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Laser cooling of 85Rb atoms to the recoil-temperature limit
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We demonstrate the laser cooling of 85Rb atoms in a two-dimensional optical lattice. We follow the two-step
degenerate Raman sideband cooling scheme [Kerman et al., Phys. Rev. Lett. 84, 439 (2000)], where a fast cooling
of atoms to an auxiliary state is followed by a slow cooling to a dark state. This method has the advantage of
independent control of the heating rate and cooling rate from the optical pumping beam. We operate the lattice at
a Lamb-Dicke parameter η = 0.45 and show the cooling of spin-polarized 85Rb atoms to the recoil temperature
in both dimensions within 2.4 ms with the aid of adiabatic cooling.
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I. INTRODUCTION

Laser cooling technologies [1,2] of neutral alkali-metal
atoms have enabled the high-precision test of the fundamental
physics [3,4], a study of atom-light interactions at the level
of single quanta [5], advances in quantum metrology [3],
etc. Various steps of laser cooling methods, such as Doppler
cooling, polarization-gradient cooling, or optical lattice cool-
ing, are employed for different purposes in experiments. In
particular, the Raman sideband cooling of neutral atoms to
the ground state of a harmonic potential in an optical lattice
has been a dependable method used to achieve both high
phase-space density and large atom numbers compared to
other cooling methods. It has been used to precool atoms
rapidly for the production of a Bose-Einstein condensate by
a subsequent evaporative cooling. Recently, the formation of
a Bose-Einstein condensate only by Raman sideband cooling
has been demonstrated by further improving the density of
atoms during the cooling cycle [6]. In experiments of precision
measurement and quantum optics, the preparation of ultralow
temperature and a large number of samples is indispensable to
obtain a large signal-to-noise ratio and a long coherence time.

Sideband cooling was first demonstrated with ions [7]. In
neutral atoms, Raman sideband cooling has been demonstrated
with 6Li [8], 39K [9], 87Rb [6,10–12], and 133Cs [12–17].
Different experimental arrangements are required for different
fine and hyperfine structures of atomic species. 85Rb atoms
are of great interest in atomic physics due to their high natural
abundance in Rb isotopes and opposite sign of scattering length
of their hyperfine ground states [18]. They have been used to
study the scattering properties of cold atomic mixtures [19–23]
and quantum optics experiments [24,25]. There are also ongo-
ing experiments to test Einstein’s equivalence principle with
85Rb and 87Rb atom interferometers either on the ground or
in space [26]. On the other hand, the small energy separation
of the hyperfine states and large collision loss make 85Rb less
popular than 87Rb in the community. Here, we demonstrate
the degenerate Raman sideband cooling of 85Rb atoms in a
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two-dimensional optical lattice with about 90% of the initial
atoms loaded into the lattice.

One of the particular Raman sideband cooling schemes in an
optical lattice is to implement an external magnetic field to shift
the adjacent Zeeman states by one vibrational quanta of the
lattice harmonic potential. The vibrational energy of the atoms
can then be transferred to their Zeeman internal energy via an
off-resonant degenerate two-photon Raman transition induced
by optical lattice beams. The Zeeman internal energy is then re-
moved through an optical pumping process where atoms at the
end are shelved into a dark state to decouple them from the opti-
cal pumping and two-photon Raman process. To ensure atoms
remain in the same vibrational level after optical pumping, the
whole process has to operate in the Lamb-Dicke regime, i.e.,
η = √

ER/h̄ω < 1, where h̄ is the reduced Planck constant, ER
is the recoil energy, and ω is the angular vibrational frequency
of the harmonic potential. These criteria and the “darkness”
of the final dark state set the limit on the lowest temperature
that can be obtained. Figure 1 shows the cooling steps and
the relevant energy levels of 85Rb in one of the dimensions
for the experiment. The degenerate Raman coupling between
Zeeman states mF and mF−1 is induced by the lattice beams.
In the pioneering two-step cooling scheme [12,16], atoms in
high lying vibrational states are rapidly accumulated in the
auxiliary state |F = ,mF = 2,n = 0〉 by a strong σ+-polarized
optical pumping beam and Raman coupling. Due to the linear
Zeeman shift, atoms in this state are decoupled from other
lower Zeeman states in the two-photon Raman process. A weak
π -polarized optical pumping beam then puts atoms favorably
into |F = 3,mF = 3,n = 0〉 by spontaneous emission. The
π -polarized optical pumping beam is weak enough to ensure
the vibrational levels are well resolved and minimize heating
from single-photon scattering and light-assisted collision. The
frequencies of the optical pumping beam are chosen on the
F = 3 to F ′ = 2 transition frequency such that |F = 3,mF =
3,n = 0〉 can only couple to excited states off resonantly.

II. EXPERIMENT

Our two-dimensional optical lattice is formed by three
coplanar optical beams intersecting at an angle of 120◦, as
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FIG. 1. Two-step degenerate Raman sideband cooling energy
scheme. The figure only shows the most relevant energy levels.
The blue double arrows indicate the degenerate two-photon Raman
transition for the interchange of vibrational energy and Zeeman
energy. The dashed arrow indicates the relevant spontaneous emission
in the cooling process. Due to the small separation between the
excited hyperfine states of the D2 line manifold, we employ a D1

line for optical pumping to avoid coupling to other excited states. The
σ+-polarized optical pumping beam (thick red arrow) represents the
fast cooling to the |F = 3,mF = 2,n = 0〉 state, and the π -polarized
optical pumping beam (thin red arrow) represents the slow cooling to
the |F = 3,mF = 3,n = 0〉 state. Both frequencies are detuned by �

from the excited state. The light shift and power broadening from the
optical pumping beam and the lattice beams are omitted in the figure.

shown in Fig. 2. The lattice beams are generated from a
tampered amplifier seeded by an extended cavity diode laser.
The diode laser is injection locked by the magneto-optical trap
(MOT) cooling beam which is modulated by an electro-optic

FIG. 2. Optical arrangement for the experiment. The thick blue
arrows on the horizontal x-y plane are the lattice beams, and the
red arrow from the top is the optical pumping beam. The imaging
beams are from the cooling and repumping beams of the MOT and
the fluorescence images are collected from the CCD camera. NPBS
is a nonpolarizing beam splitter for separating the optical pumping
beam and fluorescence.

modulator at 12 GHz. The negative first-order sideband of
the MOT beam after the electro-optic modulator is filtered
by a temperature-stabilized solid étalon and injected into the
diode laser. An external magnetic field is pointing along the
normal vector of the lattice plane to define the quantization
axis for atom-light interactions. The optical lattice beams are
linearly polarized and the polarization is tilted by about 20◦
with respect to the quantization axis to provide a nonzero
transition amplitude of the two-photon Raman transition.
When the tilting angle is small, we can approximate the lattice
potential as

U = − 4

3
u

[
3

2
+ cos(

√
3ky) + cos

(√
3ky − 3kx

2

)

+ cos

(√
3ky + 3kx

2

)]
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where u is the single beam potential, k is the wave vector of the
light, and x and y are spatial coordinates [27]. By considering
a large trap depth compared to the recoil energy, the potential
can be approximated further as a harmonic potential around
x = 0 and y = 0 as

U ≈ −u[−6 + 3k2(x2 + y2)], (2)

with oscillation frequency ω =
√

6uk2

m
, where m is the mass

of the particle. The temperature T0 of the ground state of the
harmonic potential can be inferred from kBT0 = h̄ω/2, where
kB is the Boltzmann constant. Our lattice beams have a waist
of 7 mm and 47 mW on each beam, and the frequency is
red detuned 12 GHz from the 85Rb D2 line F = 3 to F ′ = 4.
The calculated vibrational frequency ω/2π = 21 kHz, which
corresponds to a temperature T0 = 440 nK.

Atoms are first loaded from the background Rb vapor into
a three-dimensional MOT for about 900 ms in a commercial
ultrahigh vacuum chamber (miniMOT from ColdQuanta, Inc.).
The MOT coils are then switched off to perform sub-Doppler
cooling for 30 ms. Through a time-of-flight measurement,
the temperature of the atomic ensemble at this stage is about
10 μK. We conduct a microwave spectroscopy on the Zeeman
sublevels and minimize the energy splitting between Zeeman
states by applying external magnetic fields from three pairs
of Helmholtz coils. The ambient magnetic field is reduced
to about less than 10 kHz on the adjacent Zeeman sublevels.
To avoid heating, we adiabatically ramp up the power of the
lattice beams in 800 μs to load atoms into the optical lattice.
Meanwhile, a tens of mG of magnetic field for defining the
quantization axis and to split the Zeeman degeneracy is turned
on before switching on the lattice beams.

The optical pumping beam with a beam waist of 7 mm and
total power of 1 mW is generated from another extended cavity
diode laser at 795 nm and propagating along the direction 10◦
from the quantization axis. The polarization of the optical
pumping beam is circular and the offset angle from the z

axis gives a ratio of 5%–10% on the π -polarized component
and σ+-polarized component. The frequency of the optical
pumping beam is detuned by � from the D1 line F = 3 to
F ′ = 2 transition. Even with a small probability, atoms are
pumped to the F = 2 state and leave the cooling process. We
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FIG. 3. Timing sequence. The sub-Doppler cooling process ends
at t = 0 s and the t = 1 s, where MOT cooling, repumping beams,
and anti-Helmholtz are off. Each experimental trial lasts for 2 s. Each
second differs in the imaging time for the time-of-flight measurement.
The optical pumping beam is on for 2.4 ms. The optical lattice power
is ramped up and down in 800 μs. The sideband cooling duration in
the diagram includes only the time where the optical pumping beam
is on.

use the MOT repumping beams to pump atoms back into the
F = 3 state to continue the cooling process. We then turn on
the MOT cooling and repumping beams at 7 and 22 ms after
the sideband cooling and collect the fluorescence by a CCD
camera from the top of the lattice plane. We fit the images
with a single Gaussian function and the fitted 1/e2 widths are
used to calculate the temperature of the atomic cloud through
the equation of ballistic expansion. The error bar of each data
point of temperature measurement throughout this article only
takes into account the fitting error and is about the size of the
symbol. Any deviations from the theoretical fittings are due
to the time-dependent drift of the optical dipole potential or
the ambient magnetic field. The timing sequence is shown in
Fig. 3.

III. RESULTS AND DISCUSSIONS

In Fig. 4, we measure the temperature as a function of
optical pumping beam power at different optical pumping
beam detunings. The data are taken with 21 kHz of vibrational
energy and 1 mW of optical pumping beam power. We fit the
data with an energy rate equation which is the sum of the
sideband cooling rate and heating rate from the recoil during
the optical pumping process [12,28]. The curve fitting also
takes into account the adiabatic cooling by ramping down the
lattice power in 800 μs [29]. Although the σ+-polarized optical
pumping beam at −4 MHz detuning causes a larger energy
shift (tens of kHz) and broadening (tens of kHz) on the energy
levels than −20 MHz detuning, the final temperature does
not depend on the detuning. This is due to the decoupling of
the |F = 3,mF = 2,n = 0〉 and |F = 3,mF = 3,n = 0 and 1〉
states from the strong σ+-polarized optical pumping beam and
is only addressed by the weak π -polarized optical pumping
beam. The increase of the temperature over a large optical
pumping beam power at −4 MHz detuning is due to radia-
tion pressure pushing atoms away from the lattice area. We
investigate this increase of temperature in Fig. 5.

Figure 5 shows the temperature of the atomic ensemble with
different cooling durations. Each experimental data point is an
average of 30 experimental trials. Due to the arrangement of the

FIG. 4. The final temperature in the y axis as a function of optical
pumping beam total power with different detunings �. The blue
circles and red triangles correspond to −4 and −20 MHz detuning
from the D1 line F = 3 to F ′ = 2 transition, respectively. The lattice
beams have a waist of 7 mm and 47 mW on each beam and the
cooling process is held for 2.4 ms. The dashed line indicates the recoil
temperature of 85Rb. The curves are the theoretical fitting discussed
in the text.

optical pumping beam (see Fig. 2), atoms receive a momentum
kick of h̄kop in the direction orthogonal to the lattice plane for
each scattering event and, therefore, will drift out of the high
trapping potential area for a longer cooling duration, where
kop is the wave vector of the optical pumping beam. We fit the
data with an energy rate equation as in the fitting of Fig. 4.
We assume the sideband cooling process reaches equilibrium
at 2.4 ms in which atoms stop receiving momentum kicks in

FIG. 5. The final temperature after sideband cooling as a function
of the cooling duration. The total optical pumping beam power
is 1 mW and the detuning � = +20 MHz from |5S1/2,F = 3〉 to
|5P1/2,F

′ = 2〉 transition. Each lattice beam power is 47 mW. The
measurements are done in the y axis.
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FIG. 6. The final temperature with varying optical potential in the
x and y directions. The horizontal axis is the corresponding Lamb-
Dicke parameter. The blue triangles are the calculated temperature of
the ground-state energy of the harmonic potential for reference. The
fitting curve is for the x axis only.

the optical pumping beam direction. Atoms start to drift out
of the lattice area at a constant initial velocity at 2.4 ms and
the vibrational energy is set as a function of the time in the
fitting. The increase of the temperature is mainly due to the
adiabatic cooling process which works more efficiently at a
larger vibrational energy [29].

In Fig. 6, we measure the temperature of atoms with dif-
ferent Lamb-Dicke parameters (different lattice beam power)
in two orthogonal directions, x and y. At each Lamb-Dicke
parameter, we adjust the z-axis magnetic field to optimize the
temperature. The cooling duration are kept at 2.4 ms and the
optical pumping beam power is 1 mW at +20 MHz detuning.
We compare the measured temperature with the calculated
ground-state temperature at different Lamb-Dicke parameters.
The atoms’ temperature starts to approach the ground-state
temperature at around η = 0.45 in our experiment. The red
curve shows the theoretical fitting of the x-axis measurement.

The fitting uses the same energy rate equation as in Fig. 4
but sets η as the fitting variable. Due to the imperfection
of the alignment of the lattice beams, the two axes have
a slightly different lattice potential which leads to different
final temperatures. Besides the Lamb-Dicke parameter, the
cooling efficiency is limited by how dark the final state can be.
The single-photon scattering from the lattice beams and the
π -polarized optical pumping beam could pump atoms out of
the |F = 3,mF = 3,n = 0〉 state. A light shift and broadening
of the optical pumping beam could cause an off-resonant
Raman transition which heats up instead of cools down the
atoms or couples atoms out of the dark state [12].

We estimate the density of the atomic ensemble by measur-
ing the optical depth (OD) after sideband cooling. A circularly
polarized probe beam of 1 μW and 2 μs long, resonant on
the D2 line F = 3 to F ′ = 4, is sent along the quantization
axis direction. We measure the transmission of the probe beam
and obtain OD = 7(2). Combining the size of the ensemble
L = 0.7(2) mm in the z direction, we calculate the number
density of atoms n = 8.0(3) × 1010 cm−3 after sideband cool-
ing from OD = σnL, where σ is the resonant cross section
for isotropic light polarization. The corresponding phase-space
density nλ3

dB is about 1/581, where λdB is the thermal de
Broglie wavelength.

IV. CONCLUSION

In summary, we demonstrate the laser cooling of optically
trapped 85Rb atoms in a harmonic potential within 2.4 ms. The
final temperature is consistently around the recoil temperature
Tr = 370 nK and the number of atoms after cooling is 1.4(2) ×
107. It can be extended to three-dimensional cooling by adding
another lattice beam in the z axis. This low-temperature atomic
ensemble could be used to enhance other cooling methods such
as evaporation cooling and delta-kick cooling in time and total
atomic numbers for quantum optics and fundamental physics
experiments with 85Rb.
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