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Fig. 1. Constraints on the violation of the Newtonian

inverse-square law at short range.
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Fig. 3. Power spectrum density of the torque acting

on the torsion balance.
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Fig. 4. Torques measured as a function of the displacement of the source mass along z-axis.
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Fig. 5. In phase and quadrature components of the torques measured at different separations.
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Fig. 6. Constraints on the Yukawa-type violation of ISL.
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Fig. 10. (a) SEM image of the source mass cross-section after electroplating; (b) AFM image taken on the

source mass with 500 nm thick of gold coating and then thermal annealing. Image size: 46 um x 46 um.
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Fig. 12. 2D maps of the force signal at 8f4. Thickness of gold coating: (a) 150 nm; (b) 300 nm; (c) 400 nm;
(d) 500 nm; (e) the source mass is further annealed at 150 °C for 12 h.
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SPECIAL TOPIC — Physics in precise measurements

Recent progress in testing Newtonian inverse square law
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Abstract

Many theoretical speculations assume that the Newtonian inverse square law (ISL) needs to be modified in short
range, such as the modifications due to gravitation propagating in extra dimensions and the hypothetical interactions
mediated by bosons predicted by the physics beyond the standard model. High precision tests of the non-Newtonian
gravitational forces are important for verifying the proposed models and help us to further understand gravity. Scientists
have performed many tests in different interaction ranges by using different techniques and have not find any non-
Newtonian gravitational force up to now. Adopting a gap modulation scheme, the experimental group in Huazhong
University of Science and Technology had accomplished the tests of ISL in the millimeter and submillimeter range with
torsional balance. The experiment in the millimeter range set the strongest constraints on the Yukawa-type violation
from ISL. Recently, they have conducted two other tests in the submillimeter and micrometer range by modulating the
density of the source attractor. In the submillimeter range, torsional balance is used to measure the torque acting on
the pendulum by a rotating density modulated source attractor. The Newtonian gravitational torque at the frequency
of interest is suppressed below the thermal noise of the pendulum by a dual compensation design, whereas the non-
Newtonian gravitational torque is preserved if it exists, so that a “Null” test can be realized. The experimental system is
verified by comparing the theoretical torque with the measured one when intentionally shifting the attractor away from
the position for “Null” test. The strongest constraints on the Yukawa-type violation are achieved in a range of 70-300 pm
in this experiment. In the micrometer range, an isoelectronic test of the non-Newtonian forces is performed by sensing the
lateral force between a gold sphere and a density modulated source attractor by using a soft cantilever. The attractor is
fabricated based on silicon-on-insulator wafer to make its surface isoelectronic and possess a density modulated structure
underneath. Two-dimensional (2D) mapping of the force signal indicates that the experimental sensitivity is mainly
limited by the electrostatic force arising from the surface patch charges. We analyze the 2D mapping data by using
maximum likelihood estimation method and set constraints on the Yukawa-type non-Newtonian gravitational forces
without subtracting the model-dependent Casimir force or electrostatic force background. Both experiments show no
sign of the non-Newtonian gravitational force, and further experiments with high precision are required to explore the
unconstrained parameter space.

Keywords: Newtonian inverse square law, non-Newtonian gravitational force, precision measurement,

patch electrostatic force
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Fig. 1. Influence of gravity field on M-Z atomic interferometer.
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Fig. 1. The performance of our active vibration isolation [*8]. The data acquired before (a) and after (b) we isolate the whole system
from the main noise source and decrease the environmental noise. The logarithmic vertical axis shows the equivalent acceleration
noise measured by the seismometer. The black line represents the vibrational noise on the passive platform with the feedback
loop off, while the blue line represents the residual vibration measured by the in-loop seismometer and red line is the out-loop

measurement with the feedback loop on.
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160402-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 16 (2018) 160402

Amplitude/arb. units

A 85Rb (b)

87
7.5 ¢ Rbo ° ¢

Amplitude/arb. units

Phase/rad

Bl 7 FWDR J7 i5 A A I 75 (4 808 1441 %4 S5Rb J3E
TR PREAR AL IS, AL G s AT B2 BT IR AG 1 85 Rb,
8TRb Ji T T#44 (a) M FWDR, 77353/ 8°Rb, 8"Rb
JEFTW L (b). AE=MYZ SR EF T KLU0 L%
g, SRR IEZ WA gk, WA SE STRD BT
FOUN SR B, Wt XA 4k

Fig. 7. Phase noise suppression by the FWDR method [44],
A rapid phase modulation is applied to ®°Rb atoms.
(a) Simultaneous 85Rb-837Rb interference fringes obtained
by single-diffraction Raman transition method and (b) si-
multaneous 8°Rb-87Rb interference fringes by the FWDR
scheme. The red triangles are experimental data points
of 85Rb atoms, and the red dotted line is a sine curve fit-
ting. The blue dots are experimental data points of 87Rb

atoms, and the blue solid line is a sine curve fitting.

L1 RO N 2 4T R T B A 3 4
Table 1. Main contributions affecting the differential

gravitational acceleration measurement [44],

1/10~8 Uncertainty/10~8

Experimental data —491.6 0.8
Effective wave vector error —494.4 0

Second order Zeeman shift 0 0.01
Gravity gradient 0.01 0.03
Coriolis effect 0 2.9
ac Stark shift 0 0.2
Total 2.8 3.0
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Fig. 8. Ellipse fitting of population in two atom interferometers: (a) Ellipse figure obtained with synchronous
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SPECIAL TOPIC — Physics in precise measurements

Test of weak equivalence principle of microscopic
particles based on atom interferometers”
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2) (Center for Cold Atom Physics, Chinese Academy of Sciences, Wuhan 430071, China)

( Received 8 April 2018; revised manuscript received 12 June 2018 )

Abstract

The equivalence principle is one of the two basic assumptions of general relativity. It is the extension of weak
equivalence principle. At present, a lot of experiments have tested the weak equivalence principle within a certain
accuracy. However, the new theories that unify the gravity and the standard model require the weak equivalence
principle to be broken, so the highly accurate test of the weak equivalence principle has important scientific significance.
The test of the weak equivalence principle using microscopic particles complements and extends that using macroscopic
objects. In this paper, the principle of the atomic interferometer is introduced, and the history and status quo of
experimental study on weak equivalence principle of microscopic particles using atomic interferometer are reviewed. The
precision of experiments using different-mass atoms is improved from 10~7 to 1078, the precision of experiment using
different spin-orientation atoms reaches the level of 1077, and the precision of quantum test using superposition-state
atoms reaches the level of 107°. The key problems in the weak equivalence principle test using dual-species atom
interferometers are summarized. Advances have been made in vibration noise suppression, frequency shift and phase
noise suppression of Raman laser, four-wave double-diffraction Raman-transition atom interference, signal detection and
data processing. The development of long-baseline atom interferometers for improving the free evolution time of atoms
has progressed. The precision of demonstration experiment of weak equivalence principle test using atom interferometers
in weightlessness reaches 10™* level. The space plan for atom interferometer based weak equivalence principle test is
also gradually implemented. The test precision of microparticles’ weak equivalence principle using long-baseline atom

interferometers or space atom interferometers is expected to reach the level of 107*~10717 in the future.

Keywords: weak equivalence principle test, atom interferometer, precision measurement
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Fig. 1. Overall schematic diagram of the experimental setup.
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Fig. 2. Partial energy level diagram of 4°Ca™ showing
the principal transitions used in cooling, repumping

and probing of the reference 729 nm transitions.
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Fig. 4. Schematic diagram of ion loading and laser cooling.
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PRI R FR) B BRI SR IO S S B AR Ot
TR AN AR BUE K E AT 5. 10Cat B ERIT
4s ?S1/3—3d *Ds o, X RPN 729 nm. LI HIR
M PDH J7 K 4K 5 A 0B & (MBR110, Coherent)
e B IR B 228 s b S T
5 58 T O PRI ok A8 B

3 BRESE TATAANEI
3.1 BELEWHKTHI RS

I, AR A ULE BB /E 8 729 nm B KT
Yo 2% . ULE K AN 10 cm, 40/ &
1%200000. ULE JE8CE T — & L3RG HR-F & (TS-
140, Table Stable) | DLR& & & sh 5205 N 1 H
B i FE PR 2 ), R FH L R R W2 45 R 4R

SPERAITE = 1 He e WREAdE
N —— A
1.0 7
= 1.04 Hz
= 0.5
(a)
O.I
-10 -8 -6 —4 -2 0 2 4 6 8 10
10—14

—o— BARDLERENE
T PO EARIR

IIBfE) 1 s

¥ 10-15
M3
Nz}

10-16 T T
1 10 100

ITa) /s
El6e (a) ME 729 nm BOLHMHIL (b) 729 nm 6
IR E L
Fig. 6. (a) A 1 Hz linewidth beatnote of two 729 nm
lasers; (b) the stability of the 729 nm laser.

NT BRES A USRI B IR S R OR A S B
10 mm JE AR 2 B — >3 25 ], o ULE fis 6
T, 2GR G 729 nm #OEAE AL
SRASHOGLL TR, 2081 Hz (6 (a)). BUEM G EOL
TR FEARIT, B EROLILTELI N 0.8 Hz. BOL
BT R g FEAE 1100 s (RS a2 x 10710
(F6 (b)) 4.

BT 4h R OB s M RE R /&, N B REIs R
G () gk — 2 s ) (B 46 1 5 i S8 R S A R R ),
BT B ERIT Zeeman 1515 2 K 4, it 10 A
Ty, BRI LN 4 Ha, HLZ BT RI S5 B m T i
3015, WET.

0.30 T

0.25

0.20

0.15

BRIEMER
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0 - o 0o o ¢

—300 —200 —100 0 100 200 300
HE0411.04 THzAMHI YR /Hz
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Fig. 7. A 729 nm clock transition of 4°Ca™t with 4 Hz
linewidth.

3.2 ZIMAIEE TR

B BB TINERS, AR T
WA R, B2 R SR ARG B, 15T il &
SO BB . AWK, N2 /E 100 n'T
m, WHE—BIFL 2 M EL. BT WA s
bb X S8 75 2 ] — & AR 5 A0 A 25 37
AR R T A — B S IN AR I A
WIS N. HIk, B R GRS AN 253, R A
R VTR R R (1) EE L S IR S A A A A R T
SRR, FE DR IR A R A G A H A R S AR
(EMCCD) W58 8 -1 g DL S S350% 1 R B AR,
St DN A48 88 1 1) 51 ) 24T IR ARSI 7T, SIZ B[R 4
RGrtitl, WS, BT & AR bl SZ G
RIBIE SRR, SRR bk 56 FE 80 ms, BiE1E
2R 2N 10 Hz B ERE I 28 |, 1383 H s R )
% (EOM) S BILA H1 O B m e VR . P i) FeoE
291 x 1071/ \/r, JTiFb ke EHEN 10717 &g U7
9.
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8 XM EMCCD WEH T Hifs
Fig. 8. The picture captured by an EMCCD.
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Fig. 9. The stability of °Cat optical frequency standard.

3.3 40Cat NIMFrHI R G IR E TG

JGAIR B B AR ZE SRR T R G R 2 MG iR
Z2. NULRIB IR AT 2R G0 1R 22 R R, F TR E 1 S
SO HEAT M B Ay A, G S B BT SR T R A
SE G I [ (P B R IR NG AN E . X T4
BTOuHbR, T EE BRGNS TERE TE T
FRIIZ B RN T P B RGP0 (B0 9 B R R
IROE SN P ) L SRAAHR S RN L 5| L0855

Wiz ) 2 51 N B T 1 B Doppler 5l # K&
Stark 12, S50 HRHE 10CaT WOLH HE KK IZ
3] (secular motion) (3277 LK L, IK1F BB 11
ARG, RN, FATITFE T 402 iz s A sk
B RSB EO, —ANBERH] “BEXIIN A7,
I B 7 S B OCBRI &, n b 1 RS ;40 S0
TR R ST B0 [ A 0 7 A B £
S MFIHEE S, IR EBFAR R 2% 1 F 1R
FERIIE, mUbaiE 7R AARRE S RN, B T
BRI RGO AR E E AR 1. b — 85 &
TOCHRRIPRE AT E LN 5.5 x 10717, AEE Fr 1
24k Het (NIST), AT (NIST), Ybt (PTB/NPL)

F1 BRSO B E VA

Table 1. Systematic shifts and uncertainties for the evaluations of 9°Cat optical frequency standard, all the

numbers shown are in millihertz.

Jekh 1 Jedh 2 S 2-5 k1

BRI R A W AHERE
TRRERST —354.5 7.8 —354.5 7.8 0.0 2.4
HRAEST: Stark 4L 5.2 5.2
B oz sl —17.0 17.0 0.0 4.6 17.0 17.6
FiE Bk K Stark 2N
FIBHNERMIZ B 5 LR B Doppler (% —6.7 3.4 0.0 0.3 6.7 3.4
FIZBNIE R K Doppler M -7.8 3.9 —4.7 2.2 3.1 4.5
397 nm WO I ac Stark RM 0.7 0.7 0.4 0.4 -0.3 0.8
866 nm WOLIE KM ac Stark M -0.1 0.1 —-0.1 0.1 0.0 0.1
854 nm WOLIE K ac Stark ZR —-0.1 0.1 —-0.1 0.1 0.0 0.1
729 nm WOLIE L ac Stark KM 3.0 3.0 0.3 0.3 —2.7 3.0
F PO A 0.0 1.6 0.0 1.5 0.0 2.2
—Br Zeeman 0.0 0.6 0.0 0.6 0.0 0.8
¥ Zeeman 0.1 0.1 0.1 0.1 0.0 0.1
FE YA ] 5% 512 1 WA IR 28 0.0 0.1 0.0 0.1 0.0 0.1
A 5| N 0.0 0.1 0.0 0.1 0.0 0.1
[CIZE SIS 0.0 0.1 0.0 0.1 0.0 0.1
—Pr Doppler RN 0.0 0.1 0.0 0.1 0.0 0.1
fi Bl i 2% 15.9 8.1 16.0 8.0 0.1 8.4
VAL oA 0.0 0.4
Mt —367 22 —343 14 24 21
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HISrt (NRC/NPL) B 1 J5 A g Lk 3 1 10717
KPS 5 BB T, BBk T H AT Cs BT IR B 10 A ff
SE L.

4 FETHEHZEAHOCaTE TR LI
&
4.1 “°Ca't BFHERITLEITINZEAN 2

H AT B B i g A58 2% T Cs BURBH, 3K
ISE 56 = B A ZWUR B, NI T GPS R4
T T A TR 320 R O A 48 oF i DN 77 S S A S
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EREABOGE FOGRTIE L

4s ?Sy/9—3d *Dy o BRI MR A XTE M E. GPS
R G078 R v A W X D 7 S LI 100 AR
KM EZNERE (VMR R SR) 5 2 A A
JR 7B (H-Maser), X &gk AT W1V #E 7 i 22
1T, B 56 &% H-Maser il i GPS & 4t iz £ 3 Vi )
R R ST SR 69 UTC(NIM), 2 5
TR F B I =3 1A) [ I TR) 22 () AR A 2R A 21 R
s UTC(NIM) W15 3 [ b Az i) (SI) #05E X, 1
FH R A9 23 A 1 Z E0E 2 [ bt & 5 (BIPM)
7€ HH R AT B 8] 2 3k (Circular T) 2045 9 4 515
B BEIETEE VO E RS, T T 42 dWE,

ORI
; IFIEPaullk

PDHEAMI 1 FEE 2

A

10 MHz Jii 2%
l S I»l ek |
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&]
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GPS LA
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Fig. 10. The measurement scheme of absolute

frequency of 49Cat optical frequency standard.
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Fig. 11. Frequency measurement of the 4s 2S1/273d

(running 42 times).

2D5/2 transition of 4°Cat optical frequency standard
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2 BB TR ERAT A AR A R

Table 2. Uncertainty budget for the absolute frequency measurements between November 2014 and January 2015.

SR +—A +=H —H it
Wik /Hz AWERE/Hz Bk /Hz AWHEE/Hz Bk /Hz AHCE/Mz Wik /Hz AHCRE/Hz
RGREZE (K1) 0.37 0.02 0.37 0.02 0.37 0.02
Gl IR 1.25 0.05 1.25 0.05 1.25 0.05
giit 0 1.3 0 0.3 0 0.4
il UTC(NIM) SEBl AR 187.7 0.5 191.5 0.5 192.1 0.5
UTC(NIM) #%5-F TAT BFE —0.7 0.8 -0.7 0.8 —0.4 0.9
TAT AT 58 SIS 0.29 0.11 0.22 0.11 0.24 0.16
S 188.9 1.6 192.6 1.0 193.5 1.2
ZHE LR IR (B 12) 411042129776590.2 411042129776594.5 411042129776595.2
WA HI AR —411042129776000  401.3 1.6 401.9 1.0 401.7 1.2 401.7 1.1
HbhZZA MR EE R LE 1L, %53 ac Stark XUV, 2 ac Stark NN, 51 NBOGT)
SIFP 2 Ja B e A & A8 WL 3 2. 045 6 50 BR Gk WA BRI A 40Cat B 7 AR B ik I X5 N ) JBE 4 U
N 411042129776401.7(1.1) Hz. H3 I & 45 R4 K, ) 12 88 40 U K 0 S B R A G A 2% AT
BIPMH [H B IS R0 2 S 22 2B (OCTR0- g g e 1) 4 e o = 185 7 4 B 405 3 3 AR
oy A R RO BPHIOLAEIES gty RO LA, RAWRT 00" B
' B RO 0 B ) BE TG (B 12), FEar i T RS R
4.2 BLIRKNE % (#3). WREFEAA 2Dy & |m| = 1/2 10
BTV KSR KRR T, B D A = 1/2 = 895.7992(7) man, 80 "Dy &5
N . - o im| = 3/2 BIBELIBAK Ny j=s/2 = 395.7990(7) nm,
TR T EFEARAAARAG SR S e
%, WOLHTS AR ac Stark Bl B RE ik, T TR e SRR,
BRI KA R T A B DU B ey B 45 D1 4P TPaye RSy 0 dp TPy BULIGR
V2 IR F, T B LIV R TR AT SR 1 b T TRFELE A 2.009(4), AHAEE 2.0 x 1073, A5
I 2 JE e A I — /™ B R R T 1. TG AR T TS AL TSI AR, [RIIN 32t S
FE0Cat BPOIRBUE BT, SIASA B (BLIBK) N2 B 1 1014 & AR i N 4%
— WO, MR ZEOEE B 40 Cat BB ERIT 1 BT AR R 1901,
PO
2= AOM1
729 nméhik
TEHSOES Pz
_femis

TP

HHER T L

729 PRI

HokE:

BRI | ik
JFx) # .
Sl 866 nmigot:
ED 397 nmit 854 Mot
JGHA &%

K12 F5E T uitsu

Fig. 12. Schematic diagram of the ma,

BRI LI ETT

gic wavelength measurement setup.
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3 BRI AIN & A E B B
Table 3. The uncertainty budget of the magic wave-

length measurement.

RYRZET Wt /pm  AHEE /pm
WOLG Tk 4l 0 0.60
WOLLAmAt L 0 0.01
¥ Doppler X Stark #iif% 0.01 0.01
BT R 7= 0 0.06
it e 0.20
Bt 0.01 0.7

4.3 3d 2Dz, M 3d 2D5, SEDNE

B H AT N 1L 3d 2Dy ) A H IR A SR &
T I A BN B T A N 1.176(11) s 53
W45 5 1.196(10) s WOIASEE, AT & 7 IRiE
D5 [N 25V 20T Paul BEH I BRAS 40Cat B, K
A AT & it e, IR RG R E
(866 nm WOLHI LR [F AR R AR R K Bl 55
TN G R 22 55) 140 M, 8RR A R
BB IE 775, K iifa 375 4y 8 1.195(8) s,
ZAERHHIS TR 1 —5

AR o 0 1 AS RN T 925 CA B v b B v
[ 25 ik o B e, A 00 = TN 25 AE Paul B A ) B4
0Cat BT HIRITIGLL, G THE T 3d 2Ds 0 &
5, 45BN 1.174(10) sBT fE B FERE b,
8 a0 R O RE A B N B TR 2[RI &R 48y
HT 7 w1866 nm WO DA R Fh AR A R Al
B DL RS MR GE T R 2 2, RO A A
afi 55 o) LEAT o, E— 2D T E I R SR
7%, WA T 3d 2Dy 0 5 A 1.1650(27) s 1B,
ZAE RGP S T P45 R 1.168(7) s
F1.168(9) sl —5 &4 LN &, 7
F4s 28 /5—3d *Dy ) BRIT {9 DY BRIT 56 ot
7.936(26)ea? 1%,

5 REHRE

AR, BATRAH I ULE 2 R4t g 4n5k
AR B PR3N DL RG], ST 729 nm B R
EWOLAS 1100 s AR FaE BT 2 x 10715
TR T W & AR 1 be o SE 6, @ i X Ak 3
IR 558 80 8L 1 47 okl B e A, e i) R TN 2 B T 1E Bl

[, K B AN BT R AR I A B e B PR AR &
5.5 x 10717; 20000 s 2 FEIA R 7 x 10717; T
R FE A% B8 ORI &, AT T HH OGRS B = 1) T
VB, W6 3T GPS RS ks P B e A4 ot
B B 7 8, BV T A B T 0 ' A R G 4t
1B S BRI E 145 B 1 I B R BE L) I KA Aa 2
FHAT.

FEATRR T 0 R B PR Bk . AT — 2
R B R R T A B oAb H R BR 4 e AbR
B P 1 2 ZEARYR, 76 T NS T I sl b Ak
RN AN IR R G IR 22, T A A
7 BRSO L B TR A L T SO R
RS2 B g 2k N 4[] AT 9 S B R o) RO 2k
FONLER, BB INEOGER 58, (E M IERE b B
ANHfE N 10718 S B T e A0ib.

BB T AR RO R R T O AT bR 35 K R AR
P, BETS 454 4% B I s, TR AL AURR I 9
PR AN I BRI bR v B BB

RV, 2T JRE v s P AR (1) B P BIE 7 3@l
AT 1) P LS, S B AT ) LA & 45
i P (0 e AT A, A5 5 7 6] o Ao 1) £74) 238
58 AR FRATT TTHR; R wSA AR AR B AT
B, SIS T B R) A% 1) B AR 3 5 AR 06
FEL A B H HOM &, JF e 58 BN 51 I RS
YUEARZR; AR 25 DU I AR B7F dh) 12k R 3¢
() SF i) 2R 85 A JE S T i A R I N AT R 4 B e
filt; SEILAS TR HEATRR, A K (1 AR 58 A1 R G 84
FE.

Ve 2 ROt FE A 22 A 2 R AR SR SS L
AR BELE S IRFEARL TRAEFF IS AR, RERSC B
ZEAT T VBN EOME SOV Xl g BROR 4 S T
EPHERR R HE B AT IR S Y B AR DL 5K - Bt AN R
SR CAII & (Y B A G R B S BE 2 R L K
opA: 2R R Y] Bl J. Mitroy. B. Sahoo. ZEBLFI[FRZRA4E
HIE1E; BT %4 K. Matsubara.P. Gill.J. Bergquist.
SR AR B EET AR EMA T EE R
FHANZE R S T R AL
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SPECIAL TOPIC — Physics in precise measurements

WOCatoptical frequency standards with high accuracy*

Guan HuaV? Huang YaoY? Li Cheng-Bin"Y?  Gao Ke-Lin"V?3f

1) (State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics, Wuhan Institute of Physics and
Mathematics, Chinese Academy of Sciences, Wuhan 430071, China)
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Wuhan 430071, China)
3) (Center for Cold Atom Physics, Chinese Academy of Sciences, Wuhan 430071, China)
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Abstract

With the development of the technologies in the lasers and the manipulation of cold atoms, the high precision optical
frequency standards have been extensively studied and built in recent years. These high precision frequency standards
may play an important role in establishing the new time reference, promoting the researches in the fundamental fields,
fulfilling the national strategic needs, etc. In this paper, the research progress of high accuracy “°Ca™ optical frequency
standard in Wuhan Institute of Physics and Mathematics (WIPM) of Chinese Academy of Sciences is presented. A
new ULE super cavity is adopted for stabilizing the frequency of 729 nm clock laser, and the stability of the laser is
improved now to 2 x 10715 in a duration of 1-100 s. By controlling the external fields and other environmental influences,
especially suppressing the micromotion effects of the trapped ion, the uncertainty of the optical frequency standard based
on a single *°Ca* is reduced to 5.5 x 107'7. The stability of 5 x 1077 in a duration of 20000 s is achieved via the
comparison between two °Ca™ optical frequency standards. Several precision measurement experiments are performed,
based on the high precision *°Cat optical frequency standard. The absolute value of the clock transition frequency of
the °Ca™ optical frequency standard is measured second time, using an optical comb referenced to a hydrogen maser
which is calibrated via GPS referenced to UTC (NIM)) using the precise point positioning data-processing technique.
The frequency offset of UTC (NIM) relative to the SI second can be evaluated through BIPM circular-T reports, and the
newly measured value of 4s 2S; /2-3d ’D; /2 transition is adopted by CCTF-20, thus updating the recommended value
of 4°Ca™ optical clock transition. Besides the absolute frequency measurement, the magic wavelengths of °Ca™ optical
clock transition are measured precisely, and this work is a milestone for establishing all-optical trapped-ion clocks. The
lifetime of the 3d 2D3/2 and 3d 2D5/2 state in “°Ca™ are precisely measured, too. The work mentioned above contributes

to the researches of the precision measurements based on cold atomic systems.

Keywords: optical frequency standards, precision measurements, ?°Ca* ion, magic wavelengths
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F 1 REMGERRF 5 EBRFEAT 0T L5
Table 1. The years spent by the joule balance and the Kibble balance groups.
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Fig. 4. The measurement results of h obtained since 1990.
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Fig. 5. The measurement results of h with an uncer-
tainty below 6 x 10~8.

#2 CODATA 2017 %f h, e, k 1 Np HIF2ZEE R
Table 2. The final adjustment of the values of h, e, k
and Np by CODATA2017.

Quantity Value ur(k=1)
h 6.626 070 150(69) x 1073% Js 1.0 x 10~
e 1.602 176 6341(83) x 107 C 5.2 x 107°
k 1.380 649 03(51) x 10723 JK—! 3.7 x 1077

Na 6.022 140 758(62) x 1023 mol~! 1.0 x 1078

—e— XRCD IAC-11

—e— XRCD IAC-15
e KB NIST-15
2 gl KB NRC-17

e XRCD IAC-17

e KB NIST-17
—e— XRCD NMILJ-17

F———e&—+ KB LNE-17

ol CODATA-17

1 | 1 |
6.8 6.9 7.0 7.1 7.2 7.3

[R/(10-34 Js) —6.6260] X 105

Kl6 CODATA 2017 fe& R H K135 B v Sl & s
Fig. 6. The data used for the final adjustment of

hcopaTa-17-

1.3 HE—LMRHDLERFEX

201749 H4 H, CODATA TGFC # JF 4%
TR e TS E A ES R, k%
CCU. 20174£9 H 56 H, £ CCU Lt it,
JE [A] CIPM $& 22 3%, A AR T 50 5 4> B AL gk
TEBE XML P 2017411 A,
CIPM H <, #it#E 7 CCU By, H1F 2018

£ CGPM L IE 20 FE 8T o B 3387 52 XA
% TAE, JE81 T 20194E 5 H 20 H B brit& H
1EE A e P,

AR CCU S 9\ i\ B o i 251 i
H S TS B & D2 B &, YeE i CTIPM
PEAZE T ST AL, ER E R R
T A D R B H A bR A
WATY SR AT S 282 4 35 25 B9 o 3 0 1 0 5 O 9 A
PR R — HL St T 5 BT () F I s X, 3 BA v A B
Y Bl il e SR e R 22 B, TR R e R TR E
FAREIEF]5 x 10 8 ARG AHRE BE, 12255 B ]
DA s St A5, BRI A B o b %o R 7 o Ji
AT B H R KR E .

RENFWS 5K — 8RB E BRI
M7 B B B, T R AR oK 2 e, it
FRAR B AR ERA e R

1.4 AKIMARERENX

BHEA B T o 5 LR A [R] (9 77 S8 5% A —
BB RETHT, B ERERFTRERT
2006 5= 7£ [ br_E5EH 2 A, w52 20 bR R AT K
VE. R TR E IR ANE E LS SR L I EE R
MBEAR LA — 20, (2551 [JERi&E
Jay W R A A B, ] PR T P LR AR HE
BEBCTIIE FE, — 75 T AT LA 5T B S T 5 1 SR
S TTRR; 53— 7T, 2019 4T S S T E L
BT St 2 5, WR B K RE KT AR B AR IA B
10 * 8% BaUMTHEEIRE AL T R
{H, D4R 3 i B v ORISR AT T I S
CIEHIbE-20

F k& LA E A

2.1 HEXFLHRFEIE

RER R T T5 RN FR IR Tr SRR, A
PAINERE . 5D I EZ X T REE R
PR LR A ARE: T DR R U7 S
JERESK, Ak 7 TR,

FEIE T B B R s, RAP K BT IRAS
I, BERY I EE ) mg 5 WG AR T4, R

oM

L+ Af, 1
3212+f (10)

mg =

160601-8


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 16 (2018) 160601

Uy

B7 R RTEEIE  (a) WY (b) Rt
Fig. 7. The principle of joule balance: (a) Force mode;

(b) mutual inductance measurement.
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Fig. 8. The suspended coil and the exciting coils of
NIM-1.
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Fig. 9. The cross section of the electromagnet and the magnetic path.
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Fig. 10. The principle of joule balance: (a) Force mea-
surement phase; (b) the flux difference measurement

phase.
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Fig. 11. The structure of the joule balance NIM-2.
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Fig. 12. The apparatus of the joule balance NIM-2.
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3 BER PRI B 0 H BN AN E A R
Table 3. The uncertainty budget of the Planck con-
stant obtained by NIM-2.

No. AW E By B Uk=1, x107?)
1 g4 55
2 HL AL 16
3 Jo LA 45
4 T 2 0 25
5 KR & 8.8
6 S5 170
7 HI N 10
8 THEH 90
9 HoAth 60
10 geit 90

& AN E BE U 234

4 Kk 2

B AR CIPM T2 P iE BEAE 2018 4F 34T T3 51
AL EE T S, ARAT SR S A B AR T R AR oG
I IE AR, DME T3 @ CSEhti Ja, w R A AR
AHEFEIRF 5 x 10 8B LA I35 B 34T %4
F T o A EAE N E AL . B BR RS . 5
] ] 3 o I SR R AR 2R T DR RSP H
IR TAE. XK T wR M E e LG, T
RRPRERFRENRERFREREH T %
AN KT v A G 2 R B A AL AR, Bk, T
H 4K gk 82T e e i R P25 B I st A pe 4k TAE,

S HUAE AR SR AP AE N IAF 10 8 5 2% A0 AH 0 AN
B 5E .

RE B R 1T H 4 & Gt b L ) AN B
FERURE D HEAT TIRNII 0 Hr, FF S T o7
X, HARRAE O TAR K2k _E 28 80 DUT R}
BOR B HEAT 2D WEFE: 1) 2088 H A8 A 0l
24 Pl AT Joh B ¥ 7 2k, BT RVRIT A 7K B T AR 2R AT
il b, A4 R Bk b T 0 £ Bl A B SN IR 2 ]
7 (550, 2) SR FH XU il W5 R A2 22 P PR A1
Wi T4k 3) #E— B AAHE BRI, 4) RATW]
SHE A BRI AN B T 40 B IR AR BN LY, AR
K 2R [ B L £ R P (5] 2R Ay A0 ik R 34T [ o B
xR K.

5 % #®

N T BN S 5 E By AL ] ) EE AR DL
ARSI IRE ML) T AL S A B v ER
SR AT B Ak B AR e A AR T RE R VR R
e B T BN T 5. 2007 S T U6 0T ) SR EL A6 IE
3 H, 2013 FHIHI DI FFE 2.6 x 10 © BIAHX AN
JE BEKSF BISAIE T R B R R AIAT. AR 24
T4 8 — AR RE B R P B 26 B ) i, T 2016 4F
WP 56 OB % B AR, JF S0 7 A RS N A
B, 2017465 HikB T 2.4 x 10 7 WA AN E
HatmiHA Sz T F—PMATE, IFER
SR AENIEE] 10 8 S5 AR A & 1.
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Abstract

Kilogram, the unit of mass, is the last one of seven base units in International System of Units (SI) which is still
defined and kept by a material artifact. 1 kg is defined as the mass of the International Prototype of the Kilogram
(IPK) kept at the Bureau International des Poids et Mesures (BIPM) in Paris. One of the major disadvantages of this
definition is the fact that the amount of material constituting the IPK changes with time. Because a more stable mass
reference does not exist, the variation of IPK is completely unknown so far. The International Committee for Weights
and Measures (CIPM) recommended redefining the kilogram by fixing the numerical value of the Planck constant h
and called on every national metrology institute to study the measurement of the h. To avoid possible system errors
from one method, more experiments especially based on different principles are expected and encouraged for the final
determination of the Planck constant. The CCM required that at least three consistent results should be obtained before
the redefinition. Since 1970 s, the Kibble balance (also known as the Kibble balance) experiment has been used by a
number of national metrology institutes such as NPL, NIST, METAS, LNE and BIPM. The TAC including the PTB,
NMIJ and NMIA used the XRCD method to measure the Avogadro constant. To make contribution to the redefinition
of kilogram, the National Institute of Metrology of China (NIM) proposed a joule balance method in 2006, which is
also an electrical way but different from the watt balance method in that the dynamic phase is replaced with a static
phase to avoid the trouble in the dynamic measurement. The progress of these approaches and the current situation
of the redefinition of the kilogram are presented in this paper. In 2013, a model apparatus was built to verify the
principle of the joule balance. Then NIM started to build its new joule balance aiming to obtain an uncertainty of 1078
level since 2013. In Dec. 2016, the new apparatus was built and could be used to measure the Planck constant h in
vacuum. In May 2017, the measurement result was submitted to the Metrologia and accepted by the CODATA TGFC
as the input data. However, the measurement result has an uncertainty bigger than 10~® and was not used for the
final determination of the h value. At present, the joule balance group of NIM, together with the Harbin Institute of
Technology, Tsinghua University and China Jiliang University is still making great efforts to improve the joule balance

apparatus. The uncertainty of 1078 level is expected to be achieved in the next two years.

Keywords: Planck constant, kilogram, redefinition, joule balance
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Fig. 3. Structure and thermal deformation simulation

of silica mirror with ULE ring [43].
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Fig. 7. EOM with ultra-low residual amplitude modulation: (a) schematic of electro-optic modulator; (b) picture

of EOM; (c) experimental result (64,
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Fig. 10. Ti:sapphire laser with arepetition rate 1 GHz, connected the four current optical-

clock standards including Ca, Yb, Hgt, Alt+ [84],
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Fig. 11. NPR mode-locked erbium fber oscillator: (a) All-fiber structure; (b) modifed NPE laser design that

uses free-space optics (891,
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Fig. 12. NALM: (a) Principle of the NALM; (b) typical implementation of the figure-of-8 laser; (c) typical

implementation of the figure-9 laser 93],
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Fig. 13. Femtosecond lasers produced by MPQ/Menlo and NTSC: (a), (c) Struture and output spectrum of
MPQ/Menlo’s optical frequency comb (88]. (b), (d) struture and output spectrum of NTSC’s optical frequency

comb (the result were not officially released).
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Fig. 14. Erbium fber oscillator applied to outdoor
based on SESAM [102],
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Fig. 15. Principle of detecting the fceo signal (a) and diagram of experimental device (b), (c),
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Fig. 16. Erbium fber oscillator with intracavitary EOM [109],
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Fig. 17. Basic overview of pump power change (115],
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Fig. 18. Experimental setup for intra-annular frequency control test (a) and test result (b), (¢) [113],
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Fig. 19. photovoltaic conversion signal under different optical powers: (a) Measurement setup; (b), (c) (d) test result (116],
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Fig. 20. AM-to-PM coefficient under different pho-

tocurrent corresponding to Fig. 19 (116],
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Fig. 21. Scheme of the fiber-based cascaded MZI, where 7q4is the period of the desired frequency signal, and k1, k2, and k;

are integers, k1—k; shoud be properly chosen for no pulse overlapping happen (118],
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Fig. 22. The improvement in 10-GHz power output from the photodiode for different FP and MZI configurations

(a) and the expected noise floors (b) [118],

24 (a) PD impulse response

0 -
—24
S LI
—6 -
—8
—104
— 124
— 144

Sensitivity deviation/dB

® Measured noise deviation

Calculation for Gaussian pulses

- - - - Calculation for Gaussian pulses
plus noise floor (—5 dB)

—20 T T

10

Optical pulse width/ps

— 164

— 184

T
100

23 JCAERAR T (10 GHz) [k 98 5 55 o e 75 5| A2 ) 98 1 AR (o218 75 ) 2 32

Phase noise/dBc-Hz !

Fig. 23. Phase noise prediction and measurement of a photonically generated 10 GHz signal: (a) Theoretical result;

(b) experimental result [124],
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Fig. 24. Power spectral density of the phase noise on the
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Fig. 27. The simplified and generalized architecture for a optically referenced broadband microwave source (a) and (b)

shows absolute phase noise of synthesized digitalphotonic signals [133].
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Table 1. Key components for ultra-stable photonic microwave generation at state-of-the-art.
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Table 2. Ultra stable photonic micro/RF frequency generator based on optical cavity.
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Abstract

With the progress of science and technology and the continuous improvement of the precision measurement appli-
cation technology, the technical requirements for the stability and noise level of the ultra-stable microwave source are
increasing. Its application range becomes more and more wide, including high performance frequency standard research,
network radar development, deep space navigation system, etc. Up to now, the photonic microwave generators based on
ultra-stable laser and femtosecond light comb are believed to be the highest microwave frequency source with the highest
frequency stability and the relative frequency stability 10 ¢ in 1 s. This device is also the basis of the application
for the next frequency standard (optical frequency standard). Whether the generation of time or most of the precision
measurements, the output laser of the optical frequency standard should be transformed into a super stable baseband
frequency signal. In this paper, we first introduce the development, current situation and application requirements of
ultra-stable photonic microwave source, then we present the principle and structure of the ultra-stable photonic mi-
crowave source and the technical development of its components based on the first set of domestic-made ultra-stable
microwave frequency sources developed by the National Time Service Center. For the ultra-stable laser, we mainly focus
on the research and development of the ultra-stable cavity design, the Pound-Drever-Hall frequency locking technology,
and the residual amplitude noise effect rejection. For the optical frequency combs, we mainly focus on the development
of laser mode-locking and frequency control technology based on erbium-doped fiber combing system. For the low noise
photonic-to-microwave detection and low noise synthesizer techniques, the noise effect rejection of wideband photoelec-
tric detection and the microwave phase noise induced by the amplitude noise of the laser are emphatically introduced.

Finally, we summarize and prospect the photonic ultra-stable microwave generation technique.

Keywords: frequency instability, phase noise, ultra-stable laser, optical frequency comb
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W% S AU B3 R PR 292 #4019 H0E R 1
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Ja, AT T BT 8Os TR R E B B
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1995 4ESEHL 1 HIE PR E K W] S BRI AT TSR
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ogy, NIST) 1617 £ [H#} % K L & (United States
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PTB) 2021 3% [5 [F 52 Y3 5256 % (National Physi-
cal Laboratory, NPL) 2224 & K| [H K F A 2
Bt (Istituto Elettrotecnico Nazionale, IEN) % J
H A O, [ RT=290 ) [ 4. 32000 4F )5, X
SE T SRR il ST ] R, IR E A AS B
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B J I AR v R AR I IR, B Se R AR
Mz AT VERE VR Al . SOk SR T I IAS T — R AU
FORCR. 1998 £ 43 M1 1 Dick RN X 155 IR i ) 5%
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AL G — e, 2L EIE T 5Rb
M SR AR () B ] (1424350 fdi 3 g Ay I 1] A5 %6
)23 1 25 (Consultative Committee for Time and
Frequency CCTF) #3571 28 — A Z AP & X hrife
(recommends that the unperturbed ground-state
hyperfine quantum transition of 8Rb may be used
as a secondary representation of the second with
a frequency of frp = 6834682610.904324 Hz and
an estimated relative standard uncertainty (1o) of
3x1071, see Report of the 16 th meeting to the In-
ternational Committee for Weights and Measures
April 1-2, 2004 p38). H:4k L AMERE LRI H 4y
T SR ATUbR AR R JE AR SR, 81 e Rt S A (54 4
J5 T4l 1350 22 gt AR o 25 1560,

5% SR AT ) A JEE R RT LA 23 3N B 5
LB B, & Rt EALK B 28 1 EWUR SR, JT R
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201 Br, PFS H it AR B AN 5 5 e e, Wt SR A
P e 2 3 5 OO A 56 B AN R FE VA L IE A 14
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KEMR T FEHEK; 530, MR AR
L B B — 7 T A R R AR S T K
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Time, UTC) (1) & 57 1 [ fr Jil ¥ B (International
Atomic Time, TAT) fAZ#E B7381 3 HEAT T Wi IR
B3 b 0 d2e R Ll o P91 55— T T BE 22 1) S B 3 T
& 1 WEIR SR BB 1R O 36 B A BRE AL R St
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GLONASS) 1 & Gu i [a] 7= 2 LA, 36 B 4K S
£ USNO FIAk &' 107 [ 5 B R P R I 25 vl AR B
FT Bt (Russian Metrological Institute of Technical
Physics and Radio Engineering, VNIIFTRI) &S/
il 7 % G WERIAbRTF T AT 57 I ] [18:19,40,41)
I 12 B el g, SR [ s L
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Metrology, China, NIM). [E &K% i 710> (National
Time Service Center, NTSC). H [H &} % Pt L i
o 25 4 B ALWCWE 5T B (Shanghai Institute of Op-
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=F IR SRALBOG IR OB N
T 55 AR, B 1RO EEN BRI
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Fig. 1. Typical fountain frequency standard.
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[ BRI R BSOS R AR Av, RS G
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fir B, WA T 2088 30 2 B IRA PR E K,

(a)

WK 2 FToR, —FOR 5N T5 1) (2 Bl o SEos &
W R T =W 2751 (0,0,1) BLAvA/2 AT E I8
g, Ko A RBOLB K. R4 R 3A T R E
SO = A Av ARG ZE , J5F 2000 (1,1, 1)
J R BAVBAVA /2 1R B I8 3, #3063 ik nT
DK B 2 ) _E AR 2. (0,0, 1) J7 1A b Pl % K
B HEE — X 7 M RSO, AR LR
Ramsey = ZEfR i, #2006 A &1 5% 35 (1,1,1)
FHXS 2 — 2k {H 2 BRI S5 5 5% 0 ) £ 5 oAtk
FIGTEAT S 8, AT DLSHL B AT K0 SR T I R ) A%
DRI I R 22 B SR bR &R T (1, 1,1) B, RA
HR(0,0,1) B IEEEAL BT BT SR A bR K
T —Fhoscdt (1,1, 1) Bg5 44, 5t Lk R0k BA
P&k T 6 RBOLH FTA DhEE, 3K
FRAR T O ThR, 1\ T /Kafactt. BERTER
B AER i o 5 Y T E A St B, X
ANEFEHIMAER, SRR T ZEEWTHE, &
JE BB B F I EIH TE KR T I3 ekt 72
5 R G AR L W R T = L2 uK A A5 IR
FERH B IR IRIX.

pr s

K2 (a) IR FIRHIMMTER; (b) FrEsi

Fig. 2. (a) Two forms of moving molasses; (b) characteristic structures.
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b, R R Ot 158 Ramsey {F B, %
A W bR 9 AN HET RE T I, SRR LV
JE 7 B S, A F = 4,m, = 0)
234 Rabi RGEKIEEN|F = 3,m, = 0) &, #EHA
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BAET, EMEMTFRA|F =4,m, =0) &
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Fig. 3. Ramsey interference fringes of 87Rb atomic fountain clock in SIOM. Inset: the central part enlarged.
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Fig. 5. (a) The principle of the generation of phase shift in a distributed cavity; (b) the typical experiment result (891,
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Wt 55 % SR ATURR P BE 4R AR B TH AR 1) H
BRI, BB R S AR, LE I R U R
SR E B AR A

VB B A R85 FF S8 1T K e v (1 FE HE AT bR
oY bR, WER AR 2 5 SEEL Hh UTC [78:129],
T8 o X[ T Lo E R . GPS LA 25 #1 TAT
(RS HE. TSR AFbR 55 TAT (1) B 6 7 78 I 22, [ B
B J5 BIPM AR 21X 2 /1 1 5 TATBCE 4R 1
T b /N B 0 A7 AE R SR 28 36 B, AL T AR 2012 4F
(1155 19 Jms CCTF A&k 7 TAT (43 130 &8s
M5 SRATbR 5 TAT () — S0 BEA R FRLE 10716 B 4.
7E BIPM I 8] 45 4 A, 6 32 4852 41 250t S5 A7 b
USNO )4 &R, HEIHEAE, mxtFJEiEs:
IBAT AT RATAR, TS5 Bt e R P AR X TAT )
AR EEE 10710 B S RKIT RN EREE L
T 2 GWURSRR, 4 4LKGE B 6 AkR 11 RE D
PR AT AT S

W% SR A b 5 B A AT B BT R 45 A H i R
BTz RS EITRE TR e B
BORSC G NS [E PTB S HL 1 5 T ' 2F I 4 4% i
1415 km B R AkREEXT, 55 T 3 x 10716 i bL
SR B, URAE T e AT ASH 2 B AL 45 R, IR
3.1 x 10710 K& B & T STRb BB AT 155 IR A bR
T2 B T AR AR T 5

) F B SR AR T 5630 3 A B il L ) s
SRS A WIS 40 45 A B AR Ak Ha A
WA (electric dipole moment, EDM) il & 5%, —
S ) P IR AR 5 A 1) 2 [ 47 38 S 56 A 1F 7 % &)
AR

g5 PRI, W SR ABURR S I 20 4F R R OR (1) T
RUBFRR AR, I8 AT R 5, R AR B T
IR EFE (10713—10714) 7= /2 R FEAE 10716
R AIVEREFR bR, WHRAbR 1R 7T 82 ek T A
THEIIR R, FRH T B AW ) R 7S, AR,
M5 SRATURR T DA S5 38 IR B L B B R e FE R b,
e FEA BN 10717 B4, {HAE K& NS AS
B P (P DT R AR PRI AN TR, ANHf o P 13— D4
FHECE RIS, Bl H AR R — 2D B, W SR AT bR K
PATHZ RN, B2 e s B2 R w0
W2 53 E I P L& # UTCL 20 TALRR
e 0K LR LA SR ATRR . B AR,

BIUbRRE R B v AR B, WOIR SRR AR 9 AT
JEE 5% e FR AW TR AT s A HE AN T B AR
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SPECIAL TOPIC — Physics in precise measurements

Atomic fountain frequency standard:
principle and development®
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Abstract

The principle and development of fountain frequency standard are introduced in this paper. Fountain frequency
standard is an atomic clock technology developed in recent 20 years. It is based on laser cooling technology, and
realizes the trapping and projection of the cold atom medium with laser cooling technology. In the process of launching
upward and falling back, the cold atom medium first completes the preparation of atomic state, then passes through the
microwave cavity twice to achieve the Ramsey interaction; between the two interactions it undergoes free evolution, and
finally the Ramsey interference fringes are obtained by detecting the atomic interference probability with the two-level
fluorescence detection method in the detection region, and the frequency is locked with a line width of the central fringe
being about 1 Hz. The stability and uncertainty of the frequency are two important indexes of the fountain frequency
standard. The factors influencing the stability of the fountain clock frequency mainly are quantum projection noise and
electronic noise. At present, the short term stability of the fountain clock is (10713710714)771/2, and the long term
stability is (107'6-107'7). The frequency uncertainty of the fountain frequency standard is mainly influenced by the
two-order Zeeman frequency shift, the blackbody radiation frequency shift, the cold atom collisional frequency shift,
and the frequency shift relating to the microwave. The uncertainty of the fountain clock is around 107'¢ currently. As
a reference frequency standard, the working media of the fountain clock mainly are '33Cs and 8"Rb. All international
metrology institutions have been developing the fountain frequency standard, and it plays a more and more important
role in establishing the coordinated universal time and the calibration of the international atomic time. In addition, the
fountain frequency standards are also used to study high-precision time-frequency reference and time comparison chain,

and verify basic physical theories.

Keywords: fountain frequency standard, Ramsey effect, stability, uncertainty
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Fig. 1. Introduction of the NV center in diamond []: (a) Schematic of the NV center structure in diamond;

(b) the spectrum of NV~ and NVO.
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Table 1. The performance of sensor based on NV cen-

ter in different physical fields.
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Fig. 13. Stimulated emission depletion microscopy reveals nitrogen-vacancy centres in diamond [
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Fig. 14. (a) and (b) Laser sequences and example images for the high-resolution charge-state ionization and recharg-

ing manipulation; (c¢) and (d) the resolution (presented by FWHM) improved by increasing the doughnut laser power

or duration; (e) and (f) the images of CSD nanoscopy pumped by the 637-nm doughnut-shaped laser beam without

and with the 780-nm Gaussian-shaped laser beam [36,38]
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Table 2. Properties of super-resolution imaging techniques based on NV color center.

g T7 i SR /nm W #ik
M GSD [39] 7.6 532 nm (105 mW /cm?)
STED (SIL) [30] 2.4 775 nm (k) 8 MHz, 3 ns, 5 W)
T A GSD B4 12 638/647 nm (%116 mW)
Spin-RESOLFT [40] 38 532 nm (2 mW) T B
STORM [39] 27 594 nm (H%33)
DESM [41] 12 HE, TR B R NV
rCSD 28 637 nm (22 mW)
iCsD [36] 4.1 532 nm (48 mW)
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Fig. 15. Optical images of two single NV centers:
(a), (b) I1 and I for the single-photon and two-photon
counts; (c), (d) images of each NV center (15, I), re-
spectively; the red crosses mark the positions of the
NV centers, the positions were obtained using a 2D
Gaussian fitting of In or Ip; (e) 3D image of the two
NV centers [4].
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Fig. 16. (a) A full ESR curve is acquired at each position in the scan by measuring the NV fluorescence as a function
of RF excitation frequency, the ESR spectrum at the position of the red dot is shown on the left; (b) the image
obtained when the field is on resonance with a fixed RF excitation frequency, the relative change in NV fluorescence

as a result of the RF drive is plotted [42].
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Fig. 17. Thermal imaging of a photoheated gold nanoparticle [49]: (a) Schematic of the experiment; (b), (c) fluores-
cence image (b) and temperature map (c) obtained simultaneously by scanning a 40 nm gold particle relative to the
nanodiamond probe and its excitation laser; (d) optically detected spin resonance spectra corresponding to three

different pixels of the scan, located as indicated by the crosses in (b) with matching colors.
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Fig. 18. Schematic of the NV center in diamond neuron detection system [60]: (a) The NV centers are

excited by green laser and been controlled via 2.88 GHz microwave radiation; (b) simulated dynamic output

from a single CMOS pixel; (c)—(e) zoomed plots of magnetic field strength at 100 nm standoff showing the

60]

integrate and fire effect of the central soma and the reactionary dynamics in the dendritic region below (601,
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Fig. 19. The micro-nano structure using to increase
the detection efficiency in the confocal experiment (627,

Nanopillars, solid immersion lens, bull’s eye structure.
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Table 3. Coherence times of single NV defect electron
spins hosted in different types of diamond crystals at

room temperature with the corresponding magnetic

field sensitivities.
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in diamond”
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Abstract

Solid-state electronic spin system of the nitrogen-vacancy (NV) center in diamond is attractive as a nanoscale
quantum sensor under room-temperature dueto its unique characteristics such as stable fluorescence, long coherent time,
and near-atomic size under ambient conditions. Nowadays, the NV center plays a significant role in super-resolution
microscopies. Different super-resolution microscopies have been used on NV center to archievenanoscale spatial resolution.
Moreover, the spin state in NV center can be regraded as a solid-state qubit, which can be optically polarized and read
out. The spin state can couple with electromagnetic fields and strain, which enables the NV center to be an excellent
quantum sensor with high spatial resolution and high sensitivity. Such an NV-center based quantum sensing technique
is being developed for applications in newmateriales, single protein nuclear spin dynamic field, life science, etc. This
review will introduce the basic principle of such a nanoscale quantum sensor, the experimental realization, methods of

enhancing the sensitivity, and some applications in high-spatial-resolution and high-sensitivity sensing.

Keywords: nitrogen-vacancy center, nanoscale, quantum senser at room temperature, quantum en-

hancement
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Fig. 2. Representation of a few collective spin states on
the generalized Bloch sphere: (a) Coherent spin state,
the average spin of every particle points at the same di-
rection, the quantum projection noise is isotropic; (b)
squeezed spin state, quantum projection noise along
one direction is smaller than that of the coherent spin
state with the same atom number, at the expense of
enhanced quantum noise along the orthogonal (con-
jugate) direction; (c) twin-Fock state or spin-1/2 bal-
anced Dicke state, made up of indistinguishable bosons
equally distributed in two orthogonal modes (exactly
half (N/2) in each mode), its spin direction lies in
the equatorial plane, but is completely indeterminate

along the azimuthal direction.
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Fig. 3. (a) Generation of twin-Fock states using spin-
mixing dynamics in spinor BEC; (b) illustrating corre-
lated populations in the +1 components generated by
spin-exchange collisions. The measured particle num-
bers in m, = +1 (red) and m, = —1 (blue, taken
as negative) show large fluctuations in different exper-
iment runs, but their difference in any run is always

near zero. Figure adapted from Ref. [30].

A e = BEC H I B e sZ #8157, &
O A T REN LBl 2 08 LT R 7 19 X H

A 1830, R R 3 8 S o A () S 1
RL 7 BA7F ROV (LI 3 (b)), Rk AR
M FH 32 00 B3 T8 7 9 B o 1 A A0 PR ) 00 R
O BN REA B T B AT IRk B, HEEF
T 90% I HL s, X R R FEAR 71X S XEA
SEHPE.

4 BIPEETHELAMESNHA
RN &

B, FRATHIF 7T A1 A I 4% E i 1 Hn-87
J&F BEC K E ieiR & fE, i g R A M Ik E
FHAAS, B ML & T A5 20 11000 AR T BT

FERAMTMI L6 261 F 1)) Z e BEC i H e
B 175 BN T A e R Ik P2

C2
2N,
+(2N0 — 1)(N — No)| = alo,  (6)

HA am, (&I”F) 5 NmF S aARE T m, W RS
JRBER (72 A) SRFEERE, TN, = Nyq +
No + N_y NEKL T8 AXPE DB T 58
JEAH K IIAH BAE e, A3 B RS HAH BEAEH, =
B |eo| R T BREAS R AR P HEE, X F =1
(¥4 -87 BEC 1M 5 X MBS 8 — B LML, A3
HHR SRS T — g No AR 1 B 28 2 RN RHZ R G
oM, Hofe = (ey1+6-1)/2 — €0 (em, Nm, &
MR ), Seie bn] DL I i 37 B T ) g 34T
R

DA b0 % i 5 4 R 1) Jie & BEC 1 ¢ = £2|co
B E A AL P XA RE A E
53 9 =X 38 43 58 polar (P), broken-axis sym-
metry (BA), fl twin-Fock (TF) XU &AH (B 4 (a)).
6 5 <, ZhEE BEC B HEsh /1% 584 H g 5 |
I T E . 2 —2|e2| < ¢ < +2|co| I, BEC 1
() J5 - RT DAAR S 5 Hh A B e A el i, 7 b X3
Gb, B g > 2|eo| B, BT H i AS 4 1l 5 K1 () e
FEANULEL, H A il 18 1 R 4

1E LA R H % & 40 i) & S0 1 st iR
Hp 850,31 B SR B T AN TR K F BRI R A A,
S b AR TR g M |q] > 2co| HPIRZA A S
lq| < 2|co| WPIRAS. WIFTTHFTIA, XM 7% BIAH RE

H= [2(&{@*_1560610 +h.c)

160303-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 67, No. 16 (2018) 160303

PEAEROR R, (B2 Pl A B XU L
BRIEAR K.

(a) -
WY
aj Ig_ ﬁﬁv a4
1 n(ip +1 #9900 3444
P BA TF

[ 00 08 0o 0" 0o o o

mr

Time

K4 (a) HEELKIESE BEC FEA R T 55 5 1 A1
TR R (q) 1 BEC B ReAS S HAE R (c2)
BT KA, R P, BA A TE AH; (b) SE46 W52 2
FRIAS ) o 7 RS 1, 3t T A g
BEC fE&A A2 L K70 A7 BE I ) R 32 1L

Fig. 4. (a) The ground state of a spin-1 BEC is deter-
mined by the relative strength between the quadratic
Zeeman shift (q) of individual atoms and the spin-
exchange interaction strength (c2) between them. It
can exhibit P, BA and TF phases. (b) The spin-
resolved absorption images of the atoms that show the
evolution of the spin state populations when g is swept

linearly over time across the phase transitions.
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SPECIAL TOPIC — Physics in precise measurements

Generation of twin-Fock states for precision
measurement beyond the standard quantum limit*

Tey Meng-Khoon"?  You LiV?*

1) (State Key Laboratory of Low Dimensional Quantum Physics, Department of Physics, Tsinghua University,
Beijing 100084, China)
2) (Collaborative Innovation Center of Quantum Matter, Beijing 100084, China)

( Received 28 May 2018; revised manuscript received 11 July 2018 )

Abstract

The highest precision achievable for a two-mode (two-path) classical interferometer is bounded by 1/v/N (with N
being the number of particles participating in the measurement process). This bound is called the classical limit or the
standard quantum limit. It is possible to beat this limit by introducing quantum entanglement among the particles
such that quantum projection noise from different particles cancels out. Twin-Fock state is one type of such entangled
states. It is made up of indistinguishable bosons equally distributed in two orthogonal modes (exactly half (N/2) in each
mode). In the past, either through optical spontaneous parametric-down-conversion or through quantum-gate operations
on trapped ions, twin-Fock states consisting of no more than 10 photons or ions have been realized. In recent years, twin-
Fock states made up of a few thousand atoms have been generated using spin-mixing dynamics in spinor Bose-Einstein
condensates (BECs). However, these twin-Fock states exhibit huge fluctuation in particle numbers, thereby limiting
their potential applications. We recently generated twin-Fock states of about 11000 atoms in a deterministic manner
by driving a spin-1 BEC through quantum critical points (QCPs) slowly. Even though substantial excitations occur
while crossing the QCP regions during the drive, this method is capable of generating highly entangled twin-Fock states
because of the very different structures of the system’s low-lying eigenstates across the QCPs. The samples we prepare
feature a number squeezing of 10.7 = 0.6 decibels and a normalized collective spin length of 0.99 & 0.01. Together, they
infer a minimum entanglement cluster (or entanglement breadth) of 910 atoms. This article introduces the background

and advancement of this research.

Keywords: quantum metrology, standard quantum limit, twin-Fock state, Dicke states
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S g B 15 3 i o ER 5] 7% B A E AN
0.002 ppm. WIHR 5] J1%H 5 G I =K sE s 52 =,
DU b R 5 8 P N A R TT DA o B A B () . B

DOI: 10.7498 /aps.67.20181381

RIBENA, RARKEA G R TR S G A %]
B R 1.

EF 5 9l ST B k)3 5 30 S AR
HGH T, 5l 1 GRREZE A REMEM. 5
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b, HEE S G R T RER A — D EEAH HoRoxt
A 090 T R AR AR 3 GEL U A

— RIUHIER R ) LU 255 5 70 A AR
MIA R G RS HE R 2 . G2 5 Rl (8] 22 f0 55
JETT. X511 8 G AT RS I A B R ix e
B ) B RN FEATAR, IR e i b2 K
AERL AT R 7B A 2 LA S T A, JF
BAR T — RPN EAH BRI AR . ASONEBR B G
3 524 2010 4 LR T A G 45 2R DA KA [T BAAE
G 5 H) TAR SR UGEAT 4.

2 ARG NEHRGNEN]G E

1798 4F, BE[E ) H 2% 5K Cavendish F| H] Michell
Hil/E B HLFE (torsion balance) B R i Hi il & H Hiy
BRI B FE PO S N AR A 1 91 56 5 SR AHE 5 H 28—
NG NG = (6.67£0.07) x 107 m3 kg~ 1572,
HXAEE 1%, —HZHEEEL T, EEREEART
KIESHELD, bR EAGJE I T V20 G ITVERIAH
RELIG, I A T 200 24 GAE, H GAE R I &R
FEAU SR T A B = A Hem g 222 LR —
AN RS B A — . BIH AT AL, G
DR FEATY IR T FE AR B 22 B b e 22 1, 9
Rk A, VA AN B BRI B B A oK Y
HEPE.

N T AR 3t A 3R AN BIF ST AU B i B A
A A R AT & 1F, B PR E 2 (In-
ternational Council for Science, ICSU) T 1969 4
BSL T BRBH 80 25 71 25 (Committee on Data
for Science and Technology, CODATA), H—H%
73T FE AR B 2 BOR VP AL DA, CODATA T
1973 SR Y5 Heyl SF MBS R W TR AN TH
S10H G ISR P2, 3655 T 2 5 1 1986
4, 1998 4F, 2002 4F, 2006 4, 2010 £EA1 2014 4L
RS BN SIS AH ) GBI & 25 I 45 HERE
fE, JiJe CODATA #E#5 K GAEYI T3 1.

T 2 B0 7020 4 L N R A R A R T
WIFATT G, WZEm KT HE B EWAIRE,
P51t 77 Ji CODATA #E 457 1) G B A% & JF e A A&
i b BB . 1995 4F 48 [ ISP B R B 7T B
(Physikalisch-Technische Bundesanstalt, PTB) 3
) GBI 4 PO & L CODATA-1986 #E#
1 G {E K 6416 ppm, {HILAHXT A % £ 83 ppm,

52 CODATA-1998 Wk ) B A GAE H 1 58 — i ks
FEME ). T PTB 45 R 5 CODATA-1986 7% 4|
Wk, MM E B S ST CODATA-1998 HE# ) G {4
AN BE IR B T 1500 ppm, HELRE EEAR 2 10 £5 1
KR,

#1 JiJE CODATA #i#H G1E

Table 1. The CODATA recommended values of G in

recent years.

R G/10711 m3.kg=1.s=2  w,/ppm
CODATA-1973 [23] 6.6720(41) 615
CODATA-1986 [24] 6.67259(85) 128
CODATA-1998 [29] 6.673(10) 1500
CODATA-2002 [26] 6.6742(10) 150
CODATA-2006 [27] 6.67428(67) 100
CODATA-2010 [28] 6.67384(80) 120
CODATA-2014 [29] 6.67408(31) 47

T B i — R0 R W e W B B
1, CODATA-2014 #E 4 (¥ G {5 7 2] (6.67408 £
0.00031)x10~1 m3kg=ts72, A X A # €
47 ppm. CODATA-2014 F s 3% 1 G {H W 3R 2 fn
Bl 1.

FE R 2R E 1, K5 B2 4F 750 ppm ) A 8
AN, 4R A 1) 2000 4 3€ [ A R K 2% R A
FHAE 0 B VLD &= 1 GO (UWash-00), A
6.674215(92) x 10~ m3-kg~1-s72, X AN S
14 ppm B4, fEgE R REELSCLE AT R RS
RS B B B GO{E; 2) 2001 4 B BR & R i
FFF B A0 RIE AN 323k P 7 R = 1 G
& (BIPM-01), 46.67559(27) x 10~ m3-kg=!.s72,
FH G R B %€ B 40 ppm P71y 3) 2002 4F Hi £ 5 22
R 2 5K RSP & 1) G A, 9 6.67407(22) x
10711 m3 kg~ 1572, AHX AN B A B 29 33 ppm )]
7E B J5 12006 4F, A AT Sk 1 AR E, RAF R
2 Mk ek B AN 2 T R A ) 00 4 5T 1
(Uzur-06), 4 6.674252(121) x 107 m3-kg=1.s72,
AH X AN 2 BE 19 ppm; 4) 2003 4F Hr v == I &
P 44 S5 56 25 K H R D 2295 I B Y GE (MSL-
03), N6.67387(27) x 107" m3kg 1572, HXF A
T 5E FE 3% 3 40 ppm BT 5) 2009 4E 4 v R K 2
S % 40 SR FH HUFE JE 120 & 1) G {8 (HUST-09),
N (6.67349 4 0.00018) x 1071 m3-kg1-s72, X}
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AW 5E FE 26 ppm 104 6) 2010 4F 3 X b
HE o AR E 2 K22 S S e = oKk W 4R
Fabry-Perot (F-P) #9213 2|1 G (JILA-10),
6.67234(14) x 10~ m3.kg=1-s™2, FHXF AN 2
21 ppm [*2I; 7) 2014 4 H R & R 4k S AT E
FEAGUREE AN FANMEVE PR 7 i T U 2 ) GE
(BIPM-14), 46.67554(16) x 10~ m3.kg=1.s72,
AN B 24 ppm 9 SR BT S R fAT] 4 U T
M SR USRI 3 E, (I & T AR 1B 5 2001
RS E — R, PRI R A R AR R E T N
R4 8) 2014 4 35 [H in M K 2% BR SC 4 £ S2 56 21

fE 4 KA T % H LA & 31 0 & 1 G (UCT-
14), 453 °86.67433(13) x 1071 m3-kg='s72, #
SN BE 19 ppm (1 BR T _RIASZEG, 2014 4F
Kk B AE 1% K 2 ) Tino BF 7T 4K 4 R 1
T E T G1H (LENS-14), N 6.67191(99)x
1071 m3 kg1 72, KN A E FE 148 ppm Y.
JE R A E FE LR, {H Tino B 78 4H R H 1)
MR TV IR i I 7 ik S5 A% G 1 B T HAT Bl
FRAPEEI G 925 X AR, X% FHRANE G 7%
ORI R G iR 22 B JEE EE 1R X, Kt
# CODATA-2014 W%,

#2 CODATA-2014 Yt I G Seih g
Table 2. The adopted values of G in CODATA-2014 adjustment.

No. SEIGH Rz SEIG Tk G/1071 m3kg=1.s72 wu,/ppm
1 Luther et al. NIST-82 [31] FHRR R T 6.67248(43) 64
2 Karagioz et al. TR&D-96 [32] FIRLE HRi%: 6.6729(5) 75
3 Bagley et al. LANL-97 [33] FHFEFE #13% 6.67398(70) 100
4 Gundlach et al. UWash-00 [34] A3 P 1 6.674255(92) 14
5 Quinn et al. BIMP-01 [39] PR ) BB R 6.67559(27) 40
6 Kleinevof et al. UWup-02 [36] XAAE F-B ik 6.67422(98) 150
7 Armstrong et al. MSL-03 [37] FHAFH A 6.67387(27) 40
8 Hu et al. HUST-05 [38] AT 39132 6.67222(87) 130
9  Schamminger et al. Uzur-06 [39] FFERME I 6.67425(12) 19
10 Luo et al. HUST-09 [40:41] FHARE 6.67349(18) 27
11 Parks et al. JILA-10[42] KUHEAR F-B ik 6.67234(14) 21
12 Quinn et al. BIMP-14 [43] S HRPAMETS / BB URNE 6.67554(16) 24
13 Prevedelli et al. LENS-14 [44] SR RUNTR 6.67191(99) 150
14 Newman et al. UCI-14 [49] FIALFE 1% 6.67435(13) 19

2014 CODATA  CODATA-2014 [29] 6.67408(31) 47

T T T T T T
NIST-82 ——e——i | —
TR&D-96 ———e—i 150 ppm
LANL-97 —————i

UWash-00 re+
—e—i BIPM-01
UWup-02
—e—i MSL-03
HUST-05 —————1
- UZur-06
HUST-09 —e—
JILA-10 e~
—e— BIPM-14
LENS-14
~e— UCI-14

——e— CODATA-2014

I I I I
6.673 6.674 6.675 6.676

G/10-11 m3-kg—1.s~2

I I
6.671 6.672

K1 CODATA-2014 YR G {H
Fig. 1. The adopted values of G in CODATA-2014

adjustment.

ASHE R B, fE CODATA-2014 W 5% 1) G 14,
B KAH BIPM-01 Fl iz /ME LENS-14 1 2 HHCAE 1)
ZRIEFZ) 550 ppm, Tz K T EH SRR
. SBUXFPARF G2 FE I 5O T Be 5 R 7E THax 2
W G 5256 P A7 TE 35 M AR E B AR BTG I8 R 4
W FIREAATLT I GIX — A DA IR A
BN, 51 2348 EAE 2 DU 5 A HH EAE FH ) A i
WS —Fh. TSR 5] D115 5 W 5 e A 5 B T
P, TR AE SEZB6 w06 508 I 75 0 1R 12 RS 400 1)
A K ot R P i R 20 3 P 5 L At 730 DR 2 s 6
4. S48, 517 BA AT B i M A3 A A 5
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H151 1137 A e 2 STEREA M T IS B, A
Se P R 2 R T B 0 74 P A R AL

124Nk, B ANRE A HAd A H HOoR F) 12 3
G 1E, 5171% 8 G RINE R RERE ST 5 7
SEFER BT S, AT 51 JE A, AR
B ESMAEGELE, Hit, Rl e
{8, AICAN T 3E G b RS B I R R 1) EE O3 AT W)
AR T8 RO RH O 7 B 25, 3 PR AT 51 708 ) Bk
FEfe i) — A EER R, F, £ &R E
TR, AR AR, RERM T 5 0%
BERIHUOIN T 5B AR, (35 Fh oy AR A 2N Al
RYURZE R ARG T MELIR K. 55, W&
PNAY Y LSNPS e Pt S Rl )
[ — AT e .

3 MGk wmoET R

FH AL, £ CODATA-2014 Y1 14 G
18, K B 1 PR 2000 4F 56 [ A 1K 24 11 5
T FE LR FE AR A 03 B S At ) 2 g 4 S 41,
FE A 45 S, SR FH AR ) 925 3R 45 19 S 46 45 R
A, 99 NIST-82 B, TR&D-96 *2), LANL-
97 1331 HUST-05 [*8], HUST-09 [*0-41] 1 UCI-14 [5],
Hr HUST-05 A HUST-09 52 e Rl K24 5] F52
56 Hpo SR FAHFE A A B 25 ) &5 . Hih b
AN FELELR 5 2 ol D 3 P AR MR i/ B 4
RS, X AE F-P ik, HFES d sk, KF
AL, FIA RS G R E S
SA_HZFMPE, BHbr A — R E
WATHAE TP BRI G TAE Y22 BA1E
2010 4Eth NI 'S T — R4k e [, it ix s
CEATT LR AT R Guth TR G 7 R 7k
JE. 2010 FEA, FEBR_EH B =AN B B s
06 35 B 53 ) R R FH AR B 22 405 AR 2 R e e b 7k
() BIPM-14. % FA IR HLFE & 3 0 UCT-14 BA K
KA ETTHERLENS-14. FHEENHIX=
SIS iR F 0 732 B FE R 7 sk AR

3.1 HFERMF/FREAMDE

AR ABURE S A F M a2 v B R AR LA
YEOuRE S b . HRE IR 22 Bk, wl A /K- i
W B ], IR 0 B R R R R A 1 5
JHES BT SHERE J137 ISR A, AT

> HBER T 733 I H U S s S BB RNE
HFE s B TAER. & 2 Bros, HEA 5 3
FE A FHAHAE B ) [ 52706 P-4 W 51 o Bt o 2
AP BRGS0 AT
e R (I, S P v S kR 5| ) kA
HFF 5% M 2 18] (5 22, A2 tH GE. 1798 4F,
Cavendish L 72 % Fl X F 7 K& 1 UEKBR &, )5
NI SE56 25 T 3 sk BB —A G PO B
TR BOHE R AL T SRR e % ) 6 3EAT 4%
B, H 22 AR gt bk 7 o B i
Mo 25 SR 4 R R EL RSN O 1 s/ R
SN, — R R T3 SR A i 00 B0 AT
SCIR R, (E 22 AN, FHAT IR 26 O R SRR (1 7
LIRS, AT ELFRBURE X i 7% i ELP I B
Ao B E S e, b fEhieg {
R EEEHA A, B B BRI A S
B GAEM LR, PrOM N 122 1) AR Lk
LA, (R ANEE AR AR 2 —
ol A DN B T30, D O R AR A ) 52 B SR
FER AR Z AT, 1 EASBEAR Bh A SR AR i
1o 2 A ) B 22 73 (0 05 R D A 8 D 2 ) TR
I N EE s = NN BB ey (AR bR VA ES N1 -2
Wi, P R ARG 56 o7 2 [ f HEL 7 AN RE fT St JeE o
BURTHRLAA Y, 0 /5 200 AT ks FE AR E

SS9

Y PA

\ fi5ifh0

K2 AP ERERREAN G AR

Fig. 2. The principle of G measurement with free de-

flection method.

2001 4E, [Hprit & BIPM 1Y Quinn 7€ [F]—
BALE LA I HLRE B R R M
PR T AT G . X PR TR EANE
(iR ZE VR, — Fh 5 V2 IR RN R Gk 2 1R A 1T R
AN IAE 55— Fho7 vk R, JE I A B R RCRT DA Ak
P LS R B S K. BIPM-01 523615 2
G N 6.67559(27) x 1071 m3-kg= 1572 XA
Hf 2 B 40 ppm %)) 15256 45 3L Ltk CODATA-2002,
2006, 2010, 2014 Y% B HoAh G {6 #i oK. FERE S

160603-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 16 (2018) 160603

(112013 4, BIPM [ Fo H BB #5  1 sSiin i
o 5% o B AT 5 | o LA T A R e, i 3 B
~, —NEAE 295 mm, JE 8 mm HJERAL B,
AL T AN TEAL I I . R AR 56 5
& R A Ak, BRI N 55 mm, i
H1.2 kg, 4RI R BN RRHLBCE R L, PR
120 mm. 77 A FEAE AR IR T 44
FETEWR 515 &, oM i 5 R 56 iR AE R, (E AR AR
K, HEAMEES 58120 mm A1 115 mm, A
W 5] B R 11 kg, BIPM BT 50448 B — R K
L =160 mm, %% b= 2.5 mm, Lt = 30 um f
HHRELG WL TEERRRENS &4
TS, B s R AN
bt3’F  Mgb?
== T 1sz ’ (1)
Heh P BEI DI E, Mg AHIEMERE. -
AP IR AL [R5 00, 25— TSRl T AR 41
22 FRAE ARV 0, AR TR 4 L
I FHARAE HhBR 5 3% 4 B s BT E. BIPM 52
36 A B R G, R I LA 90%.
BT 5 R AORSE 7, BT DUEE I A AR, XAl
133 B RE U /D, Q EIA 2105 [/KF, B itk
A RN T I G S BR HR (1 i 5 RS RN A T
FIFE U 5 [ RS, A AT 75 2 0 T s 5 4 SR N
6.67554(16) x 10711 m3-kg=1-s=2, AHXS A E S
24 ppm 3490 5414172001 4 )45 FAE 1R 2 Bl N

e, HAIG 45 AR & CODATA-2014 % 1) 14
ANgE R K.

Bk 7 BIPM [IBFFE2H, BT 4 22 I B bR v S 36 =8
(MSL) ) Fitzgerald 1 Armstrong [ % F T
AMEEE A 5 1E G, HSs 5 S BIPM
ek, R B E R A R 56 R =
B T RSP R 5 N B 51 T 1R, A
T 5 £ A7 B8 1) B 42 W 2 3 4 Dyt LA 5 A
TE B F MR R, R L O X A 96 R A A 0
MFHAC/dORBESNEN XESH, FE®
o e HEAT WORS BE RO AR 2. MSLAE I 7 03 S v
f F AT O &, R GERENFAEERR
JR B R SE AR &, D U G RN R T
o B8y o R 1) RE A AT, V)RV BR T RE S A

GRS, DN T AR A A R AT SR, SEIe
2R T A E B HE (30270 V) A [ A4 R
W 51 L (A5 AR, a2 R 2 A R A R
FEAEH IF. MSLF 1995 4E 15 R A H e ih 45 1
B9 6.6656(6) x 107 m3kg~1-s2. 1999 4E, fih
AT AT A e s B 285 5y U (MSL-99) 6.6742(7) x
1071 m3-kg=ts72, M P EUERISEIR A RN
(MSL-03) 6.67387(27) x10~' m3.kg~'.s72, #HXt
R E BE A B 40 ppm P71 {H 526 45 534 e BIPM
45 Y 5 B /N, MSL-03 2 4k U 3% 3] CODATA-
2014 .

K3 BIPM-14 9l G %5 B s 5 [49]

Fig. 3. The photos of apparatus and torsion strip of BIPM-14 (491,

3.2 HIFEHE

TR J 13K 0 A L 8 00 e 5 o 2 1
AR AL B (G A2 Fi8 IR AT R P e A [ e )
HFPJE I A A 2 T 45 th G B 171, sl 4 B

AR AL G R IE N
I (wp —g?)_—(Kn—Kf)7 @)
gn gf

Hfw, K, Cy 0 HIACGRHFFAR . H 22 301k R4
S F1R & AR (IR 51 5 ) ) LA 5 o T

G:
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PE); TAR n A 23 BIARERIE 5 BRI AR AT R P
FANFE R ECE. IR E T, ol b N /e
HAF L RVBUSN D HE A AT IS IR K, AR Y
m, AR ke, MEniEBCE T, A A K.
AK = K, — Ky, NHLFE R BAPAN T E T
AR, SRR G, JUH R AR R 101,

SRR DUFRAL i
—— O
RN ™
W5 | o
(O== .
fIFF
K,

/

,_ KntGCa o .
I “i

4 HFEE AL G AR (LR

Fig. 4. The principle of G measurement with Time-of-

B
t+GCyr
I

wll

Swing method.

FIRE A B AR —Fh B 45 22 4 I 07 v, o
D5 RS 51 J1 A R 25 5 e kG P I & 1 )
), ANT5 bR g s, HAERIFOIRE NI 259
I A AT DA R Y ok Bk s 3 TR R R 2 1
SO {EL R R R RORE HURE B B B — MK, DR i
S AR A, XA IR AR e PR T
TR, SR Ah, FHREE AR I 22 1 o A R A
JIRT, X BT e P R 22 () B PR S FR ZE VA TE
FEJE Wi st v 22 K 2L

A AE R 0 R B R IR B R 2 1) T
2 IR R B R 19 tHE 20 AT A R H R,
F 7 20t 44 = DU+ 4EAR, Heyl P23 Fh J5 vk it
A7 B0k, T 1942 45 B g 500 B AR
9 CODATA-1973 H G B & IR HEFF . 1982 4%,
Luther fl Towler M HA% 12 um. K 40 cm [1# &
O 2 R W AR A B S BRE A 5] &,
1) FH G 5 B K B R PR SR AR AT R K 51 0 AR
AR FH AR B 04T T G EI &, =45 R
N 6.6725(4) x 1071 m®kg=t-s™2, AN AH E B
64 ppm, M5 RGFRZ N NIST-82. %325 A& 20 tH:
40 80 AR B A BRI G 5256, A A X B A 1)
VA, e AR € R 2 5 2 J5, BRIk
I 25 B 4 4F 9 CODATA-1986 24 (5 G
{H.

B J5 Karagioz M1 Izmailov B2 ¥+ 7 W% 5] 5 &
TFAE 22 P B HRE A 392500 G 525 (TR&D-96).
W 51 5 B N AN R AN ER AR, IR AN 8 B X AR b i

BEHAEH M, FE8 B8 10 A F AL E R AL
FAT#ER k. S256 b & T 5| R & AT AR
A7 B B HLRE R AR b, 45t GE N 6.6729(5) x
1071 m3-kg1-s72, FHXSANHE E 75 ppm.

TE 0 B PR B A G s3SI A
AP BN 2 st RO — AL 1995 4, H
AE}E R Kuroda M AR50 T4 8 FE B RF 2 20 1
Mascwell #5784 i HH 41 22 [ i 5 PR 3808 (8 2R 2500T
HIZHIZ RIGOC R ) 245 A IRVEN G 145
K1/ (nQ) Y, Q AFHLFE RS & B K F (F1 A
FEFE). 1M Newman £ Bantel 57 JUHR 4 55— (1)
1 DUHE S i PR 08T SR G S 6 1 R T
A 0—1/(2Q) X — X . Bif5 Kuroda PO JEAT
T AR S5 CARIE H SRR, (HAZER T
HAE RGN0 25 MM 2R B, R kA
o SR I 4518, BT IX A )RR, 1997 4F, £ E
Los Alamos [ 5% 52 5 ) Bagley Al Luther %3 3%
Q14 950 B A HE AL 22 71 Q 1. 490 1) 9% 485 22
43 AT AN G SEER ) MR HE Kuroda 1 1/(1Q)
B EATIE IEZ G, AT FRR A [F Q (A 41
AR A GEEREBENFTES. BT
DS BG A AE R AN %, 43329 165 ppm Fl
122 ppm, MARHE 1/ (@) B ih i H R i e 14 2%
B2 300 ppm, X 6B A AT S50 8 A TR A
BAE Kuroda [ 56T & HIVA I G S56 w41 22 3 5k
RO 1/ (mQ) B

FEFRATT 2 56 3 f KL A A1 (1) HUST-99 S S
GSEgerp BT R 2 —IREAF 25 pm 42
ERB 2., RGN —NIENFRE 4%, X
e NN Wl & Wi 9 G R s R
1) A X AR B 0K B 27%, K A B o0 ' T R
ST R I SR FEAE B . Al B TR
RGN T AR, Feah a1 2k 5 6 DU e, B
S TR BN ST LA 5 R & B LA L i B .
HUST-99 %5 th 1) GH I & 45 RN G = 6.6699(7) x
1071 m3.kg=t-s72, XS A %2 [ 105 ppm. 1E
HUST-99 Wl & 45 H A A1 K EUE 5, i) seie bR
R DL I R Ge iR 22 W5 o & [ A A 7% A 1)
14 53 4o 5 T o i 29 2 DA R W 5 R A B A 1Y
23T RN R B P8 K TN BT R A GHE
f11& 1E 7K 3 360 ppm, [F K GE 1 2 A 0 &
& M 105 ppm JBUK % 130 ppm. & IE J5 I GAE AN
G = 6.6723(9) x10~" m3.kg~1.s72. REHET
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W 5| 5 S R AV Bl ) ) 50 5 T 00 25 5, HLVES
A2 17 P i 9 TR A9 B AR e

2009 4, FAVEFFLLH KR T K FHAFE A %
MG B 45 R0 G = (6.67349 + 0.00018) x
1071 m3kg=t-s72, A XA € 26 ppm, #HK
Z AHUST-09. g5 bk FH iz a3 45 =X 5 ] B )
T HH A% DL R 5 R 8 35 &) (R BOR W 51 o &=, (R
FHFE A 5] 5T & 38 TRCE AE R — H A A LY
INERIFESTE RS, S0 R B AR 25 um.
K290 cm R TH IR LS 2 BHHFE, RAMQ
HZ1.7 x 103, £ —RQHEZ3.36 x 10° [ 1 %
22 JBE, AR AN A T R A 25 0 A
B8 24 (10 i 51 N X HUST-09 52 56 51 ik 1 3R 4t
R 7% 09 211.80(18.69) ppm P81 (18 G i k), X bk
Kuroda #2 1 1/(nQ) & IE & KX, {H/) T New-
man f Bantel #2 1 1 1/(2Q) X — LR,

RN G SRR R N AT, B
T 22 A R B ISP 7 i IE L, BRI PR AR
A LI AR LA RN — NP @A, [,
IR SE I A Fofth — e 5, Eot: 1) — e )m 2
f) A FELEAR TR T REAS BUMCR B FEAIS, BRI AT DA 2%
bR /INERL 22 i PR 8R0S (RS T 2) AR T
T P e B AT DAREAT A RkAz ], AT RARK K i B 1K 5 i
JERH R 22 R AR AL 52 0 3) AR N W] LA A

Vacuum chamber

First heater control loop \

Second heater control loop e

Four tilt meters

—t

Magnetic swing
mode damping

25 cm fibre

850 nm fibre-optic—"| ||
and split photodiode
Lens and mirror 1R

Torsion pendulum =T ||

20 reflections/2p

TR S e R R B A R TR ORE ) AR,
B K 22 BR S 0 1% (UCT) 1 Newman S8 B il 77—
BRIRILFE R GURIT B WL G 525, WKl 5 B
7N, HFEAN—4~ 40 mm x 40 mm x 3 mm ) F JE 3
e, fE R AR AL EE. 2T KE
250 mm. B4 2025 um FIBE 22 38 K S5 144
22 R 22 = Fh. W 5| BT & AN ARE 520.7 mm. N
£ 312.42 mm F1JZ ¥ 48.26 mm FIHIIRF . AR
W 51 Jo7 B A AR AT A R PR IX PR B, 45 SIS 6 %
FAFERIALE RSP B S S S E I A UK.
RAEARIRIAFT L I0H — & B A, (AR 2
MR R T, 1585 RS
2%, WK 6 Frox, DR 22 R 1) R g iR 2 R
B 2. [N, 78 UCT FISES T, B REE

bl

AR

5| B

7

5 UCI-14 J& ¥ G AR 5| &

Fig. 5. The pendulum and source masses in UCI-14.

ﬁ lon pump

Turntables

4.2 K liquid helium

1.9 K LHe ‘POT’
controlled pressure
continuous fill

/

/ Activated carbon cryopump

Thermal radiation
/ and lead shields
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<« Source masses

K6 UCL-14 LN G 34 5 [49]
Fig. 6. The principle of G measurement of UCI-14 [45],
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A7 (B AR B ), seter A i 5| o i R BRI B AE KR
AT 1] R SO AT 9 85 T A W 1 51 0 2
L, EOA [FIEC BT 00 SO s, S
DA B R . B IE S RN IR SR JE K], UCT Y
SEIG A7 97 N Newman #(#2 JL 16 T —3E 70 (8] )\
FHAZ T W T, IAAE 2014 SEAH TR T4 K
(0L T SR BR300 G 45 5 1],

b AT R S 56 H = 22 FEAR IR IR BE T Q 5
5 51 8.2x10%, 1.2x10° } 1.64x10°, ¥ Kuroda
11/ (mQ) B B, i 38 M %R XA AT G S 56 1)
/N T4 ppm. 43 K] SO LR, R
FHIX = F 22 0 & 1 GAE 5 B N 6.67435(10),
6.67408(15), 6.67455(13)x107 't m3-kg~'-s72, #
XF AN SE BE 4 B A 14, 22 8120 ppm, 1 = AN 45
R AR R ZEMNIER T 270 ppm. X F %
B, UCIH L H Rk aesh th & HMMERE. N
TR R 22 1 A Bk % 8, MM = A R4
AR, BRURMLEE R NG = 6.67433(13) x
1071 m3 kg~ t-s ™2, BHIANH B B HL A 45 SR
SEFE 2. fE CODATA-2014 v, JE A% BT
Z AR B INAU 77 sREHT & F 7 UCL AR £ (1 &5
N G =6.67435(13) x 1071 m3 kg~ 1572 #H
XA € BN 19 ppmy, L AH XS ANHf 2 FE Ak 3
RS Z T AH R, AR 8 = A 45 R E FE R T
1B, Z45 Ry UCT-14.

3.3 RREFFTE

— A A SR TR AR T T G sk
Brrh, EA IR O B RR IR T R

TR — PR ¥ 5 1 A D i R
TURAX, XA/ B0 T Tl R e B A FLRURR, BT
N T2 7 BT L MR B A 2 D6 1H 55 45
R B S aS . DL S A ) Mach-Zender 3 )51
T OB P, P 7 fs, R R S R
TR AINZEIE B & 2R RE (1) B, RJEH]
H Raman WO & 51 RS REL A — MR
RE (2), (R TAEP A RE B Fetk, Fefbid fi b
JE-F IR O 73RS e b sh B R AN F B &
() S5 B B TR A AE 2 ) 2 A R 4. DRtk e
PAF F Raman B0O' #5458 J5 1 1 U AL 2R AT 40 R - I
W -EWRMERE. ARZERTFHEERETY, 1T
PA—E MR ERAE 3] 1) A1 12) PR BER P —AS. —
PRI &2 KA — B AR T RN AT,
B AT DL ek ) & iR 1 B0 4 )5 Ab T PR AN R A 1 3
FEORMER R 7 PO M. i BRI R R
PIAALAE Bk E, SR IR AHALAE B b i I
2 J5 B AT 3145 5 s B 4 8 0L e g 5|
NGO EL DA S YN W)

Ap = Kegr gT?, (3)

Horp A N EE I 5] NIAHAL, Keop N Raman
WOCHE B R, g HEITIREE, T 53R - -5
DRSO Ik i 2 18] B4 S 18] 1] B
AR5 G RAER IR T IO
Tff 0 £ 2 ) Bt v AT R, HLAE AT R an 2R
TEV B TP AC PR3 T8O R 5 | o &, IR 5 o &
1R 25+ B 851 77245 Foton — A B in i ik
FE. ARAE 5] 7 A, a0 Fae %R i & B
(RN FEE S5 T 51 Joi = PR AR A7 5 o 43 A

R r
/2 () I l @
e Ala
I I(Mrl)
N (1—cosA¢)/2 I i
b
' asp

\\ 12)
1)

(14-cosA¢)/2

I3 St
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12) . 1)
) 129
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T | T
|

r
7777777777

7 RRT T A R

Fig. 7. The basic principle of interference of cold atoms.
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B el ikt G, ek — R EFRANE
FFWAAES IR E, 57T E I EACK
ZEJIINESE g, ZH A A A HA—
g 2 BREI0IE B2 1 107 i, ¥ g Z 4 K RE R K
PE = AE M L, RN — 7R T B S g M
KM R GRS, 9 b TR R 30 51 R R .
TR T WA A S B 5 B B I 350K 1 1 A4 55
LR AL B AR G R E, N T XX
BE T SR, S B 5] i 2 A B AT
il A A2 A AL Age. WKL T 7R,
A¢y — Ay = KegrT?(a1a + a1 + aza + agp), HeP
i N 1 PR ) ot S C BN AR 5 AR B G 7
FEA NI BE KN, R B T R a; R IE
RN BTG 2] 5] 717 # G MRE AN

Apr — Ago

71 11 iy W
KT M(@+T%b+7€a+7€b>
Hodr,; 25 5 BE 555 Ml 5] o 25 & 2 (8]
IR E. FEFERE, HTETHEREF K
AT R 7 IR SZ B 1 ag 2R, BT B b Ak 2k
AT AH R E IE.

PR TP R O ) B V& A R 1 B4
RS B, R R A B AR R 5] i, A T
TAEG A ZWAAE I G 5256, 7T DA 2 ke
Goo L 22 1 s P R 3R ) 5 35 ) S AR 1 B
ARG w2, i AW R 523 8 REEAR /S, AT
DL AR sUBT &, AT 0T FL R 200 3 A7 A4S A 1 DAl
ST R 5 A T e B ot & BV SR 1 A 1)
B An R I s #E R R AR AR, ELAR ) 2% B R
W% B o A AR AR R, PR K — IR G ik 2208
R SR TR B AR AN R TR G SE
55 R 20 1 0 A1 JE R HE RS T 1 B ME
Jr DL & R 0 52 3] 7 PR N A R, Xt 2 S
B0 A R 2 R

R G 7 9 BRI & B ) 0ok FE e BT
1991 4F 1 Kasevich #1 Chu P9] SE3R, 58 B 51 F
PEVEI G S8 e ) U BE . H AT R A
PN A IR P00 G, 43 o) 2 3 B i 4R
K221 Kasevich B 78 2H A1 & K F i 246 5% K 22 1)
Tino W7 4.

Kasevich Bt 78 21 7E 2007 5355 56 R 1%
VR G SR8 AT S50 R FH 1 0Lk S BH XSS SR 1
gER 01 AR R - R ECE, S AR T

G =

JR ISR AN SRR R T A AT AR I S,
7] I 5 A — S & AR R B3 5 i A i 1+
AN, XA T DA [R] B 0 A A7 B ) EE )
[R] LEb LR, ' B UM S 8 R A R 1 — AN EE 6 BEAX
AT DAY B 77 s B AT 22 i . 2243 DU AT LA
by BR 2R THT 0 55 77 03 b T 1R 30 e 75 s 2 Y A
A7 Pt P S AT AR ) S 56 R PR 1 R
540 kg [ BRI, 5 58 il — OO A7 0 & 5 18
W51 A BN ANEC B A AT D)4, X 1K
e B AW 25 AT E 0 T UHGH S R E 1
X GBI HI 520 . Kasevich BIF 7T 4045 H & 45
FHNG = 6.693(34) x 10~ m3 kg~ 572, HIXAR
Hf %€ A 5080 ppm.

Tino it 7020 15256 5 R 5 Kasevich B 5T H %
ABL, AR ALATT A S 56 SR FH (%) A BB O B LIS SR ) T
O R 4 N 2R A R — ARG e B R, IR AE
ARV 2] BB A R B, RIAEE R T — AN R 1
T B B FE AN, AT X B8 g ek B AT 22 23 D
B.OSI0 R IR 5] B E AR R T
K& 4, ol ETHE. WERS REM
FrEAEIRTENCE (W2 W51 &R 5 i) A 2 i
B (W EW 5] 5 e g i) () 8 ). 3 P Fh e B A
8T Kasevich B 70 2H 50 )2 W% 5] 51 & (A0 35 2 R FF
W 51 o B ) 1% 0 BT A AR BE KB B D o T
Tino A 7t 2H 7 2008 4F 45 tH T A AT R 7 #5 & DU
GV AR, N6.667(11) x 10~ m3 kg 1572,
A AN W 52 FE R 1710 ppm. 38 I 3F— 25 32 & R
TV I R UE AT VR R SR 2T
i, ABATIAE 2014 45 Y 7 BE A BE 1Y G EL I = 45
B G =6.67191(99) x 10~ m? kg~ 1572, MIXA
T E FE N 148 ppm 4 g AU 3] CODATA-
2014 7.

4 HUST N G 25 & 54 &

LI VI A AT 58 G E RS B T &= AT T
EORIEE 71, (B2 G HINIERS BEIFBOA 15 2R
fer. BHTRAS M GEEMZMIEARG, X
72 PR A I [ 47 09— AN Rt (62 =001 g v £ e ok
TERAE R sUCR AR 52547 G EIN &, @
LT B IR DL B 2 ) T RE IR Z2 YR

e rp BEECR 5] AR G AUIEOT JE T
=T Z2ENFER, E5SRKERMNGERE
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HUST-99 P71 HUST-05 % F1 HUST-09 [*0-411 Ny
THFFEAS R J5 v BT & 0 GE AT A iX — R 1]
R, 51 7 U A BRI P A ) R R SR AT
VAN A 0 B V2 1 b e A ST 1 T R AT R A
FERIIN G 5256, 2 B LA B Ry v, 2 i 14
FERE 722 B At 5t B A6 ORI ik, A
RGN T JARSE I %K % 5, B4
AT EONEW VR, 1 H.51 775256 Ht-F X
i ZAEMR, MK % Gundlach Al
Merkowitz P4 {5 FH ) # in3s BE 325 Y 7 H R 5
FREREN G EM RS R, YR EE
HA SRS, BT —MrEP A ERRN R
iR ZARA AT REA HILAE 5 —Fp o7 vk, PR st
B BOX PR R G, RS R E
S R GRS R

4.1 HUSTgYHFEEHEREN G 3256

K FHFLRE R LI G AE 5] 5256 A 0 HL A &
A SR, i TR R R AR G L FEAE N
D TH DRk 8 45 ™ B RO T4 22 5 £ I RR
PE, H ATE AR AN G AR iR I — TR S RN
2 H 22 v s . FE AT HUST-09 R H T
— 2T R K Q 12908 1700 R4 LS 42 B HIAT,
R Kuroda 1) 1/(nQ) Bk, 2%F GENEL R4
AN 200 ppm B IER. 763 BE IR A #
WA FOEM RIS T, XAMEIE R ST
5ESe T BN B AR P81 O T R g AN ] R, AT
4% HUST-09 Z J5 & T HTm QEAELN G 1)
SOk sEEG. 582 AR E BT A Y Q (EiE
HATLLRIE 2 x 10°, M ELAS 2230 K T WA 24 196,
BT ] DA R sl /N PR BKORE. A EH T i )
AN TR, TGV o B b 5 HUFE R T ) FA, £
NETII B 8 L S, AT A 0 22 3% T 47 % i
Ab B DA R %of ek 2 AN AR HEAT R UT 1) 5% R 5 i DA Uk
/N LG SIZBG B IR 2SR SR SR B I (O] 3R
3% B FE B EL e /N R B AN AL S I B AE A S 22 (R 3R
RIS B ThRE. Fod, BEE i I 2 k3
IR B 22 3R T 5 B2 I 45 & o B, B/ E R R T2 ]
DALt th S . fEE R 45 pm., KEZ 90 cm
HEFTMAE)EHE F 10 nm BIEEFT 10 nm B 86K
Ja, R H QI AR E (3—6) x 10, (HAIREL—f%
M FBLMQE™mA — M EES. SR
e 2 FAFE Z G0 PR i 2 0 th 42 an P 8 s, AR AR

Kuroda AR BE P4, 5 5t 240R 6 W G 5256 5Tk Y
R Z FFRE LA ppmUKCF, AN FSE I G
SIS R — A T EHR ZE T

3.56

Amplitude/mrad

0 0.5 1.0 1.5 2.0 2.5 3.0
Time/day
K8 PR A S22 RIE LRI 28 (REZR A& 45 2R)
Fig. 8. Amplitude attenuation curve of coated quartz
fiber.

T 1 Q M A U 22 1) A I Sk SR 3R R
FILEY9. fiIFER8—191 mm x 11 mm x 30 mm
) JER I R, fE H R I AE SRR, HAFH EAR Y
45—60 pm KL 90 em £ 4L 824k, AR5 B H
v B RERE JE BT, JE A AR R ] AR A E B
RT3 1980, P> SS316 AN AN ERAE AW 51 i
&, HpEMER M%) 8780 g M157 mm. W5l
JoT E I = SIS, JE A T E B HIK R
NFIR SR B B AR TR, SRS ER R A 1] ) 1B A £ ok S
IUERAENT e AR C & A ) 4. BN HAAT AN ER 22 2
EHEZ L1075 PalF—2& 28,

=5

B — s

&

K9 HUST MM G re
Fig. 9. The schematic diagram of the time-of-swing
method at HUST.
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T HERR S IR A B A G R G iR 2, RAE
LR HAH FE 150 m PR AN SEEG & LAy s T —
B E EWERE LRINR AR B
1T G 2258, i 10 s, WEH L., BERR R
BRI RES A THENRERE B AT
—BRE LA T 3MAE AL (MR HRY
45 pm, 75— 60 pum) MKKFEAT L, DLHRRR IR
LR RGRE. £ —ERG L, AXLER
2945 pm, H TR SEBEMRHRAYN. AT
P INRATT 10 8 AN G S5 T AR AR 1 — SE LR
KI)R SRV, FRATREL 1A O ) e gk 5 7, e
FHFF 2 Th0 5% 2% B 5 /N ()88 LAOR /NG 2 1 51 03808
W 51 o &R ) = iR SCHE T7 A DL e o7 B A AR E 1
MGV 1 &9 /1T 7 B E DL H 2
— WY B AT M SR IR/ T 55 5] R FE N 5
Mg ; of Sk FL R 1 RO HEAT LA DA/ L TR Y
G JIRENE; AR RH JE B FL gk 22 1) 2 2 DA BRI 0T
GETTHIR A SN N S, T oh, IERE ) 2
PRI N SRk AT 9250, DAFERR 5523 # AN E
MR ZAH I R GER 22 T K L8 SOk 45 e A 45 H
AT S50 Re 45 BN AT SE Y GA.

HATEMERE F R H DUAR A 5% 22 1) J $ 92
W G SEERFEARTERL. B T BARZ) 60 pm A 5822 1
BAT T — & Ak, oAl = AR 22 33047 1 w3 ol
&, RIRANEEs T e GHE. XENGEES
IR 1R 22 O T N R, T 0 28 405 SR IR AN o B2
1T 12 ppm.

K10 MBI G 3R E

Fig. 10. Two apparatus for G measurement with time-

of-swing method.

4.2 FAMEEZEN G L8

FA I FEVE DN G 92 58 [R) R R HREAE Il &
TR, FEIX AT R AT A 51 5t & 3R 25 70 T E
FE [F H AR R 6 A 5| s S b, il 11
AN, AEHIAEEE G AR R, HIFE S 253 EERE JE J0HE
SRR I 51 0 3 g (8) REE T3 Tau(t) Y
HFEWEH, HizshiiE N

16+ 46 + k6 = 7,(t) — Ta(t). (5)

BT s Rl G 2 R B

Fig. 11. The principle of G measurement with angular

acceleration feedback method.

I T e A5 ) 2R 8 T HH AT R B s A LI
ZIERERAR I 3, CRIFILZ AL, L AT
e Aebr &b, HHAR A ALRE « A AN A s
BT %!

6=0, 6=0, 0=0. (6)
DR HHAE 52 B 1 51 ) 05 56T He B S i1 7056
Tq (t) = Tac(t). (7)

I 53— A S B A XU 6 B 72 wq TR R
fEE, WIHHAFHE & A 058 2 A i) s <2 A% 1 IE
AR T, LR E SR B 1/ f R BN A K
I AR TE 5 5] B S B X, DA/ 2 P
EQUEM iRy

S A I JEE HEAT 2 W e (69701
alt) = _AmiG i Zl: LmCIlleme_imwdt,

I 2041

=0 m=-—1
(8)
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o g T Q73 AN N HLFE 22 W5 K6 FD I 5 5 & 53
2 93, & AL W 51 o & B R B I
S E E 1R A RS I SRR & A
MRS S, BRI BIR S FE R G A,

S5 &S HFEN G 7 5AR L, AR EANA
PURJURARSS: 1) Sl i #2 4 2 AN 4%, DRk il
A R 22 B B R, anv ek . B,
LM E RN AMAE FE AR /N, 2) J8 0 S it il s XL
G B ZE R RRIE T, A8 3 BRI A IR (S
S H I P & Bl ZE ) AR L, AT
WA 5| M5 5 5 b8 55| Jish A 5 KAl
FAME T AT 20 55, T A R B AR PR 35 ] 25 %) 5
ORI, 3) Wit RHAAEAER R A B S
HEAT IR I B T DLIR/IN 438 5 5 3 S0 MR G S 36 1Y)
AR

S o35 Jé WK 2 1 Rose 25 (7] - 1969 4E &
Jede HAMIERE RN G, @ — RASELRAH G
HIMELE TN G = 6.674(12) x 10~ m® kg~ .52,
SEEORE B R EAZ IR T 2 B A AR T SRS . R
Rose 78256 — AN %00 T [RAE A 4208l —
WA B SRRERRT, F2RMH N5
R e EE R —ANEA b LSRG, d@
T R A ) R G i i 5 e s A R AN ER 2 (] 1
Je S 0 PREFAR R ER e L FE B 51 7 7156
RNEEAE, ¥ 6o ez s, i 5K i
FER/INED R4S 2 GAE. X PR & 7712 R SR 0T
51 7RI B e o HUBR S & A s B (V& A
Rose FIs256+, FUFEFINL 5] &4 F [ —F & L,
EE2FEE G — =N E—ANT7 A nEEs), Rk
B G N E RG], 7E Rose HISLEH 4 &
PN A E] T 0.5 v/min, G0 R R AR 2
TR MEAS 2 Sk FE ) G A

2 [H & & K 2% Eot-Wash B 7 41 19 Gund-
lach %5 (09701 - 1996 4E 4 H T 4= 37 160 A Jin 33 1 2%
MG TF5%: 1F Rose 5 5250 1 By FoKg B 3% &5 I A5t
P25 1) 35 4 WU 5 e Az ), HHLRE AR 43 0l kST
B AL G R G R G ) mH R E
P A AN HHL AR R BR 2 8] 1 9 £ 0 DR 3550 18 7 A2 B HL AT
FBRZ 18] 1 5 3 2 wq PRFFIE E. Bl RS
H 1 R R AR A OB R O (R IE 5245 5, %S & 1
HFEFENIEZE S, ASBHE G MRS, 5
2H S0 m] DA AT S8 K TR A BeBE A 2. Gundlach
26 B4 - 2000 4E45 H GEIE 45 R (UWash-00) A

G = 6.674215(92) x 10~ m3-kg~1.s72, HAXFA
T € FEAN 14 ppm, & H §tH 5t ok B A e i ) &
gER.

I3 PRV B A A I B it A2 i A e, e
BN AR, HA PR FE B ERAR . N T S8t
I SR IR R, BRI O R BOR, IS
FRAN I AT BEAFAE [ 1) 8, F AT A 2008 4 21 2012
SEFFFR T AN B VAN G TR s (727 A
SEEG T B I AN ] R G, KRR 0T R
P £ 50 N R 22 9k /N 1 0.4 ppm, IR D LA B
AP E LR E LA E] T 100 ppm KK, B
PRI > DA R8I 2 AT G B3R

20134 & 4, WATHF4E 1 1 2 o it 52 58
NTRERFAVFR M, RIMOEHE I HFHEE
TH LR, mE12FT R HFEN—A
91 mm x 50 mm x 4 mm A JEBE IR AR, R
HE4S. HIFEH—HRER 25 mm. K2 870 mm M)
o B A EL107° PafI R, BN H
TRBEEERFHEG L WA RERSFHI4N
8.5 kg I AN AN BRI & 3 309 SCHRZH Bl BRAA 1) ]
JEE 0 R 25 R B O, TE B T £90.8 pm, AR B
BRI R ELM 0.1x1076/°C, AT LA Rk
IREEIR BB e BR (B R RE 0. IR 5| TR R
1E 5 & AR PG & L.

El12 AN G SR E
Fig. 12. The apparatus of the measurement of G with

angular acceleration feedback method.
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AR LE T S E P S0 B S IR A B A R T
2, FFBRH N T 7 BRI R BT A A,
MM RS TR LB R E O, 18T TRE MR
JE M. UWash-00 Ml G 45 5 s R I — TR 22 KI5
NERIAEE B O TN AR 2 BATTAE B
o F0 AR AT Ot A T S AR B S 2
B AL G N BE S B RSP 5| BB R, AR Hb I3
N IR R I B T Bk TE) PR 2. BR A EE SR
R B2 1 = AR AR B L, e LA B LRk A
Sy EAT I, AR D7 R B B A R AE 2 pm 1R
ZVEEIN A, ESLi i R, T 3 3 = 28
5505 51 5t 2 Bk DA [R) 3 il St [R)iE 2, 93 it o 3 4
P ESESREMERN S ) e mEGs. A
I FRANTAE JoBR 475 0 T X0 Al BB S 48 7= A 1 5
1N BEAT kG FE I &, SR 8 A o S IR N
T4 & JR PRI o3 S AT mAs FE R AME, B
FIX 53 RRE PRk /N A 0] DL RS AT, B IE ISRV
BRBNAS T 52 5] 706 B 280 1 52

TERAS I VR G 523, A2 7 A
AN A R, DAL HEA RN T %2
WEENELDERS X R RZE. BUTEA
[F) I B IR S T 15 B I 45 SR AE 25 B R 2= a7
B, B 45 RGN € FE BT 12 ppm.

H AR F A2 R0 A 0 3 BV R P AN S5 2
FEARTER, A GRS T A A

5 HEEIE

JA 5 TEE G R NEFI N — D IEARY)
HAAHH, R T O LA R AT IR A
WHL BRASIIEBGRE LR, SRR
NRE GEATH T ERS ), HBKE, 245G
(BN BRKG JREAE i A7 ) B 2 A B b AR R 2.
HRE PRI 22 181X —BUIR BBk 7 GBI 2 7e 3 B
fil. 3T 30 AR LA — R BT D A R L
G 5, WHRGINF KRR T8 KR HAE
ERMHARTB, BHAZATIEAEN 118 K& T7 ik
HISEESHAR IR BR 7K. B2 IE 41 CODATA-2014
W GAE TR, EAHARZ (A B R 22 R3] 1
TN 0.05%. 18 BOX A BUIR 5 7T 58 8 J5 R &
SEIG AT AELE R R L BE R VRS 1 R Guim 72, W
G LR R 3 5B KB B (a] L IR R A —
BB B 1) 248 0 DN N AN R PR, R e

T ART — A 7 B 00 S LA 2 A 5 e U
RAHERA L.

20144, T. Quinn #(#%, C. Speake # 1% 1%
RBGZAE N ILF T, R EEFR A HIT T
A “The Newtonian constant of gravitation, a con-
stant too difficult to measure?” & @21, ik T
VFZ AT RIS GENER F L. [, NIST 24
TN T AR 2R 2R B I G 1 17,
FHARUEAL — At 2 DT T R B A A, X
AN B AT DR H AR 7 iR AT I G S25. B
R 2 A B IX AN A b AN [R] R AT 78 4R TR A 1)
JrikHRe g R R GAE, R & B SR AR,
BN SRIGF AR R T 4R % H I R G2, HEMAT
45 IRAE S H B AR ZETE B A&, (Hil T G
v FEA By () S 28 M, LA H Ik A H g — ik
G AT, SRR — R R 2 A E bR
it 5 N Y B LB (TUPAP) 28 B N o 17—
ARG TARA K O B AR DR GBI & P A7 AE 1 %2
SN G TAERRAHR SR M thAh, gk
HATED G st P AR b, E B B e
(CIPM) £ 2014 4£ 11 H iy B # AL — A it
BN 70,

BRE, BB ik ) — SRR P2 ks
FERII & G52 2T B AR S22 —, 4K %k
W& GAER 7> B2 H BT RS, 292 m G
BRI EERS B2, IRZOFTI G 77 2 — T RER I
12, TR, K48 O 77 SR SLI0 i AR Bl A IR Bl IE
TP B RS IR 72 AT R B AL B T
9 H Y, e RO AR 51 ) S e H 20 T2 90
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Abstract

The Newtonian gravitational constant G is the first fundamental physics constant introduced by human beings. It
plays an important role in many fields, such as theoretical physics, astrophysics, and geophysics. Its precision measure-
ment and related research is of great significance to the whole experimental physics. However, the measuring accuracy of
G is the worst among all fundamental physical constants, which reflects the great complexity and difficulty in determining
G. This paper briefly reviews the history of G measurement, and also introduces the current research progress in this
field by a summary of the recent three precision measurements of G. At the end of the paper, the latest developments
of the G measurement in the center of gravitational experiments at Huazhong University of Science and Technology are

introduced.

Keywords: Newtonian gravitational constant (G, precision measurement, time-of-swing method, angular
acceleration feedback method
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Fig. 1. A Sr optical lattice clock consists of an ultra-
stable laser, Sr atoms trapped inside an optical lattice,
and a locking system. Its optical frequency output is
delivered to remote sites through optical fibers, and
converted to other frequencies by optical frequency

combs.
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Fig. 2. Partial level structure of the Strontium atom. -~y

is the natural linewidth of the transition.
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Fig. 3. Time sequence of the strontium optical lattice
clock. The operation of the Strontium optical lattice
clock is controlled by a certain time sequence. A single
clock operation cycle includes first stage laser cooling,
second stage laser cooling, spin polarization, Rabi ex-

citation, transition probability detection and locking.
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Fig. 4. Excitation schem of the strontium atom

trapped in the optical lattice.
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Fig. 5. Resolved sideband spectroscopy of strongtium
in the optical lattice. T, (T}) is the atomic tempera-

ture in the longitudinal (radial) direction of the lattice.
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Fig. 6. The schematic of the locking method of the

strontium optical clock.
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Fig. 7. The self-comparison method of the systematic

shift evaluation.
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Bl L& 7 5 AN K7 AN S = 3k 16 4 B %
SR & [25,106,111,134,153—155,158,159,161—166‘]7
Z 50 515 B0 8 0 87 Sr Bl BRI A R AE R B
AHEEIAR) T 4 x 10716, WA 5 B br b
KA EDGEP BRI AR B AP s X, B IX 4 vy i

160604-13


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 16 (2018) 160604

T RO 00 2 RE 0 DRAIEAD 58 A8 B R R v B A P — 2K
P, KPR E AR B AERAD T2 SO B A5 SR RS

8 i H

HOLH I RS AT E L DIk T 10718
B 222300 S RN R B I8 LI W B RE O,
FEAR 22 00 2 77 2 s A

B E B8 ' B BN B 3 B AR v £ I TR AR
AU, DR 1) A T R A ' B A LR I N
F. H A, bR Az STk, B ) 54 F0 2 8 AR
i I TR A A S5 RE QL ERIE B, TR
P AR JE 7 MR Bk R AN E L AE 107 15— 10710
2 1167169 [ 3@ I i ) B SR UTC R 78
] o Ji 3 I AT F) 2 Al 5 ) b e S B, i
TATZ A IR plod i 2 JOEE R HE 2 ERLE &
ST ST BOR SEBLRY , KRR IR BB AT 1L
a. Hil, ZRO6HK RSB ATE g
T 7 S5 SR A 26 A 1 AN 5
BEANF] T 10710 B4 O T REWS 78 70 A IR vy v
HEERILH 2 5 Z B, IR R & AR
e %, BIPMAEHR 73 e Bl AE NP I IR KRR,
Hh AL 1 3 T STSe SR DG R, T HL, BB R T
I AR B2 T A AR R IR IR R 7 B Bl BL AN
SE R AIRHT. 2016 48, EE LR 7Otk = 5
HBRTALD X AEOLE S — kS 5B B TAL
M FH D' e 2 B0 B o 7 2R I AR O BIF 9 A A EAT
o 11091700 ey T e 1 e R R A B A £ T < T
AR T B, RGP A EIE SR AT, BlAEIE RS
W SR 0 1 AT 25 S S e AT L DL A R R D
1T 1 R GE RS AN E FE 5 A e KK
TR U, [ PR R AR BRRR A R ELRT S
SCUT R R B R SR I SE e
] B v )t 1 5 T D S i B 2 1 D751 3
SEAE I LRI BEAT P (0 B X

WA SCH XS 18 5] AR R, B S E AN
A 51 7185 T IS AT AR AR, (R 3500 HUER AR T 1Y
P, WA R A 2E 1 m, AP AR S AR 4
1 x 10716 D741 25 b i A s FE AL 1) 1018 4
I, P DMRHE IR oG &, AT R & Rt 7T,
BRI L. XA T 5E ML TR G
M R AR N AT B A R R, R — R A
RS IR ORI E ", X ORI A A E

AR S IR BRI T AR 3 A [ 5 ST A
Jeh, RADCL IR, BEAT SCI AR AR AL
& (700, a2 4 S TR B B R 7l i B 1981 4
Jeeh IS BT EI A R R, W S S
SE HDE B HEAT IR LU, AT 2 A S iR
W OO SRR R o SRR O A
RE W5 VLT e T HE MR /N RUAG B A0 B RS T
Tl b D7) B T 4 R O AR 1 /N AL
b D7S)J0RE, 7 Jr LA K Hb v g7 182 S R ok
PRARKIH .

A P B R O R R T B R B
WA AR EE R S B R 5 S 4
LER A %, DRI 2 A PSR 0 0 B 2 1) £
B LE AR N &, A AT BE T A BIUE 41 45 4 4 b
i ) 0788 Al 189179 = 1821 551) B vk 2 1 Y6 AU 7
TR BT E R U580 S A 1
PV BIRE R BRI T IR T

9 B %

Hall 7 1989 4F 2 i Fl IR 1 42 J8 (f0 45 48) 38
OV H ST R AOGR )R AR S, PR T4
I P BE A TR AT 52 AR R ), RO b I A IR R K
J&. 2000 4E 17 J5, Hall #1 Hansch 788 A2 806 ¢
FO Y6 7 T AR, et iR B3 e T BRI
fifi. 1999 4, HAZR 50K 21 Katori 25 1195] 5] Fi 4
SE KB I, AR AR R T AR 4R S A HI BRI R Rk
0 1 B ES TSRS AR S, SEER T LEAT AN e A
B O ATRS (I LR A5 8R W] DR SR T BEAT R A
BOL A HRE B B 4. 2002 4E, Katori 7] $2 H
R P B T ARSIk B R R T AR RO S A
Ji% Lamb-Dicke [A 2% 311 1] 22 35 h 2 w7, JF42 H I
8TSr JA T 1Sy — 3P BRIEHEAT AR JE T-Ks 6 1
LG, 2003 4E, Katori 25 ') 42 1 & 37 A 1 Ji 7
SRR B R, P BE AR U K A% 57 Lamb-
Dicke [N 2%, Jf A8 E 57 7 1Sy — 3P BIE L T hg
IR B, P BRI AT R I S RS, AR T
S AR BT FOIF AR P R . B H AT, AR Ok
i B B e FE SR R B T 10718 B, AR AT
PO W, AR 2 HRAEASWT B 28R R e i)
W7,

I A1 b R 0 38 0 R B 3 A A B B R
Tl SR B i R MR AR, PR T e AR

160604-14


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 16 (2018) 160604

SE RERIAR i, 0RO IO AR RE 2 52 2785 Jis ) FA g 7S
BIR ). R A e S S 5 R SRR v ) B i A AT
RIDGARFE, (LG8 IR RHE J/IN AR S B3
ARZ R R, JILA K BB IT 1 21 2 2 ik
PR BB AR, SEBL T AR AU A5 FE A0 151 D 22 5
IS BE, 3PN TR R R ) g
7 [180-I87] A B Y G s 1 A P BRI B 10717
. 4k, FR AR 1 225 AR, R A
AR EERRL AR AR S5 RS E I AL LU B AR NI AL A
K R AR E vE. SRR RLAE 124 K 581 A0
4 KU B R R MK s, Be 7 4 R G IE 2%
PR B AR R 5 A ) i B IR A . i HR SR AR
ZEREREOCRS, C4LLIl 7 10717 BRI
R E B 00)) 455 R EOb R B AR O
L BTt ik b b A T ReEE S B A
MR 57 5 R G P | SR/ IN A B R T B e B8 ' B
T L, AT LAE —BOLEh ikl & B 5555 190
£ BT 2% [ G AT, RN &5 8
TS HE &R, /£ 5T 50%KFIL T, BEYHER
TERIN T, $ i AR SRR E S

SRR SRS 2 H AT AR R e BAS IE B i
REI—DRGHHs. N 1 HE RN & R TP ik
FIFRSE R B2, 26 [ JILA FBAR 1 2P 56 A
T BB SR IR v 22290 R e S B A3 AT TR
JE S5 SINE RIS, 2 0 B P AN 2 ARt ) 1
5—11 mK, JEMRARGE IR 1A € L IR 40 21 1
2 x 1078 [P 56 [ NIST 8 7ot b /N g
ST RS I RARRR N BRI, R TAT A AT
T RRRER ST BRI, KRR R TR B TR
B S PR AT A A 2 11451y LR S8 ROk
B E BRI AHIE] 1 < 10718 HEEL X
P 1A B i = (R0 VR A 26 0 AT B T B S
A 77 A 1A LIRS SRS 00, SR AR G RS 5
S5 B2 DO VR TT R b, PR bl e B AR A A5 i R T
PRI FEAR B AR SR S I . AR 50K/ NER
MBta ks, FCEE TR 2t s bR A LA A
(1195 KARIRI L, J/ 7 SRAARGE S 30R%, JFHIE R
PRI SRS BT T8 FE /N B T 9 x 10710 191, 4
[ Y E B AR 78 B PTB B & T I8 i B 3h e it A%
I 12 BRI PR BT A S 11401 SR 28
PRAR SIS .

Tl SRS (PR BESAS ) /& 25 FhBAS A L
BURFIR I — >, AERTSCHRIR RN T, J5l7 3 1 e

SPRRE T B R A (E R W IR RS, 1% 4
(RS R e b 7 S8 7 AR AR 8 B A B B2 2 A %
Br. JILA PHBAE S 26 7 A 48 5 A% 40 il Rl
AR 97775 98] 5 SRR = 26 A i [N A 5]
ORI AOER IR B4 395 KA S A e ).
JILA BIBCR AL — A =4E S 9 R A 7
(075 2RI NSRS, I [F] I B P 5
&7 — DR, HER 7GR BARE FEANHER L
(07 JE . 38 T X R A i 6 A BT 8 ) A e
A% A AS TR X350 L7 R A A0 AT B A, D
FF BN ARZELE 2.2 h-F I A AL E] T 3.5 x 1071,
R AR A A% R i A 30 55 S MRS A 2 B ) 238 i
TR AHE LN 10719 .

AL R RS R O R B AE T T B R 2R
B R T, SRR A IR A D A
R ERNE T ZHRR, FIRBKIE LR 2
IR ZEAR 5 RBUE ARG a5, LR E AR S
H . A PR R T A A S (0 e T Bk s S
RO EB AR, AR A R
TEER AR IR, AN 7 ZEAHIR a5 oK
BRI ACRUR AR T A % DN A 28 i
TN AR5 AL 5 B s e B T s B o Bk
Ze 01 SE[E] JILA 57 7 ) FH B S s 9 1) 2 5
FRE el 192 R AR H] 1 6.7 x 10716,
X AT I AN 3 FETE B T 4 x 10715 193] i ey
EFPDEBIA AT A AR A CIRIE O AP & HE
FImAR, BURH AT s AR T8 AL, DI Ak
N SR R AR 2 R R

St [ b A N E A EERE A, 24
W DUR AT EH vt i R et s 1 IF @R/ T
PE. AP B 7Ot ks B 2 H AT Br B R AER O
B, SEE [ NIST A JILA PR HAZR 5K 20 (4
R AR B AN E LA R 7 1018 B FRIE KL
AT I H TS E B KIS A BRI 2, SRR
(¥ i M B AN S B VPAS 7R 10710 B, 2 ML
HG PR AL I B, BOH SEBLANIH E FEVFAE.
A SIGBIE E 0 22 BE AN DU BILAE B 1) AN T
fabr b, fESEIGWH S BRI SR & AR T,
WA RK KIS = A, i 25 Ja A 5 2 LRIt
FE P BN G it Wby THD ) SRR 9T, 48 et 7t
ELZHHEIRTES.

BT OL AR B A P A S B B, 21
A A R S IR S SR — 25 1.

160604-15


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67,

No. 16 (2018) 160604

SR v R} 2 e i DU B A T i v 50 2 T £

2ok, 18 A T IR IR R SR SO0, IR SR A A
AU MR Z T T AR R, Mt A8 AR R
ot B el [T A 1 53 b [T BA L B A T BAR A SO S 45 7 1
KIISERE, ENBR ORI AR & X WG T THEEIRZ I
JA R

S

[6]

[9]

[16]
[17]
18]

[19]

Lombardi M A 2017 J. Res. NIST JRES 122 1

Essen L, Parry J V L 1957 Phil. Trans. R. Soc. Lond.
A 250 45

Ye J, Ma L S, Hall J L. 2001 Phys. Rev. Lett. 87 270801
Clairon A, Laurent P, Santarelli G, Ghezali S, Lea S N,
Bahoura M 1995 IEEE Trans. Instrum. Meas. 44 128
Vian C, Rosenbusch P, Marion H, Bize S, Cacciapuoti L,
Zhang S, Abgrall M, Chambon D, Maksimovic I, Laurent
P, Santarelli G, Clairon A, Luiten A, Tobar M, Salomon
C 2005 IEEE Trans. Instrum. Meas. 54 833

Dehmelt H 1982 Thirty Fifth Annual Frequency Con-
trol Symposium Philadelphia, Pennsylvania, USA, May
27-29, 1981 p596

Hall J L, Zhu M, Buch P 1989 J. Opt. Soc. Am. B 6
2194

Walls F L, Wineland D J, Drullinger R E 1978 Proc.
32nd Ann. Symp. Freq. Control Atlantic City, USA, May
31-June 2, 1978 453

Drever R W P, Hall J L, Kowalski F V, Hough J, Ford
G M, Munley A J, Ward H 1983 Appl. Phys. B: Lasers
Opt. 31 97

Evenson K M, Wells J S, Petersen F R, Danielson B L,
Day G W 1973 Appl. Phys. Lett. 22 192

Jennings D A, Evenson K M, Knight D J E 1986 Proc.
IEEE 74 168

Hall J L 2000 IEEE J. Sel. Top. Quantum Electron. 6
1136

Hénsch T W 1990 Opt. Commun. 80 71

Diddams S A, Udem T, Bergquist J C, Curtis E A,
Drullinger R E, Hollberg L, Itano W M, Lee W D, Oates
C W, Vogel K R, Wineland D J 2001 Science 293 825
Chou C W, Hume D B, Koelemeij J C J, Wineland D J,
Rosenband T 2010 Phys. Rev. Lett. 104 070802

Riehle F, Schnatz H, Lipphardt B, Zinner G, Trebst T,
Helmcke J 1999 IEEE Trans. Instrum. Meas. 48 613
Oates C W, Curtis E A, Hollberg L 2000 Opt. Lett. 25
1603

Katori H, Takamoto M, Pal’chikov V G, Ovsiannikov V
D 2003 Phys. Rev. Lett. 91 173005

Itano W M, Bergquist J C, Bollinger J J, Gilligan J M,
Heinzen D J, Moore F L, Raizen M G, Wineland D J
1993 Phys. Rev. A 47 3554

Jiang Y'Y, Ludlow A D, Lemke N D, Fox R W, Sherman
J A, MaL S, Oates C W 2011 Nat. Photon. 5 158

21]

22]

23]

(42]

[43]
[44]

[45]

160604-16

Hinkley N, Sherman J A, Phillips N B, Schioppo M,
Lemke N D, Beloy K, Pizzocaro M, Oates C W, Ludlow
A D 2013 Science 341 1215

Bloom B J, Nicholson T L, Williams J R, Campbell S L,
Bishof M, Zhang X, Zhang W, Bromley S L, Ye J 2014
Nature 506 71

Nicholson T L, Campbell S L, Hutson R B, Marti G
E, Bloom B J, McNally R L, Zhang W, Barrett M D,
Safronova M S, Strouse G F, Tew W L, Ye J 2015 Nat.
Commun. 6 6896

Campbell S L, Hutson R B, Marti G E, Goban A, Op-
pong N D, McNally R L, Sonderhouse L, Robinson J M,
Zhang W, Bloom B J, Ye J 2017 Science 358 90

Lin Y G, Wang Q, Li Y, Meng F, Lin B K, Zang E J,
Sun Z, Fang F, Li T C, Fang Z J 2015 Chin. Phys. Lett.
32 090601

Gao Q, Zhou M, Han C, Li S, Zhang S, Yao Y, Li B,
Qiao H, Ai D, Lou G, Zhang M, Jiang Y, Bi Z, Ma L,
Xu X 2018 Sci. Rep. 8 8022

Liu H, Zhang X, Jiang K L, Wang J Q, Zhu Q, Xiong Z
X, He L X, Li B L 2017 Chin. Phys. Lett. 34 20601
Wang Y B, Yin M J, Ren J, Xu Q F, Lu B Q, Han J X,
Guo Y, Chang H 2018 Chin. Phys. B 27 023701

Fu X F, Fang S, Zhao R C, Zhang Y, Huang J C, Sun J
F, Xu Z, Wang Y Z 2018 Chin. Opt. Lett. 16 060202
Jaseja T S, Javan A, Townes C H 1963 Phys. Rev. Lett.
10 165

Hall J 1969 IEEE J. Quantum Electron. 5 324

Black E D 2001 Am. J. Phys. 69 79

Wong N C, Hall J L 1985 J. Opt. Soc. Am. B 2 1527
Whittaker E A, Grebel H, Lotem H, Shum C M 1988 J.
Opt. Soc. Am. B 5 1253

Salomon C, Hils D, Hall J L. 1988 J. Opt. Soc. Am. B'5
1576

Zhu M, Hall J L 1992 Proceedings of the 1992 IEEE
Frequency Control Symposium Hershey, Pennsylvania,
USA, May 27-29, 1992 p44

Young B C, Cruz F C, Itano W M, Bergquist J C 1999
Phys. Rev. Lett. 82 3799

Fox R W 2008 Proc. SPIE 7099 70991R

Fox R W 2009 Opt. Express 17 15023

Zhao Y N, Zhang J, Stuhler J, Schuricht G, Lison F, Lu
Z H, Wang L J 2010 Opt. Commun. 283 4696

Millo J, Abgrall M, Lours M, English E M L, Jiang H,
Guéna J, Clairon A, Tobar M E, Bize S, Le Coq Y,
Santarelli G 2009 Appl. Phys. Lett. 94 141105
Swallows M D, Martin M J, Bishof M, Benko C, Lin Y,
Blatt S, Rey A M, Ye J 2012 IEEE Trans. Ultrason.
Ferroelectr. Freq. Control 59 416

Notcutt M, Ma L S, Ye J, Hall J L 2005 Opt. Lett. 30
1815

Chen L, Hall J, Ye J, Yang T, Zang E, Li T 2006 Phys.
Rev. A 745

Nazarova T, Riehle F, Sterr U 2006 Appl. Phys. B 83
531

Ludlow A D, Huang X, Notcutt M, Zanon-Willette T,
Foreman S M, Boyd M M, Blatt S, Ye J 2007 Opt. Lett.
32 641


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.6028/jres.122.001
http://dx.doi.org/10.1098/rsta.1957.0010
http://dx.doi.org/10.1098/rsta.1957.0010
http://dx.doi.org/10.1103/PhysRevLett.87.270801
http://dx.doi.org/10.1109/19.377790
http://dx.doi.org/10.1109/TIM.2005.843573
https://doi.org/10.1109/FREQ.1981.200532
https://doi.org/10.1109/FREQ.1981.200532
https://doi.org/10.1109/FREQ.1981.200532
http://dx.doi.org/10.1364/JOSAB.6.002194
http://dx.doi.org/10.1364/JOSAB.6.002194
https://doi.org/10.1109/FREQ.1978.200274
https://doi.org/10.1109/FREQ.1978.200274
https://doi.org/10.1109/FREQ.1978.200274
https://doi.org/10.1007/BF00702605
https://doi.org/10.1007/BF00702605
http://dx.doi.org/10.1063/1.1654607
http://dx.doi.org/10.1109/PROC.1986.13430
http://dx.doi.org/10.1109/PROC.1986.13430
http://dx.doi.org/10.1109/2944.902162
http://dx.doi.org/10.1109/2944.902162
http://dx.doi.org/10.1016/0030-4018(90)90509-R
http://dx.doi.org/10.1126/science.1061171
http://dx.doi.org/10.1103/PhysRevLett.104.070802
http://dx.doi.org/10.1109/19.769670
http://dx.doi.org/10.1364/OL.25.001603
http://dx.doi.org/10.1364/OL.25.001603
http://dx.doi.org/10.1103/PhysRevLett.91.173005
http://dx.doi.org/10.1103/PhysRevA.47.3554
http://dx.doi.org/10.1038/nphoton.2010.313
http://dx.doi.org/10.1126/science.1240420
http://dx.doi.org/10.1038/nature12941
http://dx.doi.org/10.1038/nature12941
http://dx.doi.org/10.1038/ncomms7896
http://dx.doi.org/10.1038/ncomms7896
http://dx.doi.org/10.1126/science.aam5538
http://dx.doi.org/10.1088/0256-307X/32/9/090601
http://dx.doi.org/10.1088/0256-307X/32/9/090601
http://dx.doi.org/10.1038/s41598-018-26365-w
http://dx.doi.org/10.1088/0256-307X/34/2/020601
http://dx.doi.org/10.1088/1674-1056/27/2/023701
http://dx.doi.org/10.3788/COL
http://dx.doi.org/10.1103/PhysRevLett.10.165
http://dx.doi.org/10.1103/PhysRevLett.10.165
https://doi.org/10.1109/JQE.1969.1081931
http://dx.doi.org/10.1119/1.1286663
http://dx.doi.org/10.1364/JOSAB.2.001527
http://dx.doi.org/10.1364/JOSAB.5.001253
http://dx.doi.org/10.1364/JOSAB.5.001253
https://doi.org/10.1364/JOSAB.5.001576
https://doi.org/10.1364/JOSAB.5.001576
https://doi.org/10.1109/FREQ.1992.270036
https://doi.org/10.1109/FREQ.1992.270036
http://dx.doi.org/10.1103/PhysRevLett.82.3799
http://dx.doi.org/10.1103/PhysRevLett.82.3799
http://dx.doi.org/10.1117/12.806850
http://dx.doi.org/10.1364/OE.17.015023
http://dx.doi.org/10.1016/j.optcom.2010.06.079
http://dx.doi.org/10.1063/1.3112574
http://dx.doi.org/10.1109/TUFFC.2012.2210
http://dx.doi.org/10.1109/TUFFC.2012.2210
http://dx.doi.org/10.1364/OL.30.001815
http://dx.doi.org/10.1364/OL.30.001815
http://dx.doi.org/10.1007/s00340-006-2225-y
http://dx.doi.org/10.1007/s00340-006-2225-y
http://dx.doi.org/10.1364/OL.32.000641
http://dx.doi.org/10.1364/OL.32.000641

¥ 12 ZF R Acta Phys. Sin.

Vol. 67,

No. 16 (2018) 160604

(47]
[48]

[49]

[50]
[51]

[52]

Webster S A, Oxborrow M, Pugla S, Millo J, Gill P 2008
Phys. Rev. A 77 033847

Leibrandt D R, Thorpe M J, Bergquist J C, Rosenband
T 2011 Opt. Ezpress 19 10278

Leibrandt D R, Thorpe M J, Notcutt M, Drullinger R
E, Rosenband T, Bergquist J C 2011 Opt. Express 19
3471

Yang T, Li W B, Zang E J, Chen L S 2007 Chin. Phys.
16 1374

Jiang Y, Fang S, Bi Z, Xu X, Ma L 2010 Appl. Phys. B
98 61

Harry G M, Gretarsson A M, Saulson P R, Kittelberger
S E, Penn S D, Startin W J, Rowan S, Fejer M M, Crooks
D R M, Cagnoli G, Hough J, Nakagawa N 2002 Class.
Quantum Gravity 19 897

Numata K, Kemery A, Camp J 2004 Phys. Rev. Lett.
93 250602

Notcutt M, Ma L S, Ludlow A D, Foreman S M, Ye J,
Hall J L 2006 Phys. Rev. A 73 031804

Kessler T, Legero T, Sterr U 2012 JOSA B 29 178
Hagemann C, Grebing C, Kessler T, Falke S, Lemke N,
Lisdat C, Schnatz H, Riehle F', Sterr U 2013 IEEFE Trans.
Instrum. Meas. 62 1556

Takamoto M, Ushijima I, Das M, Nemitz N, Ohkubo
T, Yamanaka K, Ohmae N, Takano T, Akatsuka T, Ya-
maguchi A, Katori H 2015 Comptes Rendus Phys. 16
489

Nicholson T L, Martin M J, Williams J R, Bloom B J,
Bishof M, Swallows M D, Campbell S L, Ye J 2012 Phys.
Rev. Lett. 109 230801

LiY, Lin Y G, Wang Q, Yang T, Sun Z, Zang E J, Fang
Z J 2018 Chin. Opt. Lett. 16 051402

Bishof M, Zhang X, Martin M J, Ye J 2013 Phys. Rev.
Lett. 111 093604

Héfner S, Falke S, Grebing C, Vogt S, Legero T, Meri-
maa M, Lisdat C, Sterr U 2015 Opt. Lett. 40 2112

Ma L S, Jungner P, Ye J, Hall J L 1994 Opt. Lett. 19
1777

Foreman S M, Holman K W, Hudson D D, Jones D J,
Ye J 2007 Rev. Sci. Instrum. 78 021101

Santarelli G, Laurent P, Lemonde P, Clairon A, Mann
A G, Chang S, Luiten A N, Salomon C 1999 Phys. Rev.
Lett. 82 4619

Reichert J, Holzwarth R, Udem T, Hansch T W 1999
Opt. Commun. 172 59

Diddams S A, Jones D J, Ye J, Cundiff S T, Hall J L,
Ranka J K, Windeler R S, Holzwarth R, Udem T, Han-
sch T 'W 2000 Phys. Rev. Lett. 84 5102

Peters E, Diddams S A, Fendel P, Reinhardt S, Hansch
T W, Udem T 2009 Opt. Express 17 9183

Cingé6z A, Yost D C, Allison T K, Ruehl A, Fermann M
E, Hartl I, Ye J 2012 Nature 482 68

Takamoto M, Katori H 2003 Phys. Rev. Lett. 91 223001
Ido T, Katori H 2003 Phys. Rev. Lett. 91 053001

Ye J, Kimble H J, Katori H 2008 Science 320 1734
Brusch A, Le Targat R, Baillard X, Fouché M, Lemonde
P 2006 Phys. Rev. Lett. 96 103003

(73]

[77)
78]

[79]

(81]

(82]

(85]

(86]

160604-17

Katori H 2002 Frequency Standards and Metrol-
ogy— Proceedings of the 6th Symposium Fife, Scotland,
September 9-14 2001 p323

Safronova M S, Kozlov M G, Clark C W 2012 IEEE
Trans. Ultrason. Ferroelectr. Freq. Control 59 439
Hachisu H, Miyagishi K, Porsev S G, Derevianko A,
Ovsiannikov V D, Pal’chikov V G, Takamoto M, Katori

H 2008 Phys. Rev. Lett. 100 053001

Petersen M, Chicireanu R, Dawkins S T, Magalhdes D
V, Mandache C, Le Coq Y, Clairon A, Bize S 2008 Phys.
Rev. Lett. 101 183004

Santra R, Arimondo E, Ido T, Greene C H, Ye J 2005
Phys. Rev. Lett. 94 173002

Taichenachev A V, Yudin V I, Oates C W, Hoyt C W,
Barber Z W, Hollberg L. 2006 Phys. Rev. Lett. 96 083001
Poli N, Barber Z W, Lemke N D, Oates C W, Ma L S,
Stalnaker J E, Fortier T M, Diddams S A, Hollberg L,
Bergquist J C, Brusch A, Jefferts S, Heavner T, Parker
T 2008 Phys. Rev. A 77 050501

Lin Y G, Wang Q, Li Y, Lin B K, Wang S K, Meng F,
Zhao Y, Cao J P, Zang E J, Li T C, Fang Z J 2013 Chin.
Phys. Lett. 30 014206

Ovsiannikov V D, Pal’ chikov V G, Taichenachev A V,
Yudin V I, Katori H, Takamoto M 2007 Phys. Rev. A
75 020501

Baillard X, Fouché M, Le Targat R, Westergaard P G,
Lecallier A, Le Coq Y, Rovera G D, Bize S, Lemonde P

2007 Opt. Lett. 32 1812

Akatsuka T, Takamoto M, Katori H 2008 Nat. Phys. 4
954

Bober M, Morzynski P, Cygan A, Lisak D, Mastowski
P, Prymaczek M, Piotr Wcisto, Ablewski P, Piwinski M,
Wijtewicz S, Bielska K, Dobrostawa Bartoszek-Bober,
Trawinski R S, Zawada M, Ciurylo R, Zachorowski J,
Marcin Piotrowski, Gawlik W, Ozimek F, Radzewicz C
2015 Meas. Sci. Technol. 26 075201

Ludlow A D, Boyd M M, Ye J, Peik E, Schmidt P O
2015 Rev. Mod. Phys. 87 637

Origlia S, Pramod M S, Schiller S, Singh Y, Bongs K,
Schwarz R, Al-Masoudi A, Dorscher S, Herbers S, Hafner
S, Sterr U, Lisdat C 2018 arXiv:1803.03157 [physics,
physics:quant-ph| [2018-3-8]

Phillips W D, Metcalf H 1982 Phys. Rev. Lett. 48 596
Xu X Y, Wang W L, Zhou Q H, Li G H, Jiang H L,
Chen L F, Ye J, Zhou Z H, Cai Y, Tang H'Y, Zhou M
2009 Front. Phys. China 4 160

Wang S K, Wang Q, Lin Y G, Wang M M, Lin B K,
Zang E J, Li T C, Fang Z J 2009 Chin. Phys. Lett. 26
093202

Zhao P Y, Xiong Z X, Long Y, He L X, Li B L 2009
Chin. Phys. Lett. 26 083702

Hill T R, Ovchinnikov Y B, Bridge E M, Curtis E A, Gill
P 2014 J. Phys. B: At. Mol. Opt. Phys. 47 075006
Wang Q, Lin Y G, Gao F L, Li Y, Lin B K, Meng F,
Zang E J, Li T C, Fang Z J 2015 Chin. Phys. Lett. 32
100701

Koller S B, Grotti J, Vogt S, Al-Masoudi A, Dorscher S,
Hafner S, Sterr U, Lisdat C 2017 Phys. Rev. Lett. 118
073601


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1103/PhysRevA.77.033847
http://dx.doi.org/10.1103/PhysRevA.77.033847
http://dx.doi.org/10.1364/OE.19.010278
http://dx.doi.org/10.1364/OE.19.003471
http://dx.doi.org/10.1364/OE.19.003471
http://dx.doi.org/10.1088/1009-1963/16/5/035
http://dx.doi.org/10.1088/1009-1963/16/5/035
http://dx.doi.org/10.1007/s00340-009-3735-1
http://dx.doi.org/10.1007/s00340-009-3735-1
http://dx.doi.org/10.1088/0264-9381/19/5/305
http://dx.doi.org/10.1088/0264-9381/19/5/305
http://dx.doi.org/10.1103/PhysRevLett.93.250602
http://dx.doi.org/10.1103/PhysRevLett.93.250602
http://dx.doi.org/10.1103/PhysRevA.73.031804
http://dx.doi.org/10.1364/JOSAB.29.000178
http://dx.doi.org/10.1109/TIM.2013.2242597
http://dx.doi.org/10.1109/TIM.2013.2242597
http://dx.doi.org/10.1016/j.crhy.2015.04.003
http://dx.doi.org/10.1016/j.crhy.2015.04.003
http://dx.doi.org/10.1103/PhysRevLett.109.230801
http://dx.doi.org/10.1103/PhysRevLett.109.230801
http://dx.doi.org/10.3788/COL
http://dx.doi.org/10.1103/PhysRevLett.111.093604
http://dx.doi.org/10.1103/PhysRevLett.111.093604
http://dx.doi.org/10.1364/OL.40.002112
http://dx.doi.org/10.1364/OL.19.001777
http://dx.doi.org/10.1364/OL.19.001777
http://dx.doi.org/10.1063/1.2437069
http://dx.doi.org/10.1103/PhysRevLett.82.4619
http://dx.doi.org/10.1103/PhysRevLett.82.4619
http://dx.doi.org/10.1016/S0030-4018(99)00491-5
http://dx.doi.org/10.1016/S0030-4018(99)00491-5
http://dx.doi.org/10.1103/PhysRevLett.84.5102
http://dx.doi.org/10.1364/OE.17.009183
http://dx.doi.org/10.1038/nature10711
http://dx.doi.org/10.1103/PhysRevLett.91.223001
http://dx.doi.org/10.1103/PhysRevLett.91.053001
http://dx.doi.org/10.1126/science.1148259
http://dx.doi.org/10.1103/PhysRevLett.96.103003
https://doi.org/10.1142/9789812777713_0036
https://doi.org/10.1142/9789812777713_0036
https://doi.org/10.1142/9789812777713_0036
http://dx.doi.org/10.1109/TUFFC.2012.2213
http://dx.doi.org/10.1109/TUFFC.2012.2213
http://dx.doi.org/10.1103/PhysRevLett.100.053001
http://dx.doi.org/10.1103/PhysRevLett.101.183004
http://dx.doi.org/10.1103/PhysRevLett.101.183004
http://dx.doi.org/10.1103/PhysRevLett.94.173002
http://dx.doi.org/10.1103/PhysRevLett.94.173002
http://dx.doi.org/10.1103/PhysRevLett.96.083001
http://dx.doi.org/10.1103/PhysRevA.77.050501
http://dx.doi.org/10.1088/0256-307X/30/1/014206
http://dx.doi.org/10.1088/0256-307X/30/1/014206
http://dx.doi.org/10.1103/PhysRevA.75.020501
http://dx.doi.org/10.1103/PhysRevA.75.020501
http://dx.doi.org/10.1364/OL.32.001812
http://dx.doi.org/10.1038/nphys1108
http://dx.doi.org/10.1038/nphys1108
http://dx.doi.org/10.1088/0957-0233/26/7/075201
http://dx.doi.org/10.1103/RevModPhys.87.637
https://arxiv.org/abs/1803.03157
https://arxiv.org/abs/1803.03157
http://dx.doi.org/10.1103/PhysRevLett.48.596
http://dx.doi.org/10.1007/s11467-009-0033-7
http://dx.doi.org/10.1088/0256-307X/26/9/093202
http://dx.doi.org/10.1088/0256-307X/26/9/093202
http://dx.doi.org/10.1088/0256-307X/26/8/083702
http://dx.doi.org/10.1088/0256-307X/26/8/083702
http://dx.doi.org/10.1088/0953-4075/47/7/075006
http://dx.doi.org/10.1088/0256-307X/32/10/100701
http://dx.doi.org/10.1088/0256-307X/32/10/100701
http://dx.doi.org/10.1103/PhysRevLett.118.073601
http://dx.doi.org/10.1103/PhysRevLett.118.073601

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 16 (2018) 160604

(94]

[95]

[100]

[101]

[102]

[103]

[104]
[105]

[106]

[107]

[108]

[109]

[110]
[111]

[112]

[113]
[114]

[115]

Li Y, Ido T, Eichler T, Katori H 2004 Appl. Phys. B:
Lasers Opt. 78 315

Ferrari G, Cancio P, Drullinger R, Giusfredi G, Poli N,
Prevedelli M, Toninelli C, Tino G M 2003 Phys. Rev.
Lett. 91 243002

Loftus T H, Ido T, Boyd M M, Ludlow A D, Ye J 2004
Phys. Rev. A 70 063413

Mukaiyama T, Katori H, Ido T, Li Y, Kuwata-Gonokami
M 2003 Phys. Rev. Lett. 90 113002

Chaneliére T, He L, Kaiser R, Wilkowski D 2008 Fur.
Phys. J.: At. Mol. Opt. Plasma Phys. 46 507

Sterr U, Degenhardt C, Stoehr H, Lisdat C, Schnatz H,
Helmcke J, Riehle F, Wilpers G, Oates C, Hollberg L
2004 Comptes Rendus Phys. 5 845

Boyd M M, Zelevinsky T, Ludlow A D, Foreman S M,
Blatt S, Ido T, Ye J 2006 Science 314 1430

Blatt S, Thomsen J W, Campbell G K, Ludlow A D,
Swallows M D, Martin M J, Boyd M M, Ye J 2009 Phys.
Rev. A 80 052703

Martin M, Bishof M, Swallows M D, Zhang X, Benko
C, von Stecher J, Gorshkov A V, Rey A M, Ye J 2013
Science 341 632

Matei D G, Legero T, Héafner S, Grebing C, Weyrich R,
Zhang W, Sonderhouse L, Robinson J M, Ye J, Riehle
F, Sterr U 2017 Phys. Rev. Lett. 118 263202
Derevianko A, Katori H 2011 Rev. Mod. Phys. 83 331
Boyd M, Zelevinsky T, Ludlow A, Blatt S, Zanon-
Willette T, Foreman S, Ye J 2007 Phys. Rev. A 76
022510

Falke S, Schnatz H, Winfred J S R V, Middelmann T,
Vogt S, Weyers S, Lipphardt B, Grosche G, Riehle F,
Sterr U, Lisdat C 2011 Metrologia 48 399

Westergaard P G, Lodewyck J, Lorini L, Lecallier A,
Burt E A, Zawada M, Millo J, Lemonde P 2011 Phys.
Rev. Lett. 106 210801

Wang Q, Lin Y G, Li Y, Lin B K, Meng F, Zang E J,
Li T C, Fang Z J 2014 Chin. Phys. Lett. 31 123201
Campbell G K, Boyd M M, Thomsen J W, Martin M J,
Blatt S, Swallows M D, Nicholson T L, Fortier T, Oates
C W, Diddams S A, Lemke N D, Naidon P, Julienne P,
Ye J, Ludlow A D 2009 Science 324 360

Ramsey N F 1950 Phys. Rev. 78 695

Campbell G K, Ludlow A D, Blatt S, Thomsen J W,
Martin M J, de Miranda M H G, Zelevinsky T, Boyd
M M, Ye J, Diddams S A, Heavner T P, Parker T E,
Jefferts S R 2008 Metrologia 45 539

Ludlow A D, Zelevinsky T, Campbell G K, Blatt S, Boyd
M M, de Miranda M H G, Martin M J, Thomsen J W,
Foreman S M, Ye J, Fortier T M, Stalnaker J E, Did-
dams S A, Le Coq Y, Barber Z W, Poli N, Lemke N D,
Beck K M, Oates C W 2008 Science 319 1805

Peik E, Schneider T, Tamm C 2006 J. Phys. B: At. Mol.
Opt. Phys. 39 145

Dick G J 1987 [http://www.dtic.mil/docs/citations/
ADAB502386] [2018-7-10]

Dick G J, Greenhall C A 1998 Proceedings of the
1998 IEEE International Frequency Control Symposium
Pasadena, CA, USA, May 29, 1998 p99

[116]

[117)

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]
[129]

[130]

[131)

[132]

[133)

[134]

[135]

160604-18

Westergaard P, Lodewyck J, Lemonde P 2010 [EEE
Trans. Ultrason. Ferroelectr. Freq. Control 57 623
Stefani F, Lopez O, Bercy A, Lee W K, Chardonnet C,
Santarelli G, Pottie P E; Amy-Klein A 2015 J. Opt. Soc.
Am. B 32 787

Lopez O, Amy-Klein A, Lours M, Chardonnet C,

Santarelli G 2010 Appl. Phys. B 98 723

Terra O, Grosche G, Predehl K, Holzwarth R, Legero T,
Sterr U, Lipphardt B, Schnatz H 2009 Appl. Phys. B 97
541

Droste S, Ozimek F, Udem T, Predehl K, Hansch T W,
Schnatz H, Grosche G, Holzwarth R 2013 Phys. Rev.
Lett. 111 110801

MaCQ,WuLF JiangYY, YuHF,BiZY,MaLS§S
2015 Chin. Phys. B 24 084209

Lisdat C, Grosche G, Quintin N, Shi C, Raupach S M
F, Grebing C, Nicolodi D, Stefani F, Al-Masoudi A,
Dérscher S, Hafner S, Robyr J L, Chiodo N, Bilicki S,
Bookjans E, Koczwara A, Koke S, Kuhl A, Wiotte F,
Meynadier F, Camisard E, Abgrall M, Lours M, Legero
T, Schnatz H, Sterr U, Denker H, Chardonnet C, Coq
Y L, Santarelli G, Amy-Klein A, Targat R L, Lodewyck
J, Lopez O, Pottie P E 2016 Nat. Commun. 7 12443
Falke S, Misera M, Sterr U, Lisdat C 2012 Appl. Phys.

B 107 301

Ye J, Peng J L, Jones R J, Holman K W, Hall J L, Jones
D J, Diddams S A, Kitching J, Bize S, Bergquist J C,
Hollberg L. W, Robertsson L, Ma L S 2003 J. Opt. Soc.
Am. B 20 1459

Wang B, Gao C, Chen W L, Miao J, Zhu X, Bai Y,
Zhang J W, Feng Y Y, Li T C, Wang L. J 2012 Sci. Rep.

2 556

Ye J, Cundiff S T 2005 Femtosecond Optical Frequency
Comb: Principle, Operation, and Applications (Norwell,
MA: Springer Verlag) p18

Ma L S, Bi Z Y, Bartels A, Robertsson L, Zucco M,
Windeler R S, Wilpers G, Oates C, Hollberg L, Diddams
S A 2004 Science 303 1843

Fang S, Jiang Y Y, Chen H Q, Yao Y, BiZY, Ma L S
2015 Chin. Phys. B 24 084209

Benko C, Ruehl A; Martin M J, Eikema K S E, Fermann

M E, Hartl I, Ye J 2012 Opt. Lett. 37 2196

Legero T, Lisdat C, Vellore Winfred J S R, Schnatz H,
Grosche G, Riehle F, Sterr U 2009 IEEE Trans. Instrum.
Meas. 58 1252

Nicolodi D, Argence B, Zhang W, Targat R L, Santarelli
G, Coq Y L 2014 Nat. Photon. 8 219

Leopardi H, Davila-Rodriguez J, Quinlan F, Olson J,
Sherman J A, Diddams S A, Fortier T M 2017 Optica 4

879
Ohmae N, Kuse N, Fermann M E; Katori H 2017 Appl.

Phys. Ezpress 10 062503

Falke S, Lemke N, Grebing C, Lipphardt B, Weyers S,
Gerginov V, Huntemann N, Hagemann C, Al-Masoudi
A, Héfner S, Vogt S, Sterr U, Lisdat C 2014 New J.
Phys. 16 073023

Lin Y G, Wang Q, Li Y, Meng F, Lin B K, Zang E J,
Sun Z, Fang F, Li T C, Fang Z J 2016 J. Phys.: Conf.
Ser. 723 012021


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1007/s00340-004-1405-x
http://dx.doi.org/10.1007/s00340-004-1405-x
http://dx.doi.org/10.1103/PhysRevLett.91.243002
http://dx.doi.org/10.1103/PhysRevLett.91.243002
http://dx.doi.org/10.1103/PhysRevA.70.063413
http://dx.doi.org/10.1103/PhysRevA.70.063413
http://dx.doi.org/10.1103/PhysRevLett.90.113002
https://doi.org/10.1140/epjd/e2007-00329-8
https://doi.org/10.1140/epjd/e2007-00329-8
http://dx.doi.org/10.1016/j.crhy.2004.08.005
http://dx.doi.org/10.1126/science.1133732
http://dx.doi.org/10.1103/PhysRevA.80.052703
http://dx.doi.org/10.1103/PhysRevA.80.052703
http://dx.doi.org/10.1126/science.1236929
http://dx.doi.org/10.1126/science.1236929
http://dx.doi.org/10.1103/PhysRevLett.118.263202
http://dx.doi.org/10.1103/RevModPhys.83.331
http://dx.doi.org/10.1103/PhysRevA.76.022510
http://dx.doi.org/10.1103/PhysRevA.76.022510
http://dx.doi.org/10.1088/0026-1394/48/5/022
http://dx.doi.org/10.1103/PhysRevLett.106.210801
http://dx.doi.org/10.1103/PhysRevLett.106.210801
http://dx.doi.org/10.1088/0256-307X/31/12/123201
http://dx.doi.org/10.1126/science.1169724
http://dx.doi.org/10.1103/PhysRev.78.695
http://dx.doi.org/10.1088/0026-1394/45/5/008
http://dx.doi.org/10.1126/science.1153341
http://dx.doi.org/10.1088/0953-4075/39/1/012
http://dx.doi.org/10.1088/0953-4075/39/1/012
https://doi.org/10.1109/FREQ.1998.717888
https://doi.org/10.1109/FREQ.1998.717888
https://doi.org/10.1109/FREQ.1998.717888
http://dx.doi.org/10.1109/TUFFC.2010.1457
http://dx.doi.org/10.1109/TUFFC.2010.1457
http://dx.doi.org/10.1364/JOSAB.32.000787
http://dx.doi.org/10.1364/JOSAB.32.000787
http://dx.doi.org/10.1007/s00340-009-3832-1
http://dx.doi.org/10.1007/s00340-009-3653-2
http://dx.doi.org/10.1007/s00340-009-3653-2
http://dx.doi.org/10.1103/PhysRevLett.111.110801
http://dx.doi.org/10.1103/PhysRevLett.111.110801
http://dx.doi.org/10.1088/1674-1056/24/8/084209
http://dx.doi.org/10.1038/ncomms12443
http://dx.doi.org/10.1007/s00340-012-4952-6
http://dx.doi.org/10.1007/s00340-012-4952-6
http://dx.doi.org/10.1364/JOSAB.20.001459
http://dx.doi.org/10.1364/JOSAB.20.001459
http://dx.doi.org/10.1038/srep00556
http://dx.doi.org/10.1038/srep00556
http://dx.doi.org/10.1126/science.1095092
http://dx.doi.org/10.1088/1674-1056/24/8/084209
http://dx.doi.org/10.1364/OL.37.002196
http://dx.doi.org/10.1109/TIM.2008.2007042
http://dx.doi.org/10.1109/TIM.2008.2007042
http://dx.doi.org/10.1038/nphoton.2013.361
http://dx.doi.org/10.1364/OPTICA.4.000879
http://dx.doi.org/10.1364/OPTICA.4.000879
http://dx.doi.org/10.7567/APEX.10.062503
http://dx.doi.org/10.7567/APEX.10.062503
http://dx.doi.org/10.1088/1367-2630/16/7/073023
http://dx.doi.org/10.1088/1367-2630/16/7/073023
http://dx.doi.org/10.1088/1742-6596/723/1/012021
http://dx.doi.org/10.1088/1742-6596/723/1/012021

¥ 12 ZF R Acta Phys. Sin.

Vol. 67,

No. 16 (2018) 160604

[136]

[137]

[138]

[139]

[140]

[141]

[142]
[143]
[144]
[145]

[146]

[147]

[148]

[149]

[150]

[151]
[152]

[153]

[154]

[155]

[156]
[157]

Hazlett E L, Zhang Y, Stites R W, Gibble K, O’ Hara
K M 2013 Phys. Rev. Lett. 110 160801

Lemke N D, von Stecher J, Sherman J A, Rey A M,
Oates C W, Ludlow A D 2011 Phys. Rev. Lett. 107
103902

Swallows M D, Bishof M, Lin Y, Blatt S, Martin M J,
Rey A M, Ye J 2011 Science 331 1043

Barber Z, Stalnaker J, Lemke N, Poli N, Oates C, Fortier
T, Diddams S, Hollberg L, Hoyt C, Taichenachev A,
Yudin V 2008 Phys. Rev. Lett. 100 103002

Brown R C, Phillips N B, Beloy K, McGrew W F,
Schioppo M, Fasano R J, Milani G, Zhang X, Hinkley N,
Leopardi H, Yoon T H, Nicolodi D, Fortier T M, Ludlow
A D 2017 Phys. Rev. Lett. 119 253001

Itano W M, Lewis L L, Wineland D J 1982 Phys. Rev.
A 25 1233

Hollberg L, Hall J L 1984 Phys. Rev. Lett. 53 230
Porsev S G, Derevianko A 2006 Phys. Rev. A 74 020502
Safronova M S, Porsev S G, Safronova U I, Kozlov M G,
Clark C W 2013 Phys. Rev. A 87 012509

Yudin V I, Taichenachev A V, Okhapkin M V, Bagayev
S N, Tamm C, Peik E, Huntemann N, Mehlstdubler T
E, Riehle F 2011 Phys. Rev. Lett. 107 030801
Middelmann T, Lisdat C, Falke S, Winfred J S R V,
Riehle F, Sterr U 2011 IEEE Trans. Instrum. Meas. 60
2550

Middelmann T, Falke S, Lisdat C, Sterr U 2012 Phys.
Rev. Lett. 109 263004

Beloy K, Hinkley N, Phillips N B, Sherman J A,
Schioppo M, Lehman J, Feldman A, Hanssen L. M, Oates
C W, Ludlow A D 2014 Phys. Rev. Lett. 113 260801
Lodewyck J, Zawada M, Lorini L, Gurov M, Lemonde P
2012 IEEE Trans. Ultrason. Ferroelectr. Freq. Control
59 411

Beloy K, Zhang X, McGrew W F, Hinkley N, Yoon T
H, Nicolodi D, Fasano R J, Schéffer S A, Brown R C,
Ludlow A D 2018 Phys. Rev. Lett. 120 183201
Ushijima I, Takamoto M, Das M, Ohkubo T, Katori H
2015 Nat. Photon. 9 185

Bowden W, Hobson R, Huillery P, Gill P, Jones M P A,
Hill I R 2017 Phys. Rev. A 96 023419

Baillard X, Fouché M, Le Targat R, Westergaard P G,
Lecallier A, Chapelet F, Abgrall M, Rovera G D, Lau-
rent P, Rosenbusch P, Bize S, Santarelli G, Clairon A,
Lemonde P, Grosche G, Lipphardt B, Schnatz H 2008
Eur. Phys. J.: At. Mol. Opt. Plasma Phys. 48 11

Le Targat R, Lorini L, Le Coq Y, Zawada M, Guéna
J, Abgrall M, Gurov M, Rosenbusch P, Rovera D G,
Nagérny B, Gartman R, Westergaard P G, Tobar M E,
Lours M, Santarelli G, Clairon A, Bize S, Laurent P,
Lemonde P, Lodewyck J 2013 Nat. Commun. 4 2109
Lodewyck J, Bilicki S, Bookjans E, Robyr J L, Shi C,
Vallet G, Targat R L, Nicolodi D, Coq Y L, Guéna J,
Abgrall M, Rosenbusch P, Bize S 2016 Metrologia 53
1123

Levine J 2008 Metrologia 45 S162

Fujieda M, Piester D, Gotoh T, Becker J, Aida M, Bauch
A 2014 Metrologia 51 253

[158]

[159]

[160)

[161]

[162]

[163]

[164]

[165]

[166]
[167]

[168)

[169]

[170]
[171)
[172)
[173]

[174]

[175)

[176]

[177]

[178)

[179]

160604-19

Hong F L, Musha M, Takamoto M, Inaba H, Yanagi-
machi S, Takamizawa A, Watabe K, Ikegami T, Imae
M, Fujii Y, Amemiya M, Nakagawa K, Ueda K, Katori
H 2009 Opt. Lett. 34 692

Hachisu H, Petit G, Nakagawa F, Hanado Y, Ido T 2017
Opt. Express 25 8511

Baynham C F A, Godun R M, Jones J M, King S A,
Nisbet-Jones P B R, Baynes F, Rolland A, Baird P E
G, Bongs K, Gill P, Margolis H S 2018 J. Mod. Opt. 65
585

Boyd M M, Ludlow A D, Blatt S, Foreman S M, Ido T,
Zelevinsky T, Ye J 2007 Phys. Rev. Lett. 98 083002
Yamaguchi A, Shiga N, Nagano S, Li Y, Ishijima H,
Hachisu H, Kumagai M, Ido T 2012 Appl. Phys. Express
5 022701

Akamatsu D, Inaba H, Hosaka K, Yasuda M, Onae A,
Suzuyama T, Amemiya M, Hong F L 2014 Appl. Phys.
Express 7 012401

Tanabe T, Akamatsu D, Kobayashi T, Takamizawa
A, Yanagimachi S, Tkegami T, Suzuyama T, Inaba H,
Okubo S, Yasuda M 2015 J. Phys. Soc. Jpn. 84 115002
Grebing C, Al-Masoudi A, Dorscher S, Héafner S,
Gerginov V, Weyers S, Lipphardt B, Riehle F, Sterr U,
Lisdat C 2016 Optica 3 563

Hachisu H, Petit G, Ido T 2017 Appl. Phys. B 123 34
Szymaniec K, Park S E, Marra G, Chatupczak W 2010
Metrologia 47 363

Gerginov V, Nemitz N, Weyers S, Schroder R, Griebsch
D, Wynands R 2010 Metrologia 47 65

Fang F, Li M S, Lin P W, Chen W L, Liu N F, Lin Y
G, Wang P, Liu K, Suo R, Li T C 2015 Metrologia 52
454

Ido T, Hachisu H, Nakagawa F, Hanado Y 2016 J. Phys.:
Conf. Ser. 723 012041

Yao J, Parker T E, Ashby N, Levine J 2018 IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 65 127

Gill P 2011 Phil. Trans. R. Soc. A 369 4109

Riehle F 2015 Comptes Rendus Physique 16 506

Chou C W, Hume D B, Rosenband T, Wineland D J
2010 Science 329 1630

Takano T, Takamoto M, Ushijima I, Ohmae N, Akat-
suka T, Yamaguchi A, Kuroishi Y, Munekane H, Miya-
hara B, Katori H 2016 Nat. Photonics 10 662

Grotti J, Koller S, Vogt S, Hafner S, Sterr U, Lisdat C,
Denker H, Voigt C, Timmen L, Rolland A, Baynes F N,
Margolis H S, Zampaolo M, Thoumany P, Pizzocaro M,
Rauf B, Bregolin F, Tampellini A, Barbieri P, Zucco M,
Costanzo G A, Clivati C, Levi F, Calonico D 2018 Nat.
Phys. 14 437

Shang H, Zhang X, Zhang S, Pan D, Chen H, Chen J
2017 Opt. Express 25 30459

Zhang S, Zhang X, Cui J, Jiang Z, Shang H, Zhu C,
Chang P, Zhang L, Tu J, Chen J 2017 Rev. Sci. In-
strum. 88 103106

Bize S, Diddams S A, Tanaka U, Tanner C E, Oskay W
H, Drullinger R E, Parker T E, Heavner T P, Jefferts
S R, Hollberg L, Itano W M, Bergquist J C 2003 Phys.
Rev. Lett. 90 150802


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1103/PhysRevLett.110.160801
http://dx.doi.org/10.1103/PhysRevLett.107.103902
http://dx.doi.org/10.1103/PhysRevLett.107.103902
http://dx.doi.org/10.1126/science.1196442
http://dx.doi.org/10.1103/PhysRevLett.100.103002
http://dx.doi.org/10.1103/PhysRevLett.119.253001
http://dx.doi.org/10.1103/PhysRevA.25.1233
http://dx.doi.org/10.1103/PhysRevA.25.1233
http://dx.doi.org/10.1103/PhysRevLett.53.230
http://dx.doi.org/10.1103/PhysRevA.74.020502
http://dx.doi.org/10.1103/PhysRevA.87.012509
http://dx.doi.org/10.1103/PhysRevLett.107.030801
http://dx.doi.org/10.1109/TIM.2010.2088470
http://dx.doi.org/10.1109/TIM.2010.2088470
http://dx.doi.org/10.1103/PhysRevLett.109.263004
http://dx.doi.org/10.1103/PhysRevLett.109.263004
http://dx.doi.org/10.1103/PhysRevLett.113.260801
http://dx.doi.org/10.1109/TUFFC.2012.2209
http://dx.doi.org/10.1109/TUFFC.2012.2209
http://dx.doi.org/10.1103/PhysRevLett.120.183201
http://dx.doi.org/10.1038/nphoton.2015.5
http://dx.doi.org/10.1103/PhysRevA.96.023419
https://doi.org/10.1140/epjd/e2007-00330-3
https://doi.org/10.1140/epjd/e2007-00330-3
http://dx.doi.org/10.1038/ncomms3109
http://dx.doi.org/10.1088/0026-1394/53/4/1123
http://dx.doi.org/10.1088/0026-1394/53/4/1123
http://dx.doi.org/10.1088/0026-1394/45/6/S22
http://dx.doi.org/10.1088/0026-1394/51/3/253
http://dx.doi.org/10.1364/OL.34.000692
http://dx.doi.org/10.1364/OE.25.008511
http://dx.doi.org/10.1364/OE.25.008511
http://dx.doi.org/10.1080/09500340.2017.1384514
http://dx.doi.org/10.1080/09500340.2017.1384514
http://dx.doi.org/10.1103/PhysRevLett.98.083002
http://dx.doi.org/10.1143/APEX.5.022701
http://dx.doi.org/10.1143/APEX.5.022701
http://dx.doi.org/10.7567/APEX.7.012401
http://dx.doi.org/10.7567/APEX.7.012401
http://dx.doi.org/10.7566/JPSJ.84.115002
http://dx.doi.org/10.1364/OPTICA.3.000563
https://doi.org/10.1007/s00340-016-6603-9
http://dx.doi.org/10.1088/0026-1394/47/4/003
http://dx.doi.org/10.1088/0026-1394/47/4/003
http://dx.doi.org/10.1088/0026-1394/47/1/008
http://dx.doi.org/10.1088/0026-1394/52/4/454
http://dx.doi.org/10.1088/0026-1394/52/4/454
http://dx.doi.org/10.1088/1742-6596/723/1/012041
http://dx.doi.org/10.1088/1742-6596/723/1/012041
http://dx.doi.org/10.1109/TUFFC.2017.2773530
http://dx.doi.org/10.1109/TUFFC.2017.2773530
http://dx.doi.org/10.1098/rsta.2011.0237
http://dx.doi.org/10.1016/j.crhy.2015.03.012
http://dx.doi.org/10.1126/science.1192720
http://dx.doi.org/10.1038/nphoton.2016.159
http://dx.doi.org/10.1038/s41567-017-0042-3
http://dx.doi.org/10.1038/s41567-017-0042-3
http://dx.doi.org/10.1364/OE.25.030459
http://dx.doi.org/10.1063/1.5006962
http://dx.doi.org/10.1063/1.5006962
http://dx.doi.org/10.1103/PhysRevLett.90.150802
http://dx.doi.org/10.1103/PhysRevLett.90.150802

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 16 (2018) 160604

[180]

[181]

[182]

[183]
[184]

[185]
[186]

[187]

Blatt S, Ludlow A D, Campbell G K, Thomsen J W,
Zelevinsky T, Boyd M M, Ye J, Baillard X, Fouché M,
Le Targat R, Brusch A, Lemonde P, Takamoto M, Hong
F L, Katori H, Flambaum V V 2008 Phys. Rev. Lett. 100

140801
Ludlow A D, Blatt S, Zelevinsky T, Campbell G K, Mar-

tin M J, Thomsen J W, Boyd M M, Ye J 2008 Eur. Phys.

J. Spec. Top. 163 9
Rosenband T, Hume D B, Schmidt P O, Chou C W, Br-

usch A, Lorini L, Oskay W H, Drullinger R E, Fortier T
M, Stalnaker J E, Diddams S A, Swann W C, Newbury
N R, Itano W M, Wineland D J, Bergquist J C 2008
Science 319 1808

Derevianko A, Pospelov M 2014 Nat. Phys. 10 933
Arvanitaki A, Huang J, van Tilburg K 2015 Phys. Rev.
D 91 015015

Katori H, Ido T, Kuwatagonokami M 1999 J. Phys. Soc.
Jpn. 68 2479

Cole G D, Zhang W, Martin M J, Ye J, Aspelmeyer M
2013 Nat. Photonics 7 644

Cole G D, Zhang W, Bjork B J, Follman D, Heu
P, Deutsch C, Sonderhouse L, Robinson J, Franz C,

[188]

[189)

[190]

[191]

[192]

(193]

160604-20

Alexandrovski A, Notcutt M, Heckl O H, Ye J, As-
pelmeyer M 2016 Optica 3 647

Kessler T, Hagemann C, Grebing C, Legero T, Sterr U,
Riehle F, Martin M J, Chen L, Ye J 2012 Nat. Photon.
6 687

Zhang W, Robinson J M, Sonderhouse L, Oelker E,
Benko C, Hall J L, Legero T, Matei D G, Riehle F,
Sterr U, Ye J 2017 Phys. Rev. Lett. 119 243601
Schioppo M, Brown R C, McGrew W F, Hinkley N,
Fasano R J, Beloy K, Yoon T H, Milani G, Nicolodi
D, Sherman J A, Phillips N B, Oates C W, Ludlow A D
2017 Nat. Photonics 11 48

Chen J, Chen X 2005 Proceedings of the 2005 IEEE In-
ternational Frequency Control Symposium Vancouver,
Canada, August 29-31, 2005 p608

Bohnet J G, Chen Z, Weiner J M, Meiser D, Holland M
J, Thompson J K 2012 Nature 484 78

Norcia M A, Cline J R K, Muniz J A, Robinson J M,
Hutson R B, Goban A, Marti G E, Ye J, Thompson J
K 2018 Phys. Rev. X 8 021036


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1103/PhysRevLett.100.140801
http://dx.doi.org/10.1103/PhysRevLett.100.140801
http://dx.doi.org/10.1140/epjst/e2008-00806-8
http://dx.doi.org/10.1140/epjst/e2008-00806-8
http://dx.doi.org/10.1126/science.1154622
http://dx.doi.org/10.1126/science.1154622
http://dx.doi.org/10.1038/nphys3137
http://dx.doi.org/10.1103/PhysRevD.91.015015
http://dx.doi.org/10.1103/PhysRevD.91.015015
http://dx.doi.org/10.1143/JPSJ.68.2479
http://dx.doi.org/10.1143/JPSJ.68.2479
http://dx.doi.org/10.1038/nphoton.2013.174
http://dx.doi.org/10.1364/OPTICA.3.000647
http://dx.doi.org/10.1038/nphoton.2012.217
http://dx.doi.org/10.1038/nphoton.2012.217
http://dx.doi.org/10.1103/PhysRevLett.119.243601
http://dx.doi.org/10.1038/nphoton.2016.231
https://doi.org/10.1109/FREQ.2005.1574003
https://doi.org/10.1109/FREQ.2005.1574003
https://doi.org/10.1109/FREQ.2005.1574003
http://dx.doi.org/10.1038/nature10920
https://doi.org/10.1103/PhysRevX.8.021036

) 38 % 48 Acta Phys. Sin. Vol. 67, No. 16 (2018) 160604

SPECIAL TOPIC — Physics in precise measurements

Strontium optical lattice clock”

Lin Yi-GeY?  Fang Zhan-JunY??

1) (National Institute of Metrology, Beijing 100029, China)
2) (National Time and Frequency Metrology Center, Beijing 100029, China)

( Received 4 June 2018; revised manuscript received 10 July 2018 )

Abstract
The strontium optical lattice clock has experienced a rapid development since the beginning of the 21st century.
Its relative frequency uncertainty, on the order of 107'®, has surpassed that of the cesium fountain clock, the current
primary standard for time and frequency. This supreme level of precision reflects one of the most advanced measurement
capabilities of mankind. This article reviews the current progress of the strontium optical lattice clock, and describes
its key components and techniques, including high-resolution spectroscopy, close-loop operation, evaluation of system-
atic shifts, and absolute frequency measurement. The applications and future outlook of the strontium clock are also

summarized.
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), 61 R TGE F=3/2 - F/ =3/2, RKEOERR
TR, S MR TFIKIE F=1/2 = F' = 3/2,
03 = 81 — 62 XL T KK

Fig. 2. SLi gray molasses cooling energy level. Deep
blue represents strong cooling light, which is §; blue
detuned to transition F = 3/2 — F’ = 3/2. Light blue
represents weak repumping light, which is d2 blue de-
tuned to transition F = 1/2 — F/ = 3/2. §3 = §1—Jo,
03 is the two-photon detuning.
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W MOT #0037 i3 (100 us 2 ), JF 4R S %
BRI . A F B kA T — 6 84
Jis 2 i T AR BOG R, WO &l e R R,
BENBUE MBI RS, N T 135 E BUE .
R KM Dy 266 I Ok, AR 0 48 8 e
fE2S10, F = 1/2 — 2Py, F = 3/21 28,5,
F = 3/2 = 2Py, F = 3/2 M XL KK
40 MHz &b, BART7 R 300 S i — 86 0 e &
i AR SRS 59 —120 MHz F1+80 MHz £ B [
AOM SEHIFEH —40 MHz. £ B 45 6 e & il
()RR 5L, 75 B AR AT f A BE AE AT 2R
) +40 MHz &b. ¥ Z0H1F 2236 730 0l Bk & 5t —
AR AR TE 110 MHz B0 18 75 S 18 1) 28 7T s 80
RF R 53 rIFz ).
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FER 2015 (I, = 2.5 mW /em? AEAEGR), 51K
5, ' NETHERL S : BRI RE LN
21, MR RWENST. GM A EE/EH 1.5 ms Ja,
AT SEIL 50% HIvA E1 0%, VA 20 B 0T UL R 50 pK.

BN TR 65 = 0, ¥4 HIRCR AN H1 IR Bt
6 F R 61 B U EE 3 TR, 78 61 > 25 MHz )
— B ST N, GM A VA R I I ROR. 4
JE/NT 25 MHz I, ¥ H1E LR T =, A EIRCR
PUE T B, X BT RGN, WEDGIE L
PR FENIGEE. L 56T EKE KT 40 MHz
ZJE, B AR T B, X I R e T
S CE AW AR /N, T A P P o v A0 R IR S,
A A AR, & R AR (HE R
UL, BT RIEIE— BE XA, XA 5 28R 5 e A
K, XA T GM A GO S UE S
B
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015 2I0 2:5 3I0 3I5 4I0 4I5 5I0 550
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B3 IREBFBAHE, AR (RETHY) TR EIE
(WA 57) BRI TR0 61 AL XUL TR 63 = 0,
ARSI e 2B L 7 A 201 M 215, ¥4 KN i)
1.5 ms
Fig.3. Temperature and fraction of atoms captured in
6Li D1 molasses as a function of single-photon detun-
ing 01. Here, the capture phase lasts 1.5 ms, d3 = 0,
the intensity of D; cooling and repumping light are
2015 and 21s.
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— B IX 5k, A5 AR 5 A0 PR R O], py S a6 B AT
DU H, GM % 31RO 1 2 1 4k 5 U, 5K
56 HR BRATT R 75 6 A A T V2R i R A 1 DO T
KA. FEORSAIR H B 1 0 EER G A, AN R
%% 21847 29 20—100 kHz FIFHAHZR B, BT
SR FRATT R FH I 128 11 e 42 1R 37 2 B33 SR BB A 1) 7
it — BRI RE IR .
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| ]
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4 ROFERA LG, WENREE (B 075 P M £
R (HEOREA) BEXOET R 6 AL LT R
61 = 5I", NI I e T 28 B 433 201 A 21,
AHINE 1.5 ms

Fig. 4. Temperature and fraction of atoms captured in
6Li Dy molasses as a function of two-photon detuning
d3. Here, the capture phase lasts 1.5 ms , §;1 = 51", the
intensity of D; cooling and repumping light are 201
and 215.
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GM 7 H G ARG P S s, B — 3R
SITRET 6 IR AR TR, ARG HLAE 1 B 15 2R
THTOCES. X EEREBOLR h— GIRBUE /£
Jeh LIS R A BO bR S, TSI BeE

163201-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 16 (2018) 163201

Bl 5 B, ot as it 16 TE i 7 R A 85 (PBS)
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SEEG F AT AR B E TE O B 2 E R L
Yeh/E GPS VIR, 100 s AR, w] LIS RIS Fa
€M (allan deviation) £)4 3 x 10712, #REFEHIAN
BRI ST I — AR G 1 7 e 1 ) B ok
P BREF L L 58 4 200 nW /mm?, /T 0.0115,
B RIS T 1S 2R i ThR 8 58, REH AR T 1
F B TE] 2 ms.

Double pass

__________ > Toptica
|r ECDL
|
|
I e =
[ clock ‘ ‘ | ‘ ‘ ;
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| 1
|
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L Balanced
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Bl 5 Rl xSl e R o sk el
o NBF AR T, NPBS A RIRABUR 153 AL B

Fig. 5. The setup of absolute frequency measure-
ment. NBF is a narrow band filter and NPBS is a

non-polarizing cube beamsplitter.
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0
—0.1-
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<
o
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Fluorescence
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o
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6 OLi D%k F=1/2 = 3/2 AETHZOLHE ()4t
A EAE, BELN Voigt AL, (b) ATk ZE
Fig. 6. SLi D1 line fluorescence profile and fitting: (a) Red

line is the measurement data, black line is the Voigt func-

tion fitting curve; (b) fitting residual.

BT ) OLi ¥ R 1 1) Dy 8563 an ¥ 6 Fr .
1 T SE6 ¥4 IR 7 B JEAE 50 pK—100 puK Z 1A,
H Doppler 14 56 A B8 56 4278 Br, HOk 448 2 B AR
] Lorentz 2878, — % FH Voigt 2k R i iA, S48+ K
FH VAR 2% 2 BLURN 15 BT 42 B I 20 & Sk AU A 0 B 1S 1

Voigt £ 7 U7 M EL T H: 5.87 MHz R A28 %%, &%
A EAF R JF T2 9541 7.5 MHz. X ({195 5
2 TR A 1 2 0 1 58 L R R OE  ThR R T L b
Jii Jo T FIIEEBR I 95 T B, BRI G R 1 £k e
N 7.4 MHz, 5 SR80 & i 25 R4k

S b I B A5 B A OLi R T (0 Dy 2R BR AT
PZRMF LA, RN T HE, NIST Porto iff 7t 21
(Ref. [14]) 1 Natarajan 2H (Ref. [13]) () & 51 7
Ferh, ATLAE B, FATHE A NIST 4 (Ref. [14])
FEF AT 183 S5 A0 W A — B

F£1  OLi Dy LRIOHZNE
Table 1. Measured frequencies of 6Li D line.

SLi Dy & Frequency (MHz) Reference

446789502.616(8) Ref.[13]

F=3/21/2  446789504.193(30) Ref.[14]
446789503.080(35) This work

446789528.716(10) Ref.[13]

F=3/2-3/2  446789530.215(30) Ref.[14]
446789529.198(36) This work

446789730.821(26) Ref.[13]

F=1/21/2  446789732.437(30) Ref.[14]
446789731.316(50) This work

446789756.942(16) Ref.[13]

F=1/21/2  446789758.491(30) Ref.[14]
446789757.476(29) This work

BT DA ARAR BORS DR, AT TS
2510 1 Dy ZRIURES 2P+ o WIEEKEA 73 2L, D545
Ror a7 FE 8 Bs.

Ref.[14] el
Ref.[13] | —— -
Ref.[18] ——
Ref.[19] [ - .
This work e
228.0 228.2 228.4 228.6
Frequency/MHz

7 OLi B 28, o BURANLE I R Ay (1413, 18,191 gy
2R RF R AR T R g JE TSR MRS i [20)
Fig. 7. Comparison between theory and experiment
for SLi 2819 hyperfine-splitting[14:13:18:19] The ver-
tical line indicates the accurate theoretical value calcu-
lated through g; measured by atomic beam magnetic
resonance (Ref. [20]).
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Ref.[21] | —— B

This work [ ]
1 1
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8 SLiMRA 2Py o BIRSANLE g Al [13,14,18,21]
R 2 iE I B TR Hylleraas 55843 3 (1 v 4% fE #1611
Fify B

Fig. 8. Comparison between theory and experiment
for 6Li 2P1/2 hypcrﬁnc—splitting[l&14’18’21]. The ver-
tical line indicates the accurate theoretical value cal-

culated by the explicitly correlated Hylleraas basis set
(Ref. [3]).
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FEAEH 55 (/NF 0.0115). 8 T FE 5256 1 56 31F X Fh AT
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SPECIAL TOPIC — Physics in precise measurements

Precise measurement of °Li transition frequencies and
hyperfine splitting”

Wu Yue-Long Y Li Rui” Rui Yang? Jiang Hai-Feng?  Wu Hai-Bin"f

1) (State Key Laboratory of Precision Spectroscopy, East China Normal University, Shanghai 200062, China)
2) (National Time Service Center, Chinese Academy of Sciences, Xi’an 710600, China)

( Received 26 May 2018; revised manuscript received 4 July 2018 )

Abstract
In this paper, we report a precision measurement of hyperfine splitting and absolute frequency of D; line in cold °Li
atoms. The gray molasses is realized in the experiment and the tempreature is cooled to about 50 pK, which is lower than
the Doppler cooling limit, 140 pK. By use of an optical comb, the absolute frequencies and corresponding hyperfine split-
ting are measured. We obtain frequencies of 446789503.080(35) MHz, 446789529.198(36) MHz, 446789731.316(50) MHz
and 446789757.476(29) MHz for the D line. The results are in reasonable agreement with the theoretical calculations and
consistent with earlier measurements. They could provide an important foundation for future frequency measurement,

« constant and nuclear radius.

Keywords: Li cold atoms, gray molasses, optical comb, precision measurement

PACS: 32.10.Fn, 37.10.De, 42.50.Gy, 42.62.Eh DOI: 10.7498/aps.67.20181021
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FR T RBRFEAR Z 7 7, H S N2 BT E 7RI E TG, R d2
M IG5 BE 2 45 K 00 5 K A 45 00 3 50 o O BRARA R, IEREDRAS I T X AR5 2. AN S4B BRATT BT BA i A,
LR BT RUR T I R TR B RT IT. ok, FEASEAUE T 2°P a2, LR 23S—2°P WL

BFRDESEWTTT, FERAR R AR AT T .

KA AR T, RO, AR, BT sh

PACS: 42.62.Fi, 32.30.-1, 12.20.-m, 06.20.Jr

1.1 SRFAESRTFFERZIR”

AR TR R E T, $O0 N R T B
A U B R T B 12 S 228 Lamb
PR BRI 01 BB TR T H8h 71% (Quan-
tum Electrodynamics, QED) [Jit4: =51, 7£ QED
S 4R 1 60 A2 4E J5, Aoyama 25 D) s TN+ T
12672 7k 9% 2 B ], SCEL T ML RO GRS (/1) BY
QED B IE M5, K g-2 M BRSHE B 2 &2 1010
KT, FE5 AT R 1 S A O O S A5 A 2
UF, S5EHIR 5045 1, KR A0 S50 H A o W52
% 0.37 ppb.

BT R OREE RSO, AR T
(H). KAk R (H, Het, p-p), 2iE T T (ete,
ute™), LREE T (He), R 2 K JE T4
WEZRBEENMO. BT EA1REH S X
B R DA AR RS T S A A 3 ) AN Sk T B

DOTI: 10.7498/aps.67.20180914

(ab-initio) FEAT BRAR THEL, 15 25k B2 1 2242 Tl
S5O ARSI b, FRATY AT R 6 T R 5
THIREREE R, FR AR B BT R 56, SR SEES
HTER IR A AE B R IR 22, W TR 35 7T BEAFLE R
BRI R G R, B A AT R R B AR
TR (standard model) BT 7EE”.
SiA WA QED HR, mik AR 7O ik b
FH T 000 7 5 A 3 0 —— B AT H B R A5
Ttz e, B AR RE T LS 4 12
By = Roo(—le-anlj(Oéa Aza"')Jr@loC;\;STf)),
(1)
Hordn, TR j 430002 & 7480 PUE BT &S
FENER TG [y WORE THXHE . QED 2524 M
1EIE, COns %K/ E IE REL, 810 A
ZWNwek . (1) b & A A A B
TEAH B Roo, FEANEEFIH B o, W7 00 TR LE
m/ My, VAR r,. BT aflm/M, 7] 4535
i 3 J5 R R B I S 06 vEE A N, BRI I HJR
T ERES I ZH—Roo M, MR, R
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AR, RIS SR TR RV AT BLAS B — 21 R AN
rp WIBUE. SCRRACER b, 8 Kk B Eik 10715 1
1S—28 BRIE DS U [l 2 &, PRk LRI
UARN, GB35 )5 BT 453 251 H OB ik i 51
P

SR, A H G545 2 15 1A R R AU 1%,
FHARA T QED B2 1) H 75U 772 13 21 1Y
JRF AR R 2% 0L M2 R, FIH p-p
JR¥ 28—2P 2 WAL F% AT LAAS S AH 24 e K O 5 T
FARGE R, R p 7o AR B o R A
200 fi5 (IR AFA2/NZ) 200 fi), BRI p 73k s E 5 1%
EE S 2, u-p X A% RN ) U i 22/ 6 4
B (oc m2, Horhm, AT LML), FIHIL
AR B A s SRR A5 B R SR A BT
e gz 16-18] - SR, CREMA (Charge Radius Ex-
periments with Muonic Atoms) fiff 57 2H ) S50 45
A N4, A p-p W5E 15T 7 400G B2 AH
bE H B — N, (H 2 PR TR ) i 22 Tk 2]
7 fipift 2 16

ry(H) = 0.8770(45) fm,
rp(H-p) = 0.8409(4) fm.

TEARMERE AL b 32 (u Ale™) A% 00 FBRAH HLAR
FIAATR, AIZ A4 2R T N4 1) o 12 AR AN N 24 17
FEATAT 2253, B AR P AR AL RO BB 2L
A ZEAE A ATV EEAE SR R TVE R R, AR
SRTERZ T L R RZ S T — &
FIRLE TAE, 6045 HH & (1) & JE T 2S—4P
PRIE 12201 1S—3S BRGE 2122 28—2P 22 I 5.

2017 4E, {8 5% F7 1) Hainsch i 7t 41 112 & 3
WE () EJE T 2S—4P BRITHZ, A4
ST T BT TN, 454 Lorentz Fll Fano £k 744
R A SLIOEIE, B TR R R
Gt i 22 0 2 W kHz, 585 2S—AP BRI AR &
%23 kHz (FHXTASE 10712), MM T HRL % (L
13 MHz) K157 2 —. P REREH R, 468125858
S5 1S 2S BRI AR LA S SC BER T 5 P 45 2
51248 (L LAEMH 7 %), 5 CODATA (The
Committee on Data for Science and Technology)
HEFAAE LA S (B 1) EO6IE B AF1E 3.30 W22, 215
w-p 45 RAE — EbnEZ N AT SR AR M I, IXONfR ik
“PRTEARZ R R TR RE.

(2)

1.2 RRFHEEESERYIEERNE

HA LS5 A ] B0 i) 2 T, &R T il T = AR
H AR BIAFAE, 45 01k M AT K f# 3L Schrodinger
J7RE, PR SR 7 R g R i BAR TE FOAH LR
JRTEERWTL. ERRASRE T ERB T
NRQED (non-relativistic quantum electrodynam-
ics) ik 2324 NRQED s& —Fitiid [ i 1/2 ki T
AEAR R AH BAE A R B8 757, B0 A
(R AR 2 5 T e KT LB AR RS 4 45 1
WAL o N T O

MY _oa2e@ (M ac@ (M
E(oz,M> ma“& <M)+moz€ (M)

5¢(5) (M 6¢0(6) (M
+ ma’€ <M>+moz€ (M)

+maTEM (E) T (3)

Forb, B¥EC) W LU T T ROR R (m/M)
WIHRTTF-

2
£ (E) = g0 gt (]\’Z) gid 4.
(1)
(3) A (4) A B B IF R B W] 5 AR JE AR 1B U R
BT AT v R ) W B (Hege), M NRQED
(A% o 1) R 3R A T G ] 4 50 6 ey B A

A

B LML L LSS L LSS L L

Singlet states
(para-helium)

Triplet states
(ortho-helium)

B SRR R
Fig. 1. The energy levels of atomic helium.

HT 28 FZAMAENA B i1, HE ke
MR R R AR ESA = HEALM, W
Bl R, HR g iz i A e g 2 B TR R
e H AR g A )T 4040 3% By, 111083 nm fif i
f) = E AT 23S 23P 26736 9% 762 nm X% T
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BRIT 23S—3°D P 2058 nm fY 8 A BRI 2'S—
21p B8 DL AE B 7 AR SE I S - =
A L AB A AR R BR AT 238218, 238—21p [39-41],
FIH AR T 389 nm BLIE 16 7T X A5 5 4% 2 AT A
Ft, Lo % 2= 440 5 b R 2 ) i 1 BF 4 He, SHe
F18He [RIf; 2 M, 13 2 mks ¥ SHe, 8He A% Hfaf
Pip. HMA R, WS 1S FIEGEX QED.
K% RN B R IR, 2 T R 6 R A A R A 1
PG, (Hl T REESKIE KA L I
B (extreme ultraviolet, XUV, HSZI0HE R H K,
H 1997 4 Eikema %5 [*5:46) 52 i 11S—21P BRIE M &
J&, SEURHE ARG 218, HEN 21 a5, RS IR
W H AR [ R, XUV BOE I R EEUE K 2 1k
A UTAS] A 70 R A R R 7 1 S S BT
(CEICSPYNINI T
1.21 AR FTIP,HmsMniE5aFHK

M (3) AT L, 7E AR € QED B8 1E #f 11 7 52
T, IR R R T R RS A A H 4 2L, BT LA
TE RS A 45 F 5 B o, 1964 4F, Schwartz 49 45 H4 A
R Z G+ 23P ; KA S5 53 28 BB o 200 E &2
1075, HHLLAUR T 2P /o 2P 0 FEA LI 0 2L, A
JEF I AAE T H 2P B 4 fr B 2 N E
(98 ns), FEAMNLEH) 73 2 K (32 GHz), BIBLAEH
A RS R, R AR T A SRS S m R
a5 H (o< dv/v). Schwartz (1) TAEHES) T A JH ¥
PSR R E. 19744, Douglas il Kroll PV fi#
e 7 B Breit 47 e T A Siin) 7, B RS
aSmr QEDZIEHH5. 19954, Yan £l Drake P!
563 | Douglas-Kroll B it 18 7712, S a®m
B QED 2 IE [ 58 45 tH 5, IR D 2 4 B8 A
BTk & . 1996 4, Zhang %5 P2 ¥ Y 5 ER 4>
o"m B QEDEIE, 15 Be A BETRA 1077

2010 4, Pachucki %5 5351 & 5 46 & 7 om
Al abm? /M 12 1E, $2 15 Bethe X 208 4 1 1F &
FERE, 2T o™m By QED B IE K 58 % i 5,
G TR B P & 1.7 kHz, 2 H Rl S i e
GEHL XA SR T 25P ) KEUSE R F RN
H i E— 230 o m ¥ QED & 1F 524 11 1 5 T g
P, RILT HAE A2 5 IR A se gt o
M EEE. BRIk Ah, SRR T IR A 4 i o Rk mT
FAF 85 B 18] e 2 43 AR B F 1) BR DO

S8 B H AT RIS Rk B T ERFERR
KAV 7L B0 A1 23Pg—23Py 43 24

JER 130 Hz (WL 2), XF R o i BUIRS BE 2N 2 ppb.
AEEH, FF SR e I o % B H B2
R FE AR T A B IE (o®m B QED B IE), I
HAR KK 23P)—23Py b &5256 7325 8] A7
TE— 52 [ 22 (7 LR 32), BRI B oK 4 CODATA
KA o i B TR HE, Xt R R A R EE N
HRAR A28 T AR DAAR U S0 7 K 40 465 16 3 2400 72
HRAETE 1 ] .

101 T T T T T
R @ Theory
10-2F . & Breit, Araki ® Experiment 3
5 Houston
E 102 ¢ Lamb Jr. 3
S 10-4F ® Sands Schwartz!”! 4
= [
£ Kroll¥%)
5 107°F TO 4
o Lewis
Z .
S 10-6F [ ) i
T‘f Yale  Drakels?  yorkl3?
~ 7 * O chuckils
10-7F Pachucki
Florence® ® _ &
10-8k Harvard3!! .N.Texas [33]_.
“He 2°P ; fine-structure splitting °
’ USTCE
0- 9 L L L L
1920 1940 1960 1980 2000 2020

Year

2 He 5T 23P; KAULEH o 2L TN L 5 25
(RHXSHG )

Fig. 2. Relative uncertainty of the experimental re-
sults and theoretical predictions for the 23P; fine-

structure splittings of helium.
1.2.2 23S—2PKRIEHARTHETF 2
KT AR T, RIET S SR JE T 1% KD
M (finite nuclear size effect, FNS) 5 N #UK,
AT b e T A 2% I e U - BRAE, K A B ks
AR A% i AR R, LA 23S—23P BRIE N,
IR SR g5 RS AT IE LR BT,
P IVEER S JERN PN NI ®
Eexp - Etheo =C- ’I”2, (5)

H, Eineo 7244 He [ F AN mUHL BB THE
H; C NS 240, n] DL I S v SR R
NHe R FAZH A2 Bl &R TSR S REm
THHEZIR T RGORET o™m B QED B IE P71, ¥
FEAL A 2 MHz, A G 39 2 W e A% LA 245 1) 22
SRR I 22 VD K 1) Pachucki %5 P81 H
X T ZEHE23S—23PERIE, o'm M QED 2 IEH)
TR A EO. SR (S AT UT)
(RS B 930 10 kHz B, @ i %) LB 5 s it 45 2R
B W Z R B R e 2
or 1 OF

== ~1.5x%x1073 6
'S 2 EFNS x ’ ( )
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Hop, SERM W5 LI K &R %, Erns =
3450 kHz x h AR R /NRORE B TR 7). 12 4 2R
ST HU AR, DU R u-Het 85 RAGXTEE, #5
AT AR < 1>P A2 387, I H A X bR
T vy o AR TEL A P A 1 LR AG 5 ).
LR B RE R A4 o m P QED A2 IE, 7E 3He,
“He [F] £ Z A 1 QED iHH BT R & Lk
TG A] DA K R (O (4) 3R), B b I A 3 4 %
1 H 10 1 55 AT DL IK B kHz K B 00, X k5 8
RO EACIENAE N R A DA v 1 E SRS B 7on 1Rl RN
LAAS 2 =K 2 (1073) BB AT R AR 1 O Z2 45 R,
or? = r2(*He) — r2(*He) P01,
[ 37 2R AR I & 10 53— A U AR AE T B R
XL (Haoxt) s, BRI RN RN S UK ) B
238 23P BRIT B, R KN Tk A o BRIE
WA 5 x 1070, {HXS T RO RIS, RN
RITTHR 5 4 x 1075, 32 7 4B . BRI A
2382 3P BRIT[RIL R AHE ) ek B2 AR TH S 45 2R
(HATKEEE N 0.9 kHz), 454 23S—23P BRIESLIR AL
fis 4RI LUKE SHe, “He HORZ HA 2F 42T 7 220 8
F2 x 1073, HH P U 77 i 10205 LR JE - % 3
i 4050 RS R 22/ D I — MR
A2, AT R 23S,—21S, BT RN &
Sks O AR B 62, S FIH 2382 3P BRIEFIAL
TR B0-34.06.6T) 1B 45 I 2 IR TEAFLE 4 byt
Z I 2]
dr%(van Rooij et al., 23S, — 2'S;)
= 1.027(11) fm?,
5r?(Cancio Pastor et al.,2°S — 2°P)
= 1.069(3) fm?,
5r?(Shiner et al., 23S — 23P)
=1.061(3) fm?. (7)
A 22 H B JCVR AR, DR 1t 7 5 2 ST Sk
B6IN B8 25 g PRI — i
bRk Ab, B Bk B TR A R

B Z KO AR N BIE T R 4T Ab 7E T QED 2N
B FEL A HR (Z2) B nAR A5 35, DT ] Het 368
JiFER I m B QED tH 5. 54N p-Het £33
(SR 7 A% Ha Aar 2 A% T A7 21 5EORG Bf 10 LA A
B, AT SR 7 SE R g5 5. B AT, CREMA

IEFE AT u-Het 1) 28—2P 22 W1 £8 s 46 6%,
FH T p-He™ 5% i 250 R 1 85088 B LG p-p 2 v — A4
B, B S T (A S A TR R R DAAR ) 22
B, MWALLE p-Het kR ZMEKRTENESE. —H
w-Het SIS 58 BOECHE 20 41, THK o7 BA7S 3] 104
R FE SR FAZ g 42, LRI 6 U 45 51
(1.6 x 1073) $& s — MR 1)) P9 Z 11 b X
Py i B X o S D=2 ik ol

2 RBE TP AFAEN AN E
2.1 SEWEESFTWHE

A FRHFEE T — B I T HOLRE A H 2
Ji RS B (VE L3 (a), FRATT 2 R A o A
A AR A T 335 110 B AR Tl % B AR
238, 07 FE SR T RIS BA MR 5, 43
A [ VA H) AE BLFD 4R WO B SRR, IR T AR R
FER IR = 20 50 fi5. 1 ISR B T 5508 R E 1)
FHORL 1 (41 2'So A5 T A AN G +) 115 5 Mg
AT P B X A ) v A O T R R R g
17 dE 17273 {15 47 238, &R 74 feim it —xt
0.5 mm % (9548 FF BATRM X 3. T LI &
F IR, B ATTME F Stern-Gerlach F8k M 25 7] _F
¥ 2381 (m = 1) SRR T8, 18 AHAAE
1E2381 (m = 0) SRS AR T A REE 2RI 2%
L OTERE UL FEERIN X, A T kb A S
Wi, WAVRE =B R R, AR
54k B P AR B AU MG, RS DTSR IR A B Tk
iy [74-76]

T JE -1 NG 4 DT, ATE S A
FAIZTIE m = 0 B JEIE TS, SRE PRI
R — AN BT 5 WAE 5 AR, bR 3E
PRI X I3 5F SRMBOC AT BEAE . SRR
MO A=, PRI 23S, —23P ; BRIT 3R
B, R FRAE —E LR R 5 23P,, Hdid
H KRS E R AR 2 T& 23S (m = 0) HFm&
BRI 2500 5 I E R, N TAS 2 FRAT T & E RO

= K

[EPy

BOtRGWME3b) rw, EH -6/ H
[ 78 28 58 J6 47 WOt %% (NKT Photonics, Koheras
BOOSTIK Y10, #xFR£E % 10 kHz) /E NS H Ok,
i 34 Pound-Drever-Hall J7 3% 77 ¥ 2 2% B0 8 €
2R B W RO E R B B RO S
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I8 I 6 A AL B € JT IR IR IR UE B2 O B,
B —E WO ERS /4. FH-&6B8HN
A s A FAR O S (external cavity diode laser,
ECDL) 1E R ¥ H10G, ¥ 2106 1 50 2 1 B e 2
238, 23P, BRIT M ilE, il — G B EOL UK
(ytterbium doped fiber amplifier) #E1T D& BUKJE,
T EOGRE R ¥ 20 R 7 RO R . bl i
6 i B 4 A e Bt O 38 (distributed feed-
back laser, DFB), i1z ot i) 51 5 0] DL 8l e

@) Deflection
He* M! om
— ' Z;f .

—_—

£ 238,—23Pg; BRI, HARRIE BRI T iz i
T HRMNEOGAL FH 2 1 & H il 1 ECDL HOt &%
(ECDL1 M ECDL2), #ARGLBE 25 H Hotad
H 't AH 47 14 il #% (electro-optic modulator, EOM)
PR IE S —frids B (LB 3 (c)), BRI R T
T it 2° Py RN ZE R 7 B K 32 GHz I AT B, 3 F
PRI T7 BECRAE T AR B AR € 1, 38 Rl i HLT
K (EOPC, CH-60) sk LSO 18] 1 A 2% b 25 A s
D, 766 BRI G 2t 3 R G .
Probe Channeltron

Stern-gerlach A
Ha<la

Collimation Pump Slit
) N

ULE N
PD

S

£

L

A

0
G

W
Shutter To probe

£l Master ][ECDL;][ECDLZ]

K3 (a) AR TR ERZEL (b) BERS; (c) ZHBOCHM G HRIMNBOIIUR 28

Fig. 3. (a) Experimental scheme of the atomic helium beam; (b) optical layout; (c) beatnote

diagram of the probe lasers and the reference laser.

23Po—2 3P, K 4 45 1 43 2 10 52 5 i 72 A
BlAPT /=, B @6 i 7 s LT
2381 (m = 0) &AM AR T8 7%, & FHz BoL
#5238,-23P BRI LR, T 23S (m = 0)—
23Py (m = 0) BRI 2 AR RS M, BT 540
Jig (B Jig) R e E B S , e S wie i Ja /e
m=+1(Bm = —1)Z& (FELE 4 (a). oz
BT T 99%, 1 2 SIS K.

m=-2 —1 0 +1 +2

4 23Pg23Py WL I IS (a) 2%
fiiz; (b) JGREHRN

Fig. 4. Experimental procedure for 23P¢—23P5 fine-
structure splitting measurement: (a) Optical pump-

ing; (b) spectroscopy probe.

TEFE BRI X 38, BRI 5 4% 4 32 5 1 )5
FIATHEAEH, ABRATE RN 3R 2
5238,—23P; BE LRI, STt nr La@Est 5 &k
AR R 23S, (m = 0) &k, FEXF 0 2% 1 o1 ik
L e T Lk £ 23S, (m = +£1) 1E AWt
A, KRR TR mIRIRES. LLrR23Py—
23Py (vo2) NI, Nl 4 (b) fizr, BT LA HL S
W B MUE V)% % ECDL1 8 ECDL2, #2437l 5
238,—23Py M123S,—23P, BRI IR, kI ik
IR R R AE R OR. AIH] RG] REAFAE R
KB, ARG U PR L T B AL 8 o A . A
Ja, o A 1R B SCERIE I O ARR fo, fa, HBA
R 20 25 16 53 22 voo B AT DASR IR I AN HH 0 A 26 11
ZE1H:

vo2 = fo — fa. (8)

2.2 ARGIREDM

FRATHEREEL) 7000 7K 2382 3P o BRIT 156
W, B G O B ARG vo, HGETHA
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W€ 2N 0.06 kHz. T2 4T voo F R G0 1R 25 DTk,
2.2.1 HMH A E

SEEG AT 2 v J& T ERMNEO D 2 1) 22
b, Wl 5 Fros. X — IR AR A ) R R S 58
AT RE (581 FRATTHHEIN X 2 R N R T 1 R
wERE, KRB AR (o« 1/m), Z 2B
(1) 254 OO T T8 sh s, N = AR, R
ERATERNBOC Dy 2 HIE N T 2 pW, RN
RN B 3E, L FE T LLE &, E5 A2,
RO b T« 0] s S R BE A, A R BRI
FeAH B T BB 3, X R 112 BT A
Sy B S5 P A 12820 gk A IV 37 AR N 28 R
ANBREE ) S AE A, AHER I, MBE0ERIE R
BT, K45 AR RS AR AR, AT 3G 0 R 1
B, B IE  IERT, KA1 iR ARG RS R L,
TR ST 15, 3 45 A% S EUIE O 4
%, 5IRATFE R 5 B Sl ) i 0 5 — 2.

134

« m = +1, with retro-reflection
o m = —1, with retro-reflection
o m = + 1, without retro-reflection
o m = —1, without retro-reflection

132 &
130
128
126

124

122

120

192-31908000/kHz

118

116

114

Laser power/pW

5 BRIMECCThRMKAE, 6 ECIUFIE LT LS
AR J FL 22

Fig. 5. Dependence of the measured frequency in-
terval on the probe laser power. The inset shows the

values extrapolated to zero-laser-power limit.

N T TRE GRS, FRAT R BRI O S B
FEf KA 1/4 A6 E (167 pW /em?), [F] B}
N T PRAIE A = R R A M bl PRI 5 e I
291/20 WA G R, X TR SEIREURE, 2 A R EA
[FERME T 26 AR (ARG, 24 5 it Ze 40L& 7
EAMER D ERE S, 0GR 1R 22 R A SR L
PG R 22, B AE 200 Hz 7K

LI R XA FVIEE S m = 1, REBRIEOE
P2 (<A R [l S 5687 A< JE Sk [l 558 7) 383 147 T 2R
AR, DURCIRES T A 45 SR AE S50 1R 2270

WG A (LI 5 36 1), LR ELA 2
RN 1l LA R R ERR, FRAT
13 H M BRI BOE TR A IS 1/4 MR e, 5 5
LGNS, R 5y 2L 2 AN I 60 Ho.
222 EIXRN

X T RS vy = 23Pg—23P,, H—
B 9 SR A HARTH, M 2E 2R AT LUK S R
FE ) g T RBORKER & B & iR EmiF T
1 Hz. 7 SE50 A BRI X 3518 B 3% o P O 10—
20 G, N T K5 i FE 2 AR X E A v, =
T AR 37 98 T B wop Bl g S5 2R, TTIEL 6 BT,
NEHES T R RIEEG TR E N EFIER
U, 22BN R GuiR 2 DTk B 2k B T REA I
G R DL S Wl re R TR IR R 22, BRATT Al BN mgo 1)
TR 60 Hz.

132

= (a) vo2 sam=+1
S oem=-—1
o
S
D T——
= 1 ?
§ 130 1 1 1

12 14 16

Magnetic field/Gauss
T T

= (b) v12 mm=-+1
2 1771 { em=-—1
~
o
S
S T {_} ____________ H ___________ { _________
—
8 {
S et }
g

1 1 1
12 14 16
Magnetic field/Gauss

6 AR MM 72 (a)voz 1 (b)ria I
LR, Horh 8 2 4R CAB IE

Fig. 6. The (a) vo2 splitting and (b) v12 splitting ob-
tained at different magnetic fields. The values are cor-

rected with the calculated second-order Zeeman shifts.

223 ZLEHHE

FATMAT I 1ok B 2 8RN R, X T
238, —23P, M 238,—23P, EKIT KU, BT H M
#0O% (ECDL1 il ECDL2) £ 56 41 48 & 1 [& — R I
Jag R, 0 FRATTAE W& PO O A8 AT PR )
e, DR & 2 T 1) 22 5 0088 m B A A B AR AH
SRR, FRBERIRARTY. a0 b BATRT AGRAIE oL
KA B EAF T 410 prad, B —B £ 35 834
LFT 5T 22 v] AR 2220 2 AN E .
TIRUEX M T 5 AT 5, AR RO AR
F K £200 prad, WE A [FEE ST RS
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ZER Y. BATRIAE £200 prad #EEE R, voo M
25 fe KASHEIL 500 Hz. /1T S256 b i) v B g
R HIAE £10 prad BLAN, PR EFRATTHE BT BH — B
2R 5 RS IR ZE AL 25 Hz.
224 ETTHAR

FAVIE T B2 8k B A A8 T 2 4R 5E 2 2 T
f BT T35 28 A R B4 DU 7 A DY g 4%
B g9, AR v T 1 AE 1) 46 I 200 8 A S AE (1) 3
b MBOH R 2 S |2) LR, @ik 5 E
T EAE B AT DUENIE, 7857 A (1) 9Ok
I 1 (0) BRI RR R, SAFLE (1) — |2) — |0) Al
1) — [3) — |0) i/ MBI, BT kX5 0) &L
T JE R T 5ok B TR @ E, BE .
B NMIRAEE T HAREERMER, T 208 fi 3
PR AE T R BT RN, (HA2E IIE K York K221
Hessels #5245 t, 45050 ()0 245 FEIA B — € “&
G W, X AR AT R, B R
2 7] LLiEL Rule of the thumb (524 30) At 5
I fwij, 9)
H I'/on = 1.62 MHz A1 i 2 H AR 2L T w”jj
FHAB B RE LB RE. M (9) A HEF , BIAE X T
RE 2% [ [ it 1400 % B 2R 2k T8 118G 48 45 14 73 &2
viz(wij /27 ~ 2.3 GHz), & TR N WA T
dvqr ~ 1 kHz HI5ZM. K AR 245 2147 T kHz B
K EE GG 45 R, BV USSR 1) s e 10 2T
LA .

21 X 6VQI =

—_—
' hA
2 — 3
(23Py, m=—1) '
I + Rwag
L — \
(23Py, m=—1) || \ \
I \
| AN
1 AN
| hwr, \\
| \ \
| I'Yzal \\ \ Yoo
Va1 1 \ \
I Y30 \\
I W\
3 Na
[1) |0)
(238, m=—1)  (23S;, m=0)

K7 DUReZE T TR R
Fig. 7. The four-level model for the quantum inter-

ference effect.

A SCHR [86] 45t 07 3%, T RLS H 2T
B 7 DU RE 2 2 0 I 6 AR K O R, TR R |0) 3

= NES,AZSS5HOHEAER, FIEERAMR &
R 1), |2) Al |3) 2 A TTRk R A

2, 2 2
5 P12 — i—=p21 + Y2s1p22 +1i—-p13

2 2

Q*
2
+ Y3—-1033, (10a)

P11 =1i——

P31 + Y231 (p23 + p32)

) 25 .
P12 = 172(/)11 — pa2) — (% + 1A)p12
Y23 23

— g sy

25 {29

P22 = 7/721 - 17/)12 — Y2P22

- %(P% + p32), (10c)

Q* 5 2

_ _ 123 _it%2
2 (Pn P33) 5 P12 —1 5 P23

(723 i(A+ w23)> P13, (10d)

23 o3 {25
P23 = I*Pm - 7(/’22 + p33) — 1*P13
2 2 2

+ .
- (72 5 1 —|—1w23)p23, (10e)
Q* 023

2 P31 — 17013 — Y3P33

- %(023 + pa2). (10f)

o, Ay Ok R, Q2 N Bk Rabi Al %R
woz/(2m) = 2.291 GHz N |2) 5 |3) & 1 g 2K [H]
B, ~viy AR 2. %07 2 40 (10) #F AT B0 ME K f#,
BREMAFKEEATI)S KA EE, po =
1 — p11 — p22 — ps3, WAL UG B A poo(Q),
R A] DATS 21 23S, —2 3P BRI G HE ORI
%, W2 &1 TP RN 51 R AR Svqr .

X1 2381—23P, BRIE, A TR T FEA (10)
F T2 530 M, FEIAws = —ws,
|Qg|2 = |93\2 Fﬁu2381*23P2E}E .7'3%%%
VRN B 5l R RS drvqre = —dvqra, 5 dvqia
g, WO T 23P1—23P, 3 2R, IX T A RS
ToIEAAHLTH.

g5 G AT ST Sk A, IR A U UL &5
WEISFTR, 23P1—23P, WM& T T W IE
N +1.21(10) kHz. Xf T 23Po—23P, 73 &, T
2381 (m = 0)—23Py (m = 0) BRIE A AR AR

iT, R R T B R 23P A1 23P, I TR, FUE
*%U R R v FIBIEN +0.08(3) kHz.

P32, (10b)

P13 =

P33 =
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[}

0

(kHz)
—3.10
—2.85
—2.55
—2.20

I—1.90
—1.60
—1.40
—1.30
—1.20

K8 wig BT F I RRAES BRI ES R, B152 X I80h e AR
X AF

Fig. 8. The calculated quantum interference shift for v2

N

Laser power/pW
o o

2 4 6 8 10
TL/llS

splitting, the shaded region stands for the experimental

conditions.

225 HtFARKE

B Bk o 3 A R GRS, A LR %
T o] BEARAE B R G im 22, R H B JARR BN, A
R EATDO R 4 25 1) 43 2400 0T ek B 1) 52 35 7

1) TR xS R

BT AR W & A A8 € /£ EOM i 7
1) ECDL ¥t #8 347 e ik R0, R4 Hian ik 2
TN S EF T 40 dB, O ZE A B A
Ao MR (10 Hz), HEAWRZXH G HOLEZ
B AEAE BN AN KT B, A5 0] e X I & 45 S 3
s, IR M & OG0 2 W 2 W] — SCERIE
2381—23P, Mt PUR V) BOE TG I, &
Ja o BAUA P AL TS oGy Sl P ) T
Tor B PRI R FR 1, 72 S8 15 2230 B Y H s
RILH E AR

2) ZH0G

X BIRATH FE AR HOEI ac Stark 27, H 32 #
DR OR B T B BRI X 35 50 cm Ab Y pump $O%.
H1 T pump WOG A A LR B, 2B IA R
X 5 75 20 A B RO, I H pump BOG DI #
ANF 1 mW, B pump 0% 5 2H ac Stark 4
] LLZARE AT

3) WOt Iz

AT 75 7[R WO IR A AN AL 15 R 52,
FHE 23S (m = +1)—2°Py(m = 0) BKiL, REHK
ATE R 2 B R IR O (o) 5 R 7 3Lk, HEXN T
RAWMIEIE (1), 2351 (m = +1)—23Py(m = +1) M
2381 (m = 0)—23Py(m = 0) BRITHAERI K. %
FE B 2 B W35 N 5—20 Gauss FI1H ML T, X4k

BRITTE 61 AT DLk 58 42 X 4y (B 10 £ B 28 2k
70 I N [ A2 el O R 7 7 Q- A B i N
10 Hz.

4) VA m = +1

KEFZRERARETYIGESREm, ik 8%
AN 7] B pump 0% I B8 B (0F), F-ATT AT DL IE B
2381 (m = 1) BENVIEE. TEHIEREH,
SRR YIIE S m = 18T TR, BAT10 5
Gim = —1Mm = +1 G FME, HimZERN
38(60) Hz. KX T HAIIEDS m = £1 44K 1 R4t
e, AL AR 7 F IR 40 Hz.

2.3 SLWERSXTLEE

KT voo M KRG RZEWMR 1FTH. vy
itk 2 8 0.06 kHz, & 4% 2 K I ACT- BE N
0.11 kHz, voo #2152 4 (31908130.98 4 0.06(stat) +
0.11(syst)) kHz, X ¥5 B 4 ppb, A4 T foks
g s R (WK 2). WE9HRRER HiZ LI 4
5 Shiner i 78 41 2010 4F £ T #UR T H K #OE
W aE 1 5] 76 10 R4 (0.27 4 0.30) kHz, {H2&
55 Gabrielse #f 7 41 2005 4 1 1 W% Yig ok 1% 45 5 B
A1 4o 2 (4.20 + 0.94) kHz, 5 Hessels #f 72 41
2001 4F i e 1 7 vk b L OS2 AT AE 2,60 M %
(2.55 £ 0.96) kHz. 1ZsL5 45 R 5 2010 4 HH 1
o"m M QED 1B IEFE R 25 00 FE A A3 AR F AT, 2
4 (0.22 £ 0.13exp £ 1.7tneo) kHz.

AT Moy Rk BEAT T R 5 M
B, fE i KW P d W E N (2291177.56 +
0.08(stat)+ 0.18(syst)) kHz. 53A12015 4F {45
B ((2291177.69 + 0.36) kHz) HI#F & 7). (55—
FER A, PIIRSEER IR A SR S AR S AR AN,
XWAEIARG WA EEM T EG . R, A
B oA 3B th T UG, W F v 3, S8 IER
TR J5 1% S0 45 AR AT S A3 H 1, it
— PRI T BT RN BB

X T sEgn g R, H SR E B R R
K. Pachucki BZ AN, %45 RxF T F —Fr QED £
WHETIERE T2 EEMEFE L KiEET
AT o HHINEREE2 x 1077 K. [,
23Po—2 3Py FE A& 1 43 2L AR T &5 5250 25 2
FEE AR U, X O SR 5T A 2 T QED 2 iR
TR R R T (U0 Li, Be) A54045 3R T 7] fE.
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#1

AT 23P ; KA B voo Rl vro RZER (FAAL: kHz)

Table 1. Uncertainty budgets for the fine-structure splittings vp2 and v12 of helium (in kHz).

Source V02 Av(lo) V12 Av(lo)
Statistical 31908130.90 0.06 2291176.35 0.08
Zeeman effect 0.06 0.09
Laser power 0.06 0.06
First-order Doppler 0.03 0.03
Stray light 0.02 0.02
Laser polarization 0.03 0.08
Initial states 0.04 0.04
Quantum interference +0.08 0.03 +1.21 0.10
Total 31908130.98 0.13 2291177.56 0.19
oz = 23Py — 25P, Vg = 23P; — 23P,
I - F—————— | Theory
Pachucki-2010 &% Pachucki-2010 &%
<+ Corrected values
USTC-201789 @ * UnconreetedValies fof (157201786 | Laser
= USTC-2015)| Laser
N. Texas- 201051 F——=— | N. Texas-2000 128]| Laser
Harvard-2005 *!) = Harvard-2005 01 | SAS
—e =
York-200112% = York-200052 | MS
| " | " | " | | | " | " |
126 128 130 132 174 176 178 180

v02-31908000/kHz

112-2291000/kHz

9 SURT 23P; WAL SRR TN 5 S g A5 R LN (SAS, MO E; MS, fisoti)

Fig. 9.

fine-structure splittings of helium.

3 4B F238 2P KT ENE

3.1 SLWHE

AR T 2352 3P BRIE A0 2 il £ (1) S5 6 B
W 10 Frw, 5 23P ;) 68 G0k 41 25 1 o 24 5 56 B
K B S5 38 AR, 3 X RILE T 65 S
()51 N BL S ER I ' 6 1 ek, (£ 23S—23P BRIT
AR, FRATT BT SR )% 2 48 e gk R AE
2351 (m=0)—23Pq (m = 0) BKiE (K 11 (a)), ZEK

Comparisons of the experimental values and theoretical predictions for the 23P

I U Ak R T LUK SR T 38 A1 3 AT T AE 2381 (m
+1) feg b PL23S,—23P BRI NI, 4
25 fm PR 6 AT BRI B, LA SR m = —1
m = +1BRIE (B 11 (b)), XERE PR 5 2
m = £1ANERIT OGS, W 12 B,

I E m = 1 BERRE IR B, FoATTAT LA
133 — P 2E 2 A0A%, AT S 1k 37 B (RN, H
Fm = £1 B F34E, W] DR — B 2E 2 208K,
P I B B I B 22 AR T VE, AT LA E
T RO AR
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OFC Feep

Rb

clock GRS
fcro

| Phase lock loop | r- —| Intensity stabilization |<—

ULE cavity

Optical
‘ pumping
x|x |

Stern-Gerlach

E Detector

R ———<r
He" beam — — — — — XX I E sl F
f f BY i1 Slit 2
mod in
Collimation Deflection sIinioiin
feedback

K10 235—23P BRITHARN 2 it BoR s

Fig. 10. Experimental setup for measurement of the 23S-23P transition frequency.

(a) 2P (b) — 29P, 3.2 ARFRED

// \\ \\ // e EJRATAT LS A ORI NS 7 1A, 8
/ \ \/ BOCPER S IR 7 A B3 5 LUE B — B 2 58
298, ¥ ~_ - 235, RN, ABAE SEBR A O h X AR HME L I, R 9 A1 T8
et e W ARAIE O 5 J5T 0 9 A REMORS B 2076 90°. LA
F11 23S—23P BRIEMMRNESLI T (a) S5 B v = 1000 m/s (5B T g 18t B e A
iE; (b) iR o L o
Fig. 11. Experimental procedure the 23S-23P tran- E 00 = 1 mrad E@{)ﬂiﬁ%éé, /th{fj\[ﬁﬁ.ﬁqj‘Uiﬁ%ﬁéE
sition frequency measurement: (a) Optical pumping; 1%*2
(b) spectroscopy probe. Sf = sin(éQ)% ~ 1 MHz. (11)
g 8 ECACH 72 R <ok lml Bt 772X, ik
3 o WALRETT I AH S O 5 IR A AR, T 00
2 PR by = —ko, BT DUIRVH F— B 2 5 ) 4ike
£ Af =5f1+0f = sin(60)§ - sin(é@)% —0. (12)
i {ELR A AT BRATE WO 5 56 80 “ L, B
D (RUEFT MR 2 10 U B, e A A, 7T
3 002 T SERe '"' — DA B, R0 S5 5 NS O6 Z TR A7AE e II0RE 1
B S TR %, K 8RR 2 AR
Relative frequency/MHz
Afres, DOP — 6fl + 6f2
12 23S—23P BRFHMIEIL _ in(50 v (50 G 13
Fig. 12. Spectrum from a single scan. N Sln( + E)a B Sln( )ﬁ - ﬁg. ( )
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M(13) AR A HEF R RO 2 8 7 1R
e = 10 pyrad MIAHERE, W& OB Z 2 H
3kHz 2 Z. IR AR 28 8 iR 2 £ 2T
BOGZ [RIAEEE, EARZ R Z 1 HI1E 1 kHz LA
T, & ELRIIE e i KA 3 urad.

ik, FRATTR FH PR AAS [8] 1 77 1 DL SE B O 1)
mEEEES. MR IRE (cat’s eye), B
P R AT D22 L SCHR [30,43), 1% 07 K2 Re de it
1—3 prad PHERL L. “HHRVE” MO0 7E T B 145
GAR DN o RV E IS S 7S =Y P R |
FTFIACA L T B AR R R R b — > ) B
BOGR S HEE MRS, 2 NNEZRFIEK, Bl
HATSER T HA R 5 A

BRAAE 2017 4 4 H A <R HR 2 AT 8 48
23 d DGR, A5 R 13 23R, N
T DL S R R R 5 NN i 2, 7
TR R B SEE 21, 2 F 38 R IRVE” G BR 4 i,
FRE B, RAelE. MEI13 T LE B, AR
VA7 B AE S50 1R 22 T Rl AN AR A B I i 5

715

Active fiber-based

}” h}f}ﬁ{ﬁ} {} : ﬁ# Wfﬂﬂ%

690

April 2017
13 i A R A« Bl IR HEAT O DU
B R

Fig. 13. Comparisons of independent measurements

July 2017

of the transition frequency using two different ap-

proaches.

(B IE A0 i AT U, R HRVE” o e AT REAFAE R
Gifi 2, DR G A 46 SOk [20] 32 H vk, R T —
B F B O A R B 2 2 B RO (i
K10 o). FLREAC S B8 O 00 <3 il i 3R 7 05 ik,
X S B AR AT Bl S AR R, AR O IR
PR (B B b, e 2 SR R B U R
IFE T A A < E3h Bk #5471 11 d B8
KA. WX L4 Ao AT 30 B, Msik
B “ LB IAFHE” 145 R AT <A IRV 1 45 R A

R (LB 13). PR IR0 (0 25 1.1(2.1) kHz,
FEIRZEV0 L2 P IR R B S5 2.

N T VERFRAR B 2 N 5 R 1 R SR
72, JATE eI 23S 23P BRIT (10— B 2 W 82K
7 ] B R DX ek 23S 7 ST 1 2 ) Sl P 4 AT
EERYN DAL EX IR TN =p LR i
ELF A 2R S K NI AR 00 TR W 25 20 3°. Rk
JEFH N v = 1000 m/s, H—Fr 2 5% N

Af = sindf - % ~ 48.3 MHz, (14)

AR KT H AR TE (1.6 MHz), UH 3° 241
NS A2 RA 23 18 R 53 A

A TRATIN R A5 2 23S, 2557 9 ) 34 5 A
14 bRy B RN, ST R
700 m/s, 3 A, Voigt A I i/ 4 9 4
9150 m/s. R R ZE FERE T 10% KA
JEMEARZE, R Z B PO E N £70 m/s.

1.0

® Umean = 700 m/s
081 o ean = 570 m/s
® Uiean = 830 m/s

0.6

Intensity /arb. units

0.4

0.2

1.0

S e

—_1.0kt 1 | | | | | | E
300 400 500 600 700 800 900 1000 1100

Velocity /m-s—!
Bl1a BB o AN R e £ B T S 7 A 20 1l T 5
vy AR R AEAR RS AT TG L A AR
Fig. 14. Top, the longitudinal velocity distributions

|
o
)

Freq. deviation/kHz

under different conditions; bottom, the frequency cen-

ters measured under each condition.

X5 RO A P ERUE R, BT RO
(10 FE LA R B (] e, (645 2 52 21 (19 3% 7B K
K, AT AR H e 2 Vi TR i ko P R A R
EH - RSO (1A B AR P T4, 52 380 1 i 2 16
BN, LB BesE. RA R EEE IR
ARl Ak A, X 1 T BRI X 3 A R T )

i 8 S Bl 4 X6F TR 1 2 17 38 P 1 3 R 4 L 19
T AN AAE T BT AT w6 1 A R, AR Ak
Beag LA E S, A AT RE SRR DX I
) A0 A . S5 R 14 235 B, 7] LUl
WA 570 m /s B % 51 830 m /s 3 43 A 1 JL 1.

164203-11


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 16 (2018) 164203

FHRARAN A2 SR B85, RN 700 my/s Ak A %t
T AR R RAS, T 570 m/s #1830 m/s 4k,
JR TR RAH 342 %, (BIXXN T RS
R R UL AT DU 2 . RATE = FOIRE T
HATERRAE, 43 & T 1000 4H, 3500 4141 3500
4 23S,—23P JauE, B FTE A 2 [A) ) A0 A3
KA. Fe& s RANE 14 F R34 R, Kt
SIS AH B2 8] 5 K 22 AR 0.36 kHz, %558
FIE AL A 1/3, RIS R R — 23
BN AR ZE ) EFR N 1.1 kHz, %R T2 3 urad ()
REARE. X5 3CHR [30, 43) H 48 H A IR 9228 2
(1—3 prad) FISCHR [20]) HF 45 H 38 30 I 7 VL IR A
fE (2—4 prad) MHFFA.

322 ZMZEHBE

B 7 —Bh 28 BN LA, BT AR 18 RN &
B P 2 B #I38 (second-order Doppler, SOD)
PMEIEH 7 2% 18

2
o (1)

H i F o = 700(70) m/s, N IE K I HiR %
KR BRATIR A A M 2 E 88N 1B IEN
+0.70(15) kHz.
323 MELAF LA

2382 3P BRIEAR F i LA JLER 4 4l

Afcorrection,SOD =+

f: NXfrep+fCEO+fbeat+fEOM+fprobea (16)

Horh, frep M fomo 70 A D6 SRR 1) B 52590 25 A i
B, Z7E 198 MHz 152 MHz [fiT; N R
52T R T (N ~ 107, NIEEEE), 7T
DL IS 30 MHz ¥ B I THRE AL H foeas NS
FWOLE R AR E, 21560 MHz; feom N
H4F EOM B G4 2, 21816 GHz; forobe AR
MBEOEAR AL B e I HSIR ) 2 FRATT 55k itk
AR AR s, B 2978 800 MHz.

tH T ULE &K 4F T 3.6 kHz/h (< 1 Hz/s),
FATKOGTE (R SR AR I [B] AN I 80 s, RO K
EREW R Z T LA A TE. SRS AR KRR
& BRI E S8, AT IR 5%
& GPS K il dngh (SRS, FS725), Hibfafeik 5
2 x 10712@100 s. HHIRAIG HAZR S % 1R % b
B4 550 Hz.

324 EIZHRE

MG 1) oy R AF 2, 23S—23P 4
OGS O 102 23S, —23P Bk
i, XAz 7 AT DU R 1 4ol flis Je w2
EJMuAR JEAE 23S, (m = +£1) & b 4O HRE
M5 238, (m = —1)—23P; (m = —1) M
238 (m = +1)—23P; (m = +1) BKIT 4R, 7T LA
(7 Ff 45 3] P A BRIE R AR

fm=—1=f1 — Afzs, 1+ Afzs,
fr=41 = f1 +Afzs, 1+ Afzs 1,

LH, f1o9238—23P BRIEIR, A fzs 1 H—H %
iR, Afzsn N B ZEZ5E. 7T LA H, M
WERTFIME, fo = (fm=—1 + fin=t1)/2, —BT%E
AR W] AR BLARYE, i € 240085 0 mT DUIE S 5
B S TR TR IR,

AJ('correc‘cion,ZS7H = _CZS,H : BQ- (18)

DAL b H T 2 2 20087 A O 1 1R 22 AN B U T LA
JRIRSE (1 mA) LLEFEIRE (< 0.3 mG) Xf ZFhr %2
SRR, B AR 283 10 Hz.

325 kAR

152 BN 3.2.2 1 R AT LU H, SEie ok
AL G SR AN BRIT I 2 0, o —k A
TR I W5 R AR, AR E T
FOCALE . v B E TR IR 8] <ok e s
S HEOeAh T LT E BN S I EAE R, R
PN BRI U PR B AH — B, DB ULE i Hh O AR N
N E AT B I, (HSERRE L A2 PR T3
B ER, WES BRIT U R B AR AE K2 5%
fR i 22 TG IR N5 A B2 66 I A~ fig TR T AR AIEAE
0°, KA W] HE T B0H T 2 10 o AL BUR A w2
T fe 4 45 RGN — TR Gl 22, R I3 0
THIBEAME FE L L B R G0 iR 7 U A

NI FEAZASKI FR AT R B0, FATT AN A
06 FIE 2 Al 22 0.A 1E A8 B REAT BEAL, NS A Y ]
B0 prad £ 30 prad, W& Z2H 0% £ 20%. L)
S O3 B X AR S8 P RE DR IEAE NS AR 66 il 7E
+30 prad PP (O REF PIAMIE +20 kHz 1917 58), 6
b AT 1) B R 22 AN Sl 0.3 kHz, B AT
AR SIEK.

(17)

o

W SH M

NG

iz
i
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326 T THAR

WATEEE 2 873 2°P 5 KA S5 4 70 R rh 2
2R T - i w2 VAR E Ry S o K2 )
T 23S—23P BRIT, TR AR RN B SRR AT )
AU IR

{875 — % ) /&, 1F Florence K % ) 5 4
H [3067] SR B 16 R 0 7 4% R AN R L 1 7 ke
PRI (saturated-fluorescence detection), H T JiE ¥
IS T EUN 2 8 5L F 90 MHz, KOG
WL FE LA 10 MHz. HRAEEI AT (9), AHESH

10 MHz”
A= 55 am
BRI 2 07 v AT RE I NI T T 3 RN 0% 04
FIH A kHz, [, WL TOUE S ENRNE S
FR) 7332568 T B0 I AR 7 1) FERIU 5 1) 2 A) 7 L H
SRR (59901 o 5 2O R M T
BRI SEEG S8, i AR A BB, TR AR HE A8 Ak 2
BIE.

XFEATHISELS, i T E 6 4 % AE 2 MHz
B, MW bR RN B TR N AR 1 —
2 kHz, /TG T7v%. 53 AhRATIR I 1
Fe R T N A A FEEL, 1207120 TR0 I kR 1
BIFEABUR. X HIRATIE EHE TR, HiEES W
2381—23Pg 1 o BRIL BT TR B IE 45 R

Afar s, = +0.08(3) kHz,

Afqr s, = +0.60(10) kHz,

Afqrf, = —0.60(10) kHz.
3.2.7 & WA

WAL G T B P# sm, iX F 8k H T
JE - 2 18] B RIE 388 255 . N AN 2 T Ok B 1
RERE N B8, 231 g 2e O R, T AR
BT B SR EE R A 1074, FEERMA®
B R FAEN 239, A 23P ; BT 5Tk
SCHR [92) K Bt vH B 7 A AR FE R (200400 K)
2381—23P ; WL % ) J& 55 R ALK R 1k &
K, FEAESLG A RIRAE P R R IRA T B R 1%
RECHAT R 1558 PEA .

MCHR [92] Hray LA 31 = 35 (300 K) 1) 7945
¥ ZBN —1.90 MHz/Torr, Bl —14 kHz/Pa. fEA
S A R X 5k R SR AE 1070 Pa iR,
AR R S 34588 9 —0.14 Hz, 784 R0 SR T
AT LA ZNEANTT

~ 40 kHz,

(19)

3.2.8 Recoil 2 &

X T O T AT, B R TR — AT, =
RGNS SRR E SR, A FEUR TIRZ
FE T IR RIS . 1% Recoil BN IS I A

h
correction,recoil = — w3 g ~ —44. Hz.
A feorrection,recoil S 42.2 kHz. (20)

BIEMREZFERBEKAMRENRE, BT
W5 2 B R R 2 31 10710, K] 1 Recoil % B A&
BB iR 2] LA AN

3.3 SLIERMLES IR

A FEREMASGRZE, NS H23S,—
23Py (f1) BRIEAN R [ SR 2, IR 2, &M
RGN 1.4 kHz, FIXPAERES.1 x 10712, M HT
I ) SE R 2 AR S A — 1%

F2  238,—23P; WEMIRIRER (P71 kHz)

Table 2. Uncertainty budgets for the 2 338,-23P; tran-

sition frequency (in kHz).

Source Corrections Af(lo)
Statistics 0.45
First-order Doppler 1.1
Second-order Doppler 4+0.70 0.15
Frequency calibration 0.55
Line profile 0.30
Quantum interference 40.60 0.10
Laser power 0.10
Zeeman effect 0.01
Recoil shift —42.20 —

Total 276 734 477 703.8 1.4

ShA fy FEROHT I A2 16 2 3P K AN 45 0 oy B 4

R (voz, v12), WIARE fo F fo BRI INH:

fo = 276764094657.2(1.4) kHz,

fo = 276732186526.2(1.4) kHz.
Btk 2 Ab, FRATT A SR ALL Y S 58 T v 5 238, —
23P o WOE AR AT BB, BAVDHIRE T
1800 F1 2300 5Kt 1%, 43 B B 48 1= 22 43 71 8 0.90

F10.85 kHz:

fb = 2767640946579 + 0.90(stat) +

(21)

(syst)
(syst).

(2
AL LEXT I PR TR TS B4 R, I %
A 40.7(2.1) kHz Al +1.1(2.1) kHz, iH{EiR
Y0 Bl A P A 7 VAN AAE T i A 22

1.3 :
£} = 2767321865273 £ 0.85(stat) & 1.3

[\
~

R 3
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F 3N He FT239,—2%Pg 1 o BRIT HISLL0 45
SRR, iR fo o8 T EE:
j— 227 +1)- f;
X274+

= 276736495600.0 kHz. (23)

MF 3 W LAE th, FRATT R 5250 45 SR AH b ]
Florence K2R 45 R, 23S—23P BRIE ) O AR
fe IMZEiLF] —49.5 kHz (200), HH1 238, —23P, Bk
TR 2L $] —94.3 kHz (2.90).

NT FHREZMmEAAAER T RESL A, e T
A0S R F A, WL LA £, LR £,

AR 2] 23P ) KA L5 # 0 2L. FRATTHE R B AR S 56 24
PR BI PR TR ER v, (0 < 5 =0,1,2),
A H Florence K 77 #0405 P 15 21 (1) 45 Rk 47 1%t
b, 2531503k 4. AHEF H, 7E Florence K21 45
R KL R vo) FFAE R AR I, (HaEX T
K 23Py BE I 43 FE voo Ml o, YIAFAE 45 kHz(30)
KA W 22, FTRE A2 T 23S, —2 3P, BRI A9 &
K BEHE 0BG (15 kHz) BTk, X il e 22—
2P BRIESAR AR rh, AT REAFAE — > 50 kHz i Aq
AR TS, %S IR A P RE Sk B T —BUREH
FEHI RS W2

#3  4He 23S1—23Pg, 1,0 BRIEMMFR LI LE T L (Hh: kHz)
Table 3. Comparison for the experimental values of the 23S1-23Pg 1 o transition frequency in “He (in kHz).

fo fi f2
USTC 2017 [59] 276764094657.2(1.4) 276734477703.8(1.4) 276732186526.2(1.4)
Florence [30:67] 276764094707.3(2.1) 276734477752.5(2.0) 276732186620.5(15.0)
fe

USTC 2017 [59]

Florence( 34 {2 IEAH)

276736495600.0(1.4)

276736495649.5(2.1)

F4 WEMRFEIRIN G AR 23P 5 KM /245 BN L (PA7: kHz)

Table 4. Comparison for the 23P ; fine-structure splittings obtained from different experiments (in kHz).

vo2 V12 Vo1
Fine-structure Exp. [30] 31908130.98(13) 2291177.56(19) 29616953.42(23)
USTC 2017 [59)] 31908130.6(2.3) 2291176.5(2.1) 20616954.1(2.1)
Difference —0.38(2.3) —1.06(2.1) +0.68(2.1)
Florence [30:67] 31908086.8(15.1) 2291132.0(15.1) 29626954.8(2.9)
Difference +44.18(15.1) +45.56(15.1) —1.38(2.9)

#5  3He, *He FINLZIIR 5% AT L4275 2 62 (RARERI AL kHz)
Table 5. Determination of the difference of squared nuclear charge radius between 3He and

4He, 6r? (units are kHz if not stated otherwise).

E(3He, 23S — 23P) (centroid) 276702827204.8(2.4) Florence 2012 [34]
—E(*He, 23S — 23P) (centroid) —276736495600.0(1.4) USTC 2017 [59]
—8Eiso (point nucleus) 33667149.3(0.9) Theory [29:58]

O —1 245.9(2.9)

C (2°S — 2°P) —1212.2(1) kHz/fm? Theory [25:60)

or2 1.028(2) fm?
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I FRATT 25600 5 (1) A He 23S—2 3P BRIEH O
B f.(*He), 454 H Cancio Pastor %l & 1] 3He
LR f.(PHe), PLK Pachucki %28 g it 55 (1 [
LS S Eigo (point nucleus), A LA1F 2 3He, *He
BIA% HELAnf A2 F 5 22 o2, [FIAL R AFE S Eigo (exp)
= E(3He, centroid)—FE(*He, centroid) Al s H{af il
U FIEERAE 6 Eigo (theo, point nucleus), P 2 2
AR H T RNV BTk (230 5). Her,
FEC T OB BUE TS AR 1 00 C(238—
23P) = 1212.2(1) kHz. [ bR FH A 5256 0 5 1)
“He BRIT w0 AW AE, R LAAS B8 1) 4% H AT 42 °F

[ 2]
From 23S—2°P IS
USTC, 20175 roq From2°S—2°PIS
Florence, 2012 34

From 23S—2'S 1S
VU, 2011140 re1 From23S—2°P IS

N.Texas, 1995 (¢!

—
From electron scattering [02:63]

From nuclear theory [64.65]

1.00 1.05 1.10 1.15
or? [*He-*He]/fm?
Bl 15 B RS ANARIF R SHe, He X HfF
1P 7 ZE S RS b

Fig. 15. Comparison of the difference of squared nu-

clear charge radius between 3He and *He using differ-

ent transitions.

M5 AR 15 ] LUE 21, JATTSEI B 21 /Y
R T 235—2°P FALRMBH or?, HFFEHE T %
BKIE (Cancio Pastor [*0:34671 I Shiner [90]) )45 5,
i 25 53 B ] —0.041(4) fm? 1 —0.033(4) fm?2, B
I3 WAFAE 100 F1 80 (W22, {HZ, FRATTSETR 145 3
5 3F 233 2'SELIE (van Rooij M) [ 45 R A1 7F
GRAEE I, M2 0.001(11) fm?. (HFFEE A
(R, A S5 [F) A7 32 A0S v 5 b BT F 1K) 3 He Ho0
MK B T Florence K245 5 B TSk 45
ke, A H ATERATI AN BE T 2 I AR He,*He
2 BT AR 7 Z 1 [ 8 O A3 B ok, AR
HAEAR R TAE A 3He BRATE O AR BE AT 3R 14

Ih=

4 RESRZ

A SCIE T FRATTRIE 5T AL A SR AE AR T A
FOLE T W AR, E A He [T 2°P s BE

TGN 25 K 4r 4 A 2 23S—23P BRIEA K. Hor,
23P—2 3Py /RN E 2 130 Hz PO 254 i
FEHA ) QED TH5 05951 WK S 40 45 44 H 5 o I
% (2exp) (2T¢heo) PPb. ZRTF =M QEDEIE (a™m
BY), B TGRS T vk A 25 8 4 R E o H
¥ BEIAE 1078 ZK°F, A b CODATA HE#245 (IR 15
(2.3 x 10715 — g ZE 1, X R R 7] e 7 22
X % (R E AR R (W Lit, Bet) K4 45 4 32E 4730
&=, UHEsh &M QED BS IR . B — 7, JAl
¥ 23S—23P BRIT AN M € 22 1.4 kHz (AH XA B2
5.1 x 10712), g5 &M T, ZBEMIAN
EHEE TN E R TAZE. TR 23S Gegxt
JRF R RN U, HF BB FATA N =
HA2385—23P BKITH) o"m B QED 1B 1EH BAEIT
B SE R P20 AR O e G K B e T R FE 4T
T 10 kHz, A R S5 T 1% Hfar A0 E 2 1073,

P RS B 5608 7 1 € TR 7 A% 45 0 A
OE7/BL =S QU BNl 57 S a NI s R AN N K S R
P E (A% AT AR, B AR “ 2P AR 2 ik 42
BEFS B, AHOC AR CrE B br & F A BA e T,
HJF T 2S—nL KL 1S—3S XU TR 25— 2P
22 U fir #5129 Het B 7 1S—28 Bk i 99961 )
T Al 52 1 S 56 40 B ) p-Het 58 2S—2P 22 i fif
B 1081, B/ SR 74, 87 30 7 1) QED B iR 15
KR ES B3R m, WHS, HDY, DI P LK
Hoy 81 BONBR 724200 5240 78 i 4z 990,

SRR e [ R 27 R R 2 5 IE R SR AN 7 2R R 1 18
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SPECIAL TOPIC — Physics in precise measurements

Precision spectroscopy on the 23S-2 3P transition of
atomic helium”

Zheng XinY?  Sun Yu Robert?? Chen Jiao-JiaoV? Hu Shui-Ming"?T
1) (Hefei National Laboratory for Physical Science at the Microscale, University of Science and Technology of China,
Hefei 230026, China)

2) (CAS Center for Excellence in Quantum Information and Quantum Physics, Hefei 230026, China)
( Received 8 May 2018; revised manuscript received 11 July 2018 )

Abstract

Precision measurement in few-electron atomic systems played an important role in testing fundamental physics and
determination of the fundamental physical constants throughout the past few decades. Atomic helium, as the simplest
multi-electron system, its energy levels can be calculated with a very high precision by means of ab-initio calculations,
and can be accurately determined using precision spectroscopy. Test of quantum theories can be achieved by comparing
theoretical predictions with experimental results. In case of any disagreement, it might imply that there are some
undiscovered systematic effects, or might signal physics beyond the standard model. Particularly, the 23P s energy level
in atomic helium is considered as one of the best atomic systems for determining the fine-structure constant «. High
precision helium spectroscopy can also be used for setting constraints on exotic spin-dependent interactions, and may
provide an accurate determination of the helium nuclear charge radius. Comparison of results from electronic and muonic
helium may provide a sensitive test of universality in electromagnetic interactions of leptons, and may help solve the so-
called “proton size puzzle”. In this paper, we summarize our recent progress on precision spectroscopy of atomic helium.
By using transverse cooling and deflection, we are able to prepare a low-noise bright source of atoms in the metastable
state 23S;. The initial state preparation is completed by optical pumping, followed by laser spectroscopy in the 23S-23P
transition. The 23Py—23P, and 2°P1-2 2P fine-structure intervals are determined to be (31908130.98 + 0.13) kHz and
(2291177.56 £+ 0.19) kHz, respectively. Compared with calculations including terms up to a"m, the deviation for the
a-sensitive interval 23Py—23P5 is only 0.22 kHz, which paths way for further improvement of theoretical predictions
and independent determination of o with a 2-ppb precision. The 23S-23P transition frequency is determined with an
accuracy of 1.4 kHz by utilizing comb-linked spectroscopy and first-order Doppler cancellation technique. Our result is
not only more accurate but also differs by as much as 50 kHz (20 o) from the previously reported result. This discrepancy
remains unsolved and indicates the need for further independent measurements. In combination with ongoing theoretical
calculations, this new result may provide the most accurate determination of helium nuclear charge radius. Prospects

for future improvements in relevant precision measurements, including simple molecules, are also discussed.

Keywords: helium, precision spectroscopy, fine-structure constant, quantum electrodynamics
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WHRRAEECR, NE TR T H RN
BHSWiE O, d b 7 HEREITS SEhR
PV FL

AL EEN GO S R T R BT T
W TR o . 55 2 H 4y A B (R BUG  THAOR
JERI I, FFA AT WALl R SU(L,1) BARLL
PEF I S5 4 L DB RS P 58 26 3 8 7 S i 2k
It - R A TG AR - R IR & TN
45k, ST IX P RTR S T AT A fm 2
&

ST

2 2K TFHAL
2.1 FHUHAR

AL G &b, Tk o 2 kS
FEE A v B AL B 7k B - AR R T A
(Mach-Zehnder interferometer, M-Z F ¥ 1X) & £k
PR T ARy — P oA R 3 A RS 5 0 & T
B, BRWESAWIKE, BUS 7K RS, X
2 W RARYIEL, R 5 B 15 B % &
Sy P T A, Hoh WO T e ik
K5 (Laser Interferometer Gravitational Wave
Observatory, LIGO) iz F Ot T B AR X 51 71K
R BRI 5 o5l AR H . 5 b, A4
X HORSR T T R, DA S35 s g
RS SRR R AU

TP ACA 5T 2 8 I A T 143 AR o ol
P (i 08 sse b T 0 A B T 0 1)
RLHAH GBS &, Kk, FEEARINKRE
RECATHE N =2 — s IR, B4R
B 5 B0 R R, R O I A oA A AR, B
BN GG 4y WA — 23R B A 1E 1E 53R
Tik.

05 95 YR A U, Caves 9] T 1981 45
AR B AR B4 R R 24 OO0 (48 SO0 )
RE 0% 4 = D % T 0 A R 0BT 28 BAORL I 7 (shot-
noise limit, SNL) BiF & IR (standard quan-
tum limit, SQL) A F. Xiao % 'Y L\ J Grangier
A O] SR e SR g sl T X — B %, BkAh, LIGO
38 i v N R 4 B JR SE L T Advanced LIGO 1
JE 48 50 B R — b R RO BH AT
A BB AT FTR] T 2] g O Uk — B IR TR RE Y
"R T 2000 4, Boto 5 142 i I NOON &

(I(N)al(0) + [(0)al(N)b)/v/2 BLEAE 9 T AL )
T, ARAL R B AT LAk B AR A A R (Heisen-
berg limit). 2007 4, Nagata %5 ') szig il 4 1T N
N 41 NOON AR 7 IX—FFWAL, H2 HHTR
N A H) NOON 5l 25 i AFE 15 2 1] L.

ot 43 TR (0 243, 1986 4F Yurke %5 20) 76 3
W EIRW 7 — R R AR LR AL, B S M-Z T
WA S 7y R AR Rl T RSt 7 R s, J5 3 B
UK 55 R A SRRk P 75 1 PR, L A 0E T g AR
AR PR, IXFhF P ACBRFRAE SU(L1) T X —
TEEIME ) TARHESN 1 I J5 E 2+ 3 O G B iR
SIS R JE, B4 T aseinseill 7426 SU(1,1)
FHA PUAR T SU(1,1) T4 22 ekt T3
AXZ NP ) — A BB ) 3

b X AE 5 RN 7 v B gk, B4 R B R
7 107 9 W A 4 T & %) (homodyne detec-
tion, HD), ¥ JUAEA AFH T AR & 420 (parity
detection), A — E LA & 1 1 & S 8 O
TR E BT B e B & ] U e RS
T DLSCERIINE R A mT B 5N S A I S AT
A8l g 24 1 DU B K T R B v B T AR

- IR A T4 280290 ST A R R —
T 4238 00T, g AR E 7 A B 2 U PO R R
TALH 73 AN AR, S ORI B e
BIXPIAPAS [F R BP0 il ik B S E b 2
i FE P19 SR s Sl T MOk - R IR S
FWACRIAE LM - IR FIR & T A EREEN
T, IXFNHT AL VR A T A YR ) 2 O R i
T E ek, PRI 8E S T LRI B2t M
JRF E i AR AL 5038, AH EeAR G i G B
I R P FH S

2.2 ZKMEHXTHN

1887 4F, Michelson F1 Morley 3 F1] F {417 %
B U5 A T X 63 S RS B & IE B T
PARAAFAE. X — T 950 & 45 Rt 7 5% R e
BSCHIXHR IR RE, Bk, THAOT 6N TR %
D453, 20 A0 60 AW, BEA& ORI KR B R
R, FHHARSZELT 28 R R R, N A u
W 8 B R AR T T 0 TR I 50 R o o
SERANTIR. AT, A 5] &R A AR
A B AR DN R 220 R R AR L () 9 G AT I . AR
TR, T LLar N AT R4
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JRB T AR, T340, WRAE T A 70 R AR 1
Tl 2 3R] BR800 M 2 T ORI e+
WAL

I
I
. B

Y
A | ¥ Mirror
N
|4
BS
A
h 4
BS o
N '
r \X
Mirror B PD
D
v
PD

E 1 M-ZFWABS, %5 WA Mirror, KE5E; PD,
JCHIRIIE; o, TR B IAH AL 2

Fig. 1. Mach-Zehnder interferometer. BS, beam-
splitter; PD, photoelectric detector; ¢, phase shift be-

tween the two paths.

WL A A AR M-Z T
% Michelson T # 1 Fizeau T # 1 LA } Fabry-
Perot F#AEE. 1X H P M-Z T EI B4
AT WA, TR R L. —RASDE
W A5 H A B B4 50/50 )t 5 2y R As 7> N
W, MR A % T A/ FI B A/ FTBY I
EAFRIBARAL T, A AT W as BT
G, EWREZHECHD. A TWEELAE TS
FIANMALZ . XM TE&METEAL, A, B, A/, B/, C,
D, AN GHE RS UL a, b, &, U, ¢, d KE
. AR 50/50 6 73 R AR & oA 1, I Fa
N o6 R Bl

=t(p)a+r(p)
=r(p)a—t(p)

7 (1)
Het(p) = elv/2 sin(p/2), r(p) = /2 cos(p/2).
TR NG A M TE o), BEETSH,
C, D P it FRAS 5 55 5 4 ) N

Q, O
S O

<éTé> = \a|2 sin2(g0/2) = Ips(1 —cosp),

(d'd) = |af® cos®(p/2) = Lps(1 + cos @),  (2)

K Tps = |of?/2 52 SRR SZ AR A U8 115
Ty, W (2) AT, /£ M-Z T4, TP
(B8 S AE o R A A AR PR &3, HL AN
Uity 1 RE B HL AN, It 1E A2 28 M T3 I S R AR AE

30 14D B S Ty e SR R AT A ARG D TR e Y
FRsREZE T

(I_) = (d'd —é'é) = |a|? cos
= 2[5 cos p. (3)

TAHI A AL R BUE R
ol_
RENTUSYEEL W
Forp oI ARG T AR HEZE. X T2t 13
1, WA 6p = 1/(|af|sinpl]). 1E¢ = /24, AL
I AT o DN, y‘]ég@sQL = 1/\/N(N = |a|?),
TR O TP AR 0 B2 1 o v AR PR 5],

B 7 i U B, P AR ) A
TR F BRI 7 v, T AT R I & 5
BIIES S8 X, (0) = ae™ + al € BEATHRM,
o 52 A 4Rt (local oscillation) FH A7, 1% B i 44 HX
0 =0. 24 Cuiy I TAEERS RS @ = if, — AN
TR o0 FTBIEEH (X2) N

(X2) =~ 1+ |afe?, ()

XEB o = |al. Hi, (X2) 0 o202 TR AR
TgCER, T RO LR T I S B R S B PR
{ZMELE (Signal to noise ratio, SNR):

al?p?
SNRy, = | |1 = 21,02 (6)

M SNRy, = 18, W] DLHE S o s fE & 7 R
dpsqr = 1/VN, HH N = |a*.

NT RWARAER TR, e (4) AT %0, F1I
FEAR T HSOR R 75 A R PR R 4 IR, Refig it — DRI
V5T B B, IX — 7 S R AR AL R B B
PR N 1/N3/4 1361 Xiao %5 LA K Grangier %556 )5
SRS EL 1 3.0 dB M A12.0 dB [ (T4 SNR
Tt FRAECIR B B FHTE 5] 773 &, Kimble
ST SRR RZECE N 5] BT
Ny, A8 B A B Al B T IR BR, TR Tt 51 70
BARMEIEE S, 2013 4F, 1X— BT R Ak SCI0 ik
S, FWAE S RO X S0 T 2.2 dB I S

LR JE T T AT 1991 4F B IR AE SE 56 1 s
P 8—101 Hgh i 5 2R Ve T A —#E, AT H
Bl 1 RoR. HNGTI A, T8 A f B DL
it C A1 D 31289 SR -3, TR -3 1 23 SRORH &5 RO 2
T HCR R S WU R R T OUR TR
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J N A R AR L BT AR A A B
o (0420 i e 3t B e e A T RE L T A 51 0 A
GV DL S 5 )5 A gl 4

2.3 SU(1,1) FEL&MEEALTHN

T T T 3R B 6 1k -5 A ) 23 SRORH 5 o I R
SEIE I 2R Ay R A SR S, 7R S A R, UK
(R RGN, EA SR T IACkE B 25 I AT
N, ATRLR A &SRS B R, fE s
N LU ANAI AL RABE. BRIELLAE, 1986 4F Yurke 25 [20]
P T R —MOT R, B SR T A 45 R R
T-AE 5 9R L, TR BIHR T I A5 e LT R B8R
I E K. BART S, FHZSEBOOE RS RS
WS, SELEAEWATWE A& T K
I, 7£& A B b B IR RE i UK T W5 511
SREE, I SRARA, R, FE S At M-Z
TWAX, PIAS 7 AE8 AT DR 28 8RRk L 1B (SU
(2)) KHiid; MxtiX—a&FHPAELE T8N, S5
TR P A SC R [ XU 7, 7= A T K A 4
I8 ) — 2H U KB RF B0 5 5% &0 2 SU(1,1) #ER 14
R, BRFR 2 N SU(1,1) F 4%

I B
I
Y ®

Mirror

PD

K2 RETZEBOGIRR SULL T PA RS EIX
PN
Fig. 2. Scheme of an SU(1,1) interferometer with para-

metric amplifier process. PA, parametric amplifier.
Sk [20] 4 SEBLSU(L1) FH 4 A
A AT G
H = inla' (ko)at (k) + hec., (7)

Horb I R G5 BE R AL, af (k) M al (ki) 7002 T
WEAMB AR (7)) NATE 3
AVMIB WM AL S, SR 22 IR 48, SR T R

(parametric down-conversion, PDC) 1 PU i V& 4
THE (four wave mixing, FWM) [ RG22 #0 2
(7). B2 8 SU(LL) A R B 5 4 18], A1) H
Z RSB LN TP &M R/ s I
SRR AR I NS 6 & B0

i’ = Ga+ gb',

V = Gb + gal,

¢=Gad +ge 9T,

d=Ge'%b + ga't, (8)

HP G g NZEMRSBRIETE, G2 —¢> =1, ¢
NE—IRSEBERE G, TSRS K
FIAAL 2. TR NG R RN

¢ = [Gr(p)a + gr(p)blle ™,

d = gr(p)a’ + Gr ()b, (9)

KA1 Gr(p) = G*e¥ + g%, gr(p) = Gge'? + Gy.
53 1A KIS o) TN, BT 22 A0, %
S5 3% i C A1 D 5558 (|o)? > 1) M:

(@'e) = 1Gr(9)Plal® + lgr (o)
~ (2G2¢* + 1)|a* (1 + cos @),
(d'd) = lgr()I*(1 +|af)
~ 2G%g*|al?(1 + cos ). (10)
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Nonlinear atom-light hybrid interferometer:
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ferometer.
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Fig. 12. (a)—(c) Phase sensitivity Ay versus the phase shift ¢: (a) Homodyne detection, 8, = 1/2; (b) homodyne

detection, 6, = 0; (c) intensity detection. (d) The best sensitivity Aymin vs the phase sensing probe number npy,.

Parameters: g = 2, |a| = 10.
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SPECIAL TOPIC — Physics in precise measurements

Quantum metrology with atom and light correlation”
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Abstract

The measurement of physical quantities and measurement units standard promote the development of metrology.
Especially, the developments of laser interference and atomic frequency standard bring a revolutionary leap for metrology.
Many precision measurement techniques have been proposed and experimentally demonstrated, such as gravitational wave
measurements and laser gyroscopes based on laser interferometry, and atomic clocks and atomic gyroscopes based on
the atom interferometry. Recently, a new branch of science, quantum metrology, has grown up to further explore and
exploit the quantum techniques for precision measurement of physical quantities.

This paper will focus on recent developments in quantum metrology and interference based on coherence and
correlation of light and atom. Firstly, we briefly review the development of metrology. Then, we introduce our own
researches in recent years, including quantum-correlation SU(1,1) optical interferometer based on four wave mixing
process in atomic vapor and the atom-light hybrid interferometer based on Raman scattering in atomic vapor.

Interferometer is a powerful tool to measure physical quantities sensitive to the inference wave with high precision,
and has been widely used in scientific research, industry test, navigation and guidance system. For example, the laser
interferometer is able to measure optical phase sensitive quantities, including length, angular velocity, gravitational wave
and so on. Meanwhile, the atom interferometer is sensitive to the change of atomic phase caused by the light, gravity,
electric and magnetic fields. As a new type of interferometry, the atom-light hybrid interferometer, is sensitive to both
the optical phase and atomic phase. Furthermore, SU(1,1) interferometer and nonlinear atom-light hybrid interferometer
have the ability to beat the standard quantum limit of phase sensitivity. Quantum interference technology, whose phase
measurement accuracy can break through the limit of standard quantum limit, is the core of quantum metrology and

quantum measurement technology.

Keywords: atom-light correlation, optical quantum correlation interferometer, atom-light hybrid

interferometer, phase sensitivity
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Fig. 1. Structures and optical transition properties of a negatively charged NV center: (a) Geometric

structure; (b) electron configuration of the ground state and the first excited state; (c) energy level structure

and optical transition properties.

K2 (a) NIRRT ESREER; (b) ERIAPREE

Fig. 2. (a) Solid immersion lens on the diamond surface; (b) nanopillars on the diamond surface.
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Fig. 3. Several common dynamical decoupling sequences. The /2 pulse rotates the state vector of the

qubit around the z axis for an angle of Tz /2. The T, and Ty pulses flip the state vector around the = and

y axes, respectively. The decoupling sequence is between the two 1, /2 pulses.
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Fig. 4. NV center as an interferometer. The interac-
tion between an NV center and a target spin results
in a relative phase factor on the superposition state of

the NV center. This phase factor is converted into the

population and read out at last.
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Fig. 5. Pulse sequence for correlation spectroscopy. In
one run of experiment, the time interval 7 is usually
fixed while 7/ is variable. Other dynamical decoupling
sequences can replace the segment of Hahn echo in this

sequence.
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Fig. 6. Pulse sequence for spin-locking. The initial
and final pulses implement /2 rotation around the
y and —y axes, respectively. In between is the con-
tinuous driving with variable amplitude around the z

axis.
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Fig. 7. Capabilities of magnetometers based on vari-

ous physical systems [39].
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Fig. 10. Major progress of the microscopic nuclear magnetic resonance based on NV centers.
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Fig. 11. Experimental system and method for single-molecular electron paramagnetic reso-

nance [76]: (a) Sketch of the experimental setup; (b) distribution of freeze-dried proteins on

the diamond surface; (c) pulse sequence.
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Fig. 12. Transition frequencies as functions of molecules’ ori-
entations[77l: (a), (b) Simulation results for a 5N-labeled
nitroxide radical under non-zero magnetic field and zero mag-
netic field, respectively. The angle between the principal
axis of the nitroxide radical and the NV axis is denoted by
0. The principal values of the hyperfine coupling tensor be-
tween the!®N nuclear spin and the electron spin are set as
Age = Ayy = 23.2 MHz and A,, = 144.4 MHz. In the case
of non-zero field, the magnetic field is parallel to the NV axis
with the magnitude of 300 G, and the detection scheme is dou-
ble electron-electron resonance (DEER). In the case of zero
field, the detection scheme is sweeping the driving frequency

as mentioned above.
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Fig. 13. Schematic view of the setup for the microwave
magnetometry (821, The 532-nm green laser is focused
several micrometres below the diamond surface. The
microwave field is radiated from a copper wire of 22 ym

diameter.
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Fig. 14. Schematic experimental setup for the mea-
surement of the monopole-dipole interaction between
electrons and nucleons [83]. The nucleons are provided
by a fused silica hemisphere lens. The half-ball lens is
placed on a tuning fork actuator of an atomic force
microscope. A static magnetic field is applied along

the symmetry axis of the NV center.
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Fig. 15. Two protocols for quantum precision mea-

surement: (a) Conventional means based on separable
states where each quantum system undergoes the pro-
cess separately and independently; (b) means based on
quantum entanglement where the nonlocal operation
before phase accumulation prepares an entangled state
while the nonlocal operation after phase accumulation

enables the measurement in an entangled basis.
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Abstract

Magnetism is one of the most important physical phenomena. The precision measurement of magnetism gives
impetus to science and technology. Various techniques, including Hall sensors, superconducting quantum interference
devices, and magnetic resonance, are used for trying to improve the resolution and the sensitivity of magnetometry.
In recent years, nitrogen-vacancy (NV) centers in diamond have been investigated extensively. This solid-state spin
system is convenient to initialize, manipulate, and read out. It has been applied to the experimental study of quantum
information and computation, and more importantly, it has displayed enormous potential applications in magnetometry.
With various techniques such as dynamical decoupling and correlation spectroscopy that are being applied to NV centers,
the microscopic magnetic resonance with high resolution and sensitivity has been implemented. Typical examples of
these achievements are the nuclear magnetic resonance and electron paramagnetic resonance of nanoscale samples, and
even of single molecules or single spins. The NV centers can also be used for precisely measuring the microwave and

radiofrequency field. The issues mentioned above will be outlined in this review.
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