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L.OI CAM ON

Dau tién, t6i xin gii 161 cAm on chan thanh va long biét on sau sac dén
thay Nguyén Ba An, ngusi 6 stc anh hudng to 16n trong cudc doi toi. Toi
da duge hoc tit thay khong chi nhitng kién thice vé vat 19, toan hoc ma con
duge hoc tit thay s can than, chin chu cting nhu tinh than trach nhigm
trong cong viée. Toi ludn cam thay tu hao vi duge 1a hoc tro cia thay. Toi
cling xin cAm on thay Nguyén Hong Quang, thay da hé trg rat nhiéu cho
toi trong toan bd khoéa hoc tai Hoce vién khoa hoc va cong ngheé. ‘

To6i xin cAm on cac thiy co, cdc anh chi va cac ban tai Vién Vat Ly
da luon gitp dd va cho toi nhiéu 161 khuyen, 161 dong vién chan thanh, bo
ich, da cho toi duge séng, hoc tap va lam viée trong mot maéi trudng than
thién.

Téi xin gui 161 cdm on t6i Ban lanh dao, phong dao tao Hoc vién khoa
hoc va céng nghé da tao dicu kién tét cho ching t61 hoc tap va lam viéc.

T6i xin cAm on Qfty phat trién khoa hoc vi cong nghé Quéc gia (NAFOS-
TED), Qiiy doi méi sang tao tap doan Vingroup (VINIF) d& hé trg kinh
phi dé t6i hoan thanh khéa hoc nay.

Cubi cling, t6i mudn gii 16i cdm on gia dinh ctia téi, nhitng nguoi da
luén yéu thuong, Ging ho va 1a chd dya ving chic trong sudt qua trinh toi

lam viéc.
Ha Noi, thang 5 - 2023
Nghién ciu sinh
Cao Thi Bich
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.LOI CAM DOAN

Toi xin cam doan nhitng két qua trinh bay trong ludn an la do ban
than toi da thue hién trong thai gian lam nghién citu sinh. Cu thé, chuong
1 1a phan gidi thieu nhitng vin dé co sé c6 lien quan dén ludn an. Trong
chuong 2 va chuong 3, t6i sit dung cac két qua nghién citu ma toi da thue
hién ciing véi thay gido hudng dan va dong nghiép Lé Thanh Dat. Cubi
cling, t6i xin khing dinh cac két qua c6 trong luan an “Réi lai, R6i ting
cusng va ap dung cho vién chuyén, vién tao trang thai lugng ti va vién tac
toan tit c6 kiem soat” 1a két qua mdi, khong trung lap véi két qua cia cac

ludn an va cong trinh da cé.

Nghién citu sinh
Cao Thi Bich
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DANH MUC CAC TU VIET TAT

Viét tiat

Tén tiéng Anh

Tén tiéng Viét

LOCC Local operations and classi- | Thao tac dia phuong va giao
cal communication tiép co dién

EPR Einstein-Podolsky-Rosen

GHZ Greenberger-Horne-
Zeilinger

DOF Degree of freedom Bac tu do

S-DOF | Spatial-mode degree of free- | Bac tu do khong gian
dom

P-DOF | Polarization degree of free- | Bac tu do phan cuc
dom

CV Continuous-variable Bién lién tuc

CV-DOF | Continuous-variable degree | Bac tu do c6 bién lien tuc
of freedom

DV Discrete-variable Bién gian doan

DV-DOF | Discrete-variable degree of | Bac tu do c¢6 bién gian doan
freedom

H Horizontally polarized sin- | Phan cyc ngang ciia photon
gle photon don

\Y Vertically polarized single | Phan cyc doc cta photon
photon don

SPDC Spontaneous parametric
down-conversion

BS Beam splitter Bo tach chum

BBS Balanced beam splitter Bo tach chum can biang
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P Phase shifter Bo6 dich pha

PBS Polarization beam splitter | Bo tach phan cuc

HWP Half-wave plate Tam nita séng

QWP Quarter-wave-plate TAm séng phan tu

LO Local oscillator Bo dao dong dia phuong hay

bo tham chiéu

LOQC Linear optical quantum | Tinh toan lugng tit quang
computation tuyén tinh

QT Quantum teleportation Vién chuyén luong tit

BQT Bidirectional quantum tele- | Vién chuyén luong ti hai
portation chiéu

RIO Remote implementation of | Vién téc toan ti tong quat
operator

CRIO Controlled remote imple- | Vién tac cé kiém soat toan
mentation of operator t tong quat

CRISO | Controlled remote imple- | Vién tac co kiém soat toan

mentation of a subset of
operatorscontrolled remote
implementation of a subset

of operators

t gidi han




Bang 2.1

Bang 3.1

Bang 3.2
Bang 3.3

DANH SACH BANG

Trang thai ps(7) trong cong thic (2.119) phu

thuoc vao 16 truong hop kha di cia két qua do

{ng,no,ny,np}. Trang thai pij’Chgm)(T), pflj’lé)(T) vGi

j=1,2,3,4va pELT)(T) dudgc cho trong cac cong thiic
(2.120) - (2.123) va (2.126).

Trang thai |¢gmns) g clia photon B sau phép do ctia
(S)

Alice va Charlie, va toan tu hoi phuc R, = vdi

RS mns) g = (a|bo) + B |b1)) 5.
Trang thai

AP > phu thuoc vao két qua kmn.
kmn
ABC

(P)

cua cac photon A, B va C
kmns ABC p )

Trang thai ‘E

phu thuoc két qua do kmns ctia Alice va Charlie.
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Hinh 1.1

Hinh 1.2

Hinh 1.3

Hinh 1.4

Hinh 1.5

Hinh 1.6

A

DANH SACH HINH VE

Tac dong ctia bo tach chum lén: a) trang thai tich
clia hai trang thai s6 hat |n),|m), va b) trang thai
tich ctia hai trang thai két hop |a).|3)s.

Tac dong ciia bo dich pha lén: a) trang thai s6 hat
In) va b) trang thai két hop |a).

Hién thuc héa toan t@ dich chuyén hoat dong 6
mode a bang bo tach chiim c6 hé s6 truyén qua cao
va trang thai két hop bién do manh & mode b.

So do minh hoa phuong phap do homodyne dé xac
dinh cac toan ti quadrature.

(a) So do phép do homodyne dé phan biét trang
thai can bang va trang thai chum. (b) So do minh
hoa khong gian pha ciia trang thai [¢;) trong cong
thite (1.45).

So do thiét bi thi nghiem ché tao phép do pha thich
ting. BS(r,t) biéu thi bo tach chiim c6 hé sé phan
xa (truyén qua) la r (¢), D 13 may do photon, EOM
14 bo bién pha dién quang. Céc thiét bi quang hoc
khac nhu: bo tri, bo nhan, bo tich hop, bo tao tin
hiéu SG, bo xit 1y tin hieu va dau doc ki thuat s
dwa ra gia tri do duge trong khoang [0, 27).
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Hinh 2.1

Hinh 2.2

Hinh 2.3

vii

Chién thuat dé tao trang thai réi lai gitta trang thai
két hop phan cuc va trang thai phan cuyc. Chién
thuat nay bao gom hai phan. Phan 1 tao trang thai
con meo Schrodinger phéan ciye trén mode 1 cho bdéi
cong thitc (2.27). Phan 2 thyc hién céc thao tac va
phép do lén mode 2 vi mode 4, tuy thuoc vao két
qua do, trang thai cia mode 1 va mode 3 sé trd
thanh trang théi réi lai mong muén. O day |I') =
II')1 dugce dinh nghia trong (2.27), |A) = |A)1 dugc
dinh nghia trong (2.28), va |©) = |0)34 dinh nghia
trong (2.29) 1a cac trang thai dau vao can thiét,
|Z) = |=)12 1 trang thai rdi lien tuc cho bdi (2.32),
va |U) = |¥)3 1a trang thai can tao duge dua ra
trong (2.25). BS 1a viét t&t ctia bo tach chtum, BBS
1a bo tach chiim can biang, PBS 1a bo tach phan
ciic, HWP 13 mot tAm nita séng va D 1a may do
photon.

Tong xac suat thanh cong clia giao thitc 1a Pr = 4P,
v6i P cho bdi (2.44) 1a ham cta binh phuong bién
do % va he sé phan xa r. Duong dut nét thé hien
tong xac suat thanh cong dudc tbi uu hoa khi he s6
phan xa rPek = 1/(28) véi 52 > 1/2.

Tong xac suat thanh cong P& (dudng lién nét) va
do tin cay F% (dudng dit nét) cho bdi cac cong
thite (2.51) va (2.52) tuong tng la ham cua cuong
do suy giam lien két p dinh nghia trong (2.53). o)
day, chang to6i chon bién do dau vao 3 = 1.2 tuong

tng véi hée sd phan xa toi uu rPek ~ 0.347.
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Hinh 2.4

Hinh 2.5

Hinh 2.6

Viil

Tong x4c suat thanh cong Pr (duong lién nét) va
do tin cay F™ (duong dit nét) phu thude vao cuong
do SPDC loai IT A khi sit dung (a) trang thai nén
chan khong trong (2.54) v6i s = —0.43358 nhu mot
su gan dang cla trang thai con meo Schrodinger
chan bién do 0.7 va (b) trang théai nén mot photon
trong (2.55) v6i s = 0.16056 nhu mot sy gan ding
cua trang thai con meo Schrodinger 1é bién do 0.7.
Trong ca hai truong hop, dusng gach ngang thé hien
do tin cay l1a tuyét ddi (nghia la khi trang théai dau
vao 1a hoan héo) va hé s6 phan xa r dugc chon la
0.1.

D6 tin cay trung binh F™ duge dinh nghia trong
(2.65) 1a ham ctia cac tham s6 khong hoan hao €;
va €9 cua hai BBS. Trén hinh vé, 8 va r dugce chon
nhu trong Hinh 2.3.

Tong xéc suat Pr, (duong lién nét) cho bdi cong
thic (2.68) va do tin cay F;, (dudng dit nét) cho béi
(2.69) khi phu thuoc vao (a) hiéu suat ctia may do
photon 1 va (b) hé s6 phan xa r. Trong truong hgp
(a) he s6 phan xa r 1a 0.1, trong khi trong truong
hop (b) hiéu suat may do photon 7 la 0.9. Trong
ca hai truong hop ching toi gia dinh cac trang thai
dau vao hoan hdo trong dé dau vao 1a trang thai

con meo Schrodinger chén ¢6 bién do 5 = 1.
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Hinh 2.7

Hinh 2.8

Hinh 2.9

X

So do tao trang thai roi lai duge dinh nghia trong
(2.94). PBSP la ky hiéu cta thiét bi quang hoc bao
gom mot bo tach chium can bang xen gitta hai bo
dich pha —7 /2, hoat dong trén hai mode nhu trong
cong thitc (2.73). Duong lién nét dan nhan n (k, I,
m, n, p va q) biéu dién mode n (k, [, m, n, p va q).
Dy, va D, 14 cac may do photon dé dém sé photon
tuong ting tit cdc mode. Dudng ditt nét bicu dién s6
photon dém dudc ny van,,. R=1, X, Z va X7 la
cac toan t hoi phuc phu thuoc vao s6 photon dugc
phat hién.

Giao thtc vién chuyen luong t co6 kiém soat tir
trang thai bién gian doan sang trang thai bién lien
tuc c6 kiém soat sit dung kénh luong ti prosa(7)
trong cong thic (2.97). Duong liéen nét dan nhan
1 (2, 3, 4 vd A) bieu dién mode 1 (2, 3, 4 va A).
Dy, D5, Dy va Dy la cic may do photon dé dém cac
photon tuong ng tit cic mode. Duong dit nét biéu
dién s6 photon dugc phat hién ny, ns, ny va ng. H
l1a toan t@ Hadamard. U = X hodc X Z la cac toan
ti hoi phuc phu thudce vao sd photon dém dude ti
cac may do.

Giao thtic cho vién chuyén luong t1t co kiem soat tir
trang thai bién lién tuc sang trang thai bién gidn
doan c6 kiém soat sit dung kenh lugng tit prosa(7)
trong cong thic (2.97). Duong lién nét dan nhan B
(1, 2, 3 va 4) biéu dién mode B (1, 2, 3 va 4). Dy,
Dg, Dy va D3 la cac may do photon dé dém cac
photon tuong tng tit cac mode 1, B, 2 va 3. Dudng
dit nét bieu dién s6 photon dugce phét hién n;, ng,
ne va n3. H la toan tt Hadamard. V =1, X, Z
hoac X Z la céac toan tit hoi phuc phu thuoc vao s6

photon dém dudgc tit cac may do.
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Hinh 2.10

Hinh 2.11

Hinh 2.12

Hinh 2.13

D6 tin céy clia qua trinh vién chuyén trang thai
lugng tir tir trang thai qubit don tuyén cé dang
dic biet (|0) + |1))/v/2 sang trang thai con meo
Schrodinger chan N(|7a) + |—7a)) la ham cta ¢
v6i a = 1 (duong cong mau dd), a = 2 (dudng cong
mau xanh), « = 3 (dudng cong mau cam) va o = 5
(dudng cong mau den).

D6 tin cay ctia quéa trinh vién chuyen trang thai
lugng ti tir trang thai con meo chan Schrodinger
N(|ra) + |-Ta)) sang trang thai qubit don tuyén
dac biet (|0) +]1))/+v/2 la ham ctia ¢ v6i a = 1
(duong cong mau do), a = 2 (dudng cong mau
xanh), a = 3 (dudng cong mau cam) va a = 5
(dudng cong mau den).

Do tin cay trung binh ctia qué trinh vién chuyén
trang thai luong tit c6 kiém soét tit trang thai bién
gian doan sang trang thai bién lien tuc (duong cong
mau xanh) va do tin cdy trung binh cta qua trinh
ngugc lai tir trang thai bién lien tuc sang trang thai
bién gian doan (dudng cong mau do) 14 ham cta vt
véi (a) a=0.5, (b) a=1, (c) a=2va(d) a=5.
Duong ngang mau den tai 2/3 la gié tri trung binh
co dién t&t nhat.

X4c suat thanh cong trung binh clia qua trinh vién
chuyén luong ti c6 kiem soat tit trang thai bién lien
tuc sang trang thai bién gian doan 14 ham clia vt
v6i a = 0.5 (duong cong mau do), a = 1 (duong
cong mau xanh), a = 2 (dudng cong mau cam) va
a = 5 (duong cong mau den). Xac suat thanh cong
trung binh ctia qua trinh vién chuyén lugng tit theo
chiéu ngugc lai 14 hing s6 va biéu dién bdi dusng

ngang mau tim tai gia tri 3/16.
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Hinh 3.1

Hinh 3.2

Hinh 3.3

Hinh 3.4

X1

Buéc 1 clia so do tao trang thai \F(S)>12345 trong
cong thiic (3.5). Budc nay lam r6i photon 1 véi pho-
ton 2 va photon 3 véi photon 4 trong S-DOF. Vong
tron c¢6 ky hieu H bén trong ngu y mot photon &
trang thai phan cyc |H), trong khi |2); va [2)s 1a
cac trang thai két hop c6 bien do duong 2z, va 29
tuong ting. 6 va —0 1 cac thong sé clia cac tuong
tac Kerr chéo. BBS 1a bo tach chum can bang. Cac
photon r6i ¢ S-DOF duge ndi v6i nhau bang cac
duong lién nét.

Bué6c 2 clia qué trinh tao thanh phan S-DOF clia
kenh lugng ti. |z) 1a trang thai két hgp c6 bien
do thuyc z. Trong buéc nay, trang thai mong mudn
IT(9)) 19545 trong cong thitc (3.5) ¢6 duge néu két qua
ctia phép do X-quadrature 13 |ze*%).

Bu6c 1 ctia so do tao trang thai \F(P)>12345 trong
cong thic (3.6). Bude nay lam réi photon 1 véi pho-
ton 2 va photon 3 véi photon 4 trong P-DOF. Vong
tron c6 ky hiéu H,V bén trong ngu y mot photon
d trang thai chong chap ciia cac trang thai phan
cuc |H) va |V), trong khi |r); va |r)s lan luot 1a
cac trang thai két hop c6 bien do duong r; va ro.
QWP 1a mot tam séng phan tu. Cac photon bi rdi &
P-DOF ducc néi v6i nhau bang cac duong dit nét.
Bué6c 2 ciia qua trinh tao thanh phan P-DOF clia
kenh lugng tii. |r) 1a mot trang thai két hop c6 bien
do duong r. Trong buéc nay, trang thai mong mudn
IT(P)Y 9345 trong cong thiic (3.6) c6 duge néu két qua

phép do X-quadrature 1a |re®).
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Hinh 3.5

Hinh 3.6

Hinh 3.7

Hinh 3.8

Hinh 3.9

xii

So d6 vién tao hai chicu c6 kiém soat trang théi
tang cuong. BS; (i = 1,2,3,4) la bo tach chum
khong can bang c¢6 hé s6 phan xa (truyén qua) r;
(t;). WP(6;) (j = 1,2,3,4) 1a mot tam séng quay
trang thai phan cuc mot goc 0, PBS la bo tach
phan cuc cho phép photon phan cuc ngang truyen
qua va phan xa photon phan cuc doc. Dy, D!
v Dy v6i m, k,L,m! K, U, p,q € {0,1} 1a 20 méay
do photon. [¢'), Rp, |¢') va R4 ducc dinh nghia
trong cic biéu thic (3.52), (3.53), (3.54) va (3.55)
tuong ng.

Hoat dong ctia Alice trong giai doan thi nhat cia
qua trinh CRIO trén photon 6 bac tu do khong
gian. Vong tron c6 hai duong di kem bicu thi mot
photon truyén dong thoi doc theo hai duong, trong
khi vong tron ¢6 mot duong di kem la mot photon
chi truyén theo mot duong.

Hoat dong ctia Charlie trong giai doan dau ctia qua
trinh CRIO trén photon ¢ S-DOF.

Hoat dong ctia Bob trong giai doan thit nhat (trén
ciing) va giai doan thi hai (duéi cung) cia CRIO
trén photon trong S-DOF. Céac toan tu R,&?ms va
U) duge dinh nghia trong céc biéu thic (3.77) va
(3.58). HWP la tam nita séng, PBS 1a bo tach phan
cuc, guong M va may do photon D,,.

Hoat dong ctia Charlie va Alice trong giai doan thi
hai cia CRIO trén photon trong S-DOF. QWP la
tam song phan tu va Dy(py 1& may do photon. W}SQ
duge dinh nghia trong cong thic (3.85) va Xg la
toan tir lat duong di. Hinh nho chita hai PBS, hai
guong va mot bo dich pha 7 14 so do xay dung
Zp = |H) (H| = |V)(V].
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Hinh 3.10

Hinh 3.11

Hinh 3.12

Hinh 3.13

Hinh 3.14

Hinh 3.15

Hinh 3.16

xlil

Hoat dong ciia Alice trong giai doan dau tién cia
CRIO trén photon trong P-DOF. Mot vong tron
khong c6 bat ky chit cai nao bén trong biéu thi mot
photon nam trong |H) hodc |V). Tuong tac Kerr
chéo gitta thanh phan |H) va trang thai két hop
dugc trinh bay chi tiét trong phan hinh phu cia
Hinh 3.11.

Hoat dong ctia Charlie trong giai doan dau tién ctia
CRIO trén photon trong P-DOF. Hinh nho mo ta
chi tiét tuong tac Kerr chéo gitta thanh phan |H)
clia mot photon va trang thai két hop.

Hoat dong ctia Bob cho CRIO trén photon trong P-
DOF. Cac toan tu R](Qns va UP) duoe dinh nghia
trong cac bicu thitc (3.98) va (3.88), trong khi PE
la qua trinh trao ddi duong di duge xay dung nhu
trong phan hinh phu.

Hoat dong ctia Charlie va Alice trong giai doan thi
hai cua CRIO trén photon trong P-DOF. ng(}s;) 1a
toan ti duge dinh nghia trong biéu thitc (3.106).
Hinh nay dugce vé cho trusng hgp n = 0 ma HWP
duge dat tréen mode a1 (néu khong, HWP phai nam
trén mode ay).

Hoat dong ctia Alice va Bob trong giai doan dau tien
cua CRISO trén photon 6 ca S-DOF va P-DOF. Xg
la toan tu 1at duong di va U&S) 1a cac toan tu dugce
xéc dinh trong (3.108).

Hoat dong cia Charlie va Alice trong giai doan dau
tién ciia CRISO trén photon & ca S-DOF va P-DOF.
Toan ti FTEi)TST duge dinh nghia trong (3.121).
Hoat dong ctia Alice va Bob trong giai doan thit hai
cua CRISO trén photon 6 ca S-DOF va P-DOF. Xp
la toan tu chuyén phan cuc va UT(LP) dugc dinh nghia
trong (3.109).

108

111

112

114

117

119

120



X1v

Hinh 3.17 Hoat dong ctia Charlie va Alice trong giai doan thit 121
hai cia CRISO trén photon 6 ca S-DOF va P-DOF.
Toan tit Vn(,f), ,» duge dinh nghia trong (3.127).
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M3 dau

Ly do chon dé tai

Thé ky 20 md ra v6i dinh luat Planck nhu mot bude di dau tien
ctia vat 1y hién dai va co hoc luong tit. Thoi ky d6, ching ta da chitng kién
su gia tang lien tuc cac tng dung cla co hoc luong ti, bat dau véi vat
Iy nguyén ti va tiép dén vé6i vat Iy hat nhan, quang hoc, vat chat ngung
tu va vo s6 dién bién khic. Cac khoa hoc vé thong tin lugng tit xuat hién
mang dén cho vat 1y luong t1t mot bude ngoit méi, mdé ra mot linh vuyc da
nganh dya ciing mot lac len 1y thuyét vat 1y luong tit va 1y thuyét thong
tin c6 dién. Cé nhiéu nhiém vu quan trong trong khoa hoc k¥ thuat khong
the thuc hién duge néu chi st dung cac phuong thiic co dién thong thuong
nhung lai kha thi khi stt dung céc cong nghé luong tit. Theo 1y thuyét
thong tin co dién, don vi co ban clia théng tin 14 bit - mot hé vat 1y chi
ton tai ¢ mot trong hai trang thai biéu dién hai gia tri logic khong hosc
c6, ding hoiic sai hay don gidn 1a 0 hoic 1. Thong tin bat ky déu cé the
biéu dién bang cac bit dusi dang mot day cac s6 0 va 1. Trong cAc may
tinh, bit dugc biéu dién giéng nhu trang thai vat 1y cia mot hé vat 1y nhat
dinh nao dé6. Khi thong tin duge truyen di dusi dang céc bit co dién thi
né c6 thé dé dang bi doc va sao chép trom mot cach y nguyén ma khong
bi phat hién, vi vay truyéen thong co dién 1a mot qua trinh khong an toan.
Van dung cac dinh luat ctia vat 1y luong ti, thong tin c6 thé ma héa trong
chong chap ciia cac trang thai lugng tii. Cach ma hoéa don gidn nhat 1
thong qua chong chap clia hai trang thai co s |0) va |1) duge goi 1a bit
lugng tit (tiéng Anh 13 qubit va, dé cho tién, trong luan an nay sé ding
qubit thay cho bit lugng t1t). Vi ¢6 vo s6 céch tao cac chong chap gitta |0)
va |1) nén vé nguyén tac mdi qubit c6 thé chita trong n6 mot lugng vo han

thong tin. Ta khong thé xac dinh toan bo thong tin vé trang thai chong
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chap chi bang mot lan do luong tit, bdi sau khi do trang thai ban dau bi
pha hity. Moi c6 ging dé c6 thé gidi ma toan bo thong tin nim trong trang
thai gbc déu di dén that bai ciing béi ta khong thé tao ra cac ban sao clia
n6 do st ngan chin cta dinh 1y khong thé nhan ban mot trang thai luong
tt bat ky (no-cloning theorem) [1], diéu tao nén bdo mat tuyet ddi trong
mat ma lugng t1t [2]. Khoa hoc thong tin lugng tit 14 mot linh vige méi ctia
khoa hoc, n6 két hop va duya trén cac quy luat ctia vat 1y, toan hoc, khoa
hoc may tinh va ky thuat. Muc dich cta né la dé hidu lam thé ndo ma
mot s6 nguyéen tic co ban ctia vat 1y dudge phat hién truée dé lai co thé
duge khai thac va cai thien mot cach téi wu trong viéc truyen tai va xit 1y
thong tin. Nhitng nguyén tac co ban cia ly thuyét luong t ducc ap dung
vao d6 cho phép thong tin duge ma hoa trong cac trang thai lugng tit co
tinh chat ky la va phan tryc quan. Song, nhiing nghién citu gan day ve ly
thuyét nay da mang dén rat nhiéu ngac nhién. Sy phat trién biing nd cia
khoa hoc thong tin gan day c6 thé quy cho la su hdi tu ctia hai yéu t6. Thit
nhat, 1y thuyét thong tin c¢d dién do Shannon phat minh ra nam 1948 13
mot nhanh cia toan hoc ing dung va ky thuat dién, ngay tit nhing ngay
dau n6 da md rong pham vi ing dung ra nhiéu huéng khac nhau nhu xit 1y
thong tin, mat ma hoc, v.v. tuy da dat dudc nhiing thanh cong khong thé
phtt nhan song né van con rat nhiéu han ché va chinh nhitng han ché d6 da
dat nén moéng cho sy ra doi ctia 1y thuyét thong tin luong t. Thit hai, sy
phat trién ctia khoa hoc cong nghé kem theo d6 1a sy xuat hién ctia nhicu
phong thi nghiém hién dai, tinh vi c6 kha nang thiyc hién cac thao tac va
kiém chiing cac hiéu tng luong ti tac dong lén cac trang thai luong ti da
thyc sy c6 stc 161 cuén manh mé cac nha khoa hoc tham gia nghién citu
trén linh viyc nay. Noi bat phai ké dén giai Nobel vat 1y 2012 gianh cho S.
Haroche va David J. Wineland, nhiing ngusi da phat minh ra cac phuong
phap dé thuc hién cac thao tac can thiét trén cac hat hodc cac hé lugng tit
rieng 1é ma van bao toan dugc ban chat lugng tit clia ching [3,4], vA néng
hoi nhat d6 1a gidi Nobel vat 1y nam 2022 [5-7] danh cho ba nha khoa hoc
Alain Aspect (Phap), John Clauser (M§) va Anton Zeilinger (Ao), nhing
ngudi da khai thac réi lugng ti va thiét ké cac thi nghiem dé kiem nghiem
bat déng thic Bell, ho da diat nén moéng cho cudc cach mang hién dang

dién ra trong linh vuc cong nghé thong tin lugng t1, mé ra mot ky nguyén



méi cho cac nghién citu sau rong hon nita vé linh viie nay.

Thong tin duge ma hoéa trong cic trang thai chong chap dudge ddm bao
dung lugng cao va bao mat cao ciing nhu cho phép giao thoa lugng tit dan
dén cac tac dong song song nhim tang téc do tinh toan theo ham mi. Hau
hét cac nhiém vu toan cau lugng t1t (nghia 14, cdc nhiém vu c¢6 thé dugc
thuc hieén tit xa chi véi cac thao tac dia phuong va giao tiép co dién, tiéng
Anh 1a Local operations and classical communication, viét tat 1la LOCC),
déu nhat thiét phai st dung réi lugng t1i nhu cac tai nguyen can dudc chia
sé. Roi luong t (tén tiéng Anh 14 quantum entanglement) [8] 1a mot dic
thil quan trong nhat ctia 1y thuyét luong tit, khong chi c6 ¥ nghia vé mét
co ban ma con 1a tai nguyen can thiét clia cac ing dung trong xit 1y thong
tin lugng tit v tinh toan lugng tit. Nhiéu van dé vé rdi lugng tit con chua
dugce hicu biét 6 rang va cac nghién citu vé 16i luong ti, ca vé 1y thuyét
1an thyc nghiém, rat soi dong trong nhiing thap nién gan day. Ro6i lugng
tit 14 sy ton tai trang thai chung ctia hai hay nhiéu hé luong tit con c6 moi
lien hé rang budoc manh mé v6i nhau ngay ca khi khoang cach gitta ching
vugt ra ngoai trire gidc don gian ctia con ngudsi. Khi cac hé lugng ti dudgc
r6i véi nhau thi ta khong thé biét duge trang thai rieng ciia ting hé con
nhung ta hoan toan biét trang thai ton tai chung ctia ching va dé cé thé
xac dinh trang thai riéng cta tiung hé ta phai thyc hién nhing phép do 1én
né. Trong 1 thuyét c¢d dién cac hé con sé hoan toan doc lap véi nhau néu
ching khong c6 su tac dong ctia bén ngoai lien két chiing lai, tinh chat nay
ciing ding vdi cac he luong tit khi ma chiing ndm trong nhiing trang thai
hoan toan tach roi. Tuy nhién néu cac hé lugng t1t khong bi tach roi hay noi
cach khéc 1 ching dugce roi véi nhau thi ching sé khong con ton tai doc
lap nhau nita, méi tac dong léen hé con nay sé c6 anh hudng tic thoi dén
cac hé con kia. M&i mot phép do trén mot hé con bat ky co thé cho nhiéu
két qua ngau nhién v6i xac suat nhat dinh, tit d6 ta xac dinh dugc trang
thai ctia hé con con lai, quéa trinh nay khong phu thudoc vao khoang cach
giita cac hé con. Trang thai cia mot hé con c6 thé dude mo ta theo mot
bac tu do (tiéng Anh 1a degree of freedom, viét tat 1a DOF) nao d6. Trong
thuc té c6 nhieu DOF khac nhau. Lay photon (qubit quang hoc hay chim
sang) lam thi du ching han. Mot photon c6 thé duge mo ta béi bac tu do
phan cyc (tiéng Anh 1a polarization DOF, viét tat 1a P-DOF), né cling ¢6



thé dugc biéu dién bdi bac tu do khong gian (tiéng Anh 1a spatial-mode
DOF, viét tat 1a S-DOF). Déi v6i qubit ¢ dang xung anh sang thi c¢6 thé
mo ta bdi bac tit do bién ddi lien tuc (tiéng Anh 1a continuous-variable
DOF, viét tat 1a CV-DOF) dudi dang chong chap tuyén tinh clia cac trang
thai két hop khac nhau. Néu chi mot DOF duge sit dung dé lam roi giita
cac hé con v6i nhau thi trang thai dé goi 1a réi thong thuong. Néu céac
hé con c6 bac ty do khac nhau dudc réi v6i nhau thi he do goi 1a réi lai
(tén tiéng Anh la hybrid entanglement) [9]. Mot loai r6i khac nita d6 1a roi
tdng cuong hay siéu réi (tén tiéng Anh la hyperentanglement) [10], 1a trang
thai roi khi cac hé con ton tai & dong thoi nhieu DOF khac nhau. Trong
mién quang hoc, cac nhiem vu dua trén LOCC nhu vién chuyen luong tit
(titng Anh 14 quantum teleportation) [11], mat ma lugng tit (tiéng Anh
1a quantum cryptography) [2], ddi thoai lugng ti (tiéng Anh 14 quantum
dialogue) [12], v.v da duge nghién cttu rat ky ludng bang cach sit dung roi
thong thuong. Tuy nhién, chi réi thong thuong 1a khong di cho nhiéu tng
dung trén thuc té. D6 1a 1y do tao sao réi lai va rdi tang cudng can ducc
mé rong khai thac.

Nhu da biét, thong tin c6 thé duge ma hoa trong cac trang thai gian
doan (tiéng Anh 1a discrete-variable, viét tat 1a DV) nhu qubit va dugc
x1t Iy béi cac cong cu DV hoiic trong cac trang thai lien tuc (tiéng Anh 13
continuous-variable, viét tat 1a CV) dugce xt Iy béi cac cong cu CV. Moi
cach xtt Iy thong tin nhu trén déu c6 nhitng wu nhuge diem nhat dinh. Tiy
vao dieu kién clia ting phong thi nghiém ma moi noi ¢6 cach tiép can phit
hop, do d6 mang toan cau 14 mot loai mang di thuong khong dong nhat
(heterogeneous network). Cé nhitng thao tac c6 hiéu qué trong cach tiép
can CV nhung lai han ché trong cach tiép can DV va ngugc lai. Vi 1é do6
viec két hgp hai loai tiép can DV va CV hay con goi 1a cach tiép can lai
DV va CV c6 thé khai thac 1gi thé ctia ca hai phuong phap dong thoi ciing
tranh dugc nhitng han ché rieng cia ting loai. St két néi nhu vay gitta
cac bo xtt Iy lugng ti tit xa trong mang ludi toan cau cé thé thuc hien
thong qua r6i lai. Cac trang thai r6i thong thuong va réi lai da rat hitu
ich trong nhiéu nhiém vu toan cau, vay tai sao phai c6 réi tang cuong?
Mot cach truc gide c6 thé thay ngay ring roi tang cuong cho phép ting
dung luogng ciia kénh luong tit. Cu thé, trong khong gian 222 chi¢u mot



trang thai roéi thong thuong hoic réi lai chi mang 2 bit thong tin, nhung
luong thong tin chita trong mot trang thai réi tang cuong cing mot lic
M DOF khac nhau sé 1a 2M bit thong tin. Diéu d6 cho thay luong thong
tin duge xt 1y tang léen dang ké. Nhu vay réi tang cuong gitup giam dang
ké nguon tai nguyén tieu thu va hon thé nita né giap cai thién nhicu giao
thic quan trong. Mot yéu cau tién quyét dé hoan thanh nhiéu nhiem vu
luong t1t 14 thiie hién phép do Bell. Tuy nhién, chi bang cac ki thuat quang
hoc tuyén tinh, phép do Bell hoan chinh, tic 1a phép do c6 kha nang phan
biét ro rang tat ca cac trang thai Bell, khong thé lam duce. Thuc vay, tat
ca cac so do dua trén cac thiét bi quang hoc tuyén tinh chi c6 thé phan
biét hai trong bon trang thai réi Bell [13,14]. Khi c6 sy bo sung thém hai
photon réi phu tr¢ hodc mot photon don thi xac suat thanh cong tang len
thanh 75% [15,16]. That may man rang khi st dung cac trang thai roi
tang cuong thi phép do Bell c6 thé dugce thuc hién véi xac suat thanh cong
100% [17-26]. Uu diém ctia phép do Bell dya trén 16i tang cuong la céc
phép do chi can thic hién cuc bo trén ting photon riéng biét ma khong
can st dung cong phi dinh xt CNOT, 1a cong tac dong lén hai photon rat
khé tao. Vi vay, bo nhé lugng tit 14 khong can thiét vi sau khi do mot
photon két qua do clia né la thong tin co dién nén dé dang dudc luu trit
nguyén ven cho dén khi do dugc photon tiép theo. Trong thi nghiém, cac
trang thai réi dudc tao ra bdi qua trinh spontaneous parametric down-
conversion (khong dich sang tiéng Viet, dugce viét tat 1a SPDC) trén tinh
thé phi tuyén [27-29]. Trong nhitng nam gan day, r6i ting cuong dudc xem
nhu mot ngudn tai nguyéen day trién vong dé lam tang tinh kha thi cho cac
nhiém vu quan trong thong qua tinh hiéu suat cao ctia né. Réi tang cuong
c6 thé gitp ching ta thuc hién nhiéu nhiém vu quan trong trong giao tiép
lugng 1t nhu ma héa dam céc trang thai ting cuong (tiéng Anh 1a hyper
dense coding) [30], chiét roi ting cuong (tiéng Anh la hyperentanglement
concentration /purifcation) [31-35], vién chuyén céc trang thai tang cusng
(tiéng Anh 1a hyper teleportation) [36-38], vién tao trang thai tang cudng
(tieng Anh 1a hyper remote state preparation) [39-41], dong vién tao trang
thai ting cuong (tiéng Anh 1a hyper joint remote state preparation) [42],
v.v.. Trong thi nghiém, viéc tao ra cac trang thai réi ting cuong duce thuc

hién béi viec két hop cac cong nghé tao réi mot bac tir do véi nhau. Nho vao



cong nghé nay, nhiéu trang thai réi tang cuong dude tao ra nhu trang thai
roi tang cudng dong thoi hai bac tu do phan cyc va khong gian [43], trang
thai roi tang cuong dong thoi cac bac tu do phan cuc, khong gian, thoi
gian, nang lugng [44] va con nhiéu loai rdi tang cudng khac nita. [16,45-49].

Mot mat, viéc truyen thong tin trung thuc vd an toan dudc ma hoa
trong cac trang thai lugng ti gitta cac phong tram khac nhau va hoat dong
trén cac nén tang vat 1y khac nhau ma khong can van chuyén chinh cac
trang thai mang thong tin 1& nhu cau cap thiét trong tuong lai déi véi
truyén thong luong ti. Mat khac, viec tang luong thong tin nhung lai st
dung cang it cang tot cac tai nguyen luong ti ciing nhu cii thién dung
luong ciia cac kénh lugng tit rat c6 ¥ nghia déi véi hieu suat kinh té va
hieu qué thuc hién cac giao thic lugng tit toan cau. Nhitng nhu cau nhu
vay vé co ban dudc dap tng khong chi nho vao cac trang thai réi thong
thuong ma con ci vao cac trang thai roi lai va réi tang cuong. Mic du cac
trang thai réi thong thuong da dugc nghién citu rat nhiéu tit nhiéu nam
nay, cac tai nguyén roi lai va réi ting cuong duong nhu van con chua duoge
quan tam dang muiic.

Van dé nhu da néu & trén, theo ching toi, 1a méi & thoi diém hién tai.
N6 c6 tinh thoi sy vi thuoc vao mot huéng nghién cttu dang rat dude quan
tam trén thé giéi. Vi vay ching toi thyc hién dé tai “Roi lai, R6i tang cudng
va ap dung cho vién chuyén, vién tao trang thai luong tit va vién téc toan

t c6 kiem soat”.
D6i tuong va pham vi nghién ciu

Dé tai nghién citu vé roi lai va réi ting cuong cing cac tng dung
kha di ctia ching trong xit Iy thong tin lugng ti. Trudc tién, cic so do tao
roi lai va roi tang cuong duge dé xuat. Sau do, cac trang thai réi nay duce
stt dung dé thuc hién mot s giao thitc luong tit c6 kiem soat, bao gom vién
chuyén trang théi lugng ti, vién tao hai chiéu trang thai luong t va vién

tac toan ti.

No6i dung nghién ctu



(i) Dé xuat cac so do thyc nghiém nham tao ra cac trang théi roi lai va
r6i lai da nhan (multipartite hybrid entangled states) phit hgp dé lam cac
kénh lugng t@ phuc vu cho viéc thuc hién vién chuyen luong ti, vién tao
luong ti cac trang thai c6 bién lien tuc.

(ii) Tan dung tdi da cc tinh chat wu viét clia cach tiép can lai dé thiét ké
cac giao thitc vién chuyén trang thai luong ti c6 kiém soat sit dung trang
thai rdi lai du6i anh hudng clia moi truong.

(iii) Dé xuat cac so do thic nghiém nham tao ra cic trang thai roi tang
cudng phit hop dé lam kenh luong ti phuc vu cho viéc thuc hién vién tao
hai chiéu trang théi ting cuong c6 kiem soat.

(iv) Dé xuat cac giao thic vién tac toan tit c6 kiém soat 1én cac trang thai

ctia photon thong qua kénh luong tit 1a trang thai rdi ting cuong ba bén.
Phuong phap nghién ctu

Phuong phap nghién citu chii yéu dya trén cac cong cu toan hoc
clia c¢d hoc luong ti, quang luong tit, dai s6 cao cap, 1y thuyét xac suat,
vat 1y thong ke, két hop v6i tinh s6 bang cac phan mém hién dai. Dac biét,
ly thuyét ve cac phép do lugng tit va van hanh (vé mat ly thuyét) cac thiét
bi thuc nghiém (Iy tuéng va khong 1y tudng), nhuw bo tach chum, bo dich
pha, may do photon, cac phép bién déi phi tuyén, v.v., la rat can thiét cho

qué trinh nghién citu ctia dé tai.
B6 cuc cua luan an

Bén canh phan Md dau gi6i thieu mot cach so luge vé thong tin
luong tit va dua ra nhiém vu can lam cia luan an va phan Két luan té6m
tat lai két qua thu duge thi luan an gom 3 chuong chinh dugce siap xép nhu

sau.:

e Chuong 1: Gidi thiéu cac khai niém co ban can thiét cho viéc tinh

toan ¢ cac chuong sau.

e Chuong 2: Trinh bay réi lai va ting dung trong vién chuyén lugng ti

c6 kiem soat.



e Chuong 3: Trinh bay réi tang cuong va ting dung trong vién tao hai

chiéu trang thai luong ti va vién téc toan ti co kiém soat.



Chuong 1
Mot s6 khai niém co ban

1.1 Cac thiét bi quang hoc can thiét trong xi ly
thong tin luong tw

°

O cap do co ban nhat, cac qua trinh vat Iy duge mo ta bang co hoc
lugng tit. Hé co lugng tit s6 hitu nhitng dac tinh doc dao cho phép nhiing
cach thic méi dé giao tiép va xit Iy thong tin. Quéa trinh xi 1y thong tin
thong qua hé théng luong tit duge goi 1a tinh toan Iugng t&. Tuy nhién, dé
dat dugc tinh toan lugng tit, can phai c6 cac hé thong vat 1y vé6i cac tinh
chat rat dac biet. Trong muc nay, mot s6 phan ti quang hoc tuyén tinh
rat quan trong déi véi xi 1y thong tin luong ti dude trinh bay. Mac dut ¢6
cac hoat dong don gian, cac thiét bi quang hoc nay gitip quan sat cic hién
tuong kha hap dan vé anh sang va dugce st dung trong cac phép do lién

quan.

1.1.1 B0 tach chum

Bo tach chiim (tén tiéng anh la beam splitter, viét tat 1a BS) [50] duge
st dung rong rai trong xit Iy thong tin lugng tr, dac biét la trong viéc tao
ra cac trang thai két hgp va chong chap cé thé cé ciia ching. Thuec té, mot
bo tach chum duge tao ra don gidn bdi mot chiée guong ban ma hoat dong
v6i mot phan truyén qua va mot phan phan xa clia chiim tia sang t6i. Tac
dung chinh ctia bo tach chum la tron hai chum anh sang mode a va mode

b lai v6i nhau va duge mo ta baéi toan tu unita nhu sau

A

Ba(0) = exp [i0(a'b+ b'a)], (1.1)
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voi a(al) va b(b) 1a céc toan tit hity (sinh) clia hai mode chum séng t6i a
va b, # phu thudc vao lugng bac pht lén guong va hudéng diat cua no, la
mot tham sé thuyc dac trung cho tinh chat quang hoc ctia bo tach chum.
Goi t = cos? 0 v r = 1 —t tuong tng 1a hé sé truyén qua va hé so6 phan xa
clia bo tach chiim. Ro rang, By (0) 1a toan ti unita vi né théa man diéu
kién
Bu(6)B},(6) = BL,(0)Bu(6) = 1. (1.2)
Dé xem xét hoat dong ctia mot bo tach chiim chiing ta hay xét cac bién
doi toan hoc ctia né. Trude hét, dat X =a'b+bla = XT ta sé 6 cac hé

thiic giao hoan sau

R . Al éun: 18

XX, [Xaf ) =4 0 e (1.3)
N~~~ a' néun: chin
n lan

va

L A ol néun: 18

XX, X0 =4 0 e (1.4)
~~ b'  néun: chin.
n lan

St dung céc hé thic giao hoan trén vi khai trién Taylor cho céc ham mi,

ta sé tinh duge ¥ = X ate® cho két qua

Y = afcosh(if) — b'sinh(if). (1.5)
Tu do ta dugce
Bu(8)a' B!, (9) = a'cosh + iblsing (1.6)
hay
Bu(0)a' B!, () = Vtal — in/rb'. (1.7)

Tuong tu ta ciing c6 cac bieu thitc sau

Bu(0)aB!,(0) = vta — iv/rb, (1.8)
Bu(0)b' B, (6) = Vb +iv/ral, (1.9)
B (0)bB!,(0) = Vtb — i/ra. (1.10)

Nhu vay, 6 dau ra ctia bo tach chiim 14 mot trang thai tron clia cac trang
thai & dau vao. Mitc do tron phu thudc vao hé sd6 truyeén qua t hay phu

thudc vao 0. Duéi day ta xac dinh tac dung ctia bo tach chum Bg(r, t) lén
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hai mode a va b cia hai trang thai s6 hat |n),|m), v6i r va t 1a he s6 phan
xa va hé s6 truyén qua ciia bo tach chiim
(ah)" (bfym
Bu(r,O)ln)almie = Ban(r,8)"Z="—7==10)al0)s
Tl
1

= T (\/—aT+\/_bT) (Vral —Vb1)™|0),]0),

L(VEah) (VT

Z Ca (Vra ) (—=V/EbT)"]0),]0),

_ — Z Z CPC ( n+m—p—q(\/;)p+q

(—1)m q(aT)” PEI(BT)"T]0),]0),

_ Z Z CPC ( n+m—p—q(\/;)p+q

(—1)™ q\/n—p+Q)-\/(m—Q+p)!

\n—p+Q> m —q+p)

= ZZBnm T, t \n—p+q>a‘m—Q+p>ba (111)

vl
|
o (1.12)
pl(n — p)!

! P n+m—p—q pt+q
Wc C (AT

~1)" N/ (n—p+q)ly/(m—qg+p)!.  (113)

Tiép theo, xét tdc dung ctia bo tdch chum lén trang thai tich |a)4|8)s,

Byl t) =

trong d6 |a) va |B) 1a cac trang thai két hop duge dinh nghia nhu mot
trang thai cia truong bitc xa dude tao ra bdi mot phan bd dong dao dong
co dién hay noi cach khac né la trang thai anh sang duge phat ra tit mot
nguon laser. Céc trang thai két hgp nay cé thé duge viét dusi dang sau

) =e P2y :—O‘, (ah)"|0) = e1oF/2e04 ), (1.14)
n:
n=0
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s o, g [T 5),

S S
r e > r

n m

2.2 B0
, P 4
[n=p+a),|m=q+p),
(Trang thai r6i) (Trang thai ro1)

i),

(a) (b)

Hinh 1.1: Tac dong cta bo tach chum lén: a) trang thai tich cta hai trang théi s6 hat
In)alm)y va b) trang thai tich cia hai trang thai két hop |a)q|5)s.

Két qué tac dung bo tach chum lén trang thai tich |a),|8), co6 dang

Bop(t,7)|a)alB)s = |04\/i_E + 25\/7_“>a‘5\/% — i1 (1.15)

Nhu vay, cac trang thai |n),|m), khi di qua b tdch chiim sé cho ra céc
trang thai roi vi né 1a cic trang thai phi co dién, trai lai trang thai c6 dién
nhu |a),|3)s khi di qua bo tach chiim thi khong cho trang thai roi ma chi
cho trang théi tich (xem Hinh 1.1). Téom lai, bo tédch chum duge st dung
rat nhiéu trong cac so dd quang hoc dé xit 1§ thong tin luong tit. Dic biét
14 trong qua trinh tao ra réi luong tit. Noi chung, dé tao dudc roi lugng tit

thi cac dau vao bo tach chiim phai 13 céc trang thai phi co dién.

1.1.2 Bo dich pha

Mot thiét bi quang hoc khac dé 1a bo dich pha (tén tiéng Anh 14 phase
shifter, ky hieu 1a P) [50]. N6 c6 tac dung lam thay doi pha ctia mot chiim

anh sang t6i, dugc mo ta bdi toan ti unita nhu sau
Py(p) = e7'a, (1.16)

Duéi day xét tac dong ciia bo dich pha lén trang thai sé hat va trang thai
két hgp. Trude tién, doi véi trang thai s6 hat ta sé duoc

Po(@)|n)y = e #0n), = e ?|n),. (1.17)



13

) et ) PO )

(a) (®)

Hinh 1.2: Tac dong ctia bo dich pha lén: a) trang thai s6 hat |n) va b) trang thai két hop

o).

Ta thay rang bo dich pha lam pha clia trang thai sd hat ¢6 them mot hée
s6 e (xem Hinh 1.2). Xét tiac dung clia bo dich pha lén trang thai két
hop |a) ta sé duge

Pup)la)e = e 23T pu(o) (@l o),

= |ae™),. (1.18)

Ta théy ring bo dich pha P(¢) khién bien do clia trang thai két hop bi
bién ddi tit o thanh |ae ) (xem Hinh 1.2).

Trén thuc té, c6 ba loai bo dich pha chinh: Thi nhat 1a bo chuyén pha
k§ thuat s6 (tén tiéng Anh la digital phase shifter). Nhitng bo chuyén pha
nay dude diéu khién bang ki thuat sé. Chung cé thé lap trinh dude hoic
c6 thé dugc diéu khién thong qua giao dién may tinh. USB la mot dang
thiét bi tuong déi méi ctia bo dich pha k§ thuat s, cho phép diéu khién
su dich pha ctia thiét bi tit méy tinh. Thi hai 1a bo dich pha tuong ty (tén
tiéng Anh la analog phase shifter). Viéc dich pha trong bo dich pha tuong
tu thuong dude dieu khien béi su thay déi mitc dien 4p. Thit ba 1a bo dich
pha thii cong (tén tiéng Anh 1a echanical phase shifter), viéc chuyén pha
ctia thiét bi duge diéu khién thi cong bang mot nim xoay. Pha tit dau vio

dén dau ra dugc diéu chinh bang cach xoay nim.

1.1.3 Toan ti& dich chuyén

Toan tit dich chuyén D(a) [50] la toén tit rat hitu dung dé tinh toén
véi cac trang thai két hop. N6 duge biéu dién dudi dang

A

D(a) = @' —o"0, (1.19)
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Toan ti dich chuyén cé thé viét dudi cac dang khac nhau nhu sau

A

D(a) = eloF/2gaal g—a%a (1.20)
hoéc

D(a) = eloF2gmavagaal, (1.21)
Tac dung clia toan ti dich chuyén lén trang thai chan khong sé c6 dang
D(a)|0) = |a). (1.22)

Nhu vay, mot trang thai két hop |a) ¢6 thé dude tao ra bang cach tic dung
toan tit dich chuyén lén trang thai chan khong. Day ciing 1& mot dinh nghia
khac ctia trang thai két hop. Mot s6 tinh chat dic biét ctia toan ti dich
chuyén c6 thé thay nhu

DY(a) = D™(a) = D(—a), (1.23)
Di(a)aD(a) = a+ a, (1.24)
Dia)a'D(a) = a' + o, (1.25)
D(y)la) = |y + a), (1.26)
D(a)D(B) = ™) D(a + B). (1.27)

Tac dung clia toan tit dich chuyén trong thuc té c6 thé dude xay dung bsi
bo tach chum (xem Hinh 1.3).

Bap(r t)]a)alB)e = |+ 7)al B)p- (1.28)

Diéu nay c6 thé thay bdi gisi han trong cong thitc (1.15), néu cho t — 1,

B — 00, iBy/T — 7.

1.1.4 Cac thiét bi quang hoc khac

Mot vai thiét bi quang hoc can thiét khac can nhac téi do 1a: Bo tach
phan cuyc (tén tiéng Anh la polarization beam splitter, ky hieu PBS), tam
nita séong (tén tiéng Anh 13 half-wave plate, ky hiecu HWP) va tam séng
phan tu (tén tiéng Anh 1a quarter-wave-plate, ky hicu QWP) [50].

PBS 1a mot bo tach chum cho phép truyén photon & trang thai phan
cuc ngang |H) va phén xa photon & trang thai phan cyc doc |V).

PBS|H), = |H)a (1.29)
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Hinh 1.3: Hién thuc héa toan tit dich chuyén hoat dong 6 mode a bing bo tach chiim cé
hé s6 truyen qua cao va trang thai két hop bién do manh ¢ mode b.

PBS|V), = [V)a, (1.30)

4 day o’ 1a mode phéan xa.

HWP 13 mot thiét bi ding dé quay trang thai phan cuc, cu thé né
chuyén trang thai phan cuc H thanh trang thai phan cuc V' va ngude lai.
Cu thé:

HWP|H), = [V)a, (1.31)

HWP[V), = |H),. (1.32)

QWP la mot thiét bi ding dé chuyén doi anh sang phan cuc tuyén tinh
thanh 4nh sang phan cuc tron. Cu thé, QWP hoat dong nhu mot toan ti

Hadamard nhu sau:

1

QWP|H), = E(\m +1V))as (1.33)
1

QWP|H), = ﬁ(lfﬁ —V)a- (1.34)
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1.2 Tuong tac gita cac photon théong qua phi tuyén

Kerr chéo

Tuong tac gitta cac photon 1a rat quan trong vi ching Ia yéu t6 chinh
dé trién khai cac cong logic da qubit, gitip hoan thién hé théng cong cu
dung cho tinh toan lugng tit va xu Iy thong tin lugng tit. Tuy nhién cac
photon khong tuong tac v6i nhau trong moi truong chan khong, dieu do6
thic day tim kiém cong cu dé tao ra su tuong tac giita ching. Do6i véi
muc dich nay, hi¢u ting Kerr chéo (tiéng Anh 1a cross-Kerr), vé ban chat
13 hién tugng moi trudng phi tuyén tao diéu kién thuan loi cho cac tuong
tdc photon-photon dién ra, da dugc coi la mdt phuong phadp dang chu
¥ [51-57]. Toan t1t biéu dién sy tuong tac duge mo ta bdi

U = Exp(ifigin), (1.35)
V6i fi, v Ry, 1an lugt 1a toan tit s6 hat photon & mode a va mode b. O day,
0 = kt 1a thong s6 clia tuong tac v6i x 1a do manh khong thi nguyén ciia
tuong tac Kerr chéo va t la thoi gian tuong tac. Khi ap dung toan tit nay
trén cac trang thai dau vao khéac nhau, khong phic tap dé c6 thé thay

Uaslm)aln)s = €™ |m)q|n)s (1.36)
va
Uas|n)al B)s = In)al Be™ ). (1.37)

Nhu vay ta c6 thé thay, tuong tac Kerr chéo gay ra su dich chuyén pha ctia
trang thai két hop. Dé dap tng yéu cau xi 1y thong tin luong ti quang
hoc thic té, tinh phi tuyén nhat thiét phai manh. Tuy nhién, Kerr chéo
manh v6i 6 16n hien khong c6 sdn dong thoi sy truyén quang trong moi
truong Kerr dai, tic 1a thoi gian tuong tac 16n 1a khong thuc té, vi su suy
gidm lién tuc sé pha hity trang thai luong tit cia anh sdng. Vi vay, lam thé
nao dé c6 dudge tuong tac giita cic photon trong khi van duy tri viec sit
dung tinh phi tuyén Kerr chéo yéu la mot van dé quan trong. Van dé néu
tren lan dau tien duge gidi quyét béi Munro va cong sy [52]. Tinh nang
chinh trong [52] 1a st dung cic trang thai két hop cudng do cao dé khic
phuc cho tinh khong hiéu qua ciia tuong tac Kerr chéo. Dé xuat 1y thuyét
ctia [52] duong nhu 1a mot gidi phap hop 1y cho van dé Kerr chéo va mot
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Hinh 1.4: So d6 minh hoa phuong phap do homodyne dé xac dinh cac toan tit quadrature.

s6 dé xuat sau do6, vi du [53] da khai thac ¥ tudng d6 dé xay dung trang
thai khom (cluster state) gitta cac trang thai két hop.

1.3 Phép do Homodyne trong quang lugng ta

Linh vic cong nghé thong tin lugng tit dang phat trién nhanh chéng
doi hoi cac phuong tién xac dinh dac tinh cac trang thai lugng tit quang
hoc. Trong tng dung cho anh sédng phi co dién, phép do homodyne cung
cap phép do céc toan tit quadrature ctia dién tir truong [50,58,59], phép do
nay dugc mo ta trén Hinh 1.4. Trong phép do homodyne dugc mé phéng
tréen Hinh 1.4, mode a 1& mot truong tin hiéu dugc két hop, thong qua bo
tach chtim khong ton hao (gid st bo tach chiim 13 can bang ta c6 phép do
homodyne can bang), véi mode b 1& mot trudng tham chiéu on dinh cao
c6 cling tan sb6 v6i truong tin hieu. Truong tham chiéu, con dude goi 1a bo
dao dong dia phuong (tiéng Anh 1a local oscillator, ky hieu 1a LO), thuong
duge chuan bi ¢ trang thai két hop c6 s6 lugng photon 1én, gia st no la
mot trang thai két hop c6 bién do 16n 8. Mdi quan hé gitta toan tit dau vao
(d, 7) va dau ra (7, j) trong truong hgp bo tach chum can bang duge
biéu dién dué6i dang

1 .
¢ = —(a+ib), (1.38)

()



A
d= E(b +ia). (1.39)

Cac may do duge dat & dau ra ctia bo tach chim dé do dong photon
I.=<ée>val; =< did >. Su khac nhau gitta 1. va I; la

I.—1I; = (i) = (c'¢ —d'd)
= i(afb — abl). (1.40)

Gi& st rang mode b 1a trang thai két hop [Be™™") véi § = |Ble ", ching
ta sé co
<ﬁcd> — |6|(deiwt—i9 + dTe—z’wt—i—iﬁ)’ (141)

voi 6 = p + 7/2. Néu anh sang tir mode a cling ¢6 tan sd w, ching ta sé

¢6 @ = aje ™. Vi vay ching ta c6 thé viét

<ﬁcd> = 2|5|X(6)7 (1'42)

X(0) = %(aoe“" + ale’). (1.43)
1a toan t quadrature tai géc pha 6. Bing cach thay doi ¢ ciia trusng tham
chiéu LO chiing ta c6 thé thay déi §. Tt d6 chiing ta c6 thé xac dinh céc
toan t1it quadrature ciia anh sang tit mode a. Dué6i day sé trinh bay mot vi
du dé minh hoa phép do homodyne c6 kha nang phan biét cac trang thai
can bang va trang thai chim (tiéng Anh 13 balanced va bunched states),
11,1) va (]0,2) + 12,0))/v2. O day, |j, k)w dai dien cho mot trang thai
quang hoc v6i hai mode khong gian, v6i 7 photon ¢ mode a va k photon &
mode b va tat cd cac photon bi phan cuc theo cliing mot huéng. So do dé
phan biét cac trang thai nay dudc hién thi trong Hinh 1.5a. Mode ¢ dugc
chon ban dau la trang thai két hop |a) = e lel/237> 2% (a")"|0). Trang
thai két hop c6 thé duge tao ra bing mot xung laser. Cac photon trong
mode ¢ dude cho phép tuong tac lan lugt véi cac photon trong mode a va
b thong qua hai phép toan phi tuyén Kerr chéo (tuong dbi nhod) tuong ting
v6i thong s6 phi tuyén lan lugt 14 6 v —0. Bay gio gid st rang trang thai

ban dau ciia ba mode a, b v ¢ cho béi biéu thiic

da
[%0) = [da[1,1) + E(|2»0> +10,2))av]|e)e, (1.44)
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trong d6 d; va dy 1a cac hé s6 phiic thda man diéu kien chuan héa. Tac
dung ctia phi tuyén Kerr chéo khién cac photon é mode a, b va ¢ bi rdi v6i
nhau va tuong tac nay gay ra su dich pha 6 trang thai két hop |a), ty le
v6i s6 photon & mode tin hiéu tuong ting. Sau tuong tac Kerr chéo, trang
thai cia ba mode do do6 sé la
do
V2
Dé phan biét cac trang thai [1,1) va (|0,2) +12,0))/v/2 trong |1/1) ta thic
hién phép do homodyne lén trang thai két hgp ¢ mode c. Dé thuc hién

(1) = [di]L, Dasla)e + —=(12, 0)aplae®)e + 10, 2) aplae™7) ). (1.45)

phép do nhu vay, trang thai 6 mode ¢ duge két hop v6i mot truong tham
chiéu 1&4 mot trang thai két hgp bién do 16n c6 cung tan s6 bang mot bo
tach chiim. Néu trang thai két hop § mode ¢ khong c6 si dich pha thi trang
thai  mode a va b sé 14 |1,1). Ngudc lai néu trang thai két hop 6 mode ¢ ¢6
sit chuyén pha e*?? thi trang thai § mode a va b sé 1a (|0,2) +[2,0))/v2.
Nhu vay ta da phan biet duge hai trang thai [1,1) va (]0,2) + [2,0))/v2.
Phép do homodyne thuc hien véi toan ti do 1a X = (¢ + éh)/v/2, 6 day
¢ va ¢ 1a cac toan ti hily va sinh photon ¢ mode c. St dung két qua
(z|B) = (2m) Yiexp[—Im(B)?* — (x — 2B)%/4] [60], v6i |r) la trang thai
rieng clia toan tit X dng véi tri rieng x. Ta sé xac dinh dudce xac suat trang
thai 6 mode a va b sé 1a [1,1) hay (|0,2) +2,0))/+/2 13 ham phu thudc vao
x. Cu the, ham phan bd x4c suat khi mode a va b 1a trang thai |1,1) 1
f(z,a), trong khi d6 trang thai (|0,2) +(2,0))/+/2 thu dugc v6i ham phan
b6 xéac sudt la f(z, acos20). O day,

fx,B) = 2m)Vtexp [~(x — 26)*/4] (1.46)

o(x) = asin 20(x — 2a cos 260) mod 2. (1.47)

Luu ¥ rang, phép do homodyne khong phan biét dugce hai trang théi
ae? va ae™ do khi @ rat nhd va a 16n thi két qua do ciia hai trang thai
tren & tring nhau véi ham phan bd xac suat giong nhau (xem Hinh 1.5b).

Phép do homodyne can bang cho phép thic hién ciac phép do Bell clia
cic trang thai bién lién tuc vdi xac suat tat dinh do d6 né dugce ting dung
trong vién chuyén cac trang thai lugng ti bién lien tuc. Phép do homodyne

can biang ciing dude nghién citu dé xac dinh day du cac dic tinh cla trang
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Hinh 1.5: (a) So do phép do homodyne dé phan biét trang thii can bang va trang thai
chum. (b) So d6 minh hoa khong gian pha clia trang théi [¢1) trong cong thitc (1.45).

thai lugng t1t nhu cac trang thai nén pha, nén bién do hay trang thai chong
chap clia cac trang thai vi mo thong qua cong nghé chup cat 16p luong ti
(tieng Anh 1a quantum tomography) [61-63]. Trong nhiing trich dan nay,
cac tac gia da st cong nghé chup cit 16p luong tit dé do phan bdé Wigner
va xac dinh dugec ma tran mat do cua trang thai, tir d6 c6 thé xac dinh
day du thong tin ciia trang thai d6. Ngoai ra phép do homodyne can bang
cling duge tng dung trong giao thitc thiét lap mdi tuong quan luong ti
clia trang thai EPR va no ciing duge st dung dé ching minh cac thudc
tinh phi c6 dién cta truong dién tit trong dien dong luc hoc luong ti.

1.4 Phép do pha thich itng trong quang lugng tu

Tinh toan lugng tit quang tuyén tinh (tén tiéng Anh 1a linear optical
quantum computation, viét tit 1a LOQC) 1a sit dung mang tuyén tinh dé
x1t Iy cac qubit quang hoc. LOQC da dugc ching minh 1a mot cong cu hiéu
qua cho viéc biéu dién nguyeén 1y co hoc luong tit va su phat trien clia cac
tng dung trong cac linh vuc truyén thong. N6 lien quan dén viéc chuan
bi, truyén tai va do luong cac qubit quang hoc thong qua mang ludi cac
phan tit quang tuyén tinh. Mot diém chung cho tat ca cac dé xuat LOQC
quang tit cho dén nay 1a ho chi sit dung tinh ning dém photon cho tat ca
cac phép do. Diéu quan tam la tim hiéu xem cac loai phép do khac ciing
c6 thé déng mot vai trdo nao dé va phép do pha thich tng (tén tiéng Anh 1a
adaptive phase measurement) [64-66] c6 thé dugc sit dung dé hoan thanh
mot s6 nhiém vy hitu ich trong luge do LOQC. Phép do pha thich tng dia
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Hinh 1.6: So do thiét bi thi nghiém ché tao phép do pha thich tng. BS(r,t) biéu thi bo
tach chum c6 hé s6 phan xa (truyén qua) 1a r (¢), D 1a may do photon, EOM la bo bién
pha dién quang. Cac thiét bi quang hoc khac nhu: bo trit, bo nhan, bo tich hop, bo tao
tin hieu SG, bo xtt Iy tin hieu va dau doc k¥ thuat s6 dua ra gia tri do duge trong khodng
[0, 27).

trén viec mé rong phép do homodyne va do dé két qua do c6 pho lien tuc,
diéu nay hoan toan khong gidng nhu cac gia tri roi rac dude tao ra bdi mot
bo dém photon. Xem xét mot xung don mode va mot truong tham chiéu
13 trang thai két hop c6 bién do 16n. Truong tham chiéu nay c6 cling tan
s6 véi xung. O day, pha clia truong tham chiéu 1a ¢(t), né duge ¢6 dinh
14 hang s6 dbi v6i phép do homodyne va 14 ham tuyén tinh theo thoi gian
déi v6i phép do heterodyne. “Thich ttng” trong phép do pha thich ting c6
nghia rang qué trinh thic hién ctia giai doan sau sé phu thuoc vao két qua
clia giai doan truée. Hinh 1.6 14 so do phép do. Xung dudc cho két hop véi
truong tham chiéu qua mot bo tach chtim can bang. Nguyeén tac ctia phép
do nay 1a pha dao dong ciia truong tham chiéu ducc dieu chinh lien tuc
sudt qué trinh ctia phép do va phu thuoc vao két qua ctia su khac nhau
giita dong photon giita hai mode. Phép do pha thich ting nay rat hitu ich dé
xac dinh gan ding pha clia mot xung quang. Nhung ¢ mot photon nguoi
ta quan tam nhiéu hon dén tién ich clia né trong viéc chuan bi trang thai.

Duéi day sé trinh bay hai ttng dung ctia phép do pha thich tng trong qua
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trinh x1t 1y thong tin lugng ti.

1.4.1 Tao trang thai chong chap st dung phép do pha thich tng

Mot phép toan qubit co ban 1a tao ra su chong chap nhitng trang thai.
D61 v6i he thong nhi tuyén (tiéng Anh 1a dual-rail), cac trang thai chong
chap tiy ¥, a|01) + Be?|10), véi a, B va ¢ 1a nhitng s6 thuc, c6 thé duge
chuan bi dé dang chi bang cach st dung cac yéu t6 quang hoc tuyén tinh.
Trang thai chong chap ctia mot hé don tuyén (tiéng Anh 1a single-rail),
a|0) + Be|1), khong dé tao nhu vay. Céc dé xuat trude cho viéc tao cac
trang thai nhu vay mot cach tat dinh lien quan dén yéu td phi tuyén tinh.
Ngoai ra, cac giao thic khong tat dinh dya trén viéec dém photon ciing
duge dé xuat trong [67], tuy nhién, cac giao thiic nay c6 xac suat thanh
cong thap. Mot so do khong tat dinh dya trén phép do homodyne ciing da
dugce chiing minh trong [68]. Cho dén nay ngudi ta da tim ra dude viec tao
ra cac trang thai qubit don tuyén dua vao cac yéu té quang hoc tuyén tinh
va phép do pha thich ting [69], day 1a phuong phéap cho hi¢u suat cao hon
nhiéu so véi céc giao thic trude. Trude hét gid st da tao dude mot trang
thai chong chap clia mot photon trén hai mode hay con goi 1a trang thai

qubit nhi tuyén c6 dang

1
9) = —5(0,1) +]1,0)). (1.48)

Trang thai ndy dudc tao ra bang cach cho 1 photon di qua mot bo tach
chiim can bang. Sau do6 ching ta thuyc hién mot phép do pha thich ting len
mode dau tién. Néu ta thu dudc két qua

10) = [0) + €"|1). (1.49)

véi 0 ¢6 két qua ngdu nhién trong [0, 27), mode thit hai sé 6 trang thai
1
V2

Sau d6 cho trang thai trén qua bo bién pha, diéu nay lam cho pha ngau

| —60) = —([1) + e ?|0)). (1.50)

nhién c6 thé dugc loai bd, mang lai két qua xac dinh trang thai (]0) +
11))/+/2. Qua trinh nay dé& dang dugc tong quat héa dé tao mot trang thai
chong chap tuy y. Trang thai don photon bay gio dudc tron véi trang thai
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chan khong trén bo tach chiim c6 hé s6 phan xa n. Trang thai nhi tuyén
khi do6 sé la

[1)]0) = n|1)|0) + /1 = n?|0)[1). (1.51)
Sau d6, thuc hién phép do pha thich tng trén mode thi nhat va sit dung
bo bién pha v cho mode thit 2 trong (1.51). Néu két qua ctia phép do pha
thich tng la @, trang thai ctia mode thit hai sé 1a

n|0) + e+ T2 1), (1.52)

Bang cach chon n =« va ¢ = ¢ — 0, v6i a, 7 tly ¥, mot trang thai chong
chap don tuyén tiy ¥ c6 thé dugc tao ra mot cach tat dinh.

1.4.2 Thiét ké céng luong ti sit dung phép do pha thich tng

Chiing ta da chi ra rang cac trang thai qubit don tuyén tuy ¥ co thé
dugc tao ra mot cach tat dinh tir cac trang thai don photon st dung céac
phép do pha thich tng. Dé tinh toan lugng ti chiing ta yéu cau kha nang
ap dung cac phép quay bat k¥ trén cic trang thai dau vao khong xac dinh.
Dura trén su két hop gitta phép dém photon va phép do pha thich ting, cac
tac gid trong [69] cho thiy ring mot phép bién doi Hadamard trong khi
van khong xac dinh nhung c6 thé c¢6 hiéu qua 16n hon. Viéc xay dung cac
phép quay bat ky c6 thé duge thuc hién theo cac bude cu thé sau:

Budc 1: Tao trang thai réi Bell gitta qubit don tuyén va qubit nhi tuyén.
Gia st trang thai Bell ctia hai qubit nhi tuyén c6 dang
1
V2

Bay gio, néu st dung phép do pha thich ting lén mode 1’ clia trang thai

) (101)11/[10)93 + [10)11/[01)23). (1.53)

trén, sau d6 st dung bo bién pha thi trang thai clia cac mode con lai sé 1
1
V2

Day 1 trang thai réi Bell gitta qubit don tuyén va nhi tuyén.

1) = —=(]0)1]10)23 + [1)1]01)23). (1.54)

Budc 2: Thyc hien phép do Bell gitta trang théi qubit don tuyén (mode
1) cla trang théai réi Bell tréen va mot qubit don tuyén bat ky |q) =
(a|0) + B|1))o. Trang thai con lai sé 1a trang thai qubit nhi tuyén c6 dang
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|Q)23 = (a|01) +3]10))93. Nhut vy bude nay da thyc hién viée chuyen qubit
don tuyén thanh qubit nhi tuyén.

Buéc 3: Bay gio ching ta cho mot phép quay tuy ¥y R = {{a, b}, {b*,a}}
tac dong lén trang théi |Q)s3,

R|Q)23 = «(al0)a3 + b[1)23) + B(D|0)23 — a|1)23)
+a(a!01>23 + b’10>23) + ﬁ(b*|01>23 — CL‘10>23). (155)

Stt dung mot phép do pha thich ting 1én mode 3 trong biéu thitc (1.55), néu
két qua thu duge 1a 6 ngdu nhién thi trang thai mode 2 sé 1a a(ae=?|0)s +
b|1)s) + B(b*e~?|0)5 — all)s). Sau khi sit dung bo bién pha ta sé dugc

a(al0)2 + b[1)2) + B(b7]0)2 — all)2) = Rlg)a. (1.56)

Két qua nay cho thay hoat dong phép quay lén trang thai qubit don tuyén
bat ky. Buée khong xac dinh duy nhat 14 phép do Bell trong Buéc 2 chi
cho xac suat thanh cong 50%. Tuy vay, day 1a mot giao thic cai thien xac

suat thanh cong so véi cac giao thic trude do.

1.5 May do photon

May do photon (tén tiéng Anh la Photodetector) hay cAm bién quang,
con duge goi 1a photosensor, 1& cdm bién chuyén doi photon ctia anh sang
hodc bic xa dién tir thanh tin hieu dien. Trong quang hoc luong ti tuyén
tinh, phuong phap chinh dé thu dugc théng tin vé cac trang thai luong
t 1a thong qua viéc phat hien photon. Ve mat 1y thuyét, ching ta c6 thé
tao ra su khac biet giita it nhat hai loai may do photon: loai thit nhat cho
ching ta biét chinh xac c6 bao nhiéu photon trong mot trang thai dau vao
va loai thit hai cho dau ra hoac “khong ¢6 gi” hodc “c6” photon (titc it nhat
s6 photon phéi c6 14 1). C6 thé c6 nhiéu cach dé phan loai may do, nhung
hai may do nay 1a quan trong nhat. Loai thi nhat duge goi 1a may do phan
giai s6 photon (tiéng Anh 1a photon number resolving detector), trong khi
loai thit hai thuong dugc goi 1a méy do x6 hoiic méy do chan khong (tiéng
Anh 1a a bucket or vacuum detector). Trong nhiing nam gan day, da co6
mot né luc 16n dé thu hep khodng cach giita cac yéu cau clia tinh toan
lugng tit quang tuyén va cac may do photon cé sén, dan dén sy phat trién

clia cac may do phan gidi s6 va cac giao thic luong tit it phu thudc vao
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viec dém s6 lugng photon 16n. Trong thuc té, cAc may do photon thuong
phat sinh céc 16i pho bién trong qué trinh phat hién photon thuc té. Cac
méay do photon thuc thudc bat k¥ loai nao déu tao ra hai loai 161 nhu sau:
thi nhat, may do dém it photon hon so vé6i thuc té hién dién trong trang
thai dau vao; thit hai, may do dém dudc nhiéu photon hon so vé6i thuc té
4 trong trang thai dau vao.

Duéi day ta xem xét nhu mot vi du vé may do photon, thiét bi c6 kha
nang hap thu anh sang thong qua sy phat quang clia cac electron trong
mot thoi gian nhat dinh, xét khoang thoi gian ¢, t + dt. Tiép theo, gia st
rang sy gidm photon ctia m quang dién ti bi chi phoi bdi qua trinh trong
d6 ¢6 chinh xac m hé nguyén ti tham gia, do d6 mdi hé chi phat ra mot
electron. Gia dinh thém rang tong sé N ciia cac hé nguyeén tit 16n hon nhiéu
so v6i 80 trung binh ctia electron, do dé véi bat ky gia tri thuc té nao (co
lien quan) ctia m, bat dang thic m < N c6 thé duge gid dinh. Theo cac
gia dinh nay, cac dic diém chinh cta Iy thuyét c6 thé dude phat trién bing
cach ap dung Iy thuyét nhiéu loan ctia Dirac vao qua trinh hap thu anh
sang va két hop cac két qua tuong tng véi cac phuong phap théng ke co
dién vé dém tap hop céc quang dién t dugc tao ra bdi cac qua trinh hap
thu. Phan tich triyc quan hon, khi nao moi photon roi vao trong khoang
thoi gian da chon, trén may do sé lam phat sinh chinh xac mot electron
phéat ra thi s6 electron dém duge dong nhat chinh xac vdi s6 lugng photon.
Lic nay so lieu thong ké clia cac dien tit duge dém phan anh chinh xéc
thong ke s6 photon; tic 1a xac suat P, phat hién ra m quang dién t1t bang

xac suat p,, ciia m photon trong trudng, véi
Fn = pm = (m|p|m). (1.57)

Tuy nhién do hiéu tng mat mat, xac suat n chuyén doéi mot photon thanh
mot dien t1t luon nho hon 1 (0 < n < 1). Xac suat nay con duge goi la
hiéu suat lugng ti. Vi (theo cac gid dinh dugce dua ra) cac sy kién riéng 1¢
clia st phat xa clia mot quang dién ti ¢6 thé dude coi la doc lap véi nhau,
xac suat P,,(n) quan sat m quang dién tit trong dieu kién c¢6 n photon c6

mat tuong tng véi mot qua trinh Bernoulli

Prpn(n) = Cy'™ (1 —n)" " (1.58)
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néu m < n hoic
Prjn(n) =0 (1.59)

néu m > n. Tong xac xuat dé c6 mit n photon nhung chi dém duge m
quang dién tit khi d6 1a P,,p,,(n)p,. Khi d6 xéc suat phét hien m photon sé
la

P =Y Puu(m)pn = Con™(L—1)"""pn. (1.60)
may do photon 1a mot trong nhitng thanh phan quan trong trong cac mach
tich hop quang dién tit. N6 duge stt dung rong rai trong cic hé thong thong
tin lién lac quang hoc, két néi quang hoc va hinh anh y sinh, va né thuong
hoat dong tit budc séng nhin thay dén gan hong ngoai. Ddi v6i hau hét cac
tng dung, c6 thé yéu cau mot hodc nhiéu dac tinh hiéu suat sau day bao
gom do nhay cao, toc do cao, tiéng on thap, dai dong cao. May do photon

ducc st dung hau hét trong cac nhiém vu ciia luan an nay.
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Chuong 2

Roi lai va 4p dung cho vién chuyén

lwong t1¥ c6 kiem soat

R6i lugng ti duge xem 1a déi tuong huyen bi nhat ctia co hoc luong
ti. N6 la mot trong nhitng nguyén nhan co ban cia sy khac nhau gitta co
hoc lugng t1t va co hoc ¢d dién. Trang thai tong quét |¢) 4 va |¢) 5 clia hai
hé con A va B ton tai trong khong gian Hilbert D4 va Dp chiéu c6 dang

sau
Da—1
[o)a= > aili)a, (2.1)
1=0
v6i diéu kién chuan héa
Da—1
> i’ =1. (2.2)
=0
Tuong ty
Dp—1

|¢)p = Z Bili) B, (2.3)

2,0 [N [N 2 2
v6i dieu kién chuan hoéa
Dp—1

Z 16;> = 1. (2.4)

Vé mit toan hoc, trang thai rdi |¥) 4p ctia hai hé con A va B 14 mot trang
thai khong thé viét duge dudi dang tich tensor clia hai trang thai )4 va
|¢>B, tic la

(W) ap # [p)a @ |@)B. (2.5)
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Trong trudng hop [V)ap = [p)a @ |¢)p, thi
hay trang thai tach roi. Cac trang thai roi duge xem xét nhiéu nhat 13 cac
trang thai Bell [70]

V) 4p goi la trang thai tich

)z = %uom £ [11)) a5 (2.6)
%) 45 = —=(|01) = [10)) 4. @.7)

Q‘

2
Céc trang thai Bell (2.6) va (2.7) 1a cac trang théi rdi clia hai hé con. Hién
tuong r6i cling ¢6 the xay ra giita N > 2 hé con khac nhau. Véi N = 3 ton
tai hai trang thai rdi cyc dai khong tuong duong la trang thai GHZ [71]

1

GHZ =
| )ABC 7

(1000) + [111)) aBc (2.8)

va trang thai W [72]
1
V3

Cac trang thai roi 1a tai nguyen lugng tit khong the thay thé cho nhiéu

(W) apc = (]100) + |010) 4 |001)) apc- (2.9)

giao thic quan trong nhu ma hoéa siéu dam, vién chuyen luong tit, bo lip
luong t&, déi thoai luong tit, v.v.. Trang thai cia mot hé con c6 thé duge
mo6 ta bang mot bac tu do ndo dé. Néu lay photon lam mot thi dy, né c6
thé dude mo ta bdi bac tu do phan cuc. Khi dé trang thai tong quat clia
noé sé la

Im) = alH) + B|V), (2.10)
v6i a v B 1a cic s6 phitc thda man diéu kién chuan hoa |af? + |82 = 1.
|H) va |V) 1a cac trang thai phan cyc ngang va phan cuc doc ctia photon.

Mot photon ciing c¢6 thé duge biéu dién béi bac tu do khong gian, khi dé

trang thai tong quat sé 1a

m2) = alar) + Blas), (2.11)

v6i o va 3 1a céc s6 phiic thda man diéu kien chuan héa nhu trén. |a;) 1a
trang thai photon truyén theo huéng ay, |as) la trang thai photon truyén

theo hudng ay. Khi xét mot chum/xung dnh séng, trang thai ciia n6 duge
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biéu dién béi bac tu do bién doi lien tuc dusi dang chdong chap clia cac

trang thai két hop nhu sau
Ins) = N(ala) +b] — @), (2.12)

v6i N 1a he s6 chudn hoa ciia trang théi (2.12), N = (14+2Re(a*b)e201)~1/2,
Néu mot va chi mot bac tu do duge ding dé mé ta trang thai réi thi dé 1a
roi thong thuong. Trang thai Bell thong thuong clia hai photon & bac tu
do phan cuc duge viét dudi dang

65 am = %aﬂm £ [VV))ap (2.13)
05 am = —=([HV) £ [VH)) a5 (2.14)

V2
Trang thai Bell thong thuong cua hai photon & bac tu do khong gian dugc
viét dudi dang

1
%) aB = —2(|a151> + |ashs)) aB (2.15)

va
1
V2

Cac trang thai Bell véi bac tu do lién tuc c6 dang

e ap = (la1ba) % |agh))as. (2.16)

locv)as = N (Jo, o) £ — a, —a))ap (2.17)
va
WE ) as = NE(la, —a) £ | — o, a))ap. (2.18)

Mot loai réi bat thuong duge xem xét do 1a roi lai [9], duge tao thanh trong
cac bac tu do khac nhau. Chang han, trong mot hé réi luong ti clia hai
hat A va B, hat A dugc mo ta dudi dang cac trang thai phan cyc trong
khi d6 hat B ton tai dudi dang trang thai két hop. Khi d6 trang thai roi

c6 dang

65 oy han = %(IH, o) % [V, —a)) ap (2.19)
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5o han = %(\H, —a) £ |V, a)) ap. (2.20)

Day 14 bon trang thai Bell lai gitta P-DOF va CV-DOF.

Nhu da néi trong phan mé dau, thong tin c6 thé duge méa héa trong
bién gian doan gidng nhu hat [73,74], ton tai trong khong gian Hilbert httu
han chiéu, hosic ¢ trang thai bién lién tuc gidng nhu séng [75, 76], ton tai
trong khong gian Hilbert vo han chiéu. Phuong phap tiép can DV chi yéu
dura vao viéc stt dung cac photon don, cac cap roéi photon, thiét bi quang
hoc tuyén tinh va may do photon, c6 thé dat dudc do tin cay gan nhu
tuyéet déi. Tuy nhién, phép do trang thai Bell, 1a diéu kién tién quyét cho
nhiéu giao thitc lugng t& khong thé duge thue hien mot céch tat dinh bang
cac thiét bi quang hoc tuyén tinh va may do photon vi chi ¢6 hai trong s6
bon trang thai Bell c6 thé duge xac dinh mot cach chic chan [14]. Do do,
vién chuyén luong tit DV chi c6 thé thanh cong véi xac suat khong vuot
qua 1/2 [77,78]. Mat khac, cach tiép can CV hoat dong trén céc trang
thai bién doi lien tuc va chong chap ctia né ¢c6 mot s6 loi ich ndi bat nhu
hiéu suat phéat hién photon cao va phép do trang thai Bell c6 thé duge
thuc hieén theo cach thic gan tat dinh [79]. Tuy nhien, do tin cay cla vién
chuyen lugng t CV 1a khiem tén vi muc do rdi clia cac cap CV thuong
bi han ché. Vi cd ma héa DV hay CV déu c6 nhitng wu diem va nhudc
diém rieng [14,77,78,80-83], két hgp hai phuong phap nay dé hinh thanh
cal goi 1a cach tiép can lai da tré thanh cha dé noi bat trong giao tiép va
tinh toan luong tit. Mot cach tiép can két hop nhu vay co thé cung cap
cac tinh nang tich cyc clia mdi cach tiép can dong thoi khic phuc cac han
ché ctia ching [84,85]. N6 ciing hita hen céc ting dung tiém nang trong xi
Iy thong tin luong ti va tinh toan lugng ti trong cdc mang khong dong
nhat hien dai dudc xay dung trén nhiéu nén tang vat 1y vdi cac loai ma
hoa qubit rieng biet [86-89]. Cac kenh lugng tit lam cau ndi lien két mot
mang luong t1t khong dong nhat DV-CV 1a cac trang thai réi lai DV-CV.
Céac so do tao ra chung da duge dua ra vé mait 1y thuyét va duge hien thuc
hoa bang thyc nghiem bdi mot s6 nhém [9,90-101]. Vi du, r6i lai gitta cac
hé théng vi mo va vi mo [94,102-110] da duge tao ra dé minh hoa cho thit

nghiém tudng tuong noi tiéng ctia Schrodinger [8]. N6 1 nguon nguyeén lidu
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thiét yéu cho mot s6 nhiém vu quan trong trong mot mang lugng tit khong
dong nhat [87,111,112], trong d6 c6 vién chuyen lugng tit lai [84,113]. Nhin
chung, cac trang thai réi lai DV-CV nay c6 thé duge phan thanh hai loai.
Loai dau tién 1a trang thai rdi lai gitta mot trang thai CV va mot qubit
quang don tuyén, c6 dang [9,93-98]
1
V2

CVi)4 1a hai trang thai CV tryc giao (hofic gan truyc

(ICV0)4l0) +|CV1)al1)B) , (2.21)

¢ day |CVy)a va

giao) thudc ve nut A, trong khi [0)p va |1)p 1a cac trang thai chan khong

va trang thai mot photon thudc nit B. Hai vi du dién hinh vé kiéu roi lai
trén bao gom (|a)[0) + | — a)[1))/v/2, & day | &+ ) 1a cac trang thai két
hop v6i bien do o [93-95] va ([cat?)|0) + |cat;)|1))/v/2, & day |catt) =
NE(|a) £|—a)), véi hé s6 chuan héa N, 1a trang thai con meo Schrodinger
ch&n/1é [9,96-98]. Loai r6i lai DV-CV thit hai 1a rdi gitta mot trang thai
CV va mot photon phan cuc [99-101]
1
V2

& day |H) (|V)) biéu dién trang thai cia mot photon don phan cic theo

(ICVo)alH)p + |CV1)alV)B), (2.22)

chiéu ngang (chiéu doc). Cac trang thai rdi lai (2.22), so véi trang thai
(2.21), ¢6 thé thuan lgi hon cho viéc xtt ly thong tin do phan phan cyc
ciia chiing. Cu thé, trang thai qubit phan cic, khong giéng nhu trang thai
qubit don tuyén, né chiac chan la trang thai mot photon, trong dé thong
tin dugc méa héa & P-DOF, do dé khién né bén viing véi su ton that photon
va su khong hoan hio ctia may do photon [100]. Hon nita, cic cong qubit
don cho céc qubit phan cuc duge thuc hien dé dang bang cach st dung cac
thiét bi quang hoc thong dung nhu QWP, HWP, v.v. [74,114], trong khi
cac thiét bi quang hoc st dung cho cho qubit don tuyén rat kho dé thuc
hién [115]. Hai kiéu rdi lai néi trén da dude so sanh ky ludng dbi véi giao
thiic vién chuyén lugng ti [116,117]. Gan day, mot nd lic tao ra trang thai
roi

alcat}) 4| H) p + blcat, ) a|V) 5, (2.23)
v6i |a*+b]* = 1, da duge thuyc hien bing k§ thuat b6t mot photon (single-
photon subtraction) [100]. Tuy nhién, trang thai thuc su duge tao ra chi
14 gan dang v6i trang thai 1y tuéng do mode DV khi d6 bi tron véi mot
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thanh phan chan khong 16n. Ngoai ra, cac dé xuat 1y thuyét dé tao rdi lai
c6 dang

5 (0} alt)p +] = a)alV) ). (2.24)
ciing da duge dua ra trong [99,101]. Trong cac dé xudt nay, mot phan nho
cua trang thai meo Schrodinger duge phan xa tit bo tach chum khong can
bang sé dugc giao thoa trén bo tach chiim can bang véi mot mode clia mot
trang thai réi phan cyc gitta hai photon. Sy giao thoa sé x6a thong tin vé
duong di ctia cac photon trong khi van gitt duge thong tin vé sy phan cuc
ctia chiing [101]. Trong diéu kién hoan héo, cac luge do trong [99,101] ¢6
thé tao trang thai rdi lai ¢6 dang (2.24). Tuy nhién, trong [99,101] x4c suat
thanh céng van con kha thap va viec st dung céac toan tit dich chuyén la
bat buoc. Mic dit toan tit dich chuyén c6 thé duge thuc hién trong thuc té
v6i s trg gitp cua tia laser cuong do cao va bo tach chtim c6 hé s truyén
qua cao [118], tuy vay trang théi dich chuyén trén thyc té chi 14 mot trang
thai gan dung véi trang thai dich chuyén mong muén vé mat 1y thuyét,
vi vay vé nguyen tic khong thé dat dugc do tin cay tuyet déi. Trong muc
2.1 ctia chuong ching toi dé xuat mot giao thic khong can toan tit dich
chuyén dé tao ra mét loai rdi lai ¢6 dang twong tui nhu da dinh nghia trong
(2.24) nhung v6i thanh phan CV 1a cac trang thai két hop c¢6 tinh chat
phan cyic khac nhau. Trong muc 2.2 chiing t6i dé xuat giao thitc tao trang
thai réi lai DV-CV gitta bén mode. Muc 2.3 chung toi stt dung nguon roi
lai d& tao thanh cong dé ing dung trong qua trinh vién chuyén luong ti.
Muc 2.4 1a mot s6 thdo luan va tém lude két qua thu duge ctia chuong.
Céc két qua ctia chuong 2 da duge cong bo trong [L. T. Dat, et. al., Optik
- International Journal for Light and Electron Optics, 2021, 225, 165820]
va [C. T. Bich, et. al., Pramana — J. Phys., 2022, 96, 33|.

2.1 Tao réi lai gitta trang thai két hop phan cuc va
trang thai phan cuc

Nhiém vu dugce dua ra la tao trang thai c6 dang

W) ap = % (lam)alH)p + | = av)alV)s), (2.25)
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6 day | £ ayyv) la trang thai két hop phan cyc. Cu thé hon, trang théi
| +ay) (|£ay)) 1a trang thai két hop co bien do |+ a) trong dé cac photon
déu ¢6 phan cuc ngang (doc) [119]. Trang thai |¥) 45 1a su két noi gitta hai
nit khong dong nhat: mot nut st dung ma hoéa theo bién gian doan véi
qubit c6 dang x|H) + y|V) trong d6 x? + y* = 1, con niut kia st dung ma

hoéa theo bién lién tuc véi qubit c6 dang
q) = N(clan) +d| — av)), (2.26)

véi N = (|c|> + |d|? + 2Re(c*d)e1*1")~1/2 1a he s6 chuan hoa. Chi ¥ ring
trang thai (2.26) 1a chong chap clia hai trang thai két hop c¢6 bién do trai
dau va phan cuc tric giao v6i nhau. Sy ma hoa thong tin trong trang thai
méi nay khac so vé6i cac trang thai thong thuong khac, & d6 ma sy chong
chap ctia cac trang thai két hop 1a khong c6 tinh chat phan cuc hoac c6 cliing
su phan cuc, cu the 1a o c|a)+d|—a) [120] hay o clagy)+d|—oyyv) [119].
Loai ma héa mdi trong (2.26) c¢6 thé déng vai tro rieng ctia né trong xit 1y
thong tin luong tit, vi ngusi ta c6 thé khai thac ca hai thuoc tinh bao gom
bién do va tinh chat phan cyc dude ma hoa trong cac trang thai lién tuc.
Trén thuc té, viec stt dung trang thai két hop c6 xét dén tinh chat phan
ciic nhu trén da duge ap dung trong cac giao thitc phan phdéi khoéa luong
i [121-124], dugce chiing minh 13 ¢6 kha nang chéng nhiéu mot cadch manh
mé. Dang chi ¢, nhu sé dugc lam sang tO, khai thac cac trang thai két
hop c6 xét dén tinh chat phan cyc thay vi cac trang thai két hop khong
phan cyc dé tao ra trang théi rdi lai nhu trong (2.25) gitp tranh s dung
cac toan ti dich chuyén va cai thien cac han ché néu trén cta cac luge do
trong [99,101]. Cu the, trong diéu kien 1y tuéng, so do ctia ching t6i cho
tong xac suat thanh cong lén gap doi so v6i trong [99,101] va do tin cay
chinh xac bang mot. Giao thic clia ching toi nham lam réi trang thai két
hop ¢6 phan cuc véi trang thai phan cyc ciia mot photon thanh trang thai
roi nhu trong (2.25). So do tao duge minh hoa trong Hinh 2.1. Trang thai
dau vao yéu cau ciia giao thiic bao gom mot trang thai con meo Schrodinger
ch&n phan cuc ngang |I')1, mot trang thai két hop phan ciic ngang |A)y va

mot trang thai réi phan cyc gitta hai photon [0)34, ¢6 dang nhu sau
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|A)
1 PBS BS(r
|F>BB51 l‘
1 |Z)
) _ . PBS
HWP BBS2 yL__p AP
s /N2 «PBS -
|©) 2' D
. 3 V : J_
Phan 1 Phan 2

Hinh 2.1: Chién thuat dé tao trang thai réi lai giita trang thai két hop phan cuc va
trang thai phan cyc. Chién thuat nay bao gom hai phan. Phan 1 tao trang thai con meo
Schrodinger phan cuye trén mode 1 cho bdi cong thiie (2.27). Phan 2 thyc hién cac thao
tac va phép do léen mode 2 va mode 4, tlty thuoc vao két qua do, trang thai ctia mode 1
va mode 3 & trd thanh trang thai roi lai mong muén. O day |T) = |I'); duge dinh nghia
trong (2.27), |A) = |A)y» duge dinh nghia trong (2.28), va |©) = |0)34 dinh nghia trong
(2.29) 1a céac trang thai dau vao can thiét, |Z) = |Z);, 1a trang thai réi lien tuc cho béi
(2.32), va |¥) = |W);3 1a trang thai can tao duge dua ra trong (2.25). BS la viét tit cta
bo tach chiim, BBS 1a bo tach chiim can bang, PBS 1a bo tach phan cyc, HWP 1a mot
tam ntia séng va D 1a may do photon.

T = NB)(18u) +| = Bu))y (2.27)
My = |51H>1f, (2.28)
©)34 = —=([H)3|V)a+|V)3]H)s), (2.29)

V2

& day f dugc gia sit 1a thuc va N(8) = [2(1 4+ e 27%)]71/2 1 he s6 chudn
héa. Trong bude dau tién cia giao thic, luge do cta ching toi bat dau
bang cach dua |[I'); vd |A)1 tuong ting vao dudng dan 1 va dudng dan 1’
ciia BBS dau tien (ky hi¢u 1a BBS1) trong céac thiét 1ap trong Hinh 2.1.
Mot HWP duge dat trén duong dan 1’ phia sau BBS1 va hai mode doc
theo duong dan 1 va dudng dan 1’ gap lai nhau tai mot bo tach phan cuc
(PBS). Vi HWP chuyén doi phan cyc ngang sang phan cuc doc (va ngudc
lai) trong khi PBS truyén cac photon phan cuc theo chiéu ngang nhung
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phan xa cac photon phan cuc theo chiéu doc, ta dé dang kiém tra dau ra

cua buée 1 nhu sau
1= NG (|(BV2)u) + [(=6V2)v)), - (2.30)
O day, vi {8y |-Bu) = ((BV2)u |(—BvV2)v) = e 2%F nen hai trang thai

IT)1 va Q)1 c¢6 chung hé s6 chuan héa N(3) mic du ching c6 bién do va
tinh chat phan cuc khac nhau. Bang cach st dung mot bo tach phan cuc
PBS, mot tam nita séong HWP va mot bo dich pha P, trang thai [Q); c¢6
thé chuyén sang N (8) (|(8v2)u)1]0)1 + [0)1|(Bv2) )1 ), 1a su chong chap
vo han clia cac trang thai NOON rat dugc quan tam trong cac ting dung
do lugng tit [125]. Dang cha y, trang thai |2); 1& mot truong hgp dac biét
clia kiéu ma hoa thong tin nhu trong trang thai (2.26) v6i c = d = 1 va
o = $+v/2. Hon nita, n6 chi ra ring trang thai qubit kiéu méi chung (2.26)
véi cac s6 phiic bat k¥ ¢ va d c¢6 thé duge chuan bi giéng nhu cach da lam
¢ phan 1 bén trén véi trang thai dau vao 1a |T'); trong cong thiic (2.27) va
|A)1 trong cong thiic (2.28) thay bdi N(c|(a/v2)y) + d|(—a/v/2)g))1 va
|(a/v/2) i) tuong tng.

Trang thai [Q); di ra tit phan 1 ctia so do giao thic sé di vao phan 2,
& d6 mot bo tach chiim téng quat BS(r,t) c6 hé sd phan xa r (va hé s6
truyén qua t = 1 —r) dugc st dung. Vi quy ude vé hoat dong ctia mot BS
tong quat trén mot cap trang thai két hop

BS(r,t)ap ) |8)5 = |avt + Bv/r)alav/r — BVt g, (2.31)

trang thai mot mode |Q); dudc chuyén sang trang théi réi hai mode

=012 = N(B) ([0m)y [vm)2 + [=0v), | —w)2) (2.32)

v6i § = Bv/2t va v = Bv/2r. Trang théi |=)1, duge dic trung khong chi béi
bién do trang thai két hgp ma con bdi su phan cuc ctia ching va do d6 khac
véi trang thai réi két hop thong thuong o< (|0)|7) +|—3d)| —~) )12 [120]. Mot
trang thai r6i CV khéac ciing duge dic trung bdi ca bien do ciia trang thai
két hgp va phan cyc 6 dang (|cat;;H>|cat;7V> — \cat&H)\catg,V))/\/?, VG
|C&t§i i) (‘C&ti‘/» la trang thai con meo Schrodinger chén/lé ngang (doc)
v6i bién do «, da duge xem xét trong [119].

Dén thoi diem nay, trang thai dau vao |©)34 ctia cong thitc (2.29)

van chua dugce st dung dén. Nhéc lai biéu dién trang thai Fock ctia mot
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trang thai két hop vdi bien do thuc x, |z) = Y 0 fu(z)|n) véi fi(x) =
e~ 22" /nl. Trang thai tich |=)12|0)34 = |X)1234 noi bit dau phan hai cia
so do giao thic tréen Hinh 2.1 c6 thé dude viét lai va ky hiéu nhu sau
1X) 1230 — [X)1324 = |X):

=

) = 2 2 sV

n=

+fa(V|2)13|n1)2| H s
Fn(=7)13) 13|y )2V )4
(—

+

+ (=) [4) 13|y )2 H)4 ). (2.33)
Dé cho thuan tién ching ta dat |1)13 = |0u)1|H)s, [2)13 = [0m)1|V)s,
13)13 = | — 0v)1|H)3 va |[4)13 = | — 0v)1|V )3 V6L |ng) (|ny)) 1a trang théi

Fock bao gom n photon phan cyc ngang (doc). Trong khi cac mode 1 va 3
ctia trang thai |X) duge git nguyén, cac mode 2 va 4 duge cho giao thoa
v6i nhau qua mot BBS (ky hiéu 1a BBS2) trong Hinh 2.1. Vi

J k
BS(r,t)aslj) alk) s =§:§:B§Ttb—p+QM%—Q+p> (2.34)
p=0 q=

VOl
" = k—p— 1/2
B]‘g’q(r, t) o (Cpcch q+pCj p+qtH P quJrq)
(=T (2.35)

Sau BBS2 trang thai |X)i324 = |X) trong cong thic (2.33) trd thanh
21324 = [X):

N(B)AG) [(1)+4)1s
2 V2

M(HH)QHVM — [1m)4|lv)a)

V2
+12)13(12m)2 = 21)4) — [3)13(12v)2—[2v)4)
+CSHK. (2.36)

X)) = (v )ollm)a = [1m)2|1lv)a)

+

Trong cong thiic (2.36) chi cac s6 hang v6i n = 1 duge viét tuong minh,
trong khi v6in # 1 gop thanh “CSHK” (“CSHK” 1a viét tat cho “céc s6 hang
khac”). C6 thé thay rang tat ca cic thanh phan duge gop trong “CSHK”
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déu khong dem lai sy thanh cong clia giao thitc. Tiép theo, dé dat duoc
trang thai mong mudn |¥),; clia cong thic (2.25) ching ta do cadc mode
2 va 4 dé tim ra khong chi s6 photon ma con ca su phan cuc ctia ching.
Chiing ta c6 thé nhin thiy bang tric gidc tir cong thitc (2.36) v6i nam tinh
huéng c6 thé xdy ra nhu sau.

Tinh huéng 0: néu két qua do cho thay méi trong hai mode, mode 2 va
mode 4, déu c6 2 photon vé6i cling phan ciic thi trang thai ciia mode 1 va
mode 3 trd thanh trang thai roi [2)13 = |0g)1|V )3 hodc |3)13 = |—0v)1|H )4,
diéu nay cho thay sy that bai trong qué trinh tao trang thai réi lai mong
muon.

Tinh huéng 1: néu két qua do cho thay mode 2 c6 mot photon phan cuc
doc va mode 4 c¢c6 mot photon phan cyc ngang thi cac mode 1 va 3 trong

trang thai |X) sé suy sup vé trang thai

(11) J\r/!§4>)13 _ 12 (1601 Hs + | — 6001 [V)s) (2.37)

Trang thai nay chinh I trang thai mong muén |¥);3 trong cong thic (2.25)

vO1 bién do

a=06=pBV2 (2.38)

Tinh hudéng 2: néu két qua do cho thay mode 2 c¢6 mot photon phan cyc
ngang va mode 4 c6 mot photon phan cuc doc thi cac mode 1 va 3 trong
trang thai |X') sé tré thanh trang thai nhu trong (2.37).

Tinh hudéng 3: néu két qua do cho thay mode 2 c6 hai photon véi tinh

chat phan cuc khac nhau thi trang thai ciia mode 1 va 3 sé thanh

(1) = 4)hs _
& =

Day 1 tinh huéng thanh coéng bdéi trang thai nay co thée duge dua vé trang

=l = | =drhV)e). (239

thai mong muén bang cac phép bién déi unita.

Tinh huéng 4: néu két qué do cho thay mode 4 c6 hai photon véi tinh
chat phan cyc khac nhau thi trang thai clia mode 1 va 3 sé thanh giéng
nh (2.39).

Dé quan sat ca sd photon va su phan cuc clia cac mode, hai PBS va bén
may do photon dugc bd tri phia sau BBS2 nhu da thay trong phan 2 clia
so do thiét lap Hinh 2.1. Sy thanh cong trong tinh hudng 1 lién quan t6i
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Hinh 2.2: Tong xac suat thanh cong cia giao thiic 14 Pr = 4P, véi P cho bdi (2.44) 1a
ham ciia binh phuong bién do 42 va hé s6 phan xa r. Duong dit nét thé hien téng xéac
suat thanh cong duge t6i wu héa khi he s6 phan xa rPeek = 1/(283) véi 5% > 1/2.

két qué ctia phép do hinh chiéu cho phép bdi toan ti
I = |0)2(0[ @ [1)2 (1] ® [1)4(1] @ [0)4(0], (2.40)

va xay ra khi moéi may do photon Do va Dy phét hién 1 photon. Tuong tu

cho cac tinh hudng 2, 3 va 4 véi cac toan ti do tuong ting sau

Il = [1)2(1] ®|0)2 (0] @ [0)4(0] ® [1)4(1], (2.41)
II; = [1)2(1] ® [1)2 (1] @ [0)4(0] ® [0)4(0], (2.42)
Iy = 0)2(0] ® |0)2(0] ® [1)a(1l] @ [1)(1]. (2.43)

RAt don gidn dé kiém tra ring sy that bai ctia Tinh hudng 0 & c6 1y vi
khong thé sit dung bat ky toan ti unita nao dé dua cac trang thai roi |2);3
va [3)13 vé trang thai réi mong mudén. Mdi két qua do thanh cong trong

cac tinh hudng 1, 2, 3 va 4 xay ra v6i xac suat nhu nhau

N2(B)fi(y) = rBle¥”

P= ey ) = === (i1 oo

(2.44)

Do dé tong xac suat thanh cong ctia giao thic do ching toi dé xuat sé la
Pr = 4P, xac suat nay gap doi xac suat trong cac dé xuat cua [99,101],
d do6 trang thai két hop dude xem xét hodc khong phan cuc hodc clng
phan cyc. Tong xac suat thanh cong Pr = 4P, véi P cho bdi (2.44), dugc
vé trén Hinh 2.2 13 mot ham cta 8?2 va r. Cho 32 < 0.5, xac suat Pr

tang don dieu véi sy gia tang r. Vi B2 > 0.5, khi 782 exp(—2r53%) cham
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dinh tai 2r3? = 1, xac suat Pr dat cuc dai tai r = P = 1/(23%) dugc
hién thi dusi dang dudng ditt nét (mau den) trong Hinh 2.2. Diéu nay
mang lai P2 = 1/[2e(1 + e72%)] tiem can t6i 1/(2¢) khi 8% l6n. Dac
biet, khi 5% = {2,3,4,...}, ting clia P = {1/4,1/6,1/8,...} (tPeak =
{3/4,5/6,7/8,...}), trang thai r6i lai mong mudn |¥),; véi bien do o =
{1.732,2.236,2.646, ...} dudc tao ra véi tong xac suat thanh cong tbi wu
P})eak = {18.063%, 18.348%, 18.388%, . . . }. Trudc khi xem xét cac dieu kien
khong hoan hao c6 thé gip phai trong thuc té, ching toi luu ¥ ring cac
phan cyc clia dau vao trang thai (2.27) va (2.28) ciing c¢6 thé duge chon
theo chiéu doc. Trong truong hop nay, luge do clia ching toi sé tao ra mot
trang thai c6 dang (2.25) nhung véi sy phan cyc ctia hai thanh phan trang
thai két hgp dudc trao doi cho nhau. Bi quyét 1 ca hai trang thai dau vao
(2.27) va (2.28) phai c¢6 cung phan cyc (tic la ching phai duge phan cuc
theo cting chiéu ngang hoic chiéu doc).

Dé c6 thé thuc hién dé xudt clia ching toi, can chd ¥ dén mot sé van
dé thuc té. Trude hét, chat luong clia cac trang thai dau vao c6 thé bi suy
gidm tai thoi diem st dung ching do hiéu tng mat lién két gay ra béi tuong
tac v6i cac moi truong xung quanh. Thw hai, viéc c6 dugc cac trang thai
dau vao “chinh hang” thuong rat kho va do do6 cé thé thay thé cac trang
thai d6 bang cac trang thai gan ding khéc, 1a céc trang thai c6 thé duce
tao ra mot cach dé dang hon trén thuc té. Thi ba, cac thiét bi quang hoc
dugce st dung trong luge do clia chiing toi, mac dit ¢6 sin trong phong thi
nghiém, van c6 thé mic phai mot s6 diem khong hoan hao nhat dinh, vi
du: BBS c¢6 thé hoi khong can bang hosic méay do photon c6 thé khong hicu
quéa 100%. Trong cac tiéu muc sau, ching t6i lan lugt tinh dén céc yéu to
thuc té dugce dé cap & trén dé danh gia anh hudng clia ching dén xac suat
thanh cong ciia ké hoach va dén do tin cay ciia trang thai thu dudc so véi

trang thai mong muoén & diéu kien 1y tudng.

2.1.1 Anh huéng ctia nhiéu dbi véi cac trang thai dau vao

Xét st mat photon do tuong tac véi moi truong xung quang duge mo
ta boi phuong trinh Chtu (Master equation) [126]

L = Dp, (2.45)
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4 day p la toan tit mat do cla toan bo trang thai dau vado, 7 1a ky
hiéu thoi gian va D 1a toan tit Linblad tac dong lén p nhu sau f?p =
(k/2) zj(Qajpa;r- — pa;aj — a;ajp). Chi s6 j biéu dién tat cd cdc mode c6
trong p, a; (a;r-) la toan tit hity (sinh) ctia mode j, va k 1a t6¢ do phan ra
ma dé don gian hon da dugc gia dinh 1 gidng nhau cho tat ca cidc mode.

Lic dau, tai 7 = 0 toan ti mat do ban dau p 1a
p(0) = [1)1(T| @ [A)1(A] @ [0)34(6), (2.46)

§ day |I')1,|A)1, vd |©)34 duge dinh nghia lan lugt trong (2.27) - (2.29).
Trude khi bat dau qua trinh tao roi lai, ba trang thai dau vao duge cho 1
da tuong tac v6i moi truong cua ching trong mot thoi gian 7 va da trai
qua qué trinh mat photon. Toan tit mat do dau vao thyc té p do d6 phu
thuoc vao thoi gian tuong tac 7 va téoc do phan ra x. Mot cach hinh thic,
toan tit mat do dau vao phu thuoc thoi gian p(7) c6 the viét dudi dang
p(1) = eP7p(0) va sit dung cac két qua trong [53,113] ta c6 mot céch tudng
minh

p(7) = pr(T) @ pr(7) @ p3a(7), (2.47)

pi(1) = N*B)[[IAu)1(Au| + CilAm) (=gl

—|—Cl‘ — )\H>1<)\H| -+ ‘ — >\H>1<_>\H|]7 (248)
pr(1) = \f\H>1'<AH|> (2.49)
p3a(T) = §[P3H(T) ® pav(T)+p3v(T) ® pan(T)

+2(|H)s(V| @ |V)a(H |+ |V)3(H| @ |H)4(V])],
(2.50)

VA = Bu, Cr = (BN, v = e/ v pyre(r) = V2K (K] 4 (1 -
1?)|0);(0] cho j =3,4va K =H,V.

Lap lai cac tinh toan trong phan trén véi cic trang thai dau vao nhu
trong (2.48) - (2.50) dan dén tong xac suat thanh cong va do tin cay dudi

tac dong ctia moi truong la

Pl — 2pp, (2.51)

Fle = %V2|<04]0w>\2(1—|—01), (2.52)
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Hinh 2.3: Téng x4c suat thanh cong P (dudng lién nét) va do tin cay F9° (duong diit
nét) cho béi cac cong thite (2.51) va (2.52) tuong tng la ham cta cudng do suy gidm lién
két p dinh nghia trong (2.53). O day, ching toi chon bien do dau vao 8 = 1.2 tuong dng
v6i hé s6 phan xa t6i wu rPek ~ 0.347.

& day Pr dugc dinh nghia trong cong thitc (2.44) va « trong cong thiic
(2.38). C6 the kiém tra ngay duge 1a khi 7 = 0 (v = C; = 1) sé cho
P = Pr vi F'% = 1, chinh 1 két qua thu dugc trong phan trén khi bo
qua st anh hudng ciia nhiéu. Diéu nay hién nhién ding, vi 7 = 0 c6 nghia
13 cac trang thai dau vao da khong tuong tac v6i moi truong clia ching

(tic la khong c¢6 sy suy giam). Dinh nghia mdt dai lugng méi p sau
p=1—-v=1—e""?2¢c|01]. (2.53)

Dai luong nay thé hién cho do manh ciia sy suy giam: = 0 khi 7 =0 v&

— 1 khi 7 = oo. Trén Hinh 2.3 ching t6i vé tong xac sudt thanh cong
P}le (duong lién nét) va do tin cay F'% (dudng dit nét) phu thude vao do
manh ctia sy suy gidm u. Ta thiy P& va F9° gidm manh v6i sy gia tang
ctia p. Khi g > 0.8, ca P v F9° gan nhu trigt tieu. Didu nay 14 dé& hiéu,
vi trong truong hgp trang thai dau vao nay, trang thai trong (2.48)-(2.50)
ngay cang bi suy gidm nhiéu hon (tham chi tré nén gan nhu hoan toan
chan khong khi y — 1), do d6 lam cho hi¢éu suat kém hon. Tuy nhién c6
thé thay ring P& duong nhu it nhay cdm véi g hon F%. Cu thé, khi u
tang tir 0 t6i 0.2, P gidm tit 0.16 t6i khodng 0.11, mat khodng 31% gia
tri ban dau ctia nod, trong khi d6 F9° dugc ghi nhan giam t6i 60% tit 1 t6i
khoang 0.4. Tong xac suat thanh cong va do tin cay c6 thé chap nhan dugc
khi sy suy gidm di nhé tai g = 0.01 ta c6 P& ~ 0.17 va F% ~ 0.95.
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2.1.2 Trang thai dau vao thuc té

Chiing t6i nhan manh rang so do ctia ching t6i khong chi hoat dong
cho dau vao la trang thai con meo Schrodinger chén |I'); trong cong thic
(2.27) ma noé cling lam viéc véi truong hgp trang théai con meo Schrodinger
1é. Viéc tao chinh xac nhitng trang thai con meo Schrodinger nay néi chung
13 kho; trong hau hét cac thi nghiem thuc té, chung dudc thay thé bang
cac trang thai nén. Cu thé, ddi v6i cac bien do nhé, trang thai con meo
Schrodinger chdn va 18 c6 thé tao ra tit trang thai chan khong nén va
trang thai photon don nén mot cach tuong tng. Trong khi trang thai chan
khong nén c6 thé tao ra mot cach don gian va cho xéc suit cao biang qua
trinh nén chan khong [127] thi trang thai photon don nén lai cho xéc suat
thap hon vi can ap dung ky thuat b6t mot photon [128,129]. Vi 1& do,
trong cac thi nghiém ngusi ta hay sit dung trang thai con meo Schrédinger
ch&n gan dung (ttc 1a trang thai chan khong nén) hon trang thai con meo
Schrodinger 1& gan dung (tic 1a trang thai mot photon nén). Trong co sé
trang théai Fock, trang thai nén chan khong |sv) va trang thai nén mot
photon |ss) lan lugt c¢6 dang
(—tanh s)" \/(2n)!
(coshs)1/2 2np)

(tanh s)" /(2n + 1)!
(coshs)3/2  2npl

NE

|sv) 2n), (2.54)

0

n

NE

|ss) 12n + 1), (2.55)

I
o

n

& day trong ca hai cong thitc trén s 1a thong s6 nén va dude gid thiét 1a

s6 thuc. Do tin cay gitta trang thai nén chan khong |sv) va trang thai con

meo Schrodinger chan c¢6 bién do S duge tinh bdi cong thic [50]
26—,82(tanhs—|—1)

Fsv—even — 256
(1+ e 2%*)coshs’ (2.56)

trong khi dé do tin cay gitta trang thai nén mot photon [ss) va trang théi
con meo Schrodinger 1é ¢6 bién do S tinh béi cong thic [130]
2526ﬁ2(tanh8—1)

podd = . 2.57
(1 — e=25%)(cosh s)3 (2.57)

C6 dinh 3, c6 thé tim dugc s dé téi uu héa FV-ver v F5°dd tyong tng
14 khi s%! = —arcsinh(23%)/2 va s°% = arcsinh(2?/3)/2 mot céch tuong

even
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Hinh 2.4: Téng xac suat thanh cong P (duong lién nét) va do tin cay F™ (duong diit
nét) phu thudc vao cuong do SPDC loai IT A khi stt dung (a) trang théi nén chan khong
trong (2.54) v6i s = —0.43358 nhu mot sy gan ding clia trang thai con meo Schrodinger
chan bién do 0.7 va (b) trang thai nén mot photon trong (2.55) v6i s = 0.16056 nhu mot
su gan ding clia trang thai con meo Schrodinger 1é bien do 0.7. Trong ca hai trudng hgp,
dudng gach ngang thé hien do tin cay la tuyet déi (nghia la khi trang thai dau vao la

hoan hao) va he s6 phan xa r duge chon 14 0.1.

ting. Véi cac gia tri nho ctia 8 (< 1) va cac gia tri tdi uu tuong ting cla
s, do tin cay FsVever vi F5504d ¢ thé rat cao. Vi du, véi B = 0.7 ta cb
Fov-even ~0.9934 khi s = —0.43358 va 5509 x~ (0.9998 khi s = 0.16056.
Bén canh cac trang con meo Schrodinger, trang thai roi hai photon |©)sy
trong cong thiic (2.29) ciing 14 mot trang thai dau vao can thiét trong so
do ctia chiing t6i. Trong thuc té, trang thai [0)34 thudng dugde tao ra thong
qua qué trinh SPDC kiéu II, trong dé6 mot xung laser bom mot tinh the
barium borat (BBO) dé phat ra mot cip photon rdi véi nhau & bac tu do
phan cyce [131]. Trang thai dau ra [SPDC) ciia quy trinh SPDC nhu vay
luon kem theo mot thanh phan chan khong 16n va duge xéc dinh bdi [114]

ISPDC)34 =~ /1 — A2[0)3]0)4 + A\|O)34 + O(N?), (2.58)

trong d6 A 1a cuong do tuong tdc SPDC (khong thit nguyén) thudng &
khoang 1072.



44

Trong ti¢u muc nay, ching toi phan tich hicu suit cta luge do khi sit
dung trang thai nén chan khong |sv) hodc trang théi nén mot photon [ss)
trong céc cong thic (2.54) va (2.55) nhu mot trang thai dau vao thuc té
kha di ctia mode 1 va trang thai dau ra [SPDC)s4 trong (2.58) nhu mot
trang thai dau vao thuc té kha di ctia hai mode 3 va 4. Két qua cia viec
stt dung dau vao thuc té nhu vay, ching toi da dan ra duge biéu thic cia

tong xac suat thanh cong P va do tin cay F*™ nhu sau

P = (1= N)Pry+ N Pro, (2.59)
1 — )\2 pre Fre )\2 re pre A2 re

Fre ( ) 7,050 T 06 _ T’GF(E)G, (260)
Pre pre

voi Py, va I3 (Pfy va FE) la tong xéac suat thanh cong va do tin cay khi
trang thai dau vao clia mode 3 va 4 chi 1a trang thai chan khong thuan
thy (cap réi photon phan ciyc |©)s4). Bicu dién tong xac suat thanh cong
Pj¢ trong cong thic (2.59) duge hiéu la tong ctia Py va Py, DOi véi do
tin cay F™ trong cong thiic (2.60), chiung ta thay chi c6 sy dong gop tu
FE. Diéu nay 1a do néu trang thai dau vao ban dau clia cdc mode 3 va 4
la chan khong, mode 3 sé van la chan khong, lam cho trang thai lai khong
trung lap véi trang thai 1y tuéng |W),3 trong (2.25) 6 d6 mode 3 1a trang
thai mot photon xac dinh. N6i mot cach khac, chung ta c6 Fj¢ = 0, giai
thich cho sy bién méat ciia sy dong gop do Fi° trong dau “=" thit 2 cla
cong thic (2.60).

Mot sb chi tiét can thiét cho cac tinh s6 clia tong xac suat thanh cong
thue té Py va do tin cay thuc té F™ duge trinh bay trong Phu luc A. Trong
Hinh 2.4 ching toi vé Py (dudng lien nét) va F™ (dudng dut nét) 1a ham
cia A cho hai truong hgp: (a) trang thai con meo Schrodinger & mode 1
duge gan dung bang trang thai nén chan khong va (b) trang thai con meo
Schrodinger § mode 1 duge gan ding bang trang thai nén mot photon. Noi
chung, khi xem xét cac yéu t6 dau vao thyc té, ca hai P& va F™ déu giam
so véi truong hop 1y tudng véi cac trang thai dau vao chinh théng. Dac
bigt, tong xac suat thanh cong P trong ca hai trudng hop c6 bac 1074,
giam ba bac so v6i xac suat trong truong hop 1y tudng (c6 bac 1071). Do
tin cay F™ trong ci hai truong hop déu nhé hon 1; vi du, tai A = 4 x 1072
ching ta c¢6 F™ =~ 0.25 trong truong hgp (a) va F™ ~ 0.94 trong truong
hop (b). So sanh giita hai truong hop (a) va (b) & gia tri cao nhat cia A
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ching toi thay sy vugt troi ro rang clia trang thai nén mot photon so véi
trang thai nén chan khong vé tong xac suat thanh cong va diic biet 1a do tin
cay: tai A = 8 x 1072 trong truong hop (a) P ~ 3.3 x 1071 va F™ ~ 0.57,
trong khi trong truong hop (b) P & 4.6 x 1071 va F™ ~ 0.98. Theo tinh
50, ching ta tim thay Py~ 1.4 x 107%, Pj’g ~ 3.1 x 1072 va F§ ~ 0.972
cho truong hop nén chan khong trong truong hop (a) va Prfy &~ 6.9 x 1079,

To ~ 7.1 X 1072 va F§ =~ 0.999 cho truong hgp nén mot photon trong
truong hop (b). Do do, khi cho A > 7 x 1077 tién t6 A\* Py / Py trong cong
thitc (2.60) trong truong hgp nén chan khong dao dong tir 0.52 dén 0.69,
nhung cho trudong hgp nén mot photon thi né rat gan dén 1 (0.98 t6i 0.99),
diéu nay lam cho do tin cay trung binh F™ gan bang Fg.

2.1.3 Su khong hoan hao ctia b tach chiim can bang

So do tao trang thai réi lai nhu trén Hinh 2.1 st dung hai bo tach
chiim can bang BBS, ba bo tach phan cyc PBS va mot tam nita song HWP.
Ching toi gid dinh rang cac PBS vd HWP 14 hoan hao nhung hai BBS c6
thé hoi lech can bang. Do léch can bing clia cac bo tach chim duge xac
dinh béi cac tham sb €, v6i k = 1,2 va lien he v6i hé s6 phan xa 7. va hé

s6 truyen qua t nhu sau
€k=1/2—7‘k=tk—1/2. (261)

Ta sé xét truong hop |ex| < 1 tuong ting v6i syt mat can bang rat it.

Do c6 st mat can bang nhu trén cia hai bo tach chiim, két qué cla
bon phép do duge thue hién bdi cac toan tit {I1;; j = 1,2, 3,4}, dinh nghia
tuong ting bdi cac cong thiic (2.40) - (2.43), sé khién x4c suat thanh cong
va do tin cay trong qué trinh tao trang thai réi lai tré thanh Pji.m va F;m
Céc biéu thic giai tich cla P}m va F ;m duge viét trong phu luc B. Noi
chung, P}m va F;m khong chi phu thudc vao €; va e ma con phu thude vao

7. Vi dy, lien quan dén phép do II; chiing ta thay rang
Pim - NQ(B) (Tg + t;)’)”626727‘62 + (T% - t%)’yl’y262ﬂ2i| (262)
N2(B)e 20
(4 I)Dim [V2.f0(01) (12(0]02) — t2(—0]02))
1

+ 71 fo(62)(5]61)], (2.63)

im
"=
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0.08

0.04

€, 0.00

-0.04

0.08 -0. 0.04

Hinh 2.5: Do tin cay trung binh F'™ dugce dinh nghia trong (2.65) 14 ham ciia cdc tham
s6 khong hoan hao €; va ey clia hai BBS. Trén hinh vé, 8 va r duge chon nhu trong Hinh
2.3.

¢ day 0 dugce dinh nghia trong cong thic (2.32) va f,(z) duge dinh nghia
trong (2.33), trong khi 71, 72, d; va dy 1a cac hang s6 phu thuoc vao 3, r,
t v €15 (xem cac cong thiic tuong tng trong Phu luc B). Doi vdi 21%1’4
va FQing, biéu thiic ciia chung phu thudc vao j va duge dua ra mot cach
tuong minh trong Phu luc B. Tuy nhién, ching toi thay ring, tong xac
suat thanh cong P gibng nhu trong truong hop ly tudng. Tic 14,

4

PP =Y P"=rr, (2.64)
j=1

& day Pr = 4P véi P cho trong cong thiic (2.44). Diéu d6 chi ra rang tong
xac suat thanh cong trong giao thiic ctia ching t6i khong phu thudc vao
sit lech can bang clia cac bo tach chitm néu do léch 1a nhé véi |e;| < 1. Dé
phan tich do tin cay, ching t6i dinh nghia do tin cay trung binh nhu sau
X PrEr
DYV

Ta thiy két qua phu thudc vao cd € va ey. Trong Hinh 2.5 ching t6i vé

Fim

(2.65)

F™ 13 ham clia €; v& €5. Nhu thay ré tit hinh vé, F™ c6 gia tri rat cao
(F™ > 0.980) véi |e19] < 0.08. Gia tri ctia F'™ tiem can t6i 1 khi € 5 gidm
vé 0. Cu thé hon, F'™ > 0.999 khi |e; o] < 0.02.
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2.1.4 Su khéong hoan hao ciia may do photon

Mot yéu cau quan trong trong so do tao trang thai réi lai ciia ching
toi 1a cac may do photon phai phat hién chinh xac s6 photon. Tuy nhién,
cac may do nay thuc té thuong hoat dong kém hiéu qué véi mot so 16i.
Trong ticu muc nay ching t6i tinh dén sy khong hoan hio clia méy do
photon. Mitc do khong hoan hio duge dac trung bdi thong sd hiéu suat
n € [0,1]. Vé mat toan hoc, viéc may do duge n photon véi hieu suat 7
duge mo té bdi phép do positive operator-valued measurement (POVM)
nhu sau [114]

C’SMU"(I —n)k|n+/€>a(n+/€|, (2.66)

2
[
(]

e
I
o

& day a 1a ky hiéu ctia mode ma sbé photon cia n6é dugc phat hien. Déi véi
n =1, Ef?i)m = |n)(n|, phép do photon 14 hoan hao. D6i v6i n — 0 va
n # 0, Efgo,a — 0, ¢6 nghia 14 khong c6 thong tin gi vé s6 photon. Phép

do hoan hdo II; trong cong thic (2.40) luc nay duge thay thé bang phép
do khong hoan hao II , c6 dang

I, =E9eEY)eE! oL, (2.67)

va cac thay thé tuong tu duge thyc hién cho II, IT3, va I1,.
Déi v6i cac trang thai dau vao c6 dang nhu trong (2.27) - (2.29), tong
xac suat thanh cong Pr, va do tin cay F), c6 thé dan ra cac biéu thic giai

tich cua ching dué6i dang

Tﬁ2n26—2r62n

PT?” - 1+ e_QﬁQ ) (268)
F, = 5 . (2.69)

Trong Hinh 2.6 ching toi vé Pr, (dudng lién nét) va F), (duong dit nét)
1a ham ctia (a) hiéu suat méay do n va (b) he s6 phan xa r. Ddi véi truong
hop (a), xu huéng bién ddi clia tong x4c suat thanh cong Pr, va do tin
cay F, khé giong nhau. Cu theé, chiing tang mot cach don diéu theo hicu
suat 7. Didu nay 1a d& hiéu béi may do c6 hicu suat cang t6t thi giao thiic
cang hiéu qua. Ngugc lai, trong trusng hop (b) xu huéng bién doi cia
Pr,, va F, theo hé s6 phan xa r 1a khac nhau. Cu thé, khi r tang thi Pr,,
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@

0.07} 11.00
10.98
« 0.05
o 10.96 &5
0.03}
10.94
0.01}

10.92

11.00
10.98
10.96 &

10.94

10.92

Hinh 2.6: Tong x4c suit Pr,, (duong lién nét) cho bdi cong thitc (2.68) va do tin cay F,
(duong dit nét) cho béi (2.69) khi phu thude vao (a) hiéu suat ctia may do photon 7 va
(b) hée s6 phan xa r. Trong truong hgp (a) he s6 phan xa r 14 0.1, trong khi trong trudng
hop (b) hieu suat may do photon 7 1a 0.9. Trong cé hai trudng hop ching t6i gia dinh céc
trang thai dau vao hoan hio trong d6 dau vao 1a trang thai con meéo Schrodinger chin c6
bién do = 1.

sé tang nhung F), sé giam. Vi du, véi » = {0.1,0.2,0.3,...} ching ta c6
Pr,, = {0.0596,0.0996,0.1247, ... } va F,, = {0.990, 0.980,0.971, ... }. Dieu
nay c6 thé ducc giai thich mot cach dinh tinh nhu sau. r ting dan dén
sy cai thien s6 luong cd hai thanh phan bao gom thanh phan mot photon
nim trong ham fZ() véi v = Bv/2r clia cong thiic (2.44) va thanh phan n
photon trong ham f2() (n > 1) trong mode 2 ciia trang thai |=);» trong
(2.32). Su cai thién dau tién lien quan triec tiép dén viec tang tong xac suat
thanh cong (2.44). D61 véi sy céi thien thi hai, dang cha ¥ 1a vi cac may
do la khong hoan hao nén trang thai thu duge cia mode 1 va 3 sau phép
do, cu thé II;,,, bao gom khong chi trang thai rdi lai mong mudn trong
(2.37) ma con chita cac thanh phan dugce thu gon trong “CSHK” ctia cong
thitc (2.36). Sy cai thien thi 2 trong f2() lam tang thanh phan khong
mong mudn trong trang thai can tao do d6 lam gidm di do tin cay. Hon
nita, tit cac cong thic (2.68) va (2.69) ta thay rang lim, o Pr, = 0 va
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lim, ,o F,, = 1, nghia la d6i v6i gia tri bat k¥ ctia  do tin cay c6 thé cao
néu gidm hé sé phan xa r, tuy nhién xac suat thanh cong sé bi gidm mot
lugng nao doé.

Khong gidng nhu cac giao thic trong [99,101], 6 d6 céc tac gia st dung
trang thai dau vao la trang thai con meo Schrodinger khong c6 tinh chat
phan cuc, trong khi dé, giao thiic cuia chiing toi st dung trang thai con
meo Schrodinger ¢6 tinh chat phan cue (2.27) va do do6 trang thai réi cia
chiing toi thanh phan CV ciing ¢6 tinh chat phan cyc (2.32). Nho vao vige
stt dung trang thai nhu vay nén tong xac suat thanh cong ciia giao thiic
chiing toi gap doi so véi tong xac suat thanh cong trong giao thic [99,101].
Mot wu diem khac clia giao thitc ciia ching toi dé 1a khong can phai s
dung toan tit dich chuyén nhu trong [99,101]. Vi trong thuc té, tdc dong
clia toan tit dich chuyén chi c6 thé duge thuc hién gan ding bang cach st
dung bo tach chtim c6 hé s truyén qua cao vd mot chiim két hgp cé bien
do 16n [118]. Nhu vay giao thitc clia ching toi lam gidm duge nguon tai
nguyen luong ti can st dung.

Cac phan tich vé hiéu tng suy gidm do tuong tac v6i moi truong cia céc
trang thai dau vao va sy khong hoan hao ctia cac bo tach chiim cho thay
giao thic clia chiung t6i van c6 kha nang choéng lai nhitng nhiéu loan nho.
Dic biét, xac suat thanh cong hop 1y (> 0,1) va do tin cay cao (> 0,9)
c6 thé dat duge véi dieu kien cuong do suy giam di yéu va su khong hoan
héo clia cac bo tach chim di nhé. D véi sit suy gidm lién quan dén trang
thai dau vao ching ta cé thé cai thien bang cach thiét ké thi nghiem dé
giadm thiéu thoi gian tuong tac ciia cac trang thai dau vao véi mai truong,
trong khi d6 sy khong hoan hao ciia cidc bo téach chiim cé thé duge khac
phuc nho sy tién bo khong ngiing trong ki thuat ché tao cac thiét bi quang
hoc.

Dé dat duge trang théi 16i lai [W),, = (Jag)i|H)s + | — av)i|V)3) /v2
nhut mong muén v6i mot bien do a 16n thi can c6 hai doi héi dong thoi nhu
sau: (i) bien do § cia trang thai dau vao |I'); = N(B) (|8u) + | — Br)),
can du 16n va (ii) hé s6 phan xa r ctia bo tach chum BS(r,t) trong phan 2
clia so do giao thiic phai dii nhé. Con meo Schrodinger chén va 1é c6 bien
do nhé c6 thé tao ra gan ding bang trang thai nén chan khong va trang

thai nén mot photon véi do tin cay cao va c6 thé ting bién do ciia trang
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thai con meo Schrodinger nhd vao cac ki thuat khac nhau (xem [96] chang
han). Do d6 doi hoi (i) ¢6 thé thyc hien duge. Yéu cau (ii) ciing c6 thé dap
tng dude vi BS c6 heé s6 phan xa thap co thé thiét ké dua vio cong nghée
hién nay. Ngoai ra, cling can phai tinh dén sy khong hoan hao cia trang
thai |©)34 Vi trén thuc té no bi tron véi trang thai chan khong. Dicu d6 lam
gidm xac suat thanh cong va do tin cay clia giao thitc. Mot cach dé déi pho
v6i van dé nay 1a st dung nguon réi photon [132-134], tuy nhién diéu nay
sé lam phtc tap toan bo thiét 1ap thit nghiem. Mot gidi phap don gian hon
14 st dung trang thai meo gan dung lam dau vao cho mode 1, theo d6 van
c6 thé dat duge do tin cay cao. Mot van deé thuc té khac dang quan tam 1a
st that bai xay ra bat cit khi ndo may do phat hién nhiéu photon dugdc the
hién trong “CSHK” nhu trong cong thiic (2.36). Dé phan biét chinh xac
gitta thanh cong va that bai, cic may do phan gidi s6 photon 13 can thiét.
Mot mit, cac bo do phan gidi s6 photon vdi hieu qua cao t6i 95% da duodc
ché tao [135] va duge st dung trong céc thit nghiem khéc nhau [136-138].
M3t khac, ngay ca v6i may do cé hieu suat thap, khi gidm hé sé phan xa
ciia BS ching t6i sé thu duge do tin cay kha cao nhung doi lai xac suét
thanh cong kha thap.

2.2 Tao réi lai bédn mode gitta trang thai két hop va
trang thai qubit don tuyén

Tiép theo sé trinh bay phuong phap tao réi lai CV-DV giita bén mode.

Trang thai can tao c6 dang
1
P(a)) 1934 = EOO" ,0,0) + [—a, —a, 1, 1) )1934, (2.70)

6 day |a, @, 0,0)195, V& |—a, —ar, 1, 1) 55, 12 Viét tit cla |a); @ |a), ® [0); ®
0), va |—a), @ |—a), @ |1); ® 1), tuong ting. Dé tao trang thai roi lai trén
ta can trang thai ban dau

[Wo(0)) g = [@(aVD)) 10(20)),,, 2.1)

kl

|mwm=§§mm+w%mw (2.72)
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Hinh 2.7: So d6 tao trang thai roi lai duge dinh nghia trong (2.94). PBSP 1a ky hieu clia
thiét bi quang hoc bao gom mot bo tach chum can bang xen gitta hai bo dich pha —7/2,
hoat dong trén hai mode nhu trong cong thiic (2.73). Duong lién nét dan nhan n (k, [,
m, n, p va q) bieu dién mode n (k, [, m, n, p va q). Dy, v& D,, 14 cAc may do photon dé
dém sb photon tuong ting tit cac mode. Duong dit nét bicu dién sé photon dém dugc ny,
van,. R=1,X, 7 va XZ la cic toan ti hoi phuc phu thudc vao s6 photon duge phat

hién.

1a trang thai roi lai gitta hai mode z va y da duge tao thanh cong trong [94].
Qua trinh tao trang thai lai gitta bén mode nhu trén dudc thé hieén trén
Hinh 2.7 va thuc hién theo cac bude cu thé nhu sau

Bude 1: Mode m cta trang thai |®(2«)), =~ duge gii qua mot thiét bi
quang hoc ky hieu 1a PBSP. Thiét bi nay hoat dong trén hai mode z, y bao
gom mot bo téch chiim can bang BBS,,(w/4) = explir(ala, + ala.)/4] bi
kep gitta hai bo dich pha —7/2, P,(—7/2) = exp(—ira}a,/2), véi a;r. (a;)
la cac toan tit sinh (hiy) hat 6 mode j

PBSP,, = Py(—1/2) BS,,(7/4)P,(=7/2). (2.73)
Sau khi di qua thiét bi trén, trang thai ban dau tré thanh

T, = PBSPy, |T) (2.74)

klmnp kimn >

v6i p 1a mot mode chan khong bat ky (xem Hinh 2.7).
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Budc 2: Mode m vita chuyén qua thiét bi PBSP dau tién sé dugc tron véi
mode k cta trang thai ‘@(&\/5»“ tren mot PBSP khéc. Két qué [¥;)
tré thanh

klmnp

Ws),, = PBSP, ;) (2.75)

klmnp klmnp *

Phia sau thiét bi PBSP,,; (l1a PBSP thit hai trong Hinh 2.7) dit hai may
do photon D,, va D;, dé dém sb6 photon n,, va nj clia cic mode m va k

tuong tng. Trang thai cua cac mode [, n va p tréd thanh

mk <nm7 N ‘lp?>klmnp

Vs = N , (2.76)
v6i Xac suat

Pryne = Lok (s 1 199) g |- (2.77)
Dé phan tich tat ca cac truong hop cé thé xay ra, trang thai [3) 4, €O the

duge viét mot cach tong quat nhu sau

1
(om0 [ 02) gy = 5 (00m, | O)im (1|20, |av/2),0),

+ Qo |1k (1 [200), [ V/2),]0),
+ (= 1) 00, [0)k (ke [200), | — aV/2),[1),
(=1 60n | Dim (nan 1200),, | — av/2)|1),1],

(2.78)

3 day 0, 12 ham delta Kronecker trong khi d6 (n |y) = 4"e"1"/2/y/nl. Sé
c6 nam kha nang xdy ra duge dan nhan tur (i) dén (v) nhu sau

(i) Néu n,, = chén # 0 va ng = 0, thi trang thai [¥3) , trong cong thic
(2.76) 1a

\\pg>>m - %(‘a\@, 0, 0> + ‘—a\/i, 1, 1>)pnl, (2.79)

xay ra voi xac suat

C

1 2
Poinsoo = ge—4ia [cosh(4|a|?) —1]. (2.80)

(ii) Néu n,, = 16 va nj = 0, thi trang thai |¥3),,  trong cong thiic (2.76)

la

(i1 :L‘ _‘_
‘\113 >pnl \/5(04\/5,0,0> a\/§,1,1>)pnl, (2.81)
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xay ra v6i xac suat
1 2
Peo = 56—4@ sinh(4|af?). (2.82)
(iii) Néu n,, = 0 va ng = chdn # 0, thi trang thai [W3) , trong cong
thite (2.76) I

’\Ijéiii)>pnl _ %()Qﬂ, 0, 1> + ’—a\/ﬁ, | 0>)pnl, (2.83)

xay ra voi xac suat Py ga,20 = Penansoo-

(iv) Néu n,, = 0 va n; = 1é, thi trang thai |¥;)
(2.76) 1a

onlg trong cong thic

“I’éw)>pnlq _ %(‘a\/ﬁ, 0,1) - ‘—a\/i 1,0))pnal0),, (2.84)

xdy ra voi xac suat Py = Py -

(v) Néu n,, = ny = 0, thi trang thai |¥3) , trong cong thitc (2.76) 1a

). = Ymon)
(@3 >W 2(04\/5,0,0>+ a\/i,o,1>
+ ‘—a\/ﬁ, 1, 0> + ‘—a\/i, 1, 1>)pnl, (2.85)

2 2,° , A — 2
xay ra véi xac suat Py = e Ao,

Budc 3: Mode p duge dua vao thiét bi PBSP thi ba, sau d6 mot mode
phan xa xuat hien dugc gdn nhan ¢. Do d6, céc trang thai (2.79) - (2.85)
tré thanh

¢ > — 0,0) + |- 1)) o, 2.86
) f’““ Pl ek Dl (250
xp> —_(Je, a,0,0) — |—a, —at, 1, 1)) pomts 2.87
‘ sl \/_ | > ’ >)pq ! ( )
xp> — 0,1) + |—a, =, 1,0)) ot 2.88
‘ ol \/_ \oz o, >+| — >)pq l ( )
‘\II w > l ‘Oé «, 0 1> |—Oé, —Q, 1,O>)pqnl (289)

bgn

va ]
’qjiv)>pqnl B §(|Oé, «, O> + ‘—OZ, —Q, 1>)pqn(|0> + |1>)l <290)

Nhin vao céc cong thiic trén ta c6 thé thay chi trang thai cudi cing la

khong thé cho két qua thanh cong. Bén trang thai phia trén c6 thé chuyén
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vé trang thai mong mudn bang cach st dung cic toan tit phuc hoi Z va X
tac dong lén trang thai 6 mode [, tuy nhién, tac dong ctia toan tu X lén
cac trang thai don tuyén chi cho x4c suat 1/2 [66]. Vi thé xac suat thanh
cong cua qua trinh tao trang théi |I') trong cong thic (2.94) la

3 3

—4lal?
r= E(Pchéin;éo,o + Beg) = Z(l — et (2.91)

X4c suat nay c6 the dat 75% khi |a| > 1.3.

2.3  Vién chuyén lugng t c6 kiém soat tir trang thai
bién gian doan sang trang thai bién lién tuc va
ngudc lai théng qua trang thai réi lai duéi anh
hudéng ctia moi trudng

Duéi day ching toi thiét ké mot giao thic vién chuyén luong tit giita
mot trang thai qubit don tuyén v mot trang thai két hgp. Trong [113,116]
cac tac gia nghién citu vién chuyén lugng tit gitta trang thai photon phan
cuc don va trang thai két hop, dong thoi nghién citu vién chuyén luong tit
gitta trang thai qubit don tuyén va trang thai két hop bing cach st dung
cac trang thai r6i lai phit hop giita chiing. Dé giai quyét cac dieu kien thuc
té clia qua trinh truyeén tai thong tin luong tit nhu vay, dieu quan trong I
phéai tinh dén cac hiéu tng mat lien két do tuong tac v6i moi truong. Ngoai
ra, trong thuc té thuong doi hdi c6 mot bén thi ba lam nhiém vu gidm
sat. Diéu nay c6 thé ducc thuc hién bang cidch thém ngusi giam sat vao
cac trang thai roi clia cac bén lien quan va nguoi nay déng vai tro quyét
dinh cho viéc giao thiic c6 tiép tuc thuc hién hay ding lai. Duéi day sé
trinh bay mot giao thic cho viéc truyen tai thong tin gitta hai loai qubit
khac nhau. Cu thé: Alice, Bob, Charlie va David 1a bon bén cach xa nhau
va chi dugc phép thuc hién cac hoat dong dia phuong va giao tiép co dién.
Alice va Charlie la cac bén trong khong gian DV hoat dong chi véi qubit
don tuyén trong khi Bob va David 1a cac bén trong khong gian CV ¢6 kha
nang diéu khién cac trang thai két hop. Muc dich ctia ching t6i 1a tao ra
cac giao thitc cho phép vién chuyén theo ca hai huéng, tit trang thai qubit
don tuyén sang trang thai két hop va ngucc lai xuyén qua mot moi truong

c6 nhidu dudi su kiém soat dong thoi ctia cad Charlie va David. Trong muc
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nay ching toi dua ra hai nhiem vu can gidi quyét. O nhiem vu thi nhét,

gid sit Alice gitt mot trang thai ton tai trong khong gian DV nhu sau
[Ypv) = al0) +b]1), (2.92)

& day |0) (|1)) 1a trang théi chan khong (trang thai mot photon) va a, b la
cac sO phiic chuta duge biét thoéa man diéu kién chuan hoa |al? + |b|* = 1.
Alice can bi mat chuyén dén cho Bob thong tin vé cac hé sé a, b nim trong
mot trang thai CV

[Yov(e)) = N(a|a) +b[-a)), (2.93)

¢ day |+a) 1a trang théai két hop 6 bien do phiic +a va N = N(a,b,a) =
(14+2Re(a*b)e2F)=1/2 13 he s6 chudn hoa clia trang thai [y (a)). Nhiem
vu thi hai, nguge lai véi nhiém vu dau tién, 14 Bob giit mot qubit trang két
hop & trang thai (2.93) v& can phai chuyén mot cach an toan cho Alice cac
hé s6 a,b nam trong trang thai qubit don tuyén (2.92). Ching t6i hudéng
t6i viec thiét ké cac giao thiic sao cho ca hai nhiem vu dude giam sat dong
thoi béi hai ngusi kiém soat Charlie va David, v6i Charlie chi c¢6 thé lam
viéc v6i cac trang thai qubit don tuyén DV trong khi David chi c6 kha
nang diéu khién cac qubit trang thai két hgp. Mbi trong s6 hai nhiem vu
néu trén chi c6 thé duge hoan thanh khi ¢6 su cho phép ciia cd hai kiém
soat vien. Dé thyuc hién mot trong hai nhiém vu bang cac hoat dong dia
phuong va giao tiép co dien, bén bén Alice, Bob, Charlie va David can chia
sé truéc mot keénh roéi lai DV-CV ¢6 dang thuan khiét nhu sau

(@) = —(10:0.0.0) + =0 =0 L D, (204
day chinh 1a trang thai ching toi da thiét ké so do tao thanh cong nhu
trong muc 2.2 bén trén. Kénh lugng tit nhu vay phai duge phan phoi dé
Alice gitt mode 4, David gitt mode 2, Charlie gitt mode 3 va Bob gitt mode
1. Trong qua trinh phan phéi kénh luong tit, do réi clia kénh sé bi suy giam
do tuong tac v6i moi trudng xung quanh. Diéu nay dudc mo ta bdi phuong
trinh Chu [126]

Op1234()
ot

o) day t la thoi gian tuong tac gitta cac mode quang hoc va moéi truong,

= (J + L)prasa(t). (2.95)

p1234(t) 13 ma tran mat do clia kénh lugng tit tai thoi diém ¢, trong khi
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J va L la toan ti Lindblad tac dong lén piog4(t) nhu sau Jpioss(t) =
v aiprasa(t)al va Lpasa(t) = —3 (alaiprasa(t) + prasa(t)alas), véi v 1a
hé s6 phan ra xac dinh bdi do manh ciia tuong tac gitta kénh luong ti va
moi trudng va a; (a)) 1a toan tit hity (sinh) ctia mode 7. Nghiem cila phuong
trinh (2.95) c¢6 thé dugc viét dusi dang

p1234(t) = exp|(J + L)t]p1234(0), (2.96)

V61 proga(t = 0) = |T) 195, (I'| 1& trang thai thuan khiét ban dau ctia kénh
lugng tit. St dung quy luat tac dong ctia J va L ching ta thu duge kénh
lugng t1t 6 trang thai tap pias34(7) ¢6 dang

pem(r) = sillrah(ral @ ra)s(ral

®]0)3(0] ® [0)4(0]

+C72|Ta) (—Tal @ |Ta)s(—Tal

®0)3(1] ® |0)4(1]

+C7% — 1a) 1 (Ta| ® | — Ta)s (T

®|1)3(0] @ [1)4{0]

+| —1a)1 (—Ta| ® | — Ta)(—Tq]

® (7 [1); (1] + (1 = 7%) |0); (0])

(7 [1), (1] + (1 = 7%) [0), (O}, (2.97)

v6i C = e 10-7)0" vy 7 = /2 Cha ¢ réing 7 = 1 khi 4t = 0 (khi y = 0
hodc t = 0), trong khi 7 — 0 khi vt — oo (khi v htu han nhung ¢t — o0).
Tu cong thic (2.97), ta thay sy tuong tac v6i moi truong lam giam bién
do clia cac mode két hop 1 v 2 tit +a sang +7a va chuyen trang thai
mot photon |1) (1|, trang thai qubit don tuyén trong mode 3 va 4, vé trang
thai chan khong |0) (0] (luu ¥ réng sy mat photon nhu vay ciia céc qubit
don tuyén khong loai bd cac qubit ra khoi khong gian ctia chung va ducc
xem xét nhu mot 16i ‘lat bit’ (bit-flip) c6 thé dude sita bang cac ma stia
16i lugng tit). Vi &nh huéng ctia tuong tac v6i moi truong da duge tinh
dén trong kénh lugng ti pio34(7), sau day ching toi sé lam viéc thang véi
p1234(7) thay cho p1234(0) = |I')1234(T].

Trudce tién ta xét nhiem vu thi nhat: Vién chuyén luong tit ¢ kiém soat
tir trang thai bién gidn doan sang trang thai bién lién tuc. Gia st Alice c6

mot qubit don tuyén A ndm trong trang thai [¢py), = (a|0) +b|1))4 va
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vy )

Q

P(T)1234 ><
x 2 'DZ n,
V

Hinh 2.8: Giao thitc vién chuyén lugng t1t c6 kiém soét tit trang thai bién gian doan sang
trang thai bién lién tuc c6 kiém soat st dung kénh lugng ti pio34(7) trong cong thiic
(2.97). Duong lién nét dan nhan 1 (2, 3, 4 va A) biéu dién mode 1 (2, 3, 4 va A). Ds, Ds,
D, va Dy 1a cac may do photon dé dém cac photon tuong tng tit cAc mode. Dudng diit
nét biéu dién sé photon dude phéat hién ny, ns, na va ny. H 1a toan tit Hadamard. U = X
hodc X Z 1a cac toan tit hoi phuc phu thudce vao s6 photon dém dude tit cdc may do.

o ay can chuyén trang thai |[¢py) 4 t6i Bob sao cho Bob nhan dugc trang

thai con meo Schrodinger c¢6 dang
|Yev(Ta)); = N(a|ta) +b|—Ta));. (2.98)

Cha y rang trang thai (2.93) duge dac trung bdi +a nhung trang thai
(2.98) lai duge dac trung béi £7a. Diéu nay 1a vi trang thai thuan khiét
ban dau pi1aza(0) = |(@)) 93, (T()| d& bi chuyén thanh piog(7) trong
cong thic (2.97): bien do ban dau +a clia trang thai két hop bi gidm
vé £7a. Ngoai ra, do sy suy gidm, hé s6 chuan hoa trong (2.98) bi bién
d6i N = N(a,b,o) = (1 + 2Re(a*b)e 2*")"1/2 thanh N = N(a,b,7r) =
(1+2Re(a*b)e2"*")~1/2 Trang thai tich ctia qubit DV ctia Alice v6i kénh
luong t 14 papiaza(7) v6i pa = [Ypyv) 4 (¥pv|. Hoat dong ctia bon ngudi
trong nhiém vy nay dugc hién thi trong Hinh 2.8. Cu thé moi trong bon
ngudi Alice, Bob, Charlie va David phai thuc hién theo thit tu nhu sau.
Hoat dong ciia Alice: Alice stt dung thiét bi quang hoc PBSP44 dé lam
rdi mode A va mode 4, sau d6 dém sé photon ctia hai mode d6 bang hai

may do photon D4 vd Dy4. S6 photon dugce phat hién 1an luct 1a ng va ny.
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Trang thai ctia cac mode 1, 2 va 3 lic nay c6 dang

a4{na,ny|PBSP 4, [pap123a(T)|PBSPy,|na, 1) a4

p123(T) = iz : (2.99)
nA,Ng

o

VOl
Poyn,=Tr {]nA, n4) 44N, n4|[PBSPA4[pAp1234(7')]PBSPX4]} (2.100)

la xac suat dém ducc ny photon trén mode A va ny photon trén mode 4.
Sau khi biét gia tri ctia ny va ny, Alice thong qua mot kenh lién lac ¢o dién
thong béao gia tri clia ching dé Bob c6é thé st dung sau nay. Chi ¥ rang
moi mode A hay mode 4 chita t6i da mot photon va bo tach chum la can
bang nén sé chi ¢6 nam truong hgp kha di cia cac gia tri {n4,n4}, do 1a
{na,n4} ={0,0}, {0,1}, {1,0}, {0,2} va {2,0}.

Hoat dong ctia David: V6i vai tro 1a ngusi kiém soat, David st dung
may do photon D, dé dém s6 photon trén mode 2, véi két qua ne va thong
bao két qua trén kénh truyén thong co dién. Cha ¥ ring mode 2 1a trang
thai két hop do vay ny € {0,1,2,...,00} va c6 the phan thanh cac s6 chén
va 1é, ny = {chan, 1é}.

Hoat dong cia Charlie: La mot kiém soat vien trong khong gian DV,
Charlie dau tien tac dong toan tit Hadamard lén mode 3, sau d6 sit dung
may do photon D3 dé dém s6 photon ng, va thong bao két qua trén kénh
thong tin co dién. Cha § n3 € {0,1} vi mode 3 13 mot trang thai DV chi
1). Thuyec té, trien khai toan tit Hadamard
trén qubit don tuyén 1a cuc ky khé khan. Mot tac dong truc tiép clia cong

ton tai ¢ hai trang thai |0) va

Hadamard 1 khong thé nhung v6i bo dém photon va qubit phu trg thi
diéu d6 c6 thé xay ra, nhung rat hiém khi thanh cong [139]. Tuy nhién, sit
dung phép do pha thich tng [66] cho phép ap dung cong Hadamard trén
qubit don tuyén thanh cong 50%. Gia st ring cong Hadamard dugc tao
thanh cong, trang thai mode 1 cua Bob sau hoat dong ctia Alice, Charlie
va David sé la

23(n2, 3| Hapios(T) Hy [na, n3)as

Y
Qn27n3

p1(T) = (2.101)

Qnymy = Tr{|n2, n3)23(na, n3|[Hapias(T)Hs |} (2.102)

14 xac suat dém dugde ny va ns photon trén mode 2 va 3 tuong ting.
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Hoat dong cia Bob: V6i vai tro la ngusi nhan thong tin, Bob la nguosi
cudi ciing dua ra mot sé hoat dong thich hgp dé dung lai trang thai p; (1)
trong cong thitc (2.101) dé thu duge trang thai gan nhat so véi trang thai
mong mudn (2.98). Bob phai stt dung tat ci cac két qua ctia phép do duge
cong boé trude dé n4, na, n3 va ng, cac két qua nay cé thé la su két hop
ctia 20 truong hop khac nhau {n,n4, n3,ny}. Dé hinh dung xem trusng
hop nao hitu ich, truong hop nao khong ching toi viét pi(7) trong (2.101)
dudi dang bieu thic tuong minh nhu sau

pl(T) - (50nA51n450n3+51n,450n451n3):0§17n2)(7')

+ (617’LA50714507’L3 + 50nA51n451n3),0§2’n2)(7')
+ GonOom, (B0, + 610 )p1” ()
+ (00n,492n, + 92n,00n,) (V0ns + 51n3)p(14)(7), (2.103)
6 day
() = LU @) {[bPra (ral
+ (—1)”2072(a*b\7a>1<—7a\ + ab*| — Ta)1{Tal)
+ [bP(1 = 7%) + |al* 7| = Ta)1 (—7al}, (2.104)
v6il
L") (r) = [16]%(2 — 7%) + |a|*T?
+ (=1)™C7ab + bra)e 2T, (2.105)
P () = pi " (7, (2.106)
1 — 72)| — _
i) = rentrel 2 E = Dl reni=rel - o)
-7
va
PV (1) =] —ra)i(~Tal. (2.108)

RO rang tit cac cong thic trén, két qua phép do nam & hai dong cudi trong
cong thiic (2.103) sé cho két qua khong mong mudn vi cé p§3>(7) clia (2.107)
hay p\”(7) cia (2.108) déu khong chita tham sé cAn thiét a va b. Do do,
ching t6i chi phan tich két qua phép do nam & hai dong dau tién trong
(2.103). Phan tich (2.104) chi ra rang khi ny chdn va 7 = 1 (khong c6 sy
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suy gidm do moi truong) pi" (1) trd v

PEM (- Z 1) = [1 4 2Re(a)e ] H{[b|a) o]

+ (a*bla)(—al + ab*| — a)i(al)
+ la]?] - a) (—al}
= X |¢1(a)), (Wov(a)| X, (2.109)
tur do
[ev (@), Wev(a) = X" (r = 1) X, (2.110)

Trong hai cong thic (2.109) va (2.110), |¢eov(@)) la trang thai CV duge
dinh nghia trong (2.93) va X 1a toan tt tac dong len trang thai két hgp nhu
sau X |£7a) = |Fra). Toan tit X nhu vay chinh 14 bo dich pha mot goc
7 va duge thiét ké mot cach dé dang. Bidu thic (2.110) cho thay p\" (1),

trang thai cia mode 1 ma Bob thu dugc sé 1a
T 1,chén
p (7)) = X" (r) X, (2.111)

Bay gio hay xem xét ky hon hai dong dau tién ctia cong thiic (2.103), chiing
ta thay rang néu {n,ny, n3,n2} = {0,1,0, chdn} hodc {1,0,1,chin} hoic
{1,0,0,18} hodc {0,1,1,1&} thi pi(r) tr& thanh p\"™™(r) = p9(r) =

ngT)(T)X. Diéu nay nghia la pgT)(T) = ngl’Chén)(T)X, trang thai can
chuyén c6 thé dugc tai tao ti p(ll’Chén) (1) hodc p?’lé)(T) bang viéc stt dung

toan tit X tac dong lén mode 1. Vi tac dong ciia toan ti X lén trang thai
két hop 1a hoan toan c6 thé thuc hien duge, do dé xéac suat dé cac truong
hop trén xay ra la

1
Px = §[P 0.1 (Qo.cnin + @1.10)

+ P (Q1,ch§n + Qo,lé)]
1622 = 7%) + |af*7?

1
-8
2.2

+ C7%(a*b+ b*a)e *" ). (2.112)
¢ day he s6 1/2 trong dong dau tién cia (2.112) 1a xac suat Charlie tac
dong thanh cong toan tit Hadamard va P, , ,,,, @n,.n, dude dinh nghia trong
(2.100) va (2.102). Ngugc lai, néu cac truong hgp phép do {n4, ny, n3,ns} =
{0,1,0,1é} hoac {1,0, 1,16} hoac {1,0,0, chan} ho#c {0, 1, 1, chan} thi p;(7)

tré thanh pgl’lé)(T) = piQ’Chan)(T) = XZpgT)(T)ZX. Diéu nay ngu ¥ rang dé
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c6 dudce trang thai mong mudn pgT)(T), Bob nén tic dong lén trang thai

pgl’lé)(T) hoac p?’Chan)(T) toan tit XZ, véi toan tit Z chuyén |+7a) thanh
+ |+7a) . Van de la doi véi trang thai két hop, tadc dong clia toan tit 7 1a
rat khé dé dat 100%. Dé vugt qua khé khan dé, ngusi ta thuong lam gan
ding toan tit Z biang cach st dung toan tit dich chuyén [120] hoic bing
cach khon khéo nho dén giao thiic vién chuyén lugng ti [53] hosic bang
cong nghé bt mot photon khoi trang thai két hop [140]. Dau vay thi viée
trien khai toan t& Z trén mot trang thai két hop 1a khong tat dinh. Xac
suat thanh cong cho qua trinh dé 1a 50%. Do d6, truong hgp nay xay ra

v6i xac suat

1
Pxz Z[POJ (QO,lé + Ql,chén)
+ P (Ql,lé + Qo,chén)]

BI*(2 = %) + |af*r®

=l
16

— O (ab + b a)e ", (2.113)
¢ day he s6 1/4 trong dong dau tién ctia cong thiic (2.113) 1a xac suat cho
Charlie tac dong thanh cong toan ti Hadamard va Bob tac dong thanh
cong toan tit Z. Tong xac suat thanh cong Ppy_cv cho viéc chuyén trang
thai qubit don tuyén [¢py), clia cong thic (2.92) thanh trang théi con
meo Schrodinger pgT)(T) cia cong thic (2.111) 1a

Ppvoov = J;X + Pxz
= BIFE =7+ al*7)

+ C7a*b+bra)e 2. (2.114)

Do tin cay Fpy_cv gitta trang thai thu duge pgT)(T) trong cong thtc

(2.111) va trang thai mong mudn |[ey (7a)), trong cong thite (2.98) dugce
xac dinh bdi

Hwov(ra) |t () [dev(ra))

N%(a,b, 7a) LM () {|b(b + ae 27 )2
(1= 7)) + 72|a*)|(be " + a)|?
QC’TQRe[ab*(ae*QTQO‘2 +b)(a” + b*e*%%‘z)]}.

Fpv_ov

(2.115)
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Hinh 2.9: Giao thtic cho vién chuyén lugng tit c6 kiém soat tit trang thai bién lien tuc
sang trang thai bién gian doan c6 kiém soat st dung kenh lugng ti pio34(7) trong cong
thiic (2.97). Duong lien nét dan nhan B (1, 2, 3 va 4) biéu dién mode B (1, 2, 3 va 4).
D1, Dg, Dy va Dy 1a cac may do photon dé dém cac photon tuong tng tit cac mode 1, B,
2 va 3. Dudng ditt nét bicu dién sé photon dugc phat hién nq, ng, ny va ng. H 1a toan ti
Hadamard. V = I, X, Z hoac X Z la cac toan tit hoi phuc phu thuoc vao sd photon dém
dugce tit cac may do.

Bay gio ta xét nhiem vu tht hai: Vién chuyén lugng t@ c6 kiem soat
ti trang thai bién lien tuc sang trang thai bién gian doan. Trong nhiém
vu nay Bob déng vai ngusi chuyéen thong tin, giit mot trang thai con meo
Schrodinger Yoy (Ta))g = N(a|ra) + b|—7a))p. Nhiem vu ctia Bob la
chuyén mot cach an toan dén Alice trang thai DV ciia mot qubit don
tuyén co6 dang |[vpy), = (a|0) + b|1))s. Hoat dong ctia bon bén trong
nhiém vu nay dude hién thi trong Hinh 2.9.

Nhu trong nhiém vu tht nhat, boén bén can chia sé trudéec d6 cuing mot
kénh lugng tit trong cong thiic (2.97) v6i cuing sy phan phéi cac mode. Cac
hoat dong clia hai ngusi kiém soat Charlie va David khong thay doi, nhung
ciia Alice va Bob thi ¢6. Cu thé, Bob la ngusi dau tién hoat dong bang
cach cho mode 1 vd mode B két hop v6i nhau qua mot thiét bi quang hoc
PBSP;p, phia sau dit cac may do photon D; va Dp dé dém sé photon
ny va np tuong tng véi ni,ng € {0,chdn # 0,1¢}. Néu s6 photon dém bdi
méy do Djs ctia Charlie va Dy ctia David la ng € {0,1} va ny € {chén, 1é}
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tuong ting thi trang thai mode 4 ctia Alice sé la

( ) _ 3213(”3;”2,nl;nB!P1234B(T)\n3,712,711,713)3213

pa(T : (2.116)

Prg noni s
6 day
p12345(7) = H3PBSPipp(7)1234p5(7) PBS Pz Hy (2.117)
voi pp(T) = [Yev(Ta)) B (Yov(Ta)| va
Prynoming = Tr{|n3,n2,n1,np)3218(n3, N2, 01, np|p12sap(7) ) (2.118)

la x4c suat cing dém dudc ng, ne, n1 vA np photon trén cac mode 3, 2,
1 vd B mot cach tuong tng. Thay thé pio34(7) trong (2.97) va pp(1) =
|Vev(Ta)) g (Vev(Ta)| véi |Yey(Ta)) duge dinh nghia trong (2.98) vao
(2.117) va sau d6 vao (2.116) chung ta c6

p4(7') — 5On350n3p4(11,n1+n2)(7—) +51n360n3p1(127n1+n2)(7)
—+ 50n350n1p1(13,n2+n8)(7) + 51n350n1p4(147n2+n3)(7-)
+ 5071350711(50713+51n3)ﬂz(15)(7')7 (2-119)
6 day
1,n14n9
P = {(Jaf? + (1 = 72))]0)4(0)
+ (—1)(”1+”2>072(ab*|0>4<1\ + ba™(1)4(0|)
+ BP0}, my # O (2.120)
plmtn) 0y = plmtnatl) o (2.121)
3,n9+np
pImN () = LB + [al?(1 = 72))]0)4(0]
+ (=1)=2t22) 072 (ba*|0) 4 (1] 4 ab*[1)4(0])
+ JaP71)4(1]}, np #0 (2.122)
P () = p e (1) (2.123)
va

AP = Sl -0yl
FOP0] 0D + a1 (2129
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Vi cac tham s6 a va b khong xuét hien trong p\ (1) ctia (2.124) ching toi
b6 qua thanh phan cudi cing ¢ phia bén phai clia (2.119) va xem xét cac
thanh phan con lai. T cong thitc (2.120), khi ny + ny chén hodc {n; =
chan # 0,ny = chdn} hodc {n; =1é,ny =18} va 7 =1 thi pil’nﬁ@)(f) don
gian tré thanh

A =1) = W =1)
{lal*10)4{0] + [B*[1)a(1]
b (@ 100ad1] + ba*[1)0])}
[Yov)y Yoy (2.125)

Diéu nay cho thiy rang trang thai ,OSLT)(T> ma Alice thu duge véi 7 # 1

phai 1a

A (r) = pit W (r) = pH (7). (2.126)
Duéi day ching to6i phan tich tat ca cac truong hop cé thé xay ra dua trén
két qua do {n3,ns,n1,np}. Dé c6 mot cai nhin tong quan, ching toi tom

tat két qua phan tich trong Bang 2.1.

Bang 2.1: Trang thai p4(7) trong cong thic (2.119) phu thudc vao 16 trusng hop kha di
ctia két qua do {ns,na,ny,np}. Trang thai pd ™™ (), p7"9 (1) véi j = 1,2,3,4 va p{ (1)
dugce cho trong cac cong thic (2.120) - (2.123) va (2.126).

Truong hop # nz  ne ng n pa(T)
1,2 0,0 chan, 0,0 chén # 0, pivahan)(T)

lé le = p{"(7)
3,4 1,1 chan, 0,0 18, P21 (1)

1é chin#£0 = p{"(7)
5,6 0,0 chén, 0,0 18, M9 (1)

1é chin #£0  Zp{"(1)Z
7,8 1,1 chin, 0,0 chin # 0, pf@hin) ()

N chin = 2p"(7)Z
9,10 0,0 chin, chin#0, 0,0 piEehin) ()

1é 1é _ prlT) ()X
11,12 1,1 chin, 1 0,0 P8 (1)

1é chén # 0 - ngT) (1) X
13,14 0,0 chén, 1@, 0,0 pf’vlé) (r)

le chan # 0 XZp\"(r)ZX
15,16 1,1 chin, chin#£0, 0,0 p{ehan) (1)

1@ = XZp{"(r)ZX
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Bang 2.1 cho théy ring, dé thu dugc trang thai p{’'(r) thi (i) Alice
khong can lam gi trong cac truong hop ti 1 dén 4, (ii) Alice st dung toan
tt Z trong cac truong hop tit 5 dén 8, (iii) Alice stt dung toan tit X trong
cac truong hop tir 9 dén 12 va (iv) Alice st dung toan tit X Z trong cac
truong hgp tur 13 dén 16. Nhu da trinh bay trude do, ddi véi trang thai
qubit don tuyén, tac dong clia toan tit Z c6 thé hoan toan thuc hién dugc,
tuy vay tac dong clia toan ti X chi thuc hien duge véi xac suat 1/2. Tong
x4c suat thanh cong cho qué trinh vién chuyén trang thai ti [oy (Ta)) téi
[Wpy) la

Pev_py = % Z Z Z (Pk,l,m,o + %Pk:,l,o,m> , (2.127)

k=0,1 j=ch&n,lé m=ch&n£0,1é

VOl P, nynynp cho bdi (2.118). Trong cong thic trén, he s6 chung 1/2 1a
xac suat thanh cong tac dong toan tit Hadamard lén mode 3 va hé s6 1/2
khac bén trong dau ngodc don la xac suat tac dong thanh cong toan ti
X len mode 4. Tinh toan P, ,n,.n,; trong (2.118) va thay thé ching vao
(2.127) chiing to6i nhan duge biéu thic gidi tich tuong minh cho Poy_,py

nhu sau
2 2

31— e2ra
81 + 2Re(a*b)e27e*

Do tin cay gitta trang thai thu duge pflT) (7) va trang thai mong mudn (2.92)

Pov py = (2.128)

la

Fevopy = 4<¢DV\PELT)(7')WDV>4
= |a/* + 72* + (1 — 72 +2C7%)|a)*|b)>.  (2.129)

Tu dong thit hai ciia (2.129) dé dang thay rang trong trudng hgp khong
c6 sy mat photon, tic la khi 7 = C = 1, thi Foypy = (|a]* + |b]?)* = 1.
Trong truong hgp ngude lai khi xay ra sut mat toan bo sé6 photon thi kénh
lugng t1¢ bi tiéu tan hoan toan lic nay piasa(7) tré thanh piogy(7 = 0) =
10,0,0,0)1234 (0,0,0,0|. Cang trong trucng hgp dé (7 — 0) trang thai CV
can vién chuyén (2.98) ciing trd thanh trang thai chan khong |0),. Vi trong
truong hop nay, tat cd cac mode déu khong réi v6i nhau do vay, nhiing gi
duge thuyc hién véi cadc mode 2, 3, 4 va A khong gay anh hudng dén trang
thai ctia mode 1. Do d6, do tin cay tuong ting ciing bang 1 cling nhu trong
truong hop khong c6 ton that photon (do tin cay tuyét déi nhu vay chi 1a
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Hinh 2.10: Do tin cay ciia qué trinh vién chuyén trang thai luong ti tit trang thai qubit
don tuyén c6 dang dic biet (|0) 4 [1))/v/2 sang trang thai con meo Schrodinger chin
N(|ra) + |—7a)) 1a ham cua vt véi a = 1 (dusng cong mau do), a = 2 (dudng cong mau
xanh), a = 3 (dudng cong mau cam) va a = 5 (dudng cong mau den).

dua vao dinh nghia toan hoc nhung trang thai thu dugc khong chita bat
ky thong tin ndo clia trang thai mong mudn, tic 14 né vo nghia vé mit
vat 1y). Vi do tin cay khong thé vuot qua 1 khi 4t thay doi tit v¢ = 0 téi
yt = oo (tiic 1a 7 bién ddi tit 1 t6i 0) sé ton tai mot gid tri nho nhat cla
do tin cay. Ta c6 thé tinh sé dé xac dinh né va duge thé hién trén Hinh
2.10, 6 d6 do tin cay Fpy_,cy cho mot trudng hop cu thé clia vién chuyén
trang thai DV c6 trong sé bing nhau (|0) +|1))/+/2 t6i trang thai con meéo
Schrodinger chan N(|ta) 4+ |—7a)) duge vé 1a ham cia «t cho mot vai gia
tri cua a. V6i mot gia tri xac dinh cia «, khi thoi gian tréi di do tin cay
truéc hét 1a nhanh chéng giam dé dat dén gia tri toi thiéu, sau do ting
dan dén 1 trong mot khoang thoi gian dua 16n (t > 10/v). Ta ciing c¢6 thé
hinh dung dugc thyc té 1a gia tri o cang nhd thi day ctia duong cong do
tin cay cang nong.

Déi v6i quéa trinh vién chuyén theo huéng nguge lai tic tit CV sang DV,
sit bién doi ctia do tin cay c6 su khéc biet. Diéu nay duge mo ta trong Hinh
2.11, hién thi do tin cay Foy_py 1& ham ctia vt cho viée vién chuyén trang
thai con meo Schrodinger chdn N(|7a) 4+ |—7a)) t6i trang thai qubit don
tuyén (]0) + [1))/v/2. Hinh 2.11 cho thay ring, v6i mot gia tri ciia o, do
tin cay Foy_py ltic dau gidm nhanh nhung sau d6 dan bao hoa dén mot
gia tri t6i thicu bang 0.5. Tt Hinh 2.11 ciing thay rang a cang lén thi toc

do gidm theo thoi gian ciia Foy_,py cang nhanh, dong nghia véi viec gia
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tri t6i thiéu ctia n6 dat dudc cang sém.

Mot Iuu ¥ quan trong la, khong gidéng nhu vién chuyén trang thai trong
moi truong 1y tudng khi ca xac suat thanh cong va do tin cay deéu khong
phu thuoc vao cac trang thai dau vao, § day anh hudng clia moi truong
lam phat sinh sy phu thuoc ciia xac suat thanh cong va do tin cay vao cac
tham s6 thong tin a v& b. Van dé can quan tam lic nay 1a gia tri trung
binh ctia xac suat thanh cong va do tin cay doi véi tat ca cac gia tri co thé
c6 clia cac tham s6 dau vao. Nhic lai rang a v b rang budc véi nhau béi
diéu kién chuan hoa |a|> + |b|> = 1 va chiing ta c6 thé dat ching nhu sau
a = cosf va b = e¥sinf, v6i 0 < 9 < /2 va 0 < ¢ < 27. Gia tri trung
binh ctia ham f(6, ¢) bat ky dugc dinh nghia béi [141]

/ o / £(0. ) sin(20)d6. (2.130)

Nho cong thic (2.130) va st dung cong thic (2.114) va (2.128) ching toi
tinh duge tuong minh xac suat thanh cong tuong tng 1a

3

Ppyv_ocy = G (2.131)

3(1 — e 2" )arctanh(e 27 ")
Re—27%a? ’

D61 v6i cac gia tri trung binh ciia do tin cay, khi 1ay tich phan (2.130) cho

Pcy_py = (2.132)

Fpy_cvy clia cong thiic (2.115) khong thé c6 dude mot bicu thiic giai tich
16 rang cho Fpy oy, do dé ching toi danh gia né bang phuong phap tinh
s6. Tuy nhién, do cong thiic (2.129) clia Foy_py 1a kha don gidn nén tich
phan (2.30) c6 thé tinh gidi tich duge va cho két qua

_ 1 1
Fevopy =5+ 672(1 4 2e~ 41T, (2.133)

Dé dé so sanh, chiing t6i vé trén cliing mot do thi Hinh 2.12 ca hai gia tri
trung binh Fpy_cv va Fov_py 1a ham ctia vt cho bon gia tri khac nhau
clia . Mot cach dinh tinh, cac do tin cay “hanh x1i” rat giéong nhu trong
truong hop véi a = b = 1/4/2 (tic 1a ¢ = 0 vh § = 7/4) trén Hinh 2.10 va
Hinh 2.11. Cu thé, cho mot gia tri ctia a, Fpy_cp sé ¢6 gia tri nhd nhat
trude khi tiem can 1, trong khi Fey_,py gidm don diéu va c6 xu huéng
tiem can dén gia tri thap nhat ctia né6 1a 1/2 (1/2 1a gia tri trung binh clia
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Hinh 2.11: D6 tin cay ctia qua trinh vién chuyén trang thai lugng tit tit trang thai con meo
Schrodinger chan N (|7a)+|—7a)) sang trang thai qubit don tuyén dic biet (|0)+]1))/v2
a4 ham cia vt v6i @ = 1 (duong cong mau dd), a« = 2 (dudng cong mau xanh), o = 3
(dudng cong mau cam) va a = 5 (dudng cong mau den)

Fov_.py(yt — o00) = cos?(0)). Dang cht ¥, d6i véi tat ca cac gia tri clia «
Fpyv_cy 16n hon Feoy_py trong toan bo thoi gian. Hon nita, doi véi cac
gia tri nhé clia o (o = 0.5 nhu trén Hinh 2.12a) vién chuyén lugng ti ti
trang thai qubit don tuyén tdi trang thai con meo Schrodinger luon luon
t6t hon két qua cd dién tuong ting vé6i gid tri tin cay tot nhat 1a 2/3 (dugc
biéu dién bang mot duong ngang dit nét trong Hinh 2.12). Déi véi gia tri
16n cua a (a = 1, 2 va 5 nhu trén Hinh 2.12b, Hinh 2.12¢ va Hinh 2.12d
tuong ng) c6 thé ton tai mot khoang thai gian ma Feoy_,py < 2/3, cho
thay vién chuyén lugng t1t trong mién thsi gian nay 1a khong hieu qua so
v6i vién chuyén co dién. Déi v6i vién chuyen luong tit tit trang thai két hop
sang trang thai qubit don tuyén thi tot hon dich chuyén cd dién chi trong
mot khoang thoi gian ngén ban dau trude khi Fey_,py nhanh chong tré
len nho hon 2/3 va gitt nguyén nhu vay vé sau. Tinh chat dinh tinh nay
khong phu thuoc vao a. Tuy nhién, vé méat dinh lugng, gia tri 16n hon ctia
o sé thu hep thoi gian ban dau 1a khodng thsi gian wu thé clia vién chuyén
lugng ti so v6i vién chuyén co dién.

X4c suat thanh cong trung binh duge vé trén Hinh 2.13. Trong khi qué
trinh vién chuyén DV-CV ¢6 Ppy_cy = 3/16, x4c suat trung binh cla
qué trinh nguoc lai CV-DV, Py py, phu thuoc vao a va c¢6 thé 16n hon
Ppv_cv. Viduy, néu a c¢é gia tri nhé thi Pey_py < Ppy_cy. Tuy nhien,
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Hinh 2.12: D9 tin cay trung binh ctia qué trinh vién chuyén cé kiém soat trang thai luong
tl tir trang thai bién gian doan sang bién lien tuc (dudong cong mau xanh) va do tin cay
trung binh clia qua trinh ngude lai tit trang thai bién lién tuc sang trang thai bién gidn
doan (duong cong mau do6) la ham cta vt véi (a) a = 0.5, (b) a =1, (¢) @ = 2 va (d)
a = 5. Dudng ngang mau den tai 2/3 la gia tri trung binh c6 dién t6t nhat.

khi v dt 16n thi Peoy_py ¢ thé 16n hon Ppy_cp khi ~vt khong qua 16n.
Khoang thoi gian vt ma Peoy_py > Ppy_cy sé duge mé rong khi o tang
nhu dude nhin thay tir cac dudng cong véi o = 1, 2 va 5 trong Hinh 2.13.

2.4 Két luan ctia chuong 2

Trong chuong nay, ching toi dé cap dén réi lai va ting dung clia né
trong vién chuyén trang thai luong ti c6 kiem soat. Cu thé nhu sau: Trong
muc 2.1, ching toi thiét ké mot so do dé tao ra mot loai réi lai méi gitta
trang thai két hgp c6 xét dén tinh chat phan cuc va trang thai phan cuc
ctia mot photon. Trong thiét ké nay, mot trang thai con meo Schrodinger
phan cyc, mot ciap r6éi photon phan cyc va mot trang thai két hop phan
cuc, da duge chuan bi ngoai tuyén tit trude, duge cung cap lam dau vao
cho so do ciia chung toi. Sau do, st dung cic thiét bi quang hoc tuyén

tinh thong thuong chang han nhu bo tach chtim, bo tach phan cuc, tam
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Hinh 2.13: Xac suat thanh cong trung binh ctia qua trinh vién chuyén lugng tit c6 kiém
soat tir trang thai bién lien tuc sang trang thai bién gian doan 14 ham cta vt véi a = 0.5
(duong cong mau dd), o = 1 (duong cong mau xanh), o = 2 (dudng cong mau cam) va
a =5 (dudng cong mau den). Xac suat thanh cong trung binh ctia qué trinh vién chuyén
lugng t1t theo chiéu ngudce lai 1a hing s6 va biéu dién béi duong ngang mau tim tai gia
tri 3/16.

ntta séng va may do phan giai sé6 photon, tat cd cac hoat dong can thiét c6
thé duge thuc hien mot cach hieu qua. Phu thudc vao két qua phat hien
s6 photon, ta c6 thé biét duge trang thai réi lai mong muén co dudge tao
thanh cong hay khong. Tong xac suat thanh cong ciia so do clia ching toi
cao gap doi so véi cac so do hién c6 cho cac trang thai két hop khong phan
cuc [99,101]. Ké hoach ctia ching toi khong chi khéa thi ma con kinh té doi
v6i tai nguyen tieu thu vi khong phai st dung toan ti dich chuyén. Ching
toi cling xem xét cac yéu to thuyc té anh hudng dén hiéu suat ctia so do,
bao gom cé sy suy gidm do rdi/sy mat photon do tuong tac véi moi trudng
clia trang thai dau vao, sy sai khac doéi véi tai nguyen thuc té va sy khong
hoan héo ctia cac thiét bi. Phan tich chi tiét cho thay so do ctia chung to6i
c6 thé tru viing trude cac hieu tng khong hoan hdo nhéd va cé thé duge
thuc hién v6i cong nghé hién tai.

Tiép theo, trong muc 2.2 ching toi xem xét hai loai ma héa qubit, mot
13 qubit don tuyén va cai con lai 1a chong chap ciia cac trang thai két hop,
con goi 1a qubit duéi dang trang thai con meo Schrodinger. Dau tién, ching
toi xay dung so do tao ra trang thai réi thuan bén bén thich hgp ma sau

qué trinh chia sé gitta bon bén thong qua tuong tic véi moi truong sé trd
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thanh mot trang thai tron. Sau doé ching t6i sit dung trang thai tron nay
1 kenh luong t dé thuc hien vién chuyen luong ti c6 kiem soat giita mot
qubit don tuyén v mot qubit & trang thai con meéo Schrodinger. Do ¢
tuong tac véi moi truong, do tin cay clia vién chuyén lugng t va xac suat
thanh cong 13 mot ham sd clia cac thong so clia cac trang thai can vién
chuyén. Vi vay, chiing téi tinh toan gia tri trung binh ctia ching. Déi véi
do tin cay trung binh, qué trinh vién chuyén luong ti DV-CV luon 16n hon
so v6i qua trinh nguge lai CV-DV. Tuy nhién, ddi véi xac suat thanh cong
trung binh, n6 sé 1a hing s6 dbi véi qua trinh vién chuyen lugng tit CV-DV
va 1a ham phu thuoc bien do o doéi v6i qua trinh ngude lai DV-CV. Su
phu thuoc vao « 1a kha tinh té. Vi du, su gia téng clla o lam gidm do tin
cdy trung binh (xem cac Hinh 2.10, 2.11 va 2.12) nhung lam téng xac suat
thanh cong trung binh (xem Hinh 2.13). Diéu déng luu ¥ 13 ma hoa qubit
don tuyén dic biet thd vi do kha nang chuyéen doi 1an nhau tu nhién cta
no6 gitta cac hé thong vat Iy khac nhau nhu hé thong nguyén tit, co hoc va
quang hoc. Qubit don tuyén ciing c6 thé duge chuyen doi thanh céc dinh
dang qubit khéc, vi du: qubit phan cyc [142]. Diéu nay c¢6 nghia la trang
thai r6i gitta trang thai két hgp va trang thai qubit phan cyc c6 thé dugc
tao ra ti roi lai gitta cic trang thai két hop va trang thai don tuyén. Trong
c hai giao thic vién chuyén lugng ti trong muc 2.2, ching t6i déu thiét
ké c¢6 hai ngudi lam nhiém vu kiém soat, mot ngudi thao tac trong khong
gian DV va nguoi con lai trong khong gian CV. Vé mat § nghia, diéu nay

tao ra sut cong bang gitta cac bén véi nhau.
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Chuong 3

R6i tang cudng va ap dung cho vién
tao hai chiéu trang thai luong ti va

vién tac toan tur co kiem soat

Thong thuong cac thanh phan ctia trang thai réi dudge sit dung trong
x1t Iy thong tin lugng t1t duge ma hoéa béi cung mot bac tu do. Tuy nhién
trén thuc té, mot he luong tit ¢6 thé dude mo ta dong thoi béi nhicu bac
tu do, nhu bac tu do phan cuc, bac tu do khéng gian, bac tu do thoi gian,
bac tu do momen xung luong, v.v.. Trang thai réi ma cic thanh phan clia
n6 dugc ma hoéa cuing mot lac bdi hon mot bac tu do goi la trang thai
roi tang cuong [10]. R6i tang cuong 1a mot hien tuong rat duge quan tam
trong nhiing nam gan day, né dudc xem nhu mot nguon tai nguyén day
trién vong dé lam tang tinh kha thi cho cac nhiém vu quan trong théng

qua tinh hiéu suat cao ciia né. Vi du cac trang thai sau

( |©F) aB @ |05) aB
|©P) aB ® |P%) aB
|9P) B ® |95) B

\ |9P)AB @ |95) aB

véi m,n =+ vaj=1,23,...,16 tao thanh bd dua 16 trang thai Bell tang

cuong ¢ hai bac tu do phan cuc va khong gian. Réi tang cuong da va dang

‘\I’{PS)>AB = 3 , (3.1)

thu hat sy quan tam 16n clia rat nhiéu tac gia trén thé gi6i véi rat nhiéu
van dé dudce xem xét da dugc nhac dén ¢ phan Md dau ciia luan an, vi du
nhu ma hoa dam cac trang thai lugng tit trong quang hoc tuyén tinh [30],
chiét roi lugng tit [31-35], vién chuyén céc trang thai lugng tit [36-38], vién
tao trang thai lugng tit [39-41], dong vién tao trang thai lugng t1 [42], v.v..
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Trong chuong nay, ching to6i xem xét chi tiét hai van dé lien quan dén roi
tang cuong nhu sau. Trong muc 3.1, ching t6i xem xét qua trinh vién tao
hai chiéu trang thai ting cuong cé kiém soat st dung tai nguyen la cac
trang thai roi ting cuong. Trong muc 3.2, chiing t6i nghién citu qué trinh
vién tac toan tit co kiém soat. Trong muc 3.3, ching t6i dua ra mot s6 két
luan. Cac két qué cta chuong 3 duge cong bo trong [C. T. Bich, et. al.,
Journal of the Optical Society of America B, 2023, 1, 11] va [N. B. An, et.
al., J. Phys. A: Math. Theor., 2022, 55, 225307].

3.1 Vién tao hai chiéu c6 kiém soat cac trang thai

tang cudng st dung trang thai rbéi tang cudng

Vién chuyén trang thai luong tit 1a mot giao thic duge dé xuat lan
dau tién bsi Bennett cling 5 cong su clia ong vao nam 1993 [11]. C6 thé
xem d6 1a mot vi du dién hinh nhét vé vai trdo quan trong ctia roéi luong
ti trong cong nghé truyen thong lugng ti. Bai toan dit ra: Alice va Bob
14 hai ngudi song & hai noi khéc biét, ho khong gip nhau ké tit khi dugc
tao véi nhau mot cap r6éi. Nhiéu nam sau dé Alice dudc giao nhiém vu
chuyén cho Bob mét trang thai lugng tit mot cach an toan va nguyén ven
khi ca hai nguoi déu khong duge biét thong tin vé né. D6 1a mot bai toan
thue su kho bdi theo 1y thuyét co hoc lugng tit, mot trang thai luong ti
khong biét thi khong thé doc va cling khong thé sao chép, Alice khong the
doc dugc trang thai nay dé gui thong tin vé né cho Bob. Mit khac, néu
trang thai nay truc tiép duge gii di trong khong gian thi né hoan toan co6
kha nang bi that lac hosic danh cap roi lam gid trang thai, v.v.. May man
rang ho da dugc tao véi nhau mot cap réi tit trude nén nhiem vu nay co
the dudc hoan thanh chi bang viec Alice giii di mot luong nhé bit co dién
thong bao két qua phép do trén cac qubit cia minh dé Bob dung lai duge
trang thai mong mudn chi bang cic thao tac dia phuong trén chinh céc
qubit ctia minh. Mot tinh hudng méi duge dua ra cho bai toan 1a diéu gl
sé xay ra khi ban dau Alice dugc phép biét vé trang thai can gii? Dé to6i
uu hoéa tinh hudéng d6 mot giao thitc don gian hon da ra doi.

Viéc chuyen thong tin luong tit khi ma ngusi gt dude biét thong tin
ve trang thai can gii duge goi 13 vién tao trang thai lugng ti (tén tiéng
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Anh 13 Remote state preparation, viét tat 1a RSP) [143,144]. Trong truong
hop nay Alice sé thire hién phép do von Neumann trén qubit ctia minh dya
trén hé co sé phu thudc vao nhitng thong tin ciia trang thai can chuyen,
va néu so sanh s6 bit co dién can st dung dé thong bao két qua do ciia co
ay trong hai phuong thitc QT va RSP khi cling giti mot trang thai luong
ti thi truong hop RSP doi héi it hon. Nhung, ta van phai thiy rang xac
suat thanh cong ctia QT bao gid cling 1 100% con xac xuat thanh cong
cia RSP luon nh6 hon 100% ngoai trit hai truong hgp dac biét cho xac
suat tat dinh da duge tac gia trong [145] chi rat r6. Tuy nhién, tren thuc
té vi mot s6 1y do ndo dé cac giao thitc QT hay RSP buoc phai ding lai
gitta chitng. Mot ¥ tudng dude dua ra la them vao dé mot ngusi kiem soét,
nguoi nay du khong biét thong tin vé trang thai can xi ly nhung lai c6
mot vai tro quyét dinh xem giao thiic c6 tiép tuc duge tién hanh hay phai
dung lai.

Gan day, QT hai chiéu c6 kiém soat [146-156] va RSP hai chiéu c6 kiém
soat [157-165], 1a céc giao thitc truyén thong lugng tit hai chieu da duge
dé xuat bdi mot so6 tac gid. Trong cac giao thitc d6, bang cach st dung cac
trang thai réi nhidu qubit, hai ngudi c6 thé dong thoi trao déi trang thai
lugng tit cho nhau duéi su kiém soat ciia chi mot ngusi. Néu thong tin can
dugce xtt Iy duge ma hoa bang cic photon chita hon mot DOF, thi trang
thai r6i tang cuong 1 tai nguyen khong thé thiéu can st dung. Cé mot sb
loai tai nguyén lugng ti hitu ich trong cac nhiém vu quan trong cua cac
giao thiic truyen thong luong t& hai chiéu, chang han nhu trang thai ting
cuong EPR, trang théi tang cuong GHZ, v.v.. Trong [166], cac tac gia da
dé xudt giao thic vién chuyen lugng ti hai chiéu cho phép hai déi tac c6
thé trao ddi hai photon don cho nhau (mdi ngudi gitt mot photon va cd
nhiem vu giii thong tin vé photon d6 cho ngudi con lai), mot trong s6 do
dugc ma hoa trong P-DOF va cai kia la S-DOF, thong qua kénh lugng ti
13 trang thai tang cuong EPR trong dong thoi hai DOF.

Mbi quan tam clia ching toi trong muc 3.1 nay 13 tao ra mot giao thic
theo cach sao cho Alice c6 thé chuan bi cho Bob mét photon mang hai
qubit, trong khi Bob ciing c6 thé chuan bi cho Alice mot photon mang hai
qubit khac dudi sy kiem soat chung ctia bén thit ba (Charlie). Véi muc dich
do, trang thai roi ting cuong da photon phtt hop phai dude tao thanh cong
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va phan phéi hop 1y gitta ba bén duge iy quyeén. Trong muc 3.1.1, ching
toi thiét ké mot luge do gan tat dinh dé tao ra trang thai nhu vay, né la
trang thai roi ting cuong gitta nam photon. Tiép theo, trong muc 3.1.2,
ching t6i sit dung trang thai dé lam kénh lugng tt cho nhiém vu vién tao

hai chiéu c6 kiém soat cac trang thai tang cudng.

3.1.1 Tao kénh rbi luong ti ting cudng

Nhiém vu ching toi quan tam lién quan dén ba bén cach xa nhau:
Alice va Bob la hai ngudi chuan bi cho nhau photon hai qubit va Charlie
13 nguoi giam sat. Gia st rang Alice c6 mot photon duge ma hoéa trong ca
P-DOF va S-DOF ¢6 dang

|’w> = Qqp ‘HCLO> + Qo1 ‘HCL1> + |Va()> —+ o1 \Va1> , (32)

L. . £ 2 ~ o X PN 2 s 1
v6i cac tham so thuc «;; théa méan dieu kién chuan hoéa ) i=0 042-2]- =1,

trong khi photon ctia Bob ¢6 dang

|¢) = Boo |Hbo) + Bor |Hb1) + Bro [Vbo) + Br1 [Vb1), (3.3)
v6i tham s6 thuc 3;; théa man diéu kien chuan héa Zzl =0 % = 1. Ky hieu

|He;) (|Vey)), voic=a,bva j = 0,1, chi trang thai phan cuc ngang (doc)
duge truyen theo hudng c;. Mac du |[¢) va |¢) 1a cac photon don, luong
thong tin chta trong moi ching c¢é gia tri 1a hai qubit vi moi photon dugc
ma héa dong thai trong hai DOF': trang thai nhu vay goi 1a trang thai tang
cuong hay siéu trang thai (tiéng Anh 1a hyperstate). Alice, dugc cho phép
biét a;; nhung khong c6 thong tin vé f;;, can chuyén cho Bob trang thai
clia ¢d ay c6 dang |¢) va Bob, biét 8;; nhung khong c¢6 thong tin vé «;;,
mudn chuyén cho Alice trang thai ctia anh ay |¢). Trong giao thiic xtt 1y
thong tin duge kiem soét hai chiéu nay, Alice va Bob déng mot vai tro binh
dang, nghia 1a cac thao tac ctia ho c6 thé dién ra dong thoi duéi su kiem
soat clia Charlie, nguoi khong can biét gia tri ctia cac tham s6 «;; va §;;
clia [¢) va |¢) nhung c6 thé quyét dinh nhiém vu c6 duge hoan thanh hay
khong. Ching t6i nhan thay rang nhiém vu néi trén c6 thé dat dugc néu

ba nguosi tham gia duge chia sé truéc mot kénh lugng tit ¢6 dang nhu sau

r :’F<S)> ’F<P)> , 3.4
| >12345 12345 12345 ( )
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Vo1
ey - L 1asbo) (lcodoco) + lerdren))
12345 2
+ |a1b1) (Jcodoer) + |crdieo))]12345 (3.5)
va

= %HH}D (HHH) +|[VVV))
+VV) (IHAV) + [VVH))|i23s. (3.6)

R0 rang |I");3,5 1& trang théi rdi ting cudng gitta nam photon. Méi trong
s6 nam photon c¢6 trang thai phan cic dong thoi cd ngang va doc va ducc
lan truyen theo hai huéng: photon 1 di theo hai huéng ay va a;, photon 2
di theo hai huéng by va by, photon 3 di theo hai huéng ¢y va ¢;, photon 4
di theo hai huéng d, va d; va photon 5 di theo ey va e;.

Qua trinh tao trang théi |I');,,,- bat dau tu trang thai dau vao

[Podr2gs5 = ‘q)(()S)>12345 ‘(I)(()P>>12345 ’ (37)
6 day
’q)(()S)>12345 = ‘aObOCOd0€0>12345 (3.8)
va
‘q)(()P)>12345 = |HHHHH) 35 (3.9)

c6 thé duge xit Iy rieng biet vi thao tac véi S-DOF khong gay anh huéng
dén P-DOF v ngugc lai. Trude tien ching toi gidi quyét (@gS>>12345 theo
hai buéc chinh. Hoat dong ctia buéce thit nhat dude thé hién trén Hinh 3.1.

Trong buée 1, dau tién, ching to6i dé photon 1,2,3,4 va 5 di qua nam
bo tach chiim can bang BBS. BBS chuyén |zg) thanh (|zo) + |z1))/V/2, véi

xr =a,b,c,d hoac e, khi do ‘CI)(()S)> \ dugc chuyén thanh
12345

‘®§S)>12345 B % (lao) + lax))r([bo) + [b1))2(lco) + le1))s

(Ido) + |d1))a(leo) + [e1))5)- (3.10)
Thtt hai, mot trang thai két hop phu trg |2;) ky (|22) kz) c6 bien do duong

21 (22) va di theo dudng k; (ko) duge cho phép tuong tac véi mode agy cua

photon 1 va mode by ctia photon 2 (mode ¢ ctia photon 3 va mode dj ctia
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Hinh 3.1: Budc 1 ctia so dd tao trang thai [['(9) 9345 trong cong thitc (3.5). Budc nay lam
r6i photon 1 véi photon 2 va photon 3 vé6i photon 4 trong S-DOF. Vong tron c6 ki hiéu
H beén trong ngu ¥ mot photon & trang thai phan cuc |H), trong khi |2); va |z)s 1& céc
trang thai két hgp c6 bien do duong z; va 2, tuong ting. 6 va —0 1a cac thong s6 clia cac
tuong tac Kerr chéo. BBS 1a bo tach chum can bang. Cac photon r6i § S-DOF dugdc ndi
v6i nhau bang cic duong lién nét.
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photon 4) tuong ting thong qua phi tuyén Kerr chéo véi thong so tuong téc
6 va, —f. Nhac lai phi tuyén Kerr chéo U, (£0) v6i thong s6 +6 gitta photon
n di theo dudng z; va mot trang thai két hop |z), giit nguyen trang thai
photon nhung thém mot thanh phan pha +60 vao trang thai két hop, cu
thé: Upi(£0) |25),, [2)), = |z;),, |2e?), . Do d6, dudi anh hudng ctia tuong
tac Kerr chéo, |<I>(IS)>12345 |21), |22)},, tr6 thanh

(9) 1
)CDQ >12k134k25 NG (laobo) + |aib1) )12l z1)k,

+laghi)1a]216")p, + larbo)ialzre™ )]

[(lcodo) + |c1d))salz2)k,

+lcodr)sal 22 ), + |erdo)salzoe™ )]

(leo) + le1))s. (3.11)

Thit ba, thyc hién phép do homodyne X (la phép do bién do ngang X =
(a+a*)/+/2 hay cé cach goi khac 1a phép do X-quadrature) cho trang thai
két hop. Néu |21), va |29)r, dude tim thay, khong c6 sy thay doi nao trong
khong gian pha dugc quan sat, khi d6 trang thai ctia cac photon 1, 2, 3, 4
va b tré thanh

S
‘Q(() )>12345 2\/_(|aobo> + |a1bi))12(|codo) + |crdi))sa
(leo) + lex))s. (3.12)
Mot kh& nang khac 1a cac trang thai két hgp xuat hién véi dang |z1), va
Ny (J2e)

X). Trong truong hgp nay, trang thai cia cac photon 1, 2, 3, 4 va 5 tré
thanh

| 20€ va |ze7") khong phan biét duge bdi phép do homodyne

7)1 = 75 lo0t) + fasbo)allens) + )
(leo) + le1))s. (3.13)

Néu cac trang thai két hgp tim thay 1a |z1e™?);, va |22)1,, khi d6 trang

thai ctia cac photon 1, 2, 3, 4 va b la

057) L = gl + lab))ia(lcnd) + erd)

(|€()> + |€1>) . (314)
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Trudng hop c6 thé tim thiy cudi ciing 1a |21eT?);, va |22e?);,, khi do6 ta

1
c6 trang thai sau cia nam photon
‘Q;(;S)> = L(|aob1> + [a1bo))12(|codr) + [c1do) )34
12345 2v/2

(leo) + le1))s. (3.15)

Chd ¥ rang ’Q%S)> , Q§S>> va Q§5)> c6 thé chuyén thanh
12345 12345 12345

’Q(()S)>12345 bang cach chuyén huéng di photon 4, photon 2 hoiic ca hai.
Do d6, khong lam mat di tinh tong quat, ching toi sé thuc hién budc tiép
theo, budc 2, bat dau tu ‘Q(()S)>12345 . Céac thao tac trong budc 2 dude phac
thao trong Hinh 3.2.

Trong budc 2, mot trang thai két hop khac |z), tuong tac véi cic trang
thai |ag),, |co); VA |eg)s thong qua tuong tac Uip(0), Usk(6) va Us,(—0)
tuong tng. Diéu nay lam réi cac photon va trang thai két hgp nhu sau

‘Q<s>> - Ly
12345k 22
+ |arbicodoer))1a3a5 |z ),

[(Jaobocodoeo) + |aobocidrer)

—i9>k]

+ |arbicidien) g5 |z€
+|agbocodoer ) 193a5] 2% )
+(lagbocidien) + |aibicodpen)

+ |arbicidier))12345]2) 5 }- (3.16)

Phép do X-quadrature sau dé dugc thuc hién trén trang thai két hop trong
trang thai [Q)) ... C6 ba trudng hop két qua do khé di (i) Néu két
qua la ’zeﬂ9> ., thi trang thai ndm photon chinh la trang thai mong muon

S
‘F( )>12345'
§ trang thai roi |agbocodper)qgys - Dieu nay hoan toan khong c6 nghia la

(i) Ngoai ra, néu két qua la ‘zem> . thi cac photon bi tach ra

giao thiic that bai bdi vi |agbocodper) o345 €O the duge dua vé trang thai
ban dau |agbycodo€o) 9345 bing viec chuyén huéng di ciia photon 5 va toan
bo qué trinh sé duge bat dau lai tit Bude 1. (iii) Cudi cing, néu két qua
la |z), thi trang théi cdc photon tré thanh (|agbocidien) + |arbicodoen) +
larbicidier)) 12345/ V3, d6 ciing khong phai la mot tinh hudng that bai.
Trong tinh huéng nay, ching ta c6 thé phan biét ting thanh phan trong s6

ba thanh phan |a0b0€1d160>12345, ‘a16160d0€0>12345 va ’a1b1€1d1€1>12345 béng

cach thuc hién tuong tac Kerr chéo véi thong s6 6 gitta |ag), va mot trang
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thai két hop |2’),, . Tiép theo 1a mot tuong tac Kerr chéo khac véi thong
s6 —0 gifta |co); va trang thai két hop |2/ e'’),,. Dé dang xéc minh ring
néu phép do homodyne X mang lai két qua |2),/, |2'e¢?),, hogc |2/e*%),
thi trang thai clia cac photon 1a |a1bicidier) g4, |@obocidien) s, hodic
la1bicodopen) 9345 tuONg ing. RO rang mdi trang thai trong sé ba trang thai
nay c6 thé duge chuyén doi thanh |agbocodoeq) 93,5 ang céc todn tit chuyén
huéng di thich hop trén cac photon lién quan, diéu nay cho phép toan bo
qua trinh dugce thuc hién lai tit Bude 1.

an '
1
aq
by
2
b,
Co
; +
€1
dy
4 d,
€o
5 e,
|z) —K 6 6

Hinh 3.2: Bu6c 2 cia qua trinh tao thanh phan S-DOF ctia kénh lugng tit. |2) 1a trang
théi két hop c6 bien do duong z. Trong budc nay, trang thai mong mudn [I'9) 5345 trong
cong thiic (3.5) c6 duge néu két qua clia phép do X-quadrature 1a |ze*).

Nhu mo t& & trén, cho nam photon & trang thai ban dau ‘(I)és)> =
12345
laobocodpen) oz4s trong cong thiic (3.8), qué trinh tao trang théai réi mong

mudn trong S-DOF ‘F(S)>12345 dugce dinh nghia trong (3.5) c6 thé lap di
lap lai nhiéu lan cho dén khi thanh cong.

Bay gi ching t6i chuyén sang qué trinh tao trang thai r6i 6 P-DOF,
’F(P)>12345, dinh nghia trong (3.6) bat dau tir trang thai tich ‘CI)(()P)>12345 —
|HHHHH) 3,5 trong cong thic (3.9). Qua trinh nay ciing gom hai budc
chinh.

Budc thit nhat duge vé trén Hinh 3.3, dau tien muoi QWP dugce dit trén
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Hinh 3.3: Budc 1 ciia so do tao trang thai [[')) 9345 trong cong thitc (3.6). Budce nay lam
rdi photon 1 v6i photon 2 va photon 3 véi photon 4 trong P-DOF. Vong tron cé c6 ky
hieu H,V bén trong ngu ¥y mot photon & trang thai chong chap ctia cac trang thai phan
cyc |H) va |V), trong khi |r); va |r)s 1an lugt la cac trang thai két hop c6 bien do duong
r1 va ry. QWP 1a mot tAm séng phan tu. Cac photon bi 161 ¢ P-DOF dugc néi véi nhau
bang cac duong dit nét.

mudi duong di ctia nam photon. Vi QWP chuyén |H) thanh (|[H)+|V))/V/2,
trang thai ban dau ’CDSP)> \ chuyén sang
12345

o) = 4_;5[(@ FVDL(H) + VD)) + V)3
(IH) + [V)a(1H) + [V))s]. (3.17)

Thtt hai, cho phép thanh phan |H) clia photon 1 tuong tac v6i mot trang
thai két hop [r1); thong qua phi tuyén Kerr chéo c6 thong so tuong téc 6.
Sau do, trang thai két hop da thay doi dudc cho phép tuong téc them véi
thanh phan |H) clia photon 2 thong qua mot phi tuyén Kerr chéo khac ¢6
thong s6 —6. Tuong tu nhu vay, thanh phan |H) ciia photon 3 va photon
4 dugc cho phép tuong tac véi trang thai két hop |rp), thong qua tuong
tac phi tuyén Kerr chéo thong s6 6 va —6 tuong ting. Luu ¥ riang tuong
tac Kerr chéo gitta thanh phan |H) ctia mot photon va trang thai két hop
dugc mo ta trong Hinh 3.11. Sau cac tuong tac Kerr chéo duge dé cap 6
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. (P)> TR
trén, ’@1 s 171)1,|r2)1, tré thanh

1
(I)(P)> _ 1 \
‘ 2 ) o415 2\/5(\ 1)123400, + |A2) 123411,

+[A3) 123410, + [Aa)12341,0,) (| H) + [V))s,

(3.18)
6 day
1
‘)\1>12341112 = §(|HHHH> + ‘HHVV>
+‘VVHH> + |VVVV>)1234|7“1>[1|T2>12,
(3.19)
1 .
| A2)12341,0, = 5[(|HHHV> + [VVHV ) ) 1934 r1)i, [r2€" ),
+(|[HHV H) + VVV H))1934]r1)1, [r2e)1,],
(3.20)
1 .
[A3)12341,0, = 5[(|HVHH> + [HVVV ) 1234 r1€”), ra),
‘|‘(|VHHH> + VHVV>)1234|T1€_i6>Zl‘T2>12]
(3.21)
va
1 . ‘
| Aa)19340,0, = EHHVHV>1234|7“1620>11|7“26w>12
+‘HVVH>1234|7“16i0>11 |7“267i0>52
HIVHHV Y1934]r1e70);, |10y,
+‘VHVH>1234|T16_i9>Zl‘Tge_i9>12]. (322)

Thit ba, hai phép do X-quadrature, mot cho trang thai két hop trén huéng
[1 va mot cho trang thai két hop trén huéng I, dude thuc hien. Néu cac két

qué do la ‘7“1>11|7“2>12, ‘r1>ll‘r26iw>lz7 ‘rleii9>lllr2>l2 hoac ‘rleii9>ll|r2€iw>l27
trang thai cia nam photon tré thanh
<P)> = L HH) £ VYY) HH) + [VV
0 ) s = G D+ VYD HH) +[VV)),

(1H) + V)5, (3.23)



83

07 o = S+ VYD HV) + VH)):

(1H) +V))s, (3.24
P 1
") s = g (HV)+ IVHD(HH) +[VV))y
(1H) +1V)); (3.25)
hoéc
07 o = S5 V) + IV (HY) + [V H)s
(1H) +1V)); (3.26)

mot cach tuong tng. St dung cac HWP dé chuyén phan cuc ctia photon 4,
photon 2 hoac ca hai, ching ta dugc )Qép)> tu ’Q§P)> : ‘Qép)>
12345 12345 12345

hoac )Qgp)> " Do d6, ching t6i sé thuc hién budc 2 ctia qua trinh tao
12345
trang thai P-DOF [[(P))  _ trong cong thitc (3.6) tit \QgS>> QU4 trinh
12345

nay duge thé hién trén Hinh 3.4.
Trong budc 2, dau tien, mot trang thai két hop |r), tuong tac lan lugt
v6i thanh phan |H) cta photon 1, photon 3 v photon 5 clia trang thai

’Q(()S)> ) thong qua tuong tac phi tuyén Kerr chéo thong s6 6, —0 va 0
12345

tuong ting. Trang thai tich ‘Q(()P)> - 7); do d6 trd nén roi nhu sau
12345
1 .
Q(P)> _ 9 ‘F(P)> +if
‘ 123451 22 [ 12345 [re=)

+‘HHVVH>12345|7’6%9>Z
+(|HHHHV) + |VVHHH)
+VVVVV))12315]r)1]- (3.27)

Thit hai, trang thai két hop clia ’Q(P)>12345z

X mang lai mot trong ba két qua 1a |re®);, [re??); hoac |r);. Néu két qua
:|:i9>

dugce do bdi phép do homodyne

la [re*);, qua trinh thanh cong (‘F( ) c6 thé thu duge). Tuy nhién,

P

. >12345

néu két qua 1a |re?”);, trang thai photon ctia co ay la |[HHVV H)19345,

trang thai nay c6 thé chuyén thanh ‘@ép)> = |HHHHH),y3,; bang
12345

cach ddo ngugc sy phan cuyc ciia ca hai photon 3 v photon 4. Cudi cling,

trong truong hop két qua la |r); trang thai clia cdc photon trd thanh
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Hinh 3.4: Budc 2 cia qué trinh tao thanh phan P-DOF ctia kénh lugng ti. |r) 13 mot

trang thai két hop c6 bién do duong r. Trong budc nay, trang thai mong mudn [T 19sy5
it

trong cong thic (3.6) c¢6 duge néu két qua phép do X-quadrature 1a |re
(|HHHHV) +|VVHHH) + |[VVVVV))19315/v/3. Trong truong hop nay,
thanh phan H cta photon 4 va photon 5 dugde cho phép tuong tac lan
lugt véi mot trang thai két hop |r'), thong qua hai tuong tac phi tuyén
Kerr chéo véi ciing thong sb 6. Trang thai két qua (khong chuan hoéa)
clia cac photon va trang thai két hgp chinh 1a |[HHHHV )19345 |1'e), +
\VVHHH) 15315 |r'e*) ,+|VVVVV)12315 '), . Khi trang théi két hop dugce
do, cac photon tré thanh mot trong ba trang thai |HHH HV )19345 hodc
\VV HH H)19345 hodic |[VVVVV )19345, phu thudc vao két qua }r’ew>l, hoac
’7“’ 62i9> , hodc |r'), tuong tng. MGi trang théi trong s6 ba trang thai trén
clia cac photon c6 thé dugce chuyen doi thanh ‘CDE)P)>12345 trong cong thic
(3.9) bang cach ddo ngugc sy phan cic ctia photon 5, photon 1 va 2 hodc
cd nam photon. Diéu nay c6 nghia 1a khi hai két qua cudi cung xay ra,
chiing ta c6 thé khéi dong lai toan bo qua trinh va quy trinh nay cé thé
ducc lap lai cho dén khi thanh cong.

Nhu vay, thong qua hai giai doan, trang thai rdi gitta nam photon trong

cong thitc (3.4) duge tao thanh cong véi xac suat gan tat dinh (near-
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deterministic).

3.1.2 Vién tao hai chiéu trang thai ting cudng cé kiém soat

Ngay khi trang thai réi tang cudng gitta nam photon (3.4) duge tao
ra, n6 c6 thé duge st dung nhu mot kenh luogng tit dé thuc hién giao thic
vién tao trang thai hai chiéu c6 kiém soat trong cting mot giao thitc. Trang
thai roi tang cuong |I');9s,s dudc phan bo theo cach Alice gitt hai photon
1 va 3, Bob giita hai photon 2 va 4 trong khi Charlie gitt photon 5. Dé
dat dugc xac suat thanh cong 100%, Alice, Bob va Charlie can thong nhat
cac hoat dong thich hgp ctia minh nhu sé duge trinh bay chi tiét ben duéi
(xem Hinh 3.5).

Dau tien, Alice va Bob thuc hién doc 1ap cac hoat dong cia ho theo cach
sau. Alice dat hai bo tach chim khong can bang BS; va BSs vao hai duong
di ap va a; clia photon 1. Bo tach chiim khong can biang B.S; vao duong ag
c6 heé s6 phan xa (truyén qua) r; = /a2, + a3, (t; = \/ad, + a3,) trong
khi d6 BSs trén mode ay 1a ro = 1 (t2 = r1). Ddi v6i Bob, anh ta cling st
dung hai bo tach chum khong can bang BSs va BSy, v6i BSs dit tai mode
dy va BS, dit tai mode d; ciia photon 4. Hon nita, hé s6 phan xa (truyén
qua) ctia bo tach chum khong can bang BS3 dudc chon la r3 = \/m
(t3 = \/M) va cia BSylary = t3 (t4 = r3). Cac bo tach chum khong
can bang nay bién |I');,5,, thanh

T 10305 = %[(t1|aoo> + 71lao1))1|boco)23(t3]doo)
+73ldo1))aleo)s + (t1]aco) + 71]ao1))1]boct)as
(r3|di1) + t3|dyo))aler)s + (r1]air) + ti]awo) )1
|bico)23(ts|doo) + 73] dor))aler)s + (r1]air)
+t1|ao))1|bicr)e3(r3ldir) + t3|dio) )4l eo)s)

® ‘F(P)> (3.28)

12345
Tiép theo, mot tam séng quay goc 6, duge ky hieu béi WP(6;) dugc
dat tren duong agy va duong a;o clia photon 1, trong khi mot tam séng

khac v6i goc 0y ky hieu 1a W P(0,) dit trén ag; va ajp cta photon 1. Goc
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Hinh 3.5: So dd vién tao hai chiéu c6 kiém soat trang thai tang cuong. BS; (i = 1,2,3,4) la
bo tach chum khong can bang ¢6 hé s6 phan xa (truyen qua) r; (¢;). WP(0;) (j = 1,2,3,4)
1a mot tam séng quay trang thai phan ciic mot goc ;. PBS 1a bo tach phan cuc cho phép
photon phan cuc ngang truyén qua va phan xa photon phan cuc doc. Dyk, D,y VA
Dy, v6i m, k,l,m/ k', p,q € {0,1} 1a 20 may do photon. |¢), Rp, |¢') v R4 dugc dinh
nghia trong cc bieu thic (3.52), (3.53), (3.54) va (3.55) tuong tng.

0, va 0y dugc chon nhu sau

6, = arccos ? (3.29)
1
va
0, = arccos —L. (3.30)
r1

Su I chon 7y, ry (t1, t2), 01 va By c6 thé duge thyc hien bdi Alice vi co
ay biét thong tin vé «;;. Tam W P(0) tac dong lén cac trang thai phan cuc

cua photon nhu sau
WP(0)H) =cosf|H) +sind|V), (3.31)
WP(0)|V)=—sinf|H) + cos6|V). (3.32)
Tuong tu, hai cip W P cing duge Bob sit dung. Mot cap W P(03) dat trén

mode dyy va djp ctia photon 4, trong khi dé cap con lai WP(6,) dat vao
duong di dog; va dqq ctia photon 4. Cac goc cia W P ma Bob chon 1a

03 = arccos Puo (3.33)

13
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va

6, = arccos @. (3.34)
r3

Lua chon r3, ry (t3, t4), 03 v& 04 c6 thé dude thyc hién bdi Bob vi anh &y
biét thong tin ctia 5;;. Dudi tac dong ctia WP(6,), WP(6,), WP(6s) va
W P(0,), trang théi |T'1),ys,s chuyén thanh

16
1
C2)19345 = 1 > i) 1235, (3.35)

(W1)19305 = (ool Haoo) + 10|V ao) + o[ Hao)
+a11|Vaor)) 1| Hbo) 2| Heo)s(Boo| Hdoo)
+B10|Vdoo) + Bor|Hdor) + Bi1|Vdor))a| Heg)s,
(3.36)

(Wa)i345 = (ool Hago) + o[V aoo) + aor|Haor)
+a11|Vaor)) 1| Hbo)2|Veo)3(Boo|V doo)
—Bio|Hdoo) + Bo1|Vdor) — Br1|Hdor))a|Veo)s,
(3.37)

(Ws)19345 = (cw0o|Vaoo) — arolHago) + cor|Vaor)
—a1|Haor)) 1|V bo)2| Heo)s(Boo| Hdoo)
+B10|V doo) + Bor|Hdo1) + Bu1|Vdor))4|V eo)s,
(3.38)

(Wa)io3as = (w0o|Vaoo) — arolHago) + cvor|Vaor)
—a1|Hao)) 1|V bo)2|V eo)s(BoolV doo)
—B1olHdoo) + Bo1|Vdor) — Bui|Hdor))s|Heo)s,
(3.39)

(Ws)19345 = (ol Hago) + o[V aoo) + aor|Haor)
+a11|Vaor)) 1| Hbo)z| Her)s(Bor | Hdoo)
+p11|Vdi1) + Bool Hdo) + Bro|Vdio))s|Her)s,
(3.40)
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‘qy8>12345
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(o Hago) + a10|Vag) + o1 | Haor)
+a11|Van))1|Hbo)2|Ver)s(Bon|Vdin)
—Bu|Hd) + BoolVdio) — Bro|Hdio))a|Ver)s,

(0| Vaoo) — ano|Hago) + ao1|Vao)
—an|Han))1|Vbo)2|Her)s(Bor| Hdoo)
+511|Vdi1) + Boo|Hdo) + B1o|Vdio))a|Ver)s,

(ago|Vaoy) — ano|Hago) + ao1|Vam)
—an1|Ha))1|Vbo)o|Ver)s(Bon|Vdin)
—6B11|Hdy1) + Boo|Vdio) — Bio|Hdio))a|Her)s,

(avo1|Har) + aq1|Vagr) + ago| Haip)
+ai9|Vaio))1|Hbi)2|Heo)s(Boo| H doo)
+510|Vdoo) + Bor|Hdor) + B11|Vdon))s|Her)s,

(ao1|Harr) + a11|Vagr) + ago| Hap)
+ai0|Vaio))1|Hbr)2|Veo)s(BoolV doo)
—B10|Hdoo) + Bor|Vdor) — Bri|Hdor))a|Ver)s,

(ao1|Var1) — aq1|Hagr) + alVai)
—a9|Hayo))1|Vb1)2|Heco)s(Bool Hdoo)
+510|Vdoo) + Bor|Hdor) + 11|V dor))a|Ver)s,

(ao1|Var1) — agi|Haqr) + apolVai)
—a9|Haig))1]Vb1)2|Veo)s(BoolV doo)
—Bro|Hdyo) + Bo1|Vdor) — Bi1|Hdor))s|Heq)s,

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)
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W13) 19545 = (o1|Han) + a11|Vai) + ago| Harg)
+a10|V aio))1|Hby)o| Her)s(Bor | Hdoo)
+B11|Vdi1) + Bool Hdro) + Bio|Vdio))a|Heo)s,
(3.48)

Wia)19345 = (ao1|Hawn) + onxVai) + aglHa)
+a0|Vaio))1|Hbi)2|Ver)s(Bo |V dir)
—Bu|Hdy1) + Boo|Vdio) — Bio|Hdio))s|Veo)s,
(3.49)

Wis)19345 = (ao1|Van) — anfHair) + ag|Va)
—aig|Hay))1|Vor)2|Her)s(Bor | Hdoo)
+B11|Vdi1) + Bool Hdio) + Bio|Vdio))|Veo)s,
(3.50)

[W16) 19545 = (01|Van) — ann|Hair) + ago|Vai)
—aio| Hay))1|Vbi)o|Ver)s(Bot|Vdir)
—Bu|Hd1) + Boo|Vdio) — Bio|Hdio))a|Heg)s.
(3.51)

Tiép tuc, Alice tron hai mode ag; va ajp béi mot bo tach chim can bing
BBS va hai mode agy va a7 trén mot BBS khac, trong khi Bob tron mode
do1 v dip bang mot BBS va hai mode dy va di; cling dude tron véi nhau
bang mot BBS. Tiép theo, phia sau cac BBS, Alice (Bob) b tri bon bo tach
phan cuc PBS va tam méy do photon Dy (D)), VOim, k1 (m/ K1) €
{0, 1}, dugc chi trén Hinh 3.5, dé phét hién duong di ctia photon 1 (photon
4). Luu y rang nhan may do photon duge lam theo cach m (m’) bao hiéu
su phan cyc photon: m = 0 (m' = 0) chi phan cyc H vam =1 (m' = 1)
chi phan cye V, trong khi k,1 (k',1l') xac dinh dudng di ctia photon. Mot
trong tam may do photon D,z (D! ,.,/) sé phat tin hieu va gia tri m, k,
(m/, k', I") tuong ting khi méy do phét tin hiéu sé dugc Alice (Bob) thong
béo cong khai. Tai thoi diem nay, can nhan manh ring véi cac gia tri da
cong bd m, k,1 (m/,k',l'), Bob (Alice) van chua thu dugc trang thai |v)
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(|¢)) ma Alice (Bob) mudn chuan bi cho anh &y (co ay). Nhu da néi trudc
day, viéc hoan thanh giao thitc phu thudc vao quyét dinh ctia Charlie. Néu,
vi mot 1y do ndo d6, Charlie khong muén giao thiic duge hoan thanh, co
ay sé khong lam gi cd. Ngugc lai, co ay sé lam nhu sau. Charlie cho cac
mode ey va e; clia photon 5 di qua mot BBS, tiép tuc cho di qua hai QWP.
Sau do6, Charlie do photon 5 bang cach st dung hai PBS va bén may do
photon D,,, v6i p,q € {0,1}: p =10 (p = 1) chi phan cuc H (phan cuc V)
va ¢ chi dudng di clia photon. Mot trong bon méy do photon Dy, sé phat
tin hiéu va dugc ghi lai bang cac gia tri p, ¢ sau dé sé dugc thong bao trén
kénh truyen co dién. Sau khi Alice, Bob va Charlie lan lugt phat hién thay
cac photon 1, 4 va 5 (bdi cac may do Dy, D)y va Dy v6i my k, 1, m/,
K. U, p,qlakét qua duge ghi lai), trang thai ciia hai photon con lai 2 va

3 sé tach roi nhau. Trang thai ciia photon 2 ctia Bob c6 dang

)2 = Rpli)s, (3.52)
vOi
RB _ (X](Dm)Z}DmEBPEBl)) ® (ng@l)zgf@q)), (353)

trong khi trang thai ctia photon 3 ctia Alice ¢6 dang

[0')s = R} |0)s, (3.54)
vl
Ry = (XU Z5m vy g (x 1700 700y, (3.55)

Ta thay ro rang tur (3.52) va (3.54) rang, trong budc cudi cing Bob chi can
tac dong Rp len photon 2 clia anh ay va Alice tac dong R4 lén photon 3
clia c6 Ay dé hoan thanh viéc truyén thong tin qua lai véi nhau. Nhic lai
rang viéc tao trang thai qua lai nhu nay duge dat dudi su kiém soat cua
Charlie vi vay giao thiic nay dugce goi 13 “Vién tao hai chiéu trang thai ting
cudng c6 kiém soat” va né duge thuc hien théng qua réi ting cudng nim

photon.

3.2 Vién tac toan ti¥ cé kiém soat

May tinh luong tit khai thac nhitng dic diém ky la ctia co hoc lugng
t& nhu chong chap trang thai lugng tit va giao thoa luong t dé dat duge
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nhiing wu thé lugng tit [167]. Tuy nhién, may tinh lugng tit rat kho khai
thac. Dé c6 thé hoat dong v6i mot quy mo 16n, may tinh luong t@ phai
chita mot s6 qubit 16n cling nhu ¢6 kha nang chiu 18i cao. Bén canh nhiing
trd ngai nghiém trong bén ngoai nhu sy suy giam lién két do tuong tac vdi
moi trudng, viéc luu trit mot cach an toan va thao tac mot cach dang tin
cay trén mot s6 luong 16n qubit 1d mét thach thic vi cac qubit c6 thé anh
hudng 1an nhau theo cach khong mong muén tao ra cac loai nhiéu khong
mong mudn dan dén cac két qua tinh toan sai. Mot gidi phap day hita hen
dé thoat khoi tré ngai noi tai dude dé cap & trén la trién khai may tinh
luong tit phan phoi theo cach ma khong phai tat ca so luong qubit c6 lien
quan duge luu gitt trong mot may tinh ¢ mot noi duy nhat, ma c6 mot
mang ludi cdc may tinh lugng tt duge dit 6 nhiing noi khic nhau va moi
mot noi trong s6 d6 chi gitt mot s6 luong nhéd qubit va viéc tinh toan sé
duge thye hién trén tat cd cdc qubit ¢ nhiéu noi khac nhau [168,169] (xem
mot vi du thye té gan day ciia mang lugng it nhiéu nat trong [170]). Vi
tinh toan lugng tit la mot qua trinh vat Iy xi Iy viéc thuc hién cac toan
t unita trén cac trang thai lugng tit, theo sau la cac phép do lugng tit, do
vay khi tinh toan luong tit duge phan bd & nhiéu noi thi c6 hai van dé nay
sinh: Lam thé nao chi bing cac thao tac dia phuong va giao tiép co dién
(LOCC) ma van c6 thé (i) chuyén cac trang thai lugng tit tit noi nay sang
noi khac trong mang lugng t¢ mot cach an toan va dang tin cay va (ii)
trien khai t6i wu cac toan tit trén mot trang thai tit xa hoiic trén cac trang
thai trong khong gian & nhiing noi cach biet. Van dé (i) da duge giai quyét
mot cach hitu hidu bang vién chuyén trang théi luong tit (QT), giao thiic
duge phat minh lan dau vao nam 1993 bdi Bennet va cong sy [11]. D61 v6i
van de (ii), Huelga va cong sy [171] d& dua ra mot nhiém vu lugng tit phi
dia phuong duge goi 1a vién tac toan ti hay trién khai todn ti tit xa (tén
tiéng Anh 13 Remote implementation of operator, viét tat 1a RIO). Trong
RIO, gid st Bob s hitu mot toan t unita U, nham muc dich tic dong
chi thong qua LOCC, trén mot trang thai tity v [¢) do dbi tac tir xa Alice
nam giit. Cu thé, Bob c¢6 U nhung khong giit trang thai [1)) , trong khi d6
Alice ¢6 trang théi |[¢)) nhung khong ¢6 U. Tat nhién, nhieém vu nhu vay
c6 thé duge thire hién bing vién chuyén trang thai lugng ti hai chiéu (tén
tiéng Anh 1a Bidirectional quantum teleportation, viét tat 1a BQT) bang
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cach: Alice vién chuyén trang théi |1)) cho Bob. Sau d6, Bob ding U tac
dong len trang thai vita nhan duge va vién chuyén trang thai mdéi ') =
U |¢) tr6 lai cho Alice. Tuy nhién, khi thyc hién hai lan qué trinh QT thi
kénh lugng ti va s6 bit co dién can st dung dé hoan thanh nhiém vu sé
tang gap doi. Néu c6 thé tim mot phuong phap nao dé ma lam giam chi
phi can thiét thi d6 1a dieu thuc su dang quan tam. Dya vao RIO, Huelga
va cong su [172] chitng minh rang chi phi dau vao sé it hon so véi khi thuye
hien BQT, cu thé néu ding hai lan QT giao thiic sé can hai kénh réi lugng
t1t vi bon bit co dién dé giao tiép, trong khi d6 néu st dung RIO thi chi
can hai kénh roi luong tit va ba bit co dién. Trén thuc té, mot giao thic
don gidn da duge tao ra trong [172] lam gidm tong tai nguyén t6i thieu da
no6i, nhung chi thanh cong trong mot nita s6 truong hop doi véi toan tit
can dugc vién tac U 1 toan tit unita tuy y khong xac dinh. Dang chu ¥,
cac tac gid cia [172] ciing phat hién ra rang néu U thuoc mot trong hai
nhém toan ti bi han ché béi mot diéu kién nhat dinh thi né c¢6 thé duoe
vién tac v6i xac suat toi da chi tiéu ton tong cong mot kenh rdi va hai bit
co dién, diéu do tiét kiem dang ké so v6i phuong phap BQT. Luu ¥ rang
hai nhém toan tit bi han ché duge dé cap trén thuc té 1a cac phép quay
xung quanh mot huéng, va vi vay né van rat rong do géc quay nhan cac
gia tri lién tuc. Mot thit nghiém dé vién tac mot phép quay dugc trinh bay
trong [173].

Y tudng vé RIO trong [171] duge md rong trong [174] véi viec c6 nhicu
bén ciing tham gia, cu the mot nhém géom n thanh vien Bob 1, Bob 2, .. .,
Bob n cliing hop tac giii mot phép quay dén cho Alice khi n + 1 bén cling
chia sé kénh lugng tit 1 trang thai réi GHZ n qubit. Trong [175] mot giao
thitc RIO ciing da duge dé xuat dé xit 1y viec vién tac toan ti hai qubit phi
dinh xtt Uyp trén hai phan A va B, mot ndm trong trang thai |¥) , tai vi
tri clia Alice va mot nam trong trang thai |®) 5 tai vi tri ctia Bob. Mot lan
nita trong truong hop nay BQT duge chitng minh 1a hitu ich. Cu the, Alice
(Bob) chuyén qubit clia co ay (anh dy) t6i Bob (Alice), ngudi ma dau tien
s6 tac dong todn tit Uyp len |U) , |®), dé dat |©) 15 = Uap |¥) , |®) 5 sau
d6 chuyén qubit A (B) clia |O©) 5 lai cho Alice (Bob). Do d6, tai nguyén
tong the t6i da can thiét cho viec vién tac toan tit Uyp gidng nhu dé vién

tac toan ti mot qubit U trong [171]. Cac tac gia trong [175], thong qua
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mot s6 vi du cu thé, da ching minh réing nhin chung thuyc té khong can
qué nhicu tai nguyen. Vi du, mot kenh réi lugng ti& cong véi hai bit co dién
Ia can thiét va di dé trién khai cong NOT c6 diéu khién (CNOT) trén hai
qubit & xa nhau. Thi nghiém vién chuyén CNOT véi do tin cay trung binh
0,84 da dugc thuc hién trong [176].

Tu mot goc nhin khac vé RIO, Reznik va cac cong sy [177] quan tam
dén viéc vién tdc mot nhom cic toan tit ma thong tin vé toan tit d6 ducc
chia cho cac déi tac ¢ xa nhau. Vi dy, hiy xét mot toan tit quay c6 dang
Ua = exp(icgop) (a4 1a phép quay goc, op = -0 véi T g la vecto don
vi doc theo huéng cua truc quay va 7 la mot toan tu vecto véi ba thanh
phan 1a ma tran Pauli 0, 0,, 0.) vA toan ti hai qubit Uap = exp(incaop)
(n 1a do 16n tuong tac). Néu gia tri clia aq va hudng 7 4 dude xac dinh
bdi Alice trong khi huéng 7 5 duge didu khién béi Bob, thi giao thic QT
hoac BQT sé khong httu ich khi tac dong U4 1én mot qubit va Uap 1én hai
qubit & xa A va B. Dé vién tac cac toan tit khi thong tin vé né duge phan
tach nhu vay, cc tac gia ctia [177] da phat trién mot cach tiép can khéc
thuong bang cach dua vao mot déi tuong, dude goi 1a “stator”, thé hién
moi tuong quan lugng tit gitta cac trang thai clia mot doi tadc nay va cac
toan tit cia déi tac kia. Mot stator phit hop c¢6 thé duge chuan bi trude
va luu lai sau nay st dung. Nhu duge chi ra trong [177], cho mot stator
phtt hop, mot toan ti mong muédn tac dong len hé thong ctia Alice ducc
thuc hién tit xa bdi cac hoat dong dia phuong ctia Bob trong hé théng clia
anh ay. Cach tiép can dua trén stator ciing hoat dong trén hé thong nhicu
chiéu ciing nhu trén nhiéu he thong. Trong [178] cac trang thai roi khong
cyc dai dude stt dung dé vién tac toan ti phi dinh xt Usp = exp(inoaop)
vdi (n < 1) gan tat dinh mic du kenh lugng tit can st dung rat nho. Hon
nita, mot phién ban khac ctia RIO da duge dé xuat trong [179] vdi tinh
huéng khi mot toan t unita dugc trien khai tit xa trén hai ban sao clia
mot trang théai luong tit. O d6 da chi ra ring néu hai ban sao duge dit &
mot noi thi nhiem vu nay c6 thé duge thuc hién bang cach tiéu ton it tai
nguyén hon khi thyc hién hai lan trién khai doc lap, moi lan trén mot ban
sao clla trang thai. Mot tinh hudéng khé khan hon khi hai trang thai giong
hét nhau ndm & hai noi rieng biet ciing da duge thao luan trong [179]. Mot
cach khac dé mé rong RIO ciing kha thi 1a chuyén sang da qubit nhu da
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duge thue hién trong [180].

Trén thuc té, dé vién tac toan tit trén N qubit clia mot toan tit chua
biét mot phan ndm trong mot gidi han dic biet thi tdi nguyén luong ti
can thiét chi 1a N nguon rdi, bang mot nita s6 dé doi véi so do duya trén
BQT. Giao thitc ma duge goi 1a RIO c6 kiém soéat (viét tat 1a CRIO) véi
toan tit da qubit khong xac dinh mot phan da duge nghién ciiu trong [181]
bang céch sit dung céac trang thai GHZ da bén (xem thém [182]). Phuong
phap BQT va phuong thiic trong [180] c6 thé duge két hgp dé tao thanh
mot giao thiic két hgp cho RIO [183]. T cac tai ligu tham khao duge trich
dan & tren, ki thuat BQT dudng nhu duge st dung pho bién. Tuy nhién,
diéu nay khong phai nhu vay trong tat ca cac truong hop kha di: ¢6 nhiing
loai RIO khong thuc hién duge tiu ky thuat do, vi du nhu trong [177,184].
Nhiéu cong bo st dung cac qubit duge biéu dién bang su chong chap tuyén
tinh ciia cac trang thai logic |0) va [1) v6i CNOT duge ngam gia dinh ¢6
sén. Tuy nhién, trén thuc té, bat ky giao thic thuc ndo cing dude thuc
hién v6i cac qubit vat Iy ma trang thai |0) (|1)) tuong tng véi trang thai
co béan (kich thich) cta hai mic nguyén t1t, trang théi spin-down (spin-up)
ctia hat spin-1/2 hodc trang thai phan cyc ngang (doc) ctia mot photon,
v.v. Trong mo hinh quang hoc, cac qubit vat 1y t6t 1a cac photon chéng lai
su suy giam lien két do moi trudng gay ra va lan truyén nhanh nhat [185].
Céc trang thai don photon c6 thé dé& dang thao tac nhung diem yéu la
khong c6 tuong tac photon-photon tric tiép khién viéc tinh toan higng tit
dura trén photon khong hiéu qua bang cac cong cu quang hoc tuyén tinh.
Mac du Knill, Laflamme va Milburn [73] d& bién minh cho khé néng thuc
hién cidc phép tinh lugng ti trén photon bang cach st dung cac thiét bi
quang hoc tuyén tinh va bd sung thém may do photon hiéu suat cao, nhung
dé xuat ctia ho van khong duge chap nhan vi né yéu cau mot chi phi 16n.
Tuy vay, néu dya vao cac yéu té phi tuyén nhu phi tuyén Kerr chéo thi
tuong tac gitta cac photon cé thé dugc thuc hien. Mic du cac phi tuyén
Kerr chéo manh van con nhiéu thach thiic, nhung nhitng tién bo ky dieu
trong linh vigc nay 13 lac quan v nhiéu cong trinh da sit dung ching trong
nhiéu béi canh khac nhau [51-57]. Thuec té hon ca la phat trién giao thiic
RIO véi cic photon va réi ting cuong hon 1a véi cic qubit va rdi thong
thuong [171,172,186]. That vay, cac giao thic nhu vay gan day da duge
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thuc hien dé vién tac mot toan ti len photon don thong qua trang thai
roi tang cudng va sy ho trg tir phi tuyén Kerr chéo [187]. Trong phan nay,
ching t6i thuc hién nhiém vu nhu vay nhung nang cao mtc do bao mat
cho giao thic RIO trong [187] béng cach them ngudi giam sat dong vai
tro 1a ngusi kiem soat c6 quyen quyét dinh c6 hay khong viec hoan thanh
nhiém vu RIO.

3.2.1 Vién tac toan ti c6 kiém soat trén photon & bac tu do

khong gian

Gia Alice va Bob 1a hai déi tac chiu su kiém soat ctia Charlie. Ba ngusi
dang & nhiing noi xa cach va chi c6 thé giao tiép thong qua cac phuong
tien co dién. Alice c6 mot photon a véi su phan cuc nhat dinh lan truyén
dong thoi theo hai huéng khac nhau zy va z;. Khong mat tinh tong quét,
chiing toi gid dinh rang sy phan cyc ctia photon 13 theo phuong doc (V),

do do6 trang thai photon ctia Alice ¢6 dang
), = [p) V), (3.56)

) = (arleo) + B o) (357)

v6i hée s6 ma Alice khong duge phép biét a, 8 théa man diéu kieén chuan
héa |a|? + |f)> = 1. Chi muc (S) ngu ¥ ring photon duge ma hoéa trong
S-DOF, |z;), v6i j = 0,1 la ky hi¢u photon a di theo duong z; va |V), la
chi photon a c¢6 phan cuc doc. Bob dugc trang bi mot mot thiét bi c6 thé

thuc hiéen mot phép bién doi unita nhu sau

U = ( o > (3.58)

len mot photon bat ky ¢ S-DOF:

U [0} = [0S} = o ao) + #']a1) (3.59)
o = oau— Bv*, B = av+ Bu. (3.60)

Charlie 1a nguoi diéu khién sé quyét dinh viéc hoan thanh cac nhiem vu
lien quan. Ching ta sé xem xét ba nhiém vu. Nhiém vu dau tién 1a thiét ké

mot giao thiic cho Alice va Bob hop tac duéi su kiém soat ctia Charlie dé
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cudi cuing, duéi sy quyét dinh ctia Charlie, Alice sé c6 mot photon & trang
thai

U ) = (U [$S ) V) = [0 V). (3.61)
chi bing cac giao tiép co dién va thao téc dia phuong. Nhiém vu nay cé thé
dugce coi nhu mot CRIO trong d6 Bob trién khai tit xa toan t ciia minh
U5 len trang thai ciia Alice ‘¢(S)> duéi su kiem soat ctia Charlie. CRIO
nhu vay c6 thé thuc hien duge néu Alice, Bob va Charlie chia sé trude dé
nguon roi lugng tit thich hop. Nhu da biét tu [171, 188, 189], kénh lugng
t thong thuong c6 thé 1a hai trang thai GHZ, dudc tao bdi sau photon
(ba photon trén mdi trang thai GHZ). Diéu mong mudn 14 gidm thiéu sb
luong photon trong kénh luong tit, ddc biet khi nhiéu giao thitc CRIO dugc
yéu cau. Néu thay vi rdi thong thuong, khi rdi tang cuong dudce st dung
thi lugng thong tin chita trong trong hai trang thai GHZ véi 6 photon sé
bang v6i lugng thong tin chita trong mot trang thai GHZ & hai bac tu do
khéc nhau. R6 rang viéc st dung r6i tang cuong tiét kiem dang ké sb lugng
photon phan phdi gitta nhiing nguoi tham gia, do d6 gidm chi phi st dung
tai nguyén lugng tit. Mot ky luc dang chi ¥ vé viéc tao ra réi ting cuong
da duge béo céo trong [190]: muoi tdm qubit da duge rdi thanh cong chi
v6i sdu photon, moéi photon mang thong tin ctia ba qubit bang céch tan
dung dong thoi ba loai DOF ctia photon.

D6i v6i nhiem vu dau tién ctia CRIO dugce dé cap & trén, ching toi st
dung mot (khong phai hai) trang thai GHZ ba photon rdi v6i nhau & hai
DOF, c6 thé dugc tao ra bdi mot s6 so do [26,191,192]. Vi photon a 1a
trang thai ma toan ti U sé tac dong trong S-DOF, do d6 mot trong hai
DOF cua trang thai rdi tang cuong GHZ phai 14 S-DOF. Déi véi loai DOF
thit hai, chiing ta c6 thé chon P-DOF. Vi vay, ching t6i sé lam viéc véi
trang thai tang cuong GHZ sau

‘Q(SP)>ABC - )Q(S)>ABC ‘Q(P)>ABC’ (362)
Q) = lan)albo)s lcode + lan) s o) lere, (3.6
QP = [H) ) H)e+ V)aV)pIV)e, (364

& day chi muc (P) va (SP) chi P-DOF riéng biét va S-DOF cung P-DOF
ton tai cing nhau, trong khi H) a0y (V)asco)) biéu dién trang thai
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ciia photon A (B, C) dugc phan cuc theo chiéu ngang (theo chiéu doc).
Trang thai tang cuong GHZ nhu vay da duge sit dung trong (3.62) cho giao
thitc so sanh bi mat lugng tt (tiéng Anh 1a quantum private comparison)
trong [193]. Luu ¥ ring trong cac trang thai (3.63) va (3.64), dé don gian,
chiing t6i bé qua hé s6 chuan héa 1//2 va trong tat ca cac cong thitc tiép
theo ¢ muc 3.2, chiing to6i ciing sé boé qua bat ky hé s6 nao nhu vay. Diéu
nay don gidn hoéa cac cong thiic toan hoc va chi &nh hudng dén xic suat
ctia mot phép do nhat dinh, chit khong anh huéng dén tong xac suat thanh
cong 1a 100% trong giao thiic cia ching to6i. Trang thai (3.62) dugc tao ra
tit ba photon nhung dung lugng thong tin clia né nhiéu nhat 1a sau qubit
vi mdi photon c6 gia tri bang hai qubit nhd duge ma héa dong thoi trong
hai DOF.

Dé hoan thanh nhiem vu CRIO, cac photon A, B va C ciia trang thai
(3.62) dugc phan bd cho ba ngusi. Cu thé photon A, B va C duge dua
cho Alice, Bob va Charlie tuong ting. Liic nay trang thai chung ciia bon

photon ban dau 1a

¥)

Q(SP>> _ ‘¢<S>> vy,

aABC

<P>> 3.65
ABC @ ABC’ ( )

0) = aluo), lao)a bo) s leo)c
+a|wo), |ar) 4 [b1) g |e1) e
+B8x1), [a0) 4 [bo) g |co) e
+Bx1),ar) 4 [b1) g ler) e - (3.66)

Nhiem vu CRIO c6 thé duge thuc hién qua hai giai doan nhu sau. Giai
doan mot ta chi xét dén thanh phan S-DOF ctia kénh lugng ti, cu the
CI)(S)>aABC" Dé tranh rudm ra, thanh phan P-DOF (|V), |Q"))  ..) s&
tam thoi khong duge viét ra. Moi ngudi tham gia can thyc hién cac hoat

la

dong tai dia phuong ciia minh mot cach chinh xac. Alice 1& nguoi dau tien
hoat dong va thao tac clia ¢d ay duge hién thi trong Hinh 3.6. Truéc hét,
0 ay st dung trang théi két hop phu tro |z), véi bien do duong z va di
theo huéng d dé lam rdi photon a véi cac photon A, B, C' bang céch cho
trang thai két hop tuong tac véi trang thai |xg), va |ag), thong qua phi
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Hinh 3.6: Hoat dong ctia Alice trong giai doan thit nhat clia qua trinh CRIO trén photon
& bac tu do khong gian. Vong tron c6 hai duong di kem biéu thi mot photon truyén dong
thoi doc theo hai duong, trong khi vong tron c¢6 mot duong di kem la mot photon chi
truyen theo mot dudsng. Vong tron cé ky hieu V, H bén trong bicu dién photon ton tai
dong thoi 6 trang thai phan cyc doc va ngang, trong khi d6, vong tron véi V' chi photon
phan cyc V. |z) la trang théi két hgp véi bien do duong z, BBS la bo tach chum can béng
va £60, u, v 1a cac thong s6 clia tuong tac phi tuyén Kerr chéo. Mii tén in dam la giao
tiép co dién vdi cac chit cai (¢ day k hosic mn) 1a két qua do.

tuyén Kerr chéo v6i thong s6 tuong tac tuong tng 6 va —6. Phi tuyén véi
thong s6 +6 giita trang théi Fock |n), va trang théi két hop |z), duge biéu
dién bdi toan tit U,y (£6), lam cho thém mot thanh phan pha £nf vao
trang thai két hop, Uy, (+0) In), |2), = n), |zeii”9>y. Sau hoat dong cla
Uzod(0) va Uyyq(—0) trang thai ’CID(S)>&ABC |2),; chuyén thanh

O0) e = (@) lao) s o)
+B 1), |ar) 4 161) g len) o) 120
+a|zo), laz) 4 1b1) g ler) e | 2€”),
+8 |21, [ao) 4 1bo) s |code | 2677

(3.67)
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Sau tuong téc phi tuyén, Alice sit dung phép do homodyne X dé xac dinh
toan ti X-quadrature ctia trang thai két hop. Két qua ctia viéc tim kiém

(|ze*?) ) duge dan nhan béi cac bit ¢6 dién k = 0 (k = 1), thi photon
a sé roi véi photon A, B va C xét 6 S-DOF trong trang thai tuong ting nhu

Sau

S
) = almd, lak)a b glerde
+B8121) o larer) 4 |ka1) g Icket) o
(3.68)

v6i @ 1a tong trong modul 2. Gia tri clia k sé duge Alice thong bao trén
mot kénh truyén thong co dién. Nhin vao (3.68), hé s6 «, 8 trudce day chi
nam trong photon a bay git dude thé hieén trong trang thai ctia cid bon
photon. Alice tiép tuc bang céch cho giao thoa |x¢), va |z1), trén mot BBS
> , trén mot BBS khac dé chuyén ’F,(CS) >GABC thanh

trong khi |az) , va |a,,,

A7) = (leoba lan)a + (<D foa), laren) )
® (albr)p ler)e + (=1)" B lbren) p lerer) )
+ (Jz), laken) 4 + (=1)" 1), |ax) »)
&® ( |bk |Ck (—1)k5‘bk@1>3|0k691>c)'

(3.69)

Bicu thitc (3.69) xuit hién nhd quy tic chuyén doi BBS |xx), — |z), +
(=D)F|zre1), va lar) 4 = lar) 4 + (=1)% |age1) , - Tiép theo, Alice sit dung
mot trang thai két hop khac |z), va st dung tuong tac Kerr chéo U, (u)
va U,,(v) dé chuyén ‘Aés)> |2), thanh

aABC
@<S>> _
‘ k aABCe
(o), laxa |2€ ) + (=1 1), [asen) 4 |2),)

® (a|be) g ler)e + (=18 bret) g [crer) )
+ (20), laror) | 26%), + (=1 o) Jaw) 4 [ 2¢") )
® (al|br)gler)e — (—1)"B bret) g lcket) o),
(3.70)

sau d6 thuc hien phép do cac toan tit X-quadrature ctia trang thai két hop.

Gia tri ctia pu va v dude chon dé bén két qua c6 thé co ctia mn = 00, 01, 10
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hodc 11 tuong ting véi viec tim thay |z) ‘ze : ‘ze“’>e hay ‘zei(“+”)>e
c6 thé phan biet duge. V6i mn bat ky ‘@k > e tré thanh
S
M) = Jewan), |akemen) 4 (@) g lewde
+(=1)"""8 |brer) g lcker) o), (3.71)

cho biét rang thay vi dong thai di chuyéen doc theo hai duong lic dau, gio
day photon a chi di chuyén doc theo mot dusng z,s; va photon A doc
theo duong axeme1. Xét chi véi S-DOF, cac photon a va A bi tach khai cac
photon B va C, trong khi cac photon B va C van con roi v6i nhau. Dieu
d6 c6 nghia 1a photon a c6 thé tam thoi dé sang mot bén va tit day ching

ta chi lam viéc v6i trang thai

‘Akmn>ABC = |arema1) 4 (@ |br) g ck) o
+(=1)"""B |bra1) g |cker) ) (3.72)

thay cho ’Akmn> B trong (3.71).

Hoat dong tiép theo 1a cia Charlie. Néu Charlie quyét dinh ditng nhiém
vu thi co ay khong lam gi cd, khién Alice va Bob khong c6 phuong huéng
dé dat dudge muc tieu. Ngudc lai, ¢d ay sé thuc hien mot s6 thao tac nhu
trong Hinh 3.7. Dau tién, co ay tron trang thai |cx), v |cre1) o bang mot
BBS dé chuyén [Af;), ) thanh

ABC
S
](“"?‘">ABC ‘ak@m@1>A®
(abr) — (=1)" "B b)) B |cx) e

H(=D) (e for) + (=1)""™ 78 |bren))  |cren) o]
(3.73)

Tiép theo, co ay lay mot trang thai két hop [2), va cho né tuong téc véi
k) thong qua tuong tac Kerr chéo véi thong s6 0. Két qua thu dugce sé
la trang thai
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Hinh 3.7: Hoat dong ctia Charlie trong giai doan dau ctia qué trinh CRIO trén photon &
S-DOF.

00 en = 2), = lkemon) 4 ©
(aelb) — (=18 by lend |26,
HEDM @ lor) + (18 b)) p o) 2),

(3.74)

Dé lam maét roi gitta photon B va C, Charlie thuc hién phép do X-
quadrature ctia trang thai két hop. Néu [2), (‘zew}g) dugc tim thay thi co
dy danh dau no6 bang bit co dién s = 0 (s = 1). Phu thudc vao s trang thai
cua cac photon A, B, C tré thanh

S
’ngr)ms>ABC = ‘ak®m®1>A |¢/€mn8>B ’CkEBSEBl>Ca (375)

|¢kmns>3 - (04 ’bk> + (_1)k—|—m~|—n—|—85 ‘bk@1>)B' (376)
Chtng ta thay rang tat cd cidc photon trd nén tach roi doéi véi S-DOF.

Dura trén tat cd cac két qua kmns, Bob luon biét trang thai chinh xac ciia
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photon B va do do6 suy ra toan ti thich hgp R/(mins
khi dén lugt minh hoat dong. Su phu thuoc cia |Ygmns)g va R
kmns duge thé hién trén Bang 3.1.

Trong Bang 3.1, Ig, Xg va Zg la cac toan tit hoat dong trén S-DOF.
Cu thé, Ig 1a toan tit don vi, Xg = |b) (bo| + |bo) (b1] 12 toan tit chuyén 1o
trinh c6 thé dugc thuc hién bang cach trao doi cac duong truyen photon
va Zg = |by) (bo| — |b1) (b1] 12 toan ti chuyén pha 7 dit trén mode by. Phan

ma anh ta sé sit dung
(S)

kmns vao

tich Bang 3.1, chiing ta c6 thé tim ra mot cong thic duy nhat cho toan ti

R,(mzns dang cho gia tri bat ky k,m,n,s € {0,1} :
R — ghemenss xk (3.77)

Sau khi c6 dugc cac két qua kmns tit thong bao ctia Alice va Charlie,
Bob bat dau hoat dong ctia anh a4y nhu trén Hinh 3.8. Dau tién anh ay tac
dung kans
(o |bg) + B |b1)) 5. Sau d6, anh ta thuc hién toan tit U®) trong cong thiic
(3.58) len |49)) ., dé bién photon B thanh trang thai méi

len photon B dé chuyén trang thai ctia né thanh ‘¢(S)> B =

W) = US| = (o o) + B b)) (3.78)

v6i o va B’ cho béi cong thiie (3.60). T d6, trang thai méi cua céc photon
A B,C la

i) = lassme)a (@' 1bo) + 8115 lessene . (3.79)

n6 khong phu thuéc vao n. Mac du ba photon A, B, C trong ‘Tkms>ABC la

hoan toan tach roi trong S-DOF, trang thai réi ctia n6é trong P-DOF van
con nguyeén. X1t Iy P-DOF la cong viéc trong giai doan thit hai ctia giao thiic

CRIO. Tinh ¢4 thanh phan P-DOF, trang thai day du 1a éif;)> P

Béng 3.1: Trang thai [¢kmns) g clia photon B sau phép do ctia Alice va Charlie, va todn
t1 hoi phuc kans véi R,ﬁi{ns [ Vkmns) g = (a]bo) + B1b1)) B-

kmns Vrkmns) s R
0000,0011,0101,0110 (a|bo) + B|b1))s I
0001,0010,0100,0111  (a|b) — B0t Zs
1000,1011,1101, 1110 (a|by) — B |bo))p  ZsXs
1001,1010,1100, 1111 (a|by) + B lbo))s X5



103

BBS PBS

Hinh 3.8: Hoat dong ctia Bob trong giai doan tht nhat (phan trén) va giai doan thit hai
(phan dudi) ctia CRIO trén photon trong S-DOF. Céac toan ti R,(cizns va U duge dinh
nghia trong cac biéu thitc (3.77) va (3.58). HWP Ia tam nita song, PBS 14 bo tach phan
cuce, guong M va may do photon D,,.

Y 10 e

Q50 = lasoms)a (@ bo) + 8 )5 lekssonde

(H) 4 H)g [ H) o + V)4 V)5 IV)e) -
(3.80)

Bob bét dau giai doan hai bing viec dat mot HWP lén mode by dé dao
phan cuc (|H) g <+ |V)p), sau do tron |by) 5 va |by) g trén mot BBS. Nhing

hoat dong nay bién ‘Q,iii>>ABC thanh
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D50 = Jaksmen)a Vi) g (0 [H) 4 ) + 8/ 1V)4 V)
+|Vobo)p (o |[H) 4 [H)e = B' V)4 [V)e)
+[H b)) (B [H) o |H) o+ |V) 4 [V))
—|H,bo)p (8" |H) 4 [H) o — o' V) 4 IV) ) | ehasat) o
(3.81)

He s6 o, 8’ da “nhay” ra khoi trang thai ctia photon B trong S-DOF sang
trang thai roi ctia cac photon A va C trong P-DOF. Dé dat dudc mot trang
thai nhat dinh ctia cac photon A va C, Bob do photon B trén hé co sé
{IV,b1) g, |V,bo) g, |H,b1) 5, |H,bo)z} bang cach trén moéi mot trong hai
mode by va by st dung mot PBS va dat sau ching la cac may do photon
Dqo, Do1, Dip va Dy;. Vi PBS truyén photon phan cyc ngang va phan xa
photon phan cuc doc, mot trong nhitng may do photon cé thé phat ra tin
hiéu. Néu Dyy, Do1, D1g hoac Dq; tim thay tin hieéu, Bob danh dau tuong
tng bing cac bit ¢ dién pg = 00, 01,10 hosic 11. Sau khi may do photon

phat ra tin hiéu thi trang thai photon A va C' la (I)’(‘f’i?”q>Ac =
(0/ ’H>A ‘H>c + 5 |V>A |V>c) \al@m@lh |Ck®8691> néu pg = 00
) (' [H),[H)e = B IV) 41V ) laremer) 4 |craset) ¢ néu pg = 01
(@ V)4 VYo + B [H) o |H) o) lakemer) 4 | chaser)e néu pg = 10
(O/ |V>A |V> —p ‘H>A ‘H>c) |ak@m@1>A ‘Ck@s@ﬁ néu pq = 11.

(3.82)

Trong giai doan thi hai, Charlie mot lan nita thé hién stc manh cia
ngudi dicu khién bang cach thuyc hién céc thao tac nhu trén Hinh 3.9. Co
dy dat mot QWP lén mode cggse1 dé quay trang thai phan cuc tu |H)
(|V)e) thanh |H) -+ V) (|1H) — V) ), sau d6 cho photon C' di qua mot



105

ss
s

_ B
c Cemser 1 PBS
B0,
Qwep D,

M

Hinh 3.9: Hoat dong ctia Charlie va Alice trong giai doan thit hai cia CRIO trén photon
trong S-DOF. QWP la tam séng phan tu vd Doy la méy do photon. Wp(f;) duge dinh
nghia trong cong thiic (3.85) va Xg la toan tit 1at duong di. Hinh nhé chita hai PBS, hai
guong va mot bo dich pha 7 1a so do xay dung Zp = |H) (H| — |V) (V] .

(SP)

PBS. Bing viéc lam nay, ’q)kmqu

>AC chuyén thanh
[ [/ [H) + BV 4 H, ehason)e
+ (' [H) = B' V) alV,cras)c] néu pg=00
(o' [H) = B"[V)4) [H, chaser) o
+ (o' [H) + B V) 4 [V, chas)c] néu pg =01
(@' |V) + B'[H)) 4 [ H, craser) o
— (V) =B V)4V, Chas)o] néu pg =10
(@ |V) = B'[H)) 4 [ H, crasser) ¢
| — @ V) + B V)V cres)c] méu pg=11.

Akomal) 4 § (3.83)

Dat sau PBS hai may do photon Dy va D; dé tim photon C. Néu Dy (D)
phat ra tin higu thi sé thong bo bang bit ¢ dién 7 =0 (7 = 1). Khi mot
trong hai may do phat tin hiéu, photon C' bi pha huy trong khi photon A
tré thanh
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(o |HY +B'|V))4 cho pgr = 000,011
(SP) (o/ |[HY — B'|V))a cho pgr = 001,010
‘ k:mqu7'> - ‘ak®m@l>A 4 p ,
A (o |VY+ B'|H))a cho pgr = 100,111
| (a/|V) = B'|H))a cho pgr =101,110.

(3.84)

Budc cudi ciing 1a ctia Alice. Day 13 1an thi hai Alice xuat hién va lan

nay co ay thuc hién cac thao tac nhu trén Hinh 3.9. Nhu da thay tit cong
thitc (3.84), khi biét pgr Alice c6 thé tac dung toan ti

W) = 74957 XD (3.85)

pqr

len photon A dé thu duge trang thai (o/ |H) + B |V))a lakemat) , - Cht §
rang trong (3.85), Xp = |V) (H|+|H) (V| hoat dong nhu mot HWP, trong
khi Zp = |H) (H| — |V) (V] ¢6 the dugc xay dung biang sy két hop clia
hai PBS va mot bo dich pha 7 duge xap sép nhu Hinh 3.9. Trong [187]
(o |H)+8"|V)) 4 |akomer) 4 duce 1y lam trang thai mong mudn. Tuy nhién,
day 1a trang thai ctia mot photon lan truyén doc theo mot duong duy nhat
va 1a chong chap cta |H) va |[V), ma hoa trong P-DOF, trong khi trang
thai mong mudn (o |ag) + f'|a1))a|V) 4 1a trang théi ctia photon phan
cuc V va truyén theo hai hudéng |ag) va |a;), ma hoa trong S-DOF. Ro
rang, (o' [H) + B |V))a lareme) 4 va (@' |ag) + 8']a1))a|V) 4 khong giong
nhau, vi vay Alice phai tim cach chuyén doi (o/ |H) + 8'|V)) 4 |aremer) 4
thanh (o' |ag) + £ |a1))a |V) 4. Dieu nay la kha thi khi Alice stt dung mot
PBS, mot HWP va toan tia X g@m@ nhu dude minh hoa sau Wp((ﬁ) trén
Hinh 3.9. Cu the, sau tac dong ctia PBS (o' [H) + B'|V))a laremet) 4, —
(o |H, arems1) + 8|V, arem)) 4, thi sau d6 dat lén mode agame1 mot HWP
(o' [H, aremer) + B8 |V, arem)) 4 — (&' |aramen) + 6 |agem)) 4 |V) 4 - Va, cudi
ciing 1a tac dong ctia XE¥" (o |apamer) + B |arem)) 4 |V) 4 — (& |ao) +
B'la) JalVyy = US |) ,, dé chinh x4c la trang thai mong mudn. Do
do6, Bob tac dong thanh cong mot toan ti khong xac dinh c6 dang tong
quat UY) len mot trang thai bat ky ciia Alice |¢) dudi sy kiém soét ciia
Charlie: giao thitc CRIO trén S-DOF hoan toan thanh cong.
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3.2.2 Vién tac toan ti c6 kiém soat trén photon & bac tu do
phan cuc

Trong phan nay, ching toi quan tam dén viéc Alice c6 mot photon a
chi di theo mot duong x va dugec ma hoa trong P-DOF, tiic la trang thai
cua n6 c¢6 dang

90, = [ Ja), (3.86)

W) = (15 + 3V, (3.8)

v6i |y|? + |8]* = 1. Toan t1t ctia Bob bay gis ¢6 dang tong quat

U = ( —Cn* 5_7 ) , (3.88)

tac dong lén }1/)(]3)> nhu sau

U ) =+ [H) + 5 [V) =

¢’<P>> , (3.89)

V' =2C—=0n", &' =n+dC (3.90)
Nhiém vu thtt hai ma ching t6i quan tam 1a thiét ké mot giao thic cho
CRIO & P-DOF: Alice va Bob, duéi su kiém soat ctia Charlie, phai hop tac

sao cho sau khi hoan thanh giao thitc Alice sé c6 trang thai

0 g) =

¢’<P>> ) (3.91)

Nhiém vu nay ciing c6 thé dude thuc hién trong hai giai doan bang céch
stt dung ciing mot trang thai réi ting cuong GHZ nhu trong cong thic
(3.62), duéi sy trg giap ciia phi tuyén Kerr chéo. Trang thai ban dau cta
boén photon a, A, B va C 1a

9), |Q7)

= ‘@(P)> ),

aABC

(5) 9
ABC @ >ABC’ (3.92)

vl
O = (y[H), [H) (| H)p | H)
[ H), V)4 V)51V )e
+0|V), [H) 4 |H) 5 | H)e
3|V, V)41V V) (3.93)
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Giai doan dau dugdc thao tac chi véi P-DOF ’CID(P)>GABC, phan S-DOP
sé duge dé lai va xit 1§ sau. Alice bat dau bang cach thuc hién céc thao tac
da phac thio trén Hinh 3.10. Co iy chuan bi mot trang thai két hop |2),
va stt dung céc tuong tac phi tuyén U;?(—H}, Ué({?(@) va Uéi?(@). Ky hieu
(H) trong Uég), U éoHd) va CEZ) chi ra rang chi thanh phan |H) ctia photon
tham gia vao tuong tac (xem Hinh 3.11). Cac tuong tac Ué?(—@), UCEOZ)(Q)
va U(0) dua [9F)) - |2), thanh

D)l = (rIH), ) [H) g | H)e
F3 [V, V)41V V) 120
7 [H), V)4 V)5 Vi |27,
0|V, [H) o | H) g [H) [2€) .
(3.94)

X

X

et e

! bo QWP bo

1
1 —

@ ® 2
1

H I H i
-®. O ® .

A 4

d e
lz) ——0 -8 -0 ‘le)—#-ﬂ -9 —?
k mn
o
A 4

A 4

v

\ 4

\ 4

Hinh 3.10: Hoat dong ctia Alice trong giai doan dau tién ctia CRIO trén photon trong
P-DOF. Mot vong tron khong cé bat ki chit cai ndo bén trong biéu thi mot photon nam
trong |H) hodc |V). Tuong tac Kerr chéo giita thanh phan |H) va trang thai két hop
dugce trinh bay chi tiét trong phan hinh phu ctia Hinh 3.11.

Sau tuong tac, X-quadrature clia trang thai két hop duge do. Khi két
qua k = 0 hoac k = 1 tuong tng vdi cac trang thai |z), hodc ‘zeiw>d XAy
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ra thi photon @ tré nén réi § P-DOF véi cac photon khéc, trang thai clia
ching khi do I [\~
aABC

{7H>aH>AH>B|H>C+5IV>a|V>A|V>BV>c néu k=0 (3.95)

YIHY VY IV g IV + 6 V), |H) ,|H) g |H) néu k=1.

Alice tiép tuc cong viéc bang cach dat mot QWP trén duong x ciia photon
a va cac duong ag va ap cua photon A. Sau dé, sau khi hai photon da di
qua QWP, co ay cho thanh phan |H) tuong téc v6i mot trang thai két
hop |z), thong qua tuong tac phi tuyén Uéf)(u), Uég)(l/) va Uég)(y), do

do ‘F,(fp)> B |2), trdé thanh

(P) _
‘90 >aABCe B
), [H) 4 |€07) (3 H) g 1)+ 8 1V) 5 V)e)

+ [H), V) |ze®), (v [H)g [H) e =8 [V) 5 V)e)

V) [ |2e"), (7 [HY g [H) = 81V) 5 V)e)
+ [V)aV)al2he (V1H) 5 1 H) e+ 61V) 5 V)
(3.96)
khi £ =0 va
) iz =
), [H) 4 |2€947) (V)5 IV)e+0|H) g |H))
— H), Vha|2e%), (Y [V) Ve = 0 1H) 5 [H)e)
+ V) H) 4 lze"), (V)5 V) = 8| H) s |H) )
— V) IV)al2de (VV) 5 Ve + 8| H) s | H))
(3.97)

khi k = 1. Phép do X-quadrature ctia trang thai két hop mang lai bon kha
nang c¢6 thé mn = 00, 01,10 hoac 11 néu ‘zei(“+”)>e, |ze™) , |ze™)_ hodc

|2), tuong ting dugc tim thay. Trang théi

Af) - thu duge phy thuge
? - se phu thut
vao ca k va mn duge thé hién trén Bang 3.2.

Nhu c6 thé thay tit Bang 3.2, sau cac hoat dong ctia Alice, photon a

khong con la trang théi chong chap ctia |H), va |V), ma chi don gian 1a
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|H), hodc |V),. Tic la né da bi tach roi rieng va cham dit vai tro clia né
ké tit Iic nay. Déi véi photon A, né ciing trd thanh phan cuc ngang hoic
doc, tic 14 khong con rdi & P-DOF véi cac photon B va C nita. Sy roi 6
P-DOF chi con ton tai gifta cac photon B va C, trong khi sy r6i 6 S-DOF
gitta cac photon A, B va C' van bao ton nhu cil.

Dé kiém soat nhiem vu trong giai doan dau tién, Charlie dat mot QWP
trén duong ¢y va mot QWP khac trén duong ¢; cia photon C, sau d6 cho
tuong tac Ué{,{)(e) va Uég)(e) gitta photon C' vd mot trang thai két hop
|2),- Tiép theo co ay thuc hién phép do homodyne lén trang thai két hap,
phép do sé cho mot trong hai két qua ‘zei‘9>g hodc |2),. Doi véi truong hop
dau dugc tim thay co ay béo két qua théng qua mot bit co dien s = 0 va
déi v6i két qua sau thi thong bdo s = 1. Cho di la s = 0 hay s = 1 thi
trang thai réi & P-DOF gitta photon B va C ciing bi pha huy va photon
C tré thanh phan cyc ngang hoac doc trong khi photon B c¢é dugc cac hé
sO v, 0 & mot trang thai chong chap phan cuc. Trang thai ‘Ekmn8> chi

ABC
thé hieén su r6i ¢ P-DOF giita ba photon A, B va C. Bang 3.3 thé hién sy
phu thudc cia ‘kans>ABC vao kmn (két qua do cta Alice) va s (két qua

do ctia Charlie).
Bay gio sé bat dau véi giai doan hai ctia nhiém vu va thanh phan S-
DOF ‘Q(S)>ABC sé dugc khoi phuc dé c6 trang thai day da ’Hkmns>

)
ABC ) ) )
No6i dung ciia Bang 3.3 cho thay Bob ¢6 thée chuyén trang thai ctia photon

B trong ’HkmnS>ABC thanh (v |H)+4§|V))p bang viéc tac dong lén né toan

ABC
’Q >ABC . Céc hoat dong ctia Bob duge mo ta trén Hinh 3.12.

Béang 3.2: Trang thai

A,(Qn> phu thuoc vao két qua kmn.
aABC

fmn ‘A’(:;‘)”> aABC

000 |H), [H),(v[H) g [H)e +6|V)5IV)e)
001 [H), V), (y[H) g H)e =0 [V)pIV)c)
010 V), [H)y (Y [H)g|H)e =0 [V)p[V)e)]
011 V), Vs (YH) g [H)e +0V) 5 V)e)
100 [H), [H), (v V) p[V)e+06|H)p[H)c)
101 |H), V), (v IV)plV)e —0[H)p |H) )
110 V), [H), (v IV)p Ve —0|H) g |H) )
11 V), IVia (v Vg Ve +6|H) g [H)c)
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Qo
A C a
b
B b 1
QWP

—a—>
‘ - PBS PBS
M ! “ M

- /

Hinh 3.11: Hoat dong ctia Charlie trong giai doan dau tién ctia CRIO trén photon trong
P-DOF. Hinh nh6 mo t4 chi tiét tuong tac Kerr chéo gitta thanh phan |H) clia mot photon
va trang thai két hop.

?

tu
R(P)

kmns

= Zmens Xk (3.98)

Sau khi lam nhu vay, anh ta st dung toan ti ctia minh dé tac dong U
trong cong thic (3.88) len photon B dé thu dugc

W) = [H) 8 V), (3.99)

véi v va &' duge cho trong cong thite (3.90). Tiép theo, anh ta thyc hién
mot hoat dong dé trdo duong di ctia photon B (xem so d6 PE nhu dugc
thiét 1ap tréen Hinh 3.12).

gl 1Hbils _ ) 1H b (3.100)
V. bj)p V. bj)p

Trang thai ctia ba photon A, B,C bay gic chi phu thudc vao n,s va ¢
dang
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Béang 3.3: Trang thai

E,(CI;)M>A clia cac photon A, B va C phu thuoc két qua do kmns
BC

cua Alice va Charlie.

hmns ’ ’(“1:”)”5 ABC ks ‘Z’(“];)”S>AB(*
0000 [H) o (v [H) +0|V))p[H)e 1000 |[H), (v |[V) +0|H))p |H)¢
0001 [H), (v[H) =0 [V))B|V)e 1001 [H), (v[V)=0[H))s|V)c
0010 [V), (v[H) =6[V))p|H)e 1010 [V), (v|V) = 6[H))s|H)c
0011 V), (v[H) +0[V))B) [V)e 1011 V) (v V) +6|H))p V)
0100 [H) o (y[H) =0 |V))p[H)e 1100 |H), (v |V) =6 |H))p |[H)¢
0101 [H), (v[H) +0[V))B|V)e 1101 [H), (v|V)+6[H))B|V)c
0110 V), (Y[H) +6[V))sH)e 1110 V), (v[V) +6[H))p |H)
011 V) (v H) =6[V)pVie 1111 V), (v V) =0 |H))p V)
Q. O Q.
by Qwp Dy 1
B u® l P LR
o B Doo
QWP Doy &
c = >

Cpo1

/v \
._ -PBS.

Hinh 3.12: Hoat dong ctia Bob cho CRIO trén photon trong P-DOF. Cac toan tit R,(fn)m
va UP) duge dinh nghia trong cac biéu thitc (3.98) va (3.88), trong khi PE la qua trinh
trao doi duong di duge xay dung nhu trong phan hinh phu.
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TEDY = U V) g llao) (3 [H B
+0" |V, b0)) 5 |co) e + lar) 4 (7' [H, bo)

1 Vs ledd [hH Ve, (3101
|fu(H, V) = |[H"V™), (3.102)
|fo(H,V)) = |H) va |fi(H,V)) = |V). Bob sau d6 dat hai QWP, mot vao

duong by va mot vao dudng by dé chuyen ’T%SSYP)>ABC thanh

Q) = lH V) b 5 (3 ao) s o)

+0"|a1) 4 ler)e) + [V, 01) 5 (7' ]ao) 4 |co) ¢

—d"a1) 4 ler)e) + [H, bo) g (7' ar) 4 ler)

+0"ao) 4 lco) ) + [V, b0} 5 (7' ar) 4 |e1) ¢

=" |ao) 4 leo) ) | fs(H, V) - (3.103)
Nhiém vu cudi cling ctia Bob 1a tim photon B bing bén may do photon Dy,
Do1, D1g va Dyp dat sau hai PBS nhu trén Hinh 3.12. Néu Dy (Do, D1g
hodc Dyp) phét ra tin hieu, diéu nay nghia la trang thai |H,b1) 5 (|V,b1) 5,
|H,by) 5 hodc |V, by) 5) duge tim thay va céc két qua nay sé duge danh dau
bing céc bit co dién pg = 00 (01, 10 hosic 11). Photon B bi pha hiiy trong
khi photon A va C gilt nguyén réi trong S-DOF nhu sau

WY = V)L )l
+(=1)%" |apa1) 4 lcpen) o) [ fs(H, V) e
(3.104)

Ltc nay Charlie tham gia diéu khién nhiém vu lan tht hai. Co ay tron
lcp) o VA |cpa1) o bang mot BBS va tim photon C bang cac méy do Dy va
Dy. Mot tin hiéu phat ra tit Dy hoac D;, dudc gan nhan 7 = 0 hosc 7 = 1,
sé pha hity photon C' va bién photon A thanh

W) = (V)4 (3 L) + (<1778 fagen)
(3.105)

Cudi cuing, phu thuoc vao cac két qua pgr, Alice tac dong lén photon A
toan tu
W) = Zb27 X7 (3.106)

pqT
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P ao ao
A
ap@l a,
M
HWP

Hinh 3.13: Hoat dong ctia Charlie va Alice trong giai doan thit hai cia CRIO trén photon
trong P-DOF. W,S(}ST) la toan tit dugc dinh nghia trong biéu thiic (3.106). Hinh nay dugc
vé cho truong hgp n = 0 ma HWP dugce dat trén mode a, (néu khong, HWP phai nam

trén mode ay).

dé n6 tré thanh trang thai | f,(H,V)) 4 (' |ao) + 6" |a1)) 4, day chua phai 1a
trang hai mong muén (v |H)+06"|V)) 4 |ag) 4 - Dé chuyén | f,,(H, V) 4 (v |ao)+
0" |a1)) 4 thanh (v |H) +9"|V))a |ag) 4, Alice ddt mot HWP vao mode apeq,
sau d6 két hop hai mode bang mot PBS. Photon A sau dé di ra khéi PBS
sé & trang thai (v |H, ao) + 0" |V, ao))a = UT) |¢) ,, d6 1a trang thai mong
mudn va hién dang di Chuyén doc theo mode ay. Cac hoat dong dugc mo
ta & trén ctia Charlie va Alice duge hién thi trong Hinh 3.13 (v6i n = 0).

3.2.3 Vién tac toan ti gidi han cé kiém soat trén photon & ca

hai bac tuv do khéng gian va phan cuc

CRIO lén photon duge ma héa chi trong S-DOF hoac P-DOF da dugce
nghién ctiu trong hai phan trudc, mdi phan st dung mot trang thai roéi
tang cuong GHZ. Nhiém vu thi ba dit ra trong phan nay 1a vién tac toan
tr ¢idi han (tiéng Anh 1a controlled remote implementation of a subset of
operators, viét tat 1a CRISO) trén trang thai photon duge ma hoa dong
thoi trong cad S-DOF va P-DOF. Gia st Alice ¢6 photon a & trang thai co
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dang
), = )

a

¢<P>>
= (alzo), + Blz1),) (v |H), +[V),),

(3.107)

v6i |al? +|B]? = |v]* +|0]* = 1. Trang thai nhu vay, méc du 1a mot photon,
trén thuc té co6 gia tri bang hai qubit vi né ton tai dong thoi § hai trang
thai phan cyc triyc giao va lan truyén theo hai duong khong gian riéng
biet. Bob, dudi su kiém soat ctia Charlie, lieu c6 thé vién tac cac toan
ti tong quat U hoat dong tren S-DOF va UP) hoat dong tren P-DOF
lén trang thai ctia Alice W(SP )> dé trang thai ma Alice thu dugc sé 1a

S) ’¢(5)>)(U(P) ‘¢(P)>) — ’¢/(5)> W/(P)> véi ‘¢/(S)> va, W,(P)> nhu trong
(3.59) va (3.89) hay khong? Mot cach thiic don gidn dé lam diéu do 1a thuyc
hién thi tu hai giao thitc nhu nhiém vu tht nhat va thit hai. Phuong phap
nhu vay ducgc cho 1a khong khéo 1éo vi né bao gom hai giao thitc doc lap st
dung hai trang thai r6i ting cuong GHZ riéng biét. Do d6, mot cau hoi dat
ra: Lieu ca hai toan tit U va UP) ¢6 thé tac dong song song trén cling
mot trang thai (3.107) bang cach chi sit dung mot trang thai tang cuong
GHZ dugc khong? Cau tra 15i 1a khong thé néu U va UP) ¢6 dang tdng
quéat nhu trong cac cong thic (3.58) va (3.88). Tuy nhién, néu cic toan
tlt can vién tac c6 dang don gidn hon so véi cac dang tong quét (3.58) va
(3.88) thi nhiém vu trén c6 thé thic hien. Chiing toi sé dé xuat mot giao
thitc cho CRISO trong dé cac toén tﬁ’ can Vién tac la céc toan tu unita co
dang don gian nhu U € {U } va U e {U (P)} v6i

0 0
oSO B LU = ) (3.108)
0 s —s7 0

0 0
g =" ) o= 7). (3.109)
0 po -p1 0

Thudc tinh cu thé ctia cac toan tit § trén la tac dong ciia ching lén mot
trong hai trang thai co ban (tic 1a (|x¢) ho#ic |x1) trong S-DOF va |H)
hodc |V) trong P-DOF) khong tao ra chong chap ciia hai trang thai co
ban. Trong ngdn ngit toan hoc, thudc tinh vita néu cé thé duge cong thiic
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hoa nhu sau

UL |20) = $m |m) (3.110)

U |21) = (=1)"sp, [Zmen) (3.111)
USP | HY = pu | fu(H,V)) (3.112)
US|V = (=1)"p}, | faer (H, V) (3.113)

v6i | f,(H,V)) duge dinh nghia trong (3.102). Chinh la nhd cac thude tinh
(3.110), (3.111), (3.112) va (3.113) ma CRISO c6 thé thic hisn véi UL va
U tac dong len |45F)) béng cach chi st dung mot trang théi réi téng
cuong |Q1) ..

Giao thic CRISO bat dau ti trang thai ban dau 1a

<SP>> <SP>> :‘@<S>> ‘q><P>> 3114
‘10 a @ ABC aABC aABC’ ( )

voi [pSP)) |QWP)Y L [@)) o va|e®)) o  duge cho trong (3.107),
(3.62), (3.66) va (3.93). Trang thai ma Alice can thu duge c¢6 dang

v6i ¢§§LS)> =y ’¢(5)> VA w:»fp)> =yt ‘¢(P)> dinh nghia trong (3.61)
va (3.91).

Giao thitc CRISO ciing gom hai giai doan. Giai doan dau chi xét dén
thanh phan S-DOF |®(*)) . va thanh phan &)
doan sau. Trong giai doan dau Alice thuyc hién cic hoat dong tuong tu véi
cac photon a vd A nhu trong muc 3.2.1 dé thu duge (3.68). Nhung & day,
v6i giao thitic CRISO, Bob tham gia ngay sau khi Alice thong bao két qua

sé xem xét & giai

k ctia ctia phép do X-quadrature bang viéc tac dong toan ti X LE lén photon
B dé chuyén (3.68) thanh

‘G(S) = alzo), |ar) 4 1b0) 5 k) e

B 121), lakin) 4 101) g lekia) - (3.116)
Sau d6 Bob tac dong U véim e {0,1} lén photon B dé chuyén ‘G,is)>
thanh

k >aABC

aABC

o)

G9) = fauh, (@XTULD ) o) e

+a1), (BXEDUS) a1) )
|bm@1>B |Ck691>07 (3.117)

>aABC
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Hinh 3.14: Hoat dong ctia Alice va Bob trong giai doan dau tién ctia CRISO trén photon
3 ca S-DOF va P-DOF. Xy la toan tit lat duong di va U 1a cdc toan tit duge xdc dinh
trong biéu thiic (3.108).

nhd cac dic tinh (3.110) va (3.111). Tiép theo, Alice va Bob thuc hién cac
thao tac nhu sau. Alice tron |z), va |z1), bang mot BBS sau d6 thuc hién
tuong tac phi tuyén Kerr chéo K,.(0) gitta |xg), va trang thai két hop
|z), . Trong khi d6 Bob tron |b,); va |bne1) s bing mot BBS khac, sau
d6 st dung tuong téc phi tuyén K, 4(6). Nhing hoat dong dé gay ra su

chuyén doi
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S
G I,

(=1)™ o), |2¢7), [bmen) 5 [267) , [(X§PFUT e |ao) 4) lex)e
H=1)"M(XGU U B lar) o) leran) o]
@), [267), [bm) g 12), [(XE UL e fao) o)
—(=1)"™(XGURB lar) ) enan) o]
H(=1)" a1} [2)e lbms) g |27, [(X§UD e an) ) lex) e
—(=1)"™(XGUR B lar) ) enen) o]
1), 12)e [om) 5 12) [(XE U o) )

+H(=1)"™(XGUR B lar) o) lerar) o) (3.118)

Sau tuong tac phi tuyén, Alice do X-quadrature ctia trang thai két hop
clia co ay, trong khi d6 Bob ciing lam tuong tir véi trang thai két hop ma
anh ta giit. Cac két qua ctia phép do dude thong bao trén kénh co dién béi
cac bit ¢d dién rs = 00, 01, 10 hoic 11 tuong ting véi Alice va Bob tim

» " ) " " .
g0 12)e |zeZ >g, |zeZ >e |2), hodc |zeZ >e ‘ze’ >g. Doi

v6i két qua rs, trang thai (3.118) suy sup ve

thay tuong tng |z), |2)

S
‘G7(nk)3r5>aABC = |5'3r@1> ‘bm®s>B
(XU |ag) 4) lex) e
+H(=1)"F(BXGHUL |ar) )
lcran) ol (3.119)

tiét 10 rang photon a chi di theo mot duong x4, va né khong con réi véi
cac photon con lai 6 cd S-DOF va P-DOF. Tuy nhién, khong giéong nhu
giao thitc CRIO trong S-DOF & dé photon a cé thé rsi khoi giao thic, &
day photon a phai dudc giit lai dé gitp vién tac toan ti Uqu)
doan tiép theo khi xét dén P-DOF. Photon B chi di theo mot duong by,es,
loai bé st 16i trong S-DOF vé6i photon A va C. Hinh 3.14 biéu thi cac hoat
dong dugec mo ta 6 trén cia Alice va Bob.

Giai doan dau ctia CRISO dugc tiép tuc bdi Charlie. Anh ta sit dung
mot BBS dé tron \ck) o V& |cra1) o, sau d6 cho phép |cye1) va trang thai
két hop |z), tuong tac véi nhau thong qua U, ,,(0). Ticp d6, anh ta do

trong giai

X-quadrature clia trang thai két hop va thu duge |z), hodc ‘zei9> .- Néu
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Hinh 3.15: hoat dong ctia Charlie va Alice trong giai doan dau tien ctia CRISO trén
photon 6 cad S-DOF va P-DOF. Toan tt % duge dinh nghia trong bicu thic (3.121).

mkrst

két qua thu duge 1a ‘zei9>h (|2),,), Charlie thong bao bit ¢ dién 7 = 0
(r = 1), khi d6 |G©®) > tr& thanh
aABC

mkrs
S
’G7(71I<):TST>GABC = |:C7'@1>a|bm®$>B
(X ek gmokerasar [7(S) ’ ¢(S)> )
" A
|Charat)c - (3.120)

R6 rang su rdi gitta photon A va C trong S-DOF bién méat va Alice ¢6 thé
tac dong lén photon A toan ti

F(S) — Zgz@k@r@s@TngEBk (3.121)

mkrst

S
’L’I(’)7,]2T8T>GABC - |x7"@1>a |bm@5>B (U&S) ‘¢<S)>A)
|Charat) o - (3.122)

Cac hoat dong ctia Charlie va Alice ¢ trén dugc mo ta nhu trén Hinh
3.15. Mic dit toan tit UL da dude thuc hien thanh cong ddi véi W(S)>A ,
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Hinh 3.16: Hoat dong ctia Alice va Bob trong giai doan thit hai ctia CRISO trén photon
§ ca S-DOF va P-DOF. Xp la toan tit chuyén phan cuc va US”) duge dinh nghia trong
bi¢u thitc (3.109).

Bob van can vién tac toan tit Uép). Giai doan hai sé dugc thuc hién véi
thanh phan P-DOF @) trong cong thiic (3.93). Trang thai ciia hé

N NI N N (SP) . (S) P . 2 .z
tu thoi diem nay la ’Lmkr87>aABC = ‘Lmka>aABC ’CID( )>aABC, c6 the viet

aABC

duédi dang

SP S
L) = L) VY H) [ [H).

[ H) o V) aV)s Ve
+0 V), |H) 4 [H) g [H) ¢
FO V), (V) aVIp Vel (3.123)

Alice bat dau giai doan thit hai bing cac thao tac hién thi trong Hinh

3.16. Cu thé, co ay thuc hién tuong tac phi tuyén Uéi)ld(—ﬁ), Uéf&(&) va
6521 4(0), sau d6 thuc hién phép do X-quadrature. Néu ¢o ay tim thay |z),
(Jze¥) ), co &y s¢ thong bao két qua k' = 0 (k' = 1) cho Bob dé anh ta

tac dong X% va sau do la U™ len photon B. Dia vao céc tinh chat (3.112)
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Hinh 3.17: Hoat dong ctia Charlie va Alice trong giai doan thit hai ctia CRISO trén photon
¢ ca S-DOF va P-DOF. Toan tit Vnk, , duge dinh nghia trong (3.127).

r's'r!

va (3.113), trang thai thu duge 1a

7(5P) > _ ‘ 1) >
) mkrstnk WABC mkrst aABC®

vpn [H) o | Je (H V) 4 | fn(H V) 5 1 e (H V)
+6(=1)"py V) o [ frar (H, V) o | fro1 (H, V) g
|[frar(H, V)] (3.124)

Tiép theo Alice gui photon a qua mot QWP va mot PBS, & phia sau sé
diat hai may do photon D 49 va D 41. Tuwong tur, Bob giti photon B qua mot
QWP va mot PBS, phia sau ciling dat hai may do photon Dpgg va Dp,. Néu
Do (D41) phat tin hiéu thi bit co dién ' = 0 (' = 1) duge thong bao,
trong khi néu Dpy (Dp:) phat tin hiéu thi ' = 0 (s’ = 1) dugc thong béo.
D6i v6i két qua bat ky r's’, photon a va B bi pha huy va ‘Lmkmmk >

i aABC
suy sup ve
SP
WD e = (O [55) ) [ereren)c]
R[(X P 7z VUT(ZP |H) ) [ fi(H, V)
+HXPZRP U V) ) | froer (H, V) (. (3.125)

T cong thiic (3.125), photon A va C bi r6i (trong P-DOF) va Charlie
can thuc hién vai tro kiém soat CRISO bang cach do trang thai phan cuc



122

ctia photon C. Nhu thuong 1é, Charlie chuyén photon C' qua mot QWP va
mot PBS va sau d6 tim photon C' § cic may do photon Dy va Dy dude xap
sép nhu trén Hinh 3.17. Dy (D;) phat tin hiéu tuong tng véi bit co dién
7 =0 (7' = 1) duge thong bao. Khi d6 photon A ndm trong trang thai

W)~ )
(XReF greser (P) ) W(P) >A).
(3.126)
Cudi cung, Alice tac dong toan tit hoi phuc
Viiomrr = 2577 XK (3.127)

lén trang thai

mnk'r’'s' !

(SP) 2 (S) (P) I
7 ), dé thu duge (U [ (UL [pP) ), d6 Ta

trang thai ‘¢%%P)>A ma ¢o ay can trong cong thiic (3.115).

3.3 Két luan ctia chuong 3

Trong chuong nay ching toi nghién ctu hai van dé liéen quan dén rdi
tang cuong.

Thit nhat, trong muc 3.1, chiing toi da thiét ké mot so dé quang hoc dé
tao ra trang thai réi tang cuong gitta 5 photon véi muoi qubit. Trang thai
nay sau d6 duge st dung lam kénh lugng tit dung chung cho Alice va Bob
dé chuan bi cho nhau mot trang thai ting cudng mot photon hai qubit
dudi su kiem soat chung ctia Charlie. Hai bac tu do khéc biet duge khai
thac dong thsi ¢ day la sit phan cuc va khong gian, cu thé 1a 16 trinh trong
khong gian. So do tao ra trang thai roi tang cuong yéu cau st dung cac
yéu t6 phi tuyén Kerr chéo va né sé hoat dong néu két qua ctia cac phép
do homodyne X trén cac trang thai két hop cé thé phan giai duge. Trong
thuc té, cac phi tuyén Kerr rat yéu. Nhung may man rang, hiéu suat clia
phép do khong chi phu thudc vao cuong do cua cac phi tuyén Kerr chéo
ma con phu thudc vao bién do clia cac trang thai két hop. C6 thé thay viec
stt dung cac trang thai két hop c6 bien do di 16n c6 thé bu dip cho su yéu
ctia tinh phi tuyén Kerr chéo. Bat dau tit mot trang thai roi don gian, qua
trinh tao trang thai réi ting cuong cé thé khong thanh cong ngay lap tic,
nhung trong trusng hop khong may min, né c6 thé dudge dua vé trang thai
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ban dau va do d6 giao thitc can thiét dugce lap lai nhiéu lan cho dén khi
thanh cong. Theo nghia nay, qua trinh tao trang thai réi tang cuong dé gan
nhu tat dinh. Véi trang thai réi tang cudng nam photon dudgc tao ra, giao
thiic vién tao trang thai tang cudng hai chiéu cé kiém soat duge thuc hién
chi bang cac thiét bi quang tuyén tinh nhu BS, BBS, PBS, HWP, QWP
va may do photon. Trong giao thic clia ching to6i, so do cuc ky don gian
va s6 luong thiét bi quang tuyén tinh dudc st dung giam dang ké tham
chi so vdi cac giao thitc mot chiéu trong [39-41]. Vi nhiéu nhat chi c6 mot
photon dap vao may do, may do phan gidi s6 photon khong can thiét &
day. Mac du giao thiic ciia chiing to6i thirc hién cac phép phat hién photon
mang tinh xac suat, nhung nhiém vu thanh cong mot cach tat dinh vi doi
v6i moi tap két qua do kha di déu ton tai cic toan tit khoi phuc tuong ting
ma Alice vi Bob sé st dung dé thu dude céc trang thai ting cudng mong
mudn.

Van dé thi hai lien quan dén vién tac toan tit 1én photon cé kiém soat.
Cu thé: Trong muc 3.2, ching toi da dua ra ba nhiem vu dé vién tac toan
t c6 kiem soat mot cach tat dinh trén cac trang thai photon. Nhiem vu
dau tién dé cap dén vién tac toan ti tong quét lén trang thai photon trong
S-DOF. Déi v6i nhiem vu thit hai, toan tit ciing 1a tong quat nhung trang
thai photon 14 P-DOF. Tuy nhién, nhiém vu tht ba lién quan dén vién tac
cac toan tit dac biet lén trang thai photon 6 cd S-DOF va P-DOF. Moi
nhiém vu trong sé ba nhiém vu cé thé dugce thuc hién trong hai giai doan
thong qua mot trang thai roi tang cuong GHZ. Trong giai doan dau tién
ctia nhiem vu thi nhat, phan S-DOF ctia kénh lugng t dudce khai thac dé
chuyén trang thai trong S-DOF tit Alice sang Bob dé Bob c6 thé thuc hien
viéc tac dong toan ti minh luu gitt 1én trang thai Alice gui. Sau do, thanh
phan P-DOF ctia kénh lugng tit dugce khai thac trong giai doan thit hai
dé Bob chuyén trang théi ctia minh trong S-DOF cho Alice nhung trang
thai ma Alice c6 duge khong phai trong S-DOF ma trong P-DOF. Cudi
ciing, Alice 4p dung mot s6 ki thuat dé bién doi trang thai ciia co ay trong
P-DOF dén trang thai mong muén trong S-DOF. Giao thtic cho nhiém vu
thit hai khac so véi nhiem vu mot. Giai doan dau tién ctia n6 khai thac
thanh phan P-DOF ctia kénh lugng t dé chuyén trang thai trong P-DOF
tit Alice sang Bob va giai doan tht hai khai thac phan S-DOF ctia kénh
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lugng t& dé chuyéen trang thai trong P-DOF tai vi tri ctia Bob dén trang
thai S-DOF tai noi ctia Alice va Alice ciing can mot s6 toan tit khac dé
chuyen trang thai co ay c6 dugce trong S-DOF sang trang thai mong muén
trong P-DOF. Nhiém vu thit ba, giong nhu nhiém vu dau tién, khai thac
thanh phan S-DOF ctia kénh lugng tit trong giai doan dau tién va thanh
phan P-DOF ctia n6 trong giai doan thit hai. Tuy nhién, nhiém vu thi ba
chi x1t 1y c4c toan tit gidi han vé6i cac tinh chat dic biét, vi vay trong giai
doan dau, trang thai photon mong muén trong S-DOF dé dang thu dugc,
dé lai trang thai photon P-DOF mong muébn dén giai doan tht hai. Vai tro
clia ngudi kiem soat duge thuc hién trong ting giai doan ctia méi nhiem
vi. Tat cd cac cac nhiem vu duge hd trg bdi phi tuyén Kerr chéo va phép

do X-quadrature.
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Két luan chung

Trong luan 4n nay ching to6i nghién ctu vé hai loai i d6 1a rdi lai va
réi ting cusng dong thoi xem xét nhitng tng dung cu thé ciia ching trong
x1 1y thong tin lugng ti.

Thit nhat: Chung toi da xay dyng thanh cong so do ly thuyét dé tao
trang thai roi lai hai mode gitta trang thai két hop c6 xét tinh phan cuc va
trang thai phan cuc ctia photon don ¢6 dang nhu trong cong thic (2.25).
Cu thé, trong diéu kién 1y tudng, so do clia ching t6i cho tong xac suat
thanh cong 16n gap doi so vé6i trong [99,101] va do tin cay luon cyc dai.
Chung t6i cling xét dén diéu kien thuc té trong qua trinh thiét ké so do dé
danh gia anh hudng ctia ching dén xac suat thanh cong va dén do tin cay
clia trang thai thu dudce so véi trang thai ¢ diéu kien 1y tudng. Cac dieu
kien thuc té d6 bao gom chat luong clia cac trang thai dau vao, chat luong
cac thiét bi quang hoc dugc st dung trong so do. Cac phan tich vé hiéu
ing suy gidm lien quan dén céc trang thai dau vao va sy khong hoan héo
clia cac thiét bi quang hoc cho thiy rang giao thic ciia chiing t6i van c6
kha nang chéng lai nhitng nhiéu loan nho.

Thit hai: Tao thanh cong roi lai bon mode gitta trang thai két hop va
trang thai qubit don tuyén c6 dang nhu trong cong thic (2.70). Sau do6
chiing toi st dung trang thai da tao nay lam kenh lugng ti dé thuc hién
vién chuyén lugng ti c6 kiém soat giita mot qubit don tuyén va mot qubit
d trang thai két hop. Qua trinh thyc hién c6 xét dén anh huéng ciia moi
truong. Ching toi sau d6 tinh gia tri trung binh clia x4c suat thanh cong
va do tin cay trong hai truong hop vién chuyén tit DV sang CV va chicu
nguoc lai tit CV sang DV. Ching toi ciing phan tich roé rang cac két qua
va so sanh ching véi nhau.

Thit 3: Ching toi da thiét ké mot so dé quang hoc dé tao ra trang thai
roi tang cuong giita 5 photon v6i muoi qubit. Tiép theo, kénh réi nam
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photon nay dudc diing cho qua trinh vién tao hai chiéu c6 kiém soat trang
thai ting cuong. Hai bac tu do khac biét duge khai thac dong thoi 6 day
14 sy phan cyc va 1o trinh khong gian. So do thiét ké kenh lugng ti cho
xac suat thanh cong 1a gan tuyet doi. Mot khi trang thai roi tang cuong
gitta 5 photon dugdc tao ra thanh cong thi giao thiic vién tao hai chiéu cac
siéu trang thai c6 kiem soat 1a tat dinh.

Thit 4. Chiing t6i dua ra ba giao thic dé thuc hién qua trinh vién tac
c6 kiém soét toan t1t trén photon trong S-DOF, P-DOF va dong thai trong
cad S-DOF va P-DOF. Mbi trong s6 ba nhiém vu c¢é thé duge thuc hien
trong hai giai doan thong qua mot trang thai roi ting cuong GHZ. Ching
toi dong thoi xem xét vai tro ciia ngudi kiem soat trong ting giai doan ciia
moi nhiem vu. Tat ca cac cac nhiem vu dude hd trg bdi phi tuyén Kerr

chéo két hop phép do X-quadrature va déu thanh cong 100%.
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Nhing déng gép méi cua luan an

1. Ching toi xay dung thanh cong trang thai réi lai hai mode gifta trang
thai két hop c6 phan cyc va trang thai phan cyc ciia photon don. So
do thiét lap c6 xac suat cao gap doi so vdi cac giao thic da cong bo
trude dé. Mot uu diem khéc nita dé 1a so do khong can ding dén toan
t@ dich chuyeén, la toan t& khong thé thuc hién dudc trong thuc té

mot cach chinh xac.

2. Chang toi da xay dyng thanh cong trang thai rdi lai bon bén gitta
trang thai két hgp va trang thai qubit don tuyén va xét anh hudng
clla moi trudng trong qué trinh tao réi. T nguon roéi lai bon bén nay,
chiing toi da xay dung thanh cong giao thiic vién chuyén lugng ti gitta
trang thai qubit don tuyén va trang thai két hop co kiem soét ciia hai
ngudi, mot ngusi hoat dong trong khong gian DV, ngudi con lai hoat
dong trong khong gian CV. Giao thitc v6i hai kiém soat vien nhu thé
chua dude xem xét trude do.

3. Chung toi tao thanh cong trang thai réi ting cudng gitta ndm photon
va st dung trang thai do dé thiét ké giao thiic cho viéc vién tao hai

chiéu c6 kiém soat trang thai ting cuong.

4. Ching toi da xay dung ba giao thiic vién tac toan tit cé kiém soat len
photon trong S-DOF, P-DOF va trong dong thoi S-DOF va P-DOF,
tuong ing st dung chi moét trang thai GHZ tang cuong.
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Phu luc A: Trang thai dau vao thuc
t

(@)

Stt dung trang thai nén chan khong [sv) trong cong thiic (2.54) nhu gan
dtng clua trang thai con meéo Schrodinger chdn trong mode 1 va cép roi
phan cuyc photon |©)34 trong cong thiic (2.29) nhu trang thai dau vao cua
mode 3 va 4. Luu ¥ viéc ap dung BS tong quat trén cac trang thai Fock
trong cong thiic (2.34), tong trang thai |X) trong cong thitc (2.33) ciia cac
mode 1,2, 3, va 4 khi da di qua phan 1 va BS tong quat trong phan 2 cia
qua trinh thiét lap trong Hinh 2.1 dugc thay doi thanh

m R—p+qm—q+p

CEEED 3D 3) 30 S S CINCERS

n,m=0 p=0 ¢=0 p'=0 ¢'=0

X|(A—p+q—p ), (m—q+p—q v )1|Py, av)2
1

X—=(|HV )34+ |VH)s4), 3.128
S (HV)a+ VE)) 3129

Fg&%’,q’(svﬁara t) - Cn(s?fm(ﬁ)ngqvl(Q 2)
XBZ}”Q’O(T, )BZ,’Oqup’O(T, t),
(3.129a)
els) = (—tanh s)" (Zn)!7
(cosh s)1/2  2nn)

(3.129b)

v6i f,(x) 1a heé s6 trang thai két hop duge xac dinh & cong thiic (2.33) va
Bg:g(r, t) 1a he s6 ctia BS trong cong thitc (2.35). Mode 2 va 4 sau do6 di
vao BBS2 va sau d6 di qua hai PBS (xem phan 2 ctia thiét 1ap trong Hinh

2.1), mang lai dau ra
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n m n—p+qm—q+p

ww%z ZZmeww

0 g=0 p'=0 ¢=0

m N—ptqm-— q+p

1 = n,m
QZZZZZ%WBM

n,m=0 p=0 ¢=0 p'=0
(n—p+q—p)u,(m —Q+p—Q)v>1I1v>3

(1 =1+ k)m)al(d" = K)v)lky)a. (3.130)

Sau phép do II; dinh nghia trong (2.40), mode 1 va 3 trong trang thai
|X2P") tr6 thanh
(13) _ Tropw (TH [S*) (Z'])

= 3.131
6 day
Pi%y = (S%|IL; |Z). (3.132)
Do tin cay gitta trang thai chuan bi va trang thai lai 1y tudng la
To =13 (1o | W) (3.133)

Tuong ti, ching ta 6 the tinh xac suat P va do tin cay FJg doi voi
cac phép do khac II; v6i j = 2,3,4 dudc dinh nghia trong cac cong thic
(2.41) - (2.43). Céc tinh toan trén c6 thé duge lap lai khi thay thé cap rdi
phan cuce (|[HV) +|V H))/v/2 clia mode 3 va 4 trong cong thitc (3.128) vdi
chan khong dé ¢6 duge Pf§ va/hodc thay thé trang thai nén chan khong
|sv) nhu trang thai dau vao ctia mode 1 vé6i trang thai nén mot photon |ss)
trong cong thiic (2.55). Ching t6i cling luu ¥ dé thic hién cac phép tinh
s6, gi6i han trén clia ngudng cho céc chi s6 n va m trong biéu thiic (3.130)
duge chon 1a 7 [99].
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Phu luc B: Su khong hoan hao cua

b6 tach chum can bang

Dé xem xét su khong hoan hao clia cac bo tach chiim can bang, ching ta
thay thé hai BBS hoan hdo trong qua trinh thiét lap Hinh 2.1, BBS1 va
BBS2 tuong ting bang BS(ry,t1) va BS(ra, t2), v6i 7 va ty hoi khéc véi 1/2
bdi cac tham s6 khong hoan héo €, nhu duge dinh nghia trong (2.61). Sau
d6, ching ta tinh toan lai Ch. 2.1 véi cac BS tong quéat nay cho phép do
I1; dugc xac dinh trong (2.40) va tim P™ va FI™ nhu trong cac cong thiic
(2.62) va (2.63) véi

o= B+ VT, (3.134a)
v = B/ — Vi)V, (3.134b)
& = Bt +/r)V, (3.134c)
& = B(y/ri— )Vt (3.134d)

Tuong tu cho ba phép do khéac {Il;;j = 2,3,4} duge dinh nghia trong
(2.41) - (2.43), ching ta tim thay xac suat thanh cong Pi™ va do tin cay
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F;™ tuong ting nhu sau

P = NY(B) |(3+8)rse ™ — (= )mme "],

(3.135)

_ 2 —2r[3?
P = S (G (2 (01) = ral =510

+ 71 fo(62)(5]61)]7, (3.136)
P3 = 47’2t2P, (3137)
mo= Y0 By (3139

4Ps
Ag = 2f0(52)\/T2t2716_r62<(5|51>, (3139)
Bg = f0(51>\/ T2t272€_rﬁ2(<5‘52> — <—5|(52>), (3140)
Py = B, (3.141)
Fy = I, (3.142)

§ day f,(z) 1a he s6 trang thai két hop xac dinh trong (2.33) va P cho bdi
(2.44). Khong kho khan dé kiem tra dugc

4
» pPm=4P=rpp, (3.143)

J

& day Pr 1a tong xac suat thanh cong trong truong hop 1y tudng.
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