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RAPID COMMUNICATION

High efficient Raman sideband cooling and strong three-body
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We report a highly efficient three-dimensional degenerated Raman sideband cooling (3D dRSC) that enhances the
loading of a magnetically levitated optical dipole trap, and observe the strong atom loss due to the three-body recombination.
The 3D dRSC is implemented to obtain 5×107 Cs atoms with the temperature of ∼ 480 nK. The cold temperature enables
1.8×107 atoms loaded into a crossed dipole trap with an optimized excessive levitation magnetic gradient. Compared
to the loading of atoms from a bare magneto-optical trap or the gray-molasses cooling, there is a significant increase
in the number of atoms loaded into the optical dipole trap. We derive for the three-body recombination coefficient of
L3 = 7.73×10−25 cm6/s by analyzing the strong atom loss at a large scattering length of 1418 Bohr radius, and discover
the transition from the strong three-body loss to the dominant one-body loss. Our result indicates that the lifetime of atoms
in the optical dipole trap is finally decided by the one-body loss after the initial strong three-body loss.

Keywords: matter wave, atom cooling methods, ultracold gases
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1. Introduction
Laser cooling and trapping techniques enable the prepa-

ration and application of atomic ensembles at ultracold tem-
peratures, where many quantum effects will dominate.[1–7]

As a kind of sub-Doppler cooling, gray molasses has been
demonstrated as a powerful tool to cool the atomic sample to a
lower temperature for 6Li,[8–10] 7Li,[11] 23Na,[12,13] 39K,[14,15]

40K,[9,16] 41K,[17] 87Rb[18] and 133Cs atoms[19] than the gen-
eral optical molasses cooling. In a different approach, three-
dimensional degenerated Raman sideband cooling (3D dRSC)
was earlier used to obtain sub-µK temperature in the pio-
neering works on Cs atoms.[20,21] 3D dRSC is also indis-
pensable for Cs atoms to achieve their atomic Bose–Einstein
condensate.[22–25] Quite recently, 3D dRSC has been used for
39K atoms and produces a lower temperature of T = 1.3 µK
compared to the result from the gray molasses cooling.[26] For
the 87Rb and 133Cs atoms trapped in a 2D optical lattice op-
erating at the wavelength of λ = 1064 nm, dRCS enables the
production of quantum gases by the direct laser cooling.[27,28]

Since dRSC is used to cool the atomic sample to a low
temperature around 1 µK, a large volume optical dipole trap
(ODT) with the shallow trapping potential is beneficial to en-
hance the number of atoms loaded into the ODT.[29–31] For
the interacting ultracold Bose atoms in the ODT, of particu-
lar interest is the three-body recombination, in which two par-

ticles form a dimmer while interacting with a third particle.
Understanding the three-body recombination has for a long
time been important in the studies of both few- and many-
body physics in ultracold atoms.[32] The universal scaling laws
in the strongly correlated unitary Bose gases dominated by
the three-body recombination have been explored experimen-
tally and theoretically.[33–36] For the non-degenerated ultra-
cold Bose atoms at the large scattering length, the three-body
recombination induces the large atom loss and heating.[37–39]

Thus, a highly efficient 3D dRSC is promised for the prepa-
ration of a large number of atoms in the optical dipole trap,
and a comprehensive study of the three-body recombination is
significant for understanding the unequilibrium process after
loading of cooled atoms into the optical dipole trap.

In this work, we realize a highly efficient 3D dRSC for
Cs atoms and obtain an ultracold temperature of T ∼ 500 nK.
The cold temperature is consistent with the theoretical estima-
tion according to the calibrated energy spacing of neighboring
vibrational levels in the lattice used in 3D dRSC. Combined
with the optimized excessive levitation gradient, the cold tem-
perature enables a large number of atoms to be loaded into the
magnetically levitated ODT. The evolution of the number of
atoms trapped in the ODT is measured at a large scattering
length, and a strong three-body loss is observed. The three-
body recombination coefficient is obtained by fitting the de-
rived model to the data. In particular, the one-body loss due
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to the collisions of atoms with background gas becomes domi-
nant after the large reduction of atomic density under the initial
strong three-body loss.

2. Experimental setup and process
The experimental scheme of 3D dRCS is basically the

same as the previous works on Cs atoms.[20,21,27,28] The main
difference is the geometric configuration of the lasers con-
structing the lattice and the optical pumping laser. As shown in
Fig. 1, a stable 3D lattice is formed by using one retroreflected
standing wave and two running waves. The standing wave has
an angle of ∼ 77◦ with the vertical direction, and is perpen-
dicular to another beam with an angle of ∼ 13◦ relative to the
horizontal plane. The linear polarizations of the two running
beams lie in a plane, which is formed by these two running
beams. The two polarizations of the standing wave are rotated
by ±10◦ relative to the angular bisector of the two running
beams. This special polarization configuration of four laser
beams guarantees the maximum of the Raman coupling in 3D
dRSC. The optical pump laser is calibrated to a σ+ polariza-
tion and reflected by a mirror. The magnetic field is optimized
to mainly parallel to the optical pump laser beam.

Fig. 1. Experimental geometry and configuration of both lasers and mag-
netic coils for the 3D dRSC and the magnetic levitated loading of ODT.
(a) The lattice (red inward arrows) consists of two running laser beams
with the polarizations that lie in the plane determined by these two beams
and the retro-reflected standing wave with the ±10◦ polarizations (yellow
arrows) relative to the angular bisector of the two running beams. The
optical pump laser (blue arrows) has the σ+ polarization and reflected by
a mirror. The direction of the combined magnetic field is mainly parallel
with the optical pump laser beam. (b) The magnetically levitated ODT
consists of a pair of quadrupole coils in anti-Helmholtz configuration, a
pair of bias coils in Helmholtz configuration, and two horizontally cross-
ing 1064-nm laser beams at an angle of ∼ 90◦.

The lattice lasers are derived from a power-amplified
external-cavity diode laser (ECDL), which is operated without

the frequency stabilization. The frequency is tuned to a red
detuning of ∆l = −22 GHz from the 6S1/2, F = 3→ 6P3/2,
F ′ = 4 transition of Cs atoms. The standing wave laser has
the power of ∼ 46 mW, and the other two running lasers have
the same power of ∼ 16.5 mW. A weak magnetic field, which
is used to bring the vibrational sublevel |n〉 in the |F = 3,mF〉
state to degeneracy with the vibrational sublevel |n−1〉 in the
|F = 3,mF − 1〉 state, is provided by the combined field of
three pairs of compensation coils. This magnetic field is op-
timized by minimizing the atomic temperature and maximiz-
ing the number of atoms after 3D dRSC. The optical pumping
laser with the power of ∼ 1.2 mW is from another ECDL,
which provides the repumping laser in the magneto-optical
trap (MOT), and is detuned by +10 MHz from the 6S1/2,
F = 3 → 6P3/2, F ′ = 2 transition. An additional depump-
ing laser is introduced to pump the atoms back to the F = 3
ground state, since the excited atoms in 3D dRSC can decay
to the F = 4 ground state, in which the atoms can’t participate
in the cooling process. Here the cooling laser in MOT is used
for the depumping laser and is detuned by +10 MHz relative
to the 6S1/2, F = 4→ 6P3/2, F ′ = 4 transition.

After 3D dRSC, we use a large-volume crossed ODT with
the shallow potential of ∼ kB× 9 µK to capture more atoms,
where kB is the Boltzmann constant. The ODT consists of
two horizontally crossing 1064-nm laser beams at an angle of
∼ 90◦. These two beams have the same power of ∼ 2 W, and
the beam waists are wx = 310±12 µm and wy = 300±13 µm.
During the loading of ODT, the large gravity of Cs atom in-
duces a big destructive potential in the vertical direction.[41] To
compensate the gravity and form an effective trapping poten-
tial, a magnetic field gradient of ∂B/∂ z = 31.3 G/cm needs to
be applied for the Cs atoms in the F = 3, mF = 3 state to can-
cel the gravity completely, i.e., µBmF gF

∂B
∂ z = mg, where µB

is Bohr’s magneton, gF = −1/4 denotes the Landé g-factor,
and g is the gravitational acceleration. The magnetic field gra-
dient is produced by a pair of quadrupole coils, as shown in
Fig. 1(b).

According to Maxwell’s equation of ∇ · B = 0 and the
cylindrical symmetry, the application of ∂B/∂ z leads to the
horizontal magnetic field gradient of ∂B/∂x= ∂B/∂y=−1/2
∂B/∂ z, which causes the horizontal outward pointing force
and leads to the anti-trapping potential in the horizontal direc-
tion. In order to eliminate the influence of the anti-trapping
potential along the horizontal direction, we use a vertical bias
field B0, which is produced by another pair of Helmholtz coils
shown in Fig. 1(b), to reduce the outward force. The combined
field leads to a horizontal trapping frequency

ωρ =

√
mF gF µB

4mB0

(
∂B
∂ z

2

−4εB2
0

)
, (1)
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where ε = 0.0303 cm−2 denotes the departure of the actual
geometry of magnetic coils from the Helmholtz configuration.

3. Results
3.1. The 3D degenerated Raman sideband cooling

Cs atoms are slowed down by a Zeeman slower and then
collected by a MOT with up to ∼ 5× 108 atoms. Through
the compressed MOT and optical molasses cooling, we have
6× 107 atoms with the temperature of ∼ 8 µK. For a lower
temperature, we use 3D dRSC to further cool and polarize the
atoms in the F = 3,mF = 3 state. The lattice in 3D dRSC
is adiabatically switched on before the end of optical mo-
lasses for 0.5 ms, and the depumping laser is simultaneously
switched on to keep the atoms populating in the F = 3 state.
The magnetic fields produced by three pairs of compensation
coils are adjusted to the optimized values for 2.5 ms previous
to the switching of the optical pump laser, because the com-
pensation coils have a 1.5-ms delay. During the cooling pro-
cess, the atoms are transferred from the |6S1/2,F = 3,mF ,n〉
state into |6S1/2,F = 3,mF − 1,n− 1〉 by a two-photon Ra-
man process, and then the atoms are excited by the σ+ opti-
cal pumping laser to the |6P3/2,F ′ = 2,mF ,n−1〉 state. In the

lamb-Dicke regime of
√

Er
h̄ω
� 1, where Er is the recoil energy

of photon and ω is the vibrational frequency of the lattice in
3D dRSC, the vibrational quantum number is conserved in the
spontaneous decay from the excited |6P3/2,F ′ = 2,mF ,n−1〉
state. The cooling enables that the atoms finally populate in the
|6S1/2,F = 3,mF = 2,n= 0〉 state, which is a dark state for the
σ+ pumping light with the 6S1/2,F = 3→ 6P3/2,F ′ = 2 tran-
sition. To transfer atoms to the |6S1/2,F = 3,mF = 3,n = 0〉
state, the direction of the magnetic field is slightly tilted rel-
ative to the optical pumping beam for a weakly π-polarized
component.
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Fig. 2. The square of the measured 1/e width of atomic cloud σ2
x (blue

circles) and σ2
y (black diamonds) as a function of the square of flight

time t2. The 1/e widths σx and σy are obtained through the atomic
column density distribution along x and y directions, respectively. The
temperature of atoms is given by using Eq. (2) to fit the data, and the
red and green lines are the corresponding linear fittings.

After the 20-ms dRSC, the optical pumping laser and
depumping laser are switched off, and then the lattice laser is
adiabatically switched off. The number of atoms is measured
as N = 5× 107 by the absorption image. The atomic temper-
ature is determined by fitting the linear dependence of σ2

i,t on
t2

σ
2
i,t = σ

2
i,0 +

2kBTi

m
t2, (2)

where σi,t is the 1/e width of the atomic cloud with subscript
i being the x or y direction at the flight time t.[40] The fitted
temperature is Tx = 360±120 nK and Ty = 580±160 nK, and
the corresponding effective temperature is about 480 nK.

We precisely diagnose the magnetic field used in 3D
dRSC by the microwave spectroscopy and estimate the atomic
population in the F = 3, mF = 3 state. Here a 1-ms mi-
crowave pulse is used to pump the atoms in the 6S1/2, F = 3
to the 6S1/2, F = 4 state, and then the probe laser with the
6S1/2, F = 4 → 6P3/2, F ′ = 5 transition is used in the ab-
sorption image. Figure 3 shows the dependence of the num-
ber of atoms on the frequency of the microwave pulse. In
Fig. 3, we find five main peaks and they correspond to the
transitions of F = 3, mF = 3 → F ′ = 4, m′F = 2, 3, 4 and
F = 3, mF = 2→ F ′ = 4, m′F = 1, 2, 3, where the F = 3,
mF = 3→ F ′ = 4, m′F = 2 transition has the same frequency
with the F = 3, mF = 2→ F ′ = 4, m′F = 3 transition. Any two
adjacent peaks have the same energy spacing, which can be
calculated by the Zeeman splitting under an external magnetic
field. The transitional energy is given by

E|F=I±1/2,mF ,B〉 = −
EH

4I +2
+gI µBBmF

±EH

2

(
1+

4mF x
2I +1

+ x2
)1/2

, (3)

where I = 7/2 is the nuclear spin of Cs atoms, EH = h×
9192.63177 MHz is the hyperfine splitting of the ground
state, gI = −3.98854× 10−4 is the nuclear Landé g-factor,
gJ = 2.00254 is the fine structure Landé g-factor in the 6S1/2

ground state, and x = (gJ−gI µBB)/EH.[42] Based on Eq. (3),
we calculate the splitting of the Zeeman sublevels induced by
an external magnetic field, the effective magnetic field in 3D
dRSC is derived for 108 mG. Thus the vibrational frequency
of the lattice is determined as ω = 2π × 50 kHz according to
h̄ω = ∆mF µBgF with ∆mF = 1.

In Fig. 3, the population of atoms in the different Zee-
man sublevels indicates that most of the atoms populate in
the F = 3, mF = 3 state, and the other atoms mainly popu-
late in the F = 3, mF = 2 state. The number of atoms pop-
ulating in the F = 3, mF = 3 state is directly estimated as
N ≥ 3.5× 107 by referring to the number of atoms detected
with the F = 3, mF = 3→ F ′ = 4, m′F = 3 microwave transi-
tion. The energy spacing between the two adjacent vibrational
levels in the lattice of 3D dRSC defines the lowest tempera-
ture of T = 300 nK, but the obtained effective temperature of

103701-3
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T ∼ 480 nK is higher than the prediction. This may be at-
tributed to the slight heating in the optical pumping process
and the scattering of the photons from the lattice in 3D dRSC.
The low temperature prevents the inelastic endothermic col-
lisions of the Cs atoms in the F = 3, mF = 3 state and will
improve the efficiency of loading the cooled atoms into the
magnetically levitated ODT.

9192.6 9192.7 9192.8 9192.9 9193.0
0
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4
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mF/
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mF/

′

′

′

Fig. 3. The number of atoms detected by using a microwave pulse
instead of the repumping laser in absorption image as a function of
microwave frequency. The peaks represent that the atoms in the sub-
levels of F = 3, mF = 1,2,3 are transferred to the sublevels of F = 4,
m′F = 1,2,3,4 according to the selection rule of ∆mF = 0,±1. Dots are
from the experimental measurement, and the lines connecting the dots
are used to guide the eyes.

3.2. Magnetically levitated optical dipole trap

During the loading of ODT, the magnetic field gradient
should be switched on quickly for the formation of an effective
trapping potential in the vertical direction. In our experiment,
however, the eddy currents in the metal vacuum chamber and
other stainless steel flanges limit the rapid variation of mag-
netic field gradient. When the magnetic force is increasing
but has not yet compensated for the gravity completely, the re-
maining gravitational force always accelerates the atoms and
hence leads to the heating of the atomic sample. Thus, to sup-
press the heating, an excessive levitation gradient of ∂B/∂ z >
31.3 G/cm is used to reduce the velocity obtained by the atoms
in the loading process of ODT. When the magnetic field gradi-
ent reaches ∂B/∂ z= 31.3 G/cm, the atoms have the maximum
downward velocity. With the continuous increase of ∂B/∂ z,
an excessively magnetic force can reduce the downward ve-
locity of atoms. The value of the excessive levitation gradient
is optimized experimentally for a fixed duration of 4 ms. As
shown in Fig. 4(a), the number of atoms trapped in the ODT
first increases and then decreases with the excessive levitation
gradient, and an optimized value of ∂B/∂ z = 40.5 G/cm is
used to maximize the loading of atoms from 3D dRSC into the
ODT.

The timing diagram for the magnetically levitated load-
ing of ODT is summarized in Fig. 4(a). When the lattice
in 3D DRSC is shut down, the magnetic field gradient is
switched on and quickly ramped to an excessive levitation

gradient of ∂B/∂ z = 40.5 G/cm. After a holding time of
4 ms, the magnetic field gradient takes 2 ms to decrease to
∂B/∂ z = 31.3 G/cm. We find that the application of the ex-
cessive ∂B/∂ z has the advantages not only for improving the
number of atoms loaded into the ODT but also for reducing
the heating of atoms. The bias field is ramped to B = 105 G
within 6 ms to eliminate the horizontal anti-trapping potential
induced by the application of the magnetic field gradient.
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Fig. 4. Optimization for the loading of the magnetically levitated ODT.
(a) The number of atoms detected after 200 ms following the loading
of the ODT as a function of excessive levitation field. The dots are the
experimental data, and the solid line is the Gaussian fitting to guide the
eyes. (b) The time sequence of magnetic field gradient ∂B/∂ z and bias
field B in the optimized loading of the ODT.

Based on the optimized parameters, we have loaded
1.8×107 Cs atoms into the ODT. Here the number of atoms
in the ODT is detected by directly imaging the atomic cloud
after 200 ms following the loading of ODT. We find that the
atomic cloud is heated to about 3 µK after transferring into the
ODT. We largely attribute the heating to the imperfect phase
space matching. The atomic cloud after 3D dRSC has a 1/e of
∼ 350 µm, but an equilibrium distribution in the ODT would
have a 1/e of∼ 100 µm. Besides, the expansion of the atomic
cloud in the levitation process leads to the increase of temper-
ature.

3.3. Three-body recombination of atoms in the ODT

For the ultracold Cs atoms in the |6S1/2,F = 3,mF = 3〉
state, the three-body recombination is the dominant loss mech-
anism. As shown in Fig. 5, the number of atoms exhibits
a strong three-body loss.[37] In the three-body recombination
process, the interacting three particles collide and two of them
form a dimmer, and then both the dimmer and the remain-
ing particle escape from the trap.[38,39] The loss rate equa-
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tion for the per-particle is given as Ṅ/N = −L3〈n2〉, where
N is the number of atoms, L3 is the three-body loss coeffi-
cient, and n is the atomic density. When away from unitarity,
L3 ∼ h̄a4/m with a dimensionless prefactor exhibiting a vari-
ation with a in Efimov physics,[43] and a is the s-wave scat-
tering length. According to the atomic density distribution
in 3D harmonic trap, the term including the average square
density can be directly expressed as L3〈n〉2 = βN2/T 3 with
β = L3m3ω

6/(8π3k3
B

√
27), and ω denotes the geometrical

mean of the trapping frequencies. By considering the colli-
sions of atoms with the background gas as an additional loss
term of −αN, we obtain a differential equation of the atom
number, i.e.,

dN
dt

=−αN−β
N3

T 3 . (4)
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Fig. 5. The number of atoms in the ODT as a function of time. The red
line is obtained by using Eq. (8) to fit the data, and the fitted three-body
loss coefficient is L3 = 7.73× 10−25 cm6/s. The blue line is obtained
by using Eq. (9) to fit the data, where only the three-body loss is con-
sidered. The number of atoms shows a strong three-body loss before
the intersection of two fitting curves at ∼ 3.1 ms, and after that the one-
body loss becomes the dominant mechanism in the atom loss.

At the large scattering length of a = 1418a0, the three-
body recombination is so strong that both the dimmer and the
third atom are immediately expelled from the trap, and the
number of atoms exhibits a large three-body loss. The atoms
undergoing three-body recombination have an average poten-
tial energy of kBT/2, but the ensemble average is 3kBT/2.[37]

The loss of an atom leaves an extra energy of kBT in the re-
maining ensemble, and this leads to heating. The heating en-
ergy corresponding to the relative change in the temperature
for the loss of one atom is related to the average energy. The
rate of temperature change can be given by multiplying the
loss rate of atom number:

1
T

dT
dt

=
Ṅ
N

kBT
3kBT

. (5)

By replacing the atomic loss rate, the evolution of temperature
can be expressed as

1
T

dT
dt

=
β

3
N2

T 3 . (6)

Using Eq. (6) to substitute the term βN2/T 3 in Eq. (4), we can
obtain the relationship between N and T as

N
N0

=

(
T0

T

)3

e−αt , (7)

where N0 and T0 are the number of atoms and the atomic tem-
perature after the loading of the atoms into the ODT. By ap-
plying Eq. (7) to Eq. (6), N can be eliminated and the variation
of T with t can be deduced analytically. The evolution of the
atom number is derived by substituting the solution for T into
Eq. (7). The analytical expression of the atom number is given
as

N(t) = N0

(
1+

1.5βN2
0

αT 3
0

(1− e−2αt)
)−1/3

e−αt . (8)

The three-body loss coefficient is derived as L3 = 7.73×
10−25 cm6/s by using Eq. (8) to fit the experimental evolution
of the atom number.

In addition, we try to consider only the three-body loss
mechanism in the decay model of the atom number with the
negligible collisions of atoms with the background gas, i.e.,
the one-body loss rate is α → 0 in Eq. (4). Equation (8) can
be simplified as

N(t) = N0

(
1+

3βN2
0

T 3
0

t
)−1/3

. (9)

However, Eq. (9) cannot provide an excellent fit for the data,
as shown in the blue curve in Fig. 5. Therefore the atom loss
induced by their collisions with the background gas has to be
taken into account. Two fitting results illustrate that the rate of
three-body loss reduces with the decrease of atomic density,
and the one-body loss becomes dominant. Our result also in-
dicates the lifetime of atoms in the ODT is finally determined
by the one-body loss from the collisions with the background
gas.

4. Conclusion
We have used 3D dRSC to cool a large number of atoms

to a cold temperature, which enables the loading of more
atoms into a crossed ODT. The optimized excessive levitation
is used to reduce the atomic velocity induced by the unelimi-
nated gravity after switching off the lattice laser but before the
magnetic field gradient reaches to the critical value to com-
pletely cancel the gravity. Compared to the loading of an ODT
from a bare MOT or the gray-molasses cooling, there is a sig-
nificant increase in the number of atoms by a factor of ∼ 10
and 3, and an decrease in the temperature by a factor of ∼ 50
and 5, respectively.

For the optically trapped ultracold Cs atoms, the number
of atoms shows a fast decay because of a strong three-body
loss at the large scattering length. We study the three-body re-
combination by analyzing the strong loss of Cs atom, and ob-
tain the three-body loss coefficient by fitting the derived model
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to the experimental data. When the atomic density decreases
continuously, we find that the one-body loss induced by the
collisions of atoms with the background gas becomes dom-
inant in the atom loss. Finally, the lifetime of atoms in the
ODT is determined by the one-body loss.
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