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Optical dipole traps are indispensable tools in ultracold atomic physics, and precise understanding and control of
atomic dynamics within the traps are critically important. Here, applying a magnetic gradient to perturb dipole-trapped ul-
tracold atoms, we investigate the trajectory of the center of mass positions (CoMPs) when atoms are either in a single spin
state (|F = 1,mF =−1〉) or in the pseudospin-mixed states (|F = 1,mF =−1〉 and |F = 1,mF = 0〉). Unlike just treating
the conventional time-of-flight (TOF) imaging as atomic momentum distribution, we present a methodology in-depth for
accurate information about the atomic spatial trajectory evolution. This approach circumvents the need for complex and
resource-intensive in-situ high-resolution imaging, broadening the accessibility of dynamic studies, and trap characteriza-
tion across ultracold atoms. It can be directly used for fine-calibrating parameters of the trap potential and studying the
atomic dynamical evolution, which will benefit various research areas of ultracold atoms.

Keywords: dipole-trapped ultracold atoms, center-of-mass position trajectory, gradient-field perturbation, spin
mixture, spin dipole oscillation, spin drag
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1. Introduction
Since ultracold atoms are prepared in vacuum cham-

bers, they will expand in space with no trap and leave their
original positions under gravity. Optical laser beams are
the basic and most used tools for trapping and manipulat-
ing atoms, such as dipole trap,[1] tweezer,[2] and lattice,[3–5]

to avoid unwanted atomic loss and meet long-term evolu-
tion requirements. In particular, the optical dipole trap is
present in most ultracold atom experiments as a boundary box.
The trapped atoms, involving various spin and gauge degrees
of freedom, bring us numerous novel quantum phenomena,
such as spin squeezing,[6–9] synchronization and chaos,[10–14]

topology,[15–18] and superfluid phase transition.[19–23] In order
to gain a deeper understanding and utilization of these topics,
precise detection and control over atomic dynamics within the
traps are important.

As is well known, for ultracold atom experiments, the
primary detection method involves the time-of-flight (TOF)
imaging of the atoms.[24–26] Due to the finite TOF time, the ob-
tained image inevitably reflects the combined effect of atomic
position and momentum distributions in the trap. Many exist-
ing approaches for characterizing the atomic motion roughly
treat the TOF image as the atomic momentum distribution
and only stay at analyzing their relative flying distances.[27–30]

More precise in-situ spatial information often necessitates
complex high-resolution imaging techniques.[31–33] These in-

situ imaging methods, while powerful, often demand spe-
cialized and expensive equipment, potentially limiting their
widespread adoption across all ultracold atom laboratories.
The ability to achieve high precision with a comparatively sim-
pler setup will lower the barriers for detailed dynamic stud-
ies, making the ultracold atom experiments more attainable
for broader research.

Here, we revisit the physical picture and detection of
dipole-trapped atoms in the ordinary TOF absorption imag-
ing. The trajectory evolution of the center of mass positions
(CoMPs) in the trap is obtained. It circumvents the need for
complex numerical simulations involving computationally in-
tensive Gross–Pitaevskii or Boltzmann equations, offering an
accurate and efficient alternative for experimental analysis.
This approach uniquely enables the detection of micrometer-
scale position changes and atomic spatial trajectory evolution
without the need for sophisticated in-situ imaging setups. The
parameter noises that affect the trap stability can also be eval-
uated by monitoring the fluctuations of the CoMPs at a fixed
moment.

In this paper, we present our model and experimentally
demonstrate it by studying the CoMPs’ trajectory that is per-
turbed by a gradient magnetic field. As shown in Fig. 1(a), the
trapped ultracold atoms undergo oscillation when switching
on an external force F↑ which induces an additional tilted po-
tential. In addition, a spin mixture (pseudospin-half f = 1/2)
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is investigated in the case that the external force only per-
turbs one of the two spin components. Analogous to Coulomb
drag,[34] the spin drag effect for Bose gases is expected to
occur.[35,36] As illustrated in Fig. 1(b), an external force F↑
drives the spin-up component to oscillate in the trap. Though
the external force F↓ is zero, the spin-down component will
be dragged to oscillate due to momentum-exchange scatter-
ing. Reciprocally, it will dampen the oscillation of the spin-up
component. The spin drag and damping effects are prelimi-
narily investigated by modifying the population distribution of
the two spin states and analyzing their CoMPs’ trajectory via
our method. As shown below, the experimental data are well
consistent with our theoretical calculations.
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Fig. 1. (a) Trapped atoms in the single spin-up state |↑〉 (green) un-
dergo harmonic oscillation driven by an external force F↑. (b) Atomic
spin oscillation and drag in a trap, where only the spin-up atoms (|↑〉)
are perturbed by the external force (F↑ 6= 0 and F↓ = 0). (c) Schematic
setup, where three crossed laser beams (DTx, DTR, and DTL) in the êx–
êy plane are used to form the dipole trap for ultracold 87Rb atoms. The
bias magnetic field B is in the êx direction.

2. Setup and model description
Our setup is shown in Fig. 1(c). Three laser beams (with

the wavelength λ = 1064 nm) that intersect horizontally are
used to create the dipole trap. The two beams DTL and DTR

are symmetrically arranged with the angle around ±45◦ rel-
ative to the êx axis. They form a crossed dipole trap, which
is also used for evaporative cooling of the atoms. The hor-
izontal beam waist σh for the trap is 180 µm. The vertical
beam waist σv is smaller compared with σh, with a value of
55 µm, which counteracts the influence of gravity with an ac-
ceptable laser power requirement and benefits the evaporative
cooling. The vertical trapping frequency ωz is larger than the
horizontal trapping frequencies. Restricting the atomic mo-
tion in the êx–êy plane, the crossed trap can be simplified as
Mω2

L(x− y)2/4+Mω2
R(x+ y)2/4, where M is the mass of ru-

bidium atom, ωL and ωR are the radial trapping frequencies
of the beams DTR and DTL. The crossed dipole trap allows us
to study the two-dimensional (2D) oscillator in the horizontal
plane. The third beam DTx is in the êx direction with its beam
waist radius σx ∼ 120 µm. The intensity of this beam is larger
than the other two. It is used to confine atomic motion in the êy

direction and modify the profile of the dipole trap. The three
beams work together to enable us to study the one-dimensional
(1D) oscillator along the êx direction.

In the experiments, the spin-up state |↑〉 and the spin-
down state |↓〉 are the 87Rb ground levels |F = 1,mF =−1〉
and |F = 1,mF = 0〉, respectively. They form a pseudospin-
half ( f = 1/2) system. Initially, ultracold atoms are prepared
in the crossed dipole trap of the two beams DTL and DTR, con-
taining a total of ∼ 2×105 atoms in the state |↑〉. The atomic
temperature is 30 nK, and the size of the atomic cloud is about
28 µm. The vast majority of the atoms are in the condensed
phase. A bias magnetic field B, with the strength of 10.58 Gs
(1 Gs = 10−4 T), is applied horizontally along the êx direc-
tion as the quantization axis. One resonant radio-frequency
(rf) pulse is applied to transfer atoms between the two states
|F = 1,mF =−1〉 and |F = 1,mF = 0〉. Further transfer to
the state |F = 1,mF =+1〉 is significantly suppressed due to
the quadrature Zeeman effect. Thus, unlike those experi-
ments carried out under a weak magnetic field,[37,38] atoms in
the sublevel |F = 1,mF = 0〉 cannot scatter into atoms in the
|F = 1,mF =+1〉 and |F = 1,mF =−1〉 states for our sys-
tem. There is no involvement of unwanted spin-exchange col-
lision and spin precession. Without pumping from external
fields, such as the rf pulse, the population of the two spin com-
ponents is maintained.

As the spin-up state |↑〉 is magnetically sensitive and the
spin-down state |↓〉 is magnetically insensitive, we apply a gra-
dient field B′xêx+B′yêy−2B′zêz to create the external force F↑
and perturb the spin-up atoms while the spin-down atoms have
no influence. B′ is the gradient strength, with a value of around
1 Gs/cm in our experiments. The contributed field disturbance
over the atoms is on the level of mGs, about four orders of
magnitude smaller than the bias field B. Thus, the bias field
is maintained as a good quantization axis. The total magnetic
field can be simplified as (B+B′x)êx. Atoms are prepared ei-
ther purely in the state |↑〉 or coexist in the two states |↑〉 and
|↓〉, and then perturbed by switching on the gradient field B′

for evolution observation, as depicted in Figs. 1(a) and 1(b).
The evolution of the trapped atoms is measured by the

TOF absorption imaging. It is done by abruptly switching off
the trap after an evolution time t since switching on the gradi-
ent field B′. Then, after a freely expanding time T = 25 ms,
we use a camera to image the atomic distribution in the êx–êy

plane. The gradient field remains open during the TOF pro-
cess. The averaged position (x∗0,y

∗
0) for atomic distribution in

the TOF image when t = 0 ms is calibrated as the reference
zero point. Then, for each absorption image, the averaged
atomic position can be obtained as

〈r∗(t)〉= ∑ r̂ · (x∗,y∗; t)n(x∗,y∗; t)
N

, (1)

where n(x∗,y∗; t) is the atomic number at the point (x∗,y∗),
N is the total atomic number, and r̂ is the calculated projec-
tion direction, t is the evolution time in the trap. The variance
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δ r∗(t) =
√
〈r∗2(t)〉−〈r∗(t)〉2 can also be calculated. The

time-varying value 〈r∗(t)〉 is related to the atomic CoMPs in
the trap. Treating the trap as a harmonic potential in the r̂ di-
rection, the additional velocity for the atoms due to the trap is
ωrr(t) where ωr is the trapping frequency. According to the
relation r(t)+ωrr(t)T = r∗(t), we estimate the atomic CoMPs
in the trap as

r̄(t) =
〈r∗(t)〉
χωrT

, (2)

where χ = (1+ωrT )/ωrT is the correction factor. χ is ap-
proaching 1 when ωrT � 1, where the trap is tight and the
flying time is long. Meanwhile, assuming a normal distribu-
tion for simplicity, the position deviation ∆r(t) can be obtained
as

∆r(t) =

√
2δ r∗(t)
χωrT

, (3)

which reflects the size of the atomic cloud in the trap.
Considering the actual situation that the laser beam em-

ployed has a Gaussian profile, the trap potential is labeled as
U(r;r0,σr) : = U0 exp

[
−2(r− r0)

2/σ2
r
]
. r0 = 0 is the cen-

tral position, σr is the beam waist, and U0 is the trap depth.
The trap can be expanded in Taylor series as (2U0/σ2

r )r
2
(
1−

O
(
r2/σ2

r
))

, where O
(
r2/σ2

r
)
' (r2/σ2

r )
(
1−2r2/3σ2

r
)

is the
higher-order correction. It is simplified as a harmonic potential
when r is small compared with σr. The trapping frequency ωr

equals 2
√

U0/M(1/σr). Considering higher-order correction,
the trapping frequency ωr is replaced with ωr

√
1− r2/σ2

r .
Iteratively correcting the results in Eq. (2), the value of the
atomic CoMPs is then modified as

r̄corr(t)'
r̄(t)

1− 1
χ

r̄2(t)
2σ2

r

' r̄(t)
(

1+
1
χ

r̄2(t)
2σ2

r

)
. (4)

The weight of the correction is determined by σr, and is about
one-tenth when r̄(t) is less than half of σr. This indicates that
the correction is small if the excursion from the equilibrium
position is small with respect to the beam waist, and the har-
monic approximation is good enough. For more accuracy, we
use Eq. (4) for measurement analysis. As demonstrated below,
our model allows us to have a clear understanding of both the
trap potential and the trapped atomic motion.

3. One-dimensional case
First, we conducted measurements and verification for

the 1D oscillation along the quantization axis. After prepar-
ing purely spin-up atoms in the crossed dipole trap of the two
beams DTL and DTR, the third beam DTx is linearly switched
on within 50 ms. After holding atoms in the trap for another
50 ms, the gradient field B′ is switched on to drive the atomic

pendulum movement. Then, waiting for an evolution time t,
we switch off the trap for the TOF imaging in the êx–êy plane.
Together with the three laser beams, the trap potential can
be approximately written as VDT = Mω2

x x2/2+Mω2
y y2/2+

Mω2
z z2/2. {ωx,ωy} is the horizontal trapping frequencies with

the calibrated values of 2π×25 Hz and 2π×67 Hz. The verti-
cal trapping frequency ωz has not been directly measured, and
its estimated value is 2π×130 Hz. Atomic motion perturbed
by the gradient field B′ is along the quantization axis êx. We
simply treat it as a 1D oscillator, that VDT = Mω2

x x2/2.
Results of the CoMPs’ trajectory (x̄(t), ȳ(t)) (black data

and red line) are presented in the upper part of Fig. 2(a), where
t ∈ [0,200] ms with a step of ∆t = 2 ms. The gradient B′ is
set at 1.1 Gs/cm. Atomic oscillation occurs in the êx direc-
tion. X0 = 0 µm is the initial position when t = 0 ms, and
Xc = 2.6± 0.1 µm is the central position of the oscillation.
The measured trajectory in Fig. 2(a) is obtained by finely ad-
justing the intersection of the three beams DTL, DTR, and DTx.
Oscillation in the êy direction is reduced to a negligible level.
To achieve this, the key point is that the beam DTx is in the êx

direction and its axis passes through the intersection center of
the other two beams DTL and DTR. Otherwise, oscillation will
occur in the êy direction. An example without proper adjust-
ment is plotted in light blue for comparison. In the lower part
of Fig. 2(a), the atomic CoMPs x̄(t) along the êx direction are
fitted with the sinusoidal damping function. The dashed line
labels the oscillation central position Xc = 2.6 µm. The fitting
amplitude Ax equals 30.3±0.6 µm. It decays slowly with time.
We owe the decay to collision dissipation due to the thermal
atoms[39] and light-induced thermal effects on the atoms. To
verify this, according to Eq. (3), we calculate the size of the
atomic cloud ∆x in Fig. 2(b). The value of ∆x is consistent
with the Thomas–Fermi radius. As expected, the cloud is ex-
panding. Linearly fitting, ∆x increases by about 12 µm/s.

Theoretically, the force F↑ induces the position displace-
ment dx of the potential minima equaling

µBB′

2Mω2
x
, (5)

where µB is the Bohr magneton. According to the experimen-
tal parameters, the calculated displacement dx equals 14.3 µm.
We estimate the potential bottom of the dipole trap at around
the dot–dashed line x̄ = −11.7 µm in Fig. 2(a). In the ac-
tual experiment, the gradient field B′ is switched on with a
time of about 2 ms. At the initial t = 0 ms, the dipole trap
is switched off while the gradient has not been fully applied.
The measured position is away from the dot–dashed line and
does not follow the sinusoidal fitting trajectory. The atoms un-
dergo some adiabatic evolution during the rising time of B′.
The effective position displacement dx is corrected as

dx,cor =
µBB′

2Mω2
x
(1− sin(ωxτ)), (6)
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where τ = 2 ms. It reflects the actual energy changes of the
Bose gas from the initial stage to the new equilibrium posi-
tion. The value of dx,cor is obtained to be 9.9 µm, equaling the
distance between the dashed and dotted lines in Fig. 2(a). Fur-
thermore, based on Mω2

x A2
x/2 = Mω2

x d2
x/2+F↑(Ax +dx), the

oscillation amplitude Ax is expected to be three times dx,cor.
It equals 29.7 µm, consistent with the measured result of
30.3 µm.

After checking the gradient-field perturbed oscillation of
the spin-up atoms, we turn to study the spin drag and damping
effect when atoms coexist in the two states |↑〉 and |↓〉. The
atoms are initially prepared in the state |↑〉. The rf pulse is ap-
plied to adjust the population distribution. Then, the gradient
field B′ is switched to perturb the evolution of the spin mixture.
B′ is still set at 1.1 Gs/cm. To obtain their individual distribu-
tions, we apply a strong gradient field (∼ 8 Gs/cm) during
the TOF process to completely separate the two components.
Figure 3 shows the measured results with three different pop-
ulations, η = N↓/N = {0.3,0.5,0.7}. N↓ is the atom number
in the state |↓〉. As shown in Figs. 3(a1)–3(a3), both the two
components’ CoMPs, x̄↑ in black and x̄↓ in red, oscillate with
time. The gray-line data are for reference where η = 0. When
t ' 13 ms, x̄↑ for the spin-up atoms reaches its maximum. Con-
sidering the cloud size of the atoms, the two components are
almost entirely separated at this momentum. At around 25 ms,
the spin-up atoms return to collide with the spin-down atoms.

The spin-down atoms are dragged to oscillate. For large η , the
oscillation of x̄↑ reverses faster after collision with the spin-
down atoms. It is easy to understand because more spin-down
atoms increase the momentum exchange rate for the spin-up
atoms and prevent them from passing through.

ex
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Fig. 2. (a) Evolution of the CoMPs for the 1D trapped 87Rb atoms, where
B′ = 1.1 Gs/cm. Upper part: the averaged trajectory (x̄, ȳ) (black data and
red line) in the êx–êy plane. X0 = 0 µm and Xc = 2.6 µm are the starting
and central positions of the oscillation. For comparisons, the light blue data
is a measurement result with improper adjustment of the three laser beams.
Lower part: the damped sinusoidal fitting of x̄. t is the evolution time after
switching on B′, with step of 2 ms. The dashed, dotted, and dot–dashed lines
represent the value x̄ of 2.6 µm, −7.3 µm, and −11.7 µm, respectively. (b)
The corresponding atomic cloud size ∆x in the êx direction. The slope is
about 12 µm/s for linear fitting.
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Fig. 3. Trajectory evolution of the CoMPs for the 1D case when atoms coexist in the states |↑〉 (|F = 1,mF =−1〉) and |↓〉 (|F = 1,mF = 0〉).
Three population settings of η = N↓/N at 0.3, 0.5, and 0.7 are present. N↓ is the number of the spin-down atoms, and N is the total atomic
number. Subfigures (a1)–(a3) represent the CoMPs for each component in the êx direction, where x̄↑ (black square) and x̄↓ (red) correspond
to the trajectory of the spin-up and spin-down components, respectively. Subfigures (b1)–(b3) show the global oscillation of the CoMPs x̄all
(black square) for all the atoms and the relative distance δ x̄ (red) between x̄↑ and x̄↓. The gray-line data (η = 0) are plotted for reference.

For small η , spin synchronous oscillation is well estab-
lished via the interparticle interactions between the two com-
ponents. When η becomes large, their oscillations seem irreg-
ular. To see more clearly, we calculate their averaged CoMPs
x̄all (:= (1−η)x̄↑+η x̄↓, black square) and relative distance
δx (:= x̄↑− x̄↓, red circle) in Figs. 3(b1)–3(b3) accordingly.

Both x̄all and δx oscillate regularly but with different peri-
ods. It is a bang-bang interaction between the two compo-
nents. The oscillation curve of x̄all deviates at the rising and
falling directions from the sinusoidal function, especially for
large η . It just originates from the motion resistance of the
spin-down atoms. The amplitude of x̄all reflects the perturba-
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tion due to the gradient B′, thus proportional to the atomic pop-
ulation in the spin-up state |↑〉. It becomes small for large η .
The separation distance δx reflects the spin dipole oscillation.
Unlike observation in the spin-1 system that exists opposite-
driving components,[29,40] the oscillation here is faster than
the frequency ωx since the spin-down atoms have no exter-
nally driven force but are collided with and dragged by the
spin-up atoms. δx decays slowly to a non-zero equilibrium
point δ x̄0 ' 15.5±0.4 µm for η = 0.5, which reflects the dis-
tance between the two components’ potential minima. It is
consistent with the theoretical estimation of dx = 14.3 µm as
discussed above.

4. Two-dimensional case
Next, we discuss the more general and complex two-

dimensional (2D) oscillation. It is done by removing the beam
DTx and retaining the other two beams DTL and DTR. As
shown in Fig. 4(a), the beams DTL and DTR are in the êL

and êR directions. The trapping frequencies along the two di-
rections are ωL = 2π × 29 Hz and ωR = 2π × 24 Hz, respec-
tively. All the atoms are prepared in the spin-up state |↑〉. Still,
the bias field B is 10.58 Gs and the gradient field B′ equals
1.1 Gs/cm. Figure 4(a) shows the oscillating trajectory of the
atomic CoMPs (x̄, ȳ) during the time t ∈ [0,200] ms. For clar-
ity, the data line after 100 ms is displayed in light red. The
trajectory reflects the profile of the 2D trap potential. Based
on the trajectory boundary, we obtain the two beams’ accu-
rate directions êL and êR with the angles of θL = 48.5◦ and
θR = 52.5◦ to the êx direction. (X0 = 0 µm,Y0 = 0 µm) in
Fig. 4(b) is the start point. The blue arrow indicates the mov-
ing direction of the atom cloud. The atomic CoMPs (x̄, ȳ)
undergoes centrifugal rotation. During the 200-ms evolution
time, the CoMPs (x̄, ȳ) first rotate clockwise and then turn to
rotate counterclockwise. The oscillation amplitude AR in the
êR direction is higher than the amplitude AL in the êL direc-
tion, which is as expected since it is inversely proportional to
the square of the trapping frequency.

We calculate and sinusoidally fit the temporal evolution of
the atomic CoMPs along the two directions in Fig. 4(b). The
CoMPs r̄ · êL (black square) and r̄ · êR (red circle) undergo peri-
odic sinusoidal oscillations. Here, r̄ is the displacement vector
of the CoMPs relative to the initial position (X0,Y0). The fit-
ting results of the central positions and oscillation amplitudes
are−10.0±0.3 µm and 15.1±0.5 µm in the êL direction, and
14.1±0.2 µm and 26.7±0.3 µm in the êR direction. Accord-
ing to the fitting results, the blue dot in Fig. 4(a) labels the os-
cillation central position (Xc = 2.7 µm,Yc = 15.7 µm). Based
on theoretical calculation, we infer that the potential bottom
of the dipole trap is located close to the green circle point
(x̄ =−14 µm, ȳ = 12 µm). Similar to the 1D case, the atomic
CoMPs in the initial stage are away from the green point due

to the 2-ms rising time of the gradient B′. According to the
equation Ai =

3µBB′

2Mω2
i

sinθi
sin(θL+θR)

(1−sin(ωiτ)) where i= {L,R},
we obtain the theoretical oscillation amplitudes AL and AR

equal 16.2 µm and 27.8 µm, respectively. They are very close
to the experimental results 15.1 µm and 26.7 µm. The re-
sults are plotted in Fig. 4(c), together with measurements for
some other gradient strengths of B′ between 0.3 Gs/cm and
1.5 Gs/cm. The solid and dashed lines are the linear fits of
the experimental results and the theoretical calculations, re-
spectively. The slopes for the linear fitting of AL and AR are
13.9±0.4 µm and 25.9±0.5 µm per Gs/cm. The correspond-
ing theoretical values are 14.7 µm and 25.3 µm per Gs/cm,
which are basically consistent with the measured results.
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Fig. 4. (a) Oscillation trajectory of the atomic CoMPs (x̄, ȳ) in the 2D
case. Atoms are in the spin-up state |↑〉, B′ is 1.1 Gs/cm, the red (light
red) data line corresponds to the time t = [0,100] ms ([100,200] ms),
(X0,Y0) is the start point, the blue point (Xc,Yc) is the oscillation central
position, the green point is the estimated dipole trap minina. (b) The
corresponding CoMPs r̄ · êL (black square) and r̄ · êR (red circle), where
r̄ = (x̄, ȳ); (c), Oscillation amplitudes Ai for different gradient B′, where
i = {L,R} represent the êL and êR direction, the solid and dashed lines
are the linearly fitting and theoretical results, respectively.

Furthermore, we check the subsequent motion of the
atoms by removing the force F↑. Instead of switching off B′, it
is done by rf-pumping atoms to the spin-down state |↓〉 after a
specific evolution time tp for the spin-up state |↑〉 since the gra-
dient field is on. The rf π-pulse is about tens of µs. The atomic
positions remain unchanged during the pumping process. In
Figs. 5(a)–5(c), three cases are shown for comparisons where
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the rf pulse is switched on at the time tp = {6,20,32} ms ac-
cordingly. Parameter settings of the dipole trap and magnetic
field are the same as the settings in Fig. 4(a). The purple ar-
rows label the starting position when pumping atoms to the
spin-down state |↓〉. The trajectories maintain left and right
rotating oscillation. Due to the existence of the gradient field,
the trap potentials for the two spin states have some spatial
differences, and the atomic energy is altered before and af-
ter the rf-pumping pulse. The oscillation amplitudes reflect
the combined effect of the gradient field and the rf pulse. In
Fig. 5(d), we plot the oscillation amplitudes AL (black square)
and AR (red circle) for different tp. The dashed lines are the
reference amplitude obtained in Fig. 4(b). Initially, the ampli-
tude increases with the time tp. It reaches the maximum when
tp ' 20 ms. At this moment, the atoms are roughly located
in the shift direction of the central position (Xc,Yc) from the
green dot, as seen in Fig. 4(a). For larger tp, the oscillation
amplitude decreases as the CoMPs (x̄, ȳ) move in the opposite
direction.
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Fig. 5. (a)–(c) Evolution trajectory of the atomic CoMPs (x̄, ȳ) after all
the atoms are pumped from the spin-up state |↑〉 to the spin-down state |↓〉.
tp = {6,20,32} ms are the evolution times for the spin-up atoms before the
rf pumping, and the purple arrows indicate the starting position when switch-
ing on the rf pulse. Parameter settings of the dipole trap and magnetic field
are the same as the settings in Fig. 4(a). (d) Oscillation amplitudes AL (black
square) and AR (red circle) for different times tp, where the dashed lines are
the amplitude values that were measured in Fig. 4(b).

For the 2D case, we also conduct the spin drag measure-
ment when the two spin components coexist (Fig. 6). The gra-
dient field B′ is 1.1 Gs/cm. Figures 6(a)–6(c) show the evolu-
tion trajectory both for the spin-up (black) and spin-down (red)
components when setting the proportion η = {0.3,0.5,0.7}.
The spin-up atoms initially separate from the spin-down atoms
and then return to collide with the spin-down atoms. The os-
cillation amplitude decreases as η increases. Their relative
distance d changing over time is calculated in Fig. 6(d). Since

ωL and ωR are unequal, the results of d are a bit more complex
than the measured δ x̄ of the 1D case in Fig. 3. The dashed line
shows the averaged distance value of 21.8 µm. It reflects the
separation of the trap minima between the two spin compo-
nents.
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Fig. 6. Evolution trajectory of the atomic CoMPs (x̄, ȳ) for the 2D oscillation
when atoms coexist in the spin-up state |↑〉 (black) and the spin-down state |↓〉
(red). (a)–(c) Three cases of the atomic populations η at 0.3, 0.5, and 0.7 are
shown for comparisons. (d) The corresponding relative distance d between
the two components’ CoMPs. The dashed line is the averaged value of d and
is equal to 21.8 µm.

Since the scattering rate for atoms in one spin state is
proportional to the density of atoms in the other state, atoms
with a smaller population are more susceptible to following
the movement of atoms with a larger population. Compared
with the balanced distribution η = 0.5, the motion of the spin-
down (spin-up) atoms is more likely to be dragged (damped)
by the spin-up (spin-down) atoms when η = 0.3 (η = 0.7). As
observed, the distance d changes faster for unbalanced distri-
butions (η 6= 0.5). The relative distance of the CoMPs seems
to be a good parameter for the study of the spin drag effect.

5. Conclusion

In this paper, we studied gradient magnetic-field per-
turbed oscillation of the ultracold 87Rb atoms in an optical
dipole trap. A reasonable calculation model is presented for
analysis of the atomic CoMPs based on the fundamental law
of energy and momentum conservation. The trajectory evo-
lution of the atomic CoMPs is extensively investigated using
conventional TOF absorption imaging instead of in-situ high-
resolution imaging. The experimental results are well consis-
tent with our theoretical calculations. Our results should be
valuable for accurate calibration of the trapping system, ob-
servation of the atomic dynamical evolution, and measurement
of external forces such as gravity or gradient magnetic fields,
which should benefit plenty of future research on trapped ul-
tracold atoms.
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