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Research status of the quantum inertial sensor based on the atomic system
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Interdisciplinary Studies, National University of Defense Technology, Changsha 410073, China; 3. Hunan Key Laboratory
of Mechanism and Technology of Quantum Information, National University of Defense Technology ,Changsha 410073, China)

Abstract: The performance of the inertial sensor directly determines the accuracy of the inertial navigation system. The quantum inertial
sensor based on the atomic system is expected to achieve the performance of the traditional inertial sensor with a smaller volume and lower
cost, and theoretically can obtain higher measurement sensitivity and long-term stability than the existing technology. In recent years,
with the rapid development of the field of quantum precision measurement, the practical and engineering research of quantum inertial
sensors has made remarkable progress. In the future, by replacing traditional accelerometers and gyroscopes, it is possible to form a
highly integrated, low-power, and low-drift quantum inertial navigation system. This article briefly introduces the basic principles of
quantum inertial sensors based on atomic systems, and summarizes the current research status of quantum inertial sensors mainly
including atomic interference gyroscope, atomic spin gyroscope, atomic interference accelerometer, atomic interference gravimeter, and
gravity gradiometer. The article also reviews and analyzes key technical issues that need to be solved. It provides valuable insight for the
development of quantum inertial sensors.

Keywords : quantum inertial navigation; atomic gyroscope; atomic accelerometer; gravity field matching

X H 45 AN AR A IR P il s k. i DR A
ik b B4 2 7 5 i 852 B ( positioning navigation and
timing, PNT) [ 3£ 545, A0/ X GPS s, Atk

H TRV R A UK, 45 B 2 AR i B R B Bk E AL &R FHL R S (inertial navigation system , INS) 7] L7 IR 1 & 5
¢ (global position system, GPS) 7EHL T 5 H 45 2 4% Ml Mio) s i T2l AR BH IR R0 ek e /K R Fid T~

0 3l

il

S H 9. 2023-06-02 Received Date; 2023-06-02
* SEETH . FHRK A RRHAIEA (12174446) W24 78 175 4R 3545 (20231710050 (RG24 F AR B4 38 4x (2021J40700) 151 H ¥E Bl



9 A A TR AR B T AL BRI T BUR 17
RN R BR, BA A B LE R R BURE R, B g R i (R Ak T R B H s

BN A G5l A & T3z 1 Y, AR M I 2 PR 5T (inertial
measurement units, IMU ) F4 4% 0> 32 52 py B W84S 38
THIX PRI 1 A% AR AL L, B AT PR BE B SE T INS
RS L o AHER T I A2 IR i 1Y 158 22 5 Bl I [R) AR R — i
RTINS WA B AT e WIRE . AT, s A AN
RN ARAAE IMU 890 22 . b 48 TR A
TCLHL AR SCT LSS o AR, SR A v o v] BERE AR
AR B BEPE AN 3 F2 P XA [ B 4 0 rhof 4R e
R AU 2

IAER | WG B A 2 I HOR (s & e, DL s+
BE MR ASCRN i fin 32 32 1S AR A - M A% 88 7T LA 4
R SXF  ARE RITFO0E E BT fg SR B S RS S A ) 4 o
AL G E AL AR, 1 I E] A AT UARTIE INS
Y RE AR BE O/ 90 S AT TR . 5 oh  TE KBRS
AT 3 T LA 22 R AR 1 1 i s i 1 0 AR
BT H R BEASOR SE B 5 DU BE S Y B2 U
JrgE, BRI INS 5% 22 B A BUR, SE KR 48y E
}a/ﬂ;ﬁ[ﬂ .

BT R R R A IR R £ T U
FREC RIS HT# I AR DL e T b A, &
BEH a7 A B I T R R AR B VAR R A
JE PP BRI T R T R
JE B E BN J5 A A D A% R Y ik
TR a5 D, A RS R IRPE IR TE A e sc e i 4 b
BRASUORI G MIAT NV (L BE IR, 56 [ [ By 7 s 2R T 58 3
X1 & ( Defense Advanced Research Projects Agency,
DARPA) %Y “f PNT” (Micro-PNT) %] 7 4 %4
EIR T 5 ( chip-scale combinatorial atomic navigation,
C-SCAN)™ i H F1 “ K5 #1 B ¥ 5 L R 48 ( precise
integrated navigation system, PINS)” S| , LA T B it 25
Jas( European Space Agency,ESA) WEhI) « S (R EAE 2%
JEFF #5032 (hyper precision cold atom interferometry in
space, HYPER) " 181, H .0 38 R m PE e R F bk 1%
AR

AR AL AR 5 1 SO0 U2, v e — 1932 Bl AR
PRI R e B R PEBE I [R] 4R PR R AR . 3X
FEBET 2004 iz sl i A% S S it 1 S g A B RS
P anA e I B el T T A 4 15 FH B 4, 9909
MBS R 2 R A AR Ak, PRI e i rh 2 7 AR VRS, B
Wb BTV A B IR SCR B TT DA 2R AR T Y
TR LA B R ST R Y i TR
PRI 15 2 A0 s TT LA A s J32 R0 3 32 ) 4 o
W TN RAN TS HEN AL 5 3 A2
A% IS F W 7 A ARG (R B, 0] v It T AT U

PRI SRR T I 7 A O 5 D P B 18] 52 i 00 4k 25
R, PR AT UHE SRS B 09 55 0 B BDR PEA R 58

ML
1 BFTHXETRECRSBARLR

I 1991 47 $H A R A SC/N2H i o 92 B ok o =X
JEF T AL AR 3 T T B A ARG %% DU £ ) P 5% )
S JE, T2 RN v G0 E S i R A R
T AR A Y RG4S R O A
F3 QL TEL L AT DA R 7 1R IS 5 4118 7 ) [T 16 8
JETF B0 FEAS T B G 2% Mach-Zehnder T #5 {28
o, FUZMOGE B T8 A8 B T IR B B T, s
[] {49 17 FH 37 5% ) e 232k FHAS [] 18 J5 - B0 T LART A 2Rk 5
BT, s 1 s, SR o A8 Sy il 48 4 A D LA R
FE v AT XS 550806k vl & 4 =R EAE T,
A3 ALY TR g (w2 Bkoh) OB 8% (o k) A
AR (/2 k) BIMET, — RS2 B I ] 300340 e 4%
IS i B o S R 2 Rt U 7B 7 N W (T s 2 A 61
FEPIRBLE ek Z Bl b . TR s 1293
BMAES S A FRise R

1
SMNP,P=7[1 - Xcos® | (1)

H, N ES5THNEETFRE X R T &L
XL, P 2S5 T W I AN 2 T A AR 2RI B Bt B 114
B, @ 2T WA . SR 8 Q FIRT 6L 5 B
a ST AR 2050 -

&, =2k, - (2xv)T*

&, =k, -al’

K.k APEECARE R . A B —A R T
PRI TA%, 5 mT LA TR] A figf B0 b 28 1A A o 52 52 i
L,

X AR R QS TN Dy R T

KRR @ RIS B Z e
ADE™  AwmOA R

R, = = — (3)
® ADY 4w, A
K A, A, 708 R T ARG T8 T3 5
B A, m MIET R B oe FA 20 463 B e R
i OCHRIEOCHC . A TR I A R, = 10",
JE TP B BRI [ HOG T B SRS T A
mRZ , (BAE HRTH AR T, KA T30 i 1 L
m® TR T T WA PR B A mm® 2, SO
FHICHEIUE, N R =~ 10° ~ 10°,

(2)

ggggg



18 & L £ ¥ W

a4t

e
N E NN

HENENNEENNEN e

g LLLTTTY

-
-

? r

K1 =Rkob$i St Mach-Zehnder 1474 ) J5 1
TWAURE

Diagram of Mach Zehnder atomic interferometer
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Table 1 Comparison among the main kinds of IMU, divided according to their performance grade
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Fig. 3 Cold atom interference gyroscope developed by Stanford

University and Paris Observatory
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by Sandia National Laboratory
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Table 2 Performance comparison of some high precision atomic interference gyroscopes at home and abroad

A1 BA RS KR E EPs
TR e 4 1.5%1077 rads™ Hz™"2 1.9x107*/h =k L TR AR R BUR KRS
WA A & AOSense @202 ARW:3.0x107*°/h"2" 1.0x107*°/h WOk i TR R AN (E O ) o T N
ST A R 2 1202 ARW ;3. 0x107%°/h"> 6.0x1073°/h bk SR 1A D B SR TR ABUR RS
BRI AP 3.0x107® rads™ Hz "2 6.2x1075°/h  DURkoh SRR A AR RS REE (TEJ  ECTR
IG7 7 NG e 1.2x1077 rads™' Hz? 5.4x107°/h =Rk BN
Sandia [E 5 5095 %) 1.0x107° rads™' Hz™"? <0.01°/h =ik S ARBUIN

1) ARW . FAREHLIG A 2550, 45 100 A0 M s 0 2 RTAFR 1 e 7, DU 4 Bt ML 38 2 R 505 AU AR [ 52) 1 rad/s =~ 2% 10°°/h, 1 rads ™' Hz 2 ~

3438°/h'?
) LG54l P A VB & 5 G, (V8 IS i ik
HREBOCLT IR O IR i — A 2 AR IR IZ 5, i
TR A (R AN BR ], 3O 5 T R R 82
ICRA W E LR L,

2017 4F, REBE W RFET R FLB Y
Fisf () 438 S 347 325 Bk ( time-orbiting potential, TOP ) £ 5% 56
ARAT T I B €0, — 5% PR T HH B 2R 1A ( Bose-Einstein
condensation , BEC) (R A1 & [0l % i 73540 9F T
2020 AFEERAE LSS IR T AR R A i, X L

Q Q
s 3, :r(n—_@ﬁl)gf S
Sy = >

(a) JRELH

(a) Principle diagram

JEIRF) 50% , FHERIALZI N 0. 5 mm” 575 Sl R U N
8x107° rads™ Hz™?, $ETHIER A G, 1EE R A7
I IERE ER P A ALY A 1 em® LA BRI, H R R 5
FE i AT 35 107 rads 'Hz 2P ) BiEE R R LE R
Garrido 257 WAL 7 1] ERFSERR K 7 R T b AT
LI, HRTE ARG T ET SR T pe R4
FEAFAERA T R 2 R 50 F 8l 2453
AN TR A KSR 5T RN & R H B R O A
A5 580k

(b) BEERRX LR R LEE
(b) Physical installations in the laboratory of the Paris
Observatory in France

K7 B SEIUR TSR T REIRIL

Fig. 7

DLEGIAS il B2 R A i SEAR B Y T 2 oK G108
PRI, B A S R T B R A A s AR
Bk, G 8 B %7 B AR IR ZI A K F AR B T i
B2 RG R CHERBOEOL R G AR S8
HIFISEIG B B AE — RO L 25 = (52 ) 22 )
AT EBULE 20 mmx24 mmx5 mmPH . BIRESFH
JEF T C e 50 = ST (H R A b B
NARESE R WA R B N — DRI R PR, b, 758

[lustration of the circular guided atomic chip interferometric gyroscope

Jr Bl BEC H AT iE HAE Ja BR T 52 560 2 BREE T B Bl
BLEfFsE ™ ESCIE T BEC 19 ] B sh M4 Ik e, X
A2 T 10 47 R0 A i B 4R AL
VI i — HLER A AR — I S A, B Rl 5
T AR R N I T S
JEF 8 A BIEFE T R ARAR X B D, PRk B LI g
LA FE BT X 5 51 8 70 BE R AT e 1A ok
5",



22

a4t

ST IR 3 DROCRE B

JTHARE P JeET BB 1

B8 R g BE A A 1t M

Fig. 8 A concept map of a highly integrated atomic chip of the future

1.2 BRFFHmERET

TEEF T W AOR B 1 5 A2 A Rl — 41 )5+
T AR TR, vl LA TR] B i 580 1 280 0K Ay 1 3 3
PR, AT B B W — A S5 A0k AT DL
A ARG I B A B BT e B R A A K
T PR, RS FE 5 i 0 A5 OR 3E g Jm s 2 %) 0 2 4
JETE 107 g S 2%) , {0 H 57 AL G0k B2 1HAH E 4K
IHAEAE S AT BN R i T FE R AN 2, K9
ST A5 S B T A R S ke L Heh ) R R
B R LB = R TV I B m R . T
VAT L E O 35 EE ) 5 AR R e I Y R
T3 B AH R M B RO R R 2h T A B A
A7, RUR 95 A TE 3 DX 43D 4 0 3 B8 5 J8 oKk B b il
PREhb BRG] /7,

10
10 000 pr g v;;s;}mmr
# 1000 P —— /\) ’7//
ﬁ 100 A~ //
= 10 I / St 7
it ] y '
[ s
% 0.1 \ﬁw T
001
$ 0.1 1 10 100 1000 10000
e TR e
P19 e AR s 350 43 0 o 3 T2 1 LU

Fig.9 Comparison of the stability of accelerometers divided
by working principle
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Fig. 10 Two compact atomic interference accelerometers

developed by M Squared in the UK and iXBlue in France
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Functional diagram of the gravity matching

navigation system
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Table 3 Sensitivity and accuracy of laboratory static tests of of some high precision atomic gravimeters at home and abroad
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Table 4 Sensitivity and accuracy of field vehicle static test of some high precision atomic gravimeters at

home and abroad
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Fig. 13 Diagram of transportable atom gravimeters developed by some research institutions in China
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Fig. 14 The on-board atomic interference gravimeter developed
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Fig. 15 Shipborne atomic interference gravimeter and airborne

interference gravimeter developed by ONERA in France
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atom interference gravity gradiometers at home and abroad
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Fig. 17 The first generation horizontal atom gravity gradiometer developed by Stanford University
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Research Institute
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Fig. 23 Concept diagram of C-SCAN and MEMS NMRG at UC Irvine
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Fig. 24 Research history of NMRG in Beijing Institute of Aerospace Control Instruments
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