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Table 1. Thermal expansion coefficients, outgassing rates, and helium permeabilities of commonly used vacuum materials.

R R PR E/K ! HA AR /(Parm?s -em 2) AP B
SI6LANGEHI (500 CHLHE) (17.8—19.3) x 1079 [ 4.09 x 10714 [60] E RN AR SriA
3I6LANEEHN (950 CHEHE) 19.3 x 109 ) 6.15 x 1015 [60 TR B
304N (500 CHERE) 19.3 x 100 (62 1.19 x 1013 [60] TABE
304NEEH(950 CHERE) 19.2 x 107 2 2.75 x 10715 [60) T B

£k 8.35 x 106 [63] 2.5 x 10 15 (64 TR B
bis 23 x 106 [63] 3.9 x 10 (20 h 100 °C)b7 TE BB
il 16.5 x 1076 [63] 1.8 x 1079 557 TABE
o=k 17.7 x 10°6 [63) 3.06 x 1072 (72 h 150 )00 TABE
Adkth 7.6 x 100 17 4.2 x 101 (24 h 200 )1 10 1—10 12 cm?s 1 (70 )0
AlSi10 Mg 23 x 1076 67 3.6 x 1012 [70) _
WEA (5.0—9.0) x 106 7! 1.33 x 103 (7 —
Pyrexiif A3 5 3.3 x 10 [ 101 (10 h 250 °C)143l 3 x 1010 cm2g 1 [
KOSt =0 8.6 x 107 7 — —
BK7 7—8 x 1076 70 — —
FRRER R (4.4—4.9) x 1076 [ 1017 (10 h 250 °C)143l 6.8 x 10716 cm2g ! (43
R 7.6—8.9x10°6 [ — -
Si (2.57—4.33) x 106 1] 102 (10 h 250 )43 3.9 % 103 cm2s ! 43
A1 9E(Si0,) 0.6 x 1076 130 1014 [s1] 109 em2s ! 182

T T A% O R T BE RS AN T —
KRG 2 B B HOR (4048 % BT % L
JEREEEE), LIRS B A T Sk, Rk &
XK, W R SE A SRR R B, Z5 A2
AL 36 3 T . I TR A L, TR &
A I RS S BRI B Ry S, H AT LS Al SR
TG A2 T A I %) =B 3, (R SR
WA H S A R R, BAGI AR 2,
297 HAEFR AR EA R s ). S T 4T
T Y RS R N SRR, AR bR U A A B i
I, BT AR R I G4 S 3L FRAR R 3 i 5
R 5 vk. 2o Bl R B2 RG IR Y
B ARk L RALZ T SRR, A
BLES 7 2 L it o0 B 55 3 1 A B 2 RS W D A
Y, S 2R GE T S 0 SRR, KGR R R
HETTE 97%, H R4 R 0N (5N F
10719 Pa-m®-s~1) PYERIMBE J1, I EA RGN HAL
Rl TR AR B4 9],

2.1.4 #ER/EH
HA RGP BRI AR 2 O 48
A R SR N BB, S R E AL FE TR

] i =8 AR, BRI S | e s ys Jepyad A o, ¢
5 2RO ) At g A B AR [ P, AT
IRE S {5 g AP TG Ye GO AN 2 X Bz BB i
SR FERIR, HiZZs YR B IHHOR i BRI
. A% By i3 KBS DAy K 2 0 L L o i B 1) 5 AL
i, BELTISE ) o A A, A A s s [l
L) A B RE A R IR 1Y

2.2 =R

FERT SR AR B S TG Y ik b, CAE S
RS AB BTG R0 RO, EATRE T HA
R G i a8 W BR B 23 KO LA R G fa e 445
RUFEZS MRS, 2 1 P S A8 | k.
B AE 4 e RIPLARGE B | nl i TPk AR B A
ARG SRR, W T B A
VR R H25 R0 R 1B B 7 1 DA
i, BEARBRNS B AR S B T 05
PEHE BB MERE R ERYE, DLW E IR &R
BUUCHCE: (e L2 M o i v ROV ) 25 57 3
BB RS FARTT 1 35405 ) Fndsbshe T 203G FeteE.

M 1A, B (&R iR A B s
e il) SIEEA (EHME TR B BRI,

180301-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 18 (2026) 180301

LRBBILT) PIIK R LELIE, R R EZ= RS
AIDCIE 2 & ; REPR R B | P RS BHE (U s R 4%
fi&, DB EWH T W FA0) i R st | Ak
bR (P R BVCIE), f Bk 35 2 B Na #fE
TR BCH T A B RS B 45 o, T T 2 A R o
B EERER DN A5 BRI T il RERR EL
PR, R - R PR TR DR 2 5 RE S B E Y
A BRI PERE DL BRI O v S 1
23 ZGEi & AR T N, BRI SR seI7
BT AT S LS PERE A EE AR A 2.3 75
FEEAHE.

2.3 IMEMLETHIE

BGR JRF R G L2 R 5 2 i w
BBUER . REEHBRER L RBLE N 2. DIH
B A YS I 5 AN 187, EAR R 235 600 L
(HAEEL 120 L), B L 180 2T, Al
RSN ST T3, B & = bR iRF- & S5k

FEMCH E, RS TAER DIFER I8 400 W; Tell®
T 3B SR M B R AR BB AR08 IR T T
1, BHGE 105 m B2V DUE K A f P51k
A1), PR ECRR R | I | 5 RS R SR N S T

L2, HCAACRR (8 A S 0 R A e 25 (). AT LA
B, LGRRT RGP RN S RGEH 25
INRIAR R S5 R 2 MR LB 1 ¥4 IR T IR A
B V6 L. AR AR T 2R ks
AR5 2, LTy b s il L 5%, fE RS
BT R R 2T, SRR AR = T
G T . 1) T4 E =4 (3D) TENEER
) 4 JE AR i) 1 T 25 167700 S B TR GE N TGk 5¢
B 2% PR LA 25 44, M R AL Ae T 6 s A
[l s SR T A Ak | P R i 2 5 AR AR,
K 1(a); 2) MO B T & —FhCRE  3ET
Y % S5 D H A 5 e S A 8 R I R R T I
HZARTIFE RBUNTY | M 2508 4 8 25 e,
R RV A g 0 S T AR AR L T S S

pump

Valve

Rough+turbo

Atomic  Retro-
' cell reflector
Vacuum and
l B?’ Rb source

Magnetic

coil QWP

F1 o (a) BCAHR B 28 0 B30 b o6 305 B2 Ji 5 (70 (b) TR 8 7 24 B A B8 A 5 (o) — bl i SR R D B R 141 1)

Fig. 1. (a) Additively manufactured vacuum chamber equipped with standard vacuum components™; (b) conceptual schematic of a

non-magnetic ion pump devicel®; (c) schematic diagram of an integrated chip-based magneto-optical trap®..
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Fig. 2. (a) Miniaturized passively pumpable vacuum chamber consisting of a titanium alloy frame and a sapphire window!*!;

(b) stand-alone vacuum chamber fabricated from an alumina ceramic body and a ceramic glass window!*?..
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Fig. 3. (a) MEMS vacuum micro-cavity composed of a silicon cavity and an aluminosilicate glass window!*l. (b)—(d) Three different

MEMS micro-cavity packaging processes: (b) sealing after laser activation of the rubidium dispenser; (c) activation of the rubidium

dispenser after sealing; (d) combination of a non-evaporable getter (NEG) with a rubidium dispenser/*!l.
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Fig. 4. (a) Typical magneto-optical trap loading curves and vacuum estimation”; (b) schematic diagram of the portable cold atom

vacuum sensor4.
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Fig. 5. Schematic diagram of vacuum measurement based on levitated particles” and its experimental setup!t®l.
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Fig. 6. (a) Schematic diagram of the experimental setup for vacuum measurement based on optomechanical pressure sensor;

(b) simulation of the fundamental mode of an optomechanical trampolinel!”7.
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Fig. 7. (a) Schematic diagram of the optomechanical pressure sensor structure, with the inset at the lower right showing a micro-

scope view of the fiber end face of the fiber-optic microcavity sensor; (b) detection of pressure-induced tension changes by monitor-

ing the resonant frequency of the optomechanical resonator!!%s,
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Abstract

As a fundamental cornerstone of modern atomic physics, laser cooling has fostered the rapid development
of cold-atom physics, which exhibits irreplaceable application value in cutting-edge fields such as quantum
frequency standards, quantum information, and precision inertial sensing. The transition of cold-atom
technologies from laboratory research to field deployment hinges critically on system integration and
miniaturization. This paper presents a systematic review of recent advances in miniaturized cold-atom vacuum
systems. We analyze in depth the vacuum contamination mechanisms, including helium permeation, material
outgassing, leakage, and backstreaming. We summarize the material selection principles for micro/nano-scale
vacuum chambers featuring low outgassing and low permeability, and highlight advanced design schemes and
packaging processes—such as metal 3D printing, miniaturized pumping, chip-scale integration, anodic bonding,
and laser welding—as well as the technical merits and implementation pathways of passive pumping for long-
term vacuum maintenance. To address the lack of in-situ, high-precision, and highly compatible vacuum
measurement methods for micro vacuum cells, we systematically categorize four technical routes based on cold
atoms, trapped microparticles, optical thin films, and fiber microcavities. The operating principles, performance
metrics, advantages, limitations, and miniaturization adaptability of each method are clarified. Finally, we
identify the key challenges facing miniaturized cold-atom systems, including long-term vacuum maintenance,
on-chip multi-system integration, robustness under extreme environments, and the establishment of vacuum
metrology standards. Broad application prospects in deep-space exploration, resource exploration, quantum
information, and fundamental physics verification are discussed. This review aims to provide theoretical
references and technical support for the research, development, and application of next-generation integrated,

portable, and highly reliable cold-atom quantum devices.

Keywords: miniaturized cold atomic vacuum chamber, vacuum materials, passive pumping, vacuum

measurement
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