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Generation of Quantum Correlated Photon Pairs by Using
Third-Order Nonlinearity in Optical Fibers

Zhu Shengjie, Cui Liang, Li Xiaoying
College of Precision Instrument and Opto-Electronics Engineering, Key Laboratory of Opto-Electronics

Information Technology, Ministry of Education, Tianjin University, Tianjin 300072, China

Abstract The third-order nonlinear effect in optical fiber can be used to prepare a variety of quantum states, which
provides an effective tool for the study of quantum information. Because of the long interacting length and low
transmission loss, the waveguide structure of optical fibers can significantly enhance the nonlinear effects. On the
other hand, the quantum states originate from the waveguide have a well-defined pure spatial mode, which is helpful
for the collection and manipulation of the quantum states. Moreover, the commercially available fiber components
are mature, effective, and low-priced. Therefore, there is a prospect of developing all fiber quantum light sources,
which are not only miniaturized and low-cost, but also compatible with the optical fiber network. In this paper, we
review the generation of quantum correlated photon pairs in different kinds of optical fibers, including the photon
pairs in different wavelength bands and with different spectral properties, and entangled photon pairs in different
degrees of {reedoms.
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Fig. 1 Four-wave mixing in optical fibers.

(a) Schematic of spontaneous four-wave mixing process in optical fiber;

(b) calculation results of phase matching wavelength of four-wave mixing in photonic crystal fiber with zero

dispersion wavelength A, of 1062 nm; (c¢) Raman scattering gain spectrum in fused quartz (solid line and dotted line

represent Raman scattering gain parallel and perpendicular to pump polarization, respectively) ™
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Fig. 2 Schematic of joint spectral function of photon pairs in different situations. (a) Positive frequency correlation;

(b) inverse frequency correlation; (c) no frequency correlation
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Fig. 3 Experimental apparatus and measurements for preparing correlated photon pairs. (a) Schematic of experimental

apparatus for preparing correlated photon pairs using straight optical fiber; (b) schematic of experimental apparatus

for preparing correlated photon pairs using Sagnac fiber ring structure; (c) variation trend of experimental

coincidence counting rate and random coincidence counting rate with single channel photon counting rate
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(d) variation curves of CAR with pump peak power at different fiber temperatures-""-

2005 4F, Takesue 25D A B AL B OGLF R I 2=
77 K AT B AP = O B 5 B N 2R LT
(29 1/3~1/4, 56 F X 77 HE 3 N ey 290 B ik i
0. 02 X, M 45 () CAR 24K 30, 2008 4E. Dyer
DY ORI R R R 4 KL T
Y4 R 2B A LPLZ 6T 96 F X 42 3N ey
23R Bk 0. 0001 XFBE, AR A CAR 2524 1300,
K 3(D R TAFRE T CAR B 5 3 4 (4 T #1
AR F AT LA BRI B 0T = CARGTE
—E MR T CAR 55 5 Wl D) 56 A7 ¢, 1) HAFAE
— M UE(E . CAR 7 7E W (R J5L P« 2 2 1 0 {1 2 6
AR IS O F 5 72 A R N ey L BE 2 B A BARAE
PR LT SBEE N sewu FIFEAL, CAR W] #43E JC 55
O AE R P ' 1 1 52 e A0SR Oy 1 LA A S ] L
F /N CAR, TG Bl — A~ 064

I A UL B G 27 LA b B 10 Y O 21 18 15 7

PR T 52 B EL A R A Y R Dk B R RO T X
P R L RS Y LT A L I R N O 3 Y A A7 DT
Fie 320 7] LAAE 6 T A O6 25 5% sl b o BB 270 4%
LR S, R B R A & O K B A, T
7 A T A TR I B 1 SC B % %, G m] L U B R
1.3 pm BBAE . AN R B 6 7 X 8 78
TR R A i 2% 45 0 T B & 1 LS TRt
Al R T B AN BT S R R 7R R,
3.2 SMEKXKIZHEACCE

IR T AR TR 1Y) U YR AH 437 DG JiE 22 7 G T b A
FELF KU S G LT LA B e 4 e £F 25 R iR G 47 v 52 B
2005 4F, Rarity % 3T/ 3 a) 1 G 454, F
AR R 1047 nm (93 28 06 O 7 M AROLLF, =
AT IR 5K 839 nm Al 1392 nm B BXOL T
XF o XL Y A8 ARG 2 KT 70 THz, HARCHE
TR T B 1) B P78 1 35 XL (H R E LR R

0327011-5



E 425 F3H/2022 F 2 B/RFFIR

TR G Y W T SR AR, 3K 23 1 AR OGO - X 1 7 AR
R, H 5 w5 B B = WU 1 A S Ak TR
— B, R = MR O Y R e AT AR A
Bt J55 » Fulconis %55 FiFH H0 i K Ry 708 nm ., ik 58
4 ps BIBKMOCROE T RAAOGE A T R R
W0 2928 87 THz BRBGF X . B TRk b5
T T 36 8, SC IO 1 X6 9 7= 2R SRR B h 2
617 A R R 3 1 v e R O T R
M JLF 0] DL ZE AT, 26 F X 4 Ngwu 2
SRk ol 0. 02 XFIE L AR CAR 28 48, X B2
JCMEFE S T i BRARE . &1 4 Ca) T i B A S
Hik [ 36 0 75 AN [] Z 0 oy %6 2% 4 M AF 6 1 HEOCR B
L X2 I XA GOR B Ot O 2R
o A . B 4 ] LR LA T EORBE R

2009 4F, Smith %7 F HIARME XU 56 45 Hh i
TEAZ DU IR A, 77 A T e B O 1) 5 2 Ot T LAY G
I 0T S50 v A 2R T G R G B T X 38 46 1 AT
LG B MR K% Q 29 33 THz, 2013 4F, Cui
A5OSR FH — MR FR s oA B O 2 A R A R A K
K15 em EHARZIHN 0.9 pm BIBAGE 7 A T ok
K43 514 1310 nm 1 851 nm A5 5 F PR J 56 O
FXE AR Q AR 62 THz, 4 (b) h X
k38 TIN5 i A5 A 1T B0R L e CAR Bl 7R 1 2 R 1
AL R AR E AT 5. W 4(b) Al L E
B 6T R E A Ngewn 298 B ik 0,005 X
mFL A3 CAR 2520 530, ZF| &2t Fry s
M, CAR 5 FAR(E i A 2500 . A& ot e
SRV it 38 o 24 AR i 3 B bR o SRR T R I

T 21 25 00 15 i 28 A5 B2 R R HEAT R R R A A
- (@ (b)
5x10° 4 / ﬁ
/m L 6| = Coincidence
3.0x10° o / 3 » o Accidental "
’ < 84 coincidence
T 2.5x10° o 4 25
KA 4 =3 2 [ [
) , ’ g
2 2.0x10° ’ £ "
- o 0 - " n o
= A © 2 4 6 8 10
2 15x10° o ’ 600
3 4 .
2 1.0x10° S 4001  smp Sealed MNF o
° ’ x [ — |
o » <
5.0x10° | o © 200}
/. *
0.0 = ”:‘ T T T T T 0 L > * L ¢ L e
0.0 01 0.2 03 0.4 05 06 0 2 4 6 8 10

Pump power P (mW)

Pump power P (mW)

B4 BT A RN RI T . (T HRICEF T A 6 ST T XF 6065 A P B 20 ¢ 1 2 L P
T AP F TP 5 () B £F T 7 A 1 ST X1 46 HC% A CAR S8 0 9 5 92 1 4 P By
O

Fig. 4 Relationship between correlated photon pairs and pump power. (a) Coincidence count rate of correlated photon pairs

from photonic crystal fiber as function of average pump power, illustrated shows cross section of photonic crystal

fiber® ; (b) coincidence count rate and CAR of correlated photon pairs from micro/nano-fiber as functions of

average pump power, illustration shows micro/nano fiber structure
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Table 1 Comparison of properties for generating correlated photon pairs using different fibers
Parameter Dispersion shifted fiber Photonic crystal fiber Micro/nano-fiber Birefringent fiber

Type of phase matching Small detuning
Polarization of

. Same as the pump
correlated photon pairs

Tens to hundreds
Effective fiber length ens 1o hundreds

of meters
Splicing loss with
' plicing Os's wi <o.1
single mode fiber /dB
Transmission loss
~0.2

@1550 nm /(dB * km™ ")

Wavelength band of _
. 1550 nm telecom band
correlated photon pairs

L

Same as the pump

Tens of centimeters

Visible band to

telecom band

arge detuning Large detuning Large detuning

Orthogonal to
Same as the pump
the pump

Tens of centimeters Tens of centimeters

Depending on

0.1-0.6 homogeneity of 0.1-0.6
taper region
<1.5 <2.6 <1.0

Visible band to

telecom band

Visible band

. . . . High-order High-order High-order
Main origin of noise Raman scattering . . .
Raman scattering Raman scattering Raman scattering
Typical core diameter /pm ~7 1-4 1-4 1-9
rear =30 @ rear =48 @ 7car = 530 7ear = 130
Typical CAR N spwm = N spwm = N spwm = N gpwm =
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(a) Theoretical calculation results of spectrum of
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sources measured experimentally
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(¢) schematic of polarization entangled photons produced by optical fiber ring directional pumping structure™" ;

(d) variation curves of coincidence counting rate of Fig. (¢) with angle between polarizers™"
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