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We study the dynamical evolution of cold atoms in crossed optical dipole trap theoretically and experimentally. The
atomic transport process is accompanied by two competitive kinds of physical mechanics, atomic loading and atomic loss.
The loading process normally is negligible in the evaporative cooling experiment on the ground, while it is significant in
preparation of ultra-cold atoms in the space station. Normally, the atomic loading process is much weaker than the atomic
loss process, and the atomic number in the central region of the trap decreases monotonically, as reported in previous
research. However, when the atomic loading process is comparable to the atomic loss process, the atomic number in the
central region of the trap will initially increase to a maximum value and then slowly decrease, and we have observed the
phenomenon first. The increase of atomic number in the central region of the trap shows the presence of the loading
process, and this will be significant especially under microgravity conditions. We build a theoretical model to analyze the
competitive relationship, which coincides with the experimental results well. Furthermore, we have also given the predicted
evolutionary behaviors under different conditions. This research provides a solid foundation for further understanding of the
atomic transport process in traps. The analysis of loading process is of significant importance for preparation of ultra-cold
atoms in a crossed optical dipole trap under microgravity conditions.

Keywords: cold atom, crossed optical dipole trap, transport process

PACS: 37.10.De, 05.60.-k, 37.10.Gh, 42.50.Wk

1. Introduction

The transport of atoms has been a subject of immense

1.2 with extensive research being con-

interest in recent years,!
ducted in various fields, such as electronic materials, 3#) trap-
ping ions,>®! and cold atoms.!”-¥] The advantages of using
cold atom systems, such as easy manipulation and rapid prepa-
ration, make them an attractive option for studying the trans-
port process. Currently, the mainstream atomic transport
methods are primarily divided into two categories: magnetic
field®~'" and optical traps.!!>~'4] Magnetic transport typically
relies on the translation of the trap minimum either by me-

%151 or dynamically

chanically moving a single pair of coils!
controlling the current in coils. Nevertheless, optical transport
methods are more widely used. The most common implemen-
tation is based on a mechanically movable lens that generates a
tightly focused optical dipole trap (ODT) with a variable focus
position!!?! or a high-precision electrically adjustable optical
mount that changes the direction of laser propagation. The
transport process of atoms in optical trap has been well stud-
ied, such as the transport process from a magneto-optical trap
(MOT) to an ODT!!%! and the evaporative cooling in ODT and
crossed optical dipole traps (CODTs).!!7]

CODTs are one kind of the most popular traps in cold-

atom experiments. Unlike magnetic traps, CODTs are not
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selective about the magnetic energy levels of atoms, making
them ideal for quantum simulations of different spin states
or spinors!!®211 and quantum precision measurement.?>-26]
A CODT consists of two separate optical traps intersecting at
their waists, creating a harmonic oscillator trap at the center
and one pair of tubular crossed arms. The transport process of
atoms in the CODT is accompanied by atomic loss from the
trap and atomic loading from the arms to the central region of
the CODT. As usual, atoms in the arms will lose quickly, be-
cause gravity will tilt the trap and shallow it. The arms of the
CODT will no longer be able to catch any atoms for their shal-
lower potential depth. The loss process dominates and makes
atomic number decrease continually. It is the experimental re-
sults observed in previous research, where it just takes the loss
process into consideration in theoretical models. However, the
situation changes under microgravity conditions. When grav-
ity is negligible such as in the Chinese Space Station,?7-?8!
the atoms in the arms of the CODT will not lose quickly even
at the end of evaporative cooling (when the depth of the trap
center and the arms are both shallow). The transport of atoms
between arms and center has a non-negligible effect on the
change of atomic density in the center of the trap and the state
of the condensate in the trap. The dynamic properties of evap-
orative cooling and condensation in space are both different
from the experiment on the ground. The research for the trans-
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port process in CODTs, especially the loading process from
arms to center of a CODT has a significant value for prepara-
tion of ultra-cold atoms under microgravity conditions and the
next research. That is what we aim to study here.

In this work, we conduct a systematic study of the trans-
port process, including the loss process and loading process,
in a CODT system. Specifically, we construct a set of theo-
retical models to describe the dynamic evolution of atoms in a
CODT. The theoretical models reveal that the atomic number
in the central region of the CODT will decrease monotoni-
cally when the atomic loading process is much weaker than
the atomic loss process as in previous research. However,
when the atomic loading process from the arms to the cen-
ter is comparable to the atomic loss process, the atomic num-
ber in the central region of the CODT will first increase to a
maximum value and continually decrease slowly. To validate
our theoretical models, we conducted an experiment where we
counted the atomic number in the central region of the CODT
and the atomic number in the whole trap, respectively. Dif-
ferent from the evaporative cooling, we fixed the trap depth
to simulate the situation under microgravity conditions. With
fixed large trap depth, the depth in arms is still large enough to
hold the atoms for some time despite the presence of gravity.
We have observed the increase of atomic number in the cen-
ter of the trap successfully under the conditions indicated by
our theoretical model. This demonstrates the atomic loading
process from arms to the central region in the trap. We then
demonstrate that the loading and loss terms are related to the
depth of the CODT. The experimental results are consistent
with the theoretical model. Moreover, we discuss the evolu-
tionary behaviors of the atomic number in the central region
of the CODT under different conditions. It is worth noting
that our theoretical model is not only applicable to CODTs but
also can be applied to other configuration traps. Because of
the consideration about the loading process from the arms to
the central region, it can be also used to analyze the experi-
ment phenomenon under microgravity conditions. It is highly
beneficial to understand the atomic transport process in traps
more deeply both on the ground and in the space station.

The rest of this manuscript is organized as follows. In
Section 2, we construct a theoretical model of the atomic trans-
port process in a CODT and describe the competitive relation-
ship between the loading and loss processes. The influence
of gravity is also discussed. In Section 3, we introduce our
CODT system and the experimental basis of the transport pro-
cess. The experimental description and results are given in
Section 4. Then we extend the evolutionary behavior of atoms
in the trap under different conditions in Section 5 before the

conclusions are given in Section 6.

2. Theoretical model

For a finite-depth trap loaded with atoms, the hotter atoms
with high energy will continually escape from the trap, while
the cooler atoms with low energy will remain. The loss of hot-
ter atoms is accompanied by the change in the total energy of
the remaining trapped atoms, which results in a decrease in
the atomic number N and atomic temperature 7. Meanwhile,
the phase space distribution (momentum and density) of cooler
atoms also changes and contributes to transport within the trap.
Generally, the loss term of atoms is much larger than the load-
ing term, so the density of atoms in the trap decreases every-
where, and the loading term is obscured. However, if the atom
density is low and the temperature change is significant, the
atom density at the lowest potential position in the trap may
increase at certain moments. To analyze the evolution of the
atom phase space distribution in a trap in detail, we will dis-
cuss a quasi-static approximation result in Subsection 2.1 as
a qualitative analysis and give a verifiable model for the loss
and loading terms in a crossed optical dipole trap in Subsec-
tion 2.2. The differences of transport processes in gravity and
microgravity environments are also discussed.

2.1. Quasi-static approximation for evolution of atom dis-

tribution

In the transport process we focus on, the characteristic
time for the change in atomic number is several seconds, while
the thermal relaxing time is just several hundreds of millisec-
onds. The state of atoms trapped is not a steady state, but it
can be considered as a quasi-equilibrium state when we focus
on the change of atomic number. Therefore, we take the Boltz-
mann distribution as an approximation to analyze the evolution
of atom distribution qualitatively:

n(r)=N———: (1)

[fye T dr
where kg is the Boltzmann constant, and the atomic density
n(r) is determined by the total atomic number N, the atomic
temperature T, and the potential U (r). By taking the deriva-
tive of Eq. (1), we obtain the following equation (unit atom

number N’ = 1, unit volume V/ = 1 m?):

7%‘//
e kB
— )] @

ndlin (] 5 o
dn=ndIn(57)] +na]] (mve”f(*?d‘*’“

As discussed earlier, the atomic number N and tempera-
ture 7' will continually decrease within limits even for a sta-
tionary trap, i.e., dN/d¢t < 0 and dT/dr < 0. Therefore, the
first term on the right of Eq. (2) is negative, corresponding to
the loss process. Noting that U(r) < O for a trap, the second
term on the right of Eq. (2) is positive, which corresponds to
the loading process accompanied by the change of T'.
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2.2. Evolution of atom distribution in crossed optical
dipole trap

To analyze the evolution of atom distribution further, we
choose the crossed optical dipole trap as an example, which
is the same as the experimental setup on the Chinese Space
Station. We assume that the CODT consists of two identical
Gaussian beams, as shown in Fig. 1(a). The waist radius of
each beam is @y, and Zr = mwZ /A represents the Rayleigh
length of a single optical trap. A is the wavelength of the op-
tical trap beam; 0 is the angle between two beams. Then the

potential can be expressed as

U(’I“) = U(x,y,z)

) 203+
1 e 0f(1+x3/23) e of(14x3/2%)
—_k Uo[ }+mgz 3)
2" 14x3/22 14x3/22 ’

= cos(D)xersin (2,
=i (8)res (3
s (D)e-sn (8
e (8)ees (2

where Uy is the trap depth of the CODT in the absence of grav-
ity, 1 and x; are the directions of the two ODTs, respectively,
y1 (y2) is orthogonal to x| (a;). Due to the presence of grav-
ity, the CODT will be inclined. The effective trap depth U
can be calculated by Eq. (3). Similarly to the expression in
Eq. (2), we can obtain the change of the atomic number in the
central region of the CODT by

N
dr

R(1) = D(t), “)

where N is the atomic number in the central region of the
CODT, D(r) represents the loss term, and R(¢) represents the
loading term. Detailed expressions for these two components

will be provided in the following.

2.2.1. Loss process

The loss of atoms originates from the escape of hotter
atoms. Therefore, the loss rate is determined by the generation
rate of hotter atoms, which is primarily induced by collisions
between trapped atoms or between trapped atoms and back-
ground atoms for a far-detuned ODT. Generally, the loss part

related to the density can be approximately given by29-33
d
di; — I'n—Bor®. )

As shown in Fig. 1(b), I" is the exponential loss rate corre-

sponding to collisions between trapped atoms and background

atoms, while fy is the collision loss coefficient which is related
to the density of trapped atoms.

The collisions between trapped atoms and background
atoms are affected by their densities and temperatures. How-
ever, the temperature of the background atoms 7; is much
higher than that of the trapped atoms, i.e., the mean velocity
of background atoms vy, is much larger than the mean velocity
of trapped atoms v. Both the collision rate and escape possi-
bility of trapped atoms after collisions primarily depend on the
background atoms. What’s more, T, is also much higher than
trap depth U in general. As a result, we can approximate that
almost every collision between trapped atoms and background
atoms leads to a trapped atom being lost. Thus we have the

exponential loss rate I" as follows:
I' = onywy, (6)

where o is the scattering cross section of atoms, ny, is the
density of background atoms. There are almost no other gas
atoms except rubidium because the experimental system is
in an ultra-high vacuum, (1.3 +£0.3) x 10~ Pa. The back-
ground atoms are high-energy rubidium atoms that are not
trapped. Both background atoms and trapped atoms have mass

m. The mean velocity of background atoms v, can be taken as
— _ /8kgTy
Vo = Tm

(a)

T

2(.00

T2

Z;

Fig. 1. (a) Structural schematic diagram of the CODT. Zg is the
Rayleigh length of the optical trap, @y is the waist radius, 6 is the an-
gle between two beams, &1 and «; are the directions of the two ODTs
respectively. (b) Evolutionary behavior diagram of atoms in a CODT.
The solid circles and the hollow circles represent the trapped atoms and
background atoms respectively. The red line illustrates the ODT profile
along the ; axis, which is the axial direction of the ODT. The trap depth
of the CODT in the absence of gravity is Up. Due to the interaction be-
tween atoms in the CODT and between atoms and the background gas,
atoms continuously escape from the trap (collisional loss coefficient 3,
and exponential loss coefficient I"). Simultaneously, atoms trapped in
the non-cross part of the optical trap are transported to the center of the
CODT (damping coefficient 7).
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The collisions between trapped atoms have been exten-
sively studied.!'®!7! This kind of collision loss in the far-
detuned trap is due to both photoassociation and ground state
hyperfine changing collisions, which does not strongly depend
on the trap depth or the wavelength of the optical trap beam.
Thus the loss coefficient of collisions between trapped atoms

Bo can be expressed as
Bo=V207P, 7

where /207 is the collision rate, and P represents the loss
probability for one collision.

By integrating Eq. (5) over a selected space, such as the
central region of the CODT, we can obtain the loss rate of N,

as follows:

ch ﬁO 2
— =—-IN.,— —N,
dt A

UJf nd*r?
J[[n2d3r

where the effective volume V, is determined by the spatial dis-

Ve= ®)

tribution of atoms. Thus, the loss term D(¢) can be expressed
as

D(t) =T N+ BNZ, B =Po/Ve, )

where f3 is the collision loss coefficient related to V..

It is worth noting that the model stated above is just effec-
tive for the trapped atoms. When there is no trap, such as the
arms of the over-tilted CODT on the ground, the atoms will
lose rapidly and cannot be described with Eq. (9).

2.2.2. Loading process

The loading process is essentially the transfer of atoms
from a higher potential position to a lower potential position.
However, in the experiment on the ground, due to gravity, the
potential will become shallow, and the atoms at the higher po-
tential will lose if there is no trap. This results in almost no
loading process, which has happened in previous research, es-
pecially in evaporative cooling. For a CODT, similar to the
calculation of effective trap depth U, we can calculate the ef-
fective potential depth in the arms Upe. The results are shown
in Fig. 2, where { = mgawy/kg. From Fig. 2, we can see there
will be no trap when Uy < e% €. In fact, the critical value will
be higher than e%c because atoms cannot be cooled to abso-
lute zero. With slight loading process and severe loss process,
the atomic number in the center of the CODT will decrease
monotonically, and the loading process has been reasonably
ignored in some literature. However, under microgravity con-
ditions, with no tilt of the trap, the loading process from the
arms of the CODT to the center will exist persistently, even
if after evaporative cooling (It has been observed in the Chi-
nese Space Station, and will be discussed in the future work).
There is a need to take the loading process into consideration
to analyze the transport process in the CODT accurately. As a
general analysis, we have constructed a model for the loading

process.

(a)

Uae (C)

[ Jvs}

U (€)

Fig. 2. (a) Dffective potential depth in the arms U, as a function of the trap depth Up. Uy has a critical value e% ¢, where { =mgawy /kg.

(b), (c) The trap potential energy in the arms along the gravitational direction (along z) U,,. In region B, when Uy < e’ ¢, the arms of

the CODT cannot trap any atom. In region C, when Uy > ez ¢, the arms of the CODT can trap atoms though the trap is tilted.

Taking the loss process and loading process into consid-
eration separately, the loading process of trapped atoms is re-
lated to the change in atom energy, which is directly propor-
tional to the atomic temperature 7. The motion of atoms in the
center of the trap resembles oscillation accompanied by colli-

sions. For a collision resulting in atom loss, the energy of atom

remaining in the trap will be carried away by atom expelled.
This can be treated as a damping force on the atom. By setting
the damping coefficient as 7, the decay rate of the atomic mo-
tion will be e~ similar to damped oscillations approximately.
Thus, as an estimation of the number at which atoms outside

the trap center enter the central region and are trapped per unit
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of time, the loading term R(¢) for the atoms in the center of the
trap can be expressed as

R(t) =2yNof(1)e /1, f(r) =™, (10)

where the damping coefficient 7y is determined by the change
in temperature 7, and N is the total atomic number at r = 0.
Based on the quasi-static approximation for the evolution of
atom distribution, the relationship between the damping coef-
ficient ¥ and temperature change can be expressed as

1dT
=——— 11
Y T d (11)

The quasi-static approximation we take here means that the
distribution of atoms is considered to be close to the Boltz-
mann distribution. The energy of one atom in the optical trap
is taken as 3kgT approximately (the average energy of a har-
monic oscillator).

2.2.3. Two possible evolutionary behaviors

When considering both the loss and loading processes,
dN,/dt can be expressed as

dci\;c = —D(t)+R(t) = —'N.— BN +2yNo f(t)e /). (12)

The loading term R(¢) is negative with respect to 7. As a re-
sult, N will ultimately continue to decrease when time is suf-
ficiently long, even if N, increases at the beginning. When
dN./dr =0, since R(r) is negative with respect to ¢ and D(z) is
positive with respect to N, the value of N, can only decrease.
Therefore, there are two cases:

dN, dN,
< <0;
(M ( dr >t=0_0 = dr <0

W (), 0 = Bimw <o (B), -0

Here, t = t,, corresponds to the maximum point of N, for

case II. In case I, the loading term is less than the loss term
at all times, and N, will continuously decline. Remarkably, in
case II, N, will increase non-trivially at first, and the condition
is just (dN¢/dt),—o > 0. Atz =0, we have

dn,
( dr

)t_o = —I'Nep— BN2+2yNoe ™!, (13)

where N9 and N are the atomic numbers in the center of the
CODT and the total atomic number at ¢ = 0, respectively. Not-
ing that N is proportional to Ny, we define ot = Neo/Np. It is
evident that (dN,/dr),—¢ will be negative if Ny is sufficiently
large. The condition for case I, (dN./d¢),—¢ > 0, requires

1 -1
Neop < @(—FOHZ}@ ). (14)

Hence, it is expected that a nontrivial increase of N, will

be observed at low atom density N, where there will be a
better platform to research the transport process.

3. System setup

To study the above processes, our experiment begins with
a magneto-optical trap (MOT), which cools and traps 8’Rb
atoms from an ultrahigh vacuum of (1.3 +0.3) x 10~ Pa.
Two low-power extended cavity diode lasers (ECDL) (DL
100, Toptica, Germany) are used for the cooling and repump
beams. We lock the repump beams using the modulation trans-
fer spectroscopy (MTS) technique which is resonant to the
5251/2 F=1to 52P3/2 F =2 transition. The cooling beams
are locked using the beat frequency phase-locking (BFPL)
technique, red detuned by —18 MHz from the 5°S, pF=2
to 5°P3 nF = 3 transition. The waist radius of the beams
is 10 mm. The intensities of the cooling and repump beams
arel, =5.2 mW/cm? and I, = 0.4 mW/cm?2, respectively. The
quadrupole field along the strong axis has a magnetic field gra-
dient of 8 Gauss/cm. About 7 x 10% atoms are collected in the
MOT within 5 s.

(a)

Cooling beam intensity

Optical dipole trap

thold Uo

Probe beam

TOF

High

Low

Fig. 3. (a) Time sequence diagram of the experiment. The holding time
of the CODT is tyo1q- (b) The area within the brown rectangle (green
rectangle) represents the central area of the trap (size with molasses).
The atomic number in the brown rectangle (green rectangle) is Ne (N,).
The total atomic number N, at ¢ = 0 is just Ny in Eq. (10). The two
sides of the brown rectangle are /; = 6@y and [, = 4.5y, respectively,
and the atomic density on the side of the rectangle is almost e ! of the
atomic density of the center of the CODT. The sides of the green rect-
angle correspond to the area where molasses covered are L; and L,
respectively.

After loading a sufficient number of atoms into the MOT,
we increase the atomic density by employing the dark-MOT
process. The process reduces the intensity of the repump
beams and increases the detuning of the cooling beams to
force cold atoms into a dark state. To decrease the tem-
perature of the atoms, the detuning of the cooling beams is

swept from —30 MHz to —70 MHz continuously over 9.0 ms.
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Meanwhile, we decrease the intensity of the cooling beams to
0.8 mW/cm?. Then, we maintain the repump beams for an
additional 3.0 ms to ensure that almost all atoms are pumped
to the 523, 52 F =1 state. The atomic number and tempera-
ture are measured through absorption imaging after the time
of flight (TOF). As a result of the process, the temperature of
atoms can drop to 40 uK.

We capture atoms from optical molasses by the CODT.
The wavelength of the optical trap beam is 1064 nm, which
is far red-detuned from the resonant frequency of 8’Rb atoms.
The waist radius of the optical trap beam @y is 55 pm, and
the included angle between the two beams 0 is 45°. The two
beams are focused on the center of the molasses. To avoid the
formation of an optical lattice, the polarizations of the two op-
tical traps are orthogonal. Optical trap powers are controlled
by a dual detector power feedback system, which reduces the
power instability to 0.15%. The experimental sequence is
shown in Fig. 3(a).

The CODT is turned on at the start of the MOT. The cool-
ing and repumping beams are turned off after the molasses
process. After the holding atoms #,14 in the CODT, the atoms
that are out of the trap will be separated from the atoms in the
trap. As shown in Fig. 3(b), the range of N, corresponds to the
area where molasses is covered, and the range of N. is chosen
as a rectangle with /1 and /, which has the same center as the
CODT. The sides [; and [, are selected as 6@y and 4.5 so
that the atomic density on the sides of the rectangle is e ™! of
the atomic density of the center of the CODT.

4. Experimental results

As discussed above, to directly observe the atomic trans-
port phenomena in the trap, we load atoms into the CODT with
different initial mean densities by adjusting the experimental
parameters of the dark-MOT and the molasses processes. The
initial central atomic number Ny and initial total atomic num-
ber Ny are both proportional to the initial mean density, and
they directly affect the evolution of the atomic distribution as
analyzed in Subsection 2.2.3. As a result, different evolution
phenomena are expected to occur and have been observed.

Figure 4(a) shows the results of the experiment, i.e., the
evolution of N, during #,,1q for case I which is represented by
red triangles and case II which is represented by blue rhom-
bus. In case I, with large initial atom number N, the loss
term D(¢) of the physical system is larger than the loading term
R(t) at the beginning, R(0) < D(0), and the atomic number N,
decreases continuously all the time, (dN./dt);—¢ < 0. Mean-
while in case I, R(0) > D(0) and (dN./dt);—0 > 0. When
the initial atomic density is low enough, as shown by the blue

rhombus, the central atomic number N, increases rapidly to a

maximum first and then decreases similarly to the situation in
case L. The nontrivial increase of N. demonstrates the presence
of transport from the tubes of CODT directly to the center. The
experimental results observed are consistent with the theoreti-
cal analysis in Subsection 2.2.

To understand the relation between the loss process and
loading process deeper, we further measured the evolution of
N, during the holding time #,1g in the CODT with different
trap depths U, in case II. Representative experimental results
in deep (657 pK) and shallow (371 pK) traps are shown in
Fig. 4(b). Similar evolution phenomena have been observed,
especially the nontrivial increase at the beginning. The ex-
perimental conditions before the holding time are all the same
except for the trap depth. A deeper trap can load more atoms,
and the change rate of N, is also larger due to the larger N,
[see Eq. (12)]. As shown in Fig. 4(b), N, reaches a maximum
value of 1.61 x 10° after about 0.5 s when the trap depth of the
CODT is 657 pK. Meanwhile, the time required to reach the
maximum point, when the trap depth of the CODT is 371 pK,
is about 0.9 s. The maximum value of N, can only reach about
1.21 x 10°. In short, with deeper trap depth, the peak point
of N is higher and comes earlier. Significantly, the atomic
number N, in the deeper trap with larger N is smaller in the
final, which indicates the collisional loss coefficient related to
density B is larger in deeper trap.

According to Eq. (12), the evolution of , is entirely de-
termined by I', By, 7, No, and Nco. The first one I is calculated
by Eq. (6). According to the temperature and density of back-
ground atoms measured, we have I' = (0.068 + 0.016) s—L
which agrees well with the value range in existing research. 6]
The uncertainty of I" is calculated from the uncertainties of Ty,
and ny. The parameters 3y and ¥ are both related to temper-
ature, and the change in atomic density is mainly determined
by the change in atomic number and temperature (Section 2).
Thus, we measured the temperature of atoms trapped at differ-
ent trap depths. It is found that the ratios of temperature 7' to
trap depth U.g for different trap depths are almost the same.

The ratios at ¢ = 0 is shown in Fig. 4(c), in which we define
n=T/Ues. (15)

The relationship between T and Ueg is nearly proportional,
and the proportionality factor 1 = 0.475 4 0.032 over the
range of trap depths investigated.

As shown in Fig. 4(d), we obtained the collisional loss
coefficient related to density By (blue rhombuses) and energy
dissipation factor 7y (red hexagons) at five different trap depths
by fitting the experimental data according to Eq. (12). The en-
ergy dissipation factor 7y is related to the change rate of temper-

ature. Since the proportionality factor 7 is almost the same for
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different trap depths U at different #,1q, ¥ is expected to be
a constant approximately. The red dashed line is the result of
theoretical calculation for y using temperature measured based
on Eq. (12), which corresponds to y = 0.979 s~!'. The light
red area represents the estimation interval of y by temperature
measurement, which covers the experimental fluctuation range
for different trap depths. When Uggr = 371 pK, the value of y
is less than the theoretical calculation result. That is due to the
fact that 1) is not strictly the same for different U all the time.
As the trap depth decreases, the change rate of ) over time
also slightly decreases (the range of variation is comparable
to the uncertainty of the proportionality factor 1), and makes
the value of ¥ in shallow trap smaller. The values of collisional
loss coefficient related to density 3y in a far-detuned ODT have
been calculated through the equation §y = BV,. The B is ob-
tained by fitting, and the effective volume V; is estimated by
integrating for the central area of the trap in Fig. 3(b) based on
quasi-static approximation. The results of By (blue rhombuses)
are in agreement with the findings of Ref. [16] which reported
the value of (4+2) x 10712 cm®.s~!. The blue dashed line

is the theoretical curve for By based on Eq. (7). The mono-
tonic increase of By with the trap depth is consistent with the
physics regime analyzed. The larger value of 3, for the deeper
trap agrees with the discussion about the phenomenon men-
tioned above [The atomic number is relatively smaller in the
deeper trap at the end in Fig. 4(b)].

The deviation of experimental results from theory may be
due in part to errors in measuring atomic number and temper-
ature during the experiment. Meanwhile, the quasi-static ap-
proximation does not accurately describe the evolution of the
atom distribution. The evolution process is a non-equilibrium
process strictly. Especially, when the trap depth is shallow,
the CODT cannot hold atoms tightly, which makes the value
of By lower than the theoretical curve in Fig. 4(d). Because
of the gravity, the effective potential depth in the arms U, is
smaller, and it will decrease the loading process of atoms from
the arms of CODT to the center. This is also one possible rea-
son to cause the deviation of y from the theoretical value in the
shallow trap.

(a) ; ; . . . 1 (b) ; ; : . : ; .
50 R (0) > D (0) A 16} ® 657uK
R (0) < D (0) e 371uK
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Z Z
20 B 10r i
107 . 81 l
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Fig. 4. (a) The N; in the CODT as a function of f,q4. Pink triangle data represent that the atomic loading effect is much weaker than
atomic loss process [R(0) < D(0)]. N in the CODT decreases monotonically. Blue rhombus data represent that the atomic loading
process is stronger than the atomic loss process at the beginning [R(0) > D(0)]. N, first increases to a maximum value and then slowly
decreases. The trap depths of two cases are 1249 uK and 657 uK, and the initial atomic number Ny of two cases are 5.02 x 10® and
1.41 x 10°. (b) The relationship between the center atomic number N, in the CODT and f0,4. The solid lines represent the results
of the theoretical fitting according to Eq. (12). The fitting parameters include y and . The I is calculated with Eq. (6). The initial
atomic number Ny and Ny are measured experimentally. Each data point is the average result of five measurements. The orange
diamonds (green hexagons) represent the CODT with a trap depth of 657 uK (371 pK). (¢) Temperature T of the atoms in the CODT
as a function of trap depth Usg, for @y = 55 um. The solid line is a linear fitting, the slope 1 = T /Uegr = 0.475+0.032. (d) Collisional
loss coefficient fy and damping coefficient y over trap depths. The blue rhombuses (red hexagons) are experimental data of collisional
loss coefficient By (damping coefficient y). The error bars of the data represent the standard deviation of the five measurements. The
dashed line is the result of theoretical calculation according to Eq. (12). The light red area represents the estimation interval of .
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5. Discussion

According to Eq. (14), we can obtain the evolutionary be-
havior of atom distribution in the CODT under more varied
conditions. For the same experiment parameters in Section 3,
we assume (1), I' and ¥ to be fixed values like the experi-
mental results shown above (I' = 0.068 s~!, y=10.979 s™1).
The « is the ratio of the atomic number in the center of CODT
to the total atomic number at the beginning. In the quasi-static
approximation, a fixed 7 leads to fixed ¢, and « is measured
to be 0.658. We consider two experimental conditions: trap
depth U and the initial central atomic number Ny in CODT,
as independent variables to predict the changes in the loading
term R(¢) and the loss term D(¢) of the atomic system. Accord-
ing to the discussion in Subsection 2.2.3, we have calculated
the size relationship between R(0) and D(0), and obtained the
predicted evolutionary behaviors of atomic distribution based
on the theoretical model with different N.g and Ueg. The result

is shown in Fig. 5.

80 T T T T
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Fig. 5. The predicted evolutionary behaviors of atomic distribution in
CODT under different experimental conditions (different initial central
atomic number Ny and effective trap depth Uegr). The pink area repre-
sents case I: R(0) < D(0), and the loss term of atoms in the trap will
dominate, leading to a continuous decline in N;. The light blue area
represents case II: R(0) > D(0), and N, rapidly will increase to a max-
imum value initially and then decrease. The five blue circles are the
experimental data points in Fig. 4(d). The black curve is the dividing
line between the two evolutionary behaviors, with R(0) = D(0).

In the pink area, where R(0) < D(0) is satisfied, the evo-
lutionary behavior belongs to case I: the loss process of atoms
in the trap dominates, and leads to a continuous decline in
N.. Conversely, in the light blue area, where R(0) > D(0)
holds, the evolutionary behavior belongs to case II: N, rapidly
increases to a maximum value at first and then decreases. The
five blue circles represent the experimental data for five dif-
ferent trap depths shown in Fig. 4(d). All of them fall within
the light blue region, indicating that the evolutionary behaviors
should belong to case II. The experimental results of the atomic
number evolution have indeed shown an initial increase, which

agrees well with the predictions. The consistency between the

predictions based on our theoretical model and experimental
results has shown the validity of our model for understanding

the transport process in the CODT.

6. Conclusions

In summary, we have systematically studied the atomic
transport process in a crossed optical dipole trap (CODT).
Atoms in the CODT undergo both loading and loss processes,
between which there is a competitive relationship. For the
shallow trap on the ground, the loading process between dif-
ferent parts of the trap can be ignored. However, under mi-
crogravity conditions, the loading process persists and must
be taken into account. When the atomic loss term in the trap
dominates, N, declines monotonically. Conversely, when the
atomic loading process is comparable to the atomic loss pro-
cess, N rapidly increases to a maximum value initially and
then decreases. Our experimental results verify the competi-
tion mechanism between the two physical processes and ex-
plore the relationship between these processes and the trap
depth. This highlights the complexity of atomic dynamic evo-
lution in the trap. The experimental and theoretical results are
in good agreement with each other. Our research advances
the understanding of the atomic transport process in CODTs,
which is significant under microgravity conditions, such as the

Chinese Space Station.
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