CHIN.PHYS.LETT. Vol.37, No.3(2020) 036701

Production of 8 Rb Bose—Einstein Condensate with a Simple Evaporative Cooling
Method *

Rehman Fazal!, Jia-Zhen Li(Z=5#1)!, Zhi-Wen Chen([%:&30)!, Yuan Qin(Z#)!, Ya-Yi Lin(MAEZS) !,
Zuan-Xian Zhang(5K45%#)!, Shan-Chao Zhang(7K##)1**, Wei Huang(#558)1**,
Hui Yan(#i#%)!, Shi-Liang Zhu(4#75%)12
! Guangdong Provincial Key Laboratory of Quantum Engineering and Quantum Materials, GPETR Center for
Quantum Precision Measurement and SPTE, South China Normal University, Guangzhou 510006
2National Laboratory of Solid State Microstructures, School of Physics, Nanjing University, Nanjing 210093

(Received 17 December 2019)

A Bose-Einstein condensate with a large atom number is an important experimental platform for quantum sim-
ulation and quantum information research. An optical dipole trap is the a conventional way to hold the ultracold
atoms, where an atomic cloud is evaporatively cooled down before reaching the Bose—Einstein condensate. A
carefully designed trap depth controlling curve is typically required to realize the optimal evaporation cooling.
We present and demonstrate a simple way to optimize the evaporation cooling in a crossed optical dipole trap.
A polyline shape optical power control profile is easily obtained with our method, by which a pure Bose—Einstein
condensate with atom number 1.73 x 10° is produced. Theoretically, we numerically simulate the optimal evap-
oration cooling using the parameters of our apparatus based on a kinetic theory. Compared to the simulation
results, our evaporation cooling shows a good performance. We believe that our simple method can be used to

quickly realize evaporation cooling in optical dipole traps.

PACS: 67.85.Hj, 37.10.—x, 64.70.fm

Bose-Einstein condensate (BEC) of ultracold neu-
tral atomic gases has achieved rapid development
since its first production more than two decades ago.
BEC has played a significant role in research, in-
cluding quantum simulation, quantum computation
and quantum precise measurement.!' °! Experimen-
tal production of a BEC typically requires a few
standard cooling steps, including laser cooling and
trapping, sub-Doppler cooling and then evaporation
cooling. The first BEC was obtained in a mag-
netic trap using the rf-enforced evaporation cooling
technique,!'?~ "% after which techniques using optical
traps were developed."*~ 'l Although a magnetic trap
is easy to build, and has a large trap volume and
trap depth, typically only one single component of
atoms in a specified magnetic Zeeman state can be
well trapped, which limits its application where mul-
tiple components of atoms are required, such as in
experiments on synthetic gauge fields, spin-orbit cou-
pling and topological quantum matters.['” 2]

In the past two decades, several types of trap-
ping techniques have been developed for producing
multiple-component quantum gases,["~°! including
optical dipole trap (ODT) and hybrid trap that com-
bines a magnetic trap and an ODT. An ODT can
not only confine atoms with multiple spin states but
can also be built with flexible geometries and with
good optical access. Forced evaporation in the ODT
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can be directly implemented by lowering the potential
trap depth U, which is determined by the power of
ODT laser beams. However, complicated techniques
are typically needed to optimize the evaporation cool-
ing to achieve a BEC with a large atom number, such
as numerical methods based on kinetic theory, scaling
laws, multipartite method and even machine learning
method.["?~ 67

In this Letter, we demonstrate a simple method to
realize optimal evaporative cooling in a crossed ODT.
Instead of reducing the ODT trap depth following a
trial exponential decay curve, we evaporatively cool
down atoms by linearly ramping down the ODT laser
power step by step. In each evaporation step, the
ODT laser power is first ramped down to half of the
starting power of this step. Then, the duration of the
evaporation step is scanned to maximize the number
of atoms left at the step end. This process is repeated
until the production of the BEC. In our apparatus,
we eventually obtained an optimal evaporation curve
consisting of 5-segment straight line, by which a cloud
of "Rb BEC with an atom number 1.73 x 10° is pro-
duced. The performance of this 5-segment evapora-
tion cooling is further verified by comparing the final
atom number to the theoretically optimal number.

Our BEC apparatus mainly consists of two vac-
uum chambers: a low vacuum chamber and a high
vacuum chamber. In the low vacuum chamber, a 2-
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dimensional magneto-optical trap (2D-MOT) is built
to produce the pre-cooled atomic beam. Then, the
atomic beam is pushed to the high vacuum chamber
(P = 107Pa) by a near resonant laser beam. In
the high vacuum chamber, the atomic beam is cap-
tured and further cooled down by a 3-dimensional
MOT (3D-MOT). These two chambers are connected
by a differential pumping tube. The crossed ODT is
formed by two focused Gaussian beams crossed with
an angle of 90°, as shown in Fig.1. The center of
the ODT is aligned at the center of the high vacuum
chamber. One ODT beam has a beam waist radius of
90 um and initial power of 6.7 W, and is named the
shallow optical dipole trap beam (SODT). The other
beam has a waist radius of 60 pm and initial power of
5.3 W, and is named as the tight optical dipole trap
beam (TODT). Both the ODT laser beams are gener-
ated from a single frequency and single spatial mode
erbium fiber laser with wavelength 1064 nm (YFL-SF-
1064 nm). The two laser beams are linearly polarized
with a perpendicular polarization plane to avoid in-
terference.

Fig.1. A schematic diagram of the apparatus for evap-
oration of rubidium atoms in a crossed-beam dipole trap.
The magnetic field coils are shown in brown, optical dipole
trapping beams are shown in pink. The shallow ODT
beam is along the x axis, while the tight ODT beam is
along the y axis. An imaging beam in red is aligned with
a small angle respect to the tight ODT beam. The gravity
is along —z direction.

An atom vapor of 8"Rb at room temperature is
first released from a dispenser mounted in the 2D-
MOT chamber. With the optimized 2D MOT and a
push beam, about 3.3 x 108 atoms are loaded in the 3D
MOT with a loading time of 25s. The cooling beam of
3D MOT is red detuned by 18 MHz from the cycling
transition between |5P3/5, F = 3) and |55 /o, F' = 2).
The average intensity of three retro-reflected cooling
beams is 7.8 mW/ch. A repump beam with the
same beam size shares the same optical path of cool-
ing beam. The average intensity of repump beam is
set as 0.2 mW/cmz. The gradient magnetic field of
3D MOT is 13 Gs/cm during atom loading in the 3D
MOT, which is provided by a pair of anti-Helmholtz
coils, as shown in Fig. 1. The atomic cloud in the 3D
MOT is compressed by simultaneously ramping the
gradient magnetic field to 39 Gs/cm and the detun-
ing of cooling beam to 25 MHz in 100ms. Then, we
further cool down atoms to 60 uK with polarization
gradient cooling by switching off the magnetic field
and sweeping the cooling beam detuning to —70 MHz.

Before being transferred into the ODT, the atoms
are loaded into a magnetic trap with a starting
magnetic field gradient 60 Gs/cm linearly raised to
179 Gs/cm in 300 ms, during which the cooling beam
and the repump beam are shut off and both the ODT
lasers are switched on. With 7s rf-enforced evapora-
tion cooling in the magnetic trap, the atoms are finally
loaded in the ODT and ready for the final evapora-
tion cooling. With a 15ms flat evaporative cooling,
the atoms loaded in the ODT is 2.97 x 105 with tem-
perature of 7.4 uK.

The evaporation cooling of atoms in the ODT is
optimized in a simple way. We linearly ramp down the
power of the ODT laser beams and separate the whole
evaporation cooling into several steps. Before con-
ducting the evaporation cooling, the lifetime of atoms
in the crossed ODT is measured as Tp. With an ini-
tial ODT laser power of Py, we perform the first step
evaporation by ramping down the ODT laser power to
P, = Py/2 with trial ramping duration ¢; being Ty /2.
By fixing the end ODT laser power as P;, we then
scan the step duration t; around Ty/2 to maximize
the number of atoms left in the ODT at the end of
this evaporation step. In the next evaporation step,
we further linearly ramp down the ODT laser power
from Py to P, = P;/2 with a trial step duration ¢y of
t1/2, and we then scan the step duration ts to maxi-
mize the atom number after this step. We repeat this
process until the occurrence of BEC.
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Fig. 2. The TODT (a) and SODT (b) beam power change
with the evaporation time, respectively. The dark solid
line is the one obtained using our optimization method.
The red dashed line shows an fitted exponential decay
curve as an eye-guide line. (¢) The number of atoms left in
the ODTs as a function of evaporation time. (d) The tem-
perature of atoms in the ODT as a function of evaporation
time.

Given that we have two laser beams making the
crossed ODT, the optimization procedures are con-
ducted one by one for both TODT and SODT itera-
tively. As shown in Fig. 2, we can achieve BEC with
only five steps of linear evaporation. Figure 2(a) and
2(b) show the optimized polylines of TODT power
and SODT power in our experiment, respectively.
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Theoretically, the optimal evaporation cooling curve
is an exponential decay function,!'”%":6%%] we thus
plot an exponential decay curve as eye-guide line
in red-dashed line that is obtained by fitting {(FP,,
tn), (n=(0,...,5)} with ¢, = 0. Although the 5-
segment polylines deviate from the exponential curve,
the quickly obtained evaporation curve experimentally
performs well in our apparatus.

BEC N=1.73X10°
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Fig. 3. Absorption images of atomic cloud with 35ms
time-of-flight at different evaporation times. (a)—(c) Phase
transition of atomic cloud from thermal atoms to BEC.
(d)—(f) Atomic density along the cross line through the
atomic cloud center in (a)—(c), respectively. The red-
dashed lines represent the fitting of thermal atoms with
Gaussian function. The black-solid lines represent the fit-
ting of atoms in the BEC state with a bimodal distribu-
tion function. The produced BEC has an atom number of
1.73 x 10°.

To characterize evaporation cooling in our appa-
ratus, we also measure the atom number and atom
temperature as functions of the evaporation time, as
shown in Figs.2(c) and 2(d). When the evaporation
time is 2.6 s, the SODT power is reduced to 0.87 W and
the TODT power to 0.26 W, the 6.7 x 10° atoms are
left in the trap with temperature of 246 nK. By reduc-
ing the SODT power to 0.527 W and TODT power to
0.192 W, part of the atoms are in the BEC state with
atom number 2.91 x 10° and temperature of 49.5nK.
By further decreasing the SODT power to 0.376 W and
TODT power to 0.180 W, a pure BEC with atom num-
ber of 1.73 x 10° and temperature of 17 nK is achieved.
The phase transition procedure of atoms in thermal
gas state to the pure BEC state is shown in Figs. 3(a)—
3(c) by measuring the time-of-flight absorption images
of the atomic cloud at the above three instants. Fig-
ures 3(d)-3(f) show the fitting of the atomic density
along the cross line through the atomic cloud center
in Figs. 3(a)-3(c). The Gaussian shape atomic density
that tells us the pure thermal atomic gas is gradually
changed into an atomic density with bimodal distribu-
tion that verifies the production of pure BEC during
the evaporation curve.

The efficiency of our evaporative cooling is com-
pared to the theoretically optimal value predicted by
a kinetic model reported in Ref. [43] using the param-
eters in our apparatus. This kinetic model describes
the time-dependent variation of the atom number and

temperature in a crossed ODT during evaporation
cooling. With this model, the evolution equations of
average atom energy and number in a deep 3D har-
monic traps take the following forms by accounting for
the elastic collision rate change, one body and three-
body losses and the trap geometry change:

) T 2
E:—NFEV(T]—FK)]CBT—FUET—FlBE—FngE, (1)
N = —(Iey + I'p + I'sg) N, (2)

where three-body loss rate I'sp = Lzgn2/(3+v/3) with
L3 = 4.3(£1.8) x 1072%cm® /s for Rb87 in the F =1
ground state.[°) g = 1/21s7! is one-body loss rate
determined by background collisions, which is mea-
sured by the atom lifetime in the ODT. The evap-
oration rate is well approximated by I'ey, =~ (n —
4)e~"Te.0%%] Here, I is the elastic collision rate
in a 3D harmonic trap Iy = nov/(2v/2), where
o = 8ma? is the elastic cross section and ag is the
s-wave scattering length. Rb®" has a, = 98a¢ with
ap as the Bohr radius.”l The average velocity of
atoms is 0 = 4(1€]3T/7rm)1/2 and average energy re-
moved by each evaporated atom is (n+ x)k, T, where
K (n—>5)/(n—4).

Atom number (10%)
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Fig. 4. Measurement of the trap frequency by parametric
heating of atomic cloud. We scan the modulation fre-
quency and measure the atom number and temperature.
Lorentz fitting is used to extract the peak position as
shown by the red-solid line. A dip of the atom number
means that the modulation frequency is twice the ODT
trap frequency. A peak appearing in the atom tempera-
ture spectrum confirms the measured trap frequency.

Besides these parameters, two more parameters—
n and v—are also required to numerically solve the
kinetic Eq.(1). Here, v is determined from the re-
lationship between the average trap frequency w and
the trap depth U with formula & < U¥; n = U/k,T
is the ratio of trap depth U to atom cloud tempera-
ture T', where k, is Boltzmann’s constant. To deter-
mine 7 and v, average trap frequency & = (wmwywz)l/ 3
and trap depth U are experimentally measured. The
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conventional parametric heating technique is used to
measure the trap frequency of the crossed ODT. The
TODT laser power is modulated with an amplitude
of 5% and duration of 0.5s. With a modulation fre-
quency that is twice the trap frequencies, atoms would
be quickly heated up and lost away from the ODT.
The atom loss dip and temperature peak are observed
at the same modulation frequency, which also verify
our measurements, as shown in Figs. 4(a) and 4(b).
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Fig.5. (a) Measured average trap frequency w and cal-
ibrated trap depth U are used to fit out the v = 0.50.
(b) Extracted n during evaporation based on the temper-
ature of atoms measured and calibrated trap depth U. (c)
Numerically computed final atom number Ny when reach-
ing the phase-space density pf = 2.6 as a function of 7.
The initial parameters are T' = 7.4uK, N = 2.97 x 109,
@ =2m x 220Hz, I'np = 1/21 s~1. Since N, p; and p are
fixed, Yo depends only on N¢. The numerical calculated
maximum final atom number is achieved at n = 8.1. In
our experiment the 7 is about 6.1, marked with a red star.
The 7 value in the area between the two blue-dashed lines
can reach BEC.

Figure 5(a) shows the dependence of measured av-
erage trap frequency @ on the calibrated trap depth
U, from which v = 0.50 is extracted using linear fit-
ting. Here 7 is obtained using the measured atom
temperature and calibrated trap depth U, as shown
in Fig.5(b). Initially, n is almost a constant value
of 6.1 with small fluctuation due to the errors in the
atom temperature measurements. By substituting the
above measured parameters of our ODT that initially
T =74pK, N =297 x10° @ = 27 x 220 Hz, the op-
timal final atom number Ny after evaporation cooling
is solved by assuming the final phase-space density to
be pr = 2.6. With a fixed starting phase space den-
sity, the evaporation efficiency only depends on Nj.
In our apparatus, the geometry of the crossed ODT
is unchanged during evaporation and thus a constant

v = 0.50 is used in the numerical calculations. The
final atom number after evaporation cooling, Nt, as
a function of 7 is plotted in Fig. 5(c). The dark-solid
line represents the numerical results and the red star
represents the measured atom number of 4.71 x 10°
during the evaporation cooling when BEC is observed.
With 1 = 6.1 during the evaporation cooling, the the-
oretically optimal final atom number Ny is 5.72 x 10°,
which verifies that the 5-segment evaporation curve
performs well and efficiently. The two blue-dashed
vertical lines in Fig.5(c) mark out the area that the
BEC can be realized with 5.5 < n < 9.2.

In summary, we have reported and demonstrated a
simple method to optimize the evaporation cooling of
atoms in an ODT. By linearly ramping down the ODT
laser power, we have designed an evaporation control
curve consisting of five segments in a linear control
curve. With this simple method, we have achieved a
pure BEC with an atom number of 1.73 x 10°. The
evaporation cooling performance of our linear ramp-
ing curve is further verified by comparing it to that of
the theoretically optimal evaporation cooling. Com-
pared to the conventional optimization method, our
method of optimizing the evaporation cooling in the
ODT is easy to implement experimentally, even with-
out detailed knowledge of an ODT.
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