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Abstract: The Bose-Einstein condensation (BEC) of '33Cs atoms offers an appealing platform
for studying the many-body physics of interacting Bose quantum gases, owing to the rich
Feshbach resonances that can be readily achieved in the low magnetic field region. However,
it is notoriously difficult to cool '*3Cs atoms to their quantum degeneracy. Here we report a
hybrid evaporative cooling of '33Cs atoms to BEC. Our approach relies on a combination of the
magnetically tunable evaporation with the optical evaporation of atoms in a magnetically levitated
optical dipole trap overlapping with a dimple trap. The magnetic field gradient is reduced for the
magnetically tunable evaporation. The subsequent optical evaporation is performed by lowering
the depth of the dimple trap. We study the dependence of the peak phase space density (PSD)
and temperature on the number of atoms during the evaporation process, as well as how the
PSD and atom number vary with the trap depth. The results are in excellent agreement with the
equation model for evaporative cooling.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The quantum degenerate atomic gas provides a versatile platform with unprecedented control-
lability for the fundamental studies of many-body physics [1]. In particular, in ultracold atom
experiments the scattering length characterizing the atomic interactions can be flexibly tuned
using Feshbach resonances [2]. This has paved the way for the studies such as the BEC-BCS
crossover [3,4] and the thermodynamic properties of degenerate Fermi gases in the unitary limit
[5-7]. The properties of Bose gases can also be modified by Feshbach resonances, and the
universal scaling laws exhibited by strongly interacting Bose gases have received considerable
interests [8—10]. In this context, a unique advantage of '33Cs atoms over many other alkali-metal
atoms is their rich Feshbach resonances [11]. The smooth variation of scattering length in
the low magnetic field region centred about - 11.7 G allows the interatomic interactions to be
monotonously and gently tuned in a large range [12,13]. For example, the s-wave scattering
length varies from ~ —2500 to 1400 a( (Bohr radius) when the magnetic field is tuned from 0
to 100 G [11]. Near a low magnetic field of ~ 17 G, 133Cs atoms can be used to produce the
matter-wave solitons [14—16] and the modulation of scattering length at low magnetic field can
form the collective emission of matter-wave jets and atomic density patterns [17,18]. Moreover,
133Cs atoms have several narrow Feshbach resonances, which are important for the formation of
ultracold ground-state molecules [19-21].
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While 133Cs atoms offer many adavantages over other alkali metal atoms due to their highly
tunable interaction, it is notoriously difficult to cool them to quantum degeneracy. As mentioned
in Ref. [22], such a difficulty is associated with the large two- and three-body inelastic collisions
[23-27]. To effectively suppress the endothermic inelastic two-body collisions, three-dimensional
(3D) degenerate Raman sideband cooling (dRSC) had been used to prepare a low temperature
atomic sample in the F' = 3, mp = 3 state [28-30], thus enabling the evaporation of optically
trapped atoms towards the BEC. Furthermore, a broad Feshbach resonance must be used to tune
the scattering length from the negative to positive in order to avoid the collapse of condensate.
133Cs BEC was first achieved in a magnetically levitated dimple trap [31,32]. Since then,
there have been significant progress in the studies of the few-body physics [27], the ultracold
ground-state molecules [19,20] and the strongly correlated quantum gases in optical lattices
[12,13,33] in the groups of Prof. Négerl and Prof. Grimm. Accelerated evaporative cooling of
133Cs atoms was realized by using the magnetic field gradient to tilt the dipole trap [34]. Efficient
sympathetic cooling with 8’Rb atoms was also used to obtain the '*Cs BEC [35]. More recently,
dRSC was used to achieve a quantum gas of '3*Cs atoms by the direct laser cooling with a small
atom number of ~ 300 [22].

In this paper, we present the hybrid evaporative cooling approach for producing '*3Cs BEC.
The cold atoms cooled by 3D dRSC are loaded into a magnetically levitated dipole trap. We
moreover add a tight dimple trap to improve the trapping frequency and increase the atomic
density [14,31,36-38]. The hybrid evaporative cooling consists of two stages. The initial
evaporation is implemented by reducing the magnetic field gradient to tilt the trap. In the second
stage, an optical evaporative cooling is performed in the tilted dimple trap by reducing the powers
of two dimple trap laser beams. We study the dependence of the peak phase space density (PSD)
and temperature on the number of atoms during the hybrid evaporation. The variations of the
atom number and PSD with the trap depth are investigated. The equation model based on the
scaling laws for the evaporative cooling is used to explain the experimental results.

2. Hybrid evaporative cooling to Bose-Einstein condensation

Two horizontally crossed 1064-nm laser beams at an angle of 90° are used to form the crossed
dipole trap for loading the atoms cooled by 3D dRSC. The two dipole trap laser beams almost
have the same beam waist of ~ 300 um. The initial trapping frequencies are w,, , = 27 x (18,
18, 25) Hz near the bottom of the trap. Because the large gravity of '33Cs atoms induces a large
destructive potential in the vertical direction, the atoms have to be loaded into a magnetically
levitated dipole trap [14,31,34]. The uniform magnetic field is firstly kept at B = 75 G for 300 ms
and then reduced to 40 G in 200 ms. The corresponding s-wave scattering length changes from
a = 1228 ap to 793 ag. After thermalization within 0.5 s in the magnetically levitated dipole
trap, there are 9.5 X 10° atoms at a temperature of 7 = 2.5 uK. The atomic density and PSD are
approximately 6 x 10! cm™ and 5 x 1074, respectively. To increase the atomic density and
PSD, we add a tight dimple trap, which is formed by two 1064-nm laser beams with almost the
same radius of 58 um. The angle between the dimple laser and the dipole trap laser is about 12°.
The powers of two dimple lasers are linearly ramped to 100 mW within 500 ms. The trapping
frequencies on the bottom of the combined potential are increased to wy,,, = 27 X (98, 98, 139)
Hz. To minimize the three-body loss of atoms during the loading of dimple trap, the uniform
magnetic field is fixed at B = 40 G for 250 ms before being reduced to 26.4 G in 250 ms, the
corresponding scattering length is reduced to 435 ay.

After the loading of dimple trap, the number of atoms reduces to N = 2.6 x 10 with a
temperature of T = 3.4 uK; however, the peak atomic density increases to n = 1.8 x 10! cm™3
and the PSD is locally increased by a factor of 20. Afterwards, we perform the hybrid evaporative
cooling of atoms. Figure 1(a) shows the time sequence for the hybrid evaporative cooling, with
its two stages shown in Figs.1 (b) and (c), respectively. Initial evaporation is performed by tilting
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the trap in the vertical direction. The magnetic field gradient is linearly reduced from dB/dz
= 31.3 G/cm to 20 G/cm in 1.5 s at the uniform magnetic field of 26.4 G. Subsequently, the
magnetic field gradient and uniform magnetic field are reduced to 10 G/cm and 23 G in 1 s and
then to 0 and 21.9 G in another 1 s, respectively. The corresponding scattering length is reduced
to 304 ap and then to 257 ag. The powers of the two dipole laser beams are reduced to O in
the last 1 s of the initial evaporation. There are N = 2.2 x 10° atoms in the dimple trap at a
temperature of 7 = 0.38 uK and the PSD is about 0.41.
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Fig. 1. (a) Time sequence of hybrid evaporative cooling. A tight dimple trap is added to
increase the PSD of atoms in the magnetically levitated dipole trap. The initial evaporation
is performed by linearly reducing magnetic field gradient. The optical evaporation is
subsequently implemented by reducing the powers of two dimple trap lasers. During the
entire evaporation, a uniform magnetic field is used to continuously tune the atomic s-wave
scattering length, in order to reduce the atom loss induced by the three-body recombination.
DO, dipole trap; DM, dimple trap. (b) Schematic of the initial evaporation. The trap is tilted
by reducing the magnetic field gradient for reducing the trap depth in the vertical direction.
(c) After switching off the magnetic field gradient and dipole trap, the optical evaporative
cooling is implemented by reducing the powers of two dimple trap laser beams for reducing
the depth of the tilted dimple trap.

Optical evaporative cooling is implemented by reducing the depth of dimple trap, and the
powers of the two dimple trap laser beams are reduced synchronously. The uniform magnetic
field is continuously tuned to minimize the three-body loss of atoms. As shown in Fig. 1(a),
the power of the dimple laser beam is reduced from 100 mW to 90 mW in 1 s. The uniform
magnetic field is also reduced from 21.9 G to 21.5 G, and the scattering length changes from
257 ap to 238 ay. Here we obtain 1.15 x 10° atoms at a temperature of 7 = 157 nK, and the
PSD is about 2.1. When the power of the dimple laser beam is reduced to 85 mW, a nearly pure
BEC is achieved with 7 x 10* atoms at the temperature of 7 = 70 nK. The PSD is estimated
as 6 when we consider the condensation in the Thomas-Fermi regime. Figure 2 shows three
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absorption images after the 18 ms time-of-flight (TOF) at zero scattering length near 17 G, which
correspond to the power of 100, 90 and 85 mW of the dimple trap laser, respectively. A bimodal
distribution of optical density is clearly demonstrated as the optical evaporation is implemented
after the initial evaporation.
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Fig. 2. Condensation of 133Cs atoms. Absorption images (top) taken after 18 ms time-
of-flight at zero scattering length near 17 G. From left to right, the power of the dimple
trap laser is 100, 90, and 85 mW, the corresponding temperature is 380, 157 and 70 nK.
Single-line optical density (OD) profiles (bottom) are taken from the top images. The blue
curve is a Gaussian fit for the distribution of OD, the red curve represents a fit with the
bimodal distribution.

3. Dependence of PSD and temperature on the atom nhumber

To evaluate the efficiency of our hybrid evaporative cooling, we plot in Fig. 3 the PSD and
temperature during the evaporation as a function of the atom number. The temperatures of the
atoms at various evaporative steps are extracted from the absorption images taken at different
times of flight near 17 G, where the scattering length is zero. The PSD is calculated as D = n/lg,B,
where n = Nw,wyw,(miap/h)? is the peak atomic density, Agg = h(2xmkpT)'/? is the thermal
de Broglie wavelength, 4 is the Planck constant, and kp is the Boltzmann constant [39]. The
trapping frequencies during the evaporation are deduced from the calibrated properties of the
trap. We find that peak atomic density 7 is located between 1.8 x 10'3 and 3.9 x 10! ¢cm™3
during the entire evaporation.

The mean evaporation efficiency is calculated as y = -In(D/Dg)/In(N /Ny) = 3.14 £+ 0.14, where
Dy and Ny are the PSD and atom number after the loading of dimple trap. Based on the calculated
7y, we analyze the dependence of PSD on the atom number, and the numeric calculation agrees
well with the experimental data, as shown in Fig. 3. Following the analyses for the evaporative
cooling, the temperature shows a power-law dependence on the atom number as 7 o« N¢. Here «
parameterizes the cooling efficiency by removing atoms, and it is defined as

_Ndr _n' -3

CTTAN T 3-3y M

where n” =+ (7 —5)/(n — 4). In the evaporation process, the mean truncation parameter is
calculated as n = (U/kpT) = 6.2, and U is the depth of trapping potential in the vertical direction.
The mean trapping frequency varies with the trap depth as w oc U”, where v = 0.079 is obtained
by fitting the variation of w with U in the hybrid evaporation. By substituting the calculated n
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Fig. 3. PSD (blue triangles) and temperature (black dots) during the evaporative cooling as
a function of the atom number. The data between two vertical dashed lines are taken from
the initial evaporation process. The data on the left side of the left vertical dashed line are
taken from the optical evaporation. The orange line shows the numerical calculation with a
mean evaporative efficiency of y = 3.14 + 0.14. The red line shows a power-law fit for the
dependence of temperature on the atom number with @ = 1.35.

and the fitted v into Eq. (1), @ is derived as 1.35. Using the power-law dependence of temperature
on the atom number, a good fit for the data is obtained, as shown in Fig. 3.

4. \Variations of the atom number and PSD with trap depth

Figure 4 shows the variations of the atom number and PSD during the hybrid evaporative cooling
with the trap depth in the vertical direction. According to the derived scaling laws for evaporative
cooling in time-dependent optical traps [40], the number of atoms varies with trap depth as

N _ Usinor-s
(2 3, 2
N; (U,-) 2)

where i denotes the initial condition at the beginning of the hybrid evaporation, N = N(¢) and
U = U(t). When Eq. (2) is used to fit the experimental data, a good fitting is obtained for n =
6.16, which is consistent with our calculation. For !33Cs atoms, the destructive potential induced
by the large gravity has an impact on the trap depth in the vertical direction when the optical
trap becomes weak during the final evaporative steps. Compared to other experiments with a
larger n, our optical evaporation by lowering the power of the dimple laser significantly decreases
the vertical trapping potential of the tilted dimple trap as compared to the horizontal trapping
potential.

Regarding the variation of PSD with trap depth, theoretical analysis shows that the PSD scales
with trap depth as

D;

where D; is the initial PSD and D = D(¢). Equation (3) is used to obtain a good fit for the
experimental data, as shown in Fig. 4.

D U; ~, ,
= (#)3(77 -4)/[2(n —3)], (3)
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Fig. 4. Variations of the atom number (black circles) and PSD (blue triangles) during the
evaporative cooling as a function of trap depth. The solid curves are the fitting curves based
on the scaling laws, which contain the theoretical dependence of the atom number and PSD
on the trap depth.

5. Discussion

Condensation of '33Cs atoms was firstly produced by the optical evaporative cooling in the
magnetically levitated optical trap [31]. Our hybrid evaporative cooling is different from the
optimized optical evaporation [32] in several aspects. First, the geometrical configuration and
experimental parameters of optical traps are different. Second, the hybrid evaporative cooling
allows for an effective combination of the magnetically tunable evaporation and the optical
evaporation, the latter is implemented in the tilted dimple trap in our setup. Third, the hybrid
evaporative cooling allows for a fast evaporation, taking ~ 6.5 s to achieve BEC after the loading
of Magneto-optical trap (MOT). We also find that the time is reduced to 6.8 s to obtain the BEC
after the loading of MOT in the new apparatus in Nagerl’s group [41].

A faster evaporative cooling was demonstrated by using the trap-tilting evaporation [34]. In
comparison, the geometrical configuration and experimental parameters of the dipole trap in our
setup are very similar to the ones used in the trap-tilting evaporation. The trapping frequencies
of the magnetically levitated dipole trap are smaller than the trapping frequencies in Ref. [34],
although the slightly higher powers are used for two dipole trap laser beams in our setup. Thus,
the dimple trap is added for increasing the density of atoms in the magnetically levitated dipole
trap. In our hybrid evaporative cooling, the scheme for the initial evaporation is same as the
trap-tilting evaporation, except for the utility of a reduced magnetic field gradient. However, the
subsequent optical evaporation allows for the achievement of '33Cs BEC in a tilted dimple trap.
We also note that a light sheet with the elliptical laser beam was used in Chin’s group to support
the atoms against gravity and prepare Cs BEC in the purely optical trap [42].

6. Conclusion

We have demonstrated a hybrid evaporative cooling approach for producing '3*Cs BEC, which
combines the magnetically tunable evaporation of atoms by tilting the optical trap and the optical
evaporation in a dimple trap. The uniform magnetic field is continuously tuned to alter the atomic
interaction and reduce the three-body loss of atoms. The nearly pure Cs atom condensate is
obtained in a tilted dimple trap. The dependence of the PSD and temperature during evaporation
on the number of atoms are studied, and the scaling laws for evaporative cooling are used to
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obtain good explanations for the experimental results. The variations of the atom number and
PSD with the trap depth are in excellent agreement with the equation model for evaporative
cooling.
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