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Systematically investigating the polarization gradient cooling
in an optical molasses of ultracold cesium atoms*

Ji Zhong-Hua({i 1 #€), Yuan Jin-Peng(7C 5 M), Zhao Yan-TingGEX iEZE),
Chang Xue-Fang(% 5 7%), Xiao Lian-Tuan(¥#H]), and Jia Suo-Tang( P41 %)

State Key Laboratory of Quantum Optics and Quantum Optics Devices,
Institute of Laser Spectroscopy, Shanxi University, Taiyuan 030006, China

(Received 12 March 2014; revised manuscript received 11 May 2014; published online 10 September 2014)

We systematically investigate the polarization gradient cooling (PGC) process in an optical molasses of ultracold
cesium atoms. The SR mode for changing the cooling laser, which means that the cooling laser frequency is stepped to the
setting value while its intensity is ramped, is found to be the best for the PGC, compared with other modes studied. We
verify that the heating effect of the cold atoms, which appears when the cooling laser intensity is lower than the saturation
intensity, arises from insufficient polarization gradient cooling. Finally, an exponential decay function with a statistical
explanation is introduced to explain the dependence of the cold atom temperature on the PGC interaction time.
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1. Introduction

With the development of laser cooling and trapping
of neutral atoms, ultracold atoms have received increas-
ing attention due to their significance and potential ap-
plications, such as in time and frequency standard,!!!
atom interfelrometry,[2J Bose—Einstein condensation,3! atom
laser,*! ultracold molecules,® and quantum information.!6!
The sub-Doppler cooling mechanism is the foundation of the
above mentioned applications. So many cooling methods are
introduced to achieve sub-Doppler cooling cold atoms, such
as optical molasses,!”) Raman cooling,!® velocity-selective
coherent population trapping,!®! and evaporative cooling. ']
Among those methods, the optical molasses is widely used
for its simplicity and effectiveness. The polarization gradient
cooling (PGC) mechanism of cold atoms was very early pro-
posed by the Cohen-Tannoudji group!'!! and Chu group.!?13]
Later, the method was expanded to gray optical molasses, !4l
optical lattices, ! and even the gray optical lattice.[®) Recent
experiments showed that the PGC can also work well even for
the small hyperfine splitting atoms. ']

According to the theory of polarization gradient cooling,
the equilibrium temperature 7; of cold atoms is given by

T, ~ ChQ? kg ||, 1)

where C is a numerical factor on the order of 0.1, kg is the
Boltzmann constant, % is the reduced Planck constant, 6 =
@, — @4 is the laser detuning of the incident laser frequency
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o, from the atom resonance frequency wa, and Q =d- E /his
the Rabi frequency describing the coupling between the atom
dipole moment d and the electric field vector E. This equa-
tion means that the cold atom temperature is proportional to
the cooling laser intensity at a given detuning and inversely
proportional to the cooling laser detuning at a given intensity.
Some researchers have investigated the dependences of
the cold atom temperature on the laser intensity and the detun-
ing. For example, Salomon et al. found that the temperature
of cold cesium atoms depends on the cooling laser intensity-
to-detuning ratio.!'8! Wang er al. measured the dependence on
the cooling laser intensity and the detuning for 8’Rb atoms. ']
Hou et al. also studied the relationship between the tempera-
ture of cold atoms and the cooling laser intensity-to-detuning
ratio.?%) An easy method to tune the cooling laser frequency
was also presented.?!! However, there are few reports system-
atically investigating the influence of the experimental param-
eters in the PGC process on the cold atom temperature.
Ultracold cesium atoms, due to their simple structure,
available commercial laser, and importance in the atom clock,
are widely investigated all over the world. In this paper, we
systematically investigate the process of polarization gradient
cooling in the optical molasses of cold cesium atoms. We in-
vestigate the dependence of the temperature of the cold cesium
atoms on some important experimental parameters, which in-
clude the changing modes, the cooling laser detuning and in-
tensity, and the PGC interaction time. Theoretical explanation,
experimental verification, and mathematical simulation are in-
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troduced to analyze the experimental results.

2. Experimental setup and timing sequence

Our experiment starts with a standard vapor-loaded '*3Cs
magneto-optical trap (MOT) in a commercially available stain-
less steel chamber, which is slightly modified from the sys-
tem used before.*?! The background pressure is usually about
5 x 1077 Pa when the atom vapors fill the vacuum chamber.
A pair of coils with the anti-Helmholtz configuration gener-
ates a magnetic field gradient of about 12 G/cm. Three pairs
of coils with the Helmholtz configuration are placed around
the vacuum chamber to compensate geomagnetism at the po-
sition of the cold atom clouds. Our laser setup consists of two
852-nm diode lasers, which are locked by saturated absorp-
tion spectroscopy (SAS). The first laser frequency is locked
to the 6S,/, (F =4) — 6P3), (F' = 4) transition by SAS,
and the laser double passes through an acousto-optic modu-
lator (AOM), which is placed at the focuses of one pair of
lenses, acting as the trapping laser (in the MOT process) or the
cooling laser (in the PGC process). This design makes sure
that the beam does not move spatially when its frequency is
changed by the voltage controlled oscillator. The second laser
frequency is locked to the 6S,/, (F = 3) — 6P, (F' = 3)
transition by SAS, and the laser double passes through an-
other AOM, acting as the repumping laser. In our standard
Cs MOT, the trapping/cooling laser detuning D, and the re-
pumping laser detuning D; are tuned to —15 MHz below the
F =4 — F' =5 transition and the F = 3 — F’ = 4 transi-
tion, respectively. The available maximum trapping/cooling
beam intensity /. is about 23 mW/cm?2, and the available max-
imum repumping beam intensity /; is about 18 mW/cm?. The
trapping and the repumping beams are both expanded to about
15 mm in diameter. A charge-coupled device (CCD) is used to
measure the cold atom dimension and the fluorescence inten-
sity, which corresponds to the cold atom number. Usually, the
cold Cs atom density and temperature in the MOT are mea-
sured to be about 5 x 10" cm™ and 70 uK, respectively.

After obtaining cold atoms in the MOT, we implement
the PGC, release, and recapture processes to produce, release,
and detect the sub-Doppler cooling cold atoms, respectively.
The timing sequence runs as follows. The cold atoms are sub-
Doppler cooled in the optical molasses by PGC after the pre-
cooling in the MOT, and then expand freely in the release pro-
cess. In the following recapture process, the cold atoms are
recaptured by the trapping and repumping beams. The PGC is
a reliable and efficient method to achieve trapped cold atoms
with a sub-Doppler temperature. As we can see from the in-
troduction, the cooling laser frequency must be shifted away
from the small red detuning to a larger red one and the cooling
laser intensity must be turned down to a lower value. Usu-
ally, there are two frequently-used modes to change a physi-

cal value, which are step (short time, ~ ps in our experiment)
and ramp (long time, ~ms in our experiment) modes. So there
are four combination modes for changing the cooling laser fre-
quency and intensity, i.e., frequency step + intensity ramp, fre-
quency ramp + intensity step, frequency step + intensity step,
and frequency ramp + intensity ramp, which are for simplic-
ity marked as SR, RS, SS, and RR, respectively. We use the
four different modes in the PGC process and compare the atom
temperature in each mode. In the release process, the trap-
ping and the repumping lasers are both turned off for the cold
atoms to expand freely. In the recapture process, the trapping
and the repumping lasers are suddenly turned on to recapture
the cold atoms, and the CCD camera is triggered to record the
fluorescence intensity and dimension, which correspond to the
number and the volume of the cold atoms, respectively.

The process above is repeated at a period of 10 s. A
program based on the Labwindows/CVI software is used to
control the time sequence of the magnetic field, the trap-
ping/cooling laser frequency and intensity, the repumping
laser intensity, and the CCD acquisition. An AOM is used
to change the laser frequency and intensity. An insulated
gate bipolar transistor is used to switch the current on or off.
The magnetic field can be completely turned on or off within
0.2 ms, according to our measurement.

3. Experimental results and discussion

3.1. Dependence of cold atom temperature on changing
modes of the cooling laser

According to Section 2, there are SR, SS, RS, and RR
modes to change the frequency and the intensity of the cool-
ing laser. Figure 1 shows the expansion processes of the cold
atoms in the optical molasses under the four different chang-
ing modes of the cooling laser. The start time in Fig. 1 is
the finishing moment of the PGC. The solid dots, open tri-
angles, open dots, and solid triangles represent the expansion
processes of the SR, SS, RS, and RR modes, respectively. The
interaction time for cooling, f., is 6 ms. The I, and D, of the
cooling laser are 1 mW/cm? (for each beam) and —10.5I¢
red detuning below the F =4 — F’ = 5 transition, respec-
tively, where I'cg = 5.2 MHz is the natural linewidth. The I is
about 18 mW/cm?. The error bars in the figure represent the
standard deviations in mean value of four averaged, repeated
experimental data (the error bars below have the same mean-
ing).

We use the release and recapture method?3! to measure
the temperature of the cold atoms, which has been described in
Section 2. The temperature of the cold atoms can be obtained
from the expansion process by using the equation

o) = 0*(0) + 211, @
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where () and ¢ (0) are the Gaussian radii of the atom cloud
at time ¢ and the initial time, respectively, and T and M are
the cold atom temperature and the atom mass, respectively.
For simplicity, we list the temperatures for different cases in
Fig. 2. We need to notice that the cold atom temperature in
the PGC can also be influenced by many other factors, such as
the balance of the cooling laser power, the elimination of the
magnetic field, and even the property of the cold atoms in the
MOT. However, the initial atom sample is the same for all the
four cases and other parameters are the same except for the
cooling laser changing mode. So we can focus on the influ-
ence of the cooling laser changing mode on the temperature.
Comparing the cold atom temperatures under the SS and RS
modes, which are 174 pK and 211 uK, respectively, we find
that the step mode is better than the ramp mode for the cool-
ing laser frequency. Comparing the cold atom temperatures
under the RR and RS modes, which are 107 pK and 211 uK,
respectively, we find that the ramp mode is better than the step
mode for the cooling laser intensity. It then is predicted that
the SR mode should be the best for the PGC. Our measurement
shows that the expansion process of the cold atoms under the
SR mode of PGC is really the slowest, corresponding to the
lowest temperature of ~18 uK under these experimental pa-
rameters.
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Fig. 1. Expansion processes of cold atoms under four different chang-
ing modes of the cooling laser and optimization. The solid lines are the-
oretical fitting curves with Eq. (2), from which the temperature can be
obtained. The optimized parameters are as follows. The changing mode
is SR, the PGC interaction time is 2 ms, the cooling laser detuning is
—6Is, the cooling and the repumping laser intensities are 1 mW/cm?
and 18 mW/cmz, respectively.

The explanation of our experimental results is given as
follows. In our experiment, the trapping laser frequency is de-
tuned to about —3I¢, below the atom transition in the MOT to
cool the atoms. The scattering force on the atoms decreases
as the cooling laser detuning decreases to be about —10I¢g
below the atom transition in the PGC process. So the cold
atom scattering due to the cooling laser in the PGC process
also decreases. This means that we should change the cooling

frequency as quickly as possible, which can be realized by the
step mode. In the other side, when the cooling laser intensity
is changed to a lower one by the ramp mode, the atoms will
be cooled adiabatically®! as the atom oscillation period in
the optical molasses is small compared with the ramp time. >!
This means that the ramp mode for changing the cooling laser
intensity is better than the step mode. From the above analy-
sis, it is reasonable that the SR mode is the best for the PGC
process, which has been verified in our experiments.
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Fig. 2. Dependences of the cold atom temperature on (a) the cooling
laser intensity and (b) the repumping laser intensity. The line in panel
(a) is the linear fitting in the range from 0.8 mW/cm? to 6.7 mW/cm?.
The line in panel (b) is only used to guide the eyes. Both graphs show
the heating effect, which arises from insufficient cooling when the laser
power is low.

3.2. Dependence of cold atom temperature on cooling laser
intensity and detuning

As equation (1) indicates that the temperature of the cold
atoms in the PGC is influenced by the cooling laser detun-
ing and intensity, we investigate the dependence of the sub-
Doppler cooling cold atom temperature on the cooling laser
detuning and intensity. We observe that the temperature de-
creases rapidly from about 150 uK to about 20 pK as the red
detuning of the cooling beam changes from —4I¢g to —6I¢s.
Thus the temperature reaches a steady value when the cooling
laser detuning is —6I .

Figure 2(a) shows the dependence of the cold atom tem-
perature on the cooling laser intensity /.. The cooling laser
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changing mode is SR, and #. is 1.5 ms. The /; and D are
18 mW/cm? and —8.6I¢s, respectively. It shows that the tem-
perature increases linearly from about 19 uK to 24 uK as
the cooling laser intensity of each beam increases from about
1 mW/cm? to 6.7 mW/cm?. This is consistent with Eq. (1).
However, the temperature becomes high when the cooling
laser intensity is lower than 1.1 mW/cm?, which is the satu-
ration intensity for cesium.?®! This heating effect is also ob-
served by other groups,[!”! however, they did not give the rea-
son.

We explain the heating effect as follows. As the cooling
laser intensity decreases below the saturation intensity, the in-
teraction between the atoms in the bright state (F' = 4 state for
the Cs atom) and the cooling laser is insufficient. This induces
insufficient polarization gradient cooling. In order to verify
our explanation, we change the repumping laser intensity in
the PGC process in order to change the atoms in the bright
state. The temperature of the cold atoms as a function of the
repumping laser intensity in the PGC is shown in Fig. 2(b).
The cooling laser changing mode is SR, and the interaction
time is 1.5 ms. The D, and I, are —10.5I¢ and 1 mW/cm?2, re-
spectively. It shows that the temperature does not change when
the repumping laser intensity is larger than 8 mW/cm?. How-
ever, the temperature increases as the repumping laser inten-
sity decreases below 6 mW/cm?. When the repumping laser
power is high enough, it can make sure that nearly all the cold
atoms lie in the bright state which can be cooled by the cool-
ing laser. When the repumping laser is low, some cold atoms
in the bright state are coupling to the dark state (F = 3 state
for the Cs atoms), which have no contribution to the PGC. This
makes the PGC cooling ineffective, which induces the heating
effect.

3.3. Dependence of cold atom temperature on PGC inter-
action time

In the PGC process, the cold atom density decreases as
the interaction time increases. However, too short time has lit-
tle influence on the sub-Doppler cooling of the cold atoms. In
order to find the appropriate interaction time, we investigate
the dependence of the temperature of sub-Doppler cooling
cold atoms on the PGC interaction time. The experimental re-
sult is shown in Fig. 3. The cooling laser changing mode is SR.
The D, I., and I, are —10.5I¢, 1 mW/cm?, and 18 mW/cm?,
respectively. It shows that the temperature decreases rapidly
from about 38 uK to 15 uK as the time increases from 0.2 ms
to 3 ms and reaches a steady value after 3 ms.

We analyze the experimental result as follows. It is rea-
sonable to suppose that the temperature variation rate AT /At
is proportional to the force from the cooling laser, which is
linearly dependent on the atom velocity V.[?7] It needs to be
declared that the velocity V only has a statistical significance.

As V is proportional to temperature 7', the temperature varia-
tion rate can be qualitatively described as

dr 1

a5 —ET. 3)
Here 7 is a characteristic time, the negative sign represents
that the temperature decreases as the time increases. We use
the solution of this equation, T = Tyexp(—t/7), to fit the ex-
perimental data. The fitting result is shown with the solid line

in Fig. 3. The characteristic time 7 is 0.8 ms.
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Fig. 3. Dependence of the cold atom temperature on the PGC interac-
tion time. The fitting curve is based on the solution of Eq. (3). The
characteristic time 7 is fitted to be 0.8 ms.

Finally, the optimal parameters for the polarization gra-
dient cooling in our '33Cs experiment are listed below: the
changing mode of the cooling laser is SR, the PGC interac-
tion time is 2 ms, the cooling laser detuning and intensity in
the PGC are —6I¢ and 1 mW/cm?, respectively, and the re-
pumping laser intensity is 18 mW/cm?. Using these parame-
ters, we capture a sample of cold atoms with the temperature
of 4.2 4+ 0.6 puK, compared to the temperature of 70 uK in the
MOT, the number of atoms is 2 x 10°. The TOF measurement
is shown for the optimization case in Fig. 1. As the balance
of the cooling laser power, the elimination of the magnetic
field, and the property of the cold atoms in the MOT can affect
the PGC temperature, it will help us to obtain a much lower
temperature by optimizing these parameters. For example, we
can adjust the powers of the six cooling lasers and stabilize
their powers by a servo circuit. It is also useful to use some
antimagnetic materials to reduce the magnetic influence from
other equipments in the laboratory. These optimizations can
only improve the cooling effect to ~ 1 uK. Usually, we can
implement evaporation cooling on atoms in a magnetic trap or
optical trap to obtain a much lower temperature.

4. Conclusion

We have systematically investigated the dependence of
the cold cesium atom temperature in optical molasses on
the controllable experimental parameters, which include the
changing mode, the cooling laser frequency and intensity, and
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the PGC interaction time. Our results show that the SR mode
for changing the cooling laser, which means the cooling laser
frequency is stepped to the setting value while its intensity is
ramped to, is the best for the polarization gradient cooling of
the cold atoms. It is predicted that the temperature decreases
proportionally with decreasing trapping laser intensity in the
range of 1-7 mW/cm?. However, it is somewhat unusual that
there is a heating effect when the cooling laser intensity is
lower than 1 mW/cm?, which is around the saturation inten-
sity of the Cs atom. We believe that it arises from the insuffi-
cient interaction between the atoms in the bright state and the
cooling laser. The explanation has been verified by the mea-
surement of the relationship between the cold atom tempera-
ture and the repumping laser intensity. Finally, we introduce
a statistical explanation and use an exponential decay formula
to fit the cold atom temperature as a function of time. After
the optimization, the lowest temperature of the cold cesium
atoms achieved is about 4 uK with the number of atoms being
2 x 10°. The optimization process can help us to understand
how efficiently the atoms can be cooled to a sub-Doppler tem-
perature by the PGC, and the experimental parameters are also
meaningful for other cold atoms.
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