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We report a detailed study of magnetically levitated loading of ultracold !33Cs atoms in a dimple trap. The atomic
sample was produced in a combined red-detuned optical dipole trap and dimple trap formed by two small waist beams
crossing a horizontal plane. The magnetic levitation for the 133Cs atoms forms an effective potential for a large number of
atoms in a high spatial density. Dependence of the number of atoms loaded and trapped in the dimple trap on the magnetic
field gradient and bias field is in good agreement with the theoretical analysis. This method has been widely used to obtain
the Bose—FEinstein condensation atoms for many atomic species.
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1. Introduction

Remarkable advances in research of ultracold atoms and
molecules are helpful for realization of the laser cooling neu-
tral atoms. Especially, the observation of Bose—Einstein con-
densation (BEC) in magnetically or optically trapped atomic
vapors of alkali metal has opened a new field of research at
the intersection of atomic and condensed matter physics.!!=!
From now on, there exist over twenty alkali metal or alka-
line earth atoms’ species of BECs obtained. The dimple trap
of ultracold atoms, in which adiabatically changing the shape
of a potential can locally increase the phase-space density
of a trapped atomic gas,[*! is widely applied in realizing
BEC of different atomic species, such as !33Cs,[?1 23Na,[6]
and 8Rb,["! etc. Recently, it is of particular interest that the
one-dimensional BECs by tight dimple potential have made

8 in quantum tweezers,”!9 in control-

[11,12]

significant progress!
ling the interaction between dark solitons and sound,
and in introducing defects such as atomic quantum dots in
optical lattices.!'*! In addition, they also have the potential

[14] [15,16] 17]

applications'"* in atom lasers, atom interferometry, !

ultra slow light propagation, '8! and analogs of cosmological
physics.[1%:20]

For realization of BEC of dilute atomic gases in an opti-
cal trap, evaporative cooling is often the most important stage.
The cooling efficiency is defined as the ratio of the increase
in phase space density to the decrease in the number of atoms
remaining in the optical trap after evaporative cooling, thus
a high phase space density without loss of atoms will lead

to an effective evaporative cooling. Usually, the phase space
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density (I') in BECs is required to satisfy the condition of
I= nld3B = 1.202, where n is the peak number density of a
classical gas and Agp is the thermal de Broglie wavelength. [>!]
The dimple trap, which can be applied to increase the phase
space density by modifying the shape of the trapping poten-
tials, was first demonstrated theoretically by Pinkse et al.,™
and then applied in an experiment for the cesium BEC.?! The
maximum phase space density can be up to more than a fac-
tor of 100.!>?! Effectively evaporative cooling requires elastic
collisions, but the inelastic collisions in many atomic species
are avoided less, such as '3*Cs and ®Rb,?!! the two-body
and three-body loss is a huge challenge in the related ultra-
cold atomic and molecular experiments. As a result, the quan-
tum degeneracy gas requires a complicated evaporation strat-
egy and induces a small number of the final atoms. Very re-
cently, a noble method was proposed to obtain BEC without
evaporative cooling.[>3-23]

Over the past decade, many theoretical and experimen-
tal kinds of research were based on the dimple trap. How-
ever, detailed experimental studies of the effect of magnetic
fields on the number of loading and trapping atoms are still
lacking.?-28] The dynamic evolution and quantitative theo-
retical analysis have not yet been thoroughly understood and
studied. Therefore, more precise studies are necessary to de-
termine the effect of magnetic fields on the number of atoms
loaded and trapped in dimple traps.[>?-3%]

In this paper, the loading of cold atoms in a dimple trap
is studied in detail. The theoretical loading potentials of vari-
ous magnetic field gradients and bias fields are presented. The

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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number of trapped atoms under various magnetic gradients
and bias fields is measured and the dependence between them
is given. The results are in good agreement with the theory.

2. Experimental setup

We start with ultracold '3Cs atoms in a vapor vacuum-
loaded magneto-optical trap (MOT) at a background pressure
of 3 x 1078 Pa. The experimental setup is shown in Fig. 1(a).
Following the achievement of y must be inside math mod a
compressed MOT and optical molasses, 3 x 107 atoms are ob-
tained with a peak density of ~ 10'! cm™3. Then, the atoms
are transferred to a three-dimensional optical lattice, and de-
generated Raman sideband cooling (DRSC) is applied to cool
the atoms to a low temperature of ~ 1.7 pK and to polar-
ize them in the desired F = 3, mp = 3 states. A red far-off
resonance optical dipole trap, which consists of two crossing
laser beams with an angle of 90°, is employed to load the
atoms. The powers for the two laser beams of the crossed
dipole trap are 7.0 W and 7.2 W, and the corresponding beam
waists are 230 um and 240 pum at the trap center, respectively.
We used two red long-range resonant lasers (same as dipole
lasers) to form the dimple trap generated by a 1070-nm, multi-
frequency, linearly polarized fiber laser (IPG Photonics), the
corresponding beam waists are 45 pm and 43 pum, respec-
tively, crossing horizontally at an angle of 30°. Switching
of the beams is done by external acoustic-optical modulators,
dimple 1 is downshifted in frequency by 90 MHz, whereas
dimple 2 is upshifted by 90 MHz to prevent any interference.

CCD

camera

Magnetic coils

Dipole laser 2

Fig. 1. Experimental setup. Dipole lasers 1 and 2 are applied to con-
struct the crossed dipole trap. Dimple lasers 1 and 2 are applied to
implement the dimple trap. Magnetic coils are used to produce the
magnetic-field gradients and bias field. The probe laser passes through
the trapped atoms, and the number and density of atoms are measured
using the absorption image.

3. Experimental results and analysis

Figures 2(a) and 2(b) show the absorption image taken
in the horizontal direction after 3 ms of expansion from the
dimple trap, the corresponding distribution of optical density
along the horizontal direction is shown in Figs. 2(c) and 2(d).
Here the measured atomic number is about 3.8 x 10° of the
dimple trap, which is nearly equal to 3.67 x 10° of the dipole

trap, while the optical density of atoms in the dimple trap is
large than the dipole trap. Figure 2(e) shows the atomic den-
sity in the dimple trap of signal laser beam and double laser
beams. The atomic density for the double laser is larger than
that for the signal laser at the same laser intensity. This dif-
ference is mainly attributed to the different dimple trap poten-
tials, which are double laser potentials larger than the signal
laser. The atomic density is strongly dependent on the laser
intensity and continuously increases with the laser intensity.
The observed atomic density varies from 0.364 x 10'! cm—3
to 1.759 x 10" ¢cm™3 (from 0.291 x 10'' cm™3 to 1.041 x
10'" cm™3) for double laser (signal laser) when the laser inten-
sity increases from 0 to 3 x 10~ cm™2. The errors are mainly
from the systematic uncertainty induced by the fluctuation of
the number of trapped atoms in each experimental cycle, the
error in determining the resonance frequency, and the fitting
error. The maximum atomic density is increased up to a factor
of ~ 4.8 compared to that atomic density in the dipole trap.
Thus the atomic density of ultracold '3*Cs atoms can be en-
hanced by using a dimple trap.

(a)

(b)

o
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Fig. 2. [(a), (b)] Absorption images that represent horizontal shots taken
after 3 ms of expansion in the dipole trap and dimple trap, respectively.
The corresponding distribution of optical density along the horizontal
direction is shown in (c) and (d). (e) Atomic density as a function of
laser intensity for the signal laser and double laser. The dots are experi-
mental data. The solid lines are the fits using the exponential function.

Now we give a simple discussion of the loading poten-
tial of a typical crossed dimple trap. A Gaussian laser beam
induces a trapping potential that is proportional to laser inten-
sity and can be expressed as

U 3Pc? ( r r

_ 22
wgw(x)? a)o—a)+wo+a)>e @
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where c is the speed of light, I" the natural line width, @ the
laser frequency, an effective transition frequency defined by a
weighted average of both D lines forcesium atoms, P the to-
tal laser power, x the axial coordinate along the beam axis,
r the radial coordinate, and w(x) the laser beam waist. For
the dimple trap, the potential is formed by adding two small
waist Gaussian laser beams. Considering the magnetically lev-
itated dipole trap, the total vertical potential contains the grav-
itational force and the magnetic force due to magnetic field
gradients, given as

JB
U(x,y,2) =U1 +Us + U3 + Uy —mgz + Hamige 2, (2)

where U;, U, Uz, and Uy represent the potentials of two dipole
lasers and two dimple lasers, g is the acceleration due to grav-
ity, Ug is the Bohr magneton, g is the Landé factor, and dB/dz
denotes the magnetic field gradient. The effect of magnetic
field gradient on the total potential in the vertical direction is
depicted in Fig. 3 in accordance with Eq. (2). The destructive
potential is so great when the magnetic field gradient is equal
to zero, as shown in Fig. 3(a), that there is no practical po-
tential to trap atoms. Figure 3(b) depicts the total potential at
a magnetic field gradient of 27 G/cm. Figure 3(c) illustrates
the theoretical magnetic field gradient required to completely
offset the destructive potential brought on by gravity. The de-
struction potential will reappear if the magnetic field gradient
is further increased, as shown in Fig. 3(d).

0
—30

X —60

=

> —90

o0

g

g 120

[}

s

2 0=

Q

S 30}

qQ,
—60
790,
—1207 (c) r(d)

—400 —200 0 200 400
Vertical position (pm)

400 —200 0 200 400
Vertical position (pm)

Fig. 3. Potentials of the dimple trap in the vertical direction at 0 G/cm
(a), 27 G/cm (b), 40.2 G/cm (c), and 47 G/cm (d) magnetic field gra-
dients. The dipole trap potential is shown as a red dashed line, and
the total potential consisting of both the dipole trap potential and the
destructive potential caused by the '33Cs atoms’ gravitational pull is
shown as a black solid.

The gradient of the vertical magnetic field applied to ac-
count for the destructive potential, which leads to a horizontal
magnetic field dBy/dx = dB,/dy = (2/3)mg/up in the case
of cylindrical symmetry, is an antitrapping potential in the hor-
izontal direction, to eliminate this antitrapping potential, a bias

field Byi,s must be applied in the vertical direction. By com-
bining the anti-trapping magnetic potential and the optical po-
tential, the total potential can be given as

1 m2g2

2,2
———x"+y7), 3
6.uBBbias( y)

U= Uo(x7y, 0) - %NBBbias -
where Uy (x, y, 0) is the optical potentials of the dipole laser
and dimple laser, x and y are the axial coordinates perpendicu-
lar to the beam axis. Figure 4 shows the potential of the dimple
trap in the horizontal position with the magnetic field gradi-
ents and bias fields. When the bias field is zero, as shown
in Fig. 4(a) the anti-trapping potential is not an effective po-
tential for trap atoms, when the bias field is 12 G, as shown
in Fig. 4(b) the anti-trapping potential is completely canceled
out and the total potential is nearly equal to the dimple trap
potential in the horizontal direction. With the further increase
of the bias field, the anti-trapping potential will be close to
infinitesimal, but not zero according to Eq. (3).

(hK)

(a) (b)

Potential energy

400 —200 0 200 400

Horizontal position (pm)
Fig. 4. Potentials of the dimple trap at bias fields of 0 (a) and 12 G (b) in
the horizontal direction. The total potential is represented by the black

solid line, while the potential of the dimple trap is represented by the
red dashed line.
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Fig. 5. The quantity (a) and density (b) of atoms in the dipole trap and
dimple trap versus the magnetic field gradient.

Based on the above theoretical analysis, we examined the
correlation between the amount of atoms ensnared in the dim-
ple trap and the magnetic field gradient with a bias field of
The
atomic number was measured after loading 50 ms from the

12 G, as suggested by the above theoretical analysis.

DRSC. Figure 5 shows the atomic numbers and density de-
pending on the dipole trap and dimple trap on themagnetic
field gradient. As the magnetic field gradient rises, the num-
ber of atoms in both dipole and dimple traps increases linearly.
At the beginning, with the increase of the magnetic field gra-
dient, the number of atoms in the dipole trap and the dimple

023702-3
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trap increases linearly, and when the magnetic field gradient
reaches 31.1 G/cm, the number of atoms in the dipole well de-
creases with the further increase of the magnetic field gradient.
Since the atoms in the dimple trap have the same trend, the dif-
ferent peak value is 41.1 G/cm. It can be understood that the
change in the shape of the optical trap influences the loading
of the trapped atoms. For the density of the atoms, the rapid
decrease from about 10 G/cm in the dimple trap is comparable
with the slow trend of the dipole trap. These results are mainly
due to the influence of magnetic field gradient on the volume
of the optical trap.

To investigate the effect of the horizontal reverse trapped
potential caused by the magnetic field gradient on the number
of atoms loaded and trapped in the dimple trap, the magnetic
field gradient is fixed at 40.2 G/cm to fully compensate for
gravity. The dependence of the number of atoms trapped in
the dimple trap on the bias field has been studied, as shown in
Fig. 6. The number of atoms is measured after 50 ms loading
from the DRSC. In the initial phase, as the bias field increases,
the atomic number in the dipole trap and dimple trap has a
large growth rate. However, when the bias field reaches 15 G,
the growth rate becomes very low. When the bias field ap-
proaches 30 G, the atomic number stops increasing. The den-
sity of the atoms in the dipole has a slowly increasing trend
when a slowly decreasing trend is accrued in the dimple trap.
For each data point, all initial parameters of atomic samples
prepared by 3D DRSC, magnetic levitation dipole traps, and
atomic samples prepared by magnetic levitation dimple traps
remains unchanged during each experimental cycle except for
the magnetic field gradient and bias field in Figs. 5 and 6.

—~
7
& _ £ 16
9 6 ©Dipole trap [S) @Dipole trap
~ @ Dimple trap 9 = @Dimple trap
» 21219%00 20l
o Z ¢
24l o0 e
£ Zos :
- 0
= ol g jiietldertét
°
é < 0.4 .?":
8 2 (b)
Gob— . Y g4
0 15 30 45 60 75 E 0 15 30 45 60 75

Bias field (G) Bias field (G)

Fig. 6. Atomic number (a) and density (b) in the dipole trap and dimple
trap versus the bias field. The exponential function’s fits are represented
by the solid lines.

We also measured the number and density of atoms in the
dipole trap and dimple trap as a function of storage time, as
shown in Fig. 7. The atoms in the different traps have a marked
decrease in the initial 150 ms of evaporation has been noticed,
with a nearly uniform trend. This is mainly due to a powerful
three-body recombination loss. In Fig. 7(b), at the beginning
of 150 ms, the density of atoms in the dimple trap presents a
linear growth, then a nearly linear decrease with a long stor-
age time. Compared to the dipole trap, the density of atoms is
almost invariable with the time increase except tilted slightly

to the downside. As we finishing the current work, we have
recalled the earlier accomplishment of the similar works using
magnetic field regulation or other efficient mechanisms from
groups of Grimm and Chin. Weber et al. realized '3Cs BEC in
a magnetic levitated dimple trap for the first time by adjusting
the external magnetic field and evaporating cooling in an op-
tical potential trap.*!! Based on an improved trap loading and
evaporation scheme, Kaemer et al. realized the atomic num-
ber of 10° in the condensed phase. To test the tunability of the
interaction in the condensate, the expansion of condensates is

1321 Detailed experi-

studied as a function of scattering length.
mental results are demonstrated in Table 1. Compared to the
previous achievements, the loaded '*3Cs number and density

in our scheme have a good improvement.

Table 1. Comparison of atomic loading.

Ref. [31] Ref. [32] This work
Atomic number 3x10° 1.7 x 10° 5.4x10°
Atomic temperature 1 uK 0.7 uK 1.7 uK
Phase space density 1072 0.13 1073
&
o
S 30 g
~ @ Dipole trap = 1.2 3 9 Dipole trap
E @ Dimple trap o L 3 @ Dimple trap
g2 Z ? s
s
g 2 0.8 i b4 i .
= B ° °
= 10 o i
© O 0.4F o
g _S w: LR IE 3R S I i 3
2 0w = 0.0 (b) 8
< 0 250 500 750 1000 8 ’ 0 200 400 600 800 1000
Time (ms) < Time (ms)

Fig. 7. Atoms still present in the dipole trap and the dimple trap, as
measured by their number (a) and density (b), as a function of time.
The exponential function’s fits are represented by the solid lines.

4. Conclusion

We have carefully examined the loading of cold Cs atoms
into a magnetically levitated dipole trap-based dimple trap.
When compared to the dipole trap, the atomic density in the
dimple trap has increased significantly. The number of trapped
atoms is found to depend differently from atomic density on
the magnetic field gradient and bias field. The sample theoreti-
cal analysis has explained the experimental result qualitatively.
The dimple trap in the external magnetic field is expected to
increase the atomic density for further validation of the quan-
tum kinetic model of condensate formation.
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