) 32 3R Acta Phys. Sin. Vol. 68, No. 6 (2019) 064205

7 2 2 Bk 2] JE ISR IR IR S A

BRIt Wa g

SET D

e E DY

1) CREMEEBE R, W 030619)
2) (I RZESCHATILIT, SO ot TR R E RS0, KE 030006)
3) (LIPERE:, a2 PR GIH .0, KRE 030006)
(2018 4E 11 F 22 HUkFl; 2019 4F 1 A 22 HUEI &)

1o 2 2 T 2 R S R R L TR B S A B PR, Bk 2 Bk a4 A SRR R B SR
B BRI, 8 A SRR T BORIE ROt no A 48 B R+ B . % 878 & Einstein-Podolsky-Rosen 24 28 7%
3 vl LLAIF TAEAE BIE DL R A EE T 2 2 SR 38 R A5 1 WA FE T H S S RO L, mT LA
FHEE A6 I SR 45 50— N AR S s M 2 2250037, A8 — 8 S5 T SE UG i 2 4 5 . AR S 5 Hie
AR T OGS B G Y SE G R G, v, 2 g AR e R R S LIRS A Y P SR el e, B )
H TR 1kt 5 b B R4 T 20 1y 2 9 25 5 35 4 4 B ) e R, AR O A T SR T 9 DB G D B B R S Y 5 A
TEYNXT L 43 B T 7 [7) 45 A4 (1% 45 42 s o 0] 40 164 5 0 SR 1) 5 i), 45 18 R T AS ) s TR A Sy 45 4 s 19 B A S 38 Jr 2.
[ A4 T B s i B G A M A B A R B S BB R, B — P RS G R G S8, N

I ARAT T o A ) A GO AR A TR

KGR PGS, B, IR

PACS: 42.50.-p, 42.50.Lc, 42.65.Yj

il

1 3

T TE R LRI LA, AR
5 B AN B E R I O A R i A
AU R B E R S S R
THA, FRREIL B R AR R BRI RE R A4
P01 W51 E N TARWHIAR R

T2 i RHAR RS PR R, R TR R
EWFR B EE R, #2047 & Einstein-Podolsky-
Rosen (EPR) 21450602 #2078 1 7 5L R
AR A S0, Al DL RO SR
Hets. — IR A P S — AR e i

DOI: 10.7498/aps.68.20182079

TR I D EF S R (degenerate opti-
cal parametric amplifier, DOPA) 7=/ [EAC 4318 Y
R ARCY), SR 5RO AR ] ) BT
Ai 2068 LI RE ARG 2278 73 A H i)k 50 < 50 1Y
o as BRSS9 3] EPR 2 525063 -9,
H 1970 4F Stoler” $2 1 1 1EAZ 7 R4 A ML S
25, AR/ N RS LA [R5 7 AR 52
Erp ks T R4S 6. T DOPA h—2dEL
PR R I AR Ze v R B, T 1) Schnabel 5255
NHERZ WP T LR T 10 dB By HRE
i ot M- R HIZOT 4 1) EPR 22875
JEGIRE] T 10 dB ZiA7 1. 55— Fh i e et
A AL AR AERDI O E S RO (non-

* EZRE AP (HES: 2016YFA0301402) . EI5 A AR 2= 34 (HEHES: 11804246, 61775127, 11474190, 11654002). 7Y
FHEZ R ETE L 0P [l [ B2 A SRR BYIE | (0754 “1331 TR T8 i A RH e B0 T 0 LU PG 44 w80 S Mo A

Tl
+ MfEVE#E . E-mail: zhouyaoyaofangxia@163.com
©2019 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

064205-1


http://doi.org/10.7498/aps.68.20182079
mailto:zhouyaoyaofangxia@163.com
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 3R Acta Phys. Sin. Vol. 68, No. 6 (2019) 064205

degenerate optical parametric amplifier, NOPA),
A 0 T O S R AR TR, iR A B ELL A AR
TSR R EPR A8t -1 R AR H
— AR LIRS EPR 2098500, et
RIS HAE. 1992 4, SE[E T Kimble SZ55/NA (19
FIHZ 2 4 1 T iS85 EPR 485063
ZJa et RS/ N A FH NOPA i, il i
W TAEEARRIFPREIRTT TARICHTY Y EPR
2 gty 151922 MRk R SR 1) B 2 R U,
EPR 228556305 FH 58 B T AR R ) 15 8.5
55, HeaniE e 12224 T AR g (28]
A R 2 g Y 1 21 28 R AR K — B ] oy — EL AR
Fife—4 dB 247, KM T & 75 B R
SR T e 21 R A 4 28 A S B e R
(5 8 S A B 3 G E R fn) 24
2010 4F, 11 VG A2 ] 58 s, 52 0 25 3 o X 4 4 1
R G TR B R 2 AR B T -6 dBR2.
2015 4%, FRAT/NAFIFH HA = LIRZ5H9 1% NOPA
i, 3 A v A DA R AOR, AR T A s
HeA L 9 A-8.4 dB Y EPR 242755637 129,

R 22 B2 oo F A SRR A BRI, A s
O I 2 g BN e HaE AR Ak G AE T aR o — Bk
MR R R A 1 ke ST 4 i it 3
B B2 Forh—Rp S IR 1 R AR AR —
NOPA JG 2855 — 4> NOPA, FIH% —4 NOPA
KHFEHE —A NOPA Hath A N, fr—&
FAF TSI A G LI I A 5RO T KRR
MR E o g B AT HS EHR S —4> NOPA
K HIAS/NHAE 2015 AR5 80 SR REfS Ha i 8.4 dB
EPR 242563 11 2 9 7= 1 20 i LA Al AR
Y BRI I i 2 A NOPA AJ LR FH PR A
[ (4 Js T —— B s A Bl DU B PR s 2544 . AR
5~ NOPA By RY, Bk H i AOA [ ()l 2
WERER R G, BB IHT T 45065 RGeS B g e i
FRVRICIR: DA o 2B 1 '3 117 24 408 AN [R) ) B 2
HIAEIE R, B T HHR L S50 2R 50 1) e fE S
5577 S DL S A S i il A B R T ) 2 4
TR TR

O WG WE IR R4
% T o AT

WRHEZ75 3R [32], FIADGA I R 1975 vk vl

DL 2270 it EPR 2 28806 I 2 1G58 . X
2% K A TAEE S & SO RS 1) NOPA1
1 NOPA2 Bk, 58 NOPA2 % NOPAL %
DR ORI 1 BRI S DU BR IR R s Sk 1Y)
R ARG N T B RRE AR S Ok R Gk
209 25637 1 2 45 B, NOPAL (1) Jis AL g % 2015
AEARBF I /N 2 T Y B B = SRR ZE R 1)
e Hugk gl s i 1082 AR 0 R 2t O 2R S A
KTP1 1l K 242 5 50 mm AY M55 MO 4 1%,
MO XU E S 30 12.5%, W] LU i ik
8.4 dB i EPR 228755617, & H A 1k A s ™
4z EPR g5 7503 Hh 21 405 f5e e 1.

NOPA?2
M3 M4
Pump Pump KTP2
—— \WP7T2
NOPA1
1° L out
’—/‘ IPZT o)) >
| ARy
alty  KTP1 MO M1 M2
agiy

B 1 BEPUE S B E E IR O RS
Fig. 1. Optical system of connecting a standing wave cav-

ity and a four-mirror ring cavity in series.

NOPA1 W HE 5 5 6 () N & ax (1)
is g A

da, (t . R .
PO sy w)ad (1) — i (1)
VIR + VTR,
day(t e .
20 _ @it 1)~ yaalt)

+/2ma5 () + /27:08(1), (1)
Hrp ) a, 278 NOPA1 iz eds; ab, a7
FoRTEA NOPAL WIfE St N B 6, b, biy
43268 NOPAL B IS RFE TSI A B2 5
W; af, af RRFAF @, a FILHIEAT; x TR
AR AR LM R AL 1 78 NOPAL (9 45
X BTG AR O, FLHUE i AR DG
SR TH—2F; 7% NOPAL B T4 &
RE T 51 ARG By A X BL S e 3 R A RUR
v = Y1472, Fes i BRI N IO R RE Y
AROR; » R e Wi A B th &, 726
NOPA1 WAEH— &, T 25 A B ir FH A s ]
XF (1) AT B AR 4, 7T IS 3] NOPA1
WRh-FOLI ek s (8] iz sl 72

064205-2


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

Y B ¥ R Acta Phys. Sin.

Vol. 68, No. 6 (2019) 064205

iwrda, (2) = — kéag (2) — y3da,(2)

+V/27,06(£2) + /27206 (12),
iwT8a,(£2) = — kdat (2) — y30d,(12)

+/29,085(2) + /272005(2). (2)
NOPA1 % A 10637 2 1815 1
8as™(2) = \/2v,6a1(2) — sl (12),

843" (£2) = /2, 6a,(2) — 6a3 (92), (3)

Hrp, s RN BER LR, w=2r0(02E

SRR ) FAIRR); k2~ NOPAL B AEZ 5%

soR, 5 N ARARIA RA R R B A iz

FEHBERA O, a9, a3 s NOPATL %
HE SRR B

ST NG I O3 0 21 iR, AR

SCHR [33, 34] #£H1 A9 EPR zqz%%%a@;fwﬁ—‘

k(276X + 271726 X18) — (216X + 271726 X(5) (v + iwr)

@xx¢xa3+<AwﬁJ@§<4ﬁﬁgﬁ%T
VEAE S BT FICIRA Y NOPA #5635 1 2 R 1R
IR LE SR 2 335 3 B 3 BB A BT 1. g
B 3 14 1E S0 43Tk DI MR 7 s S % 72k, B
By 1L 3 2 2 G

AR A R I A I 5 X

a=(X+iv)/2,
at = (X —iY)/2, (4)
T ISR IR AAT R ESSAR G AT A 2k =
X=a+a",
Y =i(at —a). (5)

14 (2)—(5) SMIL 4, BEI T NOPATL Hith {3
b R B 7 TF SR Ak 0 Ko, LT T8
HfLA ik 6o, ekt

X = 2 —oXm,
k2 — (y3 + iwT)
SN =\ /2m bVOXE — (V2 + v2v/201 + v2iwr) 0 X1
a2 1 k2 — 73% _ QiOJT’Y?, i w22
T kv20 X — (V205" v/ +VPRiwn)dX | o "
n k% — 42 — 2iwTys + w372 a2’
sprou _ KOV +2770%) — (2918Y38 + 20/ Ma0Yi) (s + iwr) oy
" k2 — (vs + in)2 al
(”Afout _ \/27 k\/EéY(;rll — (\@73/2 + ’YQm + 2’711&)7‘)5}};5
a2 71 k2 _ ,}/32 _ ZiWT’}/g + w27_2
VIR0V — (V29 + VP + VImiwn)sVi | o
2 — Y5, 7
i m [ k% — 43 — 2iwTys + w?r? a2 (7)

Horlr, XYL YO XGE YR X0 Yah Xy, VB,
Xin, v, Xip VR oot agt, b, alr,
b, bl B IESCHRIG 3 FEAT RILE A 43 B STAT.
1 NOPA2 NIUBERMB I, dipi 5
A2 100 mm B M55 M3 A1 M4, PR B
M1 A M2, LR ARZ M EE i R KTP2 4. il
WO, A RBR SIS B Dk S
Frk gk Mo 0 IL, 48 NOPA2 fotaesi
R B S HAR DR Z M 9 /KT 0°, F 3K
B R i PR A BT L ADEA I B 1 A R], feAk
B Ay i R B D i A T D8 i R

|
7. 1% NOPA2 08 th Bt (5263 HRB & 4%
2 GBI T,), MBS AR 2 (B
BN T,), A4 NOPA2 N IS 265 &/ (t) FITA
Y6 () iz SRR A

daq(t . N N
740 a0 (1)~ a0

+ /2013 (1) + /2730 (8),

 daa(t)
dt

== X'ay(t)ay" (1) —~3a5(t)

+ /20788 () + V27505 (1) (8)

064205-3


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 3R Acta Phys. Sin. Vol. 68, No. 6 (2019) 064205

T 5 NOPA1 X G|JF kK, NOPA2 i)t
R ILY/BUIE S QYIS R e aB R o= Sl ¢ | RO
P A 62 TP B AT S B S R & UM T
b = ok b, FR NOPA2 i th B x5 5k
EIFERESRCR; 73 =17 415, F NOPA2 fiiih
Bt IR EC 0 BAER A ROR.

Xt (8) AT B AR 1] LIfHE] NOPA2
PR TS E A 25 ] 32 21 5 A

78 (2) = — k1day" (2) — 730d) (2)

+ /291663 (92) + /27480 (£2),

iw’T/(S&/z(-Q) = — k25&,1+(_(2) - 7§5dl2(0)

291085 (92) + /205005 (42),
(9)
FEr koo 01 e 53901 B AN [F] 25 5 236 AR VA8
NOPA2 {4 A A 35565 agfs, A i 24 4
ot gy Z IR 2 LA TG HR:
0a5"($2) = \/ 271001 (£2) — 0ay"(92),
005" (2) = \/2928a5(02) — 06" (£2).  (10)

¥ (4)—(10) AL &, AR LRI S,
WP I 1 s KK 557 mm, NIEHFE R 1, =
0.4%, BT R Jy 2 MHz, e HARHE SO0
Y R — 2 O F, Ea BUE T (F kB
LBV N R o8 701 e I N Sy VA3 )
Tk UK E ), 0 NOPA2 fi th 637185843
T 22 ] Y S I R R Bt HH B S S IR
W IR 2 2 g AREIE R, S5 2 TR,
R 1 R — R AR AR R, 4 il 2k S A 2
IR P /NI (B, 16 B A 19 S P A s Y
e Z A A E A g 4R 2, 3, 455 R
NOPA2 Hyfi 505 567 B FR T 8 5%,
7% 1 10% B, i e a T OCHME R R g 19748
bR Mgk 5 £kt A NOPA2 ) EPR 244 25
D lip e e S U]

((Aexa+oxa”)+(Aa@va—ovmy’)) /4

= 0.145,

XoF IO B £ 28 B A 8.4 dB, Il £R 5 B AY ST R
INFIZME, LR SR T NOPAL it
A RE. TR 2 B0 3 TR SRR 1) B/ MELS,

WTEMNZ 5 Z b, FrLLESHRA 5% F 7% ryfds
o NOPAT $it i 8.4 dB A9 EPRZZEZAS
637, I FH 2 5 3R AR ) DU B A A 4 s ofe S B0
He37 B 21 s o

M4k 2, 3, 4 KR EIAE, 7 g = 0BT
By G OGRS Y fe /M, BB g Xt
[EGPREZS: 5N e P QT SERURTSL Iy R N
TR A B, B AR . X R
i R R O AR B 035 B R 25 (K
Ik 2 G OE I 0 2 28 B RUERAIR.

£k 4 S5HhZk 5 HH28F-0.34% F1 0.38% P4
55, BI24-0.34% < g < 0.38% A, NOPA2 7
AEdC 2N 2 ISR VE . —0.34% < g < O XF R T
HIBUETE N 9.66% < T, < 10%, 0 < g < 0.38%
St Ty BOBUETEE N 10% < T, < 10.38%. F#itl
ALk g = 0 AR AT, & BN T2 %k
EAHSEI g L, A D0 2 ) SCIE Mg RS /N 20 ] 2
P IR M P 352 AL SRy A Nl B R bz Rz B R KT
ZeMh Gt i iz 5%, 530 NOPA2 1A Yy th
R, Wit MR, M g=0, T, =
Ty = 10% W}, % % 3 9 15 W 75 (il e /N,
0.130, XL A2 2 h-8.9 dB.

SERRSEgR Y, PSP G I i RS S B Y
B Sk Ot Z R AR R 5°, AT
5 BB SO L N B B S R 2 2220
0.2%5) (& 2 Y RLR). Mg = +£0.2% B, Fith
6 1 F OGRS 290 0.134, X 1 24 48 Ry

1.2

-
o

o
o
T

o
=)
T

e
I
T

o
o

Quantum correlation variances

0 ! ! H i H ! !
-1.5 —-1.0 =05 0 0.5 1.0 1.5
9/%

P2 i th O iy e QIR M R B A L XHE SOt A
PO G e 2 22 AR A

Fig. 2. Quantum correlation variances of two output beams
versus the transmissivity differences of the output coupler
for idle and signal fields.
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Fig. 3. Optical system of two cascaded standing wave optical cavities.
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Fig. 4. Dependences of correlation degree of output optical
fields on transmission efficiency of the optical isolator.
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Fig. 5. Dependences of correlation degree of output optical
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Abstract

Entanglement source with high entanglement degree is the guarantee for accomplishing the quantum
information transmission and process with higher fidelity. Continuous variable Einstein-Podolsky-Rosen (EPR)
entangled optical field with quantum correlation of amplitude and phase quadrature is a basic and important
quantum resource in the quantum information science area, which can be obtained by a non-degenerate optical
parametric amplifier (NOPA) operated below the threshold pump power. Because of the limitation of the
imperfect performance of optical components in optical cavity, we should find efficient methods of implementing
quantum manipulation to improve the entanglement degree of the entangled state of light. Connecting NOPA1
and NOPA2 in series, the entangled state of light output from the NOPA1 can be manipulated by NOPA2, and
the entanglement degree can be enhanced under certain conditions. To improve the entanglement degree to a
greater extent, the structure of the NOPA1 is chosen as a half-monolithic standing-wave optical resonator with
the triple resonance of the pump and two subharmonic modes. The NOPA1 is able to output the entangled
optical fields with an entanglement degree of 8.4 dB, which is the highest entanglement generated by a single
device so far. The structure of the NOPA2 can be chosen as a standing-wave optical cavity or a four-mirror ring
optical cavity. According to the different structures of the NOPA2, we theoretically design two kinds of optical
systems with two cascaded cavities and compare the effects of the two optical systems on the continuous
variable EPR entanglement cascaded enhancement in detail. Based on the above contrastive analysis, when the
entanglement degree of the input optical fields is 8.4 dB and the transmissivity of the output coupler is lower,
the structure of a four-mirror ring optical cavity for NOPA2 cannot enhance the entanglement degree, so the
optical system including NOPA2 with standing wave cavity structure and the optical isolator with high
transmission efficiency is appropriate. When the transmissivity of the output coupler and transmission efficiency
of the optical isolator are higher, the structure of the NOPA2 should be chosen as a standing-wave optical
cavity, otherwise the structure of the NOPA2 should be chosen as a four-mirror ring optical cavity. We also
theoretically analyze the dependence of the correlation degree of output optical fields on physical parameters.
The results show that under the conditions of higher input and output coupling efficiency, higher transmission
efficiency and lower intro-cavity loss, the entangled state of light with higher entanglement degree can be
obtained experimentally. This provides the reference for obtaining entangled optical fields with higher
entanglement degree in the future.

Keywords: Einstein-Podolsky-Rosen entangled optical fields, manipulated optical cavity, entanglement

enhancement
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