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Ultracold atom platforms enable low temperatures and long 
free evolution times, which are crucial for fundamental physics 
tests and atom interferometry. The lowest equivalent 
temperature reported in such a system is 38 pK with a free 
expansion time of 2 s, achieved in atom-chip-based magnetic 
traps in microgravity. Optical dipole trap (ODT) systems offer 
better optical access and the flexibility to condense both 
magnetic and non-magnetic atoms, but have not been used to 
prepare quantum degenerate gases under microgravity 
conditions. Here we report an ODT-based Bose-Einstein 
condensate created aboard the China Space Station, containing 
2.0 × 104 atoms, reaching an equivalent temperature of 9.7+3.2

−2.7
 

pK with a free expansion time of 7.0 s. This record-low 
temperature could stimulate a new generation of ODT-based 
experiments in quantum simulation and precision 
measurements in space.

Lowering the temperature of atomic gases has long been an important 
goal. Evaporative cooling opened access to the nanokelvin regime, 
enabling the creation of quantum gases such as Bose-Einstein conden-
sates (BECs) (1, 2) and degenerate Fermi gases (3). These ultracold 
systems serve as versatile platforms for quantum simulation (4–6), 
precision measurement (7–9), and fundamental studies of phase transi-
tions (10). Further cooling into the picokelvin range enabled the real-
ization of exotic quantum states, such as Bose glass and fractal Mott 
insulators (11, 12), and ultra-sensitive experiments including tests of 
the equivalence principle (13, 14), gravitational wave detection (15, 16), 
and dark energy searches (17). In terrestrial experiments, deep cooling 
methods can reach 350 pK in three dimensions (18, 19), and 50 pK in 
two dimensions (20). Earth’s gravity, however, poses a challenge for 
further advances (21). To counteract the effects of gravitational sag 
and retain atoms, there is always a finite confining trap frequency 
during evaporative cooling, which consequently limits the achievable 
temperature (22). Although magnetic levitation can compensate for 
gravity (18), it introduces residual curvature that restricts further re-
duction of the trap frequency (23).

Microgravity platforms, including drop towers (24–26), Einstein 
elevators (27), zero-g aircraft (28–30) and sounding rockets (31), offer 
a powerful means to temporarily mitigate gravitational constraints 
and push ultracold atomic systems toward lower energy scales. This 

energy scale can be quantified by the equivalent temperature (26, 32), 
which represents the average kinetic energy of a quantum gas during 
free expansion. For instance, the previously reported lowest equivalent 
temperature is 38 pK in drop towers (26). Limited by the free fall time 
of the experiment, the free evolution of the atomic ensemble could be 
followed up only to 2 s (26). A long expansion time of quantum gases 
significantly benefits quantum sensing, as the sensitivity of atomic 
interferometers typically scales with the square of this free expansion 
time (21); this enhanced capability may contribute to cutting-edge 
experiments (13–17, 33). However, the microgravity durations on these 
platforms are inherently limited by the continuous operation periods 
achievable under microgravity conditions. To further explore the po-
tential of quantum gases at picokelvin temperatures, long-duration 
orbital platforms have been developed. The only previously reported 
in-orbit platform to date is the Cold Atom Laboratory (CAL), an atom-
chip-based magnetic system aboard the International Space Station 
(32–37). CAL experiments have produced ultracold atomic gases with 
equivalent temperatures reaching 52 pK using matter-wave lensing 
techniques (32), along with free expansion times of up to 1 s (34).

Whereas atom-chip-based magnetic traps have achieved ultralow 
temperatures, their optical dipole trap (ODT) counterparts have yet 
to reach comparable performance. Compared to magnetic traps, ODTs 
can accommodate tunable interactions and optical potentials of vari-
ous configurations, including optical lattices. They also grant direct 
access to spinor quantum gases (38), in which the spin degrees of 
freedom are not frozen by an external magnetic field. Coherent ma-
nipulation of such spinor systems enriches the possibilities for quan-
tum simulation and atomic interferometry. Several ground-based 
microgravity platforms have explored ODT protocols: evaporative 
cooling to microkelvin temperatures has been achieved in drop towers 
(39), and BEC expansion dynamics studied in Einstein elevators (27). 
However, owing to the limited duration of microgravity on these plat-
forms, the use of ODTs to directly prepare quantum degenerate gases 
under microgravity conditions has not been demonstrated.

Here we report an optical-dipole-trap realization of BECs in space, 
with an equivalent temperature below 10 pK. This breakthrough is 
enabled by a two-stage cooling protocol in ODTs (21, 40–42) imple-
mented with a stable, high-power crossed-beam ODT system aboard 
the China Space Station, Tiangong. The final three-dimensional equiv-
alent temperature is Teq = 9.7+3.2

−2.7
pK, which is, to our knowledge, the 

lowest equivalent temperature ever measured. Notably, the ultracold 
atomic cloud remains visible even after 7.0 s of free expansion. Our 
platform opens up new avenues for exploring physics at these ex-
tremely low temperatures, and may enable next-generation atom in-
terferometers (25, 33, 37, 43–46) that exploit intrinsic spin dynamics 
and long-duration expansion.

Tiangong Cold Atom System in space
The Cold Atom Physics Rack (CAPR, Fig. 1A), housed in the Mengtian 
experimental module aboard the China Space Station Tiangong (Fig. 1B), 
has been operating nominally since its successful launch on 31 October 
2022. As described in Refs. (47, 48), CAPR integrates a physical pack-
age, laser systems for cooling, optical trapping and lattices, as well as 
an electronic control module, see details in Fig. 1A. All components 
are interconnected via optical fibers and electrical cabling, enabling 
modular integration and future subsystem upgrades. Atomic cooling 
operations are primarily carried out within the physical package. 
Atoms are pre-cooled in a two-dimensional vacuum chamber before 
being transferred to the Science Chamber, where laser and evaporative 
cooling are performed (Fig. 1C). Figure 1, D and E, show the key com-
ponents of the Science Chamber: pairs of magnetic coils generating 
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bias fields, gradients and magnetic traps, six laser cooling beams, or-
thogonal imaging systems along the y- and z-axes (Probing-H and 
Probing-V), and two crossed ODTs configurations. Each ODT is formed 
by two laser beams intersecting at 60◦, with their bisectors aligned 
along the x- and y-axes (Fig. 1E). The dual-ODT configuration com-
prises ODT1, with a tighter waist (54 m) for evaporative cooling, and 
ODT2, with a larger waist (124 m) used for quasi-adiabatic expansion. 
The opto-mechanical system maintains micron-level structural stabil-
ity before and after the payload launch through integration of laser 
sources and reconfigurable control optics (49).

BEC Formation in a Space ODT
We begin with evaporative cooling process for preparing BECs, which 
is the first stage of cooling in the ODTs. Following laser cooling pro-
cedures similar to those used in terrestrial experiments (48), we load 
approximately 2.0 × 106 87Rb atoms in the ∣F = 1⟩ hyperfine manifold 
into ODT1 for evaporative cooling (49). At the start of evaporation, 
each beam of ODT1 operates at a power of 5.0 W, which is gradually 
reduced throughout the cooling process. Figure 2A displays absorption 
images taken as PODT1 (the power at which ODT1 is turned off) de-
creases from 13.0 mW to 1.0 mW during the final stage of evaporation. 
As the trap depth is lowered, the atomic cloud becomes more con-
densed and its central optical density (OD) increases. Meanwhile, the 
temperature drops from 112 nK to 6 nK, and the phase-space density 
(PSD) rises sharply, signaling the onset of BEC. Notably, atoms remain 
not only near the center but also in the wings of ODT1, potentially 
affecting the bimodal fit of the momentum distribution; this influence 
is mitigated by our analysis (49).

Because the atomic spins remain unpolarized throughout the evapo-
ration process, the resulting condensate is a spinor BEC. To probe the 
spin composition, we apply a Stern–Gerlach sequence (50), to spatially 
separate the ∣F = 1,m

F
= +1, 0, −1⟩ Zeeman components by imposing 

a magnetic field gradient of 1.3 G/cm for the first 15 ms of a 20 ms 
TOF. Figure 2B displays the spatial distributions of these three spin 
states throughout evaporation. As PODT1 falls below 8.0 mW, three 
distinct peaks emerge, corresponding to the three spin components. 
A typical image at PODT1 = 1.0 mW is shown in the inset of Fig. 2B. We 
fit the density profile along the z-axis (blue circles) with a triple bi-
modal distributions (red lines), each representing a spin component 
(49). In all three cases, the fitted results exhibit clear bimodal distribu-
tions, demonstrating the formation of a spinor BEC. The asymmetric 
peak heights in Fig. 2B may originate from a residual magnetic field.

The condensate fraction of this spinor BEC reaches a maximum of 
65% when PODT1 is reduced to 0.2 mW (Fig. 2C, green circles). This 
corresponds to trap frequencies of (ωx ,ωy,ωz) = 2π × (3.3, 5.7, 6.6) Hz, 
with a total atom number of 2.7 × 104 and a temperature of 4.8 nK. 
This maximum condensate fraction in space is still notably lower than 
the highest values typically achieved in ground-based experiments. To 
study this difference, we further compare the evolution of the conden-
sate fraction during evaporative cooling in ground-based CAPR-analogous 
systems (purple circles in Fig. 2C) and in space (green circles), which 
shows the differences between the two environments. First, the PODT1 
threshold for BEC formation in space is approximately 8.0 mW, which 
is significantly lower than ground-based experiments (45.0 mW). Second, 
the ground-based system reaches a condensate fraction of 89% at a 
final power of 20.0 mW within 5 s (purple circles in Fig. 2C), whereas 
the space-based counterpart requires ⁓20 s to achieve a lower conden-
sate fraction of 65% at a final power of 0.2 mW (green circles in Fig. 2C). 
In addition, atoms are visibly distributed in the wings of the ODT1 in 
space—a feature absent in ground-based observations (Fig. 2C, right 
insets). These observations underscore the differences in ODT-based 

evaporative cooling between ground and microgravity environments. 
On Earth, gravitational sag tilts the trapping potential, facilitating the 
removal of high-energy atoms and enhancing evaporation efficiency-
thereby enabling higher condensate fractions. By contrast, in micro-
gravity, the absence of such gravitational tilting reduces evaporation 
efficiency. Achieving higher condensate fractions in space thus re-
quires further reduction of the trap depth, which is limited by slower 
thermalization rates and greater susceptibility to external noise under 
ultrashallow confinement.

To further increase the condensate fraction at this stage within the 
permissible experimental conditions in space, we introduce a magnetic 
field gradient during the evaporative cooling process in ODT1. The 
field gradient mimics gravity-like forces to enhance evaporation effi-
ciency (51), but it selectively acts on magnetically-sensitive ∣ 1, ±1⟩ 
states. This scheme aims to achieve similar process to sympathetic 
cooling (52, 53) and enhances the cooling efficiency of ∣ 1, 0⟩ by accel-
erating ∣ 1, ±1⟩ evaporation and leveraging ∣ 1, ±1⟩-∣ 1, 0⟩ collisions (49). 
In the experiment, we apply a magnetic field gradient of ∇B = 4.1 G/
cm to lower the trap depth experienced by the ∣ 1, ±1⟩ states atoms, 
along with a bias field to preserve the atomic magnetic moments. The 
blue circles in Fig. 2C show the evolution of condensate fraction under 
this protocol, where the BEC formation threshold shifts from 8.0 mW 
to 20.0 mW, indicating accelerated evaporation process with the non-
zero magnetic field gradient applied. The population fraction of atoms 
in the ∣ 1, 0⟩ state during the evaporation process is shown in Fig. 2C, 
left inset. When PODT1 decreases to 20.0 mW, the ∣ 1, 0⟩ population is 
approximately 40%. As PODT1 drops further to 10.0 mW, this fraction 
rapidly rises to over 80%. Upon further evaporation down to 0.2 mW, 
the ∣ 1, 0⟩ fraction slowly approaches nearly 100%. These results reveal 
a dramatic redistribution of atomic populations among different 
Zeeman sublevels in the final stages of evaporation. We attribute this 
to two main factors: first, as PODT1 decreases to lower values, the mag-
netic field gradient exerts a stronger influence on the trapping poten-
tial, causing significant losses of atoms in the ∣ 1, ±1⟩ states (49); 
second, the quadratic Zeeman effect causes energy shifts that favor 
the spin-changing collisional transfer of atoms from ∣ 1, ±1⟩ to ∣ 1, 0⟩, 
making the reverse process less likely (54). Finally, at 0.2 mW, we 
obtain a nearly pure ∣ 1, 0⟩ BEC containing 2.3 × 104 atoms, with a con-
densate fraction of 89% at a thermodynamic temperature of 3.1 nK—
over 20% higher than without the magnetic gradient.

Up to this stage, we have discussed the thermodynamic temperature 
determined by the bimodal fit of the momentum distribution (18). 
However, after achieving the BEC, the equivalent temperature Teq, which 
usually characterizes the expansion energy and determines the expansion 
velocity of the quantum gases, is a more relevant parameter than the 
thermodynamic temperature, see Refs. (20, 25, 26, 32, 34). For applications 
like atomic interferometry, Teq limits the duration of the interferometer 
and the sensitivity, thus serving as a key indicator for evaluating its per-
formance (25, 26, 32, 34). Hence, after the first-stage cooling, we focus on 
strategies to further lower Teq or the expansion energy. This energy mainly 
originates from the interaction energy Eint that is released when the trap 
is turned off, following 3kBTeq ∕2 = Eint ∕N with N  the atom number 
and kB the Boltzmann constant. To explore the reduction of Teq in the 
CAPR, we first derive its dependence at equilibrium on the relevant pa-
rameters in a crossed ODT configuration (49) and find

with N  the atom number, w the beam waist radius, and P the laser 
power. According to Eq. 1, Teq scales strongly with the beam waist as 
Teq ∝ w−12∕5, indicating that increasing the waist radius can dramatically 
reduce the expansion energy. Equation 1 thus predicts that transferring 

Teq ∝ N2∕5P3∕5w−12∕5 (1)
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the atoms from ODT1 into ODT2, which has a significantly larger beam 
waist w2 = 124 m, would reduce the equivalent temperature in ODT2 
by a factor of 7.4 compared to ODT1 at the same light power and 
atom number.

Cooling Quantum Gases below 10 pK
In the actual experiment, we further cool the quantum gases by a 
second-stage cooling protocol proposed in Ref. (21, 40–42). Different 
from the previous delta-kick cooling method in magnetic traps (20, 
25, 26, 32), this protocol is a purely optical protocol that benefits 
from the mechanism of Eq. 1. The main step is to transfer atoms from 
ODT1 into ODT2 and ramp down the power of ODT2 to 12.5 W, corre-
sponding to trap frequencies (ωx ,ωy,ωz) = 2π × (0.17, 0.29, 0.33) Hz, 
within a decompression time. According to the requirements of Eq. 1, a 
strictly adiabatic decompression would be needed to maintain thermal 
equilibrium. However, because the power of ODT2 is on the order of tens 
of microwatts, achieving such an adiabatic process would require several 
hundreds seconds, which would be severely affected by environmental 
noise. Therefore, we instead implement a non-adiabatic (quasi-adiabatic) 
decompression (similar to Refs. (20, 26, 32, 34)), with a decompression 
duration of 1.175 s (49).

Subsequently, after switching off ODT2, we allow the atomic cloud 
to expand freely for various TOFs, followed by absorption imaging 
using both the Probing-H and Probing-V systems. The Probing-V re-
sults, shown in Fig. 3A, illustrate the evolution of atomic density pro-
files in the xy-plane versus TOF; the z-direction distribution can be 
obtained from the Probing-H results. During free expansion, variations 
in the atomic cloud size reflect its expansion energy, which can be used 
to evaluate Teq. This method of evaluating Teq is a commonly adopted 
approach in previous studies (26, 32, 34). By fitting these distributions, 
we extract the Thomas–Fermi radii RTF−i (i = x, y, z) of the atomic gas 
in the x, y, and z directions, which characterize the cloud size along 
each spatial axis, as plotted in Fig. 3B (49). During free expansion, the 
interaction energy of the atoms is converted into kinetic energy. For 
TOFs exceeding 300 ms, the cloud size increases to more than e1∕3 ≈ 1.4 
times its initial value, reducing both density and interaction energy to 
approximately 1∕e of their original values, effectively rendering inter-
actions negligible. In this regime, the expansion is dominated by the 
atoms’ kinetic energy. Therefore, we use data with TOF >300 ms to 
perform linear fits to the cloud sizes (Fig. 3A) (32), yielding expansion 
velocities of V

x
= 70

+12

−12
m∕s, V

y
= 88

+12

−12
m∕s, and V

z
= 83

+13

−13
m∕s, cor-

responding to an equivalent temperature of T (exp)
eq = 9.7+3.2

−2.7
pK.

Teq is sensitive to the decompression time and reaches its minimum 
at 1.175 s (Fig. 3B, inset). For shorter decompression times, Teq rises 
rapidly owing to increased excitations from overly rapid decompres-
sion. When the decompression time exceeds this optimum, Teq slightly 
increases, reflecting the cumulative effects of noise and system fluctua-
tions. We therefore adopt 1.175 s as an optimal trade-off between cool-
ing performance and experimental stability. We also compare the 
experimentally obtained equivalent temperature, T (exp)

eq , with numerical 
simulations under identical experimental parameters, which yield 
T
(sim)
eq = 7.4 pK (49). These two results show reasonable agreement. The 

discrepancy between T (exp)
eq  and T (sim)

eq  is likely caused by experimental 
imperfections such as excitation and heating introduced by fluctua-
tions in pointing and intensity of ODT2.

Figure 3C presents single-shot absorption images of the atomic cloud 
at extended TOFs ranging from 2.0 s to 7.0 s. Notably, atoms remain 
visible even at 7.0 s owing to the dramatic suppression of expansion 
energy and the attainment of an ultralow equivalent temperature. This 
capability lays a crucial foundation for future high-precision atomic 
interferometry in space-based platforms. Because the signal-to-noise 

ratio of images with TOF exceeding 2.0 s is relatively low, we use images 
within 2.0 s of TOF to evaluate the equivalent temperature.

Discussion and outlook
In conclusion, we have established a space-based ultracold bosonic 
gas laboratory aboard the China Space Station, and successfully gener-
ate a BEC under ten picokelvin scale. This all-optical platform enables 
a two-stage cooling protocol in ODTs. In the first stage of cooling in a 
crossed optical dipole trap, we obtain a spinor BEC, and further 
achieve a degenerate gas in a Zeeman state of mF = 0 with a high 
condensate fraction by applying evaporative cooling together with a 
magnetic field gradient. This magnetically insensitive condensates 
serve as ideal initial states for atomic interferometers, providing en-
hanced immunity to magnetic field fluctuations. By transferring the 
atoms to a second, wider optical dipole trap and releasing them quasi-
adiabatically, we significantly reduce the expansion energy, reaching 
an equivalent temperature of Teq = 9.7+3.2

−2.7
pK. The atomic ensemble 

remains spatially resolvable even following the TOF expansion of 7.0 s. 
In future experiments, the atom number could be increased by employ-
ing a tunable-volume optical trap, such as the apparatus described in 
Ref. (55). Our results prove the ODT-based platform in orbit is a power-
ful tool for generating quantum gases at ultralow temperature. This 
all-optical ultracold platform, readily compatible with versatile control 
schemes such as three-dimensional optical lattices, meets the exacting 
requirements for quantum simulation and precision metrology in fu-
ture space missions, thus positioning it to advance two primary scien-
tific frontiers. First, it aims to enable quantum simulation for exploring 
low-temperature physics in the unique environment of space. This 
includes the study of exotic quantum phases, such as investigating 
the decay of Tomonaga-Luttinger liquid order in one-dimensional 
bosonic systems (56–58) and probing the properties of Bose-glass or 
fractal Mott phases in disordered potentials (11, 12). A second possible 
objective is the construction of a space-based atom Mach-Zehnder 
interferometer (25, 33, 37, 43–46), with the potential to perform preci-
sion tests of fundamental principles, such as the equivalence prin-
ciple (37, 43, 44, 59).
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Fig. 1. The Cold Atom Physics Rack (CAPR) hardware configuration. (A) Overall modular architecture: the system comprises five components (top to bottom): physical package, 
1064 nm laser module, the electronic control module, cooling laser module, supporting system handling power/water supply. (B) CAPR is housed within the Mengtian Laboratory 
Module of the China Space Station, Tiangong. (C) The inside view of the physical package: contains dual interconnected vacuum chambers. The 2D magneto-optical trap (MOT) 
chamber (2D Chamber) interfaces with a rubidium atomic source and an 8 L/s ion pump at one end, while connecting via a differential tube to the Science Chamber maintained by a 
75 L/s ion pump and getter pump, with a vacuum level below 5 × 10−9 Pa. Thermally activated rubidium vapor flows into the 2D Chamber for preliminary cooling, after which atoms 
are transferred to the Science Chamber for 3D MOT recapture. (D) Science Chamber integrates six cooling optical paths Cooling-1 to 6, two crossed optical dipole traps (ODT1: 
blue, 54 m beam waist radius; ODT2: purple, 124 m beam waist radius) and orthogonal detection systems (Probing-H and Probing-V). Both ODTs employ 1064 nm lasers, with 
ODT1 enabling tight confinement and ODT2 providing extended trapping volumes. (E) Experimental setup for two-stage cooling, including two pairs of crossed ODTs and magnetic 
field coils. The two beams of each ODT intersect at 60°. The magnetic coil system consists of a Helmholtz pair (Bias magnetic coil) generating a bias magnetic field and an 
anti-Helmholtz pair (Gradient magnetic coil) producing a quadrupole magnetic trap and magnetic field gradient. The x, y, z coordinates are illustrated, where the x- and y-axes 
correspond to the angular bisectors of the intersecting ODT beams. Probing-H and Probing-V detection beams propagate along the y- and z-axes, respectively.
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Fig. 2. BEC formation via ODT evaporation in space. (A) Absorption images (on the xy-plane) of the atoms under evaporation cooling at different ODT1 shutdown powers 
PODT1. As PODT1 decreases from 13.0 mW to 1.0 mW, the atomic temperature drops from 112 nK to 6 nK. The phase-space density (PSD) increases from 0.7 to 1.8 as PODT1 
decreases from 13.0 mW to 8.0 mW. Absorption images of atoms are obtained after 30 ms time-of-flight (TOF) expansion. OD indicates optical density. (B) Absorption 
images showing the spatial distributions of three separated spin components at different PODT1 following the Stern–Gerlach sequence. Inset: Atomic distribution in the xz- 
plane following Stern-Gerlach separation at PODT1 = 1.0 mW. The left panel is absorption image with magnetic field gradient ∇B aligned along the z-axis. The right panel is 
density profile along z-axis (blue circles) fitted to three bimodal distributions (red solid lines) corresponding to three Zeeman states ∣F = 1,mF = +1, 0, −1 ⟩. Black 
dash-dotted curves denote thermal components of individual Zeeman states; solid black curve represents the total thermal population. (C) Condensate fraction versus PODT1 
for ground (purple), space without (green) and with (blue) magnetic field gradient ∇B. Dashed lines indicate exponential fits illustrating trend evolution. The data points  
and error bars represent the mean and standard deviation of three measurements. Left inset: Relative population of atoms in the ∣F = 1,mF = 0 ⟩ state, denoted as n0, versus 
PODT1. Right insets: Absorption images comparing experiments on the ground (20 ms TOF, PODT1 = 20 mW), and in space both with and without ∇B (30 ms TOF, PODT1 = 0.2 mW).
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Fig. 3. Evaluation of ultracold atomic equivalent temperature in space. (A) Single-
shot absorption images of the atomic cloud in the xy-plane at short TOFs (200 ms to 
1600 ms), with approximately 2 × 104 atoms. (B) Equivalent temperature measure-
ments and evaluation. The purple, blue and green circles correspond to atomic cloud 
sizes, i.e., the Thomas–Fermi radii RTF−i (i = x, y, z), versus TOFs along the x, y, and z 
directions, respectively. The atomic cloud sizes along x- and y-axis are obtained from 
the Probing-V images, and the z-axis size is extracted from the Probing-H images. The 
equivalent temperature is evaluated from the expansion of the atomic cloud by a 
linear fit to the TOF data between 300 and 1600 ms. The equivalent temperature 
reaches as low as Teq = 9.7

+3.2
−2.7

pK after quasi-adiabatic decompression in ODT2. Inset 
panel: The equivalent temperature measured at different decompression times.  
(C) Single-shot images of atomic cloud at longer TOFs (2000 ms to 7000 ms). The 
upper row shows the cloud in the xy-plane (from Probing-V), and the lower row shows 
the xy-plane (from Probing-H).
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