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Abstract. We study the radiation pressure force exerted on cold 87 Rb atoms captured in a magneto-optical
trap (MOT) due to resonant excitation of atoms into the non-cooling 5P1/2 (Fe = 2) hyperﬁne level. We
measure the fractional excited population for diﬀerent MOT parameters such as cooling laser detuning
and power, and empirically test the applicability of the Optical Bloch Equations for describing cold atoms
in the MOT. We use the eﬀective saturation intensity parameter which enables simple calculation of the
fractional excited state population in a multi-level system using a two-level model, and apply it for the
radiative force modeling. This approach provides a valuable tool for optical manipulation experiments.

1 Introduction
Radiation pressure force is a result of the interaction of
laser light with atoms, allowing it to modify the motion
of an atom, i.e. its momentum and kinetic energy. This
optical force is the basis for laser cooling and trapping of
atoms, a technique which enables the production of sufﬁciently dense cold atomic samples. New classes of matter like Bose-Einstein Condensate (BEC) [1], degenerate
Fermi [2] and Bose-Fermi [3] gases were realized from
cold atomic and/or molecular samples leading to one of
the most promising and productive ﬁelds of contemporary
research.
The mechanical action of the radiation pressure force
on cold atoms has been the topic of our recent research. In
our recent work, we have investigated the radiative force
on cold rubidium atoms induced by femtosecond pulse
train (frequency comb) excitation [4]. We have shown
that the frequency comb can in some geometry and for
some parameters probe the boundary between the quantum (internal dynamics) and the classical (center-of-mass
motion) worlds, which can complicate the calculation of
the force induced by the frequency comb. Furthermore, we
have demonstrated a novel scheme for creating synthetic
Lorentz force for cold atomic gases via Doppler eﬀect and
radiation pressure [5]. The key idea is to use multi-level
structure of the atoms and orthogonal continuous-wave
(cw) laser ﬁelds in conjunction with the Doppler eﬀect
resulting in velocity dependent perpendicular radiation
pressure force on atoms. This cold atom manipulation
scheme opens the possibility to mimic classical charged
a
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gases in magnetic ﬁelds. However, quantitative and qualitative assessment of the radiation pressure force is crucial
for understanding and predicting the experimental results
of this new cold atom all-optical manipulation schemes,
which ultimately provided the motivation for this work.
In general, the radiation pressure force depends on
a number of parameters such as: detuning of the laser
frequency from the resonant transition (inﬂuenced by
Doppler and Zeeman eﬀects), transition probabilities, saturation, laser intensities, optical pumping, and laser beam
alignment and proﬁle [6]. However, modeling of the radiation force is usually based on the solutions of the Optical
Bloch Equations (OBEs) for a two-level atom interacting with a single frequency (cw) laser ﬁeld; and on the
Ehrenfest theorem [7]. This approximation is satisfactory
in the case of excitation of optically closed transition, but
it is not straightforward in the case of multi-level atomic
system interacting with multi-frequency laser ﬁelds such
as cold atoms in MOT.
The force from absorption followed by spontaneous
emission on a two-level atom can be written as [7]:
Fsp = kΓ ρee ,

(1)

where k is the photon momentum, Γ is the rate of
the process (excited state population decay rate). ρee is
the probability for the atoms to be in the excited state
given by:
As0
,
(2)
ρee =
1 + s0 + (2Δ/Γ )2
where s0 is the saturation parameter, Δ is the laser detuning from the atomic resonance frequency, and A is
a constant equal to 0.5 for two-level atom. s0 = I/Is

Page 2 of 7

Eur. Phys. J. D (2014) 68: 360

with I being the laser intensity, and Is the saturation
intensity [8]:
Is =

πhcΓ
.
3λ3

(3)

Here h is the Planck constant, c is the speed of light, and λ
is the wavelength of the atomic transition.
Applying equation (3) to 87 Rb 5S1/2 → 5P3/2 , D2 resonance transition at 780 nm, Γ/2π = 6.07 MHz gives
Is = 1.67 mW/cm2 . This value is valid for a two-level
atom interacting with a single frequency ﬁeld. In cold
atom experiments, however, it is necessary to consider
more complex phenomena such as the eﬀects of optical pumping, multiple scattering, laser intensity imperfection, and beam shadowing. The fraction of excited
87
Rb atoms in the MOT was directly measured in the
work of Shah et al. [9] using a charge transfer technique. They showed that it can be accurately estimated
knowing only the trapping laser intensity and detuning.
For low saturation parameter, s0 < 1.25, the simple
model given by equation (2) was used to ﬁt the measured fractions. They obtained saturation intensity for
87
Rb 5S1/2 (Fg = 2) → 5P3/2 (Fe = 3) cooling transition
of 2Is = 9.2 ± 1.7 mW/cm2 , which is 2.75 times larger
than the value calculated from equation (3). Similar results were obtained by Dinneen et al. [10], where the population of excited 87 Rb atoms in the MOT is measured using a trap loss technique. Eﬀective saturation intensity of
87
Rb 5S1/2 (Fg = 2) → 5P3/2 (Fe = 3), D2 resonance transition was also measured in [11], using absorption imaging technique (ballistically expanded cloud, i.e. MOT is
switched oﬀ). Even in this condition, the authors have
measured the correction factor of α∗ = 2.12 ± 0.1 to the
two-level saturation intensity.
From the above, it is clear that there is a need for accurate determination of the saturation intensity Is in multilevel atom interacting with multi-frequency laser ﬁelds,
which is a necessary prerequisite for predicting the fractional excited state population and therefore the radiation
force exerted on atoms. Moreover, accurate determination
of the fractional excited state population is crucial for
the determination of the number of cold atoms in optical
traps [12,13], cold atom collision processes [14], determination of the absolute photoionization cross section [10],
population transfer [15], etc. It uniquely describes the interaction of cold atoms with their environment such as
their excitation by diﬀerent laser ﬁelds.
To our knowledge, there are no determination of the
excited state fractional population and saturation intensity Is for other hyperﬁne transitions in cold rubidium
atoms captured in MOT. This hinders theoretical modeling of other physical parameters which are related to these
transitions; such as radiative force, collision cross sections,
photoassociation rates, etc.
We therefore devote the ﬁrst part of our paper to the
measurements of the fractional excited state population
in the non-cooling P1/2 (Fe = 2) hyperﬁne level for cold
87
Rb atoms in the MOT. For this purpose, we introduce
an additional low-intensity probe laser in the MOT and

measure the associated laser induced ﬂuorescence (LIF)
at 795 nm for diﬀerent MOT parameters and probe intensities. We also employ a theoretical approach based on
solving OBEs (for ﬁve-level atoms interacting with three
laser ﬁelds – cooling, repumper, and probe lasers) to model
the fractional excited state population in the non-cooling
level. We validate qualitatively the model by comparing its
results with the measured LIF. Finally, we use the model
results to introduce the eﬀective saturation intensity parameter for 87 Rb D1 resonance transition. The eﬀective
saturation intensity parameter Iseﬀ , together with equation (2), enables the reduction of the complex multi-level
system perturbed by multiple lasers to the simple twolevel atom model.
In the second part of the paper, we investigate the radiation pressure force on cold 87 Rb atoms induced by the
probe laser. We use the Iseﬀ to model the force, while simultaneously measuring the probe-induced radiative force
using an approach based on cloud imaging. The technique
is accurate, simple, and robust; and can easily be implemented in variety of experimental situations. The comparison between experiment and theory is very good, conﬁrming the applicability of our approach to the radiative
force modeling.

2 Experiment
The experiment was performed on 87 Rb atoms cooled and
trapped in a vapor-loaded magneto-optical trap (MOT).
The trap is set up in the standard σ + σ − retro-reﬂected
conﬁguration, with beam diameters of 2 cm. Cooling and
repumper lasers are external cavity diode lasers (ECDL,
Toptica DL100 laser systems) delivering total powers of
50 mW and 10 mW, respectively. The cooling laser is
typically 2−3 linewidths red-detuned from the 87 Rb D2
Fg = 2 → Fe = 3 hyperﬁne transition. The repumper
laser is in resonance with the 87 Rb D2 Fg = 1 → Fe = 2
hyperﬁne transition, thus keeping most of the population
in the 5S1/2 (Fg = 2) ground level. The quadrupole magnetic ﬁeld is provided by a pair of anti-Helmholtz coils.
The number of atoms in the trap is deduced by measuring
the cloud ﬂuorescence with a calibrated photodiode [16].
The cloud density distribution is measured by imaging the
cloud ﬂuorescence onto a CCD chip.
The trap spring constant κ is obtained from a transient oscillation method [17]. We have measured the trajectory of the atomic cloud after the additional external
force is switched oﬀ, and the cloud returns to the original MOT center. The atomic motion in MOT is given by
a damped harmonic oscillator model. The trap frequencies and damping coeﬃcients for diﬀerent MOT parameters are obtained from ﬁtting procedure. Uncertainties of
κ measurements include uncertainties of cooling and repumper laser power and detuning, and of magnetic ﬁeld
gradient (due to quadrupole coils heating).
In typical experimental conditions (13 G/cm-axial
magnetic ﬁeld gradient, 2π × 12 MHz-cooling laser detuning), we obtain a cloud of (0.9 ± 0.1) mm radius that
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contains about 8 × 108 87 Rb atoms, characterized by a
trap spring constant κ = (1.3 ± 0.2) × 10−19 N/m.
Such a cloud of cold rubidium atoms was the starting point for two kinds of experiments; one related to the
measurements of the fractional excited state population
and the other to the radiative force measurements.
In the ﬁrst part, the cold rubidium atoms are excited by a focused probe laser beam adjusted in a retroreﬂected conﬁguration, and propagating almost colinearly
with one of the cooling beams. The probe laser is a low
power (maximum power 10 mW) external cavity diode
laser (ECDL, Toptica DL 100), locked to the 87 Rb D1
5S1/2 (Fg = 2) → 5P1/2 (Fe = 2) hyperﬁne transition. Its
power is controlled by an acousto-optic modulator (AOM).
In order to avoid the frequency shift of the probe beam
after passing through the AOM, the experimental scheme
developed in reference [18] was used. The probe beam spatial proﬁle is measured using a beam proﬁler. Measured
beam proﬁle intensity distribution ﬁts a Gaussian function, with halfwidth equal to HWHM = (0.34 ± 0.05) mm.
The probe laser power is changed within the (0−100) μW
range, corresponding to the (0−27) mW/cm2 intensity
range. Laser induced ﬂuorescence (LIF) from the excited
5P1/2 (Fe = 2) level at 795 nm was measured with a spectrometer (Shamrock sr-303i), equipped with a holographic
grating (1800 gr/mm) and a CCD camera (Andor iDus
420). Fluorescence was collected by a lens and imaged onto
the entrance slit of the spectrometer with a slit width of
100 μm and a 40 ms exposure time.
In Figure 1 we show simultaneous LIF measurements
at 780 nm and 795 nm for diﬀerent probe laser intensities Ip . Here Ip represents spatially averaged and total
intensity of the probe beam, obtained by dividing the total probe power by the area within the probe beam radius. Error bars are obtained from ten independent LIF
measurements. LIF at 780 nm is a result of spontaneous
emission from the 5P3/2 (Fe = 3) excited level, populated
by the cooling laser, and can be used for the estimation of
the total number of cold atoms in MOT. LIF at 795 nm is
a result of spontaneous emission from the 5P1/2 (Fe = 2)
excited level, populated by the probe laser. Considering
that the cooling laser is red detuned (i.e. it is positioned
at the slope of the Lorentz function that describes the excited state population), the number of the excited atoms
in 5P3/2 (Fe = 3) level changes signiﬁcantly with the frequency dither of the cooling laser, thus increasing uncertainty of LIF measurement at 780 nm compared to the
LIF at 795 nm. By inspection of Figure 1 it is clear that
the number of cold atoms in the MOT remains constant
during the measurements of the fractional 5P1/2 (Fe = 2)
excited level population; i.e. there is no trap loss of atoms
associated with the probe beam excitation due to heating, optical pumping and mechanical action. The conservation of the number of atoms in the MOT is ensured by
the small probe laser beam diameter (almost three times
smaller than the radius of the cloud), low probe power,
and optimized overlaping of the counterpropagating probe
beams.

Fig. 1. LIF measured simultaneously at 780 nm and 795 nm
showing constant number of cold atoms in the MOT during
the measurements of the fractional 5P1/2 (Fe = 2) excited level
population. LIF signals are normalized to the LIF intensity at
780 nm without the probe laser. Error bars are obtained from
ten independent LIF measurements.

In the second part of the experiment, we have measure the probe-induced radiative force using an approach
based on cloud imaging. We have used the same probe
laser but with beam diameter around 2.5 mm (in order
to induce uniform radiation force across the cloud). The
ﬂuorescence intensity distribution of the cold cloud is imaged by a calibrated CMOS camera for diﬀerent probe
beam intensities. The images are then processed and the
position of the center of mass (CM) of the cold atomic
cloud is determined. Under the radiation pressure force
of the probe laser, the CM of the cloud is displaced by
Δx in the direction of the probe beam. The probe laser
force is balanced by the MOT force, which for cold atoms
(v ≈ 0, and therefore the dissipative part of the force can
be neglected) gives:
Fprobe = κ Δx.

(4)

The technique was recently used for the measurement of
the radiation pressure force on cold 87 Rb atoms induced
by the femtosecond pulse train [4]. Also, a variation of
this technique was used in [19] to determine the spring
constant.

3 Optical Bloch equations for cold atoms
in the MOT excited by the probe laser
Standard density matrix formalism was utilized to model
the 5P1/2 (Fe = 2) excited level fractional population
in diﬀerent MOT conditions; i.e. diﬀerent cooling laser
detuning and power.
Our model system, shown in Figure 2, is a ﬁve-level
87
Rb atom interacting with three independent continuouswave laser ﬁelds (cooling Ec , repumper Er , and probe Ep ).
The cooling laser couples 5S1/2 (Fg = 2) − 5P3/2 (Fe = 3)
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Fig. 2. Hyperﬁne energy level scheme relevant for theoretical modeling. The arrows indicate cooling, repumper and
excitation laser frequencies.

levels (|2 − |5), repumper laser couples 5S1/2 (Fg = 1) −
5P3/2 (Fe = 2) levels (|1 − |4), and probe laser couples
5S1/2 (Fg = 2) − 5P1/2 (Fe = 2) levels (|2 − |3).
The Hamiltonian of the system, Ĥ = Ĥ0 + Ĥint , consists of two parts; the free atom Hamiltonian Ĥ0 and the
interaction Hamiltonian Ĥint . The latter describes the interaction of the atom with three independent laser ﬁelds,
Ĥint = H25 + H14 + H23 . In the dipole approximation
parts of the interaction Hamiltonian can be written as
H25 = −μ25 Ec (t), H14 = −μ14 Er (t) and H23 = −μ23 Ep (t),
where μ25 , μ14 , and μ23 are transition dipole moments of
the relevant transitions numbered according to Figure 2
and calculated from reference [20].
Temporal evolution of the system is given by the
density matrix equations of motion [21]:
−i   
∂ρnm
=
H, ρ
− γnm ρnm , (n = m),
∂t

nm

−i   
∂ρnn
H, ρ
=
−
Γmn ρnn
∂t

nn
m(Em <En )

+
Γnm ρmm ,
(5)
m(Em >En )

where the subscripts n, m refer to the hyperﬁne levels
numbered from the lowest to highest energy level (see
Fig. 2). Γnm gives the population decay rate from level m
to level n, while γnm is the damping rate of the ρnm
coherence given by:
γnm =

1
(Γn + Γm ).
2

(6)

Here Γn and Γm denote the total population decay rates
of level n and m. In our system Γ1 = Γ2 = 0, Γ3 =
2π × 5.75 MHz, Γ4 = Γ5 = 2π × 6.06 MHz [8]. Γnm are calculated from Γn and Γm following Fermi’s golden rule [20].
The usual method to solve the system of equation (5)
is to invoke the rotating-wave approximation and introduce laser electric ﬁelds Ec (t) = Ec eiωc t , Er (t) = Er eiωr t ,
and Ep (t) = Ep eiωp t , together with the slowly varying coherences σ25 = ρ25 e−iωc t , σ14 = ρ14 e−iωr t , and σ23 =
ρ23 e−iωp t . Here, ωc , ωr , and ωp are cooling, repumper,
and probe laser frequencies deﬁned as ωc = ω25 + Δc ,

Fig. 3. Comparison of the measured (LIF at 795 nm, points,
left y-axis) and calculated (ρ33 , solid lines, right y-axis) fractional 5P1/2 (Fe = 2) level populations as a function of the
probe laser intensity, for two cooling laser detunings. Error
bars are obtained from three independent LIF measurements.

ωr = ω14 , and ωp = ω23 , where ω25 , ω14 , and ω23 correspond to the 87 Rb 5S1/2 (Fg = 2) → 5P3/2 (Fe = 3),
5S1/2 (Fg = 1) → 5P3/2 (Fe = 2), and 5S1/2 (Fg = 2) →
5P1/2 (Fe = 2) hyperﬁne transition frequencies, respectively [8]. Ec , Er , and Ep are the amplitudes of the cooling, repumper and probe laser ﬁelds.
Stationary solutions for atomic populations and coherences are obtained from the resulting set of coupled diﬀerential equations. Starting with ﬁxed MOT parameters (Ec , Er , and Δc ) we calculated the fractional
5P1/2 (Fe = 2) level population, ρ33 , for diﬀerent probe
ﬁeld amplitudes, Ep . The dependence of the ρ33 upon
intensity of the probe laser is obtained using relation
2
o
I = cn
2 E , where c is the speed of light, n is the index
of refraction, and o is the permittivity of vacuum.

4 Fractional excited state population
of the non-cooling level
In Figure 3 we present the comparison of measured LIF
at 795 nm (points, given in counts, left y-axis) and calculated ρ33 fractional 5P1/2 (Fe = 2) level population (solid
lines, right y-axis) as a function of the probe laser intensity, for two detunings of the cooling laser, Δc = −2.0Γ5
and −2.7Γ5 . The calculations are performed for the cooling and repumper laser intensities of 13 mW/cm2 and
0.6 mW/cm2 , respectively, which correspond to their experimental values (Ic and Ir are given by the sum of the
average intensities of the six beams). Measured LIF at
795 nm agrees qualitatively with the calculated fractional
5P1/2 (Fe = 2) level populations (ρ33 ). LIF is proportional
to ρ33 , however no scaling between the LIF counts and
the calculated excited state populations shown in Figure 3
has been made. ρ33 increases with increasing the probe
beam intensity, and saturates for larger intensities. For a
given probe laser intensity, fractional 5P1/2 (Fe = 2) level
population increases with detuning of the cooling laser.
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Fig. 4. Comparison of the measured (LIF at 795 nm, points)
and calculated (ρ33 , solid lines) fractional 5P1/2 (Fe = 2) level
populations as a function of the probe laser intensity, for
three cooling laser powers. Error bars are obtained from three
independent LIF measurements.

The number of cold atoms in MOT (without probe
laser) depends on the MOT parameters, i.e. cooling laser
detuning, cooling and repumper laser powers. Consequently, for diﬀerent MOT parameters diﬀerent LIF signals at 780 nm are expected (without the probe). In order
to qualitatively compare experiment and theory (OBEs
are calculated for ﬁxed number of the cold atoms in
MOT), this change in the number of cold atoms in MOT
for diﬀerent MOT parameters has to be compensated.
Therefore all measured LIF signals at 795 nm for diﬀerent MOT parameters are corrected with the factor corresponding to the rate of change of the number of cold atoms
in MOT (without probe laser). We should also note that
the ﬂuorescence is measured in the retroreﬂected probe
laser conﬁguration (producing a standing wave), with the
probe beam smaller than the cold atom cloud. The atoms
therefore experience a range of probe intensities that results from both the standing wave and the Gaussian probe
beam proﬁle. In the calculated populations (shown in
Figs. 3 and 4) we performed averaging of the results over
the distribution of intensities present in the experiment.
Alternatively, one could also simply do the calculations at
an average probe intensity value (which actually turns out
to be a reasonably accurate ﬁrst approximation), but this
approach is generally not valid under conditions where
saturation is important.
The comparison of measured LIF at 795 nm and calculated fractional 5P1/2 (Fe = 2) level populations as a
function of the probe laser intensity, for three cooling
laser powers is shown in Figure 4. Measurements and
calculations are performed for Δc = −2.7Γ5 and Ir =
0.6 mW/cm2 . For a given probe laser intensity, fractional
5P1/2 (Fe = 2) level population increases as the power of
the cooling laser is decreased. Disagreement between measurement and theory in the case of Ic = 5 mW/cm2 is understandable considering that the ﬂuctuations in number
of cold atoms in the MOT are larger at low cooling laser
intensities.
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Fig. 5. Density plot of calculated Iseﬀ as a function of cooling
laser detuning and power. The values of Iseﬀ shown by the color
bar are given in mW/cm2 .

The results show that measured LIF at 795 nm, which
is proportional to 5P1/2 (Fe = 2) hyperﬁne level population excited by the probe laser, is well reproduced by
the calculated ρ33 based on the OBEs. It is shown that it
strongly depends upon the MOT parameters, such as the
cooling laser detuning and power, which is not surprising
since we are dealing with multi-level atoms interacting
with three laser ﬁelds.
For practical purposes it is instructive to relate fractional 5P1/2 (Fe = 2) level population to the form given
in equation (2), i.e. to the two-level atom excited state
population. For this purpose equation (2) is ﬁtted to the
calculated ρ33 (as a function of probe intensity), with the
eﬀective saturation intensity, Iseﬀ , and the constant A as
free parameters of the ﬁt. The procedure is as follows: ﬁrst
OBEs are solved (with Ic , Δc , and Ir ﬁxed) and the dependence of ρ33 on probe laser intensity is obtained. Then
equation (2) is ﬁtted to the obtained data (with Iseﬀ and A
as free ﬁt parameters), which gives the Iseﬀ value for given
MOT conditions (i.e. Ic , Δc , and Ir values). Dependence
of the calculated Iseﬀ on cooling laser power and detuning
relevant for MOT operation (with Ir = 0.6 mW/cm2 ) is
shown in Figure 5.
Applying equation (3) to 87 Rb 5S1/2 → 5P1/2 , D1 resonance transition at 795 nm, Γ /2π = 5.75 MHz gives
Is = 1.49 mW/cm2 . This value is valid for a two-level
atom interacting with a single frequency ﬁeld. In the working MOT conditions two additional lasers are present
(in addition to the probe laser) so the eﬀects related
to a more complex multi-level atomic system driven by
multi-frequency laser ﬁelds have to be accounted for.
Consequently, the obtained Iseﬀ values depend on cooling and repumper light parameters and they are generally higher than the value calculated using equation (3).
As seen in Figure 5, Iseﬀ increases with increasing cooling laser power and decreasing the cooling laser detuning.
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This is expected since the inﬂuence of the cooling laser on
the 5S1/2 (Fg = 2) → 5P1/2 (Fe = 2) excitation increases
in these conditions.
It should be noted that Iseﬀ is in general a function of
MOT parameters, i.e. a function of three variables: Ic , Δc ,
and Ir . In typical MOT conditions Ic > Ir which enables
eﬃcient cooling of atoms through the 5S1/2 → 5P3/2 D2
cycling transition, while simultaneously repumper laser
prevents atoms from escaping from the cooling cycle to the
5S1/2 (Fg = 1) level. Ir therefore eﬀectively controls the
population of the 5S1/2 (Fg = 2) level, and consequently
also inﬂuences the population of the 5P1/2 (Fe = 2) level
(ρ33 ) induced by the probe laser. The Iseﬀ of the probe
laser must therefore depend on the repumper intensity Ir .
However, this dependence is quite weak; in typical MOT
working conditions calculated Iseﬀ values (for a given Ic
and Δc ) change by less than ±10% when Ir is changed in
the range 0.4−1.2 mW/cm2 for the whole range of cooling laser parameters shown in Figure 5. Simultaneously,
the value for constant A obtained from ﬁt is equal to 0.18
with uncertainty of less than 10% in the whole cooling
laser range shown in Figure 5. Generally, the value for A
(as compared to A = 0.5 for two-level atom) is related to
population in the 5P1/2 (Fe = 2) level which depends on
both the cooling and repumper light, but in typical MOT
conditions shown in Figure 5 this dependence has only a
minor eﬀect.

5 Radiation pressure force on cold Rb atoms
induced by the probe beam
Radiation pressure force on cold 87 Rb atoms in the
MOT induced by the probe laser in resonance with the
5S1/2 (Fg = 2) → 5P1/2 (Fe = 2) hyperﬁne transition is
measured and compared to the calculated force obtained
from the simple model given by equations (1) and (2) using
calculated Iseﬀ as the saturation intensity Is .
The force was measured using an approach based
on imaging. The probe laser beam (exceeding the cloud
size) is directed onto the cloud, inducing the displacement Δx of the cloud CM in the direction of the probe
laser wavevector. In the case when probe intensity is much
lower than Iseﬀ , linear dependence of the Δx upon the
probe beam intensity is expected:
Δx =

1 kΓ3 A
Ip .
κ Iseﬀ

(7)

In Figure 6 we show measured CM displacement Δx, as
a function of the probe beam intensity for three magnetic
ﬁeld gradients. Other MOT parameters are constant during the measurements (Δc = −2Γ5 , Ic = 13 mW/cm2 ,
Ir = 0.6 mW/cm2 ), yielding Iseﬀ = 14.4 mW/cm2 for
the probe laser non-cooling transition (deduced from the
Fig. 5). As expected, linear dependence of the Δx upon the
probe intensity is observed in all measurements. Straight
lines represent best ﬁt to the data. From equation (7) follows that the ratio of the slopes should be proportional
to the inverse of the ratio of the magnetic ﬁeld gradients

Fig. 6. Probe beam acting on the cold cloud induces the displacement Δx of the cloud CM in the direction of the probe
beam propagation (left panel). Measured Δx as a function of
the probe laser intensity and MOT magnetic ﬁeld gradient
(right panel). The straight lines are best ﬁts to the data.

(since κ is proportional to the magnetic ﬁeld gradient).
Largest deviation from the expected ratio value obtained
from Figure 6 is 20%, and it is mostly induced by the
Δx uncertainty. Total experimental error of Δx includes
the contributions from the uncertainty of MOT parameters such as cooling and repumper laser frequency, cooling
laser power and magnetic ﬁeld gradient.
For given MOT parameters, the probe radiative force
can be obtained from the measured CM displacements Δx,
using equation (4); i.e. radiative force is proportional to
the measured Δx. In Figure 7 we show the measured radiative force of the probe as a function of the probe laser
intensity for typical MOT parameters: 13 Gauss/cm, κ =
(1.3 ± 0.2) × 10−19 N/m, Δc = −2Γ5 , Ic = 13 mW/cm2 ,
Ir = 0.6 mW/cm2 . Total experimental error includes contributions from the uncertainty of Δx and κ measurements. In addition to experiment, in Figure 7 we also show
the calculated radiative force (red line). The calculations
are based on the simple two-level model given by equations (1) and (2); in which Iseﬀ obtained in the previous
section is used as the saturation intensity Is . The shaded
area on the graph denotes force values that are within the
10% accuracy in the cooling laser intensity and detuning.
The agreement between experiment and theory is very
good, conﬁrming the applicability of our approach to the
radiative force measurement and modeling even in the
complex system such as cold atoms in a MOT perturbed
with an additional probe laser.

6 Conclusion
We investigated experimentally and theoretically the excitation of cold 87 Rb atoms into the non-cooling excited
state. The atoms, cooled and captured in a classical MOT,
are excited by an additional probe laser tuned to the
5S1/2 → 5P1/2 , D1 transition. Laser induced ﬂuorescence
(LIF) was used to monitor the population in the excited
state in diﬀerent MOT conditions, and to investigate its
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