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Abstract. We present an experimental and theoretical investigation of the weak probe amplification in a
cold and optically thick atomic cloud that is highly driven by a strong pump laser. We find that for high
optical densities the probe amplification is strongly saturated. We compare our saturation measurements
with a model based on dressed-atom population equalization due to re-scattering of spontaneous emis-
sion. Good agreement between theory and experiment is obtained only when corrections due to multiple
scattering are included.

PACS. 32.80.Pj Optical cooling of atoms, trapping – 32.80.-t Photon interactions with atoms
– 32.50.+d Fluorescence, phosphorescence (including quenching)

1 Introduction

When an atom is illuminated by a high intensity light
field, both its spontaneous emission and absorption spec-
tra are changed. For a two-level atom, the well-known the-
ory developed by Mollow [1,2], describes both changes: the
Mollow triplet in the fluorescence spectrum, and the
change in the absorption spectrum, including the intro-
duction of amplification in a specific frequency range. This
theory was checked experimentally on dilute atomic beams
[3] and cold atomic clouds [4,5], and was found to be in
good agreement with experimental results. However, when
the optical density of the atomic gas in all directions be-
comes larger than one, the intensity of the spontaneous
emission approaches the saturation intensity of the atomic
transition. As a result, photon re-scattering becomes sig-
nificant, and has to be included as a correction for the
single atom treatment.

Photon re-scattering and resulting effects such as radi-
ation trapping in cold atomic clouds aroused much interest
in recent years [6–9] from both fundamental and practi-
cal aspects. Fundamentally, dense and cold atomic clouds
enable investigations of various models that describe ra-
diation trapping, such as the Holstein and Payne models
[10,11], under conditions where the atom-light interaction
is well known and understood, and complications such
as Doppler and collisional broadening are strongly sup-
pressed [8]. Cold and dense atomic cloud may serve also
as a new environment for the investigation of nonlinear
radiation trapping effects [12]. Practically, re-scattering of
photons often limits both the density [6] and temperature
[7] of laser cooled and trapped atoms. In particular it is
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the main obstacle for achieving Bose-Einstein condensa-
tion using all-optical means [9].

In this work, we investigated Mollow amplification in
a cold and optically dense cloud of rubidium atoms un-
der conditions where they essentially behave as two-level
atoms. We measured the amplification of a weak probe
beam in the presence of a strong pump laser, as a function
of the optical density (OD) of the atomic cloud. We found
that the amplification is strongly saturated, and does not
increase linearly with the OD as expected from the simple
theory [2]. We attribute the saturation to re-scattering of
spontaneous emission inside the atomic cloud. Since the
sidebands of the spontaneous emission spectrum nearly
coincide with the frequencies for absorption and ampli-
fication in the presence of a strong pump [13], the re-
scattering cross-section is large. Therefore, these sponta-
neous photons compete with the probe beam photons and
decrease the possible amplification.

For quantitative description of this novel result, we
developed a simple model that is based on the dressed
atom picture [13]. In this model, we evaluate the decrease
in the population difference between the dressed states,
which is caused by re-absorption of spontaneous emission,
and the corresponding decrease in the weak probe amplifi-
cation. We found good agreement between the model and
the measured amplification and its saturation for large
detuning of the pump laser, where amplification due to
nonsecular terms in the dressed state model is negligible
[13,14].

Our measurements and calculations provide direct and
quantitative spectroscopic information on both the in-
tensity of spontaneous emission inside the atomic cloud,
and on the atomic absorption/amplification cross section
for these photons under very simple conditions (two level
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atom, one and uniform pump beam, controlled polariza-
tion). This information can be added to the indirect in-
formation inferred from measurements of atomic densities
[6] and temperatures [15] and of fluorescence decay times
[8] to improve our understanding of photon re-scattering,
radiation trapping, light induced heating and repulsive
forces in cold atomic clouds.

In the next section, the experiment for measuring the
weak probe amplification and its saturation is described.
In Section 3, our model for the saturation of the ampli-
fication is presented. Using this model, it is possible to
calculate the saturation and its dependence on the inten-
sity and the detuning of the pump laser. In Section 4 we
summarize and suggest possible uses and improvements of
our work.

2 Measurement of the saturation
of amplification in a dense atomic cloud

To measure the modified absorption spectrum of excited
atoms inside a cold and dense atomic cloud, we performed
a pump-probe experiment on Rb atoms released from a
magneto-optical trap (MOT). We measured the amplifi-
cation of a weak probe beam, in the presence of a strong
pump beam, as a function of the OD of the cloud and the
parameters of the pump laser. The experimental setup is
shown in Figure 1, and will be described here in some
detail.

In the first stage, 85Rb atoms were collected in a MOT
from a Rb vapor with partial pressure of ∼ 3× 10−9 torr.
Variable loading time served to control the OD of the
atomic cloud between 1 and 30. The maximal number of
atoms was 5 × 108, and the maximal MOT 1/e diame-
ter was 2.8 mm. After the variable loading time, the six
MOT beams and the magnetic field gradient were shut off,
within less than 500µs. The temperature of the atoms was
measured to be 150µK. This corresponds to a Doppler
broadening of 155 kHz (FWHM) which is much smaller
than the natural linewidth of 6 MHz.

Next, a single pump laser beam was turned on, with
an intensity I = 64 Isat (Isat = 1.65 mW/cm2 is the sat-
uration intensity) and a pulse length of 50µs. The size of
the pump beam (1.2 cm 1/e diameter) was much larger
than the atomic cloud to ensure uniform pump inten-
sity1. Simultaneously, a short pulse of the weak probe laser
(I = 0.08 Isat) was applied to the atomic cloud. The probe
pulse was short (7µs) so that the Doppler shift of the
atoms, which are accelerated by the pump beam, could
be neglected. The probe frequency was scanned during
the pulse, with a slope of 30 MHz/µs, to cover the three
5S1/2, F = 3 → 5P3/2, F ′ lines (with F ′ = 2, 3, and
4). Its transmission spectrum was measured by a photo-
multiplier tube, and recorded on a digital oscilloscope.
The diameter of the probe beam was 1.4 mm, and it was
aligned carefully through the center of the cloud, to obtain
the maximal amplification and optical density.

1 Due to its large intensity, the pump attenuation is small
even for the large OD.

Fig. 1. The experimental setup. The cold atomic cloud is re-
leased from a MOT after a variable loading time, to control
its OD. Pulsed pump and probe lasers are implied simultane-
ously. The probe pulse width is 7 µs, its frequency is scanned
very fast during the pulse, and its transmission through the
cloud is measured as a function of frequency. Both lasers have
the same circular polarization, and the angle between them is
small (∼ 5◦).

To obtain the clearest experimental situation, we as-
sured that the atoms could be treated as two-level atoms.
Hence, we took care to produce the same circular polariza-
tion (say σ+) for both the probe and pump lasers, and to
keep the angle between the two beams very small (< 50)2.
The most reliable evidence that a two-level situation was
indeed obtained was given by the absorption spectrum it-
self. A narrow (< 1 MHz) dispersive signal in the absorp-
tion spectrum, at the pump laser frequency, was observed
when the probe polarization was not σ+, indicating Ra-
man transitions between different magnetic sub-levels of
the ground state, as in references [4,5,16]. When the probe
polarization was exactly σ+ (as measured optically) the
dispersive Raman signal completely disappeared and the
measured absorption spectrum showed good quantitative
agreement with the two-level theory [2] for clouds with
small OD.

We measured the modified absorption spectrum of the
F = 3 → F ′ = 4 transition in the presence of the
strong pump. The pump frequency was detuned above
the atomic transition frequency, so that the Mollow

2 In the presence of the strong and circularly polarized pump
beam, and with nearly zero magnetic field (< 50 mG), a well
defined quantization axis exists. Moreover, optical pumping
quickly populates only the F = 3, mF = 3 magnetic sub-
level which is only connected to the F ′ = 4, mF ′ = 4 sub-
level. Finally, a weak repumping beam on resonance with the
F = 2→ F ′ = 2 line depletes all the F = 2 states.



L. Khaykovich et al.: Saturation of the weak probe amplification 469

Fig. 2. Examples of two measured transmission spectra, (a)
for a detuning δ = 0 of the pump laser, (b) for δ = 10 MHz.

amplification would not interfere with the modified F =
3 → F ′ = 3 line. Two examples of the measured spec-
tra for OD = 30 are shown in Figure 2, for two different
detunings of the pump laser: δ = 0 and δ = 10 MHz.
These spectra show the same qualitative features of ab-
sorption and amplification as in the low OD case, but the
height and width of these features change, as discussed
below. The wide dispersion line in Figure 2b, which is
caused by two-photon spontaneous emission processes, is
well understood from the two-level Mollow theory [2,14].
From the measured spectrum, we calculated the Rabi fre-
quency of the pump beam, and found it to be 34 MHz,
in agreement with the measured intensity of the pump
laser. The spectrum was then recorded for different OD
of the atomic cloud, and for different pump detunings in
the range 0 < δ < 45 MHz, and the peak amplification
was measured. To measure the OD, we closed the pump
laser and performed a weak probe absorption measure-
ment. OD is defined as OD = −ln(Iout/Iin) for the F = 3,
m = 3 → F ′ = 4, m′ = 4 transition. For high OD the
absorption of the strong line (F = 3 → F ′ = 4) was
much larger than 99% and difficult to measure directly.
Therefore, we measured the maximum absorption at the
weakest line (F = 3 → F ′ = 2) and normalized it by

Fig. 3. Measured amplification as a function of the OD of the
cloud for two pump detunings: δ = 10 MHz (�) and 33.4 MHz
(•). The fits according to equation (1), plotted in solid curves,
yield: A = 0.047, B = 0.093 for δ = 10 MHz and A = 0.016,
B = 0.013 for δ = 33.4 MHz.

the ratio between the proper Clebsh-Gordon coefficients3.
The maximal OD of 30, is in good agreement to the value
calculated from the measured number of atoms and cloud
size.

Two examples of the measured peak amplification
ln(Iout/Iin) as a function of OD are shown in Figure 3, for
detunings of δ = 10 MHz and 33.4 MHz of the pump laser
from resonance. As seen, amplification as high as ∼ 40%
was measured for the highest OD. A clear deviation from
linear dependence is observed in the experimental data in-
dicating the existence of strong saturation. The data was
fitted with the expression:

ln
(
Iout

Iin

)
=

A ·OD
1 +B ·OD · (1)

These fits, also plotted in the graph, describe the data
very accurately. The coefficient A in equation (1) is the
amplification coefficient in small OD, and can be calcu-
lated directly from the Mollow theory. The coefficient B
is the saturation coefficient, which is derived in the next
section.

The fitting was repeated for all values of δ. The mea-
sured amplification was well fitted by equation (1) in all
cases and the coefficients A and B were found. The mea-
sured amplification coefficientA as a function of δ is shown
in Figure 4. Probe amplification for small OD is not a new
result. It was already measured for an atomic beam [3] and
in dilute atomic clouds [4]. We present it here, because the
excellent agreement with theory confirms the accuracy of
both our OD and peak amplification measurements. In
Figure 5, the measured saturation coefficient B is shown
as a function of the detuning of the pump laser. Values as
high as 0.09 were measured for B, which means that for
a cloud with OD = 30, the amplification drops to 27% of
its unsaturated value.

3 C3344/
1
m

P
m C3m2m+1 = 19, where CFmF ′m′ is the

Clebsh-Gordon coefficient of the transition F,m→ F ′,m′. The
average over the m states in the denominator represents ran-
dom atomic polarization as indeed occurs with no pump. The
normalization procedure was verified experimentally by com-
paring the absorption lines at small OD.
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Fig. 4. Measured amplification coefficient, as a function of the
pump detuning (�). The pump intensity was equal for all the
detunings (ΩRabi = 34 MHz). The dashed curve is given by
the dressed atom model (Eq. (8)), and the solid curve is cal-
culated numerically from the Mollow theory following refer-
ence [2].

Fig. 5. Measured saturation coefficient, as a function of the
pump detuning (�). The error bars are obtained from the sta-
tistical error of the fit to the data. The pump intensity was
equal for all the detunings (ΩRabi = 34 MHz). The solid lines
show the calculated saturation coefficient, as described in the
text with a geometrical factor 〈g〉 = 0.9 (upper curve) and
〈g〉 = 0.8 (lower curve).

3 Theory

Our model for the saturation of weak probe amplification
treats the combined atom-laser system using the dressed
atom approach [13]. The model is based on changing the
rate equations for the reduced populations of the dressed
states, to include the influence of the re-absorption and
amplification of spontaneously emitted photons. Through-
out this section, the case of δ > 0 will be treated (δ < 0
yields identical results). In Figure 6 two manifolds from
the infinite ladder of the dressed states are shown. Π1 and
Π2 are the reduced populations of the dressed states, the
two sidebands of the spontaneous emission spectrum are
at frequencies ωL +Ωeff and ωL−Ωeff , and the decay rates
are Γ12 and Γ21 (Ωeff =

√
Ω2

Rabi + δ2 where ΩRabi is the
Rabi frequency of the pump laser). For δ > 0, the pop-
ulations satisfy Π1 > Π2 as seen in the figure [13]. As a
result, a weak probe beam tuned to resonance with the
1 → 2 dressed-level transition is absorbed, and a weak

Fig. 6. Two manifolds of the dressed energy levels. Shown are
the population Π1 > Π2, the transition rates between them
due to spontaneous emission (Π2Γ21 and Π1Γ12) and its re-
absorption (W12) and amplification (W21).

probe tuned to resonance with the 2 → 1 transition is
amplified.

When the optical thickness of the atomic cloud in-
creases in all directions, the probability to re-scatter spon-
taneously emitted photons becomes very large. Since the
two Mollow fluorescence sidebands are in resonance with
the dressed level transitions, re-scattering these photons
affects the populations of the dressed states. The central
Mollow band, as well as the elastic Rayleigh scattering
peak, do not affect the dressed state population and are
therefore not treated here (in other experimental situa-
tions they may be very important [8]). To describe the
effect of re-scattering, we included in the model the rates
for absorption and amplification of spontaneously emit-
ted photons, W12 and W21, respectively. Adding these two
processes into the population rate equations changes the
steady state solutions, and causes a saturation of the peak
probe amplification.

In the following, we will consider spontaneously emit-
ted photons that are re-scattered by an atom as a small
perturbation, which only influences the population dif-
ference between the dressed states, without perturbing
the dressed-atom energy levels and the decay rates4. We
mainly analyze a one-dimensional (1D) situation, in which
the spontaneously emitted photons can propagate only
parallel to the x-axis (in the forward or backward direc-
tions). We also assume uniform atomic density, uniform
pump intensity and uniform dressed level populations
across the cloud. The last assumption is over-simplified,
since spatial modes of the level population are expected
for large OD. However, since these spatial modes are often
slowly varying [8], we may consider the average level pop-
ulation as a good approximation. With these assumptions
the modified dressed-states population rate equations are
(see Fig. 6){

Π̇1 = −Γ21Π1 + Γ12Π2 −W21 −W12

Π̇2 = Γ21Π1 − Γ12Π2 +W21 +W12

. (2)

Note that the strong pump laser introduces no transitions
between the dressed state levels since they are eigen states
of the total atom + pump laser Hamiltonian.

4 The perturbation can be described as small, when the con-
dition of weak absorption of the pump laser is fulfilled.
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The absorption rate W12 is now evaluated using the
dressed atom model (a similar expression is then obtained
also for the amplification rate W21). The flux of photons
that are re-scattered in the absorption sideband, per unit
area, from a thin slice dx of the cloud is (1/2)Γ12Π2ndx,
where n is the atomic density [13]. The factor 1/2 is needed
because in the 1D case, only half of the re-scattered pho-
tons move in the direction of the atom. Multiplying this
flux by the absorption cross-section σabs gives the absorp-
tion rate by a given atom, for scattered photons from the
thin slice. The total re-absorption rate, W12, for an atom
in the cloud center (x = 0) is calculated by integrating the
contribution from the thin slices along the atomic cloud
to yield,

W12 =
1
2
Γ12Π2nσabs2

∫ L/2

0

dx exp(−σabsnx), (3)

where L is the cloud length. The decay of the photon flux
due to the absorption of the spontaneous photons along
the cloud, exp(−σabsnx), is large especially for large δ,
since then σabs → σ0. Note that frequency re-distribution
during re-scattering is neglected here, as in reference [8]
due to suppression of Doppler broadening.

To compare the model to the experimental results, it
is convenient to use the OD of the atomic cloud as a vari-
able. The OD of a cloud is equal to σ0nL, where σ0 is the
absorption cross-section of the bare atom. After multiply-
ing and dividing by σ0, and performing the integral over
x, we get:

W12 = Γ12Π2

[
1− exp

(
−1

2
OD

Γ12∆Π

γ

)]
· (4)

Here, the normalized absorption cross-section of the
dressed-atom model, σabs/σ0 = ∆ΠΓ12/γ, was used [17],
where γ is the natural line width of the atomic transition
and ∆Π = Π1 − Π2 is the dress state population dif-
ference. For the amplification sideband, the re-scattered
photons are amplified in the cloud, with a normalized am-
plification cross-section of σamp/σ0 = ∆ΠΓ21/γ, and the
resulting re-amplification rate is:

W21 = Γ21Π1

[
exp

(
1
2
OD

Γ21∆Π

γ

)
− 1
]
. (5)

It is possible now to find the steady state population dif-
ference, ∆Π in the presence of the spontaneous emission.
Applying Π̇1,2 = 0 in the rate equation (2) and using
equations (4, 5) for W12 and W21, yields a self consistent
equation:

0 = ∆Π(Γ12 + Γ21)− (Γ12 − Γ21)

+ 〈g〉(1−∆Π)Γ12

[
1− exp

(
−1

2
OD

Γ12

γ
∆Π

)]
+ 〈g〉(1 +∆Π)Γ21

[
exp

(
1
2
OD

Γ21

γ
∆Π

)
− 1
]
. (6)

A geometrical factor 〈g〉 was added to W12 and W21 to
extend equation (6) to a more general geometry. Actually,

Fig. 7. Amplification of the probe beam as a function of
OD as calculated from self-consistent model based on dressed
atom (solid line), compared to the measured values (�) for
δ = 28.8 MHz and ΩRabi = 34 MHz. The dashed line shows
the modified model that does not include multiple scattering
of spontaneous emission, and clearly does not reproduce the
data.

even for our simple 1D case a geometrical factor is needed,
since the re-absorption rate depends on the position of the
absorbing atom. For an atom in the middle of the cloud,
〈g〉 = 1, and a factor of 1/2 is needed in the exponent,
as in equations (4, 5). However, for an atom at the edge
of the cloud, 〈g〉 = 1/2, and the factor in the exponent is
15. Since our model is spatially uniform, some average 〈g〉
should be used. For 3D geometry the flux of the sponta-
neous emission tends to decrease compared to the 1D val-
ues. For example, for low OD spherical atomic cloud this
flux is reduced by a factor of 2 in the middle of the cloud,
and by a factor of 3 toward its bounds. Nonetheless, when
the OD of the cloud for spontaneous photons becomes
much larger than one, the re-absorption rate becomes less
dependent on the position of the absorbing atom, and the
value of 〈g〉 is expected to grow and reach its 1D value
of one (in our experiment the probe beam is smaller than
the cloud and passes through its center, which further sup-
ports the use of the 1D model).

To compare the model with the experimental data,
the amplification of a weak probe laser with a frequency
ωL +Ωeff by the cloud was calculated as:

Iout

Iin
= exp

(
σA

σ0
OD

)
= exp

(
∆ΠΓ21

γ
OD

)
, (7)

where ∆Π was calculated numerically from equation (6),
for the pump parameters of the experiment. The results
of that calculation, for δ = 28.8 MHz are shown in
Figure 7, together with the experimental data. The model
was normalized to the correct amplification value as given
from the exact calculation of Mollow [2], and is shown
for 〈g〉 = 0.87, which gave best fit to the data. This pro-
cedure was repeated for all the pump detunings used in
the experiment and similar agreement to the measured
amplification was found. The values of the adjustable pa-
rameter 〈g〉 changed by ±8% while fitting the data for
all δ > 10 MHz, with an average value of 〈g〉 ∼ 0.85.

5 This can be seen by changing the limits of the integral in
equation (3) to [0L].
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For lower detunings, the model could still fit the data,
but with smaller values of 〈g〉.

The inclusion of the multiple scattering of the scat-
tered photons in the model is crucial for the high OD.
To emphasize the importance of this process, we tried to
fit the data with a modified model in which we assume
that incident photons are unlikely to scatter more than
twice and therefore use exp(−σabsnx) ∼ exp(σampnx) ∼ 1
in the derivation of W12 and W21. The amplification vs.
OD calculated from this model for δ = 28.8 MHz, with
〈g〉 = 0.87, is also shown in Figure 7. At OD < 2, the
two models give the same values, indicating that multiple
scattering in that range is small. However, for higher OD
the modified model predicts huge saturation that is not
supported by the data.

To compare our model to the experimental data for
various δ, it is useful to parameterize the amplification
and its saturation by the two coefficients of equation (1).
These parameters indicate the amplification for small OD
of the cloud (A), and the amount of saturation at large
OD (B). The coefficient A can be evaluated analytically
by expanding equation (6) for low OD to be

A =
∆Π0Γ21

γ
, (8)

where∆Π0 = (Γ12−Γ21)/(Γ12+Γ21) is the population dif-
ference for small OD (when photon re-scattering is negli-
gible). Equation (8) is identical to single-atom treatments
of weak probe amplification using the dressed state model
[17], as expected. The dressed-state value for the ampli-
fication is shown in Figure 4, compared to the measured
values. As seen, the model gives a good agreement to the
data for large δ, but is unable to explain the behavior of
the amplification for small δ6. The amplification coefficient
can be evaluated more accurately using the exact absorp-
tion spectrum of a driven atom following Mollow [2]. This
exact calculation is also shown in Figure 4 without any
adjustable parameter. As expected, the measured ampli-
fication values for small OD are in excellent agreement
with the Mollow theory for all δ, verifying the accuracy of
our measurements.

Next we deal with the saturation coefficient B which
represents the new physical mechanisms that emerge at
high OD. The coefficient B was calculated by fitting the
model with equation (1), using A from equation (8). The
parameterization of B was repeated for all δ with a con-
stant value for 〈g〉. The results are shown in Figure 5, for
two values of 〈g〉 (0.8 and 0.9) and compared to the mea-
sured values. As seen, the model gives the correct value
range for the saturation coefficient and its correct δ de-
pendence for δ > 10 MHz, with the single adjustable pa-
rameter 〈g〉 close to its 1D value of one.

Note that, although the exact model and its parame-
terized form describe the experimental data equally well
(in Fig. 7 they would not be distinguishable) we do not
claim any physical significance to the exact functional

6 For δ ≤ γ the nonsecular terms in the dressed atom model,
scaled as γ/ΩR, give rise to amplification processes.

form of equation (1). We could fit the experimental data
equally well also with other functional forms, in particular
for the larger δ, where the lower amount of saturation re-
duced the constraints imposed by the scatter of the data.

For small δ our model fails, and does not predict the
decrease of the saturation toward δ = 0. This may be
due to two factors. First, since the main mechanism for
amplification for δ ≤ γ is not related to dressed state
population differences [14] (see discussion of Fig. 4) our
model is not expected to treat it correctly. Second, for
small δ, the cross-sections for re-scattering spontaneous
photons are very small, and the cloud is nearly transparent
even for the large OD. Therefore, the geometrical factor
for a sphere (which is 2–3 times smaller than for our 1D
model) should be used and a smaller saturation is thus
expected. When δ is large, the large OD for spontaneous
emission tends to increase 〈g〉 to its 1D value.

4 Conclusions

In this work we discovered a new saturation phenom-
ena of weak probe amplification in a highly driven cold
atomic cloud at high optical densities, that is caused by
re-scattering of spontaneously emitted photons. We were
able to describe our experimental data with a model that
treats the atomic dressed state population and the inten-
sity of spontaneous emission in the atomic cloud in a self-
consistent manner. Self-consistency is required to describe
nonlinear trapping under strong external excitation [12].
The model agrees with the data over a large range of laser
pump detunings using a single adjustable parameter in the
form of a geometrical factor (which was found to be close
to the expected value). The model does not describe the
data well for pump frequencies close to the atomic reso-
nance, where nonsecular mechanisms that are not consid-
ered play a major role.

The amount of saturation predicted by our model is
very sensitive to the intensity of spontaneous emission in
the atomic could and to the atomic cross sections for ab-
sorption and amplification of this spontaneous emission.
By performing the experiments with very simple condi-
tions (single and uniform pump beam, effective two-level
atoms, steady state conditions, well controlled polariza-
tion, negligible collision and Doppler broadening) we could
accurately account for the light atom interaction and use
the comparison between theory and experiment to inves-
tigate multiple scattering. Alternatively, similar experi-
ments may be conducted on more complicated systems
that can involve multiple and non-uniform pump beams,
multi-level atoms, non-uniform magnetic fields, compli-
cated polarization and dynamics. Weak probe amplifica-
tion and its saturation can then serve as a new experimen-
tal tool for studying the radiation field and its interaction
with the atoms in such complicated system.

An example for such a system is the MOT itself where
multiple scattering induces strong repulsive forces between
the atoms. These forces strongly depend on the very same
re-scattering rates that cause the saturation in probe
amplification. Existing models to describe these effects
are mostly over-simplified and do not give an accurate
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description of the MOT density [6,18]. We have observed
saturation of weak probe amplification for a MOT un-
der wide range of operating conditions, and found them
in general to be smaller than here. Without such satura-
tion (that signifies a reduction in atomic cross section to
absorb re-scattered photons), the light-induced repulsive
force would rapidly increase for very large MOTs where
strong radiation trapping is observed [8].

Saturation of the reduced populations of the dressed
states can affect not only the absorption spectra but also
the fluorescence spectra at high optical densities. For ex-
ample, our model predicts that the reduction of the pop-
ulation difference changes the balance between the two
Mollow fluorescence sidebands at high OD inside the
cloud. The re-absorption of spontaneous emission in-
creases Π2 and decreases Π1, (for positive pump detun-
ings) leading to enhancement of the 2 → 1 (absorbed)
sideband. This effect is significant in large pump detun-
ings, where initially Π1 � Π2. Future measurements of
the spectrum of the spontaneous emission from a cold
and optically dense atomic cloud together with absorp-
tion spectroscopy, may both serve as useful experimen-
tal techniques, complementary to temporal measurement
technique of radiation escape times [8].

Finally, our model can be improved in several respects
to present the physical situation more realistically (with
the cost of higher complexity). These include non-uniform
excitation profile that is expected to occur in systems with
multiple scattering, full 3D geometry, frequency redistri-
bution during re-scattering and non uniform atomic den-
sity. These factors can be taken into account by making
the rates W12 and W21 to be dependent on the emission
and absorption location. This will change equation (6) into
an integral equation for ∆Π(r), which can be solved for
the real geometry of the atomic cloud.

This work was supported in part by the Israel Ministry
of Science, the Israel Science Foundation, and the Minerva

Foundation. ND is an incumbent of the Rowland and Sylvia
Scheafer career development chair.
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