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We report a detailed study of the enhanced optical molasses cooling of Cs atoms, whose large hyperfine structure
allows to use the largely red-detuned cooling lasers. We find that the combination of a large frequency detuning of about
—110 MHz for the cooling laser and a suitable control for the powers of the cooling and repumping lasers allows to reach a
cold temperature of ~ 5.5 uK. We obtain 5.1x 107 atoms with the number density around 1x 10'> cm™3. Our result gains
a lower temperature than that got in other experiments, in which the cold Cs atoms with the temperature of ~ 10 pK have

been achieved by the optical molasses cooling.
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1. Introduction

Bose—Einstein condensate (BEC) of atoms provides a
good platform to explore exotic quantum phenomena, such
as strongly interacting unitary gases,!!?! artificial gauge
potential,#! phase transitions in optical lattice>® and time-
periodic driving of a quantum system.[”8! The simple and
most popular strategy to produce atomic BECs has been the
initial loading of many atoms from laser cooling into a deep
optical, magnetic or hybrid trap and the subsequent evapora-

[9-16] Laser cooling of atoms using

tion cooling of the atoms.
magneto—optical traps (MOTs) and optical molasses is indis-
pensable for the production of BEC for many different atomic
species. The lower temperature and higher density for atomic
sample after optical molasses or other laser cooling methods
have advantages of achieving larger BECs within shorter evap-
oration time, which has helped to promote further significant
applications of BECs.

Optical molasses known as a kind of sub-Doppler cooling
with the red-detuned cooling laser driving the cycling transi-
tion of D, line enables the temperature of atoms cooled below
the Doppler limit [!7~1°1, More careful studies have shown that
an optimized-optical molasses cooling for the K atoms with
the temperature of T ~ 25 uK can be achieved by adiabati-
cally sweeping the frequency detunings and powers of cool-

[20,21

ing and repumping lasers. I For the bosonic isotopes of
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Li and Na atoms, the excited hyperfine levels on the D, line
have narrow energy split, which weakens the efficiency of op-
tical molasses cooling. In a different approach, gray-molasses
(GM) with a blue-detuned cooling laser driving the transitions
of D lines was proposed and used to obtain an efficient cool-
ing before the evaporation of atoms.”>?*! An enhanced A-
gray molasses (AGM) has been developed to achieve the lower
temperature for SLi, 12526 23N, 127281 39K [29] 40K 126,301 4
41K B1 atoms, and then allows to achieve the rapid production
of large BECs. An efficient AGM has also been demonstrated
in the 3’Rb1? and 133Cs33) atoms.

Considering the particular collision characteristics of Cs
atoms, which require a lower temperature against the inelas-
tic endothermic collisions in the subsequent evaporation cool-
ing, a three-dimensional (3D) degenerated Raman sideband
cooling (dRSC) is used to reach a cold temperature of T ~
1 uKB*35) and facilitates the formation of Cs BECs.['%13] Re-
cently, 3D dRSC is implemented on *°K atoms to achieve a
cold temperature as low as 1.3 pK, which is the so far coldest
temperature for 3°K atoms before evaporation. 3% The dRSC
also polarizes the atomic sample in a desired Zeeman state.
For the 3’Rb[*7l and '33Cs38! atoms trapped in a 2D optical
lattice operating at the wavelength A = 1064 nm, the dRCS
has been demonstrated to enable the production of quantum
gases by the direct laser cooling.
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Compared to the complicated dRSC, although AGM has
been used for the D, transitions of Cs atoms to achieve a low
temperature of 7 = 1.7 uK as similar to the one reached by the
dRSC, but the atoms are populated in the hyperfine F' = 3 state.
An indispensable optical pumping is used to polarize the Cs
atoms in the F = 3, mF = 3 Zeeman state, in which the inelas-
tic endothermic collisions of Cs atoms are suppressed in the
subsequent evaporation cooling. In this paper, the enhanced
optical molasses cooling has been demonstrated for Cs atoms
to produce a lower temperature of ~ 5.5 uK than other exper-
iments of optical molasses cooling. For the lower temperature
obtained by AGM the scattering photons in the optical pump-
ing could heat the atomic cloud.***!1 However, this heating
can be ignored for the atoms after optical molasses due to the
relative high temperature.[*?! Our result might have a similar
effect with the AGM after the optical pumping. The depen-
dence of the optical molasses cooling of Cs atoms on the fre-
quency detuning and power of the cooling laser and the power
of repumping laser is measured, a large frequency detuning
for the cooling laser and the suitable control for the powers of
the cooling and repumping lasers lead to the enhanced optical
molasses cooling.

2. Experimental setup and process

The relevant energy levels of Cs atoms and the frequen-
cies of lasers are shown in Fig. 1. The frequency of a reference
laser is downward shifted through the double-pass modula-
tions of acoustic—optical modulator (AOM) and then locked to
the F =4 — F’ = 5 cycling transition of the D5 line by the po-
larization spectroscopy of Cs atoms. The actual frequency of
reference laser is detuned by A = 4220 MHz referring to the
transition line. The cooling laser is mixed with the frequency-
locked reference laser through a glass and the beat note is pro-
duced by interfering these two lasers on a fast photodetector.
The beat frequency is compared to the output frequency of a
voltage-controlled oscillator (VCO) contained in the phase de-
tector, which produces a certain voltage signal corresponding
to the obtained beat frequency. The error signal is created by
subtracting the voltage signal of phase detector from the con-
trol signal, and then is fast fed to the current and PZT ports
of cooling laser by a home-built circuit. The frequency of the
stabilized cooling laser can be fast changed by adjusting the
control signal. The frequency of cooling laser after a power
amplifier is shifted by +210 MHz using the double pass modu-
lations of AOM. During MOT, the beat frequency is controlled
with f = —455 MHz.

Cs atoms are heated to a temperature of 56 °C in an
atomic oven, and then are collimated and cooled in a cold nip-
ple tube with the temperature-controlled thermoelectric cool-
ers. The ejected high-flux beam of Cs atoms is slowed down
by a Zeeman slower and collected in a high-vacuum main

chamber by using MOT. MOT is constructed with six cooling
lasers, one repumping laser and a pair of anti-Helmholtz coils.
Each cooling laser is detuned by Aqoo = —15 MHz from the
resonant cycling transition and has a power of P,oo) = 6 mW. A
3.5 mW repumping laser is detuned by Ay, = —10 MHz from
the F = 3 — F’ = 4 transition. A pair of anti-Helmholtz coils
with 20 turns in each are operated at the current of / = 8 A, the
magnetic field gradient is dB/dz = 13 Gs/cm (1 Gs=10"*T).
After 6 s of MOT loading, we can trap ~ 4.5 x 108 cold atoms.
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Fig. 1. Energy levels of '33Cs atoms and frequency detunings of rele-
vant lasers to the resonant transition lines. The frequency-locked reference
laser based on the polarization spectroscopy of Cs atoms is detuned to the
F =4 — F' =5 cycling transition by A,y = +220 MHz. The cooling laser
is stabilized by locking the beat frequency with the reference laser. The fre-
quency detuning Ao Of cooling laser relative to the resonant cycling transi-
tion is quickly tuned by the controlled beat frequency. The cooling laser with
a larger Acoor is essential in the optical molasses cooling.

The compressed magneto—optical trap (CMOT) is imple-
mented by increasing the magnetic field gradient to dB/dz =
27 Gs/cm, increasing the frequency detuning of cooling laser
to Acool = —40 MHz, reducing the power of repumping laser to
Prep = 1.5 mW. The Ay is fast tuned by changing the control
signal to tune the beat frequency between the frequency-lock
reference laser and the cooling laser. The cooling laser can be
quickly relocked from unlocking and the error signal recover-
ies to zero. In the process of changing A.qo1, we do not find that
the atomic sample is heated and the laser power has not any
loss compared to the method of shifting the laser frequency us-
ing the double pass modulations of AOM. After 35-ms CMOT,
the atomic density is greatly increased to 10'> cm™3.

At the end of CMOT, dB/dz is quickly turned off. At
the beginning of the optical molasses cooling, the frequency
of cooling laser is jumped to another value with an optimized
detuning to the resonant cycling transition, and this detuning
is typically larger than the detuning used in CMOT. P,y i

also tuned to a suitable value by the AOM for a good cooling
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efficiency. We find that Pp has an effect on the number of
cooled atoms and has to be optimized. In the sequence, the
repumping laser is turned off for 1 ms before the end of op-
tical molasses. After the optical molasses cooling, the atoms
are populated in the F = 3 hyperfine state, which is the desired
state for the future experiments. During the optical molasses,
the three pairs of coils used to compensate the stray magnetic
fields are also crucial to achieve a low atomic temperature.

3. Results and analysis

In the experiment, the absorption imaging is used to di-
agnose the distribution of atomic column density, where the
probe laser propagates along the z axis. The atomic profile is
given by fitting the Gaussian function to the summed optical
density along the x and y axes. Based on the 1 /e width in each
axis and the peak density obtained by the Gaussian fitting, we
can calculate the number of atoms. The atomic temperature
is determined by fitting the variation of atomic width with the
flight time to the formula,

2kpT;

o1 = \[ 0% + 212, (1)
where the subscript i represents the x or y axis, o;, is the 1/e
width of atom cloud at the flight time ¢, and kg is the Boltz-

mann constant.
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Fig. 2. The number and 1/e width of cooled Cs atoms at the flight time of
t = 10 ms after optical molasses as the functions of the frequency detuning
Acool Of the cooling laser relative to the F = 4 — F’ = 5 cycling transition.
The blue dots represent the atom number N, the red and black dots are the
1/e widthes (o, and o) of atomic column density along x and y axes, re-
spectively. Each datum point is the average result of five measurements. The
dashed lines are plotted for guiding the eye.

We first study the effect of Aqye on the number N and
temperature 7 of atoms. The number of atoms does not show
a strong dependence on Acqo in Fig. 2(a). This illustrates that
there are enough photons from cooling lasers to be scattered
by atoms, although the increasing A.oo1 leads to the reducation
of the scattering rate for individual atom. In the measurement
of T, a lower T exhibits the smaller o, and o, at the same
flight time ¢, which can be explained by Eq. (1). Figure 2(b)
shows the variations of o, and oy at t = 10 ms with A¢oo1. The
result illustrates that the T decreases with the increasing Acool-
When Ay reaches to —90 MHz, the oy or 6, shows a small
variation with the continuously increasing Aqqoj- In principle,
the lowest temperature obtained by sub-Doppler cooling is in-
dependent on Aco1,?%! but a large Acoor enables the low scat-
tering rate of photons by the atoms and reduces the heating in
the effective cooling process. So the relative large Ao has
a good cooling result, due to a broad hyperfine structure of
Cs excited state. The o, or o, reaches minimum at the fre-
quency detuning of A.oo) = —105 MHz. Here Ay is set on
—110 MHz for a cold T with a relatively large N.

At the optimized frequency detuning of Acol =
—110 MHz, the variations of N and T with Py, are shown
in Fig. 3. The measurement is performed at t = 10 ms after
optical molasses cooling. Compared to the dependence of N
on Acools Peool has a large effect on the number of atoms, and
the number of atoms decreases with the increasing P.oo. This
is mainly attributed to that the decreased P, lowers the total
scattering rates of photons by the atoms, and so many atoms
escape from the capture range. The P.oo has the similar ef-
fect on the oy and oy. The variation of o, or 6, with P
shows that a low Py (< 2 mW) reduces the efficiency of op-
tical molasses cooling. Similar to the explanation for the effect
of P.oo1 On the atom number, the heating of atoms at the low
Peoor can be understood by the decreased scattering rates of
photons. At the low scattering rates, the atoms can not be ef-
ficiently cooled. Although the o, and o, reach the minimum
values at the power of 2.8 mW, N has a decrease by a factor of
> 10%. In comparison, the power of P,,, = 6 mW for each
cooling laser beam is chosen as an optimized parameter.

In order to polarize the cooled atoms in the F' = 3 hyper-
fine ground state, the repumping laser needs to be turned off
previous to the end of optical molasses, where an optimized
time given as 1 ms in the experiment. The effect of the re-
pumping laser on the efficiency of optical molasses cooling is
studied by measuring the variations of N with the frequency
detuning Ayp to the F =3 — F' = 4 transition and the power
Prep of repumping laser. As shown in Fig. 4, N is strongly
dependent on Prp. The measurement shows that the repump-
ing laser with enough power is necessary to prevent the atoms
from populating in the dart state ' = 3, in which the atoms
cannot scatter the photons from the cooling laser. To achieve
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the maximum N, P, is fixed at 4.9 W. On the contrary, A
has little influence on N. Besides, we find that Pep and Agp
have little influence on 7. The Ay, remains the same value

with the one used in the MOT and CMOT processes.
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Fig. 3. The number and 1/e width of the cooled Cs atoms at the flight time
of t = 10 ms after optical molasses as the functions of the power Peoo Of
each cooling laser beam. The blue dots represent the atom number N, the
red and black dots are the 1/e widths (oy and o) of atomic column density
along x and y axes, respectively. Each datum point is the average result of
five measurements. The dashed lines are plotted for guiding the eye.
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Fig. 4. The number of Cs atoms as a function of the power P, for the re-
pumping laser. The blue dots represent the atom number N, the dashed line

is plotted to guide to the eye. Each datum point is the average result of five
measurements.

The T obtained by optical molasses with the optimized
parameters is measured by the time of flight. Figure 5 shows
the variations of o, and o, with ¢ and T given by fitting the
data to Eq. (1). The cooled atoms have the temperature of
T, =5.540.47 uK and T, = 6+0.29 uK with N = 5.1 x 107,
the atomic density is around 1 x 10'> cm™3. Compared to the
result of the previous optical molasses for the Cs BEC exper-
iment, the atom temperature is lower by a factor of ~ 2. Al-
though all parameters have been optimized very carefully in

the optical molasses cooling of Cs atoms, the obtained cold

temperature is mainly attributed to the large frequency detun-
ing of cooling laser.

0.60

0'350 4 8 12 16 20

Time/ms

Fig. 5. The 1/e width of atomic cloud as a function of the flight time 7. The
black and red dots represent the 1/e widthes (o, and oy) of atomic column
density along x and y axes, respectively. Each datum point is the average
result of five measurements. The solid lines are obtained by fitting the data

to Eq. (1). The fitting gives the atomic temperature of 7, = 5.5 £0.47 uK
and 7, = 6+0.29 uK.

4. Conclusion

We have demonstrated an enhanced optical molasses
cooling of Cs atoms with a large frequency detuning for the
cooling laser and the optimized powers for the cooling and
repumping lasers. Compared to the cooling results of the pre-
vious optical molasses, a lower temperature has been achieved
by using a larger frequency detuning for the cooling laser. We
find that the fast jump of the cooling laser frequency to another
value with a large detuning relative to the resonant cycling
transition dose not induce the heating and loss of the atomic
sample. Besides, our measurement shows that the powers of
the cooling and repumping lasers have a great influence on the
atom number compared to the atomic temperature. Since the
enhanced optical molasses has a similar effect with the AGM
after the optical pumping for the further evaporation cooling,
it is valuable to implement a relatively simple but effective
optical molasses cooling with a suitable control on the fre-

quency of cooling laser and powers of the cooling and repump-
ing lasers.
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