#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 19 (2022) 194202

BAAZEEHEETSHNEMNEFRERIM

HEALD B EEE DT Eps 4k D2 B4 K2
ERED  KEMY Tk KL I

1) CRER TR 23 50 i TR, G B SR et R BE #5000 %, KIE 030024)
2) (Rl RRERE SR, Jbal 100878)
3) (PG REFEHRIIRFT, BT 5 TFHRAFEZEALRE, KE  030006)
(2022 4E 3 H 29 HUkE); 2022 48 5 A 18 H Uk BMEH)

BT Hanbury Brown-Twiss J7 48 WF 50 AH L 1T 7228 1 46 AH 1 25 19 w8 B o't 7 S5 e S 5 R8onyy . 3l i )4
FEIRGEZH . PR o MURAERINL 0, FR 45 R0 T 25 09 o Bl 7 G IR 52 B S8 4 2 SR RO00E . 7R TR 4 A3 0 € [0,m/2)]
TN, BER a-r ZHIXRIER AT AT 65 04 18 S R AR, BARAE B0 T fie /MR S R REL N ¢ = 6.6352 % 10 °.
WEFE T SR A AR GERIN R 6 o B0t 5 SR AR, 7 BRI AL R = 0.1, W R Ay = 10°
R, A3 AT A WA A R B S SR RO ¢ = 0.0149, BIE TS iR B ' T OGHR Y S 2R RN X S 56 PR A #K
SRR EFRPE. A, BIFTE T AL TR e 4 AR T 25 ) 5 SR SRR BE R I F- 24010 1 () RS BE S 1922 Ak, TEAR
IS 2256 7L/ T 1 JRGESH 104 LUR I, 5T 152 o) < 0.5 B9 .35 6 T I AN 45 SRR BRI
Xt e 4 AL 0 B4 ] 47 T o] 28 EL AT U] A S SR TR BE 1) s 4 AR 1 28, 7 G s 0 o 3 i U A P T Y

T

KR SHOLTOREK, TR T, IR, R AON

PACS: 42.50.-p, 42.50.Ar, 42.50.Dv

FEARASIER TG 2 P B FE
0 0O SR rh B RN . D TS
AN 2500 52 A5 RN e 8 25 T 78, AN S
FEART BB R 018 DU IR 141
DL R T 556 S A 45 O vk 16T i & R 46 6
B R R 45 BE T35 15 dBU. 1B —FhIE 2 837
W H ARG T I R AN, (HE i
TR TR, TR AT B TR AU 1819,
WEBME, ERAGET A RAERAE, Ml

DOI: 10.7498/aps.71.20220574

FRAETAS, 12— PR MRS & 1F T, nl =2k
W A S5 BRI ) s 46 0133 2021, ] P S SRR A,
(R R LSBT S R A 0 B UR, 4
B i 7 S SR RN i w4 e ARG JEE 2229 i HLR
AT SR AU Y e 4 AH TG B T B Y
KT R, A R ] 30 2201 2 S OB
1 5 S ORI IR B 3 B o S
AEOL BT 24200 PR, 7SO TR F BT
26 FH 2SI BOR RN S i T Ge iR B SO
FEFALL.

JETHY SR AN AT - Glauber027 5] A K
BT OCHR R KL g (1) SR EAE, HILAIX 3] 5l

* [ERARBEIE S JEHES: 61875147, 62175176, 62075154, U21A6006) . LLIPE4 B A #F & i1 GHEdES: 201903D421049) Fiil
FOA8 1] B 4 A RHIER B H (S HGKY2019023) 5% B9 iLEL

t iBfE1E#E . E-mail: guoyangiang@tyut.edu.cn
1 BIEVEE. E-mail: tczhang@sxu.edu.cn
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

194202-1


http://doi.org/10.7498/aps.71.20220574
mailto:guoyanqiang@tyut.edu.cn
mailto:guoyanqiang@tyut.edu.cn
mailto:tczhang@sxu.edu.cn
mailto:tczhang@sxu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 19 (2022)

194202

G AR 2 SRR, BITE ZESR I [H] 7 = O I Y —
o6 ¥ Bk ¢(0) AT X g3 A [R] 06 37 1Y)
¢2(0) > 1 RUDEG AT BEOCFR AT 231
¢P(0) = 1 RIPEIHLEFHTI; M ¢?(0) < 158
B BA ORI, & BA WA iR E
LS 2 52 |l R R Hanbury Brown-Twiss
(HBT) 77 &6 — i e 58k 1819, (B2,
ZBOETORER ¢ HRE RO FGE it oA T 2,
H T E 2T G A HOG AR & R 1 AR
B, T BN O 0 B O ORI B3 H e = i A
DR S SR AT S B850 53 A 1) O B2 RIS, HL
REGE A 7 A = U SR RN, TRET 20
HFIHE AT R HBT 4, S EMSR 1T A
D63 B B G JGHK B30 R 4 s A8 1 R
HE . A R AL B Fock 25 1 s R AL
FERE T A5 B39 | BSR4 1 ZRAE 10138
T 1R MU DL K NV a0 28 kit 12 4%
G [FIEE, BT R4 A T SO SR
FEH, FEERE Z G OCHK b A TR 4R W AN e 4
ZRUAAL PO, R B OGRS R 4 2
EARTRDE 0 1 96 B4 184 F00 7 B R4 800z 09
SR T A TR AN I R i AR 0% Fe 4 A T 28 S SRR
OSSR, HB/DTEE IETT RO R G %
A X R AH A S G ORI A 4
ASCEET A DM HOCFIHEERY R X HBT il
TR, WA T AR AT AR FR AR AR TS =
FORIR SRR AR WF5E T R MR 4R EAN
[ AR T2 1 m B SR AL . it
VAP R ARARAL, BF5E T F 4R 1285 5 SR AR AR Ry
FARAE DCTR]. [ 2% P AR SRR AN S5 A i 1
T, WG T AR AT AR R4 AH TS A SRS | R 4
AL BRI 25 555008 85 D't s SR A A8 5%
Wi, 9 UEIZ 7 VA R SR AT AT, iz ORI

Double HBT

18)

1€(0), @)
or |a, £(0))

Bl 1

2 DN 5 R T 5 0 ) IO FH B i

2 Hp oA

MEEMTTERBETESMAETR
BRHYIE SR
FIFIESH) HBT iy vk R AU —
BB TS0 g, L= Bt 7 90 R AR 7
WA THe AR, BRI A B S B DL T
B, O T R B B g, B ¢® Py
Bt o) ST 60, MHEGE HBT J5 Rt A4 e I
BEHAICTHRIHA, W 1 PRI HBT
AR 2 1 T LA FH— oA T A — s
TR Ve R 6 4 TR AR 72 MR 7T A5G
PRGN T 4. M A BRI TP o Bk
N, FEHE RGO FERHRIE SIS r A%, T
HIFERIEAOCRAR AR R e T RS 0. A
(AT AS AR T2516(0), @) = S(6) D()|0) T
BT o g 19

2.1

2

1 v m o
P = rlzl 18 (7)
X exp [|0¢|2 + %QQ + ;}ua*z} (D

Hr, u = coshr, v = esinhr. ¥ F|a!, £(0)) =
D(a)S(€)[0), WA o = ua'+va”, o WM FE. 75
— BN EGSE r AL o FEGEANL 0 8, R4
TSR [ FPFBEPDEFEURIEL, T = |u|* +
sinh?r, H:Hu = a(coshr — esinhr). F /& 7] F| F
FE 4 AH T 2896 T80 AT A S0 T BOR G B
SIS R BEFOCHR.

EEAYEFE R (1) BARA AT AR 46 AH -+
Bk AXSUHBT #RIU RS20, 2ot — A EHAES

e

N AR A T 2 PR 4 A T 25 8 Bl 7 DGR B W HBT Ji IR 18

Fig. 1. Schematic diagram of double HBT model for measuring high-order photon correlation of phase-variable squeezed state.
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Fig. 2. High-order photon antibunching of squeezed coherent states (al)—(cl) |£(0), a) and (a2)—(c2) |a, £(6)) versus displacement

amplitude o and squeezing parameter r for squeezing phase 6 = 0.

194202-4


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

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 19 (2022)

194202

AESHL r MR, BT ORIE o) A 1 38/ NEI i
RS R AE, ARG BTG K, 2 RN

MRS H r 18 € R B/ME 0.01 I, AR
OUT R TR o B VR IR o FI 46 A0
17 0 AL g SR &l 4 iR, G55 KM o B
FEAGHAAE 6 B78 L 2B 2 AR, R A 6
TR g = 0.5, BATLLN ¢ =1, A AKX
Fon g < 1 OB X, TTAXKIEER ¢ > 1
SR AR I8, BEAE AL n B3SO, T e Gk
g™ < 0.5 (n=3, 4) FERSERRXII B AT o2 <
0.5 Ay X, BIVEE & Bl DG I TE 2 M A5 5 17 2 2R
HORON. PRI o [ N EIME, FRAEHE O AE
3n/2 < 0 < bm/2 W), BEE 6 BIIG K, mBHOLF R
AN RG0S, HE g T 1Y AN
W 3n/2 < 0 < 5m/2 I, G FRARIG o BER, ¢
MR IXIRE 2 1, iF AR A X, B 2 iR
RAE, 5 I IE W T 1.

SRA LA RZEAL, AT P A AR T A A
FADL 0, LEREE P RS TR o-r SEUX R ARAS 0 3%
(T R R AN [RIA, S S B Gk o),
W] FIUT AR ARRLAF .. I AMERBAR R40 B K
BUNFRAMT, W5 0 m B Q8 ] k45 1R

2
gf’x):[l]

PR S S BN A5 2R, BV R it 1 s SR ARk
O FR) DTS s 4 B AT B ) i J3E R T AR

3.2 EELTSBRFMENMELETIES
HFSHEMAEFRER

FRAEEOL T, TERARAENL 0 = 0, RS H r =
104 B, A4S R4 AH T2 5 e SRR 1 e/ IMEL
SR ¢ = 4.006 x 104, ¢® = 1.3594 x 104
1 gW = 6.6352 x 1075, HEHFAHN A I i 43-51)
A a=0.01,a=00173 fl a = 0.0233. 7£JFRE
ok R, BT SR oy FAR DA ) i S,
S PO G B R A (g FRARE. T2, BT
HBT WA, S0 7 FE R4 AN 0 = 0 B,
T 5 y FERISOR o X RGAHTA|E, o) B
HF REHRE/ME ¢?), ¢ Fl g® K52, M3k
PRS0 7 Y R A S R G T A BRI RCR 4
Mras R ani&l 5 fs. S5, BRINECE n #s, o)
AT 1 AR RS R SR AR AR U 55 1 R
XoP W - R M s A MR oy < 1070 B, TR 4R
BT g < 0.1 M5E SRR Kk, Yy <
103 i, AAI3RAS g (n =2, 3, 4) < 1 FEFR
RHRN; My < 1078 B, R n JLFASSE 0

)

4
Ja=01 gix):m

0.02 1.00 0.010 1.00 0.0050 1.00
(a)

0.75 0.75 0.75

~ 0.01 0.50 ~ 0.005 0.50 £ 0.0025 0.50
0.25 0.25 0.25

1.0 1
0o L Sl & o 0 ! L & 0 0 0
0 e 2mn 3n 4n 0 e 2n 3n 4n
0 % 6

K3 YFREIRIE o = 0.1 B, R A] S He 8 A0 1 25 155 B 6 1 ORI o Bl 4R S50 r FURAE AL 0 25 10 i S SR A 45 21
Fig. 3. Photon antibunching results of high-order correlation ¢ of phase-variable squeezed coherent state versus squeezing para-
meter r and squeezing phase 6 when displacement amplitude a = 0.1.
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Fig. 5. Minimum second-order (a), third-order (b), and fourth-order (c) photon correlations of squeezed coherent state |¢, a) versus

background noise ¥ when detection efficiencies = 0.1, 0.5, and 1.
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10! dB) respectively.
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Fig. 7. ¢ of phase-variable squeezed coherent state versus squeezing degree S when background noise is ¥ = 107, detection effi-
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Fig. 8. Maps of high-order photon correlations ¢ of phase-variable squeezed coherent state versus squeezing phase 6 and back-
ground noise 7 when detection efficiency is = 0.5, squeezing parameter is r = 10 * and displacement amplitudes are (a) a = 0.01,
(b) @ = 0.0173, and (c) a = 0.0233 respectively.
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Abstract

Squeezed state has important applications in quantum communication, quantum computing, and precision
measurement. It has been used to improve the sensitivity and measurement accuracy of gravitational wave

detectors. Currently, squeezed state can be prepared by optical parametric oscillators, four-wave mixing, and
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atom-—optomechanical coupling. As a typical non-classical light, the photon statistics of squeezed state usually
shows obvious bunching effect, but it can also present photon antibunching effect through interference or
photon subtraction operation. More importantly, squeezed coherent state is prepared by performing
displacement operation on the squeezed state. In the case of certain displacement and squeezing operations,
squeezed coherent state with obvious antibunching effect can be produced. The squeezed coherent state with
photon antibunching effect can be employed to achieve super-resolution imaging beyond the diffraction limit,
and the state exhibits good particle features which can suppress the multiphoton emission. Then it has become
a focus for studying the antibunching effect and quantum statistical properties of squeezed coherent state at a
single-photon level.

The photon antibunching effect can be characterized by the second-order photon correlation ¢?(7), which
is introduced by Glauber to determine the non-classical properties of the light field. Namely, the second-order
photon correlation ¢ can be used as a metric to distinguish different lights. Hanbury Brown-Twiss (HBT)
scheme is used to measure the second-order photon correlation experimentally. However, the second-order
photon correlation ¢ can reflect only the variance of the photon-number statistical distribution. In order to
obtain more information about the photon statistical distribution and non-classical features, it is necessary to
measure higher-order photon correlations. Then the higher-order photon correlations for different light fields are
studied by extending the traditional HBT scheme and combining with multiplex single-photon detection
technology. This method can be applied to ghost imaging, characterization of single-photon detectors, research
of exciton dynamics, and analysis of NV center fluorescence emission. However, the research on photon statistics
of the squeezed state focuses mainly on the second-order photon correlation and the effect of displacement
amplitude on the statistical properties. The effect of squeezed phase on photon antibunching and higher-order
photon correlation of squeezed coherent states, with background noise and detection efficiency taken into
consideration, have not been investigated.

In this paper, we study high-order photon correlations and antibunching effect of phase-variable squeezed
coherent state based on an extended HBT scheme. The photon statistics of the squeezed coherent state
manifests prominent antibunching effect by adjusting the squeezing parameter r, displacement amplitude o and
squeezing phase 6. The antibunching effect of the state can be obtained in a wide range of a-r parameter space
when squeezing phase € [0,n/2]. In an ideal case, the minimum antibunching values of the squeezed coherent
state are g = 4.006 x 10*, ¢ = 1.3594 x 10* and ¢ = 6.6352 x 10°. When the detection efficiency n =
0.1 and background noise ¥ = 10, the strong antibunching effect can still be observed, specifically, ¢? =
0.1740, ¢® = 0.0432, ¢g¥ = 0.0149. The results indicate that the antibunching effect of higher-order photon
correlation has strong robustness against the experimental environment. In addition, the antibunching effect of
the phase-variable squeezed coherent state is studied as a function of the measured mean photon number <n>
and the squeezing degree S. When the measured mean photon number is much less than 1 and the squeezing
parameter is less than 104, a prominent photon anti-bunching effect of ¢ <« 0.5 can still be obtained. The
results show that the control of the squeezing phase 6 can be used to prepare the squeezed coherent state with
obvious antibunching effect, which has potentially important applications in quantum metrology and secure

communication.
Keywords: high-order photon correlation, squeezed coherent state, squeezing phase, antibunching effect
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