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B EHZ MRS W%, Braunstein 5 Caves 45 T — /M T Z M AR MER B0 R
AR .

ARSI Z 5 v 5 RGN, QT 0 55 ik

H,=~H, (1)

346



TEEY FERE 4% B3

|s> U,=e
|S> U = eihy
. Measurement
) =
(@
|S> U,=ei
|S > — by
) P Uy=e . Measurement

|S> U-/ = e—ih,ﬂ

(b)
1 (MEMEE) KB ESHEt. U=e""" Hh H=Y 1" h;. (a) ERTHA; (b) HUESRA.
P: B3 IEL SR IBERSH ERUES

Figure 1 (Color online) A linear coupled single-parameter estimation. U = e~ 'H7 with H = Zf:l hj. (a) Product state
input; (b) entangled state input. P: the entangled state is prepared throught the product state based on the nonlinear

process
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Figure 2 (Color online) A nonlinear coupled single-parameter estimation. U, = e 'H7 with H = (Zj\;l hi)k. (a)
product state input; (b) entangled state input. P: the entangled state is prepared throught the product state based on the

nonlinear process
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Figure 3 (Color online) The uncertainty disc of a coherent state |a) introduces both photon number and phase uncertainty.

X1 5 X, are dimensionless quadrature amplitude and phase
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A ST Ros AR S R S 4. XA T I EE R g LB 30 - 52 DI HUEER AR 10 )51 Y
AL 22628 SRR RGN S RAN T ARG, S IREIIN T (¢ = 4t < 1) AL, X
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s P T IERG I, 10 LXK AR T Ze MR A R 1/,
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JTTA N H . AR 1 027, DGR 5 EEAN T BEAS I & 1K) 0 BRA A, B 25 BRI A I B TR ikis, X
BEKVE K A TR G I BT IRV IR B IEARY BROR FE KVR I A N SR AR AN
S8 JEER LIRS AR . BKCRL e B 56 T O HORARAL (] AN B G 2R 191, J5 5k Heitler 7RIS
PRGN TIXFPOCR U W R BATRR AL 13KE N A, SRIEMITKIEAN An, SN W FA
¢

AnA¢ > 1. (13)
BRI AE B )2 AN RE T 56 4 BA IR JEK AT RA 1420, XA SR 5 AR B AN e B ) G R
AFAEG, AKX IFEA WG RAT T I A AN Ak TE 622 A A D 5 (145 2

FRTARAAS U IF 020 4 PRSI 13441 — S SR AT AR A7 B 985 — A CANIAEAT, 76— AN RH /MK
Ve P9 AR AL, IS 2 EE R AT AL AR AL ) R B (phase sensing); — & Rl B AR R A ALAE — MR 58
FA Y B P B N TRI BE AL AR A, 385 B AT IB 5 (phase tracking) (44~46), X AR LG THERIR TR 22, {H
ATEEENI.

3.1 FMRALMGITRYREE FIRIR

XA B OG- BOt, e R fiid ] DRSS LU — TS [o) (a = |ale'),
AT REN ala) = afa). HAHEKFER o TR AWDMLIEERERFREN o = (X5 +
iX2)/2, X1 5 Xo Zy AR TC AR, WK 3 P, TSN of = Vi, K Bk An =
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Figure 4 (Color online) A Mach-Zehnder interferometer. A, B: input ports; C, D: output ports; Ay, Arr: inside fields;
A¢: phase difference

Vi, IEAZYRIEAIAL TR N AX) = AXy = 1, XU T2 — M A E A 17
M3 Pl (AR 25 1 5 B 5 ARAL Rk 74 OC 2R NI J LT G &R, WA BIZEM L ¢ 711
ik
__ uncertainty diameter 1
Ao= B = 49
Forb ] T AN E B BAR AXy = AXo = 1 A An = Vi, 19 20H1 T2 HPRL 5 ik & AT 7Bk
IR R RN

AnAg = 1. (15)

FARGL AN 52 PERIBRHE R TR Adsqr = 1/v/n, b i 2 P20 745 142039 Szt v i P X AN K
JERRER Ay 28 i B R AR 1R 23 5

3.2 FHIRES TRIRAEFEGLNE

J ARG B A G2 T A N L A B T H AT A AL T (10891 S e — PR
FF R g i TR a4 Prosi) Gk — G434 (Mach-Zehnder interferometer), BAAE
Emmﬂcﬁﬁtﬁﬁﬂé LRI ORAE A AR U (R bR B . R AL TAHT-2S IR AN 34X, AL

RIPPE AT LR BIFRAERE TR Ag = 1/v/n.

h T ST RS P SRR E FE AR, A BT AR B e O NS 7R 1981 4F, Caves
PR A DG AR NS (RAA) HIANE, KA RGO R B, SR ORI /5 A B 1), 3
NG5 FL 75 B T A AR 13 1 B, v DR B il oRs BE 5 1/N3/4 A48 Sy f A B N s 4
AT DABR s RO, S ORI 7S B PR R 1981 AR SCFE R R, Wil 4 1A, HZRTE b 1
B At 2 #A N (AR 7307, IBALE T A, Tiefh 2 RS It 132
(1 e D0 1R) 28 B0 S 2 FBORE e P A PR T LA, ORI M 75 B B A DRI T AR A2 e 7 bl T 1 B3 0kv& AR
Mt B S 3L, BRI 1 A I AR, 5 R A AU T AU I N i A\ i A
5 B #ENERAL, RGN ¢ 5 D AW R 2= 1950 s F AR N E N Fock £, 7EHH
st TS B XS R TR IR 1) 1/ N BUKFE.

B 1A I 46 4b, 3 m] DA T GG AR TSR . 241 NOON 2 [¢) = (IN,0)+10,N))/v2
B N APETAX B 3XAY NOON il it ¢ MIBAHRS, ALK (IN,0) +eNV9|0, N)) /v/2, MRS AT
LE) 1N, BREREWRR. FIHSE FEHE% T N =2 [ NOON #, Boto 55 N RIS UG FI G
ZH BRI ATSS AR BR B2 SR H AT AR — AN NI NOON SR A PR AEF AR, BifS Agarwal
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5 (MZEMFE) SU(1,1) FHUHTER. EERHDH - SETHNP, AIEFSEHRAB[RRTED
DRE|, THT SU,L) FiFL. g1, 61 5 g2, 02 DAERHRAFSEMNKTE 1 #1 2 BBENER. a; 5
bi (i = 0,1,2) RTEEFEIEFHRAER. ¢: BF; M: TEHIE. BIRBHZEE « BLUE
Figure 5 (Color online) The schematic diagram of SU(1,1) interferometer. Two optical parameter amplifications (OPAs)
take the place of two beam splitters in the traditional Mach-Zehnder interferometer. g1 (g2) and 61 (62) describe the

strength and phase shift in the OPA process 1 (2), respectively. a; and b; (¢ = 0,1,2) denote two light beams in the
different processes. The pump field between the two OPAs has a 7 phase difference. ¢: phase shift; M: mirrors
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SR RIOUUS H i G 1T B 15556, T IR T8 AR

B T OGRS, B s RN i, IR T — =R T RS R S R T S IR Ze Mt )
LGRS S5 A B L 2 g AR A . DRI EAT AR 25— B E T TAAE R I T A b 5 [k T ARt oo
PRI 5y e R AR 59~64, 7F 1985 4F Yurke S5 AEHES BHEH TIXFE— 8B4, Ak
LMt S I R s P RS FE AU TP I 0 RS S S, Wi 5 7R, Yurke S5 ELRTHEER ]
IX 2 1R R B T Ik B AR AR B 9V, Jgedlt, Plick &8 A (091 7RG XX FhFIAHEAT T 5004, w2
FESF A DU BRI AS (1 g A i P AN TS AR U SA, IXFE DR S AR 1 T 627 5 RO
AL SR I AR R SERANTOCAE TP BEMS (e BE IR 4G AE B LA L 22 2 RO AR h
PR, T HLRENS Y5 AR ORI R U, J8E S 1 SR O T B 1) 8 (), fdl, JRATTALAE S5 E sk
LT IXFRARLE T 67081 RTS8 AR, Plick 55 NIEAEERIR FAFANHFIT T 0 FaxX P T&4E 4
NS T AR REBUE 1%, Marino 48 AR5 2% [EIXFH T3 ) AN SN BRE, 3E— AT T A
A UERE RE AR (091 S SR — AN NS E AR T2, 75— AN SR N 47 20, 35 5 16 L m] LA
FEHRAE L7 P AR PR (63 g IR RO AR D0 K5 P2 P AR SR AR R (700, S A 3 7y SR T T AR FLA%
AR EAE AR TR A s, AL SRS LR 2 T g AR B AR B (772

4 “SERE” BAREMREVELEENE

FESCEIH 2 11, BATCGLN A TR AELE RS G s s Wi, I8 2RI AR L8 B PR 1 2 Al v (1 2
W, BTk —ARAE RS B T8, AR B A ) RS N—RHY2 AR 7 B AT F)
FABPERE N=F R A TR ARG R R i S I (1 S 5

2011 4F, PYPEF I Mitchell /NHIL TR TR R LR, SCk Eogpl Tl BRI 2 BAlii. fEfb
AT I b, SEAEABEh JRT REALE 7 x 10° Rb-87 Ji 1, Ja IR d > 50, LR MR T DLk 2137 #
SRR 6 IR A IR AT DU SR AR R S22 & 5 T M B L k. X F =1 T,
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FRERN A UG T WU Hoge (¥ YR SRR TR N
HG = 8820y + BV S2NA + BV 808.T- + B 8o(Saudy + Sy ). (16)

J =379 & Ny ANEFREERRR, (16) NP s N @m0t 8 H. BT RS S
FEAN 25K, 2E B OB T BRI, TRt & S B TR IR LN, R TOLTF - b rFaf
R EAEM. e O 5 g0 WML T AL 2 WA H & (12). b1 7 AR
BARFIFRA MM PRGN R CRMEA RS (F.) BOIERGRE, vk 2055 2 b B A T Rk Ax
WP 6F, oc N=3/2) Horp N &6 FHH.

I 52 b, AR PR 4 Holland 5 Burnett 51 731, FISKAE Heitler 41 45 Fh (Rpkr %5 - A
PLIOANH 52 S 2R, AR R PR 5 I AR B AN a2 M TS 2 ) 1) 6 R AZAE 4+ Pieter Kok 28 N\ kg #k
R IR T R0, A BEFTE, FT0EI U 1/N IZAFRIE L, XA RIE XA G T8 ARG AR LR PR
W% THIE T 2R RGN G I TG, B 7 A8 100 2% B PR IR B 2K, (R AR ER A R TSR
{FAE. Pieter Kok &5 NANZ ML Ik 7 M2 AR P AR, 45 H 77 SRl e 15 280 FFD b g A PR PR 397 1) 8 X

1
802 Sy {an
AT TN A VA AR BB AR SRS 2 T AR AN o SR B[ — P X, T S aF 0T — Z4E 7 (Margolus-Levitin
bound) (™. Ff HABAIAESCEE P EF I T Beltran 5 Luis 33 48R G40 PR 00 D085 %, R4 H
(R3S, DR P8 AN e e il A ER AR B BTSN 25

—IEH TG TR T OGRS 22 AR T BT [0(0) = |o), TR HiTE AL
JEIEHR [0(p)) = exp(—ipn?)|a). SEUFIBTTZEN dp ~ L(A)73/2 = 1|a|=3/2, FEERE BB TF
BT H h, XA R T RACT R T AR AP, o TIRIOX AR, MR RICT o BHrd
JRAR I EN AR E H = 22 ARG TEERF . BTCL 8 MRSV %A (H) = (R?). IXFER
Ko1FE| o MELL T IRA 1/(2) = 1/|alt. BILXANZmAL T 7 R AR BN IR AR B 2], A
ZVBIEAREIR T ARSI (o) = (10) + |N))/v2, TR RER BIHERAR AR IR
TERRI Z BT IS () = exp(—ipn?)|0) = (|0) + e *N*|N))/v/2. & SCII& ] I8¢
X = [0)(N|+ [N)0], HEERITFEMEN (X) = (0(0)| X|(p)) = cos(N2p) PLAIKE AX = sin(N2p).
R AR 7 ¥ 22 R IE S, 198 6 = AX|A(X) /dp| ' = N=2. BERR [(H)| = (a?) = SN2, IRIE 572
(17), 75 380 52 I 5% B W SR 1T A o 8 1 A0 B A PR

MM Z kT (AELIERS) /KR, PUHEF I Mitchell /NAS2I6 E3Em T RS, SCBl T8 1/N
(3R 5 PR, L SR PN AN e e P T A8 R B, 1717 2L 1 (19 =l 2 P Pl £ W B - e A 5.

5 RE

RS S AR AT BRI R A A AR LA T (1) ZESSINE 51, B SE HH Aharonov 5L
PERFFSRAE 1988 4ER H (0 — R 712 (79), g Ae2e gt 76 FE2 gty R 48 77 i 1) 7 SeBl.
FEIE - FAEHL S 9990 R 0 BB T AE K, B i TR N A R ) AT I X 2k i) 1=
TZ&Rg U871 gy PRt T B T e A B0, A BU AT RE, DLAGR e R
TRV TTRE, O £E W EE T SEB6 TP PE TR BRI VR (32881 2555 [, 5500 &t R I 1
T, FE I R R 4 T O BT BA R R R 55D U7, AT TSGR E B ok 1)
SIS T AERE B A 25 SO A M B B AT 4, RS AN TR BRI 5 IR A2 a7 SR 1 15
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Abstract Given a physical setup, what is the precision that can be obtained? In this paper, we firstly review

the recently theoretical developments about the quantum parameter estimation. The measurement sensitivity

can be improved from the Heisenberg limit (HL) to super-Heisenberg limit (SHL) by changing the coupling

Hamiltonian from linear to nonlinear. Then we review some techniques which have been used to break through

the standard quantum limit (SQL) and reach the HL in optical quantum metrology, and describe the experiment

of nonlinear quantum metrology where the interaction among particles as a valuable resource can contribute to

measurement sensitivity and give scaling beyond the HL. Finally, we introduce a potential new approach to the

future developments of quantum metrology.
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