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We studied resonant laser interaction with Rb atoms confined to the interstitial cavities of a random porous glass.
Due to diffusive light propagation, the effect of atomic absorption on the light scattered by the sample is almost
entirely compensated by atomic fluorescence at low atomic densities. For higher densities, radiation trapping in-
creases the probability of nonradiative decay via atom-wall collisions. A simple connection of the fluorescence/
absorption yield to the sample porosity is given. © 2013 Optical Society of America
OCIS codes: 300.6210, 290.4210, 300.6500.

Recent advances in the miniaturization and integration of
nonlinear optical devices, have attracted considerable
attention on atoms confined to micrometric or nanometric-
size volumes, such as hollow-core optical fibers [1,2],
wave-guides [3], thin cells [4–8], or interstitial cavities
in nanostructures such as opals [9]. Positronium atoms
were created and observed in porous silica [10]. Here,
the first spectroscopic study of alkali atoms confined
to the interstitial cavities of a random porous medium is
presented.
Porous media are strong light scatterers. Mean

optical paths of several meters have been measured for
centimeter-size porous ceramics used as compact gas cells
for the detection of O2 [11,12]. Our sample is made of
ground glass with 50–100 μm grain size. The scattering
mean free path is 1 mm. Strong light scattering results
in high randomization of the photon trajectories. We call
this the “integrating-sphere effect” (ISE) by analogy with
an extended detector wrapping the full solid angle around
the sample. A second influence of the medium porosity
regards the laser-atom dynamics. Due to the smallness
of the interstitial cavities, the laser-atom evolution has a
significant probability to be interrupted by a collision with
the pore wall [1,10,11,13,14]. Excited atoms may collide
with the walls and relax their energy nonradiatively. We
have studied the optical resonance of Rb atoms contained
inside porous glass.
In the linear regime, on resonance with an atomic

transition, the steady state detected light power after
the porous sample I 0 is: I 0 � I�1 − α� β� where I is the
off-resonance signal. Here α represents the relative light
absorption and β the light emission by excited atoms.
The contributions of α and β can be separated if one
assumes that the absorption rapidly follows any change
in the light intensity while the emission has a slower evo-
lution due to the finite lifetime of the atomic excited state
[15]. If I is switched at t � 0 from I1 to I2, the transmitted
light power is: I 0�t > 0�≃ I2�1 − α� β� � �I1 − I2�βe−�t∕θ�.
Here θ is the decay time of the slowly varying term. Thus,
the transmitted light transient evolution allows the deter-
mination of θ and β, then α is obtained from the steady
state transmission.
At high atomic densities, the characteristic decay time

of the atomic fluorescence is affected by the onset of
photon-trapping: emitted photons have a significant
probability of being reabsorbed by other atoms. As the

number of absorption–emission cycles grows, the decay
time of the fluorescence is increased. A simple model of
photon trapping can be sketched as follows [16].

Let p0 be the probability for a photon present in the
atomic medium to be absorbed by an atom. For simpli-
city, p0 is assumed independent of time, position,
or photon frequency. The single atom probability of emis-
sion at time t after excitation at t � 0 is p�t� � τ−1e−�t∕bτ�.
Here τ is the excited state lifetime (28 ns for Rb 5P1∕2)
and b is the probability for radiative decay. If the sample
is submitted to a continuous photon flux ϕ until t � 0, the
probability for detection of a photon at t > 0 is: P�t� �
ϕbp0η��1 − p0�∕�1 − bp0��e−�t∕τ0� where τ0 � bτ�1 − bp0�−1
is the total fluorescence decay time and η represents
the detection efficiency for emitted photons escaping
the medium relative to that for laser photons [16]. As
a consequence of the collisions with the pores walls, τ0 is
bounded to the nonradiative decay time τc ≡ τb�1 − b�−1.

The increase in number of photon absorption–emission
cycles, due to radiation trapping, enhances the probability
for nonradiative decay. This can be characterized by the
energy conservation ratio (detected fluorescence
photons)/(absorbed photons): R � bη�1 − p0��1 − bp0�−1.
Eliminating p0:

R � η

�
1� τ0

τ

�b − 1�
b

�
; (1)

where τ0 and R correspond to the experimentally accessi-
ble quantities θ and β∕α, respectively.

The porous medium was prepared by manually grinding
Pyrex glass. The ground glass passed through a 74 μm
mesh and was retained by a 50 μmmesh. It was introduced
in a 5 mm internal diameter Pyrex tube containing acet-
one. The same glass was used for the tube and the porous
medium. After decantation, the acetone was evaporated
and the tube temperature ramped to 780°C during 4 h.
The tube was let to slowly cool down inside the
switched-off oven. After this treatment, the porous materi-
al acquires some rigidity and adheres to the containing
tube. A small drop of Rb was distilled under vacuum into
the tube that was then sealed. After a few days in the
presence of Rb vapor, the porous medium acquires a
characteristic light-blue color indicative of the penetration
of Rb atoms [17].
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A scheme of the experimental setup is shown in the
inset of Fig. 1. The laser was tuned to the D1 lines of
Rb (795 nm). An electro-optic modulator (EOM), placed
between crossed polarizers, was used for intensity mod-
ulation of the light. Driving the EOM with a square-wave
voltage generator switches the light intensity at the
sample between two values. The switching time is of
the order of 10 ns. The contrast of the intensity modula-
tion is typically 50%. The tube containing the porous
sample was placed inside an oven with controllable tem-
perature. The sample tube is illuminated from one end
and light collected from a small region (∼10−2 mm2)
of the cylindrical surface of the porous medium.
A single-photon counter was used for light measurement.
A saturated absorption setup allowed laser frequency
calibration.
Figure 1(a) shows a three-dimensional plot of the tran-

sient light transmission signal in response to a stepwise
variation of the laser power for different laser detunings.
This plot was taken for large atomic vapor density
(T � 152°C) at which a reduction of the light transmis-
sion is clearly visible at the atomic transitions. Notice
the sharp transient off resonance and the slower decay
observed on resonance. Also visible in Fig. 1(a) is the
distorted non-Gaussian shape of the transmission-
spectrum lines to be discussed below.
A detailed plot of the transient light transmission at a

fixed laser frequency (center of the 85Rb F � 2 → F 0

Doppler broadened line) is presented in Fig. 1(b) to-
gether with an off-resonance trace. As the temperature
of the cell and thus the atomic density are raised,
the characteristic relaxation time increases. During the
initial 20–30 ns following the power switching, the
transient is affected by the electronic response of
the light modulation system. The tails of the slow transi-
ents observed on resonance were well fitted to exponen-
tial decay functions for the determination of β and τ0.

The variation of τ0 reported here constitutes the first
observation of radiation trapping inside a passive scatter-
ing medium. τ0 appears to be bounded to about 100 ns
even for the largest atomic densities indicating a nonra-
diative decay mechanism. For comparison, we have
measured fluorescence decay-times in a Rb vapor cell
with no porous medium where no bound of τ0 was
reached [Fig. 1(c)].

The relative light transmission through the porous
sample as a function of laser detuning is presented in
Fig. 1 for two different cell temperatures. Also shown
are the corresponding values of α and β. For low atomic
density [T � 69°C, Fig. 2(a)], the transmission presents
very small structures as the laser frequency is swept
across the atomic resonances. This could be erroneously
interpreted as due to negligible atomic absorption. How-
ever, the corresponding value of α indicates a significant
absorption largely compensated (to about 75%) by the
atomic fluorescence as a consequence of the ISE.

The transmission spectrum corresponding to a higher
atomic density [T � 152°C, Fig. 2(b)], shows large struc-
tures around the atomic transitions. The corresponding
values of α approaches total absorption. As expected
for an optically thick medium, the absorption for the
two Rb isotopes is not in proportion to the natural
abundance. The fluorescence coefficient β is smaller
than α by a factor around two. The spectra of α and β
show significant lineshape differences. The spectral lines
are better resolved in the β spectrum. In consequence,
the transmission spectrum presents an unusual shape
with local maxima at line center.

Figure 3 shows the observed dependence of R on the
corresponding values of τ0. Although the atomic density
spans more than two orders of magnitude, the linear

Fig. 1. (Color online) (a) Photon count rate versus time and
laser detuning for a sudden laser power change, T � 152°C,
arrows: transition line-centers. (b) Photon count transients at
several temperatures for laser frequency at the center of the
85Rb F � 3 → F 0 line. Solid: off-resonance transient. (c) Fluores-
cence decay-times for the 85Rb F � 2 → F 0 line. Circles, porous
medium; Squares, vapor cell; Inset, experimental setup; DL, diode
laser; P, polarizer; EOM, electro-optical modulator; SPCM, single
photon counting module. Atomic vapor densities are estimated
from temperature according to [18].

Fig. 2. (Color online) Relative transmission (solid), absorption
(dotted) and fluorescence (dashed) as a function of laser detuning
relative to the 87Rb F � 2 → F 0 � 1 transition for two tempera-
tures. Atomic vapor densities (N) are estimated from temperature
according to [18]. The traces are normalized at 3.4 GHz, small
(≲10%) laser power variations occur over the scan.
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dependence of Eq. (1) is satisfactorily verified with
η≃ 0.8 and b≃ 0.8.
The typical pore size in our sample (several tenth of

micrometers) is larger than the distance traveled by an
atom at mean thermal velocity during an excited state life-
time. Under these conditions, the excited atoms colliding
with the walls correspond approximately to those con-
tained in the external pore layer of thickness d �
τ��kBT�∕�2πm��1∕2 (≈2.1 μm at T � 400 K) [16]. From this
assumption, the corresponding pores surface to
volume ratio is A∕V � �1 − b�∕�bd� (≈1 × 105 m−1). For
spherical pores, this corresponds to a mean pore diameter
D≃ �6bd∕�1 − b�� (D ≈ 5 × 10−5 m) consistent with the
ground glass grain-size.
In summary, we have made the first spectroscopical

study of an optically resonant transition in atoms
contained in a porous sample. We observed that the
light-path randomization by the porous medium results
in a substantial ISE. The reduction in the fluorescence
to absorption ratio, occurring for high atomic densities,
appears to be the consequence of increased probability
for nonradiative energy decay due to atom-wall collisions
favored by radiation trapping. From the spectroscopic
data, a satisfactory estimate of the pores surface to
volume ration and the mean pore diameter was derived
(cf. [10,11,14] for related work on the relation between
wall collisions and pore size). Our work constitutes an
initial approach to the spectroscopy of alkali atoms in
materials with micrometer size porosity. Further study
with different porous size and new materials is
underway.
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Fig. 3. (Color online) Measured fluorescence/absorption en-
ergy ratio β∕α as a function of fluorescence lifetime. Symbols
refer to different choices of the sample surface imaged on the
detector. Dashed: linear fit for all points.
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