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Abstract—In microgravity, atoms can be prepared to a lower
temperature and manipulated with a longer time. The Cold Atom
Physics Research Rack (CAPR) in Chinese Space Station, which
aims to prepare quantum degenerate gas for deep cooling and quan-
tum simulation in microgravity, has been designed, realized, and
validated. We built an integrated CAPR, consisting of a physical
system, an all-fiber 780 nm laser system and a low phase noise
1064 nm fiber laser system, and an electrical driving and controlling
system. With the CAPR, a ¥Rb quantum degenerate gas with
1.2 x 10° atoms and a temperature below 30 nK was achieved
on ground. In this article, we also show the robustness of the rack,
based on the experimental results before and after the simulation
of the vibration and impact during the launch.
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1. INTRODUCTION

HE artificial lowest temperature is the eternal pursuit of
T scientists. Since the beginning of the 20th century, many
exciting novel physical phenomena have emerged with low
temperature matter, such as superconductivity [1], super fluidity
[2], [3], Bose-Einstein condensate (BEC) [4], and degener-
ate Fermi gas [5]. The lower temperature cold atoms result
in longer interrogation time, which is the key of application
for atom-based precision measurements [6], [7], [8]. With the
development of advanced cooling and trapping technologies
such as optical molasses [9], [10], velocity-selectivity coher-
ent population trapping [11], evaporative cooling [4], [5], and
Raman cooling [12], the temperature of atoms decreases from
room-temperature to micro-kelvin and then to nano-kelvin. By
adiabatically decompressing the trap [13] and spin gradient
cooling [14], the temperature of the atoms reached hundreds
of pico-kelvins. Comparing with the former experiments on
ground, lower temperature atomic gas can be realized in mi-
crogravity [15], [16], [17].

In recent decades, state-of-the-art experimental platforms
have been built to explore the lower temperature of cold atoms
and their application in microgravity, such as the drop towers
[18], [19], [20], Einstein elevators[21], [22], parabolic flights
[23], [24], [25], [26], sounding rockets [27], [28], the TianGong-
2 space laboratory [29] and the International Space Station (ISS)
[16], [17], [30], [31]. The first BEC in microgravity [18] and
its application in Mach-Zehnder interferometers [19] were con-
ducted in the Bremen drop tower using an atom chip. An atomic
temperature of about 38pK was reported, using collective-mode
enhanced matter-wave optics and delta-kick collimation [15].
The realization of BEC by optical dipole trap [32], [33] has been
demonstrated in an Einstein Elevator [22]. In parabolic flights,
the first cold-atom interferometry in microgravity with temper-
ature about 300 nK was realized [25], and the simultaneous
87Rb-¥K interferometer was demonstrated [26]. The first BEC
in space was realized in a sounding rocket, and its temperature
reached 100 nK during 6 minutes of microgravity [27]. A cold
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Fig. 1.  The scheme of the physical system for CAPR. The physical system consists of two chambers, the 2-D-MOT chamber and the science chamber, which
are connected by a differential tube. The science chamber features a dodecagon design and the 2-D MOT chamber is a cuboid. Five optical ports are reserved on
the 2-D MOT chamber to feed the pushing light and the 2-D MOT light, including the cooling light and the repumping light. The pushing light travels along the
x-direction and pushes atoms into the science chamber. The 2-D MOT optical modules feed the lights into 2-D MOT chamber along the y- and z-direction. The
optical modules attached to the science chamber provide the 3-D MOT cooling light, the repumping light, the ODT light, the probing light and so on. Twelve
optical ports are reserved in the science chamber in the x-z plane. The optical port connected to the 2-D chamber is named A1, and all twelve ports are named in
counterclockwise order from Al to A12. The angle between two adjacent ports is 30 degrees. Four 3-D MOT cooling beams travel through ports A2, A5, A8 and
ATl1l, and the rest two along the y-direction. Ports A4 and A8 are used for ODT beams, and the optical absorbers and photodiodes are located at ports A10 and A2.
There are three absorption imaging systems, including the probing lights and the cameras, two of which are aligned in the A3-A9 and A6-A12 directions and the
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atom clock was demonstrated in Tiangong-2 [29]. The Cold
Atom Lab (CAL) was built and launched into the ISS in 2018.
A 3’Rb BEC with a kinetic energy temperature of 52pK was
realized [17], and ultra-cold bubbles were created by inflating
smaller condensates [34], [35].

In the Chinese Space Station (CSS), the CAPR, which uses an
all-optical approach to investigate lower temperature and novel
physical phenomena in microgravity based on the ultra-cold
quantum degenerate gas of 8’Rb, has been deployed. The de-
velopment of the CAPR is technically challenging, since the
rack has to satisfy the restrictions on its size, weight, and the
power consumption and it also has to survive the vibration and
impact during the launch and work well after the launch. In this
article, we report the design, realization, and the validation of the
CAPR which consists of a physical system, an all-fiber optical
system, and an electrical driving and controlling system. We also
demonstrate the feasibility of CAPR by realizing a ¥’ Rb BEC in
an optical dipole trap (ODT) and its robustness by repeating the
quantum degenerate gases after system integration and space
qualification experiments. This paper is organized as follow-
ing. Section II describes the integrated scheme of the physical
system, which includes the vacuum apparatus, the magnetic
coils, and the optical modules. The all-fiber optical system is
described in Section III, including the 780 nm lasers and the
1064 nm lasers for cooling, trapping, evaporating, and imaging
rubidium atoms. The process of BEC production is shown in
Section IV. A quantum degenerate gas with 1.2 x 10° atoms and
a temperature below 30 nK was realized by forced evaporative
cooling in the crossed ODT. The system integration and the
space qualification experiments were introduced in Section V.
The quantum degenerate gases can be re-achieved after system
integration, the thermal and the vibration test. The conclusion is
given in Section VI.

II. THE PHYSICAL SYSTEM

The physical system is the subsystem in which the experi-
ments on the atoms are performed, as shown in Fig. 1. It was
limited by the payload assigned by the Chinese space station and
was designed to be as compact as possible. The physical system
consists of the vacuum apparatus, the magnetic coils, and the
optical modules. They are all firmly fixed to survive the vibra-
tions and impacts during the launch phase. The optical modules
transmit the laser from the fibers to the vacuum chambers and
provide the required optical field.

The vacuum apparatus is the main part of the physical system,
and it houses all the magnetics coils and the optical modules.
The vacuum apparatus mainly includes an atomic source, a
two-dimensional magneto-optical trap (2-D MOT) chamber, a
science chamber, and several pumps that maintain the ultra-high
vacuum. The atomic source can release Rb atoms into the 2-D
MOT chamber when heated. An 8 L/s ion pump is connected
to the 2-D MOT chamber to maintain the pressure at 5 x 10~/
Pa. A 75 L/s ion pump and two getter pumps are connected
to port A7 to maintain the pressure of 2 x 10~ Pa in the
science chamber. A differential pumping stage connects the
two vacuum chambers so that the Rb atoms can pass from the
2-D MOT chamber to the science chamber, while the pressure
difference can be more than two orders of magnitude at the same
time [36].

All magnetic coils are fixed on the vacuum chambers and
provide the required magnetic field. Two pairs of square coils
provide the quadruple magnetic field for 2-D MOT. Each pair
works in an anti-Helmholtz configuration, and the two pairs
produce an equal and opposite magnetic field along the direction
of the atomic beam in the 2-D MOT chamber. A pair of coils for
3-D MOT generate a quadruple magnetic field that can produce
a magnetic gradient from 0 G/cm to 60 G/cm in the y-direction.
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Fig. 2.

The functional schematic of the all-fiber optical system including (a) the 780 nm lasers and (b) the 1064 nm lasers. (a): The reference laser, the cooling

laser, and the probing laser of the 780 nm laser system are the second harmonic generated by the DFB 1560 nm laser via PPLN. The 780 nm lasers are amplified
by EDFA before the PPLN crystals, and the power of the reference, cooling, and probing laser is 200 mW, 800 mW, and 300 mW respectively. The frequency of
the reference laser is locked by saturated absorption spectroscopy, and the cooling laser and the probing laser are locked to the reference laser by OPLLs. After the
PPLN crystals, each 780 nm laser is sent to the optical control module to split, combine, frequency control and power adjust for cooling, trapping, manipulating,
and detecting rubidium atoms. FS: Fiber splitter, S: Shutter, EDFA: Erbium-doped fiber amplifier, PPLN: Periodically poled lithium niobate, AOM: Acousto-optic
modulator. (b): The 1064 nm laser system takes a single frequency DFB 1064 nm laser as the source, which is first amplified by a YDFA. The output of the first
stage amplification is equally divided into two parts and fed into the respective AOMs and then the second stage amplifiers. This results in a 1064 nm laser system
with two output powers of higher than 6W. The laser power of the AOM’s output is closed-loop controlled, while the laser power of the final stage amplifier’s
output is only open-loop controlled. YDFA: Ytterbium-doped fiber amplifier, LD: Laser Diode.

Three pairs of Helmholtz coils are used to balance the ambient
magnetic field along each direction in order to decrease the
temperature of the molasses.

The optical modules transport the lasers from the all-fiber
optical system into the vacuum chambers and provide the re-
quired optical field to cool, trap, and image the 8’Rb atoms. All
components such as collimators, lenses, polarizing beam-splitter
cubes, wave plates, mirrors, and cameras, are minimized and
fixed in the optical modules to ensure the pointing stability
after the vibrations and shocks. The 2-D MOT optical modules
shape and guide the 2-D MOT beams, including two 2-D MOT
cooling beams, one 2-D MOT repumping beam, and one pushing
beam. Two 2-D MOT cooling beams travel along the y- and z-
directions into the 2-D MOT chamber and are reflected, and
one of them is combined with the 2-D MOT repumping beam.
The pushing light travels along the x-direction and pushes the
atoms into the science chamber through the port Al. Six 3-D
MOT cooling beams pass through ports A2, A5, A8, All and
the other two ports in the y-direction. Two repumping beams for
3-D MOT are combined with two cooling beams in the fiber and
pass through ports A5 and A11. Three perpendicular absorption
imaging systems are placed in three orthogonal directions to
comprehensively acquire information of the atomic clouds. They
include probing lights and cameras in A3-A9, A6-A12, and
y-directions. The magnifications along each direction are 0.76,
0.76, and 1.6, respectively. The ODT beams with a waist of
72 pm crossing at an angle of 60° are guided into the science

chamber through ports A4 and A8 and terminated at ports
A10 and A2 by the optical absorbers. All the ODT beams of
CAPR can be adjusted by the optical wedge pairs. In addition, a
close-looped piezoelectric-driven reflector is integrated into the
optical module at port A4 and is used to fine tune the direction
of the ODT beam with an adjustment accuracy and range of
1 pm and 237 pm in the y-direction respectively, which is
important to increase the stability of the optical path direction
and compensate the direction changed by the shock and vibration
during the launch.

III. THE ALL-FIBER OPTICAL SYSTEM

The realization of BEC all-optically in microgravity requires
optical system that (i) provides high reliability, (ii) is easy to
integrate and transport, (iii) has high-power narrow-linewidth
lasers to collect and evaporate atoms to BEC, and (iv) has capable
of performing the complex switching and control procedures
of all lasers for experimental sequences. For these reasons, an
all-fiber optical system was constructed for CAPR. The optical
system consists of two parts, the 780 nm lasers and the 1064 nm
lasers, as shown in Fig. 2(a) and (b). The 780 nm lasers are
closely resonant with rubidium atoms, so they can cool and
trap the 8’Rb atoms from a room-temperature background in
MOT. The 1064 nm lasers are far-off resonant with rubidium
atoms, so they can capture and evaporate 87Rb atoms to quantum
degeneracy with nano-kelvin temperatures. The optical systemis
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connected to the optical modules with polarization-maintaining
(PM) fibers.

The 780 nm lasers are shown in Fig. 2(a) and consist of a
reference laser (1), a cooling laser (2), a probing laser (3), and
an optical control module (). All 780 nm lasers start from
the 1560 nm distributed-feed-back (DFB) laser diodes, since
the commercial telecommunication fiber components have been
tested for cooling alkali-earth species [37], [38] in microgravity
[39], [40]. The 780 nm lasers are obtained after the seeds
being amplified by an erbium-doped fiber amplifier (EDFA) and
then frequency-doubled by a periodically poled lithium niobate
crystal (PPLN). The output powers of the reference, cooling, and
probing laser are 200 mW, 800 mW, and 300 mW, respectively.
The frequency of the reference laser is locked by saturated ab-
sorption spectroscopy [41] on the crossover transition between
the 8Rb [5%S1 /2, F = 1> to ¥Rb|5°P5/5, F* = 1> and ¥'Rb
|52P3/2, F’ =2>,whichisred-detuned by 79 MHz from the 87Rb
[5%S1 /2, F = 1>—|5?P3 /2, F* = 2> transition. The frequencies
of the cooling laser and the probing laser are locked to the
reference laser via optical phase-locked loops (OPLL) [42] and
can both be tuned from 0 to —20I" (I' = 6.06 MHz, the natural
linewidth of the 8’Rb D5 line) to the Rb Day |5281/2, F =
2>-3(5"P3 /2, F* = 3> transition.

An optical control module is used to split the 780 nm laser
into fifteen functional laser beams (one 2-D MOT repumping
beam, two 3-D MOT repumping beams, two 2-D MOT cooling
beams, six 3-D MOT cooling beams, one pushing beam, and
three probing beams), as shown in Fig. 2(a) (4). The optical
control module can switch, split, frequency control, and power
adjust the lasers by acousto-optic modulators (AOM), fiber
splitters (FS), shutters (S), and microelectromechanical systems
(MEMS)-based variable attenuators. The repumping laser is
shifted by the AOMI1 (+79 MHz) to be resonant to the 3’Rb
Dyg [5%S1/2, F=1> — |5°P3 5, F* = 2> transition. The AOM2
(4+133 MHz) modulates the probing laser and generates two
pulses during one absorption imaging phase.

The 1064 nm lasers for ODT with two outputs over 6W are
shown in Fig. 2(b). Two lasers share the same seed and the
same first stage amplifier before being divided into two equal
parts by the FS to make the system as compact as possible. The
seed is a 1064 nm DFB laser, and the two-stage amplifiers are
both Ytterbium-doped fiber amplifiers (YDFA) [43] pumped by
976 nm lasers. Before the second stage amplifiers, two lasers
are respectively blue detuned and red detuned 200 MHz by
two AOMs (AOM3, AOM4), so the spatial interference formed
by the two lasers temporally varies rapidly enough and hardly
induces stimulation to the atoms. More than 6W of two outputs
are obtained after the second amplification.

The reason for placing the AOMs between the two stage am-
plifiers is that the maximum transmission rate of the fiber-packed
AOM is less than 60%, and the maximum tolerated power of the
AOM is only SW. If the AOMs were placed after the second
stage amplifiers, the maximum laser power for an ODT beam
would be 3W or less, and the efficient trap depth of the crossed
ODT is about 213 K [44], [45] with a waist of 72 pum, which
is insufficient to load adequate atoms in the ODT. The laser
power of the AOM’s output is closed-loop controlled by the RF
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power driving AOM3 and AOM4, while the laser power of the
final stage amplifier’s output is only open-loop controlled. The
reason for this is that during the process of evaporative cooling of
the atoms by ramping down the ODT power, the lower the ODT
power, the more precise the power control need to be. During
the open-loop phase through the final stage amplifiers, the ODT
power varies between 6W and 80 mW. During the closed-loop
phase through the AOM3 and AOM4, the ODT power ranges
from 80 mW to zero.

IV. EXPERIMENT METHODS AND RESULTS

The process of ultracold quantum degenerate gases BEC
production is developed and realized based on the specially
designed for CAPR, as shown in Fig. 3. The 3’Rb atoms are
cooled and collected from the background by the 2-D MOT,
and then be pushed into the science chamber by the pushing
beam and recaptured by the 3-D MOT. The 2-D MOT lights are
split into three Gaussian beams with 13 mm diameter and 3 mm
spacing. The power of each 2-D MOT cooling beam is 60 mW,
and the power of the 2-D MOT repumping beam is 10 mW.
The 2-D MOT cooling laser is red-detuned by 18 MHz from
87Rb Do |5%S1/2, F = 2>—|5%P5/5, F* = 3> transition, and
the repumping laser is resonant with the 3’Rb Dyg |5%S; /2, F=
1>—|5%P;3 /2, F7 = 2> transition. There are two pairs of square
2-D MOT coils aligned along the y- and z- directions, producing
the gradient of magnetic induction density along each direction
of about 10 G/cm. The four magnetic coils are driven separately
so that the direction of the atomic beam into the differential
tube can be fine-tuned, so that the 3-D MOT loading rate can
be optimized. The pushing beam, at the same frequency as the
cooling beam, is collimated to a diameter of 2 mm with a power
of 12 mW. The 3-D MOT consists of six cooling beams, two
repumping beams and a pair of quadruple magnetic coils. The di-
ameters of all 3-D MOT lights are 18 mm. The power of each 3-D
MOT cooling beam is about 20 mW, and the power of each
3-D MOT repumping beam is 10 mW. The frequencies of the
3-D MOT cooling and the repumping lights are the same as the
2-D MOT cooling and the repumping lights. The magnetic flux
density gradient of the 3-D MOT quadruple coils is 14 G/cm,
and the coils are connected in series so that they can be turned
on and off simultaneously.

The MOT loading process takes 10s and 2 x 10?%"Rb atoms
can be captured with a temperature of 500 yK. After MOT
loading, the compressed MOT (CMOT) [46] is implemented
to increase the density of atoms by ramping up the magnetic
flux density gradient to 48 G/cm and being held for 30 ms.
The temporarily dark MOT (TDM) [20] follows the CMOT
and increases the density of atoms to over 1 x 10>cm~3. The
power of each repumping beam is decreased from 10 mW to
10 uW during the TDM, and the process lasts for 100 ms.
Following the TDM, the molasses [47], [48] is applied by turning
off the quadruple magnetic field and ramping the detuning of
the cooling lights from —18 MHz to —102 MHz within 6 ms
and lasting for 20 ms. During the molasses, the power of each
3-D MOT cooling beam is linearly decreased from 20 mW to
1.3 mW within 6 ms and maintained for the remaining 20 ms.
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The time sequence of realization of BEC on the CAPR. After 10s 3-D MOT loading, the atoms are compressed by the CMOT to increase density. The

temporarily dark MOT comes after the CMOT and holds for 100 ms, which can increase the atomic density to more than 1 x 10'?> cm~3. Then molasses is then
applied and the temperature of the atoms can be lowered to 26 K. After 100 ms ODT holding, 3 x 10° atoms can be reserved in the ODT. The BEC can be
achieved after forced evaporative cooling by ramping down the power of the ODT. The BECs are imaged after 15 ms of ballistic expansion.

The temperature of the atoms can be lowered to 26 K after the
molasses process. The ODT laser is turned on simultaneously
with the MOT loading process. The ODT holds for 100 ms
more after the molasses to ensure that all atoms out of the trap
can fly away, so that the number of atoms in the trap can be
accurately measured. All phases, such as MOT, CMOT, TDM
and molasses, are optimized for the improvement of the ODT
loading. In addition, the 3-D MOT repumping lights are turned
off 1 ms before the turning off the cooling lights to ensure the
atoms being pumped to the |5% S; /2, F = 1> state, and the
BEC achieved in the ODT are in the F = 1 state with mp = (0,
+1) states [32]. Finally, 3 X 10°%’Rb atoms can be reserved in
crossed-beam section of the ODT.

The evaporative cooling starts after 100 ms being held in the
ODT. Initially, the power of each 1064 nm laser beam is 6W,
which corresponds to the effective trap depth as 355 ¢K and the
trap frequency as (wx,wy,w,) = 27 x (1.8,2.3,1.4)kHz. The
atoms are evaporated by ramping down the power of the ODT
laser, and the ramp is divided into several linear segments. The
duration and slope of each segment are optimized by maximiz-
ing the optical depth (OD) to maintain “runaway evaporative
cooling” [49]. The path of optimized evaporation on the CAPR
is shown in Fig. 4. In the first phase, the power of the ODT laser
is linearly decreased from 6W to 800 mW within 3s and the
temperature of the atoms is lower to 10 pK. Then, the power
ramps to 150 mW within 2s, the temperature reaches 2.3 ;K
and the atom numbers in the ODT is about 7 x 10°. In the next
phase, the power is ramped down to 80 mW within 1s, 4.7 x 10°
atoms are reserved in the ODT with the temperature of about
1 uK. Our evaporation is efficient because as the depth of the
ODT decreases, the temperature of the atomic cloud decreases,
the density increases, and the phase space density increases.
The ODT power is then decreased to 48 mW within 2s, about
3 x 10° atoms can be reserved in the ODT with the temperature
of about 411 nK. When the power is ramped down to 40 mW,
the atomic cloud starts to transfer to BEC with a temperature
of 240 nK, which is below the phase transition temperature
Tc ~ 400 nK. The phase space density PSD = nAJ is greater
than 2.612 after the phase transition, and Ag, = \/27h/(mkpT)
is the de Broglie wavelength of the atoms and n is the density of
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Fig. 4. Path of evaporation on CAPR. (a): The power (solid black line) of the

1064 nm laser versus time during evaporative cooling and the corresponding
theoretical trap frequency @ (solid black line) are insert. (b): Atom numbers
reserved in the ODT versus time. (c): Atomic temperature (black circle) and the
critical temperature Tc (blue circle) versus time. (d): PSD (black circle) versus
time. The PSD = 2.612 at the phase transition is shown as a blue line.

the atomic cloud in the ODT [50]. When the power of the laser
is reduced below 40 mW, a clear bimodal distribution appears.
The spatial distribution of atomic cloud before and after the
phase transition is shown in Fig. 5. As shown in Fig. 5(a), the
power of the ODT laser is above 40 mW, the free expansion
after the time-of-flight (TOF) is isotropic, and the atomic cloud
is classical. The condensate, which is not isotropic after 15 ms
of free expansion, starts to emerge with lower ODT power.
While the power of the ODT laser decreases to 38 mW, the
condensate fraction is 36% as shown in Fig. 5(b). When the
power of ODT becomes lower, the condensate fraction continues
to increase. The condensate fraction is higher than 70%, as
shown in Fig. 5(c), while the ODT power is 36 mW. In Fig. 5(d)
and (e), the classical components of the atomic cloud cannot be
observed, while the ODT laser power is less than 30 mW. They
can be considered as experimentally “pure” condensate.

The process for BEC is completed after an evaporation time of
11.2s with a power of 24 mW, the trap frequency and trap depth
is (wx, Wy, w,) = 2m x (115,147,89)Hz and kg x 1.4 uK. The
temperature of the atoms is below 30 nK which T = (T +17})/2,
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Fig. 5. The phase transition to BEC. (a)~(e): Pseudo color image of the atomic cloud after 15 ms of free expansion, showing the process of phase transition.

(a): An isotropic distribution of classic atomic cloud just before the BEC transition. (b): A bimodal distribution after the BEC transition with a condensate fraction
of 36%. (c): A bimodal distribution after the BEC transition with a condensate fraction greater than 70%. (d): “Pure” condensate with peak optical depth of 2.8.
(e): “Pure” condensate with peak optical depth of 3.6. (f~j): Areal density distribution of atoms corresponding to figures(a~e) along the x- direction. (k~o0): The
gaussian fits of the thermal component of figure(a~e), as shown in red. (p~t): The parabolic fits of the condensed fraction of figure(a~e), as shown in blue. The

size of a single pixel is 2.16 pm.

Wy (y) is the trap frequency along the x (y) direction, 7,y is the
Gaussian radius of the atoms after 15 ms of free expansion.

V. SYSTEM ASSEMBLY, INTEGRATION, AND ENVIRONMENT
TEST

System assembly, integration, and environmental test is an-
other essential procedure for the validation of the CAPR. The
optimal assembly and integration scheme makes sure the system
satisfies the space station’s restrictions on payload size and
weight. It also ensures that the rack can survive the vibrations and
impacts during the launch. All the heating elements cling well to
the water-cooled heat sink after the assembly. Thermal test and
mechanical test are the two main environmental tests. Thermal
cycling test is applied to verify the temperature adaptability of
the rack, while the mechanical test simulates the rack during the
launch. After the assembly, all the sub-systems are integrated
into a standard rack for the CSS.

The science chamber, as shown in Fig. 1, is surrounded by
a 3-layer magnetic shields. The vacuum apparatus with the
magnetic shield is mounted in a topless aluminum box that
serves as the main fixed structure of the physical system. The
heat accumulated in the magnetic shield is transferred to the
water-cool heat sink installed on the side of the aluminum box
via two Aluminum/Ammonia heat pipes outside the quadrupole
coils. All the optical fibers and the wires connected to the science
chamber pass through the magnetic shield at the same location as
the heat pipes. The assembled physical system is approximately
590 mm x 930 mm x 510 mm in dimensions with a mass of
170 kg.

The 780 nm laser system integrates all the optical and the
electrical components into one aluminum box, and connect to
the physical system with three optical fibers. The 1064 nm laser

system integrates all the optical and the electrical components
into another aluminum box, and connect to the physical system
with eight optical fibers. Each laser box is mounted on a water-
cooled hear sink, and the optical and electronical components
are separately integrated in distinct layers. The electrical driving
and controlling system receive the signals from the instruction
system, transmits them to the physical system, the 780 nm and
1064 nm laser system, and stores all the experiment results
and the engineering parameters. Laser systems and the elec-
trical driving and controlling system are of the similar size and
weight, which are 550 mm x 470 mm x 280 mm and less than
50 kg.

After assembly, the peak power consumption of the CAPR
performing BEC experiment sequence is 600W and all the heat
dissipation depends on the water-cooled loops. The thermal
cycling test verified whether the whole rack would work well
after being exposed in the environment with great temperature
change. The fiber laser systems experienced 12.5 thermal cycles
with a temperature range of 5 °C to 35 °C, while the lowest
temperature and highest temperature holds for three hours. The
physical system also experienced 12.5 thermal cycles with a
temperature range of 10 °C to 30 °C, while the lowest tempera-
ture and highest temperature holds for four hours. The electrical
driving and controlling system experienced 3.5 thermal cycles
with a temperature range of —10 °C to 60 °C, while the lowest
temperature and highest temperature holds for three hours. The
temperature changed at a rate of 5 °C/h.

Sinusoidal vibration is mostly used to test a device’s resonance
frequency. The standard diagnostic procedure starts and ends
with a resonance scan for each axis. Afterwards, arandom vibra-
tion test lasts for 60s with the acceleration of 4.2 gr\is. Before
and after the mechanical test, the optimal experiment sequence
for BEC had been continuously executed for twenty-seven times
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Fig. 6. The parameter of BEC before and after the mechanical test. (a): Atom
number of the BEC over nearly 30 cycles. (b): Temperature of the BEC over
nearly 30 cycles.

in thirty minutes, and the results were shown in Fig. 6. We
averaged every five adjacent results, including the atom numbers
and the atomic temperatures, and compared them in the figure.
The environment temperature was both set to 23 °C during the
experiments. As shown in the figure, the atom number and the
atomic temperatures before and after the mechanical test are well
consistent with each other, and their trends along time are nearly
the same. Through these results, we can draw a conclusion that,
after the mechanical test, the rack nearly performed as well as
itself before the test.

VI. CONCLUSION

In summary, the CAPR is developed and we report the de-
sign, realization, and the validation of the rack. We describe
the integrated physical system and the all-fiber optical system,
and demonstrate the feasibility of CAPR by experimentally
generating an 8’Rb BEC in a ground-based laboratory, which
maintains the ability of achieving BEC after integration and
environment test. The integrated physical system provides the
necessary vacuum, magnetic field, and optical field for per-
forming experiments with ultra-cold atoms. The optical system
provides lasers for preparing a BEC of 3’Rb, and the all-fiber
scheme makes the system reliable and compact. A quantum
degenerate gas was produced by forced evaporative cooling in
the crossed ODT with 1.2 x 10° atoms and a temperature below
30 nK. The integrated CAPR satisfies the restrictions on the
size, weight, and power consumption, and performs well after
the space environmental qualification tests. The CAPR offers
the ability to lower the temperature of the atoms to pico- or even
femto-kelvin by deep cooling. It also provides the possibility
of observing and understanding novel physical phenomena in
microgravity and the potential for high-precision quantum mea-
surement applications.
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