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Realization of Low Threshold Operation of Non-Degenerate Optical
Parameteric Amplifier with Wedged KTP Crystal
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(State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Opto-Electronics ,
Shanxi University, Taiyuan , Shanxi 030006, China)

Abstract Entangled optical field generated by a non-degenerate optical parametric amplifier (NOPA), has been
considered as an important resource of continuous variable quantum information research. With the development of
quantum networks and quantum computation, multi-partite entangled states with more sub-modes are required to
complete more complex research of quantum information. Generally, Multi-partite entangled states can be obtained
by means of coupling several Enstein-Podolsky-Rosen (EPR) entangled states or squeezed states with classical
coherence through different beam splitters. The threshold of the NOPA is reduced from 250 mW to 45 mW by using a
wedged nonlinear crystal. When pumping power is 23 mW, the correlation noises of quadrature amplitude and
quadrature phase of the EPR entangled optical fields are 5.5 dB below the corresponding quantum noise limits. Thus
we can pump much more NOPAs with only one laser source and obtain the multi-partite entangled states as needed.
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Fig. 1 Schematic of NOPA cavity
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laser: Nd:YAP/LBO laser source; MC1: mode cleaner of 540 nm;
MC2: mode cleaner of 1080 nm; HWP1-2: 1/2 waveplate;
PBS1-3: polarizing beam splitter; [ISO1-2: isolator;

D1-3: detector; SA: spectrum analyzer
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Fig. 2 Experimental setup of low threshold
operation of NOPA

NOPA R W5 2 5 e vk A B30 2 T 95
FI 45 . B Y A A TI2E DB KTP i A Al SR 242 R
50 mm [ M1 20 B & AR 19 115 2% 18T 49— JZ 4 1080 nm
e R, % 540 nm B SR K T=20%+5% iy
JE R BHVE A5 50 TR B ihis S i AR & 55
Ji 2 TR X = SR A U s P JEE o [T 458 A Ay 8 A s )
AR A BT BE XS 540 nm YR X 1080 nm Y 1) 37 I
A SV M, I LI B [ 7 T H B B (PZT)
b R A B B O A R T 0 A TR U0 A
AR AR LR D' 2 b AR TP 3 A R G ) 2R A P L il
b WA IR I 2 S A ¥ JCAF CTEC) #1705 % 45 i, it
JEFEHIAE 63 CZ AT LA A d A 11 28 i 5L AR 67 T
BOZER . i T AR AT LR KT O ) SIS
1 KTP &R i 5 I b il — AP 28 L DS Bt
NOPA JiE A df AR BE 08 4008 15 . 3 2ok 8 20 ik e
AT DLSCAE @R KTP 78 i B2 o DT 4R 31 7T LA
i = SR AE B P[] B R g i AR 7

NOPA & P4 i 1 1 2] 98 285 56 5 i i 3% 4 R b
B4y T AR — O A — D L B & R
B A 5 SE RN R B AR XS A . T R G 28 A ()
()6 B2 5 3 ) i AN Bell 2538 I 2 45 pE 47 M 75 )
UYL Hod 50/50 4y R B P A IR IR 4 oR B B
(PBS2 # PBS3) #l—4~ 1/2 ¥ K (HWP2) 28 1, tn
K 2 B ERAE s . 5% G B A R AR R R e M

0327001-3



L, Bell 25880 7 40 B AT 4544 1] B AT B AS Hh 3R
JEIRE A B AT LA T IR S G B LR A I Gk Y
EPR 2 45255637 1) S M s ) - 210, I A SC i)
NOPA TAEAE S i SO K AR B S 1E 47 7] DL i iy 2
A P W S OCHE I AR A IE R EPR 2 25255637, i
PAVEFH Bell Z5 #R 2 Z6 6 H 3E A7 MR A5 I 4 . R0
BRI B 1Y 6 AE 5 A R AE L 43 A 2
T 2 o ARG T 43 A A CSAD X FLF A7 I o . 3L
Hh 28 b N AR JE 6 N A 5 0 5 TR D I S R T Y
SRR MR 7, 28 Yl vk 2 5 6 A5 5 6 5 IR BB IE AR
FHA 22 ) QTR R 75

R TR UE SO 2 0 A K T B R AR
TETE B EOG R L0 6 BUE B IS
2T MBIV A b SO A 8 I 4 4 R R P
A L R A LB H O 18 A 3 5 AR T A % S B
R, SR B R 2 T A I B O A D Y
SRR b R B A Y MR TS R T O A Y
A fdhig e 35 2 BE A NOPA i P, H = ff)
P NOPA f& K o 2k e A% s /i 388 85 19 K/ I A
B AT R DE R, OO A A R L R
NOPA JEKHy 52 mm., g1 T il iz 6 7 i 9 L4 1
EREARE] 45 mW,NOPA i Py 1AM 8 40 5
T2, O RS A BE S 22, A % 3 NOPA i
RITEADG B 1/2 W Fr o 10 A D65 43 1 3% 77 1m]
T EEMAENGE S MNERY. AT R
[ ORI BE (1) EPR 20 i 7556 % i 1 A NOPA 1y
iz e R AR A 1/2, 80 23 mW, A5
G HIN &S TR N 5 mW., i@ i 1Y) A
KTP & (0 3B (15 5 6 PR B A 21 A5 X
SEA A A AE K J7 10 778 b A i filiz e dafn]
BHPE NOPA Jis N 38k . iz 06 5 11 AL i A1
XFAHAL ., NOPA i 1) 7 40 5 8 B e B KB 5
Fo/MEZ RN WA 4k . 2 U 25 R 20 fi5 . X, 8
NOPA [ 8 76 5 1 A 3k i 8 =X 1L O
iz 3% 5 d A MG 5065 09 A XA AR w, BP
NOPA TAEF S it KR 1L . NOPA #i th
(% EPR 2 4 35 5637 o 1E SR 0L 1E S 1k | 1E A2 4R i S
SRI A K Bell #4800 2 48 vh 5 5 06 R K & % 19 AH
XPAH AL 25 B8l n/2. #E 2 MHz 43 8 8l % 4t
NOPA [k H 19 i 41 0y EPR 2 48 25 5% 3% 1 1F 3¢ 4
7.2 5 1E A8 4 M R A Q6 M 75 n 1] 3 iz . & et
2R 1 0 AR A A PR CQNL) L B 2R i 2 3 o IE A
A 2 5 1E 32 F Mg R A DG IR IR 7,y (&1 AT 2R L G 1B
Mg 7 3 SIMIG T A R A MR S AR B 5.5 dB. AN R e

g -96@
) WA AN A0 AN AR A giteon
2 97t .
5} 1
2 _ogf
(=i
£ -99 F
% -100
£-101
15}
£-102 Z‘WW*MWWWW
£ 103} "
5 104 1 1 3. il
o -104y 20 40 60 80
Time /ms
b

é M’VVWWVVWWWNWMWW
< 97+ .
5} 1
g —98 |
=1
= -99
)
£-100
£_101 |
S _102

=102 L A At NN NN A e
S 103 ii

- L 11
g 104 - ‘ ‘
S_ .
& 0 20 40 60 80

Time /ms

Bl 3 246 () 1E SR I8 A5 (b) IE A8 AH 7 22 1
KIRME R (R i Dy QNL, TR i Sy IR MR 7
Fig. 3 (a) Quadrature amplitude sum and (b) quadrature
phase difference correlation noises of the EPR
entangled optical fields(curve i is QNL and curve
ii is correlation noise)
PR NOPA Jr i) it 45 0% 5 38, b SR RB A5 3115 B 5
A g fE (1 EPR g g0k,

4 %k e

FIR B AR 1 KTP &4, 15 NOPA i 52 8
T = ARRE B LR G A AR K 1Y 250 mW BRI
) 45 mW, M Adiz eI EN 23 mW i, 15 5
7 5.5 dB iy EPR 2 4 2501647 i & W) = 4R b 14
120 98 2503 1) S5 56 vh X BRI NOPA 1% 412 3% 1
AR ABOR X REEZ AN EL T RS
A Mg e A T RE . T — 25 K O Ak Fn el ik
SCEY R G B = LR RS R R B
NOPA Ji 1) it 55835 5 3 o DL JBT 3R AT T 8 2 40 32 11
EPR 244 5.

& £ X #

1X Y Li, Q Pan, J T Jing, et al.. Quantum dense coding
exploiting a bright Einstein-Podolsky-Rosen beam [J]. Phys Rev
Lett, 2002, 88(4): 047904.

2 X J Jia, X L Su, Q Pan, e« al.. Experimental demonstration of
unconditional entanglement swapping for continuous variables
[J]. Phys Rev Lett, 2004, 93(25): 250503.

3 A Furusawa, ] L Sorensen, S 1L Braunstein, e al..

Unconditional quantum teleportation [ J]. Science, 1998, 282

0327001-4



ik A

FUTHE S KT b (S B R B AR ) JF Ot 2 2 5 O A 19 18 %

(5389): 706—709.

4 7Y Ou, SF Pereira, H J Kimble, et al.. Realization of Einstein-
Podolsky-Rosen paradox for continuous variables [J]. Phys Rev
Lett, 1992, 68(25): 3663—3663.

5 Y Zhang, H Wang, X Y Li, e al.. Experimental generation of
bright two-mode quadrature squeezed light from a narrow-band
nondegenerate optical parametric amplifier [ J]. Phys Rev A,
2000, 62(2): 023813.

6 W P Bowen, R Schnabel, P K Lam.
characterization of continuous-variable entanglement [ J]. Phys
Rev A, 2004, 69(1): 012304.

7 ] Laurat, T Coudreau, G Keller, e al.. Compact source of

Experimental

Einstein-Podolsky-Rosen entanglement and squeezing at very low
noise frequencies [ J]. Phys Rev A, 2004, 70(4): 042315.

8 Nobuyuki Takei, Hidehiro Yonezawa, Takao Aoki, et al.. High-

beyond  the
entanglement swapping for continuous variables [J]. Phys Rev
Lett, 2005, 94(22) . 220502.

9 Y Wang, H Shen, X L Jin, e al.. Experimental generation of

fidelity  teleportation no-cloning limit and

6 dB continuous variable entanglement from a non-degenerate
optical parametric amplifier [J]. Opt Express, 2010, 18 (6):
6149—6152.

10 Jia Xiaojun, Su Xiaolong, Pan Qing, e al.. Experimental
generation of two EPR entangled states with classical coherence
[JJ. Acta Physica Sinica, 2005, 54(6); 2717—2722,

SRR, e, WK, & A KM T AP EPR 2] 9§
Doy g4 1] WHIR. 2005, 54(6): 2717—2722.
11 P van Loock, S L Braunstein. Multipartite entanglement for
continuous variables a quantum teleportation network [J]. Phys

Rev Lett, 2000, 84(15): 3482—3845.

12 J T Jing, J Zhang, Y Yan, et al.. Experimental demonstration of
tripartite entanglement and controlled dense coding for continuous
variables [ J]. Phys Rev Lett, 2003, 90(16): 167903.

13 T Aoki, N Takei, H Yonezawa, et al.. Experimental creation of
a fully inseparable tripartite continuous-variable state [J]. Phys
Rev Lett, 2003, 91(8): 080404.

14 Sun Chao., Zhang Yingjie, Meng Xiangshui, e al.. A study on
the pairwise concurrence entanglement in the multipartite open
system [J]. Acta Optica Sinica, 2010, 30(12): 3604—23609.
o, KA, WK, S TP R R G b 3t A ) 40 F O
[J1. 23R . 2010, 30(12): 3604—3609.

15 Peng Kunchi, Jia Xiaojun. Su Xiaolong, e al.. Optical

manipulations of quantum states with continuous variables []].

Acta Optica Sinica, 2011, 31(9): 0900107.

WRR . BREAE, R JE, . SRR TSRO EREDD

JeRzEEaE | 2011, 31(9) . 0900107,

16 X L Su, A H Tan, X ] Jia, et al.. Experimental preparation of
quadripartite cluster and greenberger-horne-zeilinger entangled
states for continuous variables [ J]. Phys Rev Lett, 2007, 98(7):
070502.

17 M Yukawa, R Ukai, P van Loock, e al.. Experimental
generation of four-mode continuous-variable cluster states [J].
Phys Rev A, 2008, 78(1): 012301.

18 X L Su, Y P Zhao., S H Hao, et al.. Experimental preparation of
eight-partite cluster state for photonic qumodes [J]. Opt Lett,
2012, 37(24) . 5178—5180.

19 A H Tan, Y Wang, X L Jin, e al.. Experimental generation of
genuine four-partite entangled states with total three-party
correlation for continuous variables [J]. Phys Rev A, 2008, 78
(1) 013828.

20 Zhao Yaping, Hao Shuhong. Su Xiaolong, et al.. Generation
system of continuous-variable six-partite and eight-partite star
cluster entangled states [J]. Acta Optica Sinica, 2012, 32(6):
0627002.

e A SN 1Y /P Uty AN S (= e AN o AN K o ==
Cluster 19 5563 77 A R (1] Jb2 4. 2012, 32(6):
0627002.

21 Guo Ruixiang, Jia Xiaojun, Xie Changde. et al.. Compact
nonclassical light source-squeezer [ J]. Acta Physica Sinica,
2002, 51(6): 1262—1267.

ST, RS, R, & SRk R RS L]
#2002, 51(6): 1262—1267.

22 B Boulanger, J Feve, Y Guillien. Thermo-optical effect and

8]

saturation of nonlinear absorption induced by gray tracking in a
532-nm-pumped KTP optical parametric oscillator [J]. Opt Lett,
2000, 25(7) . 484—486.

23 D W Anthon, C D Crowder. Wavelength dependent phase
matching in KTP [J]. Appl Opt, 1988, 27(13): 2650—2652.
24 ] Zhang, K C Peng. Quantum teleportation and dense coding by
means of bright amplitude-squeezed light and direct measurement

of a Bell state [J]. Phys Rev A, 2000, 62(6): 064302.

25 T Eberle, S Steinlechner, ] Bauchrowitz, e «l.. Quantum
enhancement of the zero-area Sagnac interferometer topology for
gravitational wave detection [ J]. Phys Rev Lett, 2010, 104(25):
251102.

26 Jia Xiaojun, Duan Zhiyuan, Yan Zhihui. Dependence of
continuous variable entanglement enhancement on experimental
parameters [ J]. Acta Optica Sinica, 2013, 33(2): 0227001.
BIMER, Beail, FRME. % 25 A0 o 2 40 1Y 5 X S5 S ik 0 AR
KR, Sogagdf, 2013, 33(2): 0227001,

=ERE: £ #K

0327001-5



