Jobogdootdboggod
oottt tdbootdbod
Jubogdootdbootd

oo od

2006 0 O






Jooooboboo

O0000000000000000000000000 (CSs)ocoooooo
gogobobobbobbbbbbobbbbbuoogbbbobobbbbbbbbo
OO0000O0DO0O00O0bO0bbOO0DO0b0obOobooboobooogoocesson
gooobobobbbbbbbbbduguuuuuouoooooooobobo
OO000O00O0000Db0bO0obOobOobOobDOoboboobOo2000CSS000
gogobobobbobbbbobbbbbbbbbbbbboooooooobbo
gogbbbtbouodouodudouoooooooboboboooobbbboo
cssubooboboboboooooboobooooobooboboboboooonoog
OO0000O0bO0bO0o0o0o0obOoboooDobOoboocessooboooooboo
gooobbobbbbbbbbbooooogbbobbobouoooououugg
OO00000D000O KNbO;OOODODODOOOOOo0oOobOobobobooboo
KNbO; OO ODOODOO0OO0O0OKTiorPO, 00000000000 OO0OO0OO
gobobboooggobobooooooon

glddddodobooooooooooooooobbbbboboobooobo
ooooocosstboboobooooooooooooobobobooboooonooon
gbooboogobbobuoogoboobogogoooo

g200d0bogboboooboogbooobboobbos3sboogbn4
gogoobobbobbbbbbbbodoodooooooobbobbbbbo
goo

0300002000 CSSOO0000D00000DbDODOoOOoOOoOobOOoDO
gogobobbbbbbbboboouooduguudouoooooooobobn
gbooboooooboobooooan

D4000000000000000O000OO00OOCSSOODbOO0bOoboOoOn
OO000b0obO0o00obO0obO0ob0obobooooboooooo essgbooon
gbobboooobbbodago

O50000000KNDO;000000DOO0O0DO KTioPO,O00D0OODOODO
gbobbbouogoobbboooobbooobobbuooobbbouooogbo
gobbbuogoobobooooobobbooooobboooooobooon

gebbbuoooouoodobbbouooobbbuooobbbodgo






010
1.1
1.2

1.3

1.4

1.5

1.6

1.7

1.8

0o 1
00000000000 .. 000000 3
000000 (quantum information processing) . . . . . . . . ... 4
121 DOO0OO0OO0OOO (QKD: quantum key distribution) . . . . . 4
1.22 DO0O0O0OOOOOOO (quantum teleportation) . . . . . . 6
1.23 D0OO0O00 (quantum computation) . . . . . . ... ... ... 7
00000000000 ... 000 9
130 QKD o oo oo 9
1.3.2 00000000000 ... oo o .. 9
1.3.3 0000 . .00 e 10
I I I 0 10
VAT QKD o oo 10
1.42 00000000000 ... .. 11
1.43 O000 . . .0 e e 11
144 0OD0000O00O0O0O0OO0O0OO0OOOO0O0O0 ©... .. 12
145 0ODO0O00OO0OoOUooooOoooooon o0 oL 13
godoooooooooooooog o oo s L 14
151 ODO0O00O0ooooooooooooog ... 14
1.5.2 0000000000 0OO0O0000 ... ... 0. .. 15
0000000000000 (CSS) « v v v v v v v v v i i i 15
1.6.1 CSSODOO ... e 15
1.6.2 CSSOODO: Schrodinger O OODOO0OO ... o0 0oL . 16
CSSOODOOOOnnm .. e e e e 16
1.7.1 CSSO00000 ... .0 e e e 16
1.7.2 CSSO0O0O00O00000 ... e 17
1.7.3 CSSO0D00O00000000O .. ... ... .. ..., 19
1.7.4 CSSOOOOO00 ... e e e 21
1.7 000000000 O0O0OO0O0O0Ooog ... ... 22
0000000 . .00 e e 22
1.81 0ODO0O0U0OOo0ooooooooooooooog ... .. 22
1.82 860nmUOOOOOOOO .. ... oo 23
1.83 6OnmUO OO0 Ooooooooooog ..o 0. .. 24

184 O0000OOOOOoOoOoooboOobooooognD Co oL 24



i

1.9

20
2.1

2.2
2.3

2.4

2.5

2.6

2.7

u3n
3.1

3.2

I 0 26
19T OO0 o0 e e 26
1.9.2 000000 ... e e e 26
goooobooooooo 37
I I 0 37
21,1 O0ooooooouooooooooooog .. ... 38
212 000000000 .. 00 o s e e 42
213 000000 .. 00000 s e 44
214 0000000000 OOOO0O0O0O .« ... ... ... 45
00000000 ... e e e 46
OO00O00000 . ... e e e 46
23.1 OO o .o 47
232 0000 ... o s e 47
0000000 . .0 e e e 49
24.1 00000 (photon number state) . . ... ... ... ... 49
242 00000000 (coherent state) . .. ... . ... .... 52
243 00000000 (squeezed state) . .. ... .. .. .... 55
244 0000000000000 (CSS: coherent state superpo-
sition) . . o oo 60
OOO0 ..o e e e 65
25,1 000000000 (beam-splitter). . . .. ... ... ... 66
252 000000000 (photo-detector) . . ... .. ... ... 68
253 0000000 .. 000 s e s s e e e 68
I I 0 70
261 0000 (ODOOO0) v ve e oo 70
262 00000000O0OOODOOOM@OOO0O) «... 0. 71
263 0O000O0O0UOO0OoOUOoOooOooOOOooOOooonO ... ... .. 72
264 O000000O0O0O00O0OO0OOO0O0O ... ... .. 72
OO0 « o e e 73
Jdoooooooobooooecssuguoooooood 77
OO0 CSSOO0000 ... e e e 78
3.1.1 SSO0O00 ... e e 79
3.1.2 PSOOOO ... e e 79
3.1.3 SSOO0000PSOOODOOOOO .. ... .. ....... 79
3.1.4 0O0OCSSOCSSOO0O0O ... o o 80
I I 0 1 82
3.21 SSOO00OO0O0OOODOOO0O ... ... ... 82
3.22 PSOODOOOOOODOODO ... ... ... 85

323 OO0 .00 88



3.3

3.4
3.5

040
4.1
4.2
4.3
4.4

4.5

4.6

0s50
5.1

5.2

5.3

5.4

3.5

il

I I 0 89
2% 70 I I 1 89
332 O000O0O0O0O0OO0O0OOOO0OO ... ... .. ... ... 90
godoooooooooooooooog o000 oL 94
OO0 o e 96
goooooobooocecssuooooooogod 101
00000 CSSOOnoonoogn ... ..o .. 101
000000000 ... 000 e e 103
I I I 0 103
I I 1 106
441 OD0OO0OOO0OOO0OOOOOOOO0O ... .00 ... 107
442 0D00O00OO0O00O0OO0OOOO0OOO0 ... ... .. 112
CSSOODOOOOoooOO ... e e e 114
4.5.1 CSSO CSMOOOODODOOOOOO ... ... ... ... 115
452 0O00O0O0OO0OO0OO0OOOOOODOOOOOOOOOOoOOO o117
OO0 o e 118
PPKTPUOUODOUOOOOOOOOOOOO 123
I I 0 L 123
5.1.1 OUOoooOooooooooooooouooooog ... . 123
5.1.2 OpOoOO0DOOOOODODOOOOOO ... ........ 125
5.1.3 LOODOOO0OO0O0OO0DODOOO0O0O ... ... .. .. ..., 127
514 O0000O0O0O0O0O0O0O00O ..o oo 127
OO00O0000 ... e e 128
OO00O000 .. e e 129
5.3.1 OO ..o 129
5.3.2 O0OOOO .. s s s e 130
533 0000000000 ... oo 132
534 0000000 (PPKTP) ... ..o 133
5.3 00000000000 (OPO) .o oo oo v oo oo 134
5.3.6 0000000 (AOM: acousto-optic modulator) . . . . . . 137
5.3.7 O0O0O0O0O0D0O0OOOOO (MCC) oo oo oo oo oo 139
53.8 OO/000 ... e 139
I 0 140
541 O0O0OO0OOOOO ... s s e 140
54.2 LOODOOOOODODOOOOO0O ... .. ... ..., 141
OOO0 . .0 e s e e e 142
5.60.1 O0O0OOO0O0OO0O0O0O0O ..o ... 142
5.2 OOOOOOPOOOOODODODO ... ... . .. 142
5.0.3 O0O0OO0OO0OOO0OO .00 oo 143



v

5.6

5.7
5.8

el
6.1
6.2
6.3
6.4

554 UOO0OOOUOOO0ODODODODOO ... o oo ..
555 UDOODUOOO0OODO ..o oo
556 0000000 /000000000DOOCOOOO0O

0
5.6.1 0000000 (BLIIRADDOOOOO) .. ... ... ..

5.6.2 UDOODUOOOOODO ... oo oo oo
563 UOOOUOOOOODOODOOOoOOoboboobooog ... ..
564 UO0O0OOUOOOOOOODOOOOODOO ©.o oo,
56.5 =3dBO0O0O0O0O0OODOOOODOODOOOOOOO ... ..
OO e
OODO e
HRN

0000000000000 CSSOoooooooo@ms3o). ..
00000000000 CSSO00ooooooooo@m40). ..
PPKTPOOODOOOOODOOOOODOO@MSBO) ..o oo oo
8
6.4.1 OO ...
6.42 OO0O0OOO ..o 0 o o



10 o

0000000000000 0000O00000D00Do0oo0oo0oOooDooon
000000000000 000D000bO0DOO0DO0oDOOoDOOoDoDOooOOoDoonDg
0000000000000 00bO00o000o0oooooDoonooooooog
OO0oOoogo

0000000000000 0000000000oooooooooood
0000000000000 0O000O0D000Db0DO0o0O00O00oOooOOooDOon
0000000000000 0D0000D000bOooooooooooooog
000000000000 DO0DO0000O0D000bO00O0bOOoDOoOoDOOoDO
0000000000000O000000o(ooooD)00oooooooo
0000000000000 00DO00000DO0DOO0oDOO0ODOOoOOo0OO0ODO0DOd
OO00000000000000O0000o0oo0ooooooooooooongdg
00 Hae)+e¥|—)000000000000000000000000000
00 (CSS: coherent state superposition) 0 0 0000000000000 O0O0O
O000000000D00D00D00D00DO00000000000000000 [1)0

ooo0o0oO00o00ooooOoooO0oooooooooooOo0(ooooo
0)000000000000(@COO00000)000b0O0O0O0O0oOoooOo
O00000000oooo0o0o0o0oooooooooooo(ooooo)booo
0000000000000 0DO00O0DOO0DOooDoooooooooooog
0000000000000 0' 0000000000000 ooooooon
00 (LOCC: local operation and classical communication) 0000000000
00000000000000000%000000 240000000000
OO00000D00D000O0000DoOoogo cssoooa

O000CSSO00000000000000oooooooooooo Bjoo
O00000D00OD0D0ODODODODODODODOD [f|0D0D0ODOD0ODODODODO000200000
O0000000000oooD [(fpo000ooDoooo00ooooooooood
000000000000 000o00oooooooooooDoooo

OOooCSSO0oopoooDbooooooonooooobDooooooboOoono
0000000000000 000000o00ooooooooocssuooo
000000000000 00000000000O00DbODOObOO0O CcsSSsooon
0000000000000 00DO0000DOO00DO0ooo0obOOoooooog
OO0 RO00000000000D0O00DOOoOOoooD csSOopoooooood

00000000000 00000000000000000000000000000000
D00D0D00000000000000000000000000000000000000



2 g1 0o

gogdgdgbbbobobobogoooooobbobbbbbbuouooooooon
0000000000000 00000000000(OoDooooooo)oo
0000000 (@O0oOoOoOooocess)ogooocessooooooooooo
ggboboboooggoboboooogoobooo

OOo0oooooooogoogoessgboonpobobooooboobooooogoon
o00oOoboooobogogocessooobooooooboobobobooooooboo
ggbbuoouooobbboooobbbuooobboboobbbooooon
goodogbbboobooooobooodgoooogobboboboboobobobo
(DOooooOoOO0)DooOooOoOOOOOOOOODODOOODOOODOOOOO
0000000000000 0D0O0O000D0D000DODOOo0oOooOoOOoOoon 9o
oo bbbbuooooooon
oo bbobbooooooon
ggobooboodgg

Quantum Information Processing

(QIP)

Optical communication, | Optical QIP |
' with_coherent states |

Optical QIP with
continuous variables

_ _ Entanglement
Lo »Optical QIP with distillation
coherent states *

Non-Gaussian

[CSS as resourceq< - >

operation
Investigations of _ _
CSS generation Non-Gaussian High level & pure <
schemes operation squeezing

Figure 1.1: Motivation for this study.

googobobbbooobooooodudouuuuooogoooooobon
goooooooogoogodosstoboboboooooooooooobooobon
ooooooogocoessbobooouobooboobouoboobobbooobooooo
goddddgoooobobobbbtbodoooooooooooooobo
gdoddgoogoooobbbbuooooooobboobbobbboboad
ggbbobooobbbouoooobbbooooon



1.1. gogoboooooon 3

1.1 O0O0Ooooobogon

0odoooooodoooobooobooboooooooooooooogon
O (quantum entanglement, 00000 )000000000O0

0odooobooodooooooobooooooooooooooooaa
godoooooodonoodobooooooooooooooonoogn
000000000 (entangled state, 0000000 )0000000000OOO
AOOO WJA)ADDDD BODOO WJB)BDDDDDDDDDDDDDDDDDD

¥),, 000000

), g = ¥4}, @ [¥B)y (1.1)

gooboogd
O0000000000000 Eq.(1.1)OD0O0O0O0O000000000000
goobooggobbboooobbobbooooobbboooon

s = 5 M= 10, 10}
= Sl = e
= {1en 00— 10, 1), } (12)

gbobob0O 0000 p, 00000O0ODOOO0

+ oo

)y = [ tula) f2), a)yda

oo |
= Voo (Pe) [P} |=Pe)gdpe (1.3)

Oooooooooogomyooo o 000000000 |—)00oo |«+)0
+000000000 |@)00O0 |@0)y0yO0O0O0OO0O0O00O0O0O0400000 —
gogobobobbobbbbbbbobbbbbbbbbbbouooooobbo
gooo

1 1

=) \/ﬁ{lTH s le) \/ﬁ{lﬂ— I
1 , 1 .
|®>=%{IT>+ZI¢)}7 |®>=%{IT>—@|¢)} (1.4)

O00O«)00000|p,)000000000000CO00O000O0OOOO0OOCOO
gobooo

pey == [ dre[22] 1) (1.5)



4 g1 0o

OO0O0Eq. (1.2)0 3000Eq. (1.3)0 200000000000000000
0000000000000000000000000000000000000
D00000O000Eq (1.2)00000000000000AD0O0O0O 2000
000 (0000000)00000000 +)0000000000000BO
000 (4)0 |»)00000000000)00 |»)0000000Eq. (1.3)0
0000000000000 ADODOOOD.00000000 j¢=0)000
00000000000000BOOOO(0DO00 [p=0)000000)=0)
000000000000000000000000000000000000
D0000000000000BOOOOOD “000 A0D0O0O0O0O0O0O0OO
0000000000000

000000000000000000000000000000000000
0000000 ADOOOBOOOOOOOOOOOOOOOO0OO0O0O0000
D0000000000000000000000000000000 Einsteind
Podolsky 0000 Rosen 000 000000000000000 [11]00000
000000 Egs. (1.2)-(1.3) 00000000000 EPROODOOOOOO

1.2 000000 (quantum information process-

ing)

0000000000 000000000000000000000000
00000000000000000000000000000 (0000000
0000000)0000000000000000000 (000000000
000000000)0000000000000000000000000

0000000000000 000000000000000000000
D000000000000000000

1.2.1 0000000 (QKD: quantum key distribution)

gooooobooodonoodoooodonoooonooooooon
goodoooooooooooooodooooooooooogooooon
gooooodooooooodooooodoooooonoooooonog
goodooooooooooooooooodonoooooooooooood
O000000000000000000 RSA(Rivest, Shamir, Adleman)d 00O
000000000000000000000000000O0®*;mO000o00g
gooooooooooooodoodoodouoooooonoooooog
goooooooooooodoooodooooooooonoooooood
goooogood

‘000000000000000000000000000000000000000



1.2. 000000 (quantum information processing) 5

Ooboobooboooooooooo“oooboooooorbooogoogoon
OO0o0ob0obbo0o “c0bobbboob"0obooboobooboobOoboboo
00 (@000)0ooooooo0o0o0oooooooooooooooooooQ
oooooboooooooboooboboobooboooooboooboo oo
ooboooooooor’ooobobooboooobooooooboboobobooboog
ooooobobooobooooboboobbooobuoobuoobobooobo
0000000000 (no-cloning theorem)J 0 OO0 00000 O0OOOOOOO
ooooobobooobooobooboooobooboboooboooobon
gboobooobobbooooboobuoobuoobuoobooboboobo
oooooboboooboobbooboobbooobbooboboooobog
O00000000000000000 (QKD)0O00O0O

000000000 QKbOOOOOOO0OOO BB&4 [12]0B92 (130000
E91 [14]0 30 000000000BB4ODOO0OO0OOODOODOOOOOOOO
O0ooooooto

BB84 [O00 Bennettd Brassard OO0 19840000000000000O0O0O
U000 BB4AODOOODDOO0ODODOO0O0ODDOODO0O0O+450 —45°0
gobobog40000b000040oboon

gbooboogbbo400bboobboobooobboobuoobboobb 20
0000 ((@0O0O00044°)000000000000000000O0000O0OO
gbobobobogbudbotobobb Heugboboboboobuogbad
gooobbbbbooboooboouogooggoboboobooooouuad
gboboodboboguobobobogbbooooboboobboobbooonn
gooobbbooooooooaoobboooooboobbooooouaad
gbbbooooboobobooobbbboooobbbooobbuoooboo

gbobooobuoobobuogobuogbobbooobuogboboobooboba
gbboodbobobuogouobbuoobbuobbobbobbuoobbuoonbn
O000000000000000000000000O000000o0DoOoDOoDOOL/4
godbobobobooboboobobobobbo2ou0obobabobo
00000000000 (@D000000000ooo0)O1-—(3/4)* =0.99
DoobobobbobooboobBBM4b0boobobOobonooooonDo
goobooo

B92 000 Bennett 000 19920000000000000000000 BY2
0000000000000000000000020000000000000
000004 00000000 (90°00)00“”’ 000000000 (—45°0
0)0oooo
000000000000000000000000000000000000
0000000000000000000000000000000000000

40 MagiQ Technologies 0 0 MagiQ QPN™ 0000 id Quantique O O id 3000 Clavis



6 g1 0o

goodggooobobbbbbtbooooooobbbbouoouuouaod
gogodggooooobbboobbbboooobbbboboooouuad
ggbboooobbboobbboooobobbbuooolooobbbogo
godgdoboooooboobbbbbbbbddguoououuuouoooooon
ggbboogoobbbooooobbooooobobobobooobbboboo
goooboobobbbbbbobbboooggggboobooboooboooooon
gogdgggbboboboooouotououguugooobooobuouoooon
000000000000 1/20000000000000000000000
0o00d0o0oo0o0OoooOooOo0U0oDoOoOOoU0OoooOoUooDooO1/4000
gbbogbubooboooboobobbuoobboobuoobbuooobooboo
gododooooooooobbbbbbbiboodoiooooooooooo
gbooBB400b000obooobooobooboobooboong

E91 000 EkertO0OO 1991 0000000000000 0000O00O0 E91DO
gooooodooooooooodonooooooooooooooog
0000000 BB4O BR2000000000000DOO0O0OOOOOOO0O
000000 (EPRO)OOOO0OOOOOOO EPROODOODOOOOOODOO
O000000000000000000 Eq.(1.2)00000000000O0O00OO
gogoooooogoo

OO00OEPROODOOOOO0OOOOOOOOOOOOOOOOOOOOOOO
gooooddoooooooooooonboboooooooooooon
gooodoooooooooooooooooooooooooooooooo
O0000000000000000000 CHSH (Clauser, Horne, Shimony, Holt)
000 (15| 0000000000000000000 CHSHOODODODOOOOO
0o0odooboooodoonooodoonooooooooonoooooon

dododobooodooooooooooooooooooooooooaa
O0000000o0oooooo0ooooo CHSHOOOD [1o00ooogo
000 EPROODOOOOOOOOOOOOOOOOOOOOOOOOOOO0OO0
00dddooooooooooooooooooObbo0ooogcHsHOOoOoOd
goododooooooooooooooobooooooobooooooon
ogogoo

gud bobobboboobobooooououggobbbbbbuouooooooon
0000000000000 00000000000000000000 [16]00
O0000000000DD 17,8 000000000000000 [19)0000

1.2.2 00000000000 (quantum teleportation)

gobgbobobobooodEpROODOOOODOOOODOOOODOODOODO
godgddoguoouooououougoooogoboboobbooooooon



1.2. 000000 (quantum information processing) 7

oooo

ooo0o0ooooooooboooooooooobooboobooboooooooooo
goboobooobooboooboob epROCODOOOOOOOOODOOOO
Ooboooboobooboooboobooobooobooboooobooon EPRO
OoboooboooocobooobooobobooooboobOoobooboooooon
000000000000 0000000o0o0oooooooooo0 (booo
O0O0)EpROOOOODOOOOOOOOOOOOOOOOOOOOOOOOOO
Oooooooboooooooboobooo

OoobooooboooooooboooooooboooobooboobooooboobooobooboOoo
ODoooobooboobobooboooboooooooboooooobooboboOooon
000000000 [9,20000000000000000000000000O
O00000000000000000000000 [21-24]0

O0000000000000000 BennettODO OO 19930000000 [25]0
0000000 Bouwmeester 0000 1997 00 [26]0000 BoschiOD O OO
199800 [27] 0000000000 Bouwmeester J BoschiDOOOOOOODO
ODooboobooobooooobooobobooooooooooooobooooboooon
000 [28-35|0 0000 [36)000 [37,38]0 000000000000 0O0OO
ODoooooood

1.2.3 0000 (quantum computation)

goooboobbbbbbbbbbbbbbuodooooobbbbbooo
gogooobbobbbbbobbougoooobbobbooouooooooo
O00D00ODODODODODOD [20,39,40|000000000000000 41)0000
000000000 2000000000000 00DOO000DO0Doo0o00O
O00D0Ekert O JozsaOOOOOO0O [43]0000 [20,39,40)00000000
gobobboogggobooood

OO0O000O00boo0oOoboooOomsstd Dewtsch OO O OOOOOODOOOODO
000000000000 [44]0000000000199200 Deutsch O Jozsa O
O00D00D0D0ODODODODODODODODODODODOD 4500000199400 ShorODO OO
0000000000000 000000D0000O0D0000000oooOon 410
00001997000 Grover 0000000000000 O0OOO 4200000
goobooogd

Shor0O0ODODDO [41]

gogooboobbbbbbbbbtbdoooooooooooooooooboon
gooobbbbooooobbbbbbbbbbbbouoooooooooo
gogooobobbbbbbbddgguuuuuugoooooooooo
gbobbobouooogbbobooooobbn



8 g1 0o

000000000 NOOOOOOOOOODOOO0OO00O0 NOOO p,¢00
DO00O00ON =p0000000p0¢0000VNOOOOOODOODOO
0000000000O0ND100NOOOOOOOOOOO0O000000o0
O0VNOOOOOOOOOOOOOOOOOOOOO000000000 NOO
On~log,, NOOOOOVN =1072000000000000000-,000
0o0O00oO00oo0oooon
000000O0She000000000O00O00-0000000000%10
00000000000 0000000000000000000000000
0000000000000000

Grover 00O O OO0 [42]

0000000000 DDDODODODOOODOODODOODODOOODO1000000
0000000000000 00000000000O0(@oooooooooo
00o0oOoOo0o0OoNOOO0O0ODDOOO0000DObOOo00o0oooDoOooDooOoao
000d0d0d00o0oooooooOo0o00d0ooooooooooooooooon
000000 DO00b0o000oo00boo0oo0o0oobOOo0oDoOOo0ooDoOOoOon
000000000 000000000 “000007000 “abc”O000O00O0O0
O0000000000O000000000oooooooooooon)

00000000 NOOOODOOOOoOoOooo 10o0oooooooon
O N20000000000000D0O0CO0OOO00O00ODDOODOOOO0
O00O00ONODOOODOODOOOOOODY/NOOODODOODOOOOOO
Grover DO O OO

000000000000 000000000GroverJ00O0O0ODODODO Shor
0000000000000 000000000O0ooOoOoOoNPOOOO®0000
00dd0d0d00000oooDooooDDoDoODoDDooOoODOoOOOODO00000o0on
000D0Oo0000oooooooao

gogbobodgg

000000000000000000000 [1,23,46-51]000000000
0000 (5200000000 [53)ONMR [54]000000 [55)00000000
000000000000000000000000000NMROOOOOOO
199300 0000000000000000 [56,57]0000000000000
0000000000 [3R000000000000000000000C-NOT
00000000000000 [5900000000000000000000

*n000000000000DO00000DO00O0

NP (Non-deterministic Polynomial time) D0 O0O0OONPOOOOO0OOO (DODO)OODO
goobooooboooobooobooobobooboboooobbooobooooobooooo
goooooobobbboooooon



1.3, dogoboooooon 9

O [6e00000000g 6162000000 3]0 000D0O0O0ODOOOO0OOO
goooog

1.3 ODOoOoooooogod

000000000000000000000000000000000000
00000000000 [640000000000000000 [65,660000
000 (indistinguishability) [67-70)00 000 (00000000000) [71-75]
0000000000000 00000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
0000000 (000000000)0000000000000000

1.3.1 QKD

0000000 1.2100000000000000000000 BB&4 [12]0
0000000000000 D0O0ODOO0O0O0OOOOOO0OO0OO0E9 (40000000
gooooobbobbbbbbbdougoooobbobooouogoooooo
O0000000EPROOOOOOOOOOOOOOOODOOODO time-bin (O
O00000)0000000000 [28,76)0000000000000O0O [71-75]
gobobbouogggoobooooobooo

1.3.2 OOO0OO0OOOOOOO0

122000000000000000000000000000000000
000O0000o00o0

000000000000 00000O0EPROOOOOOOOOOOOOOO
0000000000 [26,27]00000000000000000000000
00000 [20-35)0000000 EPROODOOO0O0O0000000000000
0000000000000000000000000000000000000
0000000000000000000000000000000000000
000000 [26,27]000000000000000000000000000
0 2003 0 Marcikic00ODOO0000O0000O00 [28]0
DOOO0OEPROOOOO0200000000000 (00000000000 2
00000000 #~/2000050:500000000000000000)000
0000000000000000000000000 (displacement) 0000
00000000000000000000 19980 Braunstein 0 Kimbled O O
0000 (7700000000000 [290000000000000000
00000000000 [30-35]0



10 g1 0o

1.3.3 0O0O0OO

000000000000001.230000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
0000000000000000000000000000000000
00000000000000000000001988000000 [46]0 1989
00 MilburnD0OOOO000O00000 Kewr0OOOOODOOOOOOOOO
0000000 (470000000000000000000000000000
000000 +0000000000000000 Ker0OOOOOOOODOO
0D00000000000000000000000000000000000
00000000000000000000000
000000000000000000000000000000000000
0000000000000C0000000 KaillDOODOOO 490000000
0000000000000000000000000000000000 C-NOT
00000000020030 O'Brien0000000000000000000 [59]0
00000 Knl000ODOO00D0O0000D00(00: 0/0)000000
000000000000 000000000000000000000000
000000000000000000000000000000000000
[1,23,48,50,51,78]0

1.4 0O00O0O0O0OOOOO0OOO0OO

000000000000 ([4),t)oooo (o), 1)000 (|4),|v)y)Doo
000000000000000000000([0),,[1),)0000000000
D0000000000000000000000000000000000000
0000000000000000000000000000000000000
D0000000000000000000000000000 [23,48,50,77-83]0

00000000000000000000000000000000000
D000000000000000000000EPROOOOO0O0O000000O
000000000000000000000000000000000000
000000 [83]

00000000000 (000000)0000000000000000000

1.4.1 QKD

000000000 0o0o00ooO0oooooooooooooooo (1600
0000000000000 17,18)000000000000000oO (190
O00000000Grosshans 0 Grangier DO000000000O00 [1990000



14, dgooboooooogooon 11

00000000000000 QKDOOOO0O0O0OGresshans 00000000
00 [84]0

1.4.2 O0OO0OO0O0OOOOOOO

0000000000000 1.3200000000000000000000
0000000000000000000000000000000000000
0000000000000 EPROODOOOOOOOONOOOONOOOOOOO
00000000000000 [83]0

EPROOOOO0Eq (1.3)00000000000000000000 200
00p,00000000000000000000000000000#/200
00020000 240 ys = 244, 00007000000 EPROD [EPR), 00O
00000 (e000000)

[EPR) , = C[dl’@ 2o}, |ze)y
= o [ duolus), 1-ue) (1.6

O0000000000000000 2,00000 |2)0 yo 00000 |y 0O
so0dbbbuooooobbbuooogbbbboooobbn

gooooobbbbbbbbbbdooogoobobobooooouaad
0000000000000000000%00000000000000000
0000000000000 000(0000oooooO0)000o0ooooo
gbobobouooobbboogo

1.4.3 0O0O0OO

O0000000000000000000D0O00D0O000000 [23,48,50,78,80]0
O0000000000000000000000000 (displacement)00 00O
goboboooobbogobobooouobob sbooobbouooonoboboo
00 [48,85,86|0 000 0000000000000 0Oexpliv2’] 000000
gobbooobbouoooooboogbobobbooobobuoooboboo
Gottesman 0 0 00000000 [23,24]0

gobbboobboboooooboooobobbooouoob4booon
O00D00D00ODDODOODOODODODD [23,24,78]0000000020000
0000000000000 EPROOOOO (displacement) D0 0000000
000000000 (@ooo0oo0o0)ooooooooooooooooo
O00D0000o00oboobOoooooboboboEPROODOODODODOOOODOOO

‘D00000000000 2000000
82,000 4 0000000000 0000000000O0O0O0D000 2000000



12 g1 0o

N Photon number detection
D(a)y—1{|n)n[}

Displacement

Homodyne
detection

>SSy P{lzp)lzgsl}
Squeezing eleyg Q
Il
Quant
} nong::'lglrirt]ion o
interaction

1)1 ei(@1+0)% |y

Figure 1.2: Schematic diagram of the cubic phase gate based on the measurement

induced nonlinearity [24]. = = x4 and y = Zg4./2 in the quantum nondemolition

interaction part are the quadrature components.
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Figure 1.3: Simplified setup of the experiment by Grangier group in 2004 [112].
TiSa Laser: Ti:Sapphire femtosecond pulse laser at 850 nm, SHG: second har-
monic (pump beam for OPA) generator, OPA: optical parametric amplifier, APD:

avalanche photodiode.
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Figure 1.4: Wigner function from the experiment in Ref. [112].
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by a theoretical model. (C) Wigner function obtained by Radon transform of the

raw experimental data.
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Figure 1.6: Setup of the experiment by Polzik group in 2006 [114]. SHG: second
harmonic generator, Ol: optical isolator (to prevent scattered LO light from enter-
ing the OPO), A/2: half-wave plate, PBS: “magic” beam splitter, PZT: piezoelec-
tric transducer, HD: homodyne detector, IF: interference filter, APD: avalanche
photodiode. The inset shows the squeezing spectrum obtained from a Fourier
analysis of the raw data. The blue curve is the best fit of the theoretical spectrum.
The fitted parameters (OPO gain G = 2.3, and total efficiency n, = 0.56) match

well the experimentally estimated values.
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Figure 1.7: Wigner functions (including a top-down contour plot) and density ma-
trices from the experiment in Ref. [114]. (a) The OPO gain ¢ = 1.8, (b) GG = 2.3.
The presented plots are averages of 50 separate states, each reconstructed from a
20,000 points quadrature trace and corrected for the 85 % detector efficiency. (c)
State calculated from full multi-mode theory with the same temporal mode func-
tion and the same overall propagation efficiency n = 0.64 as for the experimental
state (b). (d) State calculated with perfect efficiency n = 1.
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Table 1.1: Previous experimental results obtained as the local oscillator is locked

in phase onto the maximally squeezed quadrature.

Year Squeezing Level Wavelength Nonlinear crystal Reference‘

1992 —6.0£03dB 856 nm KNbOs; [125]
1995 —554+02dB 1064 nm MgO:LiNbOs; [126]
2006 —5.6+0.1dB 946 nm PPKTP [127]
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Figure 1.8: Setup of the squeezing experiment at 856 nm by Polzik et al. [125].
C1: reference cavity for frequency stabilization of the titanium sapphire laser
and hence for all other fields and cavities of the system, C2: external frequency
doubling cavity, C3: transfer cavity serving as a reference for the spatial mode of
the blue pump beam, C4: mode-cleaning cavity for the local oscillator beam (LO).
The resonance of the optical parametric oscillator (OPO) is actively locked with a
locking beam (LB). Quantum noise of the squeezed light F, is detected with the
balanced homodyne detector formed by photo-detectors D; and D,.
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Figure 1.9: Relative levels of quantum noise observed in the experiment [125].
Trace (i) is for squeezed vacuum input to the balanced detector with the local
oscillator phase 6 swept with a linear lamp. Trace (ii) is a ten-trace for a vacuum
state input and sets the “shot-noise” level. Trace (iii) is likewise an average of ten
traces, but is acquired with a squeezed vacuum input with the phase # actively
controlled for minimum photocurrent fluctuations, that is, 8 = 6_ for this trace.
Acquisition parameters are as follows. Measuring frequency: 1.4 MHz, detection
bandwidth: 100 kHz, video bandwidth: 1 Hz for trace (i) and 100 Hz for other
traces, sweep time for trace (i): 15 ms, power of the local oscillator: 0.5 mW,

wavelength: 856 nm.
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000 =56dBO0O00O0O0OOOOO0OO0ODOODOO0OOO0OO0O0DOODN Polzik
OO0 —6.0dBO000O0O0O0O0OOOPPKTPOOOOOOOODO BLIIRAOOOO
dooooooood

KTp O PPKTPOOOOOODDOOODOODOOOODOOOODDO BLIIRA
000000 (GLIIRA: green light induced infrared absorption) 0000000
O [128]0BLIIRADO0OO00O0DODOOOOO00O00OODOOO0OO0OoOOOO
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Table 2.1: Symbols

‘ Symbol  Description Type
a, B Coherent amplitude Complex
¢ Squeezing parameter, ( = re'? Complex
r Squeezing parameter (squeezing degree) Real, positive
o) Squeezing angle Real
Ry Squeezing level, Ry ~y e*?" Real, positive
Ty General quadrature component, x4y = gcos 8 + psinf Real
0 Optical phase Real
q Quadrature component (position coordinate), ¢ = Real
P Quadrature component (momentum coordinate), p =z, Real
x, Y Auxiliary quadrature component Real
n, m Photon number Real, integer, > 0

2,1 OOO0OoOooboOoobooonbn

gooobbbooouououuouooggbbobbouoooooobn
00000000 E(r,)00000 B(r,)OOOOOOOOOOOOOOODOO
OooooooD o070 “c0b"bob0obqgub0opubboboboOonbOonga



38 U220 0000gooobodd

000000000 0000000000000000 200000000
0000000oooooooo0oO0oUooD Bjoooooooo

2.1.1 O0OoUooobobooboboobuoobbuooobd

gddooooggooooooobbbbbbbdddoooooonon
goboo

V x E(r,t) = —aB(r,t)
10
V x B(I',t) = gaE(r,t)
V- E(r,t) = 0
V-B(r,t) = 0 (2.1)

O0O0D00E(r,)0000B(r,y)) 000000000000 OODOOOOYr =
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E(r,t) = —%A(r,t)
B(r,t) = V xA(r,?) (2.4)

ggobooboodgg

ggbobodgo

0000000000000 000000000000000000 A(r,t)00
o0 kOOobOOobooooooooooooobobobobobooboooonD Lo
gobooobooobobooobbooobobbooobobod L - b0000
gboboobobobobooboobooboob coboobooboob

Alr, 1) = ! > Ax(t)e’ (2.5)

5(1)/2L3/2 ”



21, ODOOooOoooboboboooan 39
00000000 k= (k,k, k) 000000000

kl == 27Tn1/L, ny = 0, :tl, :|:2, ce .
kg == 27Tn2/L, Ng = 0, :tl, :|:2, ce .
ks =2mns/L, ns =0, &1, £2.... (2.6)
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k- Ag(t) =0 (2.8)
O000000000000A(r,t)00000O0ODOODOO
Ak(t) = Ag(t) (2.9)
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2

Cx = Z Cks€ks (214)

s=1

ggoooo

0000000000000 0000000000000 A(r,t)00000OO
000 kOOO0OODOO0O0D000sO0000000000000000 eg,e**000
ggoboooodd

ugs(t) = g€ Kt (2.15)

ooodo
A(I', t) = W . [Uks(t)e ks — C.C.j| (216)

000000000000 u(t)O Eq. (21)ODODOODOOOODOODOODODOO
HelmholtzO O O

(V24 Ek*)ekTer, = 0 (2.17)
oooo
DDDDEq@@DDDDDDDDDDDDDDDDDD
_ zk -r
E(r,t) = 1/2L3/2 Z Zwk ugs (1 exs + C.c.}
_ iker
B(r,l) = ;ﬁ;ﬁEZEZWm@F (k x ey,) +c.c.] (2.18)
0 k 5
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H = —/ [50E2(r,t) + —B*(r,t)| d’r (2.19)
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000000000 Eq. (2.19)00Eq. (2.18)000

/ ei(k—k')~rd3r — LB(SI?{)k/
I3

(k X el*{s) . (k X eksl) = kzeks €ry = k2555/ (220)
oooouodooooggoooooo
H=2 " |u(t)] (2.21)
k s

goboooodg
0000000000000 0000000002000000 gks(t), pes(t)O
oboooooboob Abo0obooboobooboobooboon

Qes(t) = [una(t) + g, (1)]
Prs(t) = =t [uns(t) — ui, (1)] (2.22)
00000q,#)0 pe()0000
9
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%mﬁ):-w@mw (2.23)

O0000000000g(t), () 0000000000 HOOOODOOO
gbobobooogbobobuooogbobbbuoooon

Qs(t) = pus(t)

H= ZZ Pis(t) + widie,(1)] (2.24)
O000000000OEq. (223)0000000000
oH . ans
apks B ot
oH apks
—_ — 2.25
8qk5 6t ( )

goobooggn
O0000000000000000000Eq. (25)000 Eq.(2.18)000
gbobbbouogobobbooooobobooooobobood

A1) = 1/2L3/QZZ{[% b i) e, — e
E(r,t) = TLB/QZZ{M%@)+¢pks(t)]eik""eks+c.c.}

Bt) = D3| [l 4 0] ot e e

(2.26)
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gogboboboobobbbbbboooooddggoooobobobobbbobooboo
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gogobobuogogobooood

(s (1), Progr (1)] = 4 81y 0
[Gks(t), Gus (1)) = 0
s (1), Prorsr (1)) = 0 (2.27)

00000000000000 qu(t)0 pe()000000000
Adics(t) Aps(t) > (2.28)

2
00000 400000Aq.(H)000 Ap,(H)000000 [¢)0000

Aaie(t) = /(01 a2, (0) 1) — (6] (t) [)?
Apat) = /(02 (0) 1) — (] pra(t) [26)° (2.29)

00000000
000000000000000000000 Eq. (2.24) 0000 qis(t), prs(t)
0 Gus(1), prs(t)0 00000

= LSS [0 + 0] (2.30)

D0000000000004,(t), (1) 0000000000000000DO
00000000 A(r,t), B(r,t), B(r,t) 00 000000000000000OO
0000000000 A0D0O0O0OOOOOO

gogbobuooogn

000000000000 000000000000000 4s(1), ps(t) OO
ERERE
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0000000000000 0000O000O000O0000oo0ooDoOoon
0000000000000 000000DO00O00000o00ooDOoon 24.1
000000000« 000000000000000 & 0000000000
O00000000000000000000 (annihilation operator) 000000
000 (creation operator) D 0 0000

00000000000 ¢s(t), pes(t)O

dlt) = \/; [, (0) + (0]

Plt) = iy a0 =, (0)] (2:32)

0000000000000000Eq (227)0000004,,(1), 4l (1)000
000

(1), ()] = B
g (1), (1)] = 0
(1), i, (0] = 0 (2.33)

0000000
0000000/ /2w 0000 Eq. (2.32)00000a,,(t), a,(t) 0 Eq. (2.22)
0000 we(t), v, ()00000000000 Eq. (2.15)00

&ks(t) = &ks(o)e_mkt

i, (1) = af,(0)e™ ! (2.34)

0000000000000 0000000Eq. (2.30)0 Eq.(2.32) 000000
goobouogogooo

H= zk: > {&Ls(t)&ks(t) + %] (2.35)

gboooboogd

gbooboooooboobooodan

Eq.(226)000000000000000000C0OO0O00O0OOOOOOOOO
O0000000000000000000000000 Eq.(236)000000

Alr,t) = 1/+L3/2 Z Z \/i: {aks(t)ak'reks - h.c.}
E(r,t) = ZZVZ Wk {ak Zkreks—l—hc}

1/2L3/2

: - - < [ ik
B(r,1) = 255%3/221{:25:\/% {aks(t)e (kxeks)—l—h.c.} (2.36)
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0000021.200000000000000000 §i,(t), pe(H)000 =0
0000 ¢.(0), ps(0) 0000000000000 00OOO0O0O0O0OO0O0O0000
000000000000 qu), p(t)000000000000000000
0000000000000000000000000000000000000
0000000000000000000000000000000000000
O000r0000p00C0000000000000000q(0), pr.(0) 00
D00000000000000000000000000 A(r,t),E(r,t),B(r, )
000000000000000000000000 E(r,)000000000
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D00000000 e,0000 00000000000 &,0000

ks = éksew (237)

O000D000000000Eq. (236)0000000000 Eq.(234)0000
gogboobuooogn

A 1 .
- . ~ ~ i(k-r—wit+06)
B(r,t) = SWIETTE §k:§ V2w eks{aks(())e +h.c.} (2.38)

000 Eq.(231)0t=000000000000000
1

ay,(0) = o [wWiGis(0) 4 1Pk (0)]
i, (0) = wgawmmm—mmw] (2.39)

000000 Eq. (239)0 Eq. (238) 00 000000000000

. 1 R
0 k s
x {wis(0) cos [k - T — wt + 0] — pr,(0) sin [k - r — wt + 0]}(2.40)

0000000000000 0000000w@s(0)0000 ps(0)00000O0
O0smO00cosO000O0O0O0OOOOOOOOODOOOODOOOOOOOOOONO
0000000000 (quadrature) 000 00O

0000000000 DOO0000D0OoOo0o0o0oOoooeeooooon

s (0)e™ 4l (0)e
V2
[wks(0) cos 6 + pis(0) sin 0] (2.41)

Toks(0) =

1
\VARRY

00000000000000000 wie(0) 000 pie(0) O quadrature 00000000
00000 quadrature 00 000000000000000000000000000O0O000
0000000000 4,(0)0 &, (0)00000000000000000000000000
00000000000000000000000000000000000000000000
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213000000000000000000000000000000000
000000000 000000000000000000000000000
0000000000000000000000000000000000000
00000 r000¢000000000000000000000000000
0000000000000 00000000000000000000000
O00000000000000000000000000000000000
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ooOo0o0O00oOoooon
000000000000000004 &' 0000000000000 ¢, 50
O0O000000000000000

N g+ip At q—1p
4= L at= 2.42
7 7 (2.42)
gooooon
a+at a—al
- = 2.43
i==7 p 5 (2.43)
O00000000000000000 Eq. (2.27)0
[G,0) =i, [a,d]=1 (2.44)
O00000¢0p000000000O Eq. (2.28)0
1
AquZ§ (2.45)
goodooooooooboooonooooooooooon
ol 1A2 ~2 ATA 1
Hzi[q —I—p]:aa—|—§ (2.46)
0ooooodooooooooooooooooooooooan
=il | At 0
igzuzécose—l—ﬁsinﬁ (2.47)
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00000000 (quadrature eigenstate) 000 0000000000000
qUOO0Op00000D000D00O00ODODOODOOO0ODOOO0OOOO0OOOO0On
0000000000000 (0000000 oooooO0)Doooooooo
goooooooooooonoooodonoododonoooooonog
gooooooooouobooooooooooooooooooooood
go0oodoobooonoodobooooodonooooodoooogn
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00000000 |¢y00o0o0 |pyOoooooooooo

qlq)y = qlq)

N

plp) = plp) (2.48)

00000000 ¢000p0O0|g)000 |p)y0000000O0O0OOOOOOO
gbogdobboouooobbbuoooooboo

(eld)y = dla—4q)
(plpy = dp-p) (2.49)

gogbobobouooogoboo

/ﬁm|@<ﬂtm==/fmlpﬂp|@ﬁ=l (2.50)

o0 o0

gobboboooobbbouoooobobobod
gbgudbuogbobbobuooodobugboboboboobobooogn

+o0
0 = o= [ esl-iall)
1 too .
p) = ;;5;./[00 exp [+igp] |q) dq (2.51)

00000 [¢y0000000{¢000 (p|000000000¢000p0
000000oo0oog

O(p) = (p¥) (2.52)

2.3 O0OUODOOOO
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2.3.1 OO

OO0000o0obO0o0ob0oobooooobooboobbopooboobbOOobOoOoD

ooooooo
1 too T
- 2px< _ -
W(q,p) 5 / (a3

— 00

p q—l—g>d:1; (2.53)
DDDDDDD2.4.1DDDDDDDDDDDDDDDDDDD,5:|n><n|DDD
RN 2.4.2DDDDDDDDDDDDDDDDDDDDDDDDﬁ:|Oz><Oz|DD
godod

2.3.2 0O0OOUO

gboboboogoobbbooooobobod

gbobooboobooogn

gooobbbdodooooooooobobbobbuouooooobbo
gboodbbodbbddl —ecUU 400 boonboonbbuogn
goooodooooooduiboddioDUlyy =werr 000

Plag) = (welp |ue)
+oo
= W (g cos — ygsinf, xgsin @ + yg cos ) dyg (2.54)
O00D00é¢=00006¢=7x/200000000¢0000p000O000O0
ogooono

P =talila) = [ Wig.p)dp

— 00

P(p) = (plplp) = ” Wiq,p)dq (2.55)

— 00

goboooodg

goobooggn

00000000000000000
W=(q,p) = W(q,p) (2.56)

ooo«“s0”00000b0oboobobobobooooogonog

+ oo + oo
/ W(q,p)dqdp =1 (2.57)
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000000000
1

[W(0,0)] < — (2.58)
T

gbbugbbugboboodgbboobbobbuooboobooboboobo
oo0o0oboO0o “o’0oboboboobobooboobooboo

ggbobobouoodoon

D00000000000000000000000000000(00000
0000000000000)00000000000000000000000
00000000000 O0O0O0O0o0 o, 000 0,0000

o +oo +oo
Tr {0102} = 27'('[ WOI(va)WOZ(Q7p) dqdp (259)

o0

D000000000Wo(q.p) 000 Wes(q,p) 000,000 O, 00000
Eq.(253)0 p000000000000000000000000000000
ooQ

0000000000000 p000000000 000000000000

oooo
(0) - {0}
= %ﬂ[:o_:owﬂ%pﬂ%ﬂ%mdm@ (2.60)

00000020000 p, 000 5,000000000000 p1 = |¢1){¥]
O00000000000oooOO0O (00000 oF/OooObO0O00oooooO

(1 P2 [vhr)
= Tr {pip>}

+oo +oo
:=QWf Woi(q,p)W,a(q, p) dqdp (2.61)

F

000000000000002000000000000000000000
D0000000D00000D000< F<10000000000200000
0000000000 F=10000000000 F=000000300000
00000000000000000000000D0D0O000DODOOOoOoo0on
0000000000000 00000000000D000000000000
000000

O00OEq. (2590000 0,=0,=/00000000000000 Tr{p?}
00000000000
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Tf{ﬁ2}==2ﬂj( W2(q,p)dqdp (2.62)

o0 — 00



24, OD0OOOOOO 49

24 0O0OO0OOOOO

goggobboboobooooobodddggoouooooooobobooboon
O00000000000000000 (eSS)0oooooooooooooo
goooboobbbbbbbbbbogogoboobbooooooouuad
gobooboboooodn

OO00000O0b00o0O0obo0ooooogooooo eSShboboboooboo
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2.4.1 00000 (photon number state)

gooooobbbbbbbbobbbbbbbdddoodoooooooo
gbbuogoobbboooooobbbooooobbooobbobooobobo
gooooobobobobobbboobbuobbbbobbobobooooggouaad
gbbboooobbboooobbbboooobooboo

oooooobobooobo000000D0OD0O

niny=n|n) (2.63)
0000000000000 00000D000RnOO0O

&T

h=ala (2.64)
000000000000000 Eq. (244)0000000000000
ha |n) =a'a® n) = (aata —a) |n) = (n — a|n) (2.65)

gogobobobbbbooobudddddouoooooooooboboo
gobooo

aln)y = Vnln—1)
atlny = Vn+lln+1) (2.66)

00 Eq. (266) 00060000 1000000000000 & 0000100
0000000000000000000000000000O0O00O0O00OOaG!
gboboboogoobboog

gobobodd-=000000000

0) =0 (2.67)

gobooboboooodn
00000 Eq. (264) 00000000000 Eq.(246)000000

- 1
H=i+ (2.68)
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O00000000000000000 (orthonormal)d
{n|n'y = S (2.69)

00000000000 (complete)d
> nyn| =1 (2.70)
n=0

gooobbobbbbbboobobbbbbbbbbbboooooooon
gogogogbooobooootouodggooobbgoooooooobn
gogdoggggooobbobbbboouotouououuuuuooooooon
ERERN

ggbobobouoooon

000000000000 ¢0D0000D0 Eq. (27)000000O0OODODOO
H.(¢)OnODOOOOOOOOOODOOOOOOODOODOOOODOODDOOOO
000000000000000000000000000 |zpy0000000
O00000000000000000000000000 |q)=1]x)0000
gogbobobooggobobodgo

vens(n;q) = (q|n)

_ %p [_f] (2.71)

000000000000 Eq. (272)000000000000O0C0O0OO n =
0~30000000000000 g 210000

Pens(niq) = [vpns(nsq)f
H? 9
ﬁg(fi’ exp [~

(2.72)
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000000000000 »=000000000000000000000
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Pens(n; q) Pens(n; q)
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Figure 2.1: Quadrature distributions of the photon number states Ppns(n;q) for
n = 0 (upper left), n = 1 (upper right), n = 2 (lower left), and n = 3 (lower right).
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00000000000000R=0~3000000000000 Eq. (2.73)
00 Wens(0;q,p) ~ Wens(3;¢,p) 00 0000000000000000000
00 Fig. 2200000

000000000000 00000000000000000000000
000000000000000000000000000000000000
000000000000 000000000000000000000000
oooo

Wpns(0;¢,p) = %e—f—p?

Wens(15 4, p) = %

Wens(2iq,p) = 2(¢* + p2)(q27r+ P4l e

Wens(3:0,p) = A +p*)° —18(¢" + p*)* +18(¢" + p*) =3 oy
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(2.73)
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Figure 2.2: Wigner functions of the photon number states for n = 0 (upper left),
n =1 (upper right), n = 2 (lower left), and n = 3 (lower right).

24.2 00000000 (coherent state)
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gogboboboogoobogg
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la) = D(a)0) (2.78)
ggopooggno Eq.(2.79)DDDDDDDDD
D(a) = exp [oz&T—oz*&}

.qoPo A N
exp [—@T] exp [—ipoq] exp [—iqop]

= exp [—I—i%] exp [—1qop] exp [—ipod] (2.79)
O0000000D0D0ODODODODODODODODODODOOOO0ODO (000000000000
0o000o0ooooooond 0000l ¢poUpd OO0 p 0000000

0000000000 oooooooboooooogogoo
0000 o000 goooooooogooogooogn
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gbobbuoggobbbuoooobobuogogooobogg

(n) = |of (2.81)
gooooooooooono

gboboboogoobboog

gubobgubobdobobodobobobooboboobobooboobooo
000000000000 000000000000000000 (nonorthogonal )0

Ko |B)* = exp [ 18 — af’] (2.82)
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+oo e daod
ff|a a|— / / q;rpo:l (2.83)
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0000000000000000000000000000|«)0000000O
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0000000000|¢q)0000 [p)00000000000000000OO0
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= Yos(asp) |p) dp (2.84)

00000000 dos(e;q) 0000 des(a;p) 00000000 ¢0000 pO0
0000000000000000000
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e )
— o Wiexp |- (7 — 9) + ipoq — ; d0Po
L 2 2 -
dos(aip) = (pla)
S _
= a7 Yexp _p= ) 2p0) —iqop + i—qo2po (2.85)
O00¢0 p00000000D0OO0O
Pos(aiq) = |Yes(a;q)]’ = 77 expl—(q — ¢)]
Pos(asp) = |dos(a;p)|* = 772 exp[—(p — po)?] (2.86)
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1 2 Oén
= exp {—§|0z|]m (2.88)
goooooooooooooooogooogno
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2 |a|
= exp|—|a
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Pcs(a; q)
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Figure 2.3: Quadrature distributions of the coherent states Pcs(¢; ¢) and 7505(@; P)
for {qo, po} = {1, =1} (left) and {go, po} = {2, 2} (right).
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b0 gUpiODO0O0Op 0DOOOO0O0OOODOOO0O

Wes(a; q,p) = %P@—%V—@—mﬂ (2.90)

243 00000000 (squeezed state)
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000°0000000000000000AqOOO0 ApO0OO0O0OO0OOOOOO
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Figure 2.4: Photon number statistics of the coherent states for |a| = 1 (left) and
la] = 2 (right).
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Figure 2.5: Wigner functions of the coherent states for {qo, po} = {1, —1} (left)
and {qo, po} = {=2, 2} (right).
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¢ = pa + val (2.92)
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0000400000 |u,vy)00000000000 000 0O
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O00000000Eq. (2940000000000 g = coshr,v = e?sinhr 0
ooo0OeO

¢ = dcoshr + afesinhr (2.96)

00000000000000000000¢é000000000000000
O0000C=re*00000000000&N¢00000000000000
ooooooooo

S(¢) = exp [% (¢ra” - geﬁ?)} (2.97)
0000400000000000000000
¢=S5(0)ast(¢) (2.98)

DDDDDDDDDDDDDDDDDDDDDDDD§(§)|a)DDaDDDDD
OO0 ¢e0DODODOOOOO

e5(¢) la) = SOSN8 [a) = a8(0) fa) (2.99)

00000008 |«)000000000ooooon
000000000000000 ¢(=r#0000000000000000
000000000000000000000000000000000000
000000000000 r=|¢|000000000000000

S(r) = exp [g (&2 — &TQ)} (2.100)

0000000000000000000000000Eq. (29900000000
000000000 «=00000000“00000000007 (SV: squeezed
vacrum) 0000 0000000000000000000000000000
000000 8(¢)|e)000000000

Iry = S(r) [0) (2.101)
00004000 Sr)0000000000Eq. (29)00000000000
A Lo A Lot (2.102)
= ——¢ R = ——€ .
RV P=R

OO00000D00DO0DO00O0
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oood

(n) = sinh? r (2.103)
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Figure 2.6: Quadrature distributions of the squeezed states Psg(r; ¢) and 7555(7“; P)
for r = 0.4 (left) and r = 0.8 (right).
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Figure 2.7: Photon number statistics of the squeezed states for r = 0.4 (left) and
r = 0.8 (right).
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Figure 2.8: Wigner functions of the squeezed states for r = 0.4 (left) and r = 0.8
(right).
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Figure 2.9: Quadrature distributions of the CSS and the CSM. The relative phase
factor is ¢ = 0 and the coherent amplitude is {qo, po} = {0, V2}. Pess(i, a;q):
g-distribution of the CSS (left, solid line), Pogm(e; ¢): g-distribution of the CSM
(left, dotted line), ﬁcss(go,oz;p): p-distributions of the CSS (right, solid line),
Pesmla; p): p-distributions of the CSM (right, dotted line).
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Figure 2.10: Quadrature distributions of the CSS and the CSM. The relative phase
factor is ¢ = 7/2 and the coherent amplitude is {qo, po} = {0, V2}. Pess(ip, a;q):
g-distribution of the CSS (left, solid line), Pesm(a; q): g-distribution of the CSM
(left, dotted line), ﬁcss(go,oz;p): p-distributions of the CSS (right, solid line),
Pesmla; p): p-distributions of the CSM (right, dotted line).
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Figure 2.11: Quadrature distributions of the CSS and the CSM. The relative
phase factor is ¢ = 7 and the coherent amplitude is {qo, po} = {0, V2}. (left,
solid line) ¢-distribution of the CSS Pcss(p, a; q), (left, dotted line) ¢-distribution
of the CSM Pesm(as; q), (right, solid line) p-distributions of the CSS 75@55(99, a;p),
(right, dotted line) p-distributions of the CSM Pegm(a; p).
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Figure 2.12: Photon number statistics of the CSSs and the CSM for |a| = 1. The
relative phase factors for the CSS are ¢ = 0 (upper left), o = 7/2 (upper right),
and ¢ = 7 (lower left). The photon number statistics of the CSM (lower right) is
the same as that of the CSS with ¢ = 7/2.

00000000000000000000 2677 cos [p — 2pog + 2qop] 00O
0000000CSMODOO0O00000000000 Eq.(2.122)0000000

e~ (4=90)?=(P=p0)* | c—(a+40)*=(p+po)®

2

WCSM(OG Q7p) = (2-122)

00000CsSSO0000000000000000000000n

%0 =0, p=+/2000000CSS(00000000 ¢=0,7/2, x1)0000
CSMOOO00O0OO0O000O0O000OFie 2.1300000000CsS0000000
00000000000000000000000000000000000CSS
000000000000 000000000000000000000000
000000000000000000000000000000000000
000000000000 00000000000

2.5 QOO

gbobobbooogbboboooooboobooogobobogo



66 U220 0000gooobodd

o) i\\ii\\;;‘\:“
X '

%

N
N,
N
SN
ety
o,
902%
oooo
%00t
oy

g
Q2

2%
X

%
2%

v,
"y,
'
o
X
%
Y

Figure 2.13: Wigner functions of the the CSSs and the CSM for {qo, po} =
{0, v/2}. The relative phase factors for the CSS are ¢ = 0 (upper left), p = 7/2

(upper right), and ¢ = 7 (lower left). Wigner function of the CSM (lower right)
show no quantum interference effect.
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Figure 2.14: A model of the beam-splitter.
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Figure 2.15: A schematic of the homodyne detection.
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Figure 3.1: Wigner function of a CSS defined in Eq. (3.2) with a coherent ampli-
tude o = 1.
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Figure 3.4: Wigner functions of a genuine CSS with a = 2¢ (left) and a pseudo-CSS
generated by the SS scheme or the PS scheme with » = 0.853706 (right).
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Figure 3.5: A schematic of the model of the experimental imperfections in the SS
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Figure 3.6: Wigner function of the pseudo-CSS generated by the S5 scheme under
the practical condition: &sps = 0.7 and n = 0.9.
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Figure 3.7: A schematic of the model of the experimental imperfections in the PS

scheme (photon subtraction scheme).
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Figure 3.8: Wigner function of the pseudo-CSS generated by the PS scheme under
the practical condition: v =25 x 1072, %' = 0.7, T'= 0.9, n = 0.9.
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Figure 3.9: Relationships between the modal purity of the initial single-photon
state {sps and the homodyne efficiency n which satisfy W(0,0) = 0. The value of

W (0,0) is negative in the area above each curve.
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Figure 3.10: Dependence of the Wigner function at the phase-space origin

W(0,0) = 0 on the squeezing paremeter r for the SS scheme. The modal pu-
rity of the initial single-photon state is {gpg = 0.7.
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Figure 3.11: Relationships between the dark count per event v and the transmit-
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of W(0,0) is negative in the area below each curve. The detection efficiency of the

on/off detector and the homodyne efficiency are n” = 0.9 and n = 0.9, respectively.
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Figure 4.2: Quadrature distributions of the CSS with ¢ = 0 and the CSM. (solid
line) p-distribution of the CSS Pess(p, o, O; pg). (dotted line) p-distribution of
the CSM Pcsm(pg). The transmittance of the beam-splitter and the coherent
amplitude are T' = 0.5 (0 = 7/4) and o = 1, respectively. The purification
protocol is successful when the measurement outcome falls within the interval

indicated by the dashed vertical lines.
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Figure 4.3: Quadrature distributions of the CSS with ¢ = 7 and the CSM. (solid
line) p-distribution of the CSS Pess(p, a, ©; pg). (dotted line) p-distribution of
the CSM Pcsm(pg). The transmittance of the beam-splitter and the coherent
amplitude are T' = 0.5 (0 = 7n/4) and o = 1, respectively. The purification
protocol is successful when the measurement outcome falls outside the interval

indicated by the dashed vertical lines.
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Figure 4.4: Purification efficiency for the CSS with ¢ = 0 conditioned on the ho-
modyne detection outcomes. The phase of the local oscillator is chosen to measure
the quadrature pp = ,/,. The transmittance of the beam-splitter, the coherent
amplitude, and the modal purity of the input state are T'= 0.5 (0 = 7/4), a = 1,
and &, = 0.5, respectively.
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Figure 4.5: Purification efficiency for the CSS with ¢ = 7 conditioned on the ho-
modyne detection outcomes. The phase of the local oscillator is chosen to measure
the quadrature pg = /5. The transmittance of the beam-splitter, the coherent
amplitude, and the modal purity of the input state are T'= 0.5 (0 = 7/4), a =1,
and &, = 0.5, respectively.
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Figure 4.6: Dependence of the £, on &, for the CSS with ¢ = 0 (solid line)
and ¢ = 7 (dashed line) where the outputs are conditioned on the measurement
outcomes pg = 0 and pg = 7/2, respectively. The dotted line denotes £, = &, as

a reference. The transmitatnce of the beam-splitter and the coherent amplitude
are T'=0.5 (0 = n/4) and o = 1, respectively.
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Figure 4.7: Dependence of the purification efficiency on the initial coherent am-
plitude o for the CSSs with ¢ = 0 (solid line) and ¢ = 7 (dashed line). The
measurement outcome pp is selected to satisfy the optimal condition ¢ + ¢'=0.
The transmitatnce of the beam-splitter and the coherent amplitude are T' = 0.5

(@ =7/4) and a = 1, respectively.
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Figure 4.8: Dependences of the purification efficiency &,,¢/&n (left axis) and the
probability density Poss(i, a, ©; p%*) (right axis) on the transmittance of the
beam-splitter 7' for ¢ = 0 (solid line) and ¢ = 7 (dashed line). The modal
purity of the input state and the coherent amplitude are &, = 0.5 and o = 1,
respectively. The measurement outcome pOBpt is selected to satisfy the optimal

condition ¢ + ¢’ = 0.
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Figure 4.9: A model of the purification protocol including a linear lossy channel and
an inefficient homodyne detection. Fictitious beam-splitters represent the linear
lossy channel with its transmittance n;, and the inefficient homodyne detection
with its efficiency nup. A real beam-splitter with its transmittance T' corresponds

to the tapping beam-splitter in Fig. 4.1.
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Figure 5.1: Experimental setup. [SO: optical isolator, FOM: electro-optic mod-
ulator, AOM: acousto-optic modulator, SHG: second harmonic generator (fre-
quency doubler), OPO: sub-threshold degenerate optical parametric oscillator,
MCC: mode cleaning cavity, HBS: half (50:50) beam-splitter, PTs: partial trans-
mittance mirrors, HD: homodyne detector, PDs: photo-detectors, PZTs: piezo-

electric transducers.
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Figure 5.2: Schematic of the OPO cavity. The dimensional unit is mm. Flat
PT (partial transmittance) mirror with its transmittance 7" = 0.123 works as the

output coupler. Two concave mirrors have their radii of curvature R = 50 mm.

googbobobbbboooooogoooooboboboboooooooon
O020mmd00((@COC0O0)00200mOI0000000000C000O0O00O0O



53. ODDOOOOO 135

O00ooo000ooo0o0ooooooooo(@o/oo)ygoooooooo
gbobobooggobbbooooobobod

gooobobbobbbbbbbbooooouabobobobbbbbbboo
gobobooggoboood

e JIJI0D0DODDOODOODOOODODODOOOD(DDODODODOODODODOODOOO
00w =20pm)0000000000000OOOO

e JO0OD0(CD430nm)00000OO0O0OOOOOOOODOOOODOOODO
gbogobobboobogbuodgbuobobobobooboobuoooban
O000O0o0Ooooooooooog o

e JJ00O0ODOODOODODDOOODOODODOO(OOO)ODDOOOODODODOO
gboobooooobooboooan

goobooooobobobbbbbbbobooodioid we=20ppmdogg
gbobbobouoooobbbbooooobbbbooodan
O0oboodbiooobibogiibidlw,=20py,mO000goooooon
gooobobobbobbbbbbbobbbbbodooooooooooobbn
OO0000b0o0bO0o0obo0oboooboooboooobb0D wOOoooo dO00O
O00OEq. (5.21)000000000000000O00O0OO0OO00OO0OOO0O0O 9O

d = 2.84b (5.21)

O000b=2,00000000000000,0000000000D0000
0000000000000 0w 0000000000 ((O0O)O0OODOOO
ADD00OO0 Eq. (h.22)000000000O

2
TWwEN

A

Oobooooooboodobboobog-bboADOO0ODOOOOOobOOOD
O000w, 0OO0O0000000d=10mmdr=1.840000 A =860 nm0O
0000000 w=16mO00000000C0O0O [L,10)00000000
U wy=20ppm0000

Z0 =

(5.22)

oro0 00

OO000o0b0ooooooobogoT=0123000000 0PO0OOOOODO
00 Table51 000000000000 1»,0000 00000000000
Tooob0bOob Lobooboooboooboo/oooo

T+ L)

2
2wl (5.23)

U2 =



136 gs0 PPKTPOODODODDOODOODOO

Table 5.1: Characteristics of the OPO. [: roud trip length of the OPO cavity,
vpsr: free spectral range, T": transmittance of the output coupler, vy /5: linewidth
(FWHM). The effect of the intracavity loss may be ignored.
[ VFSR T V12
500 mm 600 MHz 0.12 12 MHz
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gboodb L=00000000000
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O00D0O00000O Table 520000 L0000 H55300000000000
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Table 5.2: Characteristics of the OPO. L: intracavity loss, v: decay rate, ()
detuning parameter, p: escape efficiency, F,;,: oscillation threshold.
Crystal L ol Q p P
#1 0.006 7.7 x 107" Hz 0.013 0.95 180 mW
#2 0002 7.5x10" Hz 0.013 0.98 170 mW
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Figure 5.3: Schematic of the mode cleaning cavity (MCC). The dimensional unit
is mm. Flat PT (partial transmittance) mirrors have their transmittances: 0.07

and 0.10. Two concave mirrors have their radii of curvature R = 50 mm.
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Table 5.3: Settings of the spectrum analyzer. (BW: bandwidth.)
Center Frequency Span Resolution BW Video BW  Sweep Time
1 MHz Zero 30 kHz 300 Hz 100 ms
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Figure 5.4: Beam configuration for mode matching of the pump beam and the

OPO cavity.
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Figure 5.5: Beam configuration for measuring the intracavity loss.
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Table 5.4: Increments in the intracavity loss induced by 100 mW pumping. (L:
intracavity loss. The data in the third row was obtained using other OPO with a
KNbO; crystal.)
Crystal L (without pumping) L (with pumping) Increment in L
#1 0.006 0.006 0.000
#2 0.002 0.004 0.002
(KNbO3) (0.009) (0.024) (0.015)
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Figure 5.9: Classical parametric gain of the OPO. (upper) Deamplification gain
G/_. (lower) Amplification gain (7. Plots with () and A indicate values obtained
with the crystal #1 (L = 0.006) and the crystal #2 (L = 0.002), respectively.
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Figure 5.10: Power levels of quantum noise. (upper) Obtained with the crystal
#1 (L = 0.006) and 100 mW pumping. (lower) Obtained with the crystal #2
(L =0.002) and 110 mW pumping. (a) shot noise level, (b) LO phase is locked at
the squeezed quadrature, (¢) LO phase is locked at the anti-squeezed quadrature,

(d) LO phase is scanned. These are normalized to make the shot noise level 0 dB.

All traces except for (d) are averaged for 20 times.
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Figure 5.11: Squeezing and anti-squeezing levels at several powers of the pump
beam. (upper) Obtained with the crystal #1 (L = 0.006). (lower) Obtained with
the crystal #2 (L = 0.002). Plots with x indicate measured values while () and A
indicate theoretical ones which are calculated from measured classical parametric
gains. The phase fluctuation of the LO is taken into account for the plots with A
while it is not done for those with ().
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