → 62S1/2(Fg) transition, and n is the atomic density.
between l and l/2p). The values of the effective rates ob-
tained from an analysis of the 455.5 or 852.2-nm lines for
the same saturated vapor temperature agree relatively
well, considering that the spectral lines are generated by
different processes near the surface.

C. Summary of Data Analysis
The curve in Fig. 8 shows the experimental results listed
in Table 1 as a function of temperature. It is seen that
the sets of experimental values are not straight lines and
that this quantity decreases with an increase in tempera-
ture or atomic density of the vapor. This previously ob-
served decrement4 can be principally associated with the
screening of absorbing atoms that continually pass in and
out of the boundary layer. The preceding effect, together
with photon trapping and atomic quenching collisions
that involve excited atoms, can contribute to a modifica-
tion of Doppler broadening in the center of the spectral
retrofluorescence signal.

D. Comparative Intensities of the 455.5- and 459.3-nm
Lines
The large spectral range retrofluorescence signal shown
in Fig. 6 permits us to evaluate directly the ratios of the

Fig. 8. Variation of the nonradiative parameter (AJe→Jg

f /
AJe→Jg

) 3 x̄ f, as a function of temperature calculated directly
from the integrated resonance retrofluorescence signal at 852.2
nm (d) and from the integrated pooling-effect-induced retrofluo-
rescence signal at 455.5 nm ( * ) with a hyperfine structure.
integrated intensities of the retrofluorescence of the
455.5- and 459.3-nm lines. The ratio values at maximal
and minimal intensities are 1.21 and 1.14, respectively.
The theoretical value estimated in Section 3 is 1.22. The
small discrepancy between the theoretical and the experi-
mental ratio, less than 6.5%, confirms the validity of the
hypothesis used in our model of the retrofluorescence sig-
nal.

6. DISCUSSION AND CONCLUSION
We conducted an experimental investigation using a di-
ode laser-induced retrofluorescence method on optically
thick Cs vapor in a glass cell. A diode laser with a spec-
tral bandwidth of less than 10 MHz, tunable across the
852.2-nm Cs resonance line profile, was used to stimulate
retrofluorescence. We characterized the laser-induced
nonresonant retrofluorescence spectrum over the wave-
length range from 420 to 930 nm. We theoretically and
experimentally examined the processes that can influence
the energy-pooling collisions in the vicinity of a thin dis-
sipative surface on a glass substrate. The nonresonant
backscattered laser-induced fluorescence from a dense
atomic vapor has been modeled by use of the formulation
of resonant retrofluorescence developed by Le Bris et al.4

For the first time to our knowledge, we obtained a satis-
factory quantitative interpretation of the inhibition effect
(depletion) of the energy-pooling collisions and the impor-
tant signature of the correlation between resonant and
nonresonant spectra from the glass–metal vapor inter-
face. The effective value of the Ā62P3/2→62S1/2

f nonradiative
transfer rate for excited Cs atoms located in the near-field
region has been estimated by analysis of the 455.5-nm
(72P3/2 → 62S1/2) and 852.2-nm (62P3/2 → 62S1/2) lines.

The 894.4-nm sensitized fluorescence line resulting
from the (62P1/2 → 62S1/2) transition is well known from
optically thin vapor. However, from our preliminary ex-
perimental observations of optically thick vapor the sen-
sitized retrofluorescence signal seems to disagree with the
predicted value from the classical reaction. We observed
a strong inhibition signal that seems to be related to ret-
rofluorescence resulting from energy-pooling processes.
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This new effect in optically thick vapor is now being ana-
lyzed in our laboratory. To this end, we investigated a di-
rect transition from the 62P3/2–62P3/2 configuration of
quasi-molecule Cs2 near a dissipative surface to two at-
oms in the 62P1/2 excited state.

To make progress in our research on laser-induced ret-
rofluorescence spectroscopy, it is important for us to have
a quantitative theory that permits estimation of the effec-
tive Ā62P3/2→62S1/2

f nonradiative transfer rate. How the
atomic excited energy can transfer from the atom toward
the film surface is also a relevant question. By using two
tunable lasers for pumping at 852.2 nm and 760.9 or
794.4 nm, respectively, we provide a powerful spectro-
scopic method for investigating the growing population by
cascade effects of the 72PJ levels. These effects can be
monitored with the 455.5- or 459.3-nm signal intensities.
It seems reasonable to assume that laser-induced retro-
fluorescence combined with fast modulation techniques
(intensity or frequency) is a good method for investigation
of laser-induced collisional avalanches in optically thick
vapor. The shape of the retrofluorescence line at 455.5
nm is characterized by two narrow symmetric lines,
which, therefore, appears to be a good candidate to fre-
quency lock a diode laser that operates at 852.2 nm in the
near-infrared region.

Beyond a few milliwatts of laser power, we observed the
reduction of the inhibition of the 852-nm line, which we
attribute to nonlinear saturation of the 62S1/2 → 62P3/2
transition in the near-field region. The nonradiative
transition in this region that results from the elementary
transformation of photonic into thermal energy cannot
produce a dip in the resonant retrofluorescence spectral
line. In the nonlinear regime, we always observe an in-
hibition effect in the retrofluorescence spectral line that
results from energy-pooling collisions; this result seems to
be related to an unknown nonradiative mechanism of en-
ergy transfer in the near-field region of the interface. We
await more experimental and theoretical information be-
fore reaching a conclusion on this hypothesis.
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