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Fig. 1. Schematic diagram of the photonic hyper-controlled-not gate for the polarization and spatial-mode

degrees of freedom (DOFs).

B, AT L T AR R AR AL B B
# 17 Hadamard #: 1E, 6 TAWME TS EHAL N
[P o = (4|R) + ab|L))a(vilar) + ~5laz)), A

1 1
a) = E(al + o), ay = E(al —az), 1 =
1

1 s
E(% +72), 12 = E(% —y). BEJE, BATEE
T A UGEE CPBSy, Uy, QD,, Uy #1CPBS, (4
K1 HR). B QDy T B g eq MDGT A 4R
MEERENETEH | pac, o AN [pac,)1-
Hor

[Pac)o = —=(I 1)+ 1)e (@1 |R) + @5]L))a

Sl
A[\D

® (y1la1) +vslaz)),
[PAes )1 \[{71 [ Dey (@|L) + 5| R))a

+ [ Des (1| R) + 5| L))a)] |az)

+ 5[] Des (@1 R) + 5| L)) a

+ [ e (@4]L) + ab|R))a)]lar) }. (2)
FEO6 T Al CPBS, J&, FATEs 7 Ak i i
QD,, X, CPBS3, Zy f1Zy (W 1F77R). HEF
ALK QDq A QDo H I LT H JiE eq e 4 B

HERGMETEH [acie)1 LN [0ac,e,)2-
Hp

|Pacies)1 = 7(|T>+|¢>)e2|¢Ae1>
1
2

[Paciea)2 = 5 [| Der (1] R) + @5|L))a

+ [ Le, (a5 R) + af[L))a)]
® [ Thes (2lar) + ilaz))
— | Dex(ilar) +3laz))].  (3)
BUAE, AR BN T VU LLRs 2 G4 AR T T 1E A 45
B AT EHIE ey Aleg NEEHIE T LLEE, BT A
(07 (LRI AR AR B EH EE DA B bR &1 LU
IR, X HJiE e M eq 34T Hadamard #:4E

1 1
1) = Z5U0+ 10, 14 = 2= = 1)),

ALk F B kil i CPBSy, Uy, QDq, U,
CPBSs, QDs, X, CPBS3, Z; f1Zy (W1FE 1 Fi7R).
HGCTFAFBRUL LT HEe Mes HIHIE A F
SR TAH [0aBe,es )2 TN [PaBe e, )3 T,
|80AB6162>2
= |PAeses)2(B1|R) + B2|L))B(01]b1) + d2|b2)),

|¢AB61€2 >3

= L Descn(1B) + [ENA(BIE) + Bl L))o

+ | Deaa(|R) — |L))a(Ba| R) + B1|L))s]

® [ = Mesr2(lar) — [az))(d2]b1) + d1]b2))

+ | Deami(lar) +laz))(d11b1) + 02[b2))].  (4)

B, BATRET A B2 A AR AL B R B &
HLT g eq e FRIREAT Hadamard #4F, & &
25 ABeyes PR T AN |0aBe,ep)a. FH,

|9ABeses)4
= {1 es [ BAGUR) + BolL)s

+ as|L)a(B2|R) + B1|L))8]

+ | Dey [a|R)A(B1IR) + B2|L))B

— az|L)A(B2|R) + Ai|L))s] }

@ {1 1)ex [nla1)(61]b1) + 62 ]b2))

— Y2laz)(02[b1) + d1]b2))]

— | ez [11]a1) (81[01) + b2 b2))

+ 2laz)(2lbn) + 81[b2))] }- (5)
FEIESZHER A 1), 1)} FIERTHIE e M ey, I
MR & 45 SRR 1 A BEAT B LU O BHRAE T, 3R
ATTHE 8 15 30 725 18] A A0 8 JF AT B il 4R 1T AR

IR, KT S, T e ey (R TN
| Lers R T ABEFRRALIRAE |L) s — —|L)a; &0

160303-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 16 (2015) 160303

RETHEe: FIETEN| e, XIGT AT
[ ARAE |a2) — —|a2). 6T RGABHIREN
lpan) = [c1|R)A(B1|R) + B2|L))n

+az|L)a(Ba|R) + A1|L))s]

® [y1]a1)(01[b1) + 82[b2))

+ Y2laz)(d2]b1) + 01 [ba))]. (6)
(6) 2R 90+ 2% 8] -FR AL B B BE R IR AT & 1%
BTV I EE S, Forbe 7 A I 2 AR AR AL A
i T LR, DT B A R BRI AL B AR
[ ala

2.2 ZT[E-RCFEBITHEIHE]

e @EEH AR TR T A EH B EERN
il &1 Loy, MR A4 — B HEENE
b LURR, XEXOGF P> BB B2 [R] I AT 45 )
ETTHRAE. PR R G 22 B8 -NV-center 5 4t X% 5]
PR AT S, FRATTRE B8 Ha) it 2 A 8 45 1) FE
181 XUk 2 i -N'V-center £ 4t 5% & f 35 e 1)
ST 5 355 Sy (8]

1) — |L* —1),
1) — |RT,—1),
1) — —|RY, -1),
1) — —|LT,-1),

|IRT,+1) — —|RT,+1),
|LY, +1) — —|L%, +1),
|RY,+1) — |LT,+1),

|LT, +1) — |RY, +1),

(7)

Hodr | — 1) B |+ 1) Fon W4 NV-center (1] L H

R', —1)
L*, —1)
RY, 1)
LT —1)

k1

——

k1

U
. 5 CPBS;  CPBS; s )
k2 M L 152
CPBS;3
o~
>
1O ! .
NV
X - 7
. Zy == .
Jk1 Jk1
Jk2 Jk2

2 T A AR A A AT B TR RIAE]
Sz (8]
Fig. 2. Schematic diagram of the photonic hybrid
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Fig. 4. Schematic diagram of the polarization Bell
state analysis with the parity-check QND.
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Fig. 5. Schematic diagram of the spatial-mode Bell state analysis using the one-sided

cavity-quantum dot system.
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Table 1. The result of the spatial-mode Bell state analysis.
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Fig. 6. Schematic diagram of the polarization Bell

state analysis using the one-sided cavity-quantum dot

system.
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Table 2. The result of the polarization Bell state analysis.

Bl Bell 45 ik
QDy4 R
[ t) BB e {Ha, Hp} 3 {Va, V}
ly=)p® A {Ha, Vp} 3 {Va, Hp}
lp+)AE kg {Ha, Vp} 8% {Va,Hp}
lp~)AB (kg {Ha,Hp} 8 {Va, Vi, }

4 HMESENE IR

A g AlAL 5 2 P AR 2 PR 5 e A 0 R I E
TR G KR sh A BETT i, BT gk AR
(B B R . A R A T R R A oK A i
AAEIAE IR AR AH T o M g2l A Bt (1) 42
iy i 70921 i ] gtk 5 SR AR BT B K A g2
RS LR IR A T MR G MU S R4y
21951020 e b gk, A 4 R 4 el 2 IR R
A R LY G AL T 28 R K A Al 4 T 2 il
A A LN FE JRy 3k (1) Vi B M 4 s R 4 s B R R A
SRS BRI L], B s R

H 1996 4 Bennett %5 (7] $2 H 55— AN 20 R 4
SRy RPRYS M by XA DO NI G E| =B E S
B KA a2 1081 3R 2 L R B AR R IR
Ko g gl 52501 AT 38 45 B3 75 F) FH Bennett
SR Schmidt #5277 kAT M g8k 46, 2 H T
ik, Schmidt #5277 1% & AR 5N R ECE /iR R
g I ME— S22l 5. R AEZR PR R vT LAE
Ao ki 8] BT A IR 46 OGRS T 2 &
AR R AR B KR R AEZS (iR 4, FRATER R

Ko ik B 1 R 1) HAACOR F 167 5 5
AT 26 2% o it vT LAk BR A5 B, 1% 2 HiAth
T5 RICVE AL 32801 g — Rt iE ) O 50 R L
JE e K g A 4 7 72 0L BE AT DA Tk 4 B 1
FHRE N R AR o R giAs, W] DU Tik4i 2
HHE AR OB S, HARE X
WA RE, AT E L2 IR,

1996 4, Bennett 2 (31 7 H 7 55 — A2 g 4l
oY BT B AR ] 1 Werner 45 446
HE. EMIESERRK TEMETRIFEZH
Bo, fESLK A S, ST R R R T
PR #5F0 f5 e 8, 2001 4, SCHR [94] 38 H T R T4
PG 22 TOAE A G440 T7 583X T Fol 24 2 4l AL, 7
SR B T AR IR M P20 JT V. 2002 4, SCHER
[95] & T 2T 2 & F # 4§ (parametric down-
conversion, PDC) B4t 77 . X2 — T
B S = W A g a4k 7, & —FRiR
SEH M gEAif T HERE R, © R e T —
A, ANl I B AR B 7 VEAN W4 i P 7 A A
HIPREEE. 2008 4, SCHR [96] FI FH JE 2614 v /R A i
FEH T ATk TS H PDC R B ga2lifh 77 3%,
MR ER EF, mT DL 2 SRR Al A A Wi de = i 5
Y JEAS B PR L RE, B30 2 R B A R oK
2010 4, SCHR [97) HE— 2B 52 1 1 24 4l Ak 1R A
o A T B A e Y A R —— b A
WAL TR, PP A gAY T BRI TR —
ERIBET RGAR B i E 8 Y i F, ik
G| gaife Ty Rl E R HA R RS E T REH
— H B [ A g e 10500 RS EF,
JE MY AIAL AT LA 100% 45 200 1B A6 B B EE IR i
KGR, Mt m M gaith 7 % Ree s BT 4E 4 it
S5 AR F i AR Al A I R AN B 2 v ] A 1 IR
FLPE. STHR [98—100] #2 th 1) — 5 iy s 2 g 4l A )7
R — DG T M gEai i se i Bk, AR B
Aot outt, MR EgimT BL100% Hifs 20561
WAk B HH FE B RN RS, ok 1 AR ] i aliAb A
Gy Rl AR SR A A S TR 1 A R

SF 5 H PDC IR A g 2lifk Jy 58 195961 A i
BRI T B AR -7 TR ) ER R A S Al A
TR EIRAL B A RS, BAR— D i e A g4l
W7 R R T — B BB R A g 051000 {H
S s A gLl T AR A B TR A g s 7.
A A DU F @& m A RN E T P4k e )

160303-8


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 16 (2015) 160303

A 5% T I HE e 7l M 2% (HRAEE T IR
S AAE A R o R 2 S 2 52 B PR SR IR 7S A R
KRBT, SRR K, I T
MWAE A A PR Y S A 2 P AU R P
AT P kAR h 2N Y R G Al K PR ROTE.
2013 £F, SCHR [13] 32 1 55 — A #l Al -2 RIS o g
e RE 21 AR 4 T ik, SCRR [16] 3R U T A
A gty 5. BT/ BRI RS B R
NG, AR TR NVE AT, A AR A L A
— B 2GR G AR 2 D91, R R A R
R A AW b O, BIH ATV IE, K
TN TTAE, R 7 —— AR RS
g7 % U 2014 4F, SCHR [14] S T BT R
TG M EATT . AET R E b
ozl g aifl, fER A gEai el R b, BEmT DAAS 2
TRICEZROT E i B A s, thm] DUAS 3 e RO
M E AR (51— B R T AR R
%), MR TEEHITE, 7T s 2 g aife 7
ESiEVESE)

XHL JAT BT LA 2] 2k
477 5% US) R TR A 5 B A0 e A g stk 7y

% (14,

4.1 ETEHREDEZBUERGES R

BT RH BNE R gk 45 5 AR EL
ABH AR R I M 9 T R G I Bt IR 4
22 180 3 — b 3 5 2R M 2 U A A ik
GEE TV, BEIE T R ik gE, SOE T
Z H o AR A, B R Rk B sl
S . AEJT R, W15 XU Alice f1Bob W 77
I FH 26 M 2 0 o 3 4 B 21 28 Bell 25 1) R 0
1T E ek BE S 13 BB B A1 48 Bell 45, #5408 21 4
Bell 552 XN

|po)aB = (a|HH) + BIVV))aB
® (v[a1b1) + dlazbs)), (20)

Horr, NAR AN B RIS JE TR T AR W5 Alice
A Bob I IE T o, B, v AT A2 DA CRISEHL,
EATHRRI o> + B2 = 7>+ [6]> = 1.

BT R Hr BN A 9 Bell 25 WK 4 77 S 1
JEER G 7 (a) FTow, Alice R EX 7 A B A5 1A
ABAL B AT R 3k L 1B AF, Bob AN 224
Jo ¥ BREATAE M L LA, Hh, UBS KR &

RECAR = /6 B 4, BT 73 KA (un-
balanced beam splitter); Ry N Fv, ‘& IFE R
FeF KRR IT I EFE 6 = arccos(B/a)[|H) —
cosO|H) + sin0|V)]; D; (i = 1,2,3) NS TERM
#. B 7(b) N UBS EHE, wi1E M2 iH% UBS
R 2R3 T, RATUL |oof > 8] AT |y| < |6] )
175 100 R 4511 R it B 58 0 )3 R M R 4 T SR 1)
YRR,

al Dy
PBS: R, PBS;
i [ %
o I e ESh o
PBS;

PBS,
o “ g )y N DL a2
2 N O I

[

PBS, R PBSg

as D,
D3

UBS

(b)

7 (a) BT REDFNEAGE A E Bell 259487 5 R
K; (b) UBS JE# [

Fig. 7. (a) Schematic diagram of hyperentanglement
concentration protocol (hyper-ECP) for the partially
hyperentangled Bell state with the parameter-splitting
method; (b) schematic diagram of UBS.
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Fig. 8. Schematic diagram of the hyper-ECP for the

partially hyperentangled Bell state with the Schmidt-

projection method.
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Fig. 9. (a) Schematic diagram of the quantum-state-
joining method; (b) schematic diagram of the quantum

swap gate for a photon.
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Fig. 10. (a) Schematic diagram of the polarization-
spatial mode parity-check QND; (b) schematic dia-
gram of Hpg.
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Fig. 11. Schematic diagram of the two-step hyper-

entanglement purification protocol.
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Abstract

Photon system is a promising candidate for quantum information processing, and it can be used to achieve some
important tasks with the interaction between a photon and an atom (or a artificial atom), such as the transmission of
secret information, the storage of quantum states, and parallel quantum computing. Several degrees of freedom (DOFs)
of a photon system can be used to carry information in the realization of quantum information processing, such as the
polarization, spatial-mode, orbit-angular-momentum, time-bin, and frequency DOFs. A hyperparallel quantum com-
puter can implement the quantum operations on several DOFs of a quantum system simultaneously, which reduces the
operation time and the resources consumed in quantum information processing. The hyperparallel quantum operations
are more robust against the photonic dissipation noise than the quantum computing in one DOF of a photon system.
Hyperentanglement, defined as the entanglement in several DOFs of a quantum system, can improve the channel capacity
and the security of long-distance quantum communication, and it can also be conductive to completing some important
tasks in quantum communication. Hyperentangled Bell-state analysis is used to completely distinguish the 16 hyper-
entangled Bell states, which is very useful in high-capacity quantum communication protocols and quantum repeaters.
In order to depress the effect of noises in quantum channel, hyperentanglement concentration and hyperentanglement
purification are required to improve the entanglement of the quantum systems in long-distance quantum communication,
which is also very useful in high-capacity quantum repeaters. Hyperentanglement concentration is used to distill several
nonlocal photon systems in a maximally hyperentangled state from those in a partially hyperentangled pure state, and
hyperentanglement purification is used to distill several nonlocal photon systems in a high-fidelity hyperentangled state
from those in a mixed hyperentangled state with less entanglement. In this reviewing article, we review some new
applications of photon systems with multiple DOFs in quantum information processing, including hyperparallel photonic
quantum computation, hyperentangled-Bell-state analysis, hyperentanglement concentration, and hyperentanglement

purification.

Keywords: hyperparallel quantum computation, hyperentangled-state analysis, hyperentanglement

concentration, hyperentanglement purification
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