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Fig. 1. Schematic diagram of four-mode entangled states generated by cascading three four-wave mixing processes with asymmetric

structure. apy1, apre and apgg are seed beams of FWMI1, FWM2 and FWMS3, respectively. ayi, ave and ay3 are vacuum input

modes. aci, acz, acs and apy are the final four output modes. Pumpl, pump2 and pump3 denote the pump light of three four-

wave mixing processes. LO denotes the local oscillator for balanced homodyne detection (HD).
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Fig. 2. The covariance matrix of the four-mode state in the case of G1 = G2 = G3 = 1.2: (a) The covariance of amplitude quad-

ratures (X; X 3); (b) the covariance of phase quadratures <17137]>
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Fig. 3. The smallest symplectic eigenvalues of four-mode
state for different gains. Bar chart with different colors rep-
resent the smallest symplectic eigenvalues at gains of 1.2,

1.5 and 1.8, respectively.

W25 B X HLBAT 13 DI D 2 R v -5 T SR MR
FRIRIER > (70 Ak B T3 2 R0 1 9 TE SRR 6388 53 A1 IE
SEHRMEFR I RAML ), BePEsR S 4E G 1.2, 1.5
'8, 735 %%UZMF{E%HXTT”E’JZMH‘JEZZHIEI 4 fiy
IR BRI RS AR AT 734, e 28 2 Bk D i TR
i R 7 AR Y @*%?HTJQ\TU£15TJ~JW/I\$1‘%E
ST 2 BT LN R AR 28 A5 [R] i
KA A REE R LT 45 G AR K, X

R 2N FEHE O (AT R B SR I 4 G E’J

(a) Supermode 1 (6.7 dB)

—
T
=

Supermode 2 (0 dB)

0.7F 0.8 F
0.6 | 0.6
£ 05 £ 04}
o 0.4F o 0.2
2 03 ) 0F _ _
= o2} o2} [I]
0.1} —0.4F
0 — —0.6
(e) Supermode 1 (10.6 dB) (f) Supermode 2 (0 dB)
0.7F 0.8F (B
0.6 0.6}
= 051 2 04}t
&0 0.4F &gt
Q 0.3 1 4 ok
3 0.2 F 3 —0.(2) i |0
0.1p —04Ft
0 i
(1) Supermode 1 (33 dB)  (j) Supermode 2 (0 dB)
1.0 I ot [
2 o000 £ —af
& 0.6 o
< o — r
z oar 2 ol
. |
oL_Imr3 k| —8t
B4 X T A [R] 5

1.2, 1.5 Fil 8 I B AR AL 73 i 155 L

—~
[g]
~

D Weight

Weight

—
=
N2

Weight

SEIN, s A5 RIS e i 45 P Y @ Al @co 78 DY AR
Hh o RO A AR AR, A5 AR AR B A B 24 9

MR /N, 308 T RGO AEXTFREE ) S 200
3 HE T BRI A A

R A TR BHOAREEGEIR, A
DO A 7 PLE AU B, o B R AR T
{7 AL B FH 40038 4 B BB S PR A - RS e
HAT AR P A 2 DR R 1 R o 4 M 1) 22 A 2 4
&, MR TR R E G MR 205, 5
T B AR W T G DU PR A A A0 SR
DRI, A i i R Ly A5 A i B

%’5%@ AR EAE A OUR R T AR AR R ], 2525
SOl A g PR RSO, s
RS E LN

o, — > Vij - Ta, =0; — 0,
Hpti a, 2 iE 2B EEAS TR, a2 51
azmik/‘ﬁlﬂﬁﬂﬁ*ﬁﬂf/ﬁfﬁﬁ’]@?ﬁ*%j‘ 124V O IA
WS EEA AR R I, R 2 th B AEAEEPIoTR
R FRFE R, AE TR KR LS S RAETE K

Supermode 3 (0 dB) (d)

3)

Supermode 4 (—6.7 dB)

08 06}
0.4} = 04}
0-(2) - 202
it )7 et (MR
—-0.4F e
—0.6 E —04¢t
Supermode 3 (0 dB) (h) Supermode 4 (—10.6 dB)
0.6 0.6
0.4 = 0.4}
02f ® 0.2f
- 5] ot
i} Foll
—04r —04f
—0.6 b .
Supermode 3 (0 dB) 1) Supermode 4 (—33 dB)
o0 1M |
0r %D 0.5
—1F K] OF 1= |‘ I |
72 I g _0.5 I ’ m ‘
-3 1.0k

a5 G, FE TG DU I TR A R A 0 O ] 2 28 1) A IR AR K AR T B9 P 44 L. W P& b ) ST A 20 T 3R
A e, Gea, Ges F Gprg AN AL, 1B TH 10 B AR IESR (B B (a)—

(d), I (e)—(h) FIFE (1)— (1) 73 0F L5 BE 3 55 G ol

Fig. 4. The supermodes of the four-mode entangled state generated based on the cascade four-wave mixing process and their corres-

ponding squeezing levels for different gain values G. The bars represent the relative weight of the modes ac1, acs, acs and apyy , re-

spectively. The number above the figure represents the squeezing levels. Figures (a)—(d), Figures (e)—(h) and Figures (i)—(1) corres-

pond to the eigenmode decomposition when the gain values G are 1.2, 1.5 and 8, respectively.
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Fig. 5. The structure diagram and corresponding adjacency matrix of four-mode linear, T-type, and square cluster states.
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AR DR TR AR 2R 8 A b 1 2 28 28538 2o e Ak s Ak 2
153, [FIEHBFSE T A [R5 BE 1S 45 B (% Nullifiers {H,
SERPNIESR 1P X TR RS £ BN, AN [R5
JEE 48 25 P AR A 4 4R B e A (B A5 Nullifiers

—0.307  0.223
0.6157  0.785
—0.6386 0.464 |’
0.344  —0.343
0 0
0 0
—0.52 4 0.85i 0
0 —0.87 4 0.49i

\
BT 22/ VT 1, MRS A5 o 1.5 F 1.8 1), AN
3 (13) X—(15) XM 22L& 539 {3.04,
3.12, 2.42}H1{2.58, 2.97, 2.09}, Nullifiers ) J5 22

HEHR/NT 4, 1 & van Loock-Furusawa F 4.
R 7 Al AT ABIFY T- ARy RS 1 AR

HAF O, W L 2w PURE T- RIS R S5
V(Ya, — %a,) +V (Ya, — Ta, — Tay — Ta,) < 4, (16)
V (Ya, — Ta, — Tay — Ta,) + V (U, — Tay) <4, (17)
\4 (@\53 - 3:\?iz) +V (:’784 - '/fﬁz) <4. (18)

T-RIFEAS R BOR AR BR A {2, 4, 2, 2}, H—fb)5
i) Nullifiers Jr 220155 2 Frdl]. MsmpEiizsh 1.2, 1.5
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1.8 B, ANEER (16) X—(18) =AM 7 24 &
Iy A {2.42, 2.5, 1.96}, {1.76, 1.84, 1.6} F1{1.52,
1.52, 1.44}, Nullifiers i 7 224 &8/ T 4, W5 2
van Loock-Furusawa F 4. T /& 1% 22745 & PU R 7
RIS SN

V(/y\ﬁl - /.’1?\’(;2 - 354) +V(/y\52 - /x\al - /w\as) <4, (19)

V(f/\aQ - Ei.\al - E/a\e,) +V(Aa3 - :/faz - §a4) < 4a (20)

V(Z//\Es - '%52 - 53\34) +V(§/\E4 - 5??1\1 - i"\63) <4 (21)
77 RIS RO HORE R A B (3, 3, 3, 3}, IH—fbm
1 Nullifiers J7 22 4038 3 Frdl). Yo E s h 1.2,
1.5 Al 1.8 if, A& (19) - (21) R AEMT5 221
HEIA{2.7,2.7,2.1}, {1.65, 1.65, 1.86} F1{2.34,

F 1 XTSI ok B8 AR, AL A S
Nullifier FJIH—1L )72

Table 1. Normalized variances of the four-mode
linear cluster state nullifiers for different intensity

gains.

Nullifier Nullifier Nullifier Nullifier
1 2 3 4

Gi=G2=G3=12 0.59 0.62 0.59 0.69

R

G =G2=G3 =15 0.68 0.56 0.48 0.49
Gy =G2=G3=18 051 0.52 0.47 0.34
G1=G2=G3=3 059 2.14 0.68 5.6

£ 2 X TORNIE RN RS, AR T-REA
Nullifier fiyIH—f£J5 2

Table 2.  Normalized variances of the four-mode T-
type cluster state nullifiers for different intensity

gains.
TR 2% Nullifier Nullifier Nullifier Nullifier
1 2 3 4
Gi=Ga2=G3 =12 047 0.37 0.51 0.47
Gi1=G2=G3 =15 0.36 0.26 0.4 0.4

Gr=G2=G3=18 0.34 0.21 0.34 0.38
Gi=G2=G3=3 263 0.56 0.56 3.79

=

£ 3 X TR R B G £, DUy AL S
Nullifier BJIH—1k )5 2%

Table 3. Normalized variances of the four-mode
square cluster state nullifiers for different intensity

gains.

Nullifier Nullifier Nullifier Nullifier
1 2 3 4

Gy =G2=G3=12 0.36 0.54 0.36 0.34
Gy =G2=G3=15 0.24 0.31 0.24 0.38
G =G2=G3=18 0.8 0.20 0.38 0.64

I

Gi1=G2=G3=3 087 0.51 4.67 4.38

1.74, 3.06}, Nullifiers [ 77 2 5 # /N T 4, W 2
van Loock-Furusawa J §i. 4% 5% 3 B 245 i 14 25
BUNEE, XA R SR EE G 5, AR S5 H i A Y
AT AR ZIAH R P DE AR PR e A A . X R
LTIV I TR AT R AR B DA 2] i 2, ] LAGE
TR G 3 WRR 5 RN i A BRAS B = RO R 45
Fa AR . AR N i B 1 2R B KT, By FH I ik
R XEFR 2 e 0 A A8 4R B A Nullifiersfy 15 —4k 77
Z/NF L, SRR 1 3R 2 Mk 3 R E —AT
7R X 5 AR XK A G PO TR A 2R G v AR
G AT O, 58 B3 25 AR KB Gy A Qo 76 IU ™ 4
A 5 B AR XA E B ETAS /NI T 0, Gcs Fl Gprs
FYAHRA G Z W2 RO E T 1, X EookEt s
b PR AR

4 % i

AR T B VU I TR 2R 5 7 A DU AR 2
WA ZE, TR AR AR O RO R RS S
POBE IRl T N i 0y S = el DaE b e 2
B IE 2 FN SRR 2 Z 0T DA™ A ELOE ) PO AsE 24 2
. BRJG AT DU 2 S AR, ke IR R e ]
SRR AR A S S . B T
ANFSR a5 N R TRk A A RS, IF
FIH van Loock-Furusawa JJ& J W 8 44 i) 526
SRR AR RWITE R I 25 50/, AT DL E A
AU T-HUR7 B ZE R B DURL RS, SR EEHE 25 R K
ik R et o () SRS 8 A 5 M A AR DU 3
I F 0 PO i IR A R E A AR R S5 RS 1 £
g+ M4 SRt AR E S AT
FELETSAE R H.

S 30k
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Abstract

As a crucial quantum resource for quantum computing and quantum information processing, cluster state

has attracted extensive attention due to its unique entanglement properties and rich structures. In this work, we

theoretically propose a scheme for generating four-mode entangled states based on cascaded four-wave mixing

(FWM) process. The internal entanglement characteristics are studied by using the positivity under partial

transposition criterion and eigenmode decomposition. In addition, the output entangled states are reconstructed

and optimized by adjusting the relative phase of balanced homodyne detection and postprocessing the signal

noise, and finally three four-mode cluster states with different structures are generated. Such a method can

effectively reduce the excess noise induced by finite squeezing. Our theoretical results provide a reliable way of

generating scalable continuous variable cluster states based on FWM process in atomic ensemble.

Keywords: four-wave mixing, eigenmode, cluster states
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