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L.OI CAM ON

Dau tién, toi xin gii 10i cAm on chan thanh va long biét on sau siac dén
thay Nguyén Ba An, ngudi ¢6 sic anh hudng to 16n trong cudc doi toi. Toi
da dugc hoc tit thay khong chi nhiing kién thic vé vat 1y, toan hoc ma con
duge hoc tit thay su can than, chin chu ciing nhu tinh than trach nhiem
trong cong viéc. Toi luon cam thiy tu hao vi dude 1a hoc tro ctia thay. Toi
cling xin cam on thay Nguyén Hong Quang, thay da hé trg rat nhiéu cho
toi trong toan bd khoéa hoc tai Hoc vién khoa hoc va cong nghé.

Toi xin cadm on cac thay co, cadc anh chi vd cac ban tai Vien Vat Ly
da ludn gitp dé va cho toi nhiéu 161 khuyen, 16i dong vien chan thanh, bo
ich, da cho toi duge séng, hoc tap va lam viéc trong mot moi truong than
thién.

Toi xin gui 16i cam on t6i Ban lanh dao, phong dao tao Hoc vién khoa
hoc va cong nghé da tao dieu kién tét cho ching toi hoc tap va lam viéc.

Toi xin cAm on Qfiy phat trién khoa hoc va cong nghé Quédc gia (NAFOS-
TED), Qiiy doi méi sang tao tap doan Vingroup (VINIF) da hé trg kinh
phi dé toi hoan thanh khoéa hoc nay.

Cubi cling, toi mudn gii 10i cAm on gia dinh ciia toi, nhiing nguoi da
luon yéu thuong, ting ho va 1a chd dua viing chic trong suét qua trinh toi
lam viéc.

Ha Noi, thang 3 - 2023
Nghién citu sinh
Cao Thi Bich



L.OI CAM DOAN

To6i xin cam doan nhiing két qud trinh bay trong luan an 1a do ban
than toi da thuc hién trong thsi gian lam nghién citu sinh. Cu thé, chuong
1 1& phan gi6i thieu nhitng van dé co sd c6 lien quan dén luan an. Trong
chuong 2 va chuong 3, toi stt dung cac két qua nghién cttu ma toi da thuc
hién cluing v6i thay gidao huéng dan va dong nghiép Lé Thanh Dat. Cudi
ciing, t6i xin khang dinh céc két qua c6 trong luan an “Réi lai, R6i tang
cuong va ap dung cho vién chuyén, vién tao trang thai luong tit va vién tac
toan ti c6 kiem soat” 1a két qua mdéi, khong trung lap véi két qua clia cac

luan an va coéng trinh da co.

Nghién ciu sinh
Cao Thi Bich



DANH MUC CAC TU VIET TAT

Viét tat | 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 lién tuc
of freedom

DV Discrete-variable Bién gian doan

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

SPDC Spontaneous parametric
down-conversion

BS Beam splitter Bo6 tach chum

BBS Balanced beam splitter Bo tach chiim can bang

P Phase shifter Bo6 dich pha




PBS

Polarization beam splitter

Bo tach phan cuc

HWP Half-wave plate Bo6 tach phan cuc

QWP Quarter-wave-plate Bo6 tach phan cuc

LO Local oscillator B6 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 ti

BQT Bidirectional quantum tele- | Vién chuyén lugng t@ 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 c6 kiém soat toan

mentation of a subset of
operatorscontrolled remote
implementation of a subset

of operators

tu gidi han




Bang 2.1

Bang 3.1

Bang 3.2
Béng 3.3

DANH SACH BANG

Trang thai p4(7) trong cong thic (2.119) phu

thuoc vao 16 truong hop kha di cia két qua do

{ns,na,n1,np}. Trang thai pij’Chgm)(T), pij’lé)(T) v6i

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

Trang thai |¢mns) g cia photon B sau phép do cta

(S) N

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

R Wkmns) 5 = (@ [bo) + B 01)) 5.

Trang thai A,(f;)n> ne phu thuoc vao két qua kmn.
B
Trang thai Z](f;)ns . cua cac photon A, B va C

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

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).|8)s.

Téc dong ctia bo dich pha lén: a) trang thai sO hat
In) va b) trang thai két hop |a).

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

So dé 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 d6 minh
hoa khong gian pha ctia trang théi i) trong cong
thite (1.45).

So do thiét bi thi nghiém ché tao phép do pha thich
tng. BS(r,t) biéu thi bo tach chiim c6 hé sé phan
xa (truyen qua) 1a 7 (¢), D 1a may do photon, EOM
1a bo bién pha dién quang. Céc thiét bi quang hoc
khac nhu: bo trit, 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

Chién thuat dé tao trang thai rdi lai gitta trang thai
két hop phan cuyc va trang thai phan cuyc. Chién
thuat nay bao gom hai phan. Phan 1 tao trang thai
con meo Schrodinger phan cuyc trén mode 1 cho béi
cong thiic (2.27). Phan 2 thyc hién cac thao tac va
phép do lén mode 2 va mode 4, tiy thuoc vao két
qua do, trang thai ciia mode 1 va mode 3 sé trd
thanh trang théi réi lai mong muén. O day |I') =
IT"); dugce dinh nghia trong (2.27), |A) = |A)y duge
dinh nghia trong (2.28), va |©) = |0)34 dinh nghia
trong (2.29) 1a cac trang thai dau vao can thiét,

|Z) = |Z)12 & trang thai roi lien tuc cho béi (2.32),

va |U) = |W)y3 1a trang thai can tao duge dua ra
trong (2.25). BS 1a viét tat ctia bo tach chiim, BBS
1a bo tach chtim can bang, PBS la bo tach phan
ciic, HWP 13 mot tam nia séong va D 1a may do
photon.

Tong xac suat thanh cong clia giao thic 1a Pr = 4P,
v6i P cho bdi (2.44) 14 ham cta binh phuong bién
do 3% va hé s6 phan xa r. Duong dit nét the hien
tong xac suat thanh cong dudc téi wu héa khi he sé
phan xa rPeak = 1/(28) véi 52 > 1/2.

Toéng 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 s6 phan xa toi uu rPek ~ 0.347.
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Hinh 2.4

Hinh 2.5

Hinh 2.6

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 st dung (a) trang thai nén
chan khong trong (2.54) v6i s = —0.43358 nhu mat
sy gan dung cla trang thai con meo Schrodinger
chan bién do 0.7 va (b) trang théai nén mdt photon
trong (2.55) v6i s = 0.16056 nhu mot sy gan diung
cua trang thai con meo Schrodinger 1€ bién do 0.7.
Trong ca hai truong hop, dusng gach ngang thé hien
do tin cay la tuyét doéi (nghia la khi trang théai dau
vao 1a hoan héo) va hé s6 phan xa r duge chon la
0.1.

Do 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 dugc chon
nhu trong Hinh 2.3.

Tong x4c suat Pr, (duong lién nét) cho béi cong
thic (2.68) va do tin cay F), (duong dit nét) cho bdi
(2.69) khi phu thuoc vao (a) hiéu suat ctia may do
photon 7 va (b) hé s6 phan xa r. Trong trudng hop
(a) he s6 phan xa r 1a 0.1, trong khi trong truong
hop (b) hiéu suat méay do photon 1 1a 0.9. Trong
ca hai truong hop chung t6i gia dinh cac trang thai
dau vao hoan hdo trong d6 dau vao la trang thai

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

Hinh 2.8

So do tao trang thai roi lai duge dinh nghia trong
(2.94). PBSP laky hiéu ctia 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 thic (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,, 1a cac may do photon dé dém s6 photon
tuong tng tit cadc mode. Pudng dit nét biéu dién sb
photon dém ducc n; van,,. R=1, X, Z va X7 1a
cac toan ti hoi phuc phu thuoc vao s6 photon dugc
phat hién.

Giao thic vién chuyén luong t c6 kiém soéat tit
trang thai bién gian doan sang trang thai bién lien
tuc c6 kiém soat st dung kénh luong ti piosa(7)
trong cong thic (2.97). Dudng lien nét dan nhan
1 (2, 3, 4 vd A) biéu dién mode 1 (2, 3, 4 va A).
Ds, D3, D4 va Dy 1a cac may do photon dé dém cac
photon tuong ng tit cac mode. Duong dit nét biéu
dién s6 photon dudgc phat hién ny, ns, ny va ng. H
la toan tit Hadamard. U = X hoac X Z la cac toan
ti hoi phuc phu thuoc vao s6 photon dém duge tit

cac may do.
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Hinh 2.9

Hinh 2.10

Hinh 2.11

Giao thiic cho vién chuyén luong t1 c6 kiém soat tir
trang thai bién lién tuc sang trang thai bién gian
doan c6 kiem soat sit dung kenh lugng tit prosa(7)
trong cong thitc (2.97). Dudng 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
diit nét bieu dién s6 photon ducce 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 dugc tit cac may do.

Do tin cay ctia quéa trinh vién chuyén trang thai
luong ti tit trang thai qubit don tuyén c6 dang
dac biet (]0) + |1))/v/2 sang trang thai con meo
Schrédinger chan N(|7a) + |—7a)) 1a ham cua ¢
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).

Do tin cay ctia quéa trinh vién chuyen trang thai
lugng t tir trang thai con meéo chan Schrodinger
N(|ta) + |—7a)) sang trang thai qubit don tuyén
dac biet (|0) +]1))/+v/2 la ham ctia ¢t 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).
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Hinh 2.12

Hinh 2.13

Hinh 3.1

Do tin cay trung binh ciia qué trinh vién chuyén
trang thai luong tit ¢6 kiém soat 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
nguoc lai tir trang thai bién lien tuc sang trang thai
bién gidn doan (duong cong mau do) la 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 t6t nhat.

X4c suat thanh cong trung binh ctia qua trinh vién
chuyén luong ti co kiem soat tit trang thai bién lien
tuc sang trang thai bién gian doan 14 ham cta vt
v6i a = 0.5 (dudng cong mau do), a = 1 (duong
cong mau xanh), a = 2 (dudng cong mau cam) va
a =5 (dudng 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.

Bu6c 1 clia so do tao trang thai \F(S))12345 trong
cong thiic (3.5). Bude nay lam r6i photon 1 véi pho-
ton 2 va photon 3 véi photon 4 trong S-DOF. Vong
tron c¢6 ky hiéu H bén trong ngu ¥y moét photon 6
trang thai phan cyc |H), trong khi |2); va [2)s 1a
cac trang thai két hop c6 bien do duong 21 va 2
tuong tng. 6 va —0 1 cac thong sé clia cac tuong
tac Kerr chéo. BBS 1a bo tach chim can bang. Cac
photon r6i ¢ S-DOF duge ndi v6i nhau bang cac

duong lién nét.
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Hinh 3.2

Hinh 3.3

Hinh 3.4

Hinh 3.5

Budc 2 ciia qua trinh tao thanh phan S-DOF ciia
kenh lugng ti. |z) 1a trang thai két hgp c¢6 bien
do thuc z. Trong buéc nay, trang thai mong mudn
IT(5)) 9345 trong cong thiic (3.5) c6 duge néu két qua
ctia phép do X-quadrature 13 |ze*%).

Budc 1 ctia so do tao trang thai [IF)) 9545 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 luct 1a
cac trang thai két hop c6 bien do duong ri va ro.
QWP 13 mot tam séng phan tu. Cac photon bi rdi &
P-DOF dudgc ndi véi nhau bang cic dudng ddt nét.
Bué6c 2 ciia qua trinh tao thanh phan P-DOF cla
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 5345 trong cong thiic (3.6) c6 duge néu két qua
phép do X-quadrature 1a |[re*").

So do vién tao hai chiéu c6 kiém soat trang thai
tang cuong. BS; (i = 1,2,3,4) 1a b tach chum
khong can bang c6 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 cic cho phép photon phan cuc ngang truyen
qua va phan xa photon phan cyc doc. D, D;n,k,l,
v Dy voi m, k, L,m/, k', U, p.q € {0,1} 1a 20 may
do photon. [¢"), Rp, |¢') va R4 dugc dinh nghia
trong céc bidu thic (3.52), (3.53), (3.54) va (3.55)
tuong ung.
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Hinh 3.6

Hinh 3.7

Hinh 3.8

Hinh 3.9

Hinh 3.10

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 dusng di kem biéu thi mot
photon truyén dong thoi doc theo hai dudng, trong
khi vong tron ¢6 mot duong di kem la mot photon
chi truyén theo mot duong.

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

Hoat dong ctia Bob trong giai doan thitt nhat (trén
cuing) va giai doan thit hai (dudi cung) ciia CRIO
trén photon trong S-DOF. Cac toan tu R;igns va
U®) duge dinh nghia trong cic biéu thic (3.77) va
(3.58). HWP la tAm nita séng, PBS la 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 séng phan tu va Dy 1a may do photon. WZSQ
duge dinh nghia trong cong thic (3.85) va Xg la
toan tu lat duong di. Hinh nho chita hai PBS, hai
guong va mot bo dich pha 7 1a so do xay dung
Zp = |H) (| — V) (V].

Hoat dong ciia Alice trong giai doan dau tién ciia
CRIO trén photon trong P-DOF. Mot vong tron
khong c6 bat ky chit cai nao bén trong bicu 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.
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Hinh 3.11

Hinh 3.12

Hinh 3.13

Hinh 3.14

Hinh 3.15

Hinh 3.16

Hinh 3.17

Hoat dong ctia Charlie trong giai doan dau tién ciia
CRIO trén photon trong P-DOF. Hinh nhé 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. Céc toan tit R\") va U® duge dinh nghia
trong cac bieu 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 ctia CRIO trén photon trong P-DOF. Wp((}qT) la
toan ti duge dinh nghia trong biéu thitc (3.106).
Hinh nay dugce vé cho truong hgp n = 0 ma HWP
dugce dat tréen mode a; (néu khong, HWP phai nam
trén mode ag).

Hoat dong ctia Alice va Bob trong giai doan dau tién
cua CRISO trén photon 6 ca S-DOF va P-DOF. Xg
la toan t 1at duong di va U,Sf) l1a cac toan ti dugce
xac dinh trong (3.108).

Hoat dong cia Charlie va Alice trong giai doan dau
tién cia CRISO trén photon 6 ca S-DOF va P-DOF.
Toan ti Frsli)rm 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
l1a toan tu chuyén phan cuc va UT(LP) dugc dinh nghia
trong (3.109).

Hoat dong ctia Charlie va Alice trong giai doan thi
hai ciia CRISO trén photon & ca S-DOF va P-DOF.
Toan ti Vn(,f;) dugc dinh nghia trong (3.127).

Tlsl,]_/
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MG dau

Ly do chon dé tai

Thé ky 20 mé ra v6i dinh luat Planck nhu mot bude di dau tien
clia 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 cua co hoc luong tir, bat dau véi vat
Iy nguyén ti va tiép dén véi vat 1y hat nhan, quang hoc, vat chat ngung
tu va vo s dién bién khac. Cac khoa hoc vé thong tin lugng tit xuat hién
mang dén cho vat 1y luong tit mot bude ngoit méi, mdé ra mot linh vuc da
nganh duya ciing mot lac lén 1y thuyét vat 1y luong tit va 1y thuyét thong
tin co dien. C6 nhiéu nhiém vu quan trong trong dsi séng con ngusi khong
thé thuc hién duge néu chi st dung cac phuong thiic cé dién thong thuong
nhung lai kh& thi khi st dung cac cong nghé luong tit. Theo 1y thuyét
thong tin co dién, don vi co ban ctia thong tin 1a 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 co 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 hoéa trong
chong chap ciia cac trang thai lugng tii. Cach ma héa don gian nhat 1
thong qua chong chap clia hai trang thai co s |0) va |1) duge goi 1a bit
lugng ti (tiéng Anh la qubit va, dé cho tién, trong luan 4n nay sé ding

qubit thay cho bit lugng ti). Vi ¢6 vo s6 cach tao cac chong chap gitta |0)
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va |1) nén vé nguyén tac mdi qubit c6 thée chita trong n6 mot lugng vo han
thong tin. Ta khong thé xac dinh toan bo thong tin vé trang thai chong
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 ndm trong trang
thai gbc déu di dén that bai ciing béi ta khong thé tao ra cac ban sao clia
né do su ngan chin clia dinh 1y khong thé nhan ban mot trang thai lugng
tt bat ky (no-cloning theorem) [1], diéu tao nén bdo mat tuyet ddi trong
mat ma lugng t1¢ [2]. Khoa hoc thong tin lugng tit 14 mot linh viyc mdi clia
khoa hoc, né két hop va dua trén cac quy luat ctia vat 1y, toan hoc, khoa
hoc may tinh va k§ thuat. Muc dich ctia né la dé hiéu lam thé nao ma
mot s6 nguyéen tic co ban ctia vat 1y dudge phat hién truée dé lai co thé
ducgc khai thac va cai thien mot cach t6i uu trong viéc truyeén tai va xi ly
thong tin. Nhitng nguyén tic co ban cua Iy thuyét luong tit dude ap dung
vao dé6 cho phép thong tin duge ma hoa trong cac trang thai lugng ti co
tinh chat ky la va phan tryc quan. Song, nhiing nghién citu gan day ve ly
thuyét nay da mang dén rat nhidu ngac nhién. Sy phat trién biing no ctia
khoa hoc thong tin gan day c6 thé quy cho la su hoi tu clia 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 ting 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 méa hoc, v.v. tuy da dat dugce nhitng 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, su
phat trién ctia khoa hoc céng nghé kem theo do6 1a su xuat hién ctia nhiéu
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
thuc sy c6 stc 161 cuén manh mé cac nha khoa hoc tham gia nghién citu
trén linh vic nay. Noi bat phai ké dén giai Nobel vat 1y 2012 gianh cho S.
Haroche va David J. Wineland, nhitng ngusi da phat minh ra cac phuong
phap dé thuc hién cac thao tac can thiét trén céc hat hodc cac hé lugng tit

rieng 1¢ ma van bao toan dugc ban chat lugng tit ciia ching [3,4], va néng
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hoi nhat dé 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), nhiing
ngudi da khai thac r6i lugng tit va thiét ké cac thi nghiem dé kiém nghiem
bat dang thiic Bell, ho da dat nén moéng cho cudce cach mang hién dang
dién ra trong linh virc cong nghé thong tin lugng tit, mé ra mot ky nguyen
méi cho cac nghién citu sau rong hon nita vé linh vire nay.

Thong tin duge ma hoa trong cic trang thai chong chap dudge ddm bao
dung lugng cao va bdo mat cao cing nhw cho phép giao thoa lugng i dan
dén céc tac dong song song nham tang toc do tinh toan theo ham mi. Hau
hét cac nhiém vu toan cau lugng t1t (nghia 13, cdc nhiém vu c¢6 thé duge
thuc hién 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 roéi lugng t1i nhu cac tai nguyen can dudc chia
sé. ROi lugng it (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 la tai nguyen can thiét clia cac ting dung trong xi 1y thong
tin luong ti va tinh toan lugng ti. Nhiéu van dé veé réi lugng ti con chua
duge hicu biét 16 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
t1t 14 sy ton tai trang thai chung ctia hai hay nhiéu hé luong tit con c6 moi
lien heé rang budoc manh mé v6i nhau ngay ca khi khodng cach giita ching
vugt ra ngoai truc giac don gian cua con ngudi. Khi cac hé lugng tit ducgce
réi v6i nhau thi ta khong thé biét duge trang thai riéng ctia timg hé con
nhung ta hoan toan biét trang thai ton tai chung ciia ching va dé c6 the
xac dinh trang thai riéng cua tung hé ta phai thyc hién nhing phép do 1én
né. Trong 1y thuyét co dién cac hé con sé hoan toan doc lap véi nhau néu
ching khong c6 su tac dong ciia bén ngoai lien két ching lai, tinh chat nay
cling ding véi cac he lugng tt khi ma ching ndm trong nhiing trang thai
hoan toan tach roi. Tuy nhién néu cac hé luong tit khong bi tach roi hay
n6i khac 1a ching duge réi véi nhau thi ching sé khong con ton tai doc lap

nhau nita, mdi tac dong lén hé con nay sé c6 anh hudng tic thoi dén cac
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hé con kia. M&i mot phép do trén mot hé con bat ky c6 thé cho nhiéu két
qud ngau nhién véi xac suat nhat dinh, tit d6 ta xac dinh duge trang thai
cua hé con con lai, qua trinh nay khong phu thudc vao khoang cach gitta
cac hé con. Trang thai clia mot hé con c6 thé dude mo ta theo mot bac
tu do (tiéng Anh la Degree of Freedom, viét tit 13 DOF) nao d6. Trong
thyc té ¢6 nhieu DOF khac nhau. Lay photon (qubit quang hoc hay chiim
sang) lam thi du ching han. Mot photon cé thé duge mo ta béi bac tu do
phan cyc (tiéng Anh 1a Polarization DOF, viét tit 1a P-DOF), né cling ¢6
thé dugce biéu dién béi bac tit do khong gian (tiéng Anh 1 Spatial-mode
DOF, viét tat 1a S-DOF). Déi v6i qubit ¢ dang xung anh sang thi c¢6 thé
mo ta bdi bac tu do bién ddi lien tuc (tiéng Anh la 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 dugce st dung dé lam 16i giita
cac hé con v6i nhau thi trang thai dé goi 1a rdi thong thuong. Néu cac hé
con ¢6 bac tu do khac nhau duge r6i v6i nhau thi he d6 goi 1a rdi lai (tén
tiéng Anh 14 Hybrid entanglement) [9]. Mot loai r6i khac nita d6 14 réi tang
cuong hay siéu roi (tén tiéng Anh 14 Hyperentanglement) [10], 1a trang thai
roi khi cac hé con ton tai ¢ dong thoi nhiéu DOF khac nhau. Trong mién
quang hoc, cac nhiém vu dya tren LOCC nhu vién chuyén lugng ti [11],
mat ma lugng tt [2], d6i thoai lugng t1t [12], v.v d& duge nghién ctiu rat
ki luong bang cach sit dung réi thong thuong. Tuy nhién, chi réi thong
thuong 1a khong di cho nhiéu tng dung trén thuc té. D6 1a 1y do tao sao
roi lai va roi tang cuong can dugc mé rong khai thac.

Nhu da biét, thong tin c6 thé duge ma héa trong cac trang thai gian
doan (tiéng Anh la Discrete-variable, viét tat 1a DV) nhu qubit va dugc
xtt Iy bdi cac cong cu DV hoiic trong cac trang thai lien tuc (tiéng Anh 13
continuous-variable, viét tat 1a CV) duge xit 1y béi cac cong cu CV. Mai
cach xtt Iy thong tin nhu trén déu cé nhitng wu nhuge diém nhat dinh. Ty
vao dieu kién cla ting phong thi nghiém ma moi noi ¢6 cach tiép can phit
hop, do d6 mang toan cau la mot loai mang di thuong khong dong nhat

(heterogeneous network). C6 nhitng thao tac c6 hieu qua trong cach tiép
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can CV nhung lai han ché trong cach tiép can DV va ngudc lai. Vi 1é d6
viéc két hgp hai loai tiép can DV va CV hay con goi 1a cach tiép can lai
DV va CV c6 thé khai thac lgi thé ctia ca hai phuong phap dong thdi ciing
tranh dugc nhiing han ché riéng clia ting loai. Su két néi nhu vay gitta cac
bo xit Iy lugng t1 tit xa trong mang ludi toan cau c6 thé thuc hien théng
qua roi lai. Cac trang thai réi 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
true gide ¢ the thay ngay ring rdi tang cudng cho phép ting dung lugng
ciia kénh Iugng tit. Cu thé, trong khong gian 2x2 chiéu mot trang thai roi
thong thuong hoac rdéi lai chi mang 2 bit thong tin, nhung lugng thong tin
chita trong mot trang thai rdi tang cuong cing mot lic M DOF khac nhau
sé 13 2M bit thong tin. Diéu d6 cho thay lugng thong tin duge x 1y tang
len dang ké. Nhu vay réi tang cuong gitp giam dang ké ngudn tai nguyéen
tieu thu va hon thé nita né gitp cai thien nhiéu giao thitc quan trong. Mot
yéu cau tien quyét dé hoan thanh nhiéu nhiem vu luong t 13 thuc hién
phép do Bell. Tuy nhién, chi bang céc ki thuat quang hoc tuyén tinh, phép
do Bell hoan chinh, tiic 14 phép do c6 kha nang phan biét ro rang tat ca
cac trang thai Bell, khong thé lam duge. Thuc vay, tat cd cac so do dua
trén cac thiét bi quang hoc tuyén tinh chi c6 thé phan biét hai trong bén
trang thai rdi Bell [13,14]. Khi c6 sut bo sung thém hai photon rdi phu trg
ho#ic mot photon don thi xac suat thanh cong tang len thanh 75% [15,16].
That may méan rang khi st dung cac trang thai roi ting cuong thi phép
do Bell ¢6 thé duge thyc hién véi xac suat thanh cong 100% [17-26]. Uu
diém ctia phép do Bell dua trén r6i ting cudng la cac phép do chi can thuc
hién cuc bo trén ting photon riéng biét ma khong can st dung cong phi
dinh xi&@ CNOT, 1 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 duge luu trit nguyén ven cho dén khi
do dugc photon tiép theo. Trong thi nghiém, cac trang thai réi duge tao ra
bdi qua trinh spontaneous parametric down-conversion (khong dich sang

tiéng viet, duge viét tit 1a SPDC) trén tinh thé phi tuyén [27-29]. Trong
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nhitng nam gan day, rdi ting cudng dudc xem nhu mot nguon tai nguyen
day trién vong dé lam tang tinh kha thi cho cac nhiém vu quan trong thong
qua tinh hiéu suét cao ctia n6. Réi tang cudng cé thé gitp ching ta thuc
hién nhiéu nhiém vu quan trong trong giao tiép luong tit nhu ma héa dam
cac trang thai lugng tit trong quang hoc tuyén tinh [30], chiét rdi lugng
t1t [31-35], vién chuyén cac trang thai lugng ti [36-38], vién tao trang thai
lugng tit [39-41], dong vién tao trang thai lugng tit [42], v.v.. Trong thi
nghiém, viéc tao ra cic trang thai rdi ting cuong ducc thuc hién béi viec
két hop céc cong nghé tao réi mot bac tu do véi nhau. Nho vao cong nghé
nay, nhiéu trang thai réi tang cuong dudc tao ra nhu trang thai rdi tang
cuong dong thoi hai bac tuy do phan cyc va khong gian [43], trang thai rdi
tang cuong dong thoi cac bac tu do phan cuc, khong gian, thoi gian, ning
lugng [44] va cdon nhiéu loai rdi tang cudng khac nita. [16,45-49].

Mot mat, viéc truyen thong tin trung thuc vd an toan dugc ma hoa
trong cac trang thai lugng tt 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 1a nhu cau cap thiét trong tuong lai déi véi
truyen thong luong tit. Mat khac, viéc tang luong thong tin nhung lai st
dung cang it cang tét cac tai nguyén luong ti ciing nhu cai thién dung
luong ciia cac kénh luong tit rat c6 ¥ nghia déi véi hieu suat kinh té va
hiéu qua thuc hién cac giao thic luong tit toan cau. Nhitng nhu cau nhu
vay ve co ban dude dap ting khong chi nhd vao céc trang thai thong thuong
ma con ca vao cic trang thai roi lai va rdi ting cuong. Mic dit cic trang
thai roi thong thuong da dudc nghién citu rat nhiéu tit nhicéu nam nay, cac
tai nguyeén roéi lai va réi tang cuong duong nhu van con chua duge quan
tam dang mic.

Van dé nhu da néu & trén, theo ching toi, 1a méi ¢ thoi diém hien tai.
N6 c6 tinh thoi sy vi thuoc vao mot huéng nghién cttu dang rat dude quan
tam trén thé gidi. Vi vay ching toi thic hien dé tai “Roi lai, R6i tang cuong
va ap dung cho vién chuyeén, vién tao trang thai lugng tit v vién tac toan

t 6 kiém soat”.
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D6i tuong va pham vi nghién ciu

Dé tai nghién citu vé ro6i lai va roi tang cudng cling cac tng dung
kha di ctia ching trong xit Iy thong tin lugng ti. Trudc tién, cic so do tao
roi lai va réi tang cuong duge dé xuat. Sau do, cac trang thai roi nay duoge
stt dung dé thuc hién mot s giao thitc luong tit c6 kiem soat, bao gom vién
chuyén trang thai luong ti, vién tao hai chiéu trang thai lugng ti va vién

tac toan tu.
No6i dung nghién ctu

(i) Dé xuat cac so do thyc nghiém nham tao ra cac trang théi rdi lai va
r6i lai da nhan (multipartite hybrid entangled states) phit hgp dé lam cac
kénh luong ti phuc vu cho viéc thuc hién vién chuyén lugng 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 thiic vién chuyén trang thai lugng tit c6 kiém soét st dung trang
thai roi lai dudi anh hudng clia moi truong.

(iii) Deé xuat cac so do thic nghiém nham tao ra cac trang thai roi tang
cudng phit hop dé lam kenh luong ti phuc vu cho viéc thuc hién vién tao
hai chiéu trang thai tang cudng cé kiém soat.

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

clia photon thong qua kénh luong ti 1a trang thai réi ting cuong ba beén.
Phuong phap nghién ctu

Phuong phap nghién cttu chtt yéu dya trén cac cong cu toan hoc
clia co hoc luong ti, quang luong tit, dai s6 cao cap, 1y thuyét xac suat,
vat 1y thong ke, két hop véi tinh s6 bang cac phan mém hién dai. Dac biéet,

Iy thuyét vé cac phép do lugng tit va van hanh (vé mit 1y thuyét) cac thiét
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bi thuc nghiém (1y tudng va khong 1y tuwéng), nhu bo tach chim, bo dich
pha, may do photon, cic phép bién doi phi tuyén, v.v., 1a rat can thiét cho

qué trinh nghién citu clia dé tai.

B6 cuc cta 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 tém
tat lai két qua thu duge thi luan an gom 3 chuong chinh dugce sap xép nhu

sau.

e Chuong 1: Gi6i thieu 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 cudng va tng dung trong vién tao hai

chiéu trang thai luong tit v vién tac toan tit c6 kiem soat.
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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 nhét, cac qua trinh vat 1§ dude mo ta bing co hoc
lugng tit. Hé co luong t 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 lugng ti duce goi 1a tinh toan luong ti. Tuy nhién, dé
dat dugc tinh toan lugng ti, can phai c6 cac hé thong vat 1y vé6i cac tinh
chat rat dic 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 du ¢6
cac hoat dong don gidn, cac thiét bi quang hoc nay giip quan sat cac hién
tugng kha hap dan vé anh sang va dugdc st dung trong cac phép do lién

quan.

1.1.1 B0 tach chum

Bo tach chiim (tén tiéng anh 14 Beam splitter, viét tat 1a BS) [50] dugc
st dung rong rai trong xt Iy thong tin lugng t1, dac biét la trong viéc tao
ra cac trang thai két hop va chong chap cé theé c6 ctia chung. Thuc 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 td6i. Tac

dung chinh ctia bo tach chum la tron hai chum anh sang mode a va mode
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b lai v6i nhau va duge mo ta bdéi toan tu unita nhu sau

Ba(0) = exp [i0(a*b+ bta)], (1.1)
v6i a(a™) va b(b") la cac toan tit hity (sinh) cfia hai mode chim séang t6i
a va b, 6 phu thudc vao lugng bac phu lén guong va huéng dat cua no, la
mot tham sé thuc dac trung cho tinh chat quang hoc ciia bo tach chum.
Goi t = cos? 0 vair = 1 —t tuong tng 1a hé sd truyén qua va hé so6 phan xa
clia bo tach chiim. R6 rang, B (0) 1a toan ti unita vi né thoa man didu
kién

A~

Buy(0)B5(0) = B (0) Bay(0) = 1. (1.2)
Dé xem xét hoat dong ctia mot bo tach chiim chiing ta hiy xét cac bién
ddi toan hoc ctia né. Trude hét, dat X = ath+ bta = X+ ta s6 c6 cac he

thitc giao hoan sau

. . bt néun: 18
(X, [X, .., [X,a" ]...] = ) ) (1.3)
\lf’ a®™ mnéun: chan
va
. A at néun: 1é
XK, (Kb ] =4 T e (1.4)
\lr:’ bT™ néun: chan.

Stt dung cac hé thic giao hoan trén va khai trién Taylor cho cac ham mi,

ta sé tinh duge Y = eXateX cho két qua

Y = a*cosh(if) — b*sinh(if). (1.5)
Tu do ta dugce
Ba(0)a" B (0) = a*tcosh + ib*sind (1.6)
hay
Bu(0)a B (0) = Vita© —i/rbt. (1.7)

Tuong tu ta ciing c6 cac bieu thitc sau

A

Buy(0)aB,(0) = Vta — in/rb, (1.8)
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Bu(0)bT B (0) = Vb + i/, (1.9)
Bu(0)bB(0) = v/tb — iv/ra. (1.10)
Nhu vay, 6 dau ra ctia bo tach chiim 14 mot trang thai tron clia cac trang
thai 6 dau vao. Mic do tron phu thuoc vao hé sbé truyen qua t hay phu
thudc vao 6. Duéi day ta xac dinh tac dung ctia bo tach chum By (7, t) lén
hai mode a va b clia hai trang thai s6 hat [n),|m), v6i r va t 1a he s6 phan
xa va hé s6 truyeén qua ciia bo tach chiim
(@*+)" (b+)m
V! vVm

1 At +\n ~+ Pym
= m(\/fa +\/?b ) (Vrat — VEbT)™(0),|0)s

Bap(r,t)|n)o|m)y = Bap(r,t)

710)al0)s

L) (Vb

ZCf%(\/?d+)q(—\/55+)m_q|0>a\0>b

_ \/n'_ZZCqu Fyrtmer-a(Jrypa
(=)™ q(a+)” PHT)™TP10)6[0)

_ ﬁzzgpgq ey
(=) (n—p+ g/ (m —q+p)!

In p+(1> m —q+ph

ZZB”’” (r,t)ln —p+ q)olm —q+p)p, (1.11)

v6i

Cr = : (1.12)

va

1 P n+m—p—q p+q
T ROV )

(=)™ 9/ (n —p+q)\/(m —q+p). (1.13)
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Hinh 1.1: Tac dong ctia bo tach chiim lén: a) trang thai tich clia hai trang thai sé hat
In)a|m), va b) trang thai tich ciia hai trang thai két hop |a)q| ).

Tiép theo, xét tadc dung ctia bo tach chum lén trang thai tich |a).|8)s,
trong d6 |a) va |3) 1a cac trang thai két hgp duge dinh nghia nhu mot
trang thai clia truong bitc xa dude tao ra bdi mot phan bé dong dao dong
co dién hay noi cach khéac né la trang thai &nh sang dugce phat ra tit mot

nguon laser. Céac trang thai két hgp nay c6 the duge viét dudi dang sau
_ At
) = e loF /QZ —(@)"0) =e [al?/2 0™ | ), (1.14)

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

Bup(t, ) aalB)s = |aVT + BVl BVE — i/, (1.15)

Nhu vay, cac trang thai |n),|m), khi di qua b tdch chiim sé cho ra céc
trang thai réi vi né 1a cac trang thai phi co dién, trai lai trang thai co dién
nhu |a),|3), khi di qua bo tach chium thi khong cho trang thai roi ma chi
cho trang théi tich (xem Hinh 1.1). Tém lai, bo tdch chtim duge st dung
rat nhidu trong cac so do quang hoc dé xit 1y thong tin Iugng tit. Dic biet
1a trong quéa trinh tao ra réi lugng tit. No6i chung, dé tao dudc roi lugng ti

thi cac dau vao bo tach chiim phai 1a cac trang thai phi co dién.
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1.1.2 B0 dich pha

Mot thiét bi quang hoc khac d6 1a bo dich pha (tén tiéng Anh 1a Phase
shifter, ky hieu 1a P) [50]. N6 c6 tac dung lam thay ddi pha ctia mot chiim
anh sang t6i, dugec mo ta bdéi toan tir unita nhu sau

A

P,(p) = e77¥0"a, (1.16)

Duéi day xét tac dong ctia bo dich pha lén trang thai sé6 hat va trang thai
két hgp. Trude tien, doi véi trang thai sé hat ta sé dugc

Po(0)|n)e = e #070n), = e\, (1.17)

Ta thay rang bo dich pha lam pha clia trang thai sd hat c6 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

~ o2 - a” 4 AdT
Pu@la)a = ¢ 23 LR (p)@" ) o)
n=0

o

~faf? (™)
= ¢ l/QZT(a+) 10)a
n=0 )
= |ae %), (1.18)

Ta théy ring bo dich pha P(y) khién bien do ctia trang théai két hop bi
bién doi tit o thanh |ae ) (xem Hinh 1.2).

Trén thuc té, c6 ba loai bo dich pha chinh: Thit nhat 1a bo chuyén pha
ky thuat so (tén tiéng Anh I Digital phase shifter). Nhitng bo chuyén pha
nay dugc diéu khién bang k§ thuat s6. Ching c6 thé lap trinh dude hoac
c6 thé duge diéu khién thong qua giao dién may tinh. USB la mot dang
thiét bi tuong déi méi ctia bo dich pha ki thuat s, cho phép diéu khién
sut dich pha ctia thiét bi tit méay tinh. Thit hai 1a bo dich pha tuong tu (tén
tiéng Anh 1a Analog phase shifter). Viéc dich pha trong bo dich pha tuong
tu thuong duge dieu khién béi su thay doi mic dién ap. Thi ba la bo dich
pha thii cong (tén tiéng Anh 13 Mechanical phase shifter), viéc chuyén pha
ctia thiét bi duge diéu khién thi cong biang mot nim xoay. Pha tit dau vao

dén dau ra dugc diéu chinh bang cach xoay ndm.
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(a) (b)
Hinh 1.2: Tac dong ctia bo dich pha lén: a) trang thai s6 hat |n) va b) trang thai két hop
).
1.1.3 Toan t& dich chuyén
Toén tit dich chuyén D(a) [50] 1 toan tit rét hitu dung dé tinh toan

v6i cac trang thai két hop. N6 duge biéu dién dué6i dang

A

D(a) = e 074, (1.19)

Toan ti dich chuyén cé thé viét dudi cac dang khac nhau nhu sau

*

D() = e lol*/2gaa" g% (1.20)

hoéc
D(a) = e lolf/2g-atagaat (1.21)

Tac dung clia toan ti dich chuyén lén trang thai chan khong sé c6 dang
D()]0) = |av). (1.22)

Nhu vay, mot trang thai két hop |a) ¢6 thé dudce tao ra bang cach tac dung
toan t dich chuyén lén trang thai chan khong. Day ciing 14 mot dinh nghia
khac ciia trang thai két hop. Mot s6 tinh chat dic biét ctia toan ti dich
chuyén c6 thé thay nhu

D*(a) = D™ (a) = D(—a), (1.23)
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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 truyeén qua cao va trang thai két hop bien do manh & mode b.

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

Bap(r,t)|a)al BYs = |+ 7)al B)s- (1.28)

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

B — 00, i1 — 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 cyc (tén tiéng Anh 1a Polarization beam splitter, ky hieu PBS), tam
nita song (tén tiéng Anh 1a Half-wave plate, ky hicu HWP) va tam soéng
phan tu (tén tiéng Anh 14 Quarter-wave-plate, ky hieu QWP) [50].

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

PBS|H), = |H), (1.29)

PBS|V)y = [V)w, (1.30)
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4 day o' 1a mode phan xa.

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

HWP|H), = |V),, (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:

QWPH)y = —=([H) +|V))a, (1.33)

Sl

1

QWP‘H>a - \/i

(1H) = [V))a- (1.34)

1.2 Tuong tac gita cac photon théong qua phi tuyén

Kerr chéo

Tuong tac gitta cac photon 1a rat quan trong vi ching I1a 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 xut Iy thong tin lugng tit. Tuy nhién cac
photon khong tuong tac v6i nhau trong moi truong chan khong, dieu do
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 kien thuan loi cho cac tuong
tdc photon-photon dién ra, da dugc coi la mdt phuong phap dang chu
¥ [51-57]. Toan t1t biéu dién sy tuong tac duge mo ta bdi

Uab = EXp(i@fLaﬁb), (1.35)
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Vi fi, va Ay 1an lugt 1a toan tit s6 hat photon & mode a va mode b. O day,
0 = kt 1a thong s6 clia tuong tac véi x 1a do manh khong thit nguyén ciia
tuong tac Kerr chéo va t la thoi gian tuong tac. Khi ap dung toan ti nay
trén cac trang thai dau vao khéac nhau, khong phiic tap dé c6 thé thay

Uap|m)a|n)y = eimng\m>a\n>b (1.36)

Uab|n)alB)e = |n>a|5€m9>b- (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 vé6i 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 hily trang thai lugng tit clia anh sang. Vi vay, lam thé
nao dé c6 dudc tuong tac giita cic photon trong khi van duy tri viéc sit
dung tinh phi tuyén Kerr chéo yéu 1a mot van dé quan trong. Van dé néu
tren lan dau tién duge gidi quyét béi Munro va cong su [52]. Tinh nang
chinh trong [52] 1a st dung céc trang thai két hop cuong do cao dé khic
phuc cho tinh khong hiéu qua ciia tuong tac Kerr chéo. Dé xuat 1y thuyét
ciia [52] duong nhu 1a mot gidi phap hop 1y cho van dé Kerr chéo va mot
s6 dé xuat sau do6, vi du [53] da khai thac ¥ tudng dé dé xay dung trang
thai khom (cluster state) gitta cac trang thai két hop.

1.3 Phép do Homodyne trong quang luong tu

Linh viyc 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 c6 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
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Hinh 1.4: So d6 minh hoa phuong phap do homodyne dé xac dinh cac toan tit quadrature.

tach chtim khong ton hao (gid sit bo tach chiim 1a can bang ta c6 phép do
homodyne can bang), véi mode b 1a mot trudng tham chiéu on dinh cao
c6 cling tan so6 v6i truong tin hiéu. Truong tham chiéu, con dude goi 1a bo
dao dong dia phuong (tiéng Anh 1a Local oscillator, ky hi¢u 1a LO), thuong
duge chuan bi ¢ trang thai két hop c6 s6 lugng photon 16n, gia st né 1a
mot trang thai két hgp c6 bien do 16n 8. Méi quan hé gitta toan tit dau vao
(d, ?) va dau ra (¢, 7) trong truong hgp bo tach chiim can bang duge
biéu dién dudi dang

(6 + ib), (1.38)

[N
I

IS
I
RS
[\

E(b +id). (1.39)

Cac may do dugc dat ¢ dau ra clia bo tach chim dé do dong photon
I, =< ét¢ > va I; =< dtd >. Su khac nhau gitta 1. va I 1a
I,—1; = (i) = (¢"e—dtd)
= i(atb—ab"). (1.40)
Gi4 st rdng mode b 13 trang thai két hop |Be ™) véi 8 = |Ble™¥, ching

ta sé co
<ﬁcd> _ |6|(deiwt—i0 4+ d+67iwt+i0)’ (141)
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véi 0 = ¢ + 7/2. Néu anh sang tit mode a cling ¢6 tan s6 w, ching ta sé

c6 @ = age™'. Vi vay ching ta c6 thé viét

(frea) = 2|8] X (6), (1.42)

5 [P R
X(Q)ZE( oe " +age), (1.43)

1a toan t quadrature tai géc pha 0. Bing cach thay doi ¢ ciia trusng tham
chiéu LO chiing ta c6 thé thay déi 6. 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) + [2,0))/v2. O day, |j, k) dai dien cho mot trang théi
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 cing mét huéng. So do deé
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 1*/23°% @0 (q+)"|0). Trang
thai két hop c6 thé dude tao ra bang mot xung laser. Cac photon trong
mode ¢ dudc cho phép tuong tac lan lugt véi cac photon trong mode a va
b thong qua hai phép toan phi tuyén Kerr chéo (tuong déi nhod) tuong ting
v6i thong s6 phi tuyén lan luot 14 6 v —0. Bay gio gid st rang trang thai

ban dau ctia ba mode a, b va ¢ cho béi biéu thiic

dy
[%o) = [da]1,1) + E(|270> +10,2))av]|)e, (1.44)

trong dé d; va dy 1a céc hé s6 phiic théa man diéu kién chuan héa. Tac
dung ctia phi tuyén Kerr chéo khién cac photon é mode a, b va ¢ bi 1di v6i
nhau va tuong tac nay gay ra su dich pha & trang thai két hop |a), ty le
v6i s6 photon ¢ mode tin hiéu tuong ing. Sau tuong tac Kerr chéo, trang

thai ctia ba mode do do6 sé la

Y1) = [di[1, Dap|)e + %(ll 0)alae®”). +10,2)wlae™))].  (1.45)

Dé phan biét cac trang thai |1,1) va (|0,2) + |2,0))/v/2 trong |¢;) ta thuc
hien phép do homodyne lén trang thai két hgp ¢ mode c. Dé thuc hien
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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 |¢) trong cong thitc (1.45).

phép do nhu vay, trang thai 6 mode ¢ duge két hop v6i mot truong tham
chiéu 14 mot trang thai két hgp bién do 16n c6 cing tan sé6 bang mot bo
tach chtim. Néu trang thai két hop é mode ¢ khong c6 sy dich pha thi trang
thai d mode a va bsé la |1, 1). Ngugc lai néu trang thai két hgp 6 mode ¢ ¢6
si chuyén pha e*?? thi trang thai § mode a va b sé 1a (|0,2) + [2,0))/v/2.
Nhu vay ta da phan biet dugc hai trang thai |1,1) va (]0,2) 4 ]2,0))/v2.
Phép do homodyne thice hien véi toan tit do 1a X = (¢ + é+)/v/2, & day
¢ va ¢7 1a cac toan ti huy va sinh photon 6 mode c. St dung két qua
(z|B) = (27)"Y*Exp[—Im(B)? — (xz — 2B)?/4] [60], v6i |z) 1a trang thai
rieng ciia toan tit X tng vdi tri rieng x. Ta sé xac dinh dudc 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 theé, ham phan bd x4c suat khi mode a va b 1a trang thai [1,1) 1a
f(z, ), trong khi d6 trang théi (|0,2) +]2,0))/+/2 thu dugc véi ham phan
b6 xéac sudt 1a f(z, acos20). O day,

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

o(r) = asin 20(x — 2a cos 260) mod 27. (1.47)
Luu ¥ rang, phép do homodyne khong phan biét duge hai trang thai
ae? va ae™ do khi 6 rat nho va a 16n thi két qua do ctia hai trang thai
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tren la trung nhau v6i ham phan bd xac suat giong nhau (xem Hinh 1.5b).

Phép do homodyne can bang cho phép thuc hién ciac phép do Bell clia
cic trang thai bién lién tuc véi xac suat tat dinh do d6 né duge ting dung
trong vién chuyén cac trang thai lugng ti bién lien tuc. Phép do homodyne
can bing ciing dugc nghién citu dé xac dinh day du cac dic tinh cta trang
thai luong tit nhu cac trang thai nén pha, nén bién do hay trang thai chong
chap ctia cac trang thai vi mo thong qua cong nghé chup cat 16p luong ti
(tiéng Anh 1a quantum tomography) [61-63]. Trong nhiing trich dan nay,
cac tac gid da st cong nghé chup cit 16p luong ti dé do phan b Wigner
va xac dinh duge ma tran mat do clia trang thai, tit do cé thé xac dinh
day du thong tin ciia trang thai d6. Ngoai ra phép do homodyne can bing
cling duge tng dung trong giao thic thiét lap mdi tuong quan luong ti
ctia trang thai EPR va né ciing duge st dung dé chitng minh cac thuoc

tinh phi ¢ dién ctia truong dién tit trong dien dong luc hoc luong ti.

1.4 Phép do pha thich {tng trong quang lugng ti

Tinh toan lugng tit quang tuyén tinh (tén tiéng Anh Linear optical
quantum computation, viét tit 1a LOQC) 1a sit dung mang tuyén tinh dé
x1t 1y cac qubit quang hoc. LOQC da dugc chitng minh 1a mot cong cu hiéu
qua cho viéc biéu dién nguyeén 1y co hoc luong tit v su phat trién clia céc
tng dung trong cac linh vic truyeén thong. N6 lien quan dén viéc chuan
bi, truyén tai va do luong cac qubit quang hoc thong qua mang ludi cac
phan t quang tuyén tinh. Mot diém chung cho tat ci céc dé xuat LOQC
quang ttt 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 ndo dé va phép do pha thich tng (tén tiéng Anh 1a
Adaptive phase measurement) [64-66] c6 thé dudc stt dung dé hoan thanh
mot s6 nhiém vy hitu ich trong luge do LOQC. Phép do pha thich tng dia
trén viec mé rong phép do homodyne va do dé két qua do c6 pho lien tuc,
diéu nay hoan toan khong giéng 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

38



D

BS(r,t) D \
EOM M
1&

—
|
Local Oscillator | G / /t

Signal
(D Processor

System

Hinh 1.6: So do thiét bi thi nghiém ché tao phép do pha thich ng. BS(r,t) bicu thi bo
tach chtim c¢6 he s6 phan xa (truyén qua) 1a r (¢), D 1a méay 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 x1t 1y tin hieu va dau doc ki thuat s6 dua ra gia tri do dude trong khoang
[0, 27).

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 ¢(¢), né dude ¢6 dinh
13 hang s6 ddi v6i phép do homodyne va 1a ham tuyén tinh theo thoi gian
déi v6i phép do heterodyne. “Thich tng” trong phép do pha thich tdng 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 cia truong tham chiéu ducc dieu chinh lién tuc
sudt qua trinh ctia phép do va phu thuoc vao két qua ctia su khac nhau
gita dong photon giita hai mode. Phép do pha thich @ng 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 ctia né trong viéc chuan bi trang thai.
Duéi day sé trinh bay hai ing dung cta phép do pha thich tng trong qué
trinh x Iy thong tin lugng ti.
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1.4.1 Tao trang thai chong chap st dung phép do pha thich ting

Mot phép toan qubit co ban 14 tao ra sy chong chap nhitng trang thai.
D61 v6i he thong nhi tuyén (tiéng Anh 13 dual-rail), cac trang thai chong
chap tuy ¥, a|01) + Be*?[10), véi a, B v ¢ 1a nhitng s6 thue, c6 thé duge
chuan bi d& dang chi bang cach sit dung cac yéu t6 quang hoc tuyén tinh.
Trang thai chong chap ctia mot hé don tuyén (tiéng Anh la single-rail),
a|0) + Be’?|1), khong dé& tao nhu vay. Cac dé xuat trude cho viéc tao cac
trang thai nhu vay mot cach tat dinh lien quan dén yéu t6 phi tuyén tinh.
Ngoai ra, cac giao thitc khong tat dinh duya trén viec dém photon ciing
duge dé xuat trong [67], tuy nhién, nhitng 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 nguoi ta da tim ra duge
viéc tao ra cac trang thai qubit don tuyén dua vao cac yéu té6 quang hoc
tuyén tinh va phép do pha thich tng [69], day 1a phuong phap cho hi¢u
suat cao hon nhiéu so véi cac giao thic trude. Truée hét gid st da tao ducc
mot trang thai chong chap ctia mot photon trén hai mode hay con goi 1

trang thai qubit nhi tuyén c6 dang

1
) = (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 dé ching ta thyc hiéen mot phép do pha thich tng len

mode dau tién. Néu ta thu dudce két qua
10) = 10) +€|1). (1.49)

véi 0 ¢6 két qua ngau nhién trong [0, 27), mode thi hai sé ¢ 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 duge 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 ¥. Trang thai don photon bay gio dudc tron vdi trang thai

40



chan khong trén bo tach chtim c6 hé s6 phan xa 1. Trang thai nhi tuyén
khi do sé la

[1)10) = n[1)]0) + V1 —n[0)[1). (1.51)
Sau d6, thuc hién phép do pha thich tng trén mode thi nhat va st 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 0T 2|1y, (1.52)

Bang cach chon n = a va 1 = ¢ — 0, v6i a, 1) tity ¥, mot trang thai chong
chap don tuyén tuy ¥ c¢6 thé duge 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 cic trang thai qubit mot duong ray tuy ¥ c6
thé dugc tao ra mot cach tat dinh tit cac trang thai don photon st dung
cac phép do pha thich @ng. Dé tinh toan luong tit ching ta yéu cau kha
nang ap dung cac phép quay bat ky trén cac trang thai dau vao khong xac
dinh. Duya trén sy két hop gitta phép dém photon va phép do pha thich
ting, cac tac gid trong [69] cho thiy ring mot phép bién déi Hadamard
trong khi vAn khong xéc dinh nhung c¢é thé cé hiéu qua l6n hon. Viéc xay
dung cac phép quay bat ky c6 thé dudc thuc hién theo céc bude cu thé
sau:

Buéc 1: Tao trang thai roi Bell gitta qubit don tuyén va qubit nhi tuyén.
Gia sit trang thai Bell ctia hai qubit nhi tuyén c6 dang
1

V2

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

) (101)11/]10)23 + |10} 11/

01)3). (1.53)

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

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

1) = —=(]0)1]10)23 + [1)1]01)23). (1.54)
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Budc 2: Thyec hien phép do Bell gitta trang thai qubit don tuyén (mode
1) cia trang thai réi Bell tréen v 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
|Q)93 = (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 len trang théi |Q)»3,

R|Q)as = a(a|0)23 + b[1)23) + B(b]0)23 — a[1)23)
+a(a\01>23 + b\lO>23) + ﬂ(b*|01>23 — a‘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)9 — a|1)3). Sau khi st dung bo bién pha ta sé dugc

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

Két qua nay cho thay hoat dong phép quay lén trang thai mot dudng ray
bat ky. Bude khong xac dinh duy nhat 1a phép do Bell trong Budce 2 chi
cho xac suat thanh cong 50%. Tuy vay, day la mot giao thic cai thién xac

suat thanh cong so véi cac giao thiic truée do.

1.5 May do photon

May do photon (tén tiéng Anh la Photodetector) hay cam bién quang,
con dudc goi 1a photosensor, 14 cdm bién chuyén doi photon ctia anh sang
hodc btc xa dién tir thanh tin hieu dien. Trong quang hoc luong ti tuyén
tinh, phuong phéap chinh dé thu dugc théng tin vé cac trang thai luong
t 1a thong qua viéc phat hieén photon. Vé mat 1y thuyét, ching ta cé thé
tao ra su khac biét gitta it nhat hai loai may do photon: loai thi nhat cho
ching ta biét chinh xac c6 bao nhiéu photon trong mot trang thai dau vao
va loai thit hai cho dau ra hodc “khong c6 gi” hoac “c6” photon (titc it nhat
s6 photon phai c6 1a 1). C6 thé c6 nhidu cach dé phan loai may do, nhung

hai may do nay 1a quan trong nhat. Loai thit nhat duge goi 1a may do phan
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gidi s6 (tiéng Anh 14 photon number resolving detector), trong khi loai thi
hai thuong duge goi 1a may do x6 hosic may do chan khong (tiéng Anh 13
a bucket or vacuum detector). Trong nhitng nam gan day, da c6 mot nd
luc 16n dé thu hep khoang cach gitta cac yéu cau clia tinh toan lugng ti
quang tuyén va cac may do photon c6 sin, dan dén su phat trién clia cac
may do phan gidi s6 va cac giao thiic lugng t it phu thuodc vao viec dém s6
luong photon 16n. Trong thuc té, cac may do photon thudng phat sinh cac
16i pho bién trong qua trinh phat hién photon thuc té. Cac may do photon
thuc thuoc bat ky loai nao déu tao ra hai loai 16i nhu sau: thit nhat, may
do dém it photon hon so véi thuc té hién dién trong trang thai dau vao;
thtt hai, may do dém dugc nhiéu photon hon so véi thuc té & 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 su phat quang clia cac electron trong
mot thoi gian nhat dinh, xét khodng thoi gian ¢, ¢ + 6t. Tiép theo, gid st
rang su giam photon ctia m quang dién ti¢ bi chi phéi 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 ring tong sd 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) clia m, bat dang thic m < N c6 thé duge gid dinh. Theo cac
gia dinh nay, cac dic diém chinh ctia Iy thuyét c6 thé dudce 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 cac quang dién tit dude tao ra béi cic qua trinh hap
thu. Phan tich tryc 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 véi s6 lugng photon.
Lic nay so lieu thong ké clia cac dien tit duge dém phan anh chinh xéc
thong ké s6 photon; tiic 1 xac suat P, phat hién ra m quang dién tit bang

xac suat p,, clla m photon trong trudng, véi
Py = pm = (m|p|m). (1.57)
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Tuy nhién do hiéu tng mat mat, xac suat 7 chuyén doéi mot photon thanh
mot dieén t1t luon nho hon 1 (0 < 1 < 1). Xac suat nay con duge goi la
hi¢u suat lugng ti. Vi (theo cac gid dinh dugce dua ra) cac sy kién rieng 1¢
clia st phat xa clia mot quang dién ti ¢6 thé dudce coi la doc lap véi nhau,
XAc suat Pn(n) quan sat m quang dién tit trong diéu kien c6 n photon c6

mat tuong tng véi mot qua trinh Bernoulli
Prjn(n) = Gy (1 —n)"™™ (1.58)

neu m < n hoac

Pupn(n) =0 (1.59)

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

P = Puu(m)pn = Cn™ (L —1)""py. (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. Dbi 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

Ro1 lai va ap dung cho vién chuyén

luong t c6 kiem soat

R61 lugng tit duge xem 1a déi tuong huyén bi nhat clia co hoc luong
tir. N6 la mot trong nhitng nguyén nhan co ban cta sy khac nhau gitta co
hoc lugng t1t va co hoc ¢d dién. Trang thai tong quat |¢)4 va |¢) 5 cia hai

hé con A va B ton tai trong khong gian Hilbert Dy va Dp chiéu c6 dang

sau
Da-1
(Pla= > aili)a, (2.1)
i=0
v6i diéu kién chuan héa
Da-1

Z a2 = 1. (2.2)

Tuong tu
Dy—1

|¢)p = Z Bili) B, (2.3)

v6i dieu kién chuan hoa
Dp—1

>l =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 # ) a @ |9)5. (2.5)

45



Trong truong hop |[V)ap = |@)a @ |¢)p, thi [U)ap goi 1a trang thai tich
hay trang thai tach roi. Cac trang thai roi duge xem xét nhiéu nhat 1a cac
trang théi Bell [70]

o) ap = —=(100) £ [11)) a5 (2.6)

Sl

0445 = —(100) % 10)) 15 2.7)

Q‘

Céc trang thai Bell (2.6) va (2.7) 1a cic trang théi rdi ctia hai hé con. Hien
tuong roi ciing c6 thé xay ra giita N > 2 hé con khac nhau. V6i N = 3 ton
tai hai trang thai rdi cuc dai khong tuong duong la trang thai GHZ [71]

1

GHZ =
| YABC 7

(1000) + [111)) a5c (2.8)
va trang thai W [72]

1
V3

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

[W)apc = —=(|100) + [010) + |001)) apc- (2.9)

giao thic quan trong nhu ma sieu dam, vién chuyén lugng ti, bo lip lugng
t, doi thoai luong tit, v.v.. Trang thai cia mot hé con c6 thé duge mé ta
bang mot bac tu do nao d6. Néu lay photon lam mét thi du, né cé the
duge mo ta béi bac tu do phan cuce. Khi dé trang thai tong quat cia né sé

N

la
im) = alH) + V), (2.10)

v6i o va 3 1 cac s6 phiic thda man diéu kién chuan héa |af? + |3]> = 1.
|H) va |V) la cac trang théi phan cuc ngang va phan cuc doc ctia photon.
Mot photon ciing c¢6 thé dude biéu dién béi bac tu do khong gian, khi dé

trang thai tong quat sé la

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

voi a va 3 13 cac s6 phiic thda man dieu kién chuan héa nhu tren. |a;) 1a

trang thai photon truyén theo huéng ay, |as) 1a trang thai photon truyén

46



theo hudng ay. Khi xét mot chuum /xung dnh séng, trang thai ciia n6é duge
bieu dién béi bac tu do bién doi lien tuc dusi dang chong chap ciia céc

trang thai két hgp nhu sau

[n3) = N(ala) +b| — a)), (2.12)

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

o) am = %<|HH> = [VV))ap (2.13)

va

[Vp)ap = —=(IHV) £ |VH)) ap (2.14)

f

Trang thai Bell thong thuong ctia hai photon & bac tu do khong gian dugc
viét duéi dang

|05) B = —(|a151> + |agha)) ap (2.15)

ﬁ‘

va

[¥5)aB = —=(laibs) £ |asb1)) ap (2.16)

\/_
Cac trang thai Bell véi bac tu do lién tuc c¢6 dang

pev)ap = N*(la,a) £ | — a, —a))as (2.17)
va

Vv an = N*(la, —a) £ | — a, @) ap. (2.18)

Mot loai r6i bat thuong duge xem xét d6 1a rdi lai [9], duge tao thanh trong
cac bac tu do khac nhau. Chang han, trong mot hé roi lugng t clia hai
hat A va B, hat A dugc mo6 ta dudi dang cac trang thai phan cuyc trong
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khi d6 hat B ton tai duéi dang trang thai két hop. Khi d6 trang thai roi

c6 dang
1
[ p_cv)aB = ﬁﬂHa a) £ |V, —a))as (2.19)
va
1
[V5_cy)aB = ﬁ(\H, —a) £ |V, a))45. (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 dudc ma hoa trong
bién gian doan gidng nhu hat [73,74], ton tai trong khong gian Hilbert hitu
han chiéu, hosic ¢ trang théi bién lien tuc giong nhu séng [75, 76], ton tai
trong khong gian Hilbert vo han chiéu. Phuong phéap tiép can DV chi yéu
dua vao viéc stt dung cac photon don, cac cap roi photon, thiét bi quang
hoc tuyén tinh va may do photon, c6 thé dat dudgc do tin cay gan nhu
tuyet déi. Tuy nhién, phép do trang thai Bell, 1a diéu kién tién quyét cho
nhiéu giao thitc lugng ti khong thé duge thuc hién mot céch tat dinh bing
cac thiét bi quang hoc tuyén tinh va may do photon vi chi ¢6 hai trong s6
bén trang théi Bell c6 the duge xac dinh mot cach chic chin [14]. Do do,
vién chuyén luong ti DV chi c6 thé thanh cong véi xac suat khong vuot
qua 1/2 [77,78]. Mat khéc, cach tiép can CV hoat dong trén cic trang
thai bién doéi lien tuc va chong chap ctia né c6 mot sb lgi ich ndi bat nhu
hiéu suat phéat hién photon cao va phép do trang thai Bell c6 thé duge
thuyc hién theo cach thiic gan tat dinh [79]. Tuy nhien, do tin cay cla vién
chuyen lugng t CV 1a khiém tén vi muc do roi 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

ly thong tin luong ti va tinh toan lugng ti trong cic mang khong dong
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nhat hien dai dudc xay dung trén nhiéu nén tang vat 1y vdi cac loai ma
hoa qubit rieng biet [86-89]. Cac kénh 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 ching da duge dua ra vé mat 1y thuyét va duge hién thyc
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 dudc tao ra dé minh hoa cho thit
nghiém tudng tuong noi tiéng ctia Schrodinger [8]. N6 1 nguon nguyen lidu
thiét yéu cho mot s6 nhiém vu quan trong trong mot mang luong tit khong
dong nhat [87,111,112], trong d6 c6 vién chuyén lugng tit lai [84,113]. Nhin
chung, cac trang thai roi lai DV-CV nay c¢6 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
NG

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

(ICV0)4]0)5 +|CV1)a[1)5) , (2.21)

d day |CVg)a va

giao) thuoc vé nat A, trong khi [0)p va |1)p 1a cac trang thai chan khong

va trang thai mot photon thudc nat B. Hai vi du dién hinh vé kiéu roi lai
trén bao gom (Ja)|0) + | — a)|1))/v/2, & day | & a) 1a cdc trang thai két
hop véi bien do +a [93-95] va ([cat?)|0) + |cat;)|1))/v/2, & day |catl) =
NZE(Ja)Z|—a)), véi he s6 chuan héa N, 1a trang thai con meo Schrodinger
chén/1¢ [9,96-98]. Loai rdi lai DV-CV thit hai l1a roi 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)a|V)B), (2.22)

chiéu ngang (chiéu doc). Cac trang thai roi lai (2.22), so vdi trang thai
(2.21), ¢6 thé thuan lgi hon cho viéc xtt 1y thong tin do phan phan cyc
ciia ching. Cu thé, trang thai qubit phan cuc, khéng giéng nhu trang thai
qubit mot duong ray, né chic chin 13 trang thai mot photon, trong do
thong tin duge ma hoéa ¢ P-DOF, do dé khién né bén vitng véi sit ton that
photon va su khong hoan hao ctia may do photon [100]. Hon nita, céc cong

qubit don cho cac qubit phan ciyc duge thuce hien dé dang bang cach st

49



dung céc thiét bi quang hoc thong dung nhu QWP, HWP, v.v. [74,114],
trong khi céc thiét bi quang hoc st dung cho cho qubit mot dusng ray rat
khé dé thuyc hien [115]. Hai kiéu rdi lai néi trén da duge so sanh ki ludng
ddi v6i giao thiic vién chuyén lugng tit [116,117]. Gan day, mot nd Iuc tao
ra trang thai roi

alcat?)a|H)p + blcat, ) 4|V) s, (2.23)

v6i |al?+]b|? = 1, da dugc thie hien bang k§ thuat b6t mot photon (single-
photon subtraction) [100]. Tuy nhién, trang thai thuc su duge tao ra chi
14 gan dung v6i trang thai 1y tuéng do mode DV khi d6 bi tron véi mot
thanh phan chan khong 16n. Ngoai ra, cac dé xuat 1y thuyét dé tao rdi lai
c6 dang

1

75 e)alf)s + | = aalV)s) (2.24)

cing da duge dua ra trong [99,101]. Trong cac dé xuat nay, mot phan nhd
cua trang thai meo Schrodinger duge phan xa tit bo tach chum khong can
bang sé duge giao thoa trén bo tach chiim can bang véi mot mode clia mot
trang thai rdi phan cuyc gitta hai photon. Su giao thoa sé x6a thong tin vé
duong di ctia cdc photon trong khi van gitt duge thong tin vé s phan cuc
ctia ching [101]. Trong diéu kién hoan hao, cac luge do trong [99,101] ¢6
thé tao trang thai rdi lai c6 dang (2.24). Tuy nhién, trong [99,101] xac suit
thanh céng vaAn con kha thap va viec st dung cac toan tit dich chuyén la
bt budc. Mic dit toan ti dich chuyén c6 thé duge thue hién trong thuc té
v6i s trg gitp cua tia laser cuong do cao va bo tach chtim c6 heé sé truyéen
qua cao [118], tuy vay trang thai dich chuyén trén thyc té chi 13 mot trang
thai gan dung véi trang thai dich chuyén mong muén vé mat 1y thuyét,
vi vay ve nguyéen tic khong thée dat dude do tin cay tuyéet déi. Trong muc
2.1 ctia chuong chiing t6i dé xuat mot giao thic khong can toan tit dich
chuyén dé tao ra mot loai rdi lai ¢6 dang twong tu nhu da dinh nghia trong
(2.24) nhung v6i thanh phan CV 1a cac trang thai két hop c¢6 tinh chat
phan cuc khac nhau. Trong muc 2.2 ching t6i dé xuat giao thitc tao trang
thai réi lai DV-CV gitta bén mode. Muc 2.3 chiung toi stt dung nguon roi

lai d& tao thanh cong dé tng dung trong qua trinh vién chuyén luong ti.
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Muc 2.4 14 mot s6 thao 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 rbi lai gitta trang thai két hop phan cuc va
trang thai phan cuc

Nhiém vu dugc dua ra la tao trang thai c6 dang

W) ap = % (lam)alH)p + | = av)alV)s), (2.25)

6 day | £ ayyv) la trang théai két hop phan cyc. Cu thé hon, trang théi
| tay) (|[£ay)) 1a trang thai két hop c6 bien do |+ a) trong d6 cac photon
déu c6 phan cyc ngang (doc) [119]. Trang thai | V) 45 1a sy két ndi gitta hai
nit khong dong nhat: mot nut st dung ma héa theo bién gian doan véi
qubit ¢6 dang x|H) + y|V) trong d6 22 + y? = 1, con nit kia st dung ma

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

v6i N = (|e[2 4 |d|? + 2Re(c*d)e21")~1/2 14 he s chudn hoéa. Cha ¥ 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 véi 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 cling
su phan cuc, cu the 1a o ¢ja)+d|—a) [120] hay o c|oyv)+d|—apyv) [119)].
Loai ma héa mdi trong (2.26) c¢6 thé déng vai tro rieng ctia n6 trong xit Iy
thong tin lugng tit, vi nguoi ta co thé khai thac ca hai thudc tinh bao gom
bién do va tinh chat phan cuc dude ma hoa trong cac trang thai lien tuc.
Trén thuc té, viec st dung trang thai két hop c6 xét dén tinh chat phan
ciic nhu trén da duge 4p dung trong cac giao thitc phan phdéi khoéa luong
tr [121-124], duge chitng minh 1a ¢6 kh& nang chéng nhiéu mot cadch manh

mé. Dang chi ¥, nhu sé dugc lam sang t6, khai thac cac trang thai két
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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 st dung
cac toan tit dich chuyen va cai thién cac han ché néu trén clia cac luge do
trong [99,101]. Cu the, trong diéu kien 1y tudéng, so do ciia ching t6i cho
tong xac suat thanh cong 1én gap doi so véi trong [99,101] va do tin cay
chinh x4c bang mot. Giao thiic clia ching t6i nham lam rdi trang thai két
hop ¢6 phan cuc véi trang thai phan cuc ciia mot photon thanh trang thai
ro6i nhu trong (2.25). So do tao duge minh hoa trong Hinh 2.1. Trang thai
dau vao yéu cau ciia giao thitc bao gom mot trang thai con meo Schrodinger
ch&n phan cyc ngang |I');, mot trang thai két hop phan cuc ngang [A)y va

mot trang thai réi phan cuyc gitta hai photon |©)34, ¢c6 dang nhu sau

) = NB)(Ba) + | — b))y (2.27)
Ay = B, (2.28)
O)s = = ([H)s[V)a + Vs H)a) (2.20)

V2
& day B duge gia st 1a thue va N(3) = [2(1 + e 2")]7V/2 1a he s chuan
héa. Trong bude dau tién cua giao thic, luge do cua chung toi bat dau
bang cach dua |T'); va |[A)y tuong ting vao dudng dan 1 va duong dan 1’
ctia BBS dau tién (ky hieu la BBS1) trong céac thiét lap trong Hinh 2.1.
Mot HWP duge dat trén duong dan 1’ phia sau BBS1 va hai mode doc
theo dudng 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
phan xa cac photon phan cuc theo chiéu doc, ta dé dang kiém tra dau ra

cua buée 1 nhu sau
0 =NB) (|(BV2)u) + | (=BV2)v)), - (2.30)

O day, vi (By |-Bu) = <(6\/§)H ‘(—6\/5)‘/> — ¢ 2% 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 song HWP va mot bo dich pha P, trang thai [Q); c¢6
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|A)
1 PBSy |+ BS(r
|F)BB51 I‘
1/ |Z)
- _\ PBS
HWP BBS2 |¥)
4 / \2 PBS
|©)
Phan 1 Phan 2

Hinh 2.1: Chién thuat dé tao trang thai réi lai gita trang thai két hop phan cuc va
trang thai phan ciic. Chién thuat nay bao gom hai phan. Phan 1 tao trang thai con meo
Schrodinger phan cye trén mode 1 cho bdi cong thiic (2.27). Phan 2 thyc hién cac thao
tac va phép do len mode 2 va mode 4, tlty thudc vao két qua do, trang thai ctia mode 1
va mode 3 s¢ trd thanh trang théi réi lai mong muén. O day |T') = |T); 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 tat ctua
bo tach chiim, BBS 1a bo tach chiim can bang, PBS 1a bo tach phan cic, HWP 1a mot

tam nita séong va D 1a may do photon.

thé chuyén sang N (8) (|(8v2)u)1]0)1 + [0)1|(Bv2)u) 1), 1a su chdng chap
v han clia cac trang thai NOON rat duge quan tam trong cac ting dung
do lugng tit [125]. Déng cha ¥, trang théi |2); 1a mot truong hgp didc biét
clia kieu ma hoa thong tin nhu trong trang thai (2.26) v6i c = d = 1 va
o = $+/2. Hon nita, né chi ra ring trang thai qubit kiéu méi chung (2.26)
véi céc 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)y trong cong thiic (2.28) thay bdi N(c|(a/v/2)x) + d|(—a/V2) )1 va
[(a/v/2) )1 tuong ting.

Trang thai |Q); di ra tit phan 1 clia so do giao thitc sé di vao phan 2,
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& d6 mot bo tach chiim tong quat BS(r,t) c6 hée s6 phan xa r (va hé s6
truyeén 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 |a) 4 188 = lavt + Bv/r) alav/r — BV1) 5, (2.31)

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

=) 12 = N(B) ([0m)y [vm)2 + [=0v), | —w)2) (2.32)

v6i § = V2t va v = Bv/2r. Trang théi |=)1, duge dic trung khong chi béi
bién do trang thai két hop ma con bdi sut phan cuc ciia chung va do do6 khac
véi trang thai réi két hop thong thuong oc (|0)|7) + | — §)| — v))12 [120].
Mot trang thai r6i CV khac cling duge dac trung bdi ca bien do clua trang
thai két hop va phan cuc ¢ dang (Jeat} ;) |cat, ) — |cat, g)lcat! )/v/2,
v6i |Cati ) ( |cativ>>) la trang théi con meo Schrodinger chan/lé ngang
(doc) vé6i bién do «, da duge xem xét trong [119].

Dén thoi diem nay, trang thai dau vao |©)34 ciia cong thitc (2.29)
van chua dugce st dung dén. Nhéc lai biéu dién trang thai Fock ctia mot
trang thai két hop véi bien do thuc x, |z) = Y 00 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 trén Hinh 2.1 c6 thé dude viét lai va ky hiéu nhu sau
3)1234 — [X)1324 = [X):

=

) = 2 2 sV,

()2 rslran)al H):
Jn(=7)13)13|nv)2|V )4
-

Fa(=7)[4) 1l )2| H)a] . (2.33)

- -

Dé cho thuan tién ching ta dat |1)13 = [0g)1|H)s, |2)13 = [0m)1]|V)3,
13Y13 = | = dv)1|H)s va [4)13 = | — Sy )1|V )3 V6L |ng) (Iny)) la trang théi
Fock bao gom n photon phan cyc ngang (doc). Trong khi cac mode 1 va 3

cla trang thai |X) duge git nguyén, cac mode 2 va 4 duge cho giao thoa
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v6i nhau qua mot BBS (ky hiéu 1a BBS2) trong Hinh 2.1. Vi

BS(r,t)aslj)alk)s = ZZB Trtli—p+aalk—qg+p)s,  (2.34)

k
p=0 ¢=0

VOl
Bif(rt) = (CrCicy . C0 . ikl
x (=1 (2.35)
Sau BBS2 trang thai |X)i304 = |X) trong cong thic (2.33) trd thanh
X 1304 = |X):

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

—|—M<|1H>2|1V>2 — ‘1H>4‘1V>4)

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

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

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

Tinh huéng 0: néu két qua do cho thay mdi trong hai mode, mode 2 va
mode 4, déu c6 2 photon v6i cling phan cuc 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 c6 mot photon phan cuyc ngang thi cic mode 1 va 3 trong
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trang thai |X') sé suy sup vé trang thai

(1) +14)13 _
=

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

=l i+ | =dvhVy). (237

vOl1 bién do
a=06=pBV2 (2.38)
Tinh hudng 2: néu két qua do cho thay mode 2 c6 mot photon phan cic
ngang va mode 4 c6 mot photon phan cuc doc thi cac mode 1 va 3 trong
trang thai |X') sé trd thanh trang thai nhu trong (2.37).
Tinh huéng 3: néu két qui do cho thay mode 2 c6 hai photon véi tinh

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

(11) —4))13 _ 1
NG =7 (om)1|H)s — [ = dv)1[V)s). (2.39)

Day 1a tinh huéng thanh cong béi trang thai nay c6 thé duge dua vé trang

thai mong muén bang cac phép bién dbi unita.

Tinh huéng 4: néu két qua 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 ctia 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
két qué ctia phép do hinh chiéu cho phép bdi toan ti

I = [0)2(0] @ [1)2 (1] @ [1)a(1] ® |0} (0], (2.40)

va xdy ra khi moi may do photon Do va Dy phat hién 1 photon. Tuong tu

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

Iy = [1)2(1] ®[0)2(0] ® |0)4(0] & [1)a (1], (2.41)
I3 = [1)(1] ® |1)2 (1] ®|0)4(0] ® |0} (0], (2.42)
[y = 0)2(0[ ®[0)2(0] @ [1)4(1] ® |1)a(L]. (2.43)

RAt don gidn dé kiem tra ring sy that bai ctia Tinh hudng 0 1 c6 1y vi

khong thé sit dung bat ki toan ti unita nao dé dua cac trang thai roi |2);3
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Hinh 2.2: Téng xac suat thanh cong clia giao thitc 1a Pr = 4P, v6i P cho béi (2.44) la
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.

va |3)13 vé trang thai réi mong mudn. Méi két qua do thanh cong trong

cac tinh huéng 1, 2, 3 va 4 x4y ra véi xac suat nhu nhau

N2 P 2 —2rp?
P= (S| enyle) = - I

Do dé tong xac suat thanh cong ciia 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 cling
phan cyc. Tong xac suat thanh cong Pr = 4P, véi P cho bdi (2.44), dugc
vé trén Hinh 2.2 14 mot ham cta 82 va r. Cho 32 < 0.5, xac suat Pr
tang don diéu vdi su gia tang . Véi 82 > 0.5, khi 73? exp(—2r(?) cham
dinh tai 2r3? = 1, xac suat Pr dat cuc dai tai r = rP*% = 1/(23%) dugc
hién thi dudi dang duong dit 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 rP*¢ = {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 tbéi wu
PP — [18.063%, 18.348%, 18.388%, . . . }. Trude khi xem x6t cac didu 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 ciia ching toi sé tao ra mot
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trang thai c6 dang (2.25) nhung véi sy phan cyc ctia hai thanh phan trang
thai két hop dudc trao doi cho nhau. Bi quyét la ca hai trang thai dau vao
(2.27) va (2.28) phéai c6 cung phan cuc (ttc la ching phai duge phan cuc
theo cing chiéu ngang ho#c chiéu doc).

Dé c6 thé thuc hién chuong trinh dé xuat clia ching toi, can chd ¥ dén
mot s6 van de thuc té. Trude hét, chat lugng ciia cac trang thai dau vao
c6 thé bi suy giam tai thoi diém st dung ching do hiéu tng mat lien két
gay ra bdi tuong tac véi cac moi truong xung quanh. Thit hai, viéc c6 dugc
cac trang thai dau vao “chinh hang” thusng rat khé va do do6 co thé thay
thé cac trang thai d6 bang cac trang thai gan ding khac, 1a cac trang thai
c6 thé dude tao ra mot cach dé dang hon trén thuc té. Thit ba, cac thiét
bi quang hoc duge st dung trong chuong trinh ctia ching t6i, mic du ¢
san trong phong thi nghiém, vAn c¢6 thé mac phai mot s6 diém khong hoan
hao nhat dinh, vi du: BBS c6 thé hoi khong can bing hodc may do photon
c6 thée khong hiéu qua 100%. Trong cac tiéu muc sau, ching toi lan lugt
tinh dén cac yéu t6 thuc té dude dé cap 6 trén dé danh gia anh hudng cla
ching dén xac suat thanh cong clia ké hoach va dén do tin cay cla trang

thai thu dugc so véi trang thai mong mudn 6 diéu kién 1y tudng.

2.1.1 Anh hudng ctia nhiéu déi vé6i cac trang thai dau vao

Xét st mat photon do tuong tac véi moi trudng xung quang duge mo
ta b6i phuong trinh Chu (Master equation) [126]

dp n
— =D 2.45
dr P ( )

4 day p la toan tit mat do cla toan bo trang thai dau vao, 7 1a ky
hieu thoi gian vd D 14 toan t Linblad tac dong len p nhu sau 15,0 =
(k/2) Zj(Zajpa;r- — pa;aj — a;ajp). Chi s6 j biéu dién tat ci cac mode c6
trong p, a; (a}) la toan ti huy (sinh) ctia mode j, va x 1a toc do phan ra
ma dé don gian hon da dugc giad dinh 1a giéng nhau cho tat ca cac mode.

Lic dau, tai 7 = 0 toan ti mat do ban dau p 1a

p(0) = D)1 (T @ |A)1{A] ©]©)34(O)], (2.46)
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§ day |y, |[A)1, va |©)34 duge dinh nghia lan lugt trong (2.27) - (2.29).
Truée khi bat dau qué 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 t1t mat do dau vao thuc té p do d6 phu
thuoc vao thoi gian tuong tac 7 va téc do phan ra x. Mot cach hinh thic,

toan ti mat do dau vao phu thuoc thsi gian p(7) c6 thée viét dudi dang

p(1) = eﬁTp(O) va stt dung céc két qua trong [53,113] ta ¢6 mot cach tudng
minh

p(7) = pi(7) @ pr(T) © p3a(7), (2.47)
6 day

pi(r) = N*(B)[IAm)1(Aml + Coldm) 1 (—Ax]

—|—Cl‘ — /\H>1<)\H| + ‘ — /\H>1<_/\H|]a (2.48)
pr(T) = \f\H>1/<)\H|, (2.49)
p3a(T) = §[P3H(7) ® pav(T)+p3v(T) ® par(T)

A HYs(V] @ [V (H|+V)s(H| @ [H)y(V])],
(2.50)

Vi A = Bu, Cr = (B, v = /2 v pyre(r) = V2K (K] + (1~
v2)[0);(0] cho j = 3,4 va 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

P& = 2Pp, (2.51)
1
P = §u2|<oz\ow>\2(1+01), (2.52)

& day Pr dugce dinh nghia trong cong thiic (2.44) va « trong cong thiic
(2.38). C6 the kiem tra ngay duge 1a khi 7 = 0 (v = C; = 1) sé cho
Pl = Pr vai F% = 1, chinh 1a két qua thu dugc trong phan trén khi bo
qua st anh hudng ctia 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
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0.16}

0.12¢

de

a0.08 1

0.04¢

0.00¢

Hinh 2.3: Tong xac suat thanh cong Pg¢ (duong lién nét) va do tin cay F9¢ (duong diit
nét) cho béi cac cong thie (2.51) va (2.52) tuong tng la ham cta cuong do suy gidm lién
két p dinh nghia trong (2.53). O day, ching toi chon bien do dau vao 8 = 1.2 tuong tng

v6i hée s6 phan xa t6i wu Pk ~ 0.347.
(tic 1a khong c¢6 sy suy giam). Dinh nghia mot dai lugng méi p sau
p=1-v=1-—e""2¢c|0,1]. (2.53)

Dai lugng nay the hién cho do manh ciia sy suy giadm: = 0 khi 7 = 0 v&
= 1khi 7 = co. Trén Hinh 2.3 ching toi vé tong xac suat thanh cong
P (duong lién nét) va do tin cay F9° (duong dit nét) phu thudc vao do
manh clia sy suy gidm p. Ta thiy P& va F9 gidm manh v6i sy gia tang
ctia p. Khi > 0.8, ca P va F9° gan nhu triét tieu. Diéu nay 1a dé hiéu,
vi trong truong hgp trang thai dau vao nay, trang thai trong (2.48)-(2.50)
ngdy cang bi suy gidm nhiéu hon (tham chi tr6 nén gan nhu hoan toan
chan khong khi p — 1), do d6 lam cho hiéu suat kém hon. Tuy nhién c6
thé thay rang Pg¢ duong nhu it nhay cdm véi g hon Fd€. Cu thé, khi p
tang tit 0 t6i 0.2, P giam tir 0.16 t6i khoang 0.11, mat khodng 31% gid
tri ban dau ctia nd, trong khi dé F9¢ dugc ghi nhan giam t6i 60% tir 1 t6i
khoang 0.4. Tong xac suat thanh cong va do tin cay c6 thé chap nhan duge
khi sy suy gidm di nhé tai g = 0.01 ta c6 PS¢ ~ 0.17 va F% ~ 0.95.
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2.1.2 Trang thai dau vao thuc té

Ching t6i nhan manh rang chuong trinh ctia chung toi khong chi
hoat dong cho dau vao la trang thai con meo Schrodinger chén |I'); trong
cong thitc (2.27) ma né ciing lam viéc v6i trudng hop trang théi con meo
Schrodinger 1é6. Viéc tao chinh xac nhitng trang thai con meo Schrodinger
nay noéi chung 1a kho; trong hau hét cac thi nghiem thyc té, ching duoc
thay thé bang cac trang thai nén. Cu thé, déi v6i cac bién do nho, trang
thai con meo Schrodinger chin va 1é ¢6 theé 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 xac suat cao
bang quéd trinh nén chan khong [127] thi trang thai photon don nén lai
cho x4c suat thap hon vi can ap dung ky thuat b6t mot photon [128,129].
Vi lé d6, trong cac thi nghiém ngudi ta hay sit dung trang thai con meo
Schrodinger chén gan dung (tic 1a trang thai chan khong nén) hon trang
théai con meo Schrodinger 1é gan dung (tite 1a trang thai mot photon nén).
Trong co sé trang théai Fock, trang thai nén chan khong |sv) va trang théi
nén mot photon |ss) 1an lugt c6 dang
(—tanh s)" /(2n)!
(cosh s)1/2 2mp)

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

|sv) 2n), (2.54)

NE

n=0

|ss) 2n 4+ 1), (2.55)

NE

I
o

n

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

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

meo Schrodinger chén ¢6 bién do 5 duge tinh bdi cong thic [50]
267ﬂ2(tanhs+1)

Fsv-even — 256
(1+e25*)coshs’ (2.56)

trong khi d6 do tin cay gitta trang théi nén mot photon |ss) va trang théi
con meo Schrodinger 16 ¢6 bién do 5 tinh béi cong thic [130]
262652 (tanh s—1)

Fredd = : 2.57
(1 — e=25%)(cosh s)3 (257)
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Hinh 2.4: Téng xac suat thanh cong P3¢ (duong lién nét) va do tin cay F™ (duong diit
nét) phu thudc vao cuong do SPDC loai IT A khi sit 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
chdn bién do 0.7 va (b) trang thai nén mot photon trong (2.55) véi s = 0.16056 nhu mot
su gan ding clia trang thai con meo Schrodinger 1é bién 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 héo) va hé s6 phan xa r duge chon 14 0.1.

C6 dinh 3, c6 thée tim duge s dé toi wu hoa FSV-Ver va F55°4 tyong ting
1a khi s = —arcsinh(23?)/2 va s, = arcsinh(23%/3)/2 mot cach tuong
ting. V6i cac gia tri nho ciia 8 (< 1) va cac gia tri toi uu tuong ting cla
s, do tin cay Fsveven va F0dd ¢4 thé rat cao. Vi du, v6i 8 = 0.7 ta c6
Fsv-even 5 (0.9934 khi s = —0.43358 va F*°dd ~ (0.9998 khi s = 0.16056.
Bén canh cac trang con meo Schrodinger, trang thai roi hai photon |©)34
trong cong thitc (2.29) cling 1a mot trang thai dau vao can thiét trong so
do ctia ching toi. Trong thyc té, trang thai |©)34 thuong dugce tao ra thong
qua qua trinh SPDC kiéu II, trong d6 mot xung laser bom mot tinh thé
barium borat (BBO) dé phat ra mot cap photon rdi véi nhau & bac tit do

phan cyc [131]. Trang thai dau ra |[SPDC) ctia quy trinh SPDC nhu vay
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luon kém theo mot thanh phan chan khong 16n va duge xac dinh béi [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.

Trong tieu muc nay, ching téi phan tich hiéu suat cia luge do khi st
dung trang thai nén chan khong |sv) ho#c trang thai nén mot photon |ss)
trong cac cong thic (2.54) va (2.55) nhu mot trang thai dau vao thyc té
kh& di clia mode 1 va trang thai dau ra [SPDC)sy trong (2.58) nhu mot
trang thai dau vao thuc té kha di ctia hai mode 3 va 4. Két qua cia viéc
stt dung dau vao thuc té nhu vay, ching toi da dan ra dude biéu thic cia

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

Pl = (1= M\)PE 4+ \2Pr,, 2.59
T T,0 7,0
1 — )\2 pre Fre )\2Pre Fre /\2 re
Fre ( ) T,O}E)re T.06° 06 _ Prie’,GFée, (260)
T T

v6i Py va F§® (Pflg va F¥) la tong xéc suat thanh cong va do tin cay khi
trang thai dau vao ctia mode 3 va 4 chi 1a trang thai chan khong thuan
tiy (cdp r6i photon phan cuc |©)34). Bidu dién tong xac suat thanh cong
Pj¢ trong cong thitc (2.59) duge hieu la tong ctia Py va Pyfg. D61 véi do
tin cay F™ trong cong thic (2.60), ching ta thay chi c6 sy dong gop tu
F&. Diéu nay 1a do néu trang thai dau vao ban dau ctia cac mode 3 va 4
la chan khong, mode 3 sé van la chan khong, lam cho trang théi lai khong
trung 1ap véi trang thai 1y tuéng |V)3 trong (2.25) 6 d6 mode 3 la trang
thai mot photon xac dinh. N6i mot cach khac, ching ta c6 Fj® = 0, giai
thich cho sy bién méat ciia sy dong gop do Fi° trong dau “=" tht 2 cla
cong thic (2.60).

Mot sb chi tiét can thiét cho cac tinh s6 clia tong xac suat thanh cong
thuc t& P va do tin cay thuyc té F™ duge trinh bay trong Phu luc A. Trong
Hinh 2.4 ching t6i vé Pj¢ (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 ding bang trang thai nén chan khong va (b) trang thai con meo
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Schrodinger 6 mode 1 dugce gan ding bang trang thai nén mot photon. No6i
chung, khi xem xét cac yéu t6 dau vao thyc té, ca hai P va F™ déu giam
so v6i 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 nho 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
ching toi thay su vugt troi ro rang clia trang thai nén mot photon so véi
trang thai nén chan khong vé téng xac suat thanh cong va dac biet 1a do tin
cay: tai A = 8 x 1072 trong truong hop (a) Pr ~ 3.3 x 1074 va " ~ 0.57,
trong khi trong truong hop (b) P & 4.6 x 107% va F™ ~ 0.98. Theo tinh
50, ching ta tim thay Py ~ 1.4 x 107%, Pi’g = 3.1 x 1072 va F§ =~ 0.972
cho truong hop nén chan khong trong trudng hop (a) va Prjy ~ 6.9 x 1079,

e A T.1 X 1072 va F¥ ~ 0.999 cho truong hgp nén mot photon trong
truong hop (b). Do d6, khi cho A > 7 x 107 tién t6 \* P/ Pf* trong cong
thiic (2.60) trong trudng hgp nén chan khong dao dong tir 0.52 dén 0.69,
nhung cho trudng 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 Fy.

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 vi HWP 14 hoan hao nhung hai BBS c6
thé hoi lech can bang. Do léch can bang ctia cac bo tach chiim dude xac
dinh bdi cac tham s6 €, v6i k = 1,2 va lién hé véi hé s6 phan xa r;, vA hé

sO truyen qua t, nhu sau
ek:1/2—rk:tk—1/2. (261)

Ta sé xét truong hop |ex| < 1 tuong ting v6i syt mat can bang rat it.
Do c6 su mat can bang nhu trén cia hai bo tach chiim, két qua cla

bon phép do duge thue hién bdi cac toan tit {II;; j = 1,2, 3,4}, dinh nghia
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Hinh 2.5: D6 tin cay trung binh F'™ dugc dinh nghia trong (2.65) la ham ciia cac tham
s6 khong hoan hao €; va €5 clia hai BBS. Trén hinh vé, 8 va r duge chon nhu trong Hinh
2.3.

tuong ting bdi cac cong thiic (2.40) - (2.43), sé khién xac suat thanh cong
va do tin cay trong qua trinh tao trang thai roéi lai trd thanh P}m VA F;m
Céc bieu thic gidi tich cia PI™ va FJ™ duge viét trong phu luc B. N6i
chung, P;m va I ]i.m khong chi phu thudc vao €; va e ma con phu thude vao

4. Vi du, lien quan dén phép do II; ching ta thay rang

P = N(8) | (3 + B)rd*e " + (13 — B)mne | (2.62)

2 6—27“,82
e Dah8) r2(01) — 2 =5152)

+ 1 fo(82) (61017 (2.63)

im
" =

& day 0 duge dinh nghia trong cong thic (2.32) va f,(z) duge dinh nghia
trong (2.33), trong khi 1, 72, 1 va d2 1& cac hang sd phu thuoc vao 3, r,
t va €15 (xem cac cong thiic tuong tng trong Phu luc B). Doi vdi P2if§74
va 21?3}74, biéu thic ctia ching phu thuoc vao j va dude dua ra mot cach
tuong minh trong Phu luc B. Tuy nhién, ching t6i thay ring, tong xac
suat thanh cong P héa ra lai y chang nhu trong truong hop 1y tudng.
Thc la,

4
P =Y P™=rr, (2.64)
j=1
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& day Pr = 4P véi P cho trong cong thiic (2.44). Diéu d6 chi ra rang tong
xac suat thanh cong trong giao thiic clia ching t6i khong phu thuoc vao
sit léch can bang clia cac bo tach chitm néu do léch 1a nhd véi |e;| < 1. Dé
phan tich do tin cay, ching t6i dinh nghia do tin cdy trung binh nhu sau
Z?:l P}mF;m
4 im

2 i1 P

Ta thay két qua phu thudc vao ci € va €. Trong Hinh 2.5 ching toi vé

Fim —

(2.65)

F™ 13 ham clia €; va e5. Nhu thay 16 tit hinh vé, F'™ c6 gia tri rat cao
(F™ > 0.980) v6i
vé 0. Cu thé hon, F™ > 0.999 khi |e; o] < 0.02.

. Gia tri ctia F™ tiém can t6i 1 khi €12 glam

2.1.4 Su khong 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,
cic may do nay thuc té thuong hoat dong kém hiéu qui véi mot so 16i.
Trong tiéu muc nay ching toi tinh dén sy khong hoan hdo clia méy do
photon. Mtc do khong hoan hao dude dic trung bdi thong s6 hiéu suat

€ [0,1]. Vé mit toan hoc, viéc may do dugc n photon véi hieu suat 7
duge mo ta bdi phép do positive operator-valued measurement (POVM)
nhu sau [114]

k=0

¢ day a la ky hiéu ctia mode ma s6 photon ciia né duge phat hien. Déi véi
n =1, E(n) 1.a = |n)a{n|, phép do photon la hoan hao. Do6i v6i n — 0 va
n # 0, En_)>0a — 0, c6 nghia 14 khong c6 thong tin gi vé s6 photon. Phép

do hoan hdo II; trong cong thiic (2.40) luc nay dugce thay thé bang phép
do khong hoan hao II , c6 dang
I, = B9 o E) e E e EY, (2.67)

va cac thay thé tuong tu duoce thuc hién cho II, ITs, va I1,.
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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 thudc vao (a) hieu suat ctia may do photon n va
(b) hé s6 phan xa r. Trong truong hgp (a) he s6 phan xa r 1a 0.1, trong khi trong trudng
hop (b) hiéu suat may do photon 1 1a 0.9. Trong c& hai truong hop ching t6i gia dinh céc
trang thai dau vao hoan hao trong dé dau vao la trang thai con meo Schrodinger chén cé
bién do = 1.

Déi v6i cac trang thai dau vao c6 dang nhu trong (2.27) - (2.29), tong

x4c suat thanh cong Pr,, va do tin cay F, c6 the dan ra cac bieu thic giai

tich cta ching duéi dang

T62n2€—2r62n

1+ e—2rB*(1-n)
F, = 5 . (2.69)

Trong Hinh 2.6 ching toi vé Pr, (dudng lién nét) va F), (duong dit nét)
1a ham ctia (a) hieu suat may do n va (b) hé 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 the, ching tang mot cach don diéu theo hieu
suat n. Diéu nay 1a dé hiéu bdi may do cé hieu suat cang tot thi giao thiic

cang hidu qua. Nguge lai, trong trudng hop (b) xu huéng bién ddi clia
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Pr,, va F, theo hé s6 phan xa r 1a khac nhau. Cu thé, khi r tang thi Pr,
sé tang nhung F), sé giam. Vi du, v6i » = {0.1,0.2,0.3,...} ching ta c6
Pr, = {0.0596,0.0996,0.1247, ... } va F,, = {0.990,0.980,0.971, ... }. Diéu
nay co thé duoc gidi thich mot cach dinh tinh nhu sau. r ting dan dén
su cai thien s6 luong cd hai thanh phan bao gom thanh phan mot photon
nam trong ham fZ(y) véi v = v/2r clia cong thitc (2.44) va thanh phan n
photon trong ham f2(~) (n > 1) trong mode 2 ciia trang thai |=);» trong
(2.32). Su cai thien dau tién lien quan triec tiép dén viéc tang tong xac suat
thanh cong (2.44). D61 véi sy cai thien thi hai, dang cha y 1a vi cac may
do la khong hoan hao nén trang thai thu dugc ciia 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(y) lam tang thanh phan khong
mong muoén trong trang thai can tao do dé 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
lim, o F,, = 1, nghia la d6i v6i gia tri bat k¥ ctia  do tin cay c6 thé cao
néu gidm heé sé phan xa r, tuy nhién xac suat thanh cong sé bi giam mot
lugng nao do.

Khong giéng nhu céc giao thiic trong [99,101], 6 d6 cac tac gia st dung
trang thai dau vao 13 trang thai con meéo Schrodinger khong c6 tinh chat
phan cuc, trong khi do6, giao thic ctia ching toi sit dung trang thai con
meo Schrodinger ¢6 tinh chat phan cyce (2.27) va do d6 trang thai roi cia
ching toi thanh phan CV ciing ¢6 tinh chat phan cyc (2.32). Nho vao viée
stt dung trang thai nhu vay nén tong xac suat thanh cong ctia giao thic
chiing t6i gap doi so véi tong xac suat thanh cong trong giao thiic [99,101].
Mot uu diém khac clia giao thic ctia ching toi do 1a khong can phai st
dung toan tit dich chuyén nhu trong [99,101]. Vi trong thuc té, tac dong
clia toan ti dich chuyén chi ¢6 thé duge thuc hién gan ding bang cach st
dung bo tach chtim c6 hé s truyén qua cao vad mot chtim két hgp cé bien
do 16n [118]. Nhu vay giao thitc clia ching toi lam gidm duge nguon tai

nguyéen luong ti can st dung.
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Céac phan tich vé hiéu tng suy gidm do tuong tac v6i moi truong clia cic
trang thai dau vao va su khong hoan hao ctia cac bo tach chiim cho thay
giao thiic clia chung t6i van c6 kha nang chong lai nhitng nhiéu loan nho.
Dic bigt, 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
hao ctia cac bo tach chtim di nhé. Déi véi sy suy gidm lien quan dén trang
thai dau vao ching ta c6 thé cai thien bang cach thiét ké thi nghiem dé
giam thiéu thoi gian tuong tac ciia céc trang thai dau vao v6i moi trudng,
trong khi d6 su khong hoan hdo clia cac bo tach chiim c6 thé dude khic
phuc nho su tién bo khong ngiing trong ki thuat ché tao cac thiét bi quang
hoc.

Dé dat dugc trang théi 16i lai |W),, = (Jag)i|H)s + | — av)i|V)3) /v/2
nhu mong muén véi mot bien do a 16n thi can c6 hai doi héi dong thoi nhu
sau: (i) bien do § ciia trang thai dau vao |I')1 = N(B) (|8u) + | — Bu)),
can du 16n va (ii) he s6 phan xa r ctia bo tach chum BS(r,t) trong phan 2
clia so do giao thic phai di nhé. Con meo Schrodinger chén va 1é c6 bién
do nho co thé tao ra gan ding bing trang thai nén chan khong va trang
thai nén mot photon véi do tin cay cao va c6 the tang bién do cua trang
thai con meéo Schrodinger nhd vao cac ki thuat khac nhau (xem [96] chang
han). Do d6 doi hoi (i) c6 thé thuyc hien duge. Yéu cau (ii) ciing c6 thé dap
tng dude vi BS c6 heé sé phan xa thap co thé thiét ké dua vio cong nghé
hién nay. Ngoai ra, cling can phai tinh dén sy khong hoan hao ctia trang
thai |©)s4 vi trén thuc té né bi tron véi trang thai chan khong. Diéu 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 dé thuc té khac dang quan tam la
st that bai x4y ra béat ctt khi ndo may do phat hien nhiéu photon dugc thé
hién trong “CSHK” nhu trong cong thic (2.36). Dé phan biét chinh xac

gitta thanh cong va that bai, cic may do phan gidi s6 photon 1a can thiét.
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Mot mit, cac bo do phan gidi s6 photon véi hieu qua cao t6i 95% da dudc
ché tao [135] va dugc st dung trong cac thit nghiem khac nhau [136-138].
Mzt khac, ngay ca v6i may do cé hiéu suat thap, khi gidm hé sé phan xa
ctia BS chiing t6i sé thu duge do tin cay kha cao nhung déi lai xac suat

thanh cong kha thap.

2.2 Tao rbi lai bédn mode gita trang thai két hop va
trang thai qubit don tuyén

Tiép theo sé trinh bay phuong phap tao réi lai CV-DV gitta bén mode.
Trang thai can tao c¢6 dang
1

‘F(a)>1234 - E(lOK? «, 07 0> + |—O[, —Q, 17 1>)12347 (270)

6 day |a, @, 0,0)195, V& |—a, —ar, 1, 1) 55, 12 Viet tat cla |a); @ |a), ® [0); ®

0), va |—a), @ |—a), @ |1); ® 1), tuong ting. Dé tao trang thai réi lai trén

ta can trang thai ban dau

P0(0)) e = | @(aVD)) (20}, 2.1)

6 day
|mwm=§;mm+%%mw (2.72)

1a trang thai rdi lai gitta hai mode x va y da duge tao thanh cong trong [94].
Qua trinh tao trang thai lai gitta bon mode nhu trén dudce thé hién trén
Hinh 2.7 va thuc hién theo cac budc cu thé nhu sau

Budc 1: Mode m ctia trang thai |®(2«)), . duge gui qua mot thiét bi
quang hoc ky hiéu 1a PBSP. Thiét bi nay hoat dong trén hai mode z, y bao
gom mot bo tach chim can bang BBS,,(7/4) = explin(afa, + a;a,)/4]
bi kep gifta hai bo dich pha —7/2, P)(—7/2) = exp(—ima}a,/2), v6i a}
(a;) la cac toan tit sinh (hty) hat § mode j

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

[W1) = PBSF,, W) (2.74)

klmnp kimn »
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|F(a))pqnl

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, I,
m, n, p va q) bi¢u dién mode n (k, I, m, n, p va q). Dy va D,, 1a cic may do photon dé
dém sb photon tuong tng tit cac mode. Dudng ditt nét bicu dién sé photon dém dudc ny,
van,. R=1,X, 7 va XZ la cic toan ti hoi phuc phu thudc vao s6 photon duge phat
hién.
v6i p 14 mot mode chan khong bat ky (xem Hinh 2.7).

Buéc 2: Mode m vita chuyén qua thiét bi PBSP dau tién sé dudc tron véi
mode k clia trang thai |®(«yv/2)),, tren mot PBSP khac. Két qua [Uy)
tré thanh

klmnp

| 2) = PBSPy, V1) (2.75)

klmnp klmnp -

Phia sau thiét bi PBSP,,; (12 PBSP thit hai trong Hinh 2.7) d&t hai may
do photon D,, va D;, dé dém sb photon n,, va nj clia cic mode m va k
tuong tng. Trang thai cua cac mode [, n va p tré thanh

mk <nm7 N ‘ \D2>klmnp

A , 2.76
‘ 3>lnp m ( )

vOi xéc suat
Pryne = Lok (s 1 199) g |- (2.77)
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Dé phan tich tat ca cac truong hgp o the xay ra, trang thai [¥), = co the

duge viét mot cach tong quat nhu sau

1
k(T Tk ‘\I}?>klmnp = 5[50nk‘0>lm <nm|2a>m |&\/§>p‘0>n

+ Bon, | 1)1k (e [20), [v/2),]0),,
+ (=1)"0on,, [0)ik (nr. [200), | — av/2),[ 1)
+ (=1)"00n, [1)1m (M 1200),,, | — 04\/§>p|1>n]a

(2.78)

& day 6, 12 ham delta Kronecker trong khi d6 (n |y) = 4"e /2/y/nl. S&
c6 nam kha nang xdy ra duge dan nhan tur (i) dén (v) nhu sau

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

‘\If§¢>>ml _ %(‘a\/ﬁ, 0, 0> + ‘—a\/i, 1 1>),m,, (2.79)

xay ra v6i xac suat

C

1
Paansng = 5¢ 1 [eosh(4]af?) - 1], (2.80)

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

la

; 1
\1/(”>> :—‘ \/§,o,o>—‘— \/5,1,1> . 2.81
) =5 a i (281)

xay ra voi xac suat
1
Py = 56_4|0‘2 sinh(4|a?). (2.82)
(iii) Néu n,, = 0 va np = chan # 0, thi trang thai [¥3) , trong cong

thitc (2.76) 1a

"I’gii)>pnz _ %()a\/i 0, 1> + ‘—a\/i 1 0>)pnl, (2.83)

xay ra véi xac suat Py ganzo = Phanzo.o-

(iv) Néu n,, = 0 va ng = 16, thi trang thai |¥;)
(2.76) 1a

“I’gv)>pnzq _ %(‘a\/ﬁ, 0,1) - ‘—04\/5, 1,0))pnal0),, (2.84)

onig trong cong thic
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xdy ra vii xac suat Py, = P .

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

. 1
‘@§>> = §(‘04\/5,0,0>+‘04\/5,0,_@
pn
+ ‘—oz\/E, 1 0> + ‘—oz\/i 1, 1>)W, (2.85)

2 P P Z _ 2
xay ra v6i xac suat Py = e Aof”,

Bude 3: Mode p dude dua vao thiét bi PBSP thi ba, sau d6 mot mode
phén xa xuat hién duge gan nhan ¢. Do d6, cac trang thai (2.79) - (2.85)
tré thanh

’xpl >pqnl 7 (Jev, @, 0,0) + |—t, —a, 1, 1)) o, (2.86)
‘\IJ(” >pqnl |a a,0,0) — |—a, —a, 1, 1)) pgni; (2.87)
‘\If >pqnl (. 0.1) + = =0, 1.0) ) (2.88)
‘W >pqnl 5 (10.0,0,1) = |, =01, 1,0) ) (2.89)
va
) =l 0) e = D(0) 4 D) (290)

Nhin vio cac cong thic trén ta c6 thé thay chi trang thai cudi cting la
khong thé cho két qua thanh cong. Bén trang thai phia trén c6 thé chuyén
vé trang thai mong mudn bang cach st dung cic toan tit phuc hoi Z va X
tac dong lén trang thai ¢ 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

o
X4ac suat nay co thé dat 75% khi |a| > 1.3.

3 i
PF - Pchin%O,O + Plé,O) - Z(l —¢€ e ) (291)
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2.3 Vién chuyén ludgng ti¥ c6 kiém soat tir trang thai
bién gian doan sang trang thai bién lién tuc va
ngudc lai théng qua trang thai réi lai dudi anh
hudng cila moi trudng

Duéi day chung toi thiét ké mot giao thitc vién chuyen luong ti gitta
mot trang thai qubit don tuyén va mot trang thai két hop. Trong [113,116]
cac tac gia nghién citu vién chuyén lugng tit gitta trang thai photon phan
cuc don va trang thai két hgp, dong thai nghién ctu vién chuyén luong ti
gitta trang thai qubit don tuyén va trang thai két hop bang cach st dung
cac trang thai r6i lai phit hop giita chiing. Dé giai quyét cac dieu kién thuc
té clia qua trinh truyén tai thong tin lugng tit nhu vay, diéu quan trong 1a
phai tinh dén cac hiéu ting mat lien két do tuong tac véi mai truong. Ngoai
ra, trong thuc té thuong doi héi c6 mot bén thit ba lam nhiém vu giam
sat. Diéu nay c6 thé duge thyuc hién bing cach thém ngudi giam sat viao
cac trang thai réi 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 truyén tai thong tin gitta hai loai qubit
khac nhau. Cu thé: Alice, Bob, Charlie va David 14 bon bén cach xa nhau
va chi dugc phép thuc hién cac hoat dong dia phuong va giao tiép co dien.
Alice va Charlie 1a 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 dieu khién céc trang thai két hop. Muc dich ciia ching toi 1a tao ra
cac giao thiic cho phép vién chuyén theo ca hai huéng, tit trang thai qubit
don tuyén sang trang thai két hop va ngudc lai xuyén qua mot moi truong
c6 nhidu dudi su kiém soat dong thai clia ca Charlie va David. Trong muc
nay ching toi dua ra hai nhiem vu can gidi quyét. O nhiem vu thit nhét,

gid st Alice gitt mot trang thai ton tai trong khong gian DV nhu sau

[Ypv) = al0) +b]1), (2.92)
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& day |0) (|1)) 1a trang théi chan khong (trang thai mot photon) va a, b 1a
cac sO phiic chua duge biét théa man diéu kién chuan héa |al? + [b|* = 1.
Alice can bi mat chuyén dén cho Bob thong tin vé cac hé sé a, b ndm trong

mot trang thai CV
[Yev(a)) = N(ala) +b|—a)), (2.93)

¢ day |+a) 1a trang thai két hop c6 bien do phiic +a va N = N(a,b,a) =
(142Re(a*b)e21")=1/2 13 he s6 chudn hoa ciia trang thai [ey (a)). Nhiem
vu thi hai, ngudc lai véi nhiem vu dau tién, 14 Bob giit mot qubit trang két
hop & trang thai (2.93) va 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 dudce 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 c6 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 dién, bén bén Alice, Bob, Charlie vi David can chia
sé truéec mot kenh roi lai DV-CV ¢6 dang thuan khiét nhu sau

(@) = —5(10:0.0.0) + =0 =0, L D, (294
day chinh 1a trang thai ching toi da thiét ké so do tao thanh cong nhu
trong muc 2.2 bén trén. Kenh luong tit nhu vay phai dude phan phéi dé
Alice gitt mode 4, David gitt mode 2, Charlie giit mode 3 va Bob git mode
1. Trong qué trinh phan phdi kénh lugng t1t, do réi clia kénh sé bi suy giam
do tuong tac v6i moi truong xung quanh. Diéu nay dude mo ta bdi phuong

trinh Chu [126]
Op1234(t)
ot

O day t la thoi gian tuong tac giita cac mode quang hoc va moi truong,

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

p1234(t) 13 ma tran mat do clia kénh lugng tit tai thoi diém ¢, trong khi
J va L la toan tit Lindblad tac dong 1én pias34(t) nhu sau Jpjo34(t) =
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VD2 aipraza(t)a) va Lpigsa(t) = =3 37,(a aiprasa(t) + prasa(t)a; a;), véi v
13 hé s6 phan ra xac dinh béi do manh clia tuong tac gitta kénh lugng ti
va moi truong va a; (a;) 1a todn tit hity (sinh) ctia mode i. Nghiém ctia

phuong trinh (2.95) c¢6 thé duge viét dusi dang

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

V61 proga(t = 0) = |T) 195, (I'| 1& trang théi thuan khiét ban dau ctia kénh
lugng tit. St dung quy luat tac dong ctia J va L ching ta thu duge kénh
lugng tit & trang théi tap pia34(7) c6 dang

pam(r) = S{lIra)iiral © ra)a(ral

®]0)3(0[ ® |0)4(0]

+CT3 1) (—Tal ® |[Ta)y(—Tal

®|0)3(1] @ 0)a(1]

+C7% — Ta) (Ta| ® | — Ta)y(Tal

®|1)3(0] @ [1)4(0]

+| = Ta)h(—Tal ® | — Ta)(—Ta

® (1 [1); (1] + (1 = 7%) |0)3 (0])

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

v6i C = e 40-7)0" vy 7 = ¢ /2 Cha ¢ réing 7 = 1 khi 4t = 0 (khi y = 0
hoac t = 0), trong khi 7 — 0 khi v¢ — oo (khi v httu han nhung ¢t — 00).
Tu cong thic (2.97), ta thay sy tuong tac v6i moi truong lam gidm bién
do ctia cac mode két hop 1 va 2 tit £« sang +7a va chuyén trang thai
mot photon 1) (1], trang thai qubit don tuyén trong mode 3 va 4, vé trang
thai chan khong |0) (0] (luvu ¥ rang sy mat photon nhu vay ciia céc qubit
don tuyén khong loai bd cac qubit ra khoi khong gian ctia ching va dugc
xem xét nhu mot 16i ‘lat bit’ (bit-flip) ¢6 thé dudc sita bang cac ma stia
16i lugng tit). Vi &nh huéng clia tuong tac v6i moi truong da duge tinh
dén trong kénh lugng ti pios4(7), sau day ching toi sé lam viéc thang véi
pi234(7) thay cho pi934(0) = |I")1234(T'].

Trude tién ta xét nhiem vy thit nhat: Vién chuyén lugng ti c6 kiém soat
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tit trang thai bién gian doan sang trang thai bién lien tuc. Gia st Alice ¢
mot qubit don tuyén A nam trong trang thai [¢Ypy), = (a|0) +b|1))4 va
o ay can chuyén trang thai |[¢py) , t6i Bob sao cho Bob nhan dugc trang

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

Chu 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,a) = (1 4 2Re(a*b)e2*")~1/2 thanh N = N(a,b,7a) =
(1+2Re(a*b)e 27°)"Y/2 Trang thai tich clia qubit DV clia Alice véi kenh
lugng tt 1a pap1asa(T) v6i pa = [¥pv) 4 (Wpy|. Hoat dong clia bon nguosi
trong nhiém vy nay dugc hién thi trong Hinh 2.8. Cu thé mdi trong bon
ngudi Alice, Bob, Charlie va David phai thuyc hién theo thit tu nhu sau.
Hoat dong cia Alice: Alice st dung thiét bi quang hoc PBS P44 dé lam
roi mode A va mode 4, sau d6 dém s6 photon ctia hai mode d6 bang hai
méay do photon D4 va Dy4. S6 photon dude phat hién lan luot 1a ng va ny.

Trang thai ctia cac mode 1, 2 va 3 Iac nay c6 dang

o A4<7’LA,n4|PBSPA4[PA01234(T)]PBSPZ4‘nA,n4>A4

p123(T) = Iz : (2.99)
nA,TY

v6l
PHAJM =1Tr {‘nAa n4>A4<nA7 n4|[PBSPA4[,01401234(7')]PBSPI4]} (2.100)

1a xac suat dém dudc ny photon trén mode A va ny photon trén mode 4.
Sau khi biét gié tri ctia ny va ny, Alice thong qua mot kenh lién lac co dién
thong bao gia tri ctia ching dé Bob c6 thé st dung sau nay. Chu ¥ ring
moi mode A hay mode 4 chita t6i da mot photon va bo tach chum 13 can
bang nén sé chi ¢6 ndm truong hop kha di clia cac gia tri {n4,n4}, do 1a

{na,ns} = {0,0}, {0, 1}, {1,0}, {0,2} va {2,0}.
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A n
[Ypv)4 """""""‘il
PBSP ]
s Pt
D ¥
X 3 ! 3 ng |
H . """"""" T
P(1)1234 >< (S i i E
: el

Hinh 2.8: Giao thiic vién chuyén lugng tit c6 kiém soat tit trang thai bién gian doan sang
trang thai bién lien tuc c6 kiém soat st dung kénh luong ti p1234(T) 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,
Dy va Dy 1a cac may do photon dé dém cac photon tuong tng tit cac mode. Duong 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.

Hoat dong cta David: Véi vai tro 1a nguoi kiem soat, David st dung
may do photon Dy dé dém s6 photon trén mode 2, v6i két qua n, va thong
bao két qua trén kenh truyén thong co dién. Cha ¥ rang mode 2 1a trang
thai két hop do vay ny € {0,1,2,...,00} va c6 thé phan thanh cac sé chin
va 1é, ng = {chan, 1é}.

Hoat dong ctia Charlie: La mot kiém soat vien trong khong gian DV,
Charlie dau tién tac dong toan tit Hadamard lén mode 3, sau d6 sit dung
may do photon D3 dé dém s6 photon ns, va thong bao két qua trén kenh
thong tin ¢d dién. Chi ¥ n3 € {0,1} vi mode 3 1a mot trang thai DV chi
ton tai ¢ hai trang théi [0) va |1). Thuyc té, trién khai toan tt Hadamard
trén qubit don tuyén 1a cuc ky khé khan. Mot tac dong truc tiép clia cong
Hadamard la 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, st
dung phép do pha thich ting [66] cho phép ap dung cong Hadamard trén
qubit don tuyén thanh cong 50%. Gia st rang cong Hadamard dudc tao
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thanh cong, trang thai mode 1 cua Bob sau hoat dong ctia Alice, Charlie
va David sé 1a

H. Hf
p1(7) = 23(n2, 13 3Pé223(7) 3 |n27n3>23, (2.101)
n2,n3

vl
Qnymy = Tr{|ng, n3)e3(na, ng|[Hspras(7)Hy |} (2.102)
14 x4c suat dém dugde ny va ns photon trén mode 2 va 3 tuong ting.

Hoat dong cia Bob: V6i vai tro la ngusi nhan thong tin, Bob la ngudsi
cudi ciing dua ra mot sé hoat dong thich hgp dé dung lai trang thai p; (1)
trong cong thitc (2.101) dé thu dugc trang thai gan nhét so véi trang thai
mong mudn (2.98). Bob phai stt dung tat cé cac két qua ctia phép do duge
cong bo trude dé na, ng, ny va ng, cac két qua nay cé thé la su két hop
ctia 20 truong hop khac nhau {n,n4, n3,ne}. Dé hinh dung xem trusng
hgp nao hitu ich, truong hop ndo khong ching toi viét p;(7) trong (2.101)
duéi dang biéu thitc tudng minh nhu sau

p1 (T) - (50”A51”450”3 + 51nA50n,451n3)pgl’n2)(7')
+ (517LA507L4507L3 + 5071A 51n451n3)p527n2) (7_)
+ 5071,450714 (5()”3 + 51n3),0§3)(7')

+ (BonsOom, + 0oy Oomy) (oms + 01y )05 (7),  (2.103)
6 day
P (1) = L) {|bPIra)i(ral
+ (=1)2C7*(a*b|ra); (—Ta| + ab*| — Ta) (Tal)
+ [P = 7%) + |af*7?)] = Ta)i (—Tal}, (2.104)
VOl

L) = [P~ ) + o
+ (—1)"2072(a"<b—1—b*cz)e_2o‘272]_17 (2.105)

" (r) = (), (2.106)
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_ ITa) (Tal + (1 — 72)| — Ta) (—Ta]
2 — 712

(2.107)

va

AV (r) =] - ra)i(~ral. (2.108)

RO rang ti cac cong thic trén, két qué phép do nam ¢ hai dong cudi trong
cong thiic (2.103) sé cho két qua khong mong mudn vi cé p(f)(f) clia (2.107)
hay p§4)(7) ciia (2.108) déu khong chita tham s6 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

suy gidgm do moi trudng) pi""(7) trd vé

1,ch&n
(7 =1)

i [1+2Re(ab)e ] {|b] | (a]

+ (a’bla)i(—al + ab’| = a)i(al)
+ af*| = o)1 (~al}
(@), (Yeov(a)] X, (2.109)

I

S
<
S

tu do

[bev(a)) (bev(a)l = Xpi™" ™ (r = X, (2.110)
Trong hai cong thic (2.109) va (2.110), |[Yeov(«)) la trang thai CV duge
dinh nghia trong (2.93) va X 1a toan tt tdc dong len trang thai két hop nhu
sau X |t7a) = |Fra). Toan tt X nhu vay chinh 14 bo dich pha mot goc
7 va dugc thiét ké mot cach dé& dang. Bicu thiic (2.110) cho thay pgT)(T),

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

Bay gio hay xem xét ky hon hai dong dau tién ctia cong thiic (2.103), ching
ta thay rang néu {n4,n4,n3,n2} = {0,1,0,chdn} hoac {1,0,1,chdn} hodc
{1,0,0,18} hodc {0,1,1,18} thi p;(7) tré thanh p\""™(r) = p9(r) =

ngT)(T)X. Diéu nay nghia la pgT)(T) = ngl’Chan)(T)X, trang thai can
chuyén co6 thé dugc tai tao ti pgl’Chgm) (1) hoac ng’lé)(T) bang viéc st dung

toan tt X tac dong lén mode 1. Vi tac dong cua toan tu X lén trang thai

két hop 1a hoan toan c6 thé thuc hién dude, do dé xac suat dé cac truong
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hop trén xay ra la

1

Px = §[P0,1 (Qo,ch5n+Q1,lé)

+ Pl,O (Ql,chfm + QO,lé)]
1
LB~ ) +laPr?

+ O a*b+bra)e 2. (2.112)
¢ day he s6 1/2 trong dong dau tién cua (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 trudng hop phép do {n4, ny, n3,no} =
{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 p{"%(7) = pP"™ (1) = X Zp\") () ZX. Didu nay ngu ¢ ring dé

c6 duge trang thai mong mudn pgT)(T), Bob nén tac dong lén trang thai

P9 (7) hode pP ™ (7) todn tit X Z, voi toan tit Z chuyén |£7a) thanh
+ |+7a) . Van dé la ddi véi trang théai két hop, tac dong clia toan tir Z 1a
rat khé dé dat 100%. Dé vugt qua khé khan dé, ngusi ta thuong lam gan
ding toan tit Z bing cach st dung toan tit dich chuyén [120] hoic bang
cach khon khéo nhd dén giao thic vién chuyén lugng ti [53] hosic bang
cong nghé bt mot photon khoi trang thai két hop [140]. Dau vay thi viee
trien khai toan ti 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
Pxyz Z[Po,l (Qo,1é + Ql,chén)
+ Pro (Quie + Qoctan)]

bI*(2 = 77) + |af*7?

=
16

— O (a’b + b*a)e 7, (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_,cy cho viéc chuyén trang

thai qubit don tuyén |¢py), cia cong thic (2.92) thanh trang théi con
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meo Schrodinger pgT)(T) clia cong thic (2.111) la

Ppyecv = Px + Pxz
1
= BOFE =7+ al*7)
+ Cr(a’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 (Ta)), trong cong thite (2.98) dugce
xac dinh bdi

Fpyoev = 1{ov(ra)lpl” (7)[vev(ra))
N2(a, b, 7a) LY (7){|b(b 4 ae ™27 ") |?
(=720 + 7°[af) (e + a)?
2072Re[ab*(a6_2720‘2 +b)(a* + b*e_QTQO‘Q)]}.

(2.115)

Bay gid ta xét nhiem vu tht hai: Vién chuyén lugng t@ c6 kiem soat

tr 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 oy (Ta))y = N(a|ra) + b|—7a))p. Nhiém vu clia Bob la
chuyén mot cach an toan dén Alice trang thai DV ciia mot qubit don
tuyén c6 dang |[Ypy), = (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, bén bén can chia sé trude dé cuing mot
kénh lugng ti trong cong thitc (2.97) véi ciing sy phan phoi cac mode. Céac
hoat dong ctia hai nguoi kiem soat Charlie va David khong thay doi, nhung
ciia Alice va Bob thi c6. Cu thé, Bob la ngusi dau tién hoat dong bang
cach cho mode 1 va mode B két hop v6i nhau qua mot thiét bi quang hoc
PBSP, g, phia sau dit cac may do photon D; va Dy dé dém sé photon
n1 va ng tuong ting véi ny,ng € {0, chdn # 0,1¢}. Néu s6 photon dém bdi
may do D3 ctia Charlie va Do ctia David 1a ng € {0,1} va ny € {chan,1é}
tuong tng thi trang thai mode 4 ctia Alice sé la

_ 3213(”3, Nna, Ny, ”3\912343(7') \ns, ng, Ny, nB>321B

pa(T) : (2.116)

Pn37n27nlanB
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(T)
4 P4

=

T

P(1)1234 3

[Yev)s

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 stt dung kenh lugng tit pio34(7) trong cong
thiic (2.97). Duong lién nét dan nhan B (1, 2, 3 va 4) biéu dién mode B (1, 2, 3 va 4).
Di, D, Dy va Ds 1 cac may do photon dé dém cac photon tuong ting tit cac mode 1, B,
2 va 3. Duong ditt nét bicéu dién sé photon dugc phat hién nq, ng, ns va ns. H 1a toan ti
Hadamard. V = I, X, Z hoac X Z 1a cac toan tit hoi phuc phu thuoc vao sd photon dém
dugce tit cac may do.

,012343(7’) = HgPBSPpr(T)1234pB(T)PBSP1+BH3+, (2117)
Vi pp(7) = [Yov(Ta))p (Yov(Ta)| va

Prymgning = Tr{|ng, na, n1,np)3215(n3, n2, n1, np|p12345(7) } (2.118)

14 x4c suat cing dém dugc ng, ne, n1 v np photon trén cac mode 3, 2,
1 vA B mot cach tuong ting. Thay thé piaz4(7) trong (2.97) va pp(1) =
|bev(Ta))p (Vev(Ta)| véi |Yey(Ta)) duge dinh nghia trong (2.98) vao
(2.117) va sau d6 vao (2.116) chung ta co6

/O4<T) = 50n350n3pz(11’n1+n2)(7') + (51n350n3104(127n1+n2)(

)
+ SongGom PSP (1) 4 SinyOomypy ") (1)

2

\]
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6 day
PR = {(Jaf? + (1 = 72))]0)4(0)
+ (=1)MF T2 (ab*|0)4 (1] + ba*[1)4(0])
+ [bP71)4(1]}, ny # 0 (2.120)

2,7),1 N9 1;”1 na 1
pEm () = pltrte () (2.121)

P () = {87+ |alP (L — 7))]0)4 (0]

+ (=102 (ba*[0) 4 (1] + ab*|1)4(0])
+ a7 1)4(1]}, np #0 (2.122)
p514,n2+n3)<7> _ ﬂf’nﬁnf}ﬂ)(ﬂ (2123)

va

AP = Sl -0yl
+ C72(10)4(1] + [1)4(0]) + 72[1)a(1]]. (2.124)

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 thite (2.120), khi ny + ny chdn hodc {n; =
chin # 0,ny = chin} hodc {ny =18, ns = 18} va 7 = 1 thi p{"*"""™)(7) don
gian tré thanh

P =1) = M =1)
{lal?10)4 (0] + [p[*[1)4(1]
+ (ab™]0)4(1] 4 ba*[1)4{0]) }
= [Ypv), (Ypyl. (2.125)

Diéu nay cho thay rang trang thai pELT)(T) ma Alice thu duge véi 7 # 1

phai la

i (1) = i () = p (7). (2.126)
Du6i day chiing t6i phan tich tat c cac trusng hop cé thé xdy ra diya trén
két qua do {ns,ny,ny,np}. Dé c6 mot cai nhin tong quan, ching toi tom

tat két qua phan tich trong Bang 2.1.
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Bang 2.1: Trang théi ps(7) trong cong thic (2.119) phu thudce vao 16 trudng hop kha di
ctia két qué do {ns,ny,ny,np}. Trang thai pi Chan)( ), pP(r) véi j =1,2,3,4 va png)(T)
dugc cho trong cac cong thitc (2.120) - (2.123) va (2.126).

Truong hop # n3  no ng n p4(7)
1,2 0,0 chén, 0,0 chin #0, p "™ ()

: e =i
3,4 1,1 chén, 0,0 1¢, P ()

1é chin#0 = p{"(r)
5,6 0,0 ch&n, 0,0 18, it le>( )

le chin£0 Zp{"(r)Z
7,8 1,1 chén, 0,0 chén # 0, 2 (2,chin) ()

Ié chan = Zpi 1)z
9,10 0,0 chin, chin#0, 0,0 p{Eehim) (1)

1é 1é — prlT) (1) X
11,12 1,1 chin, 1¢ 0,0 o9 (7

1é chén # 0 — prlT) (1) X
13,14 0,0 chéan, ¢, 0,0 P39 (1)

1é chén # 0 XZpiT) (r)ZX
15,16 1,1 chin, chin#0, 0,0 Pt (7

6 1 = X270 (r)ZX
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Bang 2.1 cho thiy riang, dé thu dugc trang thai pELT)(T) thi (i) Alice

khong can lam gi trong céc truong hop tir 1 dén 4, (ii) Alice stt dung toan
tt Z trong cac truong hop tir 5 dén 8, (iii) Alice stt dung toan tit X trong
cac truong hop tit 9 dén 12 va (iv) Alice st dung toan tit X Z trong cac
truong hop tiur 13 dén 16. Nhu da trinh bay trude do, doi véi trang thai
qubit don tuyén, tic dong clia toan tit Z c6 thé hoan toan thuc hién dugc,
tuy vay tac dong clia toan ti X chi thyc hién duge véi xac suat 1/2. Tong
x4c suat thanh cong cho qué trinh vién chuyén trang thai tir [Yoy (Ta)) téi
[Ypy) la

Pev_py = % Z Z Z <Pk,l,m,0 + % k,l,O,m) 7 (2.127)

k=0,1 |=ch&n,lé m=ch&n=£0,1é

VOl P, nynynp cho béi (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 todn Py, ;, n,.ny trong (2.118) va thay thé ching vao
(2.127) chiing to6i nhan duge biéu thitc gidi tich tuong minh cho Poy_py

nhu sau
3 1 — e 2r%?

81+ 2Re(a*b)e—270"

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

(2.128)

Pov_py =

N

la

Fevopy = 4<¢DV‘IOELT)(T)‘¢DV>4

= |a* + 7*b|* + (1 — 72 + 2C7%)|al?|b]*. (2.129)

Tu dong thit hai cia (2.129) dé dang thay rang trong trudng hgp khong
c6 sy mat photon, tic 1a khi 7 = C = 1, thi Foy_py = (Ja]* +[0]?)* = 1.
Trong truong hgp nguge lai khi xdy ra st mat toan bo sé6 photon thi kénh
lugng ti¢ bi tiéu tan hoan toan lic nay piase(7) tré thanh pioss(T = 0) =
10,0,0,0)1234 (0,0,0,0|. Cang trong trusng 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 cad cic mode déu khong rdi v6i nhau do vay, nhitng gi
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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) + |1))/+v/2 sang trang thai con meo Schrédinger chin
N(|Ta) + |—7a)) 1a ham cta vt v6i a = 1 (dudng cong mau do), a = 2 (dudng cong mau

xanh), o = 3 (duong cong mau cam) va a = 5 (dudng cong mau den).

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 ing ciing bang 1 cling nhu trong
truong hop khong c6 ton that photon (do tin cay tuyét déi nhu vay chi 1a
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 vuct qua 1 khi vt thay ddi tit vt = 0 téi
vt = oo (ttic 1a 7 bién ddi tit 1 t6i 0) sé ton tai mot gia tri nhé nhat clia
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_cv cho mot truong hop cu thé cia vién chuyén
trang thai DV c6 trong s6 bing nhau (|0) 4 |1))/v/2 t6i trang thai con meo
Schrodinger chan N(|ta) 4+ |—7a)) duge vé 1a ham cia ¢ cho mot vai gia
tri cua a. V6i mot gia tri xac dinh cia «, khi thoi gian tréi di do tin cay
trude hét 1a nhanh chong giam dé dat dén gia tri t6i thiéu, sau dé tang
dan dén 1 trong mot khodng thoi gian dt 16n (¢ > 10/+). Ta ciing c¢6 thé
hinh dung dugc thuyc té 1a gia tri o cang nhé thi day ctia duong cong do
tin cay cang nong.

D6i véi qué trinh vién chuyén theo huéng ngudc lai tiic tit CV sang DV,
sut bién doi ctia do tin cay cé su khéc biet. Diéu nay duge mo ta trong Hinh

2.11, hién thi do tin cay Fov_,py 1a ham ctia ~t cho viéc vién Chuyén trang
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thai con meo Schrodinger chdn N(|7a) 4+ |—7a)) t6i trang thai qubit don
tuyén (|0) 4 |1))/v/2. Hinh 2.11 cho thay ring, véi mot gia tri cia a, do
tin cay Foy_py ltic dau gidm nhanh nhung sau d6 dan bao hoa dén mot
gi4 tri toi thieu bang 0.5. T Hinh 2.11 ciing thay rang o cang 16n thi toc
do gidm theo thoi gian ciia Foy_py cang nhanh, dong nghia véi viec gia
tri t6i thiéu cia né dat dude cang sém.

Mot Iuu ¥ quan trong 1a, khong gidng nhu vién chuyén trang thai trong
moi truong 1y tudng khi ca xac suat thanh cong va do tin cay deéu khong
phu thudc vao cac trang thai dau vao, 6 day anh hudng clia moi truong
lam phat sinh su phu thuodc ciia xac suat thanh cong va do tin cay vao cac
tham s6 thong tin a va b. Van dé can quan tam lac 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 va b rang budc véi nhau béi
diéu kien chuan hoa |a|> + |b|> = 1 va chiing ta c6 thé dat ching nhu sau
a = cosf vi b = e¥sinf, v6i 0 < 0 < /2 va 0 < ¢ < 27. Gia tri trung
binh ctia ham (6, ¢) bat ky duge dinh nghia béi [141]

/ K dy / £(8, ) sin(26)d0. (2.130)

Nho cong thic (2.130) va st dung cong thie (2.114) va (2.128) ching t6i
tinh dugc tuong minh xac suat thanh cong tuong tng 1a

3

Ppyv_cy = G (2.131)

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

D61 véi cac gia tri trung binh ctia do tin cay, khi 1y tich phan (2.130) cho

Pov_py = (2.132)

Fpy_cv clia cong thiic (2.115) khong thé c6 dude mot bicu thic giai tich
r6 rang cho Fpy_cv, do d6 ching toi danh gia n6 biang 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
Fevapy =5 + 672(1 4 2e~41-T)0%), (2.133)
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Dé dé so sanh, chiing t6i vé trén cliing mot do thi Hinh 2.12 ca hai gia tri
trung binh Fpy_cv va Foy_py 13 ham ctia vt cho boén gia tri khac nhau
ctia a. Mot cach dinh tinh, cic do tin cay “hanh x1t” rat giéng nhu trong
truong hop véi a = b = 1/4/2 (titc 1a ¢ = 0 v& = 7/4) trén Hinh 2.10 va
Hinh 2.11. Cu thé, cho mot gia tri ctia a, Fpy_cp sé c6 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 cia né 1a 1/2 (1/2 1a gia tri trung binh cta
Fov_pyv(yt — 00) = cos?(#)). Dang chu ¥, doi v6i tat ci cic gia tri cla
o, Fpy_cv 16n hon Foy_py trong toan bo thoi gian. Hon nita, déi véi
cac gia tri nho clia o (o = 0.5 nhu trén Hinh 2.12a) vién chuyén lugng
t ti trang thai qubit don tuyén tdi trang thai con meo Schrodinger luon
luon tét hon két qua cd dién tuong ng véi gia tri tin cay tot nhat 1a 2/3
(dugc biéu dién bing mot dudng ngang dit nét trong Hinh 2.12). Déi véi
gia tri I6n cta a (o = 1, 2 va 5 nhu trén Hinh 2.12a, Hinh 2.12b, Hinh
2.12c va Hinh 2.12d tuong tng) c6 thé ton tai mot khodng thoi gian ma
Fov_pv < 2/3, cho thay vién chuyén lugng tt trong mién thai gian nay 1a
khong hiéu qua so véi vién chuyén co dieén. Déi v6i vién chuyen luong ti tit
trang thai két hop sang trang thai qubit don tuyén thi t6t hon dich chuyén
co dién chi trong mot khodng thoi gian ngan ban dau trude khi Feoy_,py
nhanh chéng tré lén nhé hon 2/3 va gitt nguyén nhu vay ve sau. Tinh chat
dinh tinh nay khong phu thudc vao «. Tuy nhién, vé mat dinh luong, gia
tri 16n hon ctia « sé thu hep thoi gian ban dau 1a khoang thoi gian wu thé
clia vién chuyén luong tit so v6i vién chuyen co dién.

X4c suat thanh cong trung binh duge vé trén Hinh 2.13. Trong khi qué
trinh vién chuyén DV-CV c¢6 Ppy_cy = 3/16, xac suit trung binh clia
qua trinh ngugce lai CV-DV, Pcv_pv, phu thuoc vao a va co thé 16n hon
Ppv_cy. Vidu, néu « co6 gia tri nhé thi Pey_py < Ppy_cy. Tuy nhién,
khi o dt 16n thi Poy_,py ¢6 thé 16n hon Ppy_cp khi vt khong qua 16n.
Khoang thoi gian vt ma Peoy_py > Ppyv_ocy sé dude mé rong khi o ting
nhu dude nhin thay tit cac dudng cong véi o = 1, 2 va 5 trong Hinh 2.13.
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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 chdn N (|7a)+|—7a)) sang trang thai qubit don tuyén dac biet (|0)+]1))/v/2
la ham cta vt v6i @ = 1 (dudng cong mau do6), o = 2 (dudng cong mau xanh), o = 3

(duong cong mau cam) va o = 5 (dudng cong mau den)
2.4 Keét luan cua chuong 2

Trong chuong nay, ching toi dé cap dén réi lai va ting dung clia no
trong vién chuyén trang thai luong ti ¢ kiém soat. Cu thé nhu sau: Trong
muc 2.1, ching toi thiét ké mot so do dé tao ra mot loai réi lai méi giita
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 cuc, mot ciap r6éi photon phan cuc va mot trang thai két hogp phan
cuc, da ducc chuan bi ngoai tuyén tit trude, duge cung cap lam dau vao
cho so do clia chung toi. Sau do, st dung céc thiét bi quang hoc tuyén
tinh thong thuong chang han nhu bo tach chtim, bo tach phan cuc, tam
ntta séng va may do phan giai sé6 photon, tat cd cac hoat dong can thiét c6
thé ducc thuc hién mot cach hieu qua. Phu thudc vao két qua phat hién
s6 photon, ta c6 thé biét duge trang thai réi lai mong muén co dude tao
thanh cong hay khong. Tong xac suat thanh cong clia so do cia ching
toi cao gap doi so v6i cac so do hién cé cho cac trang thai két hgp khong
phan cyc. Ké hoach ctia chung toi khong chi kha thi ma con kinh té déi

véi tai nguyen tieu thu vi khong phai st dung toan ti dich chuyen. Ching
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Hinh 2.12: D9 tin cay trung binh ctia qué trinh vién chuyén cé kiém soat trang thai lugng
tl tit trang thai bién gian doan sang bién lien tuc (dudng cong mau xanh) va do tin cay
trung binh clia qua trinh ngudc lai tit trang thai bién lién tuc sang trang thai bién gidn
doan (duong cong mau do6) la ham cua vt véi (a) « = 0.5, (b) a =1, (¢) a = 2 va (d)
a = 5. Dudng ngang mau den tai 2/3 1a gia tri trung binh c6 dién t6t nhat.

toi cling xem xét cac yéu to6 thuc té anh hudng dén hiéu suat ciia chuong
trinh, bao gom ca sy suy giam do roi/sy mat photon do tuong tac véi moi
truong cia trang thai dau vao, su sai khac ddi véi tai nguyen thuc té va
su khong hoan hio ctlia cic thiét bi. Phan tich chi tiét cho thay so do clia
chiing t6i c6 thé tru viing trude cac hiéu tng khong hoan hao nhd va co
thé dugc thuc hién véi cong nghé hién tai.

Tiép theo, trong muc 2.2 chung 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 duédi dang trang thai con meo Schrodinger. Dau tién, ching
toi xay dung so do tao ra trang thai réi thuan bon bén thich hop ma sau
quéa trinh chia sé gitta bén bén thong qua tuong tac véi moi truong sé trd
thanh mot trang thai tron. Sau doé ching to6i sit dung trang thai tron nay

1 kenh luong t dé thuc hien vién chuyen luong ti c6 kiem soat giita mot
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Hinh 2.13: Xac suat thanh cong trung binh ctia qué trinh vién chuyén luong ti 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 ciia qua trinh vién chuyén
lugng t1t theo chiéu nguge lai 1a hing s6 va biéu dién bdi duong ngang mau tim tai gia
tri 3/16.

qubit don tuyén vd mot qubit & trang thai con meo Schrodinger. Do ¢
tuong tac véi moi truong, do tin cay ctia vién chuyen luong ti 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 lugng tit DV-CV luon 16n hon
so v6i qua trinh ngugce lai CV-DV. Tuy nhién, dbi v6i xac suat thanh cong
trung binh, no6 sé la hing s6 déi véi qua trinh vién chuyén luong tit CV-DV
va 1a ham phu thuoc bien do o dbéi véi qua trinh ngude lai DV-CV. Su
phu thuoc vao « 1a kha tinh té. Vi du, sy gia ting clia o lam gidm do tin
cay trung binh (xem cac Hinh 2.10, 2.11 va 2.12) nhung lam tang xac suat
thanh cong trung binh (xem Hinh 2.13). Diéu dang luu ¥ 13 ma hoa qubit
don tuyén dic biét thid vi do kha nang chuyen doi 1an nhau tu nhién cia
no6 gitta cac hé thong vat 1y khac nhau nhu hé thong nguyén tit, co hoc va
quang hoc. Qubit don tuyén ciing c6 thé dudc chuyén ddi thanh cac dinh
dang qubit khéc, vi du: qubit phan cyc [142]. Diéu nay c¢6 nghia 1a trang
thai roi gitta trang thai két hop va trang thai qubit phan cuc c¢6 thé duce
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tao ra ti roi lai gitta cic trang thai két hop va trang thai don tuyén. Trong
cd hai giao thitc vién chuyén lugng t trong muc 2.2, ching t6i déu thiét
ké c6 hai ngudi lam nhiém vy kiém soat, mot ngudi thao tac trong khong
gian DV va nguoi con lai trong khong gian CV. Vé mit ¥ nghia, diéu nay

tao ra su cong biang gitta cac bén vdi nhau.
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Chuong 3

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

vién tac toan tu co kiém soat

Thong thudng cac thanh phan ctia trang thai réi duge sit dung trong
x1t 1y thong tin lugng tit duge ma héa bdéi cing moét bac tu do. Tuy nhién
trén thuc té, mot he luong ti c6 the dude mo ta dong thoi béi nhidu 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 ctlia
n6 dugc ma hoéa cting mot lac béi hon mot bac tu do goi la trang thai
roi tang cuong [10]. Rdi tang cuong la mot hién tugng 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 n6. Vi du cac trang thai sau

[ 1op) )
|©P)AB ® |0%) aB
|9F) 4B @ [03) 4
| [0F)aB @ |0§) a8

véim,n ==+ va j =1,2,3,...,16 tao thanh bo dua 16 trang thai Bell tang

AB @ |9%) AB

‘@{P5)>AB = 3 ; (3.1)

cuong ¢ hai bac ti do phan cuc va khong gian. Réi tang cuong da va dang
thu hit sy quan tam 16n clia rat nhiéu tac gid trén thé gidi véi rat nhieu

van dé dudce xem xét da ducc nhac dén 6 phan Md dau ciia luan an, vi du
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nhu ma héa dam cac trang thai lugng tit trong quang hoc tuyén tinh [30],
chiét roi luong tit [31-35], vién chuyén cac trang thai lugng tit [36-38], vién
tao trang thai lugng tit [39-41], dong vién tao trang thai lugng t1r [42], v.v..
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 cudng cé kiém soat st dung tai nguyen la cac
trang thai roi ting cuong. Trong muc 3.2, ching toi nghién citu qua trinh
vién tac toan tit co kiém soat. Trong muc 3.3, ching t6i dua ra mot s6 két
luan. Cac két qua ctia chuong 3 duge cong bé 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 cuong st dung trang thai réi ting cuong

Vién chuyén trang thai luong ti 1a mot giao thic duce dé xuat lan
dau tien bdi Bennett cling 5 cong sit clia ong vao nam 1993 [11]. C6 thé
xem d6 13 mot vi du dién hinh nhat vé vai tro quan trong ciia roi lugng
tlt trong cong nghé truyén thong luong tit. Bai toan dit ra: Alice va Bob
14 hai ngudi séng & hai noi khéac biet, ho khong gip nhau ké tit khi duge
tao véi nhau mot cap roi. Nhieu nam sau dé Alice duge giao nhiem vu
chuyén cho Bob mot trang thai luong t& mot cach an toan va nguyén ven
khi c& hai nguoi déu khong dugce biét thong tin vé né. D6 1a mot bai toan
thyc sy kho béi theo 1y thuyét co hoc lugng tit, mot trang thai lugng ti
khong biét thi khong thé doc va cling khong thé sao chép, Alice khong thé
doc dugc trang théai nay dé gii thong tin vé né cho Bob. Mat khac, néu
trang thai nay truc tiép dugc 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 dudc tao véi nhau mot cap réi tit trude nén nhiém vu nay coé
thé dugc hoan thanh chi bang viec Alice giii di mot luong nhé bit ¢o dién

thong bao két qua phép do trén cac qubit cia minh dé Bob dung lai duge
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trang thai mong muén chi bang cac thao tic dia phuong trén chinh céac
qubit ctia minh. Mot tinh hudng méi dude dua ra cho bai toan 1a dicéu gi
sé xay ra khi ban dau Alice dugc phép biét vé trang thai can gii? Dé t6i
uu hoéa tinh hudéng d6 mot giao thitc don gian hon da ra doi.

Viéc chuyén thong tin lugng ti khi md ngusi giti duge biét thong tin
ve trang thai can gii duge goi 1a vién tao trang thai lugng ti (tén tiéng
Anh 14 Remote state preparation, viét tat 1a RSP) [143,144]. Trong trudng
hop nay Alice sé thiye hién phép do von Neumann trén qubit ctia minh dya
trén hé co sé phu thuoc vao nhing thong tin cla trang thai can chuyén,
va néu so sanh sé bit ¢o dién can st dung dé théng bao két qua do ctia co
ay trong hai phuong thic QT va RSP khi ciing glii mot trang thai luong
ti thi truong hop RSP doi héi it hon. Nhung, ta van phai thay ring xac
suat thanh cong ctia QT bao gid cling 1a 100% con xac xuat thanh cong
cia RSP luon nho hon 100% ngoai trit hai truong hop dac biét cho xac
suat tat dinh da dugc tac gia trong [145] chi rat r6. Tuy nhién, treén thuc
té vi mot s6 Iy do nao d6 cac giao thic QT hay RSP buoc phai ding lai
gitta chitng. Mot ¥ tuéng duge dua ra 1a them vao dé mot ngusi kiem soat,
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 dude tién hanh hay phai
diung 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 ti hai chieu da duge
dé xuat bdi mot so6 tac gid. Trong cac giao thitc d6, bang cach st dung cac
trang thai réi nhieu qubit, hai ngusi co thé dong thdi trao doi trang thai
lugng tit cho nhau duéi sy kiém soat ciia chi mot ngusi. Néu thong tin can
duge xtt Iy duge ma héa bang cidc photon chita hon mot DOF, thi trang
thai 161 ting cudng 1a tai nguyen khong thé thiéu can st dung. C6 mot sb
loai tai nguyén lugng t1t hitu ich trong cac nhiém vu quan trong cta cac
giao thitc truyen thong luong ti hai chiéu, chang han nhu trang thai tang
cuong EPR, trang théi tang cuong GHZ, v.v.. Trong [166], cac téc gia da

dé xuat giao thic vién chuyén lugng ti hai chiéu cho phép hai déi tac cé
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thé trao doi hai photon don cho nhau (mdi ngudi git mot photon va c6
nhiém vu gt thong tin vé photon d6 cho ngudi con lai), mot trong s6 do
duge ma hoa trong P-DOF va céi kia la S-DOF, thong qua kénh lugng ti
14 trang thai ting cuong EPR trong dong thoi hai DOF.

Méi quan tam clia ching toi trong muc 3.1 nay 1a tao ra mot giao thric
theo céch sao cho Alice ¢6 thé chuan bi cho Bob mot photon mang hai
qubit, trong khi Bob ciing c¢6 thé chuan bi cho Alice mot photon mang hai
qubit khac duéi sy kiém soat chung clia bén thit ba (Charlie). V6i muc dich
do, trang thai réi ting cuong da photon phit hop phai dude tao thanh cong
va phan phéi hop 1y gita ba bén dudc iy quyén. Trong muc 3.1.1, ching
toi thiét ké mot luge dd gan tat dinh dé tao ra trang thai nhu vay, né la
trang thai réi tang cuong giita nam photon. Tiép theo, trong muc 3.1.2,
ching t6i stt dung trang thai d6 lam kénh lugng tit cho nhiém vu vién tao

hai chiéu c6 kiém soat cac trang thai tang cuong.

3.1.1 Tao kénh réi luong t& ting cudng

Nhiém vu ching toi quan tam lién quan dén ba bén cich xa nhau:
Alice va Bob la hai ngusi chuan bi cho nhau photon hai qubit va Charlie
14 nguoi giam sat. Gid st rang Alice ¢c6 mot photon duge ma hoa trong ca
P-DOF va S-DOF c6 dang

|¢> = Qo ‘HCLO> + a1 ‘HCL1> + o9 |VCL()> + oq1 ‘VCL1> , (32)
v6i cdc tham sb thuc a;; théa man diéu kien chuan héa Z;JZO af; = 1,

trong khi photon ctia Bob ¢6 dang

&) = Boo |[Hbo) + Bor |Hb1) + Bio |Vbo) + B11 [Vb1), (3.3)
v6i tham s6 thuc 3;; théa man diéu kien chuan héa Zijzo 12] = 1. Ky hieu

|Hej) (|Vey)), voi e =a,bva j = 0,1, chi trang thai phan cuc ngang (doc)
duge truyén theo hudng ¢;. Mac du |[¢) va |¢) 1a cac photon don, luong
thong tin chia trong moi ching ¢ gié tri 1a hai qubit vi méi photon duge

ma héa dong thoi trong hai DOF: trang thai nhu vay goi 1a trang thai tang
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cuong hay sieéu 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 |1)) 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
déng, nghia 1a cac thao tac ctia ho c¢6 thé dién ra dong thoi dudi su kiém
soat ctia Charlie, ngudi khong can biét gia tri clia cac tham s6 «;; va G;;
clia [¢) va |¢) nhung c6 thé quyét dinh nhiem vu c6 duge hoan thanh hay
khong. Ching t6i nhan thay rang nhiém vu néi trén c6 thé dat duge néu

ba ngusi tham gia dugce chia sé trudec mot kénh luwong t1t ¢6 dang nhu sau

T, s — ’r<5>> ’r<P>> 4
D234 12345 12345 (3-4)
vOil
1
’F(S)>12345 = §[|a0b0> (|60d060> -+ |Cld1€1>)
+ |CL1(71> (|ng0€1> + |Cld1€0>)]12345 (35)
va

) = %[\HH) ([HHH) +|VVV))
+VV)([HHV) + [VVH))|12315. (3.6)

Ro rang |I');93,5 1& trang thai roi ting cudng gita ndm photon. Mai trong
s6 nam photon c¢6 trang thai phan cuc dong thoi ci ngang va doc va ducc
lan truyén theo hai huéng: photon 1 di theo hai huéng ag va a;, photon 2
di theo hai huéng by va by, photon 3 di theo hai huéng ¢y va c;, photon 4
di theo hai huéng dy va d; va photon 5 di theo ey va e;.

Qua trinh tao trang thai |I');55, bat dau tit trang thai dau vao

[P0) 19345 = ‘q)65)>12345 ‘(I)ép)>123457 &0
6 day
“I’E)S)> = |aopbocodo€o) 9345 (3:8)
12345
va
‘(I)ép)>12345 = |HHHHH) 935 (3.9)
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Hinh 3.1: Budc 1 clia s6 do tao trang thai [T(9)) 9345 trong cong thitc (3.5). Bude nay lam
roi photon 1 véi photon 2 va photon 3 v6i photon 4 trong S-DOF. Vong tron c6 ky hiéu
H beén trong ngu ¥ mot photon & trang thai phan cuc |H), trong khi |z); va |z)y 1a céc
trang thai két hgp c6 bien do duong z; va 2, tuong ting. 6 va —6 13 cac thong s6 clia cac
tuong tac Kerr chéo. BBS 1a bo tach chiim can bang. Céac photon 16i ¢ S-DOF dudgc noi

v6i nhau bang cac duong lién nét.

c6 thé dude xit 1y rieng biét vi thao tac véi S-DOF khong gay anh hudng
dén P-DOF va ngugc lai. Trude tién chung toi giai quyét ‘CI)E)S)>12345 theo
hai buéc chinh. Hoat dong ctia bude thit nhat duge thé hien trén Hinh 3.1.

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

= a,b, ¢, d hoiic e, khi d6 \¢35>>12345 duge chuyén thanh

1
o) = — bo) + |b
‘ ) s 4\/5[(|a0> + la1))1([bo) + [b1))2(]co) + |e1))s
(Ido) + Id1))a(leo) + [€1))s]. (3.10)
Thtt hai, mot trang thai két hop phu trg |2;) ” (|22) ,@) c6 bién do duong
21 (29) va di theo duong k; (k2) duge cho phép tuong tac véi mode ag cia
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photon 1 v& mode by ctia photon 2 (mode ¢ ctia photon 3 va mode dj ctia
photon 4) tuong ting thong qua phi tuyén Kerr chéo véi thong sb tuong tac
6 va —f. Nhac lai phi tuyén Kerr chéo U, (£60) v6i thong s6 +6 gitta photon
n di theo dudng z; va mot trang thai két hop |z), gitt nguyeén trang thai
photon nhung thém mot thanh phan pha +60 vao trang thai két hop, cu
thé: Upi(£0) |25),, 12)), = |x;),, |2?), . Do d6, dudi anh hudéng ctia tuong

tac Kerr chéo, |<I>§S)>12345 |21), [22),, trd thanh

7)o = g0t + i)l
+laobi)12]z1€” )k, + |arbo)iz]z1e™" )]
[(lcodo) + [e1dr))sal22)k,
teodi)zalz2¢) 1, + [erdo)zalzee ™)y

(leo) + ler))s. (3.11)

Thit ba, thuc hién phép do homodyne X (la phép do bién do ngang X =
(a+a™)/v/2 hay cé cach goi khac 1a phép do X-quadrature) cho trang thai
két hop. Néu |21)z, 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

07) e = Foglabo) + ah))ia(lcd) -+ erd)
(leo) + |e1))s- (3.12)

Mot kh& nang khac 1a cac trang thai két hgp xuat hién véi dang |z1), va

=0y, (Jzet) va |ze~") khong phan biét duge bdi phép do homodyne

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

| 20€

7)1 = 75 loab) + lasbe)allens) + )

(leo) + le1))s. (3.13)

Néu cac trang thai két hgp tim thay 1a |z1e™),, va |23)s,, khi d6 trang
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thai ctia cac photon 1, 2, 3, 4 va 5 la

087) s = 75 1o0b) + lasto) ) + )
(|60> + |61>)5. (314)

0y, A |20eF?), | khi d6 ta

Truong hop c6 thé tim thiy cudi ciing 1a |ze

c6 trang thai sau cia nam photon

07) s = 75 1o0b) + lasto)allen) + )

(leo) + le1))s. (3.15)
Cht ¥ ring ’Q§5)> , Q;S>> v
’ ) 12345 12345

Qo > bang cach chuyén huéng di photon 4, photon 2 hoiic ci hai.
12345

Do d6, khong lam mat di tinh tong quat, ching téi sé thuc hién bude tiép
theo, budc 2, bat dau tu

thao trong Hinh 3.2.

Q;(;S)> c6 thé chuyén thanh
12345

Q(()S)>12345 . Cac thao tac trong bude 2 duge phac
Trong budc 2, mot trang thai két hop khéc |z), tuong tac véi céc trang
théai |ag),, |co)3 va |eg); thong qua tuong téac Uix(6), Usp(0) va Usip(—0)

tuong ing. Diéu nay lam roi cac photon va trang thai két hop nhu sau

}Q(S)>12345k - ﬁ{

+ arbicodoer) 1231 z€” )i

[(laobocodoeq) + |aobocidyer)

+ |arbicrdieo) o5 |2€ 7 )]
+|apbocodoer ) 12345 |Z€2i9>k
—|—( ‘ aobocld1€0> + |alblcod0€0>

+ |arbicidier) 12345 2)k }- (3.16)

Phép do X-quadrature sau dé dugc thuc hién trén trang thai két hop trong

trang thai Q) ... C6 ba truong 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 |apbocodper)qg,s - Pieu nay hoan toan khong c6 nghia la

(i) Ngoai ra, néu két qua la |ze*?), thi cac photon bj tach ra

giao thiic that bai bdi vi |agbocodoer) ozys €O the duge dua vé trang thai
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ban dau |agbycodo€o) 9345 bing viec chuyén huéng di ciia photon 5 va toan

bo qua trinh s& duge bat dau lai tit Bude 1. (iii) Cudi cuing, néu két qua

la |z), thi trang théi cac photon tré thanh (Jagbocidien) + |aibicodoen) +
larbicidier)) 12345/ V3, d6 ciing khong phai la mot tinh hudng that bai.
Trong tinh hudng nay, ching ta c6 thé phan biét ting thanh phan trong s6
ba thanh phan |agbocidie) 12345, |a1b1c0do€o) 9345 VA |arbicidier) gz bang
cach thue hién tuong tac Kerr chéo véi thong s6 6 giita |ag),; va mot trang
thai két hop |2’),, . Tiép theo 1a mot tuong tac Kerr chéo khac véi thong
s0 —0 gilta |cp); va trang théi két hop |2/ e'’),,. D& dang xéc minh réng
néu phép do homodyne X mang lai két qua |2'),/, |#’e?),, hodc |2/e*?),
thi trang thai clia cac photon 1a |ai1bicidier) og4s 5 |@obocidieg) ss,s hodic
la1bicodpen) o345 tuong tng. RO rang mdi trang thai trong s6 ba trang thai
nay c6 thé dudge chuyen doi thanh |lapbocodo€n) 9345 bANG CAC toAn tT chuyén
huéng di thich hop trén cac photon lién quan, diéu nay cho phép toan bo
quéa trinh dugc thuyc hién lai ttt Buée 1.

ag @
! a,
by
2
by
Co °
3 ¢
dg
4 d,
€o
5 e,
| z) k 0 6

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

Nhu mo ta & trén, cho nam photon & trang thai ban dau ‘CI)(()S)> —
12345

102



v VvV

v

v

Hinh 3.3: Budc 1 clia so do tao trang thai [T} 5545 trong cong thiic (3.6). Bude nay lam
réi photon 1 vé6i photon 2 va photon 3 vé6i photon 4 trong P-DOF. Vong tron c6 c6 ky
hieu H,V beén trong ngu ¥ mot photon & trang thai chong chap clia cac trang thai phan
cuc |H) va |V), trong khi |r); va |r)s 1an lugt 1a cac trang thai két hop 6 bien do duong
r1 va ry. QWP 1a mot tAm séng phan tu. Cac photon bi 161 & P-DOF dugc néi v6i nhau
bang cic duong dit nét.

lagbocodoen) 9345 trong cong thite (3.8), qua trinh tao trang thai réi mong
muén trong S-DOF ’F(S)>12345

lap lai nhiéu lan cho dén khi thanh cong.

duge dinh nghia trong (3.5) c¢6 thé lap di

Bay gio ching toi chuyén sang qua trinh tao trang thai r6i 6 P-DOF,
7)), 515» dinh nghta trong (3.6) bt dau i trang thai tich |@f)  —
\HHHHH) 53,5 trong cong thic (3.9). Qua trinh nay cling gom hai budce
chinh.

Budc thit nhat duge vé trén Hinh 3.3, dau tien muoi QWP duge dit trén
mudi dudng di ctia nam photon. Vi QWP chuyén |H) thanh (|H)+|V))/V/2,

trang thai ban dau ’(I)gp)>12345 chuyén sang

o) = ﬁmm FVDLH) + VD)) + V)3

(1) +[V)a(lH) +[V))s]. (3.17)
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Thit hai, cho phép thanh phan |H) clia photon 1 tuong tac véi mot trang
thai két hop [r1), thong qua phi tuyén Kerr chéo c6 thong so tuong téc 6.
Sau d6, trang thai két hgp da thay doi dudce cho phép tuong tac them véi
thanh phan |H) ctia photon 2 thong qua mot phi tuyén Kerr chéo khac c¢6
thong s6 —0. Tuong tu nhu vay, thanh phan |H) ctia photon 3 va photon
4 dugc cho phép tuong tac véi trang thai ket hop |ry), thong qua tuong
tac phi tuyén Kerr chéo thong s6 6 va —6 tuong tng. Luu ¥ réang tuong
tac Kerr chéo giita thanh phan |H) clia mot photon va trang thai két hop
ducgc mo ta trong Hinh 3.11. Sau cac tuong tic Kerr chéo dudge dé cap 6

_ (P)> 5 T
trén, ’Cbl s |71)1,|72)1, tré thanh

t%

1
= —=(]A 1y T A 1l2
5 2\/5(\ 10123401 + |A2) 12340,

+[A3) 123410, + [Aa)12340,0,) (| H) + [V))s,

>1234l1l25

(3.18)
6 day
(A1) 123400, = %(|HHHH>+ [HHVV)
+VVHH) +|VVVV))i934|71)1,|72)1,,
(3.19)
| A2)123an,, = %[(|HHHV> +VVHV) )il i), [r2¢”)i,
+(|HHV H) + VVV H))1934|71)1, [T2e” ")),
(3.20)
[A3)12341,0, = %[(|HVHH> + [HVVV ) )1231]r1€”), ra),
+(IVHHH) + VHVV))1a3a|r1e” ), |r2),]
(3.21)
va
[Aa)12341,0, = 1HHVHV>1234|7’1€ Vi, |rae” ),
—|—\HVVH>1234|7'16 ) |rae™),,
+HVHHV ) 1934|m1670Y; [0,
+HVHV H) 1934|1670, [ree ™), (3.22)
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Thit ba, hai phép do X-quadrature, mot cho trang thai két hop trén huéng
[; va mot cho trang thai két hop trén huéng I, dude thuc hien. Néu cac két

qu“gL do la ‘r1>l1lr2>l2> ’T1>51‘T26ii9>l27 ’Tleii9>l1lrz>lz hoac ‘Tleiw>ll|r2€iw>127
trang thai cia nam photon tré thanh
Q) = S (HH) + VYDl HE) + [VV))
0 /12345 22
(1H) +1V))s, (3.23)
Q) = L (HH) + [VV)R(HV) + VD),
L /19345 22
(1H) +[V))s, (3.24)
‘Q(P)> = L(|HV> + |VH))12(HH) +[VV))34
2 /12345 22
() +[V))s (3.25)
hoéc
‘Q(P)> = L(|HV> + |VH))12(HV) + [VH))s
5 /12345 2v/2
() +[V))s (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)> : ‘Qgp)>
12345 12345 12345
hoac )Qép)> " 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 ‘Q65)> _qua trinh
. 12345
nay dugc thé hién trén Hinh 3.4.
Trong bude 2, dau tién, mot trang thai két hop |r), tuong tac lan lugt
v6i thanh phan |H) ctia photon 1, photon 3 va photon 5 clia trang thai

’Qés)> \ thong qua tuong tac phi tuyén Kerr chéo thong s6 0, —0 va 0
12345

tuong tng. Trang thai tich ‘Q(()P)> \ I7); do d6 trd nén roi nhu sau
12345
1 .
Q(P)> _ 9 ‘F(p)> +if
‘ 123451 2v/2 | 12345 re™h

+‘HHVVH>12345|7“6%9>Z
+(|HHHHV) + |VVHHH)
+HVVVVV))1315]r)1]- (3.27)
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Hinh 3.4: Budc 2 cia qué trinh tao thanh phan P-DOF ctia kénh lugng ti. |r) 1a mot
trang thai két hop c6 bien do duong r. Trong budc nay, trang thai mong mudn [T 9s,5
trong cong thitc (3.6) c6 duge néu két qua phép do X-quadrature la |re*®).

Thit hai, trang thai két hop ctia ‘Q(P)>12345l duge do baéi phép do homodyne

X mang lai mot trong ba két qua 13 |ret) 240

ii0>

1, [re?™); hoac |r);. Néu két qua

la |re™");, qua trinh thanh cong (’F(P)>12345 c¢6 thé thu dugce). Tuy nhién,
néu két qua la |re??);, trang thai photon ctia co ay 1a |[HHVV H)19345,
trang thai nay c6 thé chuyén thanh (q>gp>>12345 — |HHHHH),,,,; bing
cach ddo ngudc sy phan cuc clia ci hai photon 3 va photon 4. Cudi cling,
trong truong hop két qua la |r); trang thai ctia cadc photon trd thanh
(|JHHHHV) +|VVHHH) + [VVVVV))12345/V3. Trong trudng hop nay,
thanh phan H ctia photon 4 va photon 5 dudc cho phép tuong tic lan
lugt véi mot trang thai két hop |r’), thong qua hai tuong tac phi tuyén
Kerr chéo v6i ciing thong so #. Trang thai két qua (khong chuan hoa)
clia cac photon va trang théi két hop chinh 1& |HHHHV )12345 ‘r’ ew>l, +
\VVHHH )19345 [r'e?) ,+|VVVVV ) 19315 [1'), . Khi trang thai két hop duge
do, cac photon tré thanh mot trong ba trang thai |HHH HV )12345 hoac
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[VV HH H)13345 hodic [VVVVV) 12315, phu thuoe vao két qué |r'e™), hodc
|r'e*?), hodc |r), tuong ting. Moi trang thai trong s6 ba trang thai trén
clia cac photon c6 thé duge chuyén doi thanh ‘CI)(()P)>12345 trong cong thiic
(3.9) bang cach ddo ngugc sy phan cuyc 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 co thé
ducc lap lai cho dén khi thanh cong.

Nhu vay, thong qua hai giai doan, trang thai roi gitta nam photon trong
cong thic (3.4) duge tao thanh cong véi xac suat gan tat dinh (near-

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 kénh luong tit dé thuc hién giao thic
vién tao trang thai hai chiéu c6 kiém soat trong cting mot giao thiic. Trang
thai r6i tang cuong |I');54 duge phan bo theo cach Alice gitt hai photon
1 va 3, Bob giita hai photon 2 va 4 trong khi Charlie giit photon 5. Dé
dat duge 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 lap cac hoat dong ctia ho theo cach
sau. Alice dat hai bo tach chiim khong can bang BS; va BS, vao hai duong
di ag v& a; ctia photon 1. Bo tach chtim khong can bang BS; vao dudng ag
c6 he s6 phan xa (truyén qua) r; = /a2, + a3, (b = /a3, + a3,) trong
khi d6 BSs trén mode a; 1a ro = ¢ (t2 = r1). Ddi véi Bob, anh ta cling st
dung hai bo tach chium khong can bang BSs; va BSy, v6i BS3 dat tai mode
dy va BS, dat tai mode d; ctia photon 4. Hon nita, hé s6 phan xa (truyén
qua) ctia bo tach chiim khong can bing BS3 duge chon la r3 = \/m
(ts = \/B% + %) vactia BSy lary = t3 (t; = r3). Cac bo tach chiim khong

can bang nay bién |I');,5,s thanh
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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) 1a
bo tach chum khong can bang ¢6 hé s6 phan xa (truyen qua) r; (¢;). WP(0;) (j = 1,2,3,4)
13 mot tdm séng quay trang thai phan cuc mot goc 6;. PBS 1a bo tach phan cuc cho phép
photon phan cuc ngang truyén qua va phan xa photon phan cuc doc. Dyg, D)y VA
Dy, v6i m, k,l,m/ k', l',p,q € {0,1} 1a 20 may do photon. |[¢'), Rp, |¢') va R4 dugce dinh
nghia trong cac bicu thic (3.52), (3.53), (3.54) va (3.55) tuong tng.

1
T'1) 10345 = 5[(t1|a00> + 71]ao1))1|boco)23(ts3]doo)

+73ldo1))aleo)s + (t1]aco) + 71]ao1))1[boct)as
(r3]d11) + t3]dio) )aler)s + (r1lair) + tifaio) )1
|b1co)a3(tsldoo) + 73] do1) )aler)s + (r1]air)
+t1]aio))1]b1c1)23(r3]di1) + t3]dio))4leo)s]

® ’F(P)> (3.28)

12345

Tiép theo, mot tam song quay goc 6, duge ky hieu béi WP(6;) dugc
dat tren duong agy va dudng a;o clia photon 1, trong khi mot tam séng
khac v6i goc 0y ky hieu 1a W P(0,) dit trén ag; va app cta photon 1. Goc
0, va 05 dugc chon nhu sau

6, = arccos ? (3.29)
1
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va

0, = arccos dot (3.30)
r1

Sut Ia chon ry, 79 (t1, t2), 61 va B c6 thé duge thie hien bsi Alice vi co
Ay biét thong tin vé «;;. Tam W P(0) tac dong lén cac trang thai phan cuc

cua photon nhu sau
P(0)|H) = cosf|H) +sind|V), (3.31)
PO)|V) = —sin@|H) + cos0|V). (3.32)

Tuong tu, hai cip W P cing duge Bob sit dung. Mot cap W P(63) dat trén
mode dyy va djp ctia photon 4, trong khi dé cap con lai W P(6y) dat vao
duong di dy; va di; ctia photon 4. Cac goc cua W P ma Bob chon la

03 = arccos Poo (3.33)
i3
va
_ Bor
6, = arccos —. (3.34)
T3

Lita chon 73, ry4 (t3, t4), 03 va 0, c6 thé duge thue hién béi Bob vi anh Ay
biét thong tin ctia f3;;. Dudi tac dong ctiia WP(61), WP(02), WP(6s) va
W P(0,), trang théi |T'1) 94,5 chuyén thanh

T2) 19345 = Z [ W3)12345., (3.35)
6 day
Wi)19345 = (oolHaoo) + a0V ago) + 1| Haor)

+aq1|Vaer))1|Hbo)2|Hco)s(Bool Hdoo)
+510|Vdoo) + Bor|Hdor) + 511|V dor))a|Heo)s,

(3.36)
[Wa) 19345 = (0olHaoo) + a0V ago) + 1| Haor)
+a11|Vao))1|Hbo)2|V co)s(BoolV doo)
—Bio|Hdoo) + Bor|Vdn) — Bia|Hdon))a|Veo)s,
(3.37)
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‘qy3>12345

‘\P4>12345

‘q¥5>12345

‘q}6>12345

‘qy7>12345

‘qy8>12345

(ago|Vaoy) — ano|Hago) + ao1|Vam)
—an1|Hap))1|Vbo)2|Heo)s(Bool H doo)
+510|Vdoo) + Bo1|Hdor) + B11|Vdn))4|Veo)s,

(o|Vage) — aro|Hago) + 1|V amn)
—a1|Hapr))1|Vbo)2|Veo)s(BoolV doo)
—B10|Hdoo) + Bor1|Vdor) — Bia|Hdor))a|Heo)s,

(0| Haoo) + a1o|Vag) + o |Hapr)
+a11|Vao))1|Hbo)2|Her)s(Boi| Hdoo)
+611|Vdi1) + Boo|Hdio) + Bio|Vdio))a|Her)s,

(0| Haoo) + a10|Vao) + aor|Haor)
+a11|Van))1|Hbo)2|Ver)s(Bo|Vdin)
— B |Hdy1) + BoolVdio) — Bro|Hdio))a|Ver)s,

(ago|Vaoy) — ano|Hago) + ao1|Vam)
—an|Hamn))1|Vbo)2|Her)s(Boi| H doo)
+5611|Vdi1) + Boo|Hdro) + Bio|Vdio))a|Ver)s,

(0| Vaoo) — ano|Hago) + ao1|Vao)
—an|Han))1|Vbo)2|Ver)s(Bo|Vdin)
— B |Hdy1) + Boo|Vdio) — BiolHdio))a|Her)s,
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‘QJ9>12345

“1’10>12345

’ﬂ]11>12345

[W12) 19345

"1113>12345

[W14) 19345

(awo1|Har) + a11|Vagr) + ago| Hayp)
a9V aio))1|Hbi)2|Heo)s(Bool H doo)
+510|Vdoo) + Bor|Hdor) + B11|Vdn))4|Her)s,

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

(ao1|Var1) — agi|Haqr) + aplVai)
—ag|Haig))1|Vb1)e| Heo)s(Bool Hdoo)
+510|Vdoo) + Bo1|Hdo1) + 511|Vdo))4|Ver)s,

(ao1|Var1) — aqi|Hayy) + alVai)
—ap|Haip))1|Vb1)2|Veo)s(BoolV doo)
—B10|Hdoo) + Bor|Vdor) — Bra|Hdor))a|Hen)s,

(ao1|Harr) + aq1|Vagr) + ago Haip)
+ai0|Vai) )1|Hbi)2|Her)s(Boi| Hdoo)
+611|Vdi1) + BoolHdro) + F1o|Vd1o))a|Heo)s,

(a1|Hayr) + a11|Vagr) + ago| Ha)
+aio|Vai))1|Hbr)2|Ver)s(Bo|Vdin)
— B |Hdr1) + BoolVdio) — Bro|Hdio))a|Veo)s,
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(3.49)



Wis)19545 = (01|Van) — an|Hai) + ago|Van)
—ag|Haig))1|Vb1)e| Her)s(Bor| Hdoo)
+511|Vdi1) + Boo|Hdro) + B10|V d1o))4|Veo)s,

(3.50)
[Wi6) 19545 = (01|Van) — an|Hair) + ago|Vai)
—a9|Haig))1|Vb1)2|Ver)s(Bn|Vdin)
—Bu|Hdy1) + Boo|Vdio) — Bro|Hdio))a|Heo)s.
(3.51)

Tiép tuc, Alice tron hai mode ag; va ajp béi mot bo tach chium can bang
BBS va hai mode agg va a1 trén mot BBS khac, trong khi Bob tron mode
do1 v& djp bang mot BBS va hai mode dyy va di; cling dude tron v6i nhau
bang mot BBS. Tiép theo, phia sau cdc BBS, Alice (Bob) b6 tri bon bo tach
phan cuc PBS va tam may do photon Dy (D)), Vi m, k, 1 (m/ K1) €
{0, 1}, dugc chi tréen Hinh 3.5, dé phét hién dudng di ctia photon 1 (photon
4). Luu § rang nhan may do photon dugc lam theo cach m (m’) bao higu
su phan cuc photon: m = 0 (m' = 0) chi phan cuc H vam =1 (m' = 1)
chi phan cye V| trong khi k,1 (k',1I') xac dinh dudng di ctia photon. Mot
trong tam may do photon D, (D! ,,.) sé phat tin hieu va gia tri m, k,
(m/, k', I") tuong ting khi médy do phét tin hiéu sé dugc Alice (Bob) thong
bao cong khai. Tai thai diém nay, can nhan manh rang véi cac gia tri da
cong bd m, k,l (m/,k',l'), Bob (Alice) van chua thu dugc trang thai |v)
(|¢)) ma Alice (Bob) mudn chuan bi cho anh &y (co6 ay). Nhu da néi trudc
day, viec 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 ci. Ngudc lai, co ay sé lam nhu sau. Charlie cho céc
mode eg va e; ctia photon 5 di qua mot BBS, tiép tuc cho di qua hai QWP.
Sau d6, Charlie do photon 5 bing cach st dung hai PBS va bén may do
photon D,,, véi 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 d6 sé dugc thong bao trén
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kénh truyén co dién. Sau khi Alice, Bob va Charlie lan lugt phat hien thay
cac photon 1, 4 va 5 (bdi cdc méay do Dy, D!y va Dy, v6i m, 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

[4')2 = Rplv)s, (3.52)
VOl
Rp = (X](Dm)ZI(DmEBpEBl)) ® (Xék@l)Zék@@), (3.53)

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

[6)s = Rild)s, (3.54)
VOl
Ry = (Xp" 23"y @ (X 20, (3.55)

Ta thay ro rang tir (3.52) va (3.54) rang, trong budc cudi cung Bob chi can
tac dong Rp len photon 2 ctia anh ay va Alice tac dong R4 lén photon 3
clia ¢6 ay dé hoan thanh viéc truyén thong tin qua lai véi nhau. Nhac lai
rang viéc tao trang thai qua lai nhu nay dugc dat duéi su kiém soat cia
Charlie vi vay giao thitc nay dugce goi 1a “Vién tao hai chiéu trang thai tang
cuong co kiém soat” va né dudge thuc hién thong qua réi ting cuong nam

photon.

3.2 Vién tac toan ti¥ c6 kiém soat

May tinh luong tit khai thac nhitng dic diém k¥ la ctia co hoc lugng
t1t nhu chong chap trang thai luong ti va giao thoa lugng tit dé dat duce
nhiing uvu thé lugng ti [167]. Tuy nhién, may tinh lugng t1t rat kho khai
thac. Dé c6 thé hoat dong v6i mot quy mo 16n, may tinh lugng ti phai
chita mot s6 qubit 16n ciing nhu ¢6 kha nang chiu 16i cao. Bén canh nhiing
trd ngai nghiém trong bén ngoai nhu sy suy giam lién két do tuong tac véi
moi truong, viéc luu trid mot cach an toan va thao tac mot cach dang tin

cay trén mot s6 luong 16n qubit 1a mot thach thitc vi cac qubit c6 thé anh
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huéng 1an nhau theo cach khong mong muén tao ra cic loai nhiéu khong
mong muén dan dén céc két qua tinh toan sai. Mot giai phap day hita hen
dé thoat khoi tré ngai noi tai dude dé cap & trén la trien 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 tit duge dit 6 nhitng noi khéc nhau va moi
mot noi trong s6 dé chi gitt mot s6 luong nhd qubit va viéc tinh toan sé
duge thuyc hién trén tat ca cadc qubit 6 nhiéu noi khac nhau [168,169] (xem
mot vi du thye té gan day ciia mang lugng tt nhiéu nat trong [170]). Vi
tinh toan lugng tit la mot qua trinh vat 1y xi Iy viéc thyc hién cac toan
t1r unita trén cac trang thai lugng tit, theo sau la cac phép do lugng ti, do
vay khi tinh toan luong tit duge phan bé & nhiéu noi thi c6 hai van dé nay
sinh: Lam thé nao chi bing céc 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 ti¢ mot cach an toan va dang tin cay va (ii)
trien khai toi wu cac toan tit trén mot trang thai tit xa hoiic trén cac trang
thai trong khong gian ¢ nhitng 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 béi Bennet va cong su [11]. D61 v6i
van dé (ii), Huelga va cong sy [171] d& dua ra mot nhiém vu lugng tt phi
dia phuong duge goi 1a vién tac toan ti hay trién khai todn tit tit xa (tén
tiéng Anh 14 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 tuy y |¢) do d6i tac tit xa Alice
nam giit. Cu thé, Bob c¢6 U nhung khong gift trang thai [+)) , trong khi d6
Alice ¢6 trang thai |¢)) nhung khong ¢6 U. Tat nhién, nhiém vu nhu vay
c6 thé duge thire hien bang vién chuyén trang thai lugng tit hai chiéu (tén
tiéng Anh la Bidirectional quantum teleportation, viét tat 12 BQT) bang
cach: Alice vién chuyén trang théi |)) cho Bob. Sau dé6, Bob dimng 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
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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 diéu thuc sy 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 dien dé giao tiép, trong khi d6 néu sit dung RIO thi chi
can hai kenh roi lugng t@ va ba bit ¢d dién. Tren 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 ddi véi toan ti
can duge vién tac U 1a toan tit unita tiy ¥ khong xac dinh. Dang cha ¥,
cac tac gia cua [172] cling phat hién ra rang néu U thudc mot trong hai
nhém toan tit bi han ché bdi mot diéu kién nhét dinh thi né c¢6 thé duoe
vién tac v6i xac suat toi da chi tieu ton tong cong mot kenh rdi va hai bit
co dién, diéu do tiét kiem dang ké so v6i phuong phap BQT. Luu ¥ ring
hai nhém toan ti 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 lien tuc. Mot thit nghiem dé vién tac mot phép quay duge trinh bay
trong [173].

Y tudng vé RIO trong [171] dugc mé rong trong [174] véi viec c¢6 nhiéu
bén cung tham gia, cu thé mot nhém gom n thanh vien Bob 1, Bob 2, .. .,
Bob n cling hop tac giti mot phép quay dén cho Alice khi n + 1 bén cling
chia sé kenh lugng tit 1a trang thai rdi GHZ n qubit. Trong [175] mot giao
thitc RIO ciing da dudc dé xuat dé xit 1y viéc vién tac toan ti hai qubit phi
dinh xtt Uyp trén hai phan A va B, mot nam trong trang thai |¥) , tai vi
tri ctia Alice va mot nam trong trang thai |®) 5 tai vi tri ctia Bob. Mot 1lan
nita trong truong hop nay BQT dugce chiing minh 1& hitu ich. Cy the, Alice
(Bob) chuyén qubit ctia co ay (anh &y) t6i Bob (Alice), ngudi ma dau tien
s6 tac dong todn tit Uap len |W) , |®) 5 dé dat |©) 15 = Uap |¥) 4 |P) 5 sau
d6 chuyén qubit A (B) clia |©) 5 lai cho Alice (Bob). Do d6, tai nguyén
tong thé toi da can thiét cho viec vién tac toan ti Uxp 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 rang nhin chung thuc té khong can
qua nhiéu tai nguyén. Vi du, mot kenh réi lugng ti cong véi hai bit ¢o dién
I3 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].

TUu mot goc nhin khac vé RIO, Reznik va cac cong su [177] quan tam
dén viéc vién tdc mot nhom cac toan tit ma thong tin vé toan tit d6 ducc
chia cho cac doi tdc ¢ xa nhau. Vi du, hdy xét mot toan tit quay c6 dang
Ua = exp(icaop) (a4 1a phép quay goc, op = - v6i 7 g la vects don
vi doc theo huéng cua truc quay va 7 1 mot toan tu vectod voi ba thanh
phan 1a ma tran Pauli 0, 0, 0.) vd toan ti hai qubit Uap = exp(inoaop)
(n 1a do 16n tuong tac). Néu gia tri cia aq va hudng 7 4 dude xac dinh
béi Alice trong khi huéng 7 5 duge didu khién béi Bob, thi giao thitc QT
hoac BQT sé khong hitu ich khi tac dong U, 1én mot qubit va Ugp 1én hai
qubit ¢ xa A va B. Dé vién tac cac toan ti 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 déi tadc nay va cac
toan tit ctia 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 tit mong muédn tac dong len he thong ctia Alice ducc
thue 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 cting nhu trén nhiéu he thong. Trong [178] céc trang thai réi khong
cyc dai duge stt dung dé vién tac toan ti phi dinh xt Usp = exp(inoaop)
véi (n < 1) gan tat dinh mac du kénh lugng tit can stt dung rat nhoé. Hon
nita, mot phién ban khic ctia RIO da duge dé xuat trong [179] vdi tinh
huéng khi mot toan ti unita duge trien khai tit xa trén hai ban sao clia
mot trang thai luong tit. O d6 da chi ra ring néu hai ban sao duge dat &
mot noi thi nhiem vu nay c6 thé duge thuc hién bang cach tiéu tén it tai

nguyen hon khi thuc hién hai lan trién khai doc lap, mdi lan trén mot ban
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sao cla trang thai. Mot tinh hudng khé khan hon khi hai trang thai giong
het nhau nam & hai noi rieng biét ciing da duge théo luan trong [179]. Mot
cach khac dé mé rong RIO ciing kha thi I chuyén sang da qubit nhu da
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 14 N nguon réi, bang mot nita s6 d6 déi véi so do dua trén
BQT. Giao thitc ma duge goi 1a RIO c6 kiém soét (viét tat 1a CRIO) véi
toan tit da qubit khong x4c dinh mot phan da duge nghién citu trong [181]
bang céch sit dung céac trang thai GHZ da bén (xem thém [182]). Phuong
phap BQT va phuong thitc trong [180] c¢6 thé duge két hop dé tao thanh
mot giao thitc két hop cho RIO [183]. Tt cac tai lieu tham khao duge trich
dan 6 tren, ki thuat BQT duong 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 tit 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 clia céc trang thai logic |0) va |1) v6i CNOT dugc ngam gia dinh ¢6
sén. Tuy nhién, trén thyc té, bat ky giao thiic thyc ndo cing dude thyc
hién v6i cac qubit vat Iy ma trang thai |0) (|1)) tuong Gng v6i trang théi
co ban (kich thich) ctia hai mic nguyén ti, trang thai spin-down (spin-up)
ctia hat spin-1/2 hodc trang thai phan cuc ngang (doc) ctia mot photon,
v.v. Trong mo hinh quang hoc, cac qubit vat 1y t6t 1a cac photon chong lai
sy suy giam lien két do moi truong gay ra va lan truyén nhanh nhat [185].
Cac trang thai don photon cé thé dé dang thao tac nhung diém yéu la
khong c6 tuong tac photon-photon tric tiép khién viéc tinh toan luong ti
dua trén photon khong hiéu qua bang cac cong cu quang hoc tuyén tinh.
Mic du Knill, Laflamme va Milburn [73] d& bién minh cho kha nang thuc
hién cidc phép tinh luong ti trén photon bang cach st dung cac thiét bi
quang hoc tuyén tinh va bd sung thém méay do photon hiéu suat cao, nhung
dé xuat ciia 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
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tuong tac gitta cac photon c6 thé dugc thuc hien. Mic du cac phi tuyén
Kerr chéo manh van con nhiéu thach thic, nhung nhing tién bo ky dieu
trong linh vic nay 13 lac quan va nhiéu cong trinh da st dung ching trong
nhiéu bdi cdnh khac nhau [51-57]. Thuc té hon ca 1a phat trién giao thic
RIO véi cac photon va réi ting cuong hon 1a véi cac qubit va réi thong
thuong [171,172,186]. That vay, cac giao thitc nhu vay gan day da duge
thuc hien dé vién tac mot toan ti lén photon don thong qua trang thai
roi tang cudng va sy ho trg tir phi tuyén Kerr chéo [187]. Trong phan nay,
chung t6i thuc hién nhiém vy nhu vay nhung nang cao mic do bao mat
cho giao thitc RIO trong [187] bang cach thém nguoi giam sat dong vai
tro 1a ngudi kiem soéat c6 quyen quyét dinh cé 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

), = \w<5>>a V), (3.56)
) = (arleo) + B fo) (357)

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

thuc hien mot phép bién déi unita nhu sau

U = ( _1;* ; ) (3.58)



len mot photon bat ky ¢ S-DOF:

U [ = |y = o ag) + #']21) (3.59)
o =au— Bv*, B =av+ Bu. (3.60)

Charlie 1& nguoi diéu khién sé quyét dinh viéc hoan thanh cac nhiém vu
lien quan. Ching ta sé xem xét ba nhiém vu. Nhiem vu dau tién 1a thiét ké
mot giao thiic cho Alice va Bob hop tac duéi su kiem soat ctia Charlie dé
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 c¢o dién va thao téc dia phuong. Nhiem vu nay c6 thé
duge coi nhu mot CRIO trong d6 Bob trién khai tit xa toan t clia minh
U5 len trang thai cia Alice ‘w(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 roi thong thuong, khi réi ting cuong dude st dung
thi lugng thong tin chita trong trong hai trang thai GHZ vé6i 6 photon sé
bang vdi luong thong tin chia trong mot trang thai GHZ & hai bac tu do
khéc nhau. Ré 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 roi ting cuong
da duge bao cdo trong [190]: mudi tam qubit da duge rdi thanh cong chi
v6i sau photon, moéi photon mang thong tin ciia ba qubit bang cach tan
dung dong thai ba loai DOF ctia photon.

Déi v6i nhiem vu dau tién ctia CRIO dudce dé cap & trén, ching toi st
dung mot (khong phai hai) trang thai GHZ ba photon rdi véi nhau ¢ hai
DOF, c6 thé dudc tao ra bdi mot s6 so do [26,191,192]. Vi photon a la
trang thai ma toan tit U®) sé tac dong trong S-DOF, do d6 mot trong hai
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DOF clia trang thai r6i ting cuong GHZ phai 1a S-DOF. Dbéi véi loai DOF
tht hai, ching 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’ (3.62)
‘Q(S)>ABC = ’CLO>A |bO>B |CO>C + ‘CL1>A ’b1>B ‘Cl>c, (363)
Q7Y = I H) W+ V) V)p Ve, (364

¢ day chi muc (P) va (SP) chi P-DOF riéng biét va S-DOF cung P-DOF
ton tai cting nhau, trong khi [H) 5y (V) 45,y bieu dién trang thai
ciia photon A (B, C) dugc phan cyc theo chiéu ngang (theo chiéu doc).
Trang thai tang cuong GHZ nhu vay da duge sit dung trong (3.62) cho giao
thiic so sanh bi mat lugng t (tiéng Anh 14 quantum private comparison)
trong [193]. Luu y rang trong cac trang thai (3.63) va (3.64), dé don gian,
chiing t6i bé qua hé s6 chuan héa 1/4/2 va trong tat ca cac cong thitc tiép
theo & muc 3.2, chiing toi ciing sé bo qua bat ky hé s6 ndo nhu vay. Diéu
nay don gidn hoéa cac cong thic toan hoc va chi &nh hudng dén xic suat
ctia mot phép do nhat dinh, chit khong anh hudng dén tong xac suat thanh
cong 1a 100% trong giao thiic ciia ching t6i. Trang thai (3.62) dugc tao ra
tit ba photon nhung dung lugng thong tin clia né nhiéu nhat 1a sau qubit
vi moi photon c6 gia tri bang hai qubit nho duge ma hoéa dong thoi trong
hai DOF.

Dé hoan thanh nhiem vu CRIO, cac photon A, B va C ciia trang thai
(3.62) duge 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 la

= |o®) "),

aABC

<P>>
ABC @ ABC’ (3.65)
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Hinh 3.6: Hoat dong ctia Alice trong giai doan thit nhat ctia qué 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 dusng. Vong tron c6 ky hieu V, H bén trong bic¢u 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) 1a trang théi két hop v6i bien do duong z, BBS 1a bo tach chiim can bang
va £60, u, v 1a cac thong s6 ciia tuong tac phi tuyén Kerr chéo. Miii tén in dam la giao

tiép co dién véi cac chit cai (6 day k hodac mn) 1a két qua do.

‘CD(S)>GABC = o), |ao) 4 Do) 5 [co) e

+a|zo), la1) 4 [b1) g lc1) o
+Bz1), |ao) 4 [bo) g Ico) ¢
)

+81w1), ar) 4 [b1) g ler)c - (3.66)

Nhiem vu CRIO c6 thé dugc thuc hién qua hai giai doan nhu sau. Giai
doan mot ta chi xét dén thanh phan S-DOF ctia kénh luong ti, cu thé
®8)) .o Dé tranh rudm ra, thanh phan P-DOF (|V), |Q")) ) sé

la
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tam thoi khong dugce viét ra. Moéi ngudi tham gia can thuc hién cac hoat
dong tai dia phuong ctia minh mot cach chinh xac. Alice 13 nguoi dau tién
hoat dong va thao tac ciia co6 ay dude hién thi trong Hinh 3.6. Truéc hét,
co ay st dung trang théi két hop phu tro |z), véi bien do duong z va di
theo huéng d dé lam r6i photon a véi cac photon A, B, C bang cach cho
trang thai két hop tuong téc véi trang thai |zo), va |ag) 4, thong qua phi
tuyén Kerr chéo véi thong s6 tuong tac tuong tng 6 va —6. Phi tuyén véi
thong s6 +6 gitta trang thai Fock |n), va trang thai két hop |z), duge bieu
dién bdi toan tit U,y(£0), lam cho them mot thanh phan pha £nf vao
trang thai két hop, Uy, (£0) |n), [2), = |n), |zeii”9>y. Sau hoat dong cua
Usoa() v& Uypa(—0) trang thai @) e |7)q chuyén thanh

) ew = (@0 a4 o) [en)
+B]x1), la1) 4 1b1) g ler) o) 12)4
+alao), lar) 4 [b1) g ler) e | 2€™Y,
+B121), 1a0) 4 1bo) 5 o) [z¢77)
(3.67)

Sau tuong tac 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) 4 lake1) 4 |0ka1) g Icket) o

(3.68)

véi @ 1a tong trong modul 2. Gia tri clia k sé dudgc Alice thong bao trén
mot kénh truyén thong co dién. Nhin vao (3.68), hé s6 «, 8 trudc day chi
nam trong photon a bay gio duge thé hién trong trang thai cia ca bén

photon. Alice tiép tuc bang céch cho giao thoa |x¢), va |z1), trén mot BBS
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trong khi |az) 4 va |a,., ), tréen mot BBS khac dé chuyén ’F,(CS)> B thanh
s
A7) = (@0)alads+ (D! o1, laken) )
® (albr)gler)e + (—1)*B |bran) crat)c)
+ (o), laren) 4 + (1) 1), lax) )
® (albi)glerye — (=18 brer) g lcre1)c) -

(3.69)

Bicu thifc (3.69) xuat hién nho quy tic chuyén doi BBS |xx), — |zx), +

(=D)F |zre1), va lar) 4 = lak) 4 + (=1)" lage1) , - Tiép theo, Alice sit dung

mot trang thai két hop khac |z), va st dung tuong tac Kerr chéo U,y (u)
N 2 2 S N

va U, .(v) dé chuyéen ‘A,(C )>GABC |2),, thanh

>aABCe—
[20)a law) 4 |20 ) + (1) foa), lansn) 4 12),)

(
(e [bi) g ex) e + (1) B |bre) 5 |cren) )
(
(a

[70), lagen) 4 [2€%), + (=1)la1), las) 4 [2e") )

®
_|_
® (albe)gler)e — (=1)"8 |brar) g lckar) 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

hogic 11 tuong ting vé6i viée tim thay |z) |zew> , |ze"’/>e hay |Z6i(u+V)>e
c6 thé phan biet duge. V6i mn bat ky ‘@k > e tré thanh
(S)
M) = Jenen), |akemen) (@b g lewde
+(=1)"""8 |brer) g lcrken) o), (3.71)

cho biét raing thay vi dong thai di chuyéen doc theo hai duong lic dau, gio
day photon a chi di chuyén doc theo mot dudng z,e: va photon A doc
theo duong agemae1- Xét chi véi S-DOF, cac photon a va A bi tach khoi cac

photon B va C, trong khi cac photon B va C van con réi v6i nhau. Dieu
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Hinh 3.7: Hoat dong ctia Charlie trong giai doan dau ctia qua trinh CRIO trén photon &
S-DOF.

do6 c¢6 nghia 1a photon a c6 thée tam thdi dé sang mot bén va tit day ching

ta chi lam viéc v6i trang thai

S
\AEWZJABC = |arema1) 4 (@ |br) g lck) o

+(=1)"""8 |bren) g lckan) o) (3.72)

thay cho ’A,(gizn> trong (3.71).
aABC ) .

Hoat dong tiep theo la ctia Charlie. Neu Charlie quyéet dinh dimng nhiém
v thi co ay khong lam gi cd, khién Alice va Bob khong c6 phuong huéng
dé dat dugc muc tieu. Ngudc lai, ¢o ay sé thuc hién mot s6 thao tac nhu
trong Hinh 3.7. Dau tién, ¢o ay tron trang thai |cx), VA [cke1) o bang mot

BBS dé chuyén ’A(S) > thanh
ABC

kmn
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<S>> _
kmn ABC ‘ak®m@l>A®

[(a[br) = (1) B [bror)) 5 lex) e
+(=1) (e [br) + (=1)""7"B [brer)) 5 lexan) o)

[1]

(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 dugc sé
la trang thai

‘Z>g = ‘ak®m@1>A ®

[(or[br) = (=1)" "B b)) |ew) - | 2€),

+(=D (arlbr) + (=1 "B b)) 8 lerer)c 12), -
(3.74)

)
ABCyg

Dé lam mat rdi gitta photon B va C, Charlie thuc hién phép do X-
quadrature ctia trang thai két hop. Néu [2), ({zei9>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

‘ l(cfr)ms>ABC = ‘ak@m@1>A |¢kmns>3 ‘Ck®5®1>07 (3.75)
vOl
[kmms) g = (@ |b) + (=)™ 3 b)) . (3.76)

Ching ta thay rang tat cd cac photon trd nén tach roi doéi véi S-DOF.
Dura trén tat ca cac két qua kmns, Bob luon biét trang thai chinh xac ciia
photon B va do dé suy ra toan tu thich hop R ma anh ta sé st dung

kemnss
khi dén lugt minh hoat dong. Su phu thudc clia |[Ygmns) g va R,gfrzns Vao
kmns dugc thé hién trén Bang 3.1.
Trong Bang 3.1, Is, Xg va Zg la cac toan tit hoat dong trén S-DOF.
Cu thé, I 1a toan tit don vi, Xg = [b1) (bo| + |bo) (b1] 12 toan tit chuyén 1o

trinh c6 thé dugc thuc hién bang cach trao doi cac duong truyen photon
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va Zg = |bg) (bg| — |b1) (b1| 1a toan tit chuyén pha 7 dit trén mode b;. Phan

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

R diing cho gié tri bat k¥ k,m,n,s € {0,1} :
R — ghemenss xl (3.77)

Sau khi c6 dugc cac két qua kmns tit thong bao ctia Alice va Charlie,
Bob bat dau hoat dong ciia anh Ay nhu trén Hinh 3.8. Dau tién anh ay téac
dung R,E;i,)ms len photon B dé chuyén trang thai cia né thanh ‘¢(S)> B =

(o |bo) + B|b1)) 5. Sau dé, anh ta thuc hien toan ti UY) trong cong thiic
(3.58) len ‘¢(5)>B , dé bién photon B thanh trang thai méi

PO = U ) = (0 o)+ 5 1)), (3.78)

v6i o' va ' cho béi cong thite (3.60). Tt d6, trang thai méi ciia cac photon
A B,C la

T = laraman) 4 (@) + 8 b)s lcae)e. (379)

no6 khong phu thudc vao n. Méac du ba photon A, B, C trong ‘ngs>ABC 1a

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

CRIO. Tinh c& thanh phan P-DOF, trang thai day du la Q’(“f”i)>ABC =
(5) P
’Tk‘ms>ABC ‘Q( )>ABC’
S
950 = lakemen)a (@ bo) + 8160 5 ke

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

Béang 3.1: Trang thai [¢kmns) 5 clia photon B sau phép do ctia Alice va Charlie, va toan
tit hoi phue Ry, v6i Riv,. [Ykmns) 5 = (@ [bo) + B [b1)) 5.
kmns [Gemnsds s
0000, 0011,0101,0110 («|bo) + B |b1))B I
0001,0010,0100,0111 («|bo) — B|1))B  Zs
1000,1011,1101,1110 («|b1) — Blbo))s ZsXs
(a[by) )

1001, 1010, 1100, 1111 b))+ Blbo))s  Xs
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BBS PBS

Hinh 3.8: Hoat dong ctia Bob trong giai doan thtt nhat (phan trén) va giai doan thit hai
(phan duéi) cia CRIO trén photon trong S-DOF. Céc toan tit R®) va US) duge dinh

nghia trong cac biéu thitc (3.77) va (3.58). HWP la tam nita S(’)ngk,m ;’SBS 14 bo tach phan
cue, guong M va may do photon D,,.
Bob bét dau giai doan hai bing viéc dat mot HWP lén mode by dé dao
phan cuc (|H)z < |V)g), sau do tron |by) 5 va |by) 5 trén mot BBS. Nhiing
hoat dong nay bién ‘Q(SP)> thanh

ABC

kms

D) = lasome)a IV, b (@ [H) s [H)e + 8 [V) 4 1V)e)

+|V,bo)p (& [H) 4 [H)e = B V)4 IV e)

+H,bi)p (B |H) g [ H) e + ' |V) 4 [V)e)

—[H, bo)p (B"[H) 4 |[H) e = &' V) 4 V) )] |ereser) -
(3.81)

5/
/6/

He s6 o, 8’ da “nhay” ra khoi trang thai ctia photon B trong S-DOF sang
trang thai roi clia cac photon A va C trong P-DOF. Dé dat dudc mot trang
thai nhat dinh clia cac photon A va C, Bob do photon B trén hé co sé
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|H)

|H)
i V) E e , -|V)
E M

Hinh 3.9: Hoat dong cuia Charlie va Alice trong giai doan thit hai cia CRIO trén photon
trong S-DOF. QWP la tam séng phan tu vd Doy 1a may do photon. W) duge dinh
nghia trong cong thitc (3.85) va Xg 1a 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] .

{IV,b1) g, |V bo) g, |H,b1) 5, |H,bo)z} bang cach trén mo6i mot trong hai
mode by va by st dung mot PBS va dat sau ching la cac may do photon
Doy, 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, D1 hodac Dq; tim thay tin hieéu, Bob danh dau tuong
ting bang cac bit ¢6 dien pg = 00, 01, 10 hosc 11. Sau khi may do photon

phat ra tin hiéu thi trang thai photon A va C' la (I)](“i"‘ii’q>Ac =
(@ |H) o |H)e + B'[V) 4 V) o) lakemen) 4 [ekess1) e néu pg =00
) (o' [H) 4 [H)e = B V) 4 V) ) laramen) 4 |chaser) o néu pg = 01
(& V), V) + B |H) 4 1H) o) larame) 4 [chass1)e néu pg =10
\ (@' V)4 Ve = B'1H) 4 |H) ) laramer) 4 [ckosar) e néu pg = 11.

(3.82)
Trong giai doan tht hai, Charlie mot lan nita thé hién stc manh cta

nguoi dieu khién bang cach thic hién cac thao tac nhu trén Hinh 3.9. Co
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dy dat mot QWP len mode cggse1 dé quay trang thai phan cuc tu |H)
(|V)e) thanh |H) -+ V) (|H) — V) ), sau d6 cho photon C' di qua mot

(SP) > chuyén thanh
AC

PBS. Bing viéc lam nay, ’cbkmqu

(

(' [H) +B"V)) 4 |H, rasor) o
+ (o |H) = V)4V, chos)o] néu pg =00
(" [H) = B'[V) ) |H, croser) ¢
+ (o' [H) + 8'[V) 4|V, cras)c] néu  pg =01
(V) + B'[H)) 4 [H, craser)
— (@ |V) =B IV)s IV, cras)c] néu pg=10
(' |V) = B'|H)) o [H, chaser) ¢
| @)+ B V))slVickas)e] meu pg =11,

Ahome1) 4 4 (3.83)

Dat sau PBS hai may do photon Dy va Dy dé tim photon C. Néu Dy (D)
phét ra tin hiéu thi sé thong bao bang bit ¢d 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

(o/ |HY 4+ '|V))a cho pgr = 000,011
(SP) (o/ |H) — 8'|V))a cho pqgr = 001,010
‘ kmqu7'> - ‘a’k@m@1>A {
A (' |V)+ pB'"|H))a cho pgr = 100,111
| (& |V) = B'[H))a cho pgr = 101,110.

(3.84)

Budc cudi cuing la ciia Alice. Day 1a lan thi hai Alice xuat hién va lan

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

W) = 7457 XD (3.85)

pgT
len photon A dé thu dugc trang thai (o' [H) + 8'|V))a laremer) 4 - Cha §
rang trong (3.85), Xp = |V) (H|+|H) (V| hoat dong nhu mot HWP, trong
khi Zp = |H) (H| — |V) (V| ¢6 thé duge xay dung bang su két hop ciia
hai PBS va mot bo dich pha m duge xap sép nhu Hinh 3.9. Trong [187]

(' |H)+B"|V)) 4 |akomer) 4 duge 1ay 1am trang thai mong mudn. Tuy nhién,
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day la trang thai ctia mot photon lan truyéen doc theo mot duong duy nhat
va la chong chap ctia |H) va |[V), ma héa trong P-DOF, trong khi trang
thai mong mudn (o |ag) + A |a1))a|V) 4 1a trang thai clia photon phan
cyc V' va truyén theo hai huéng |ag) va |a;), ma hoa trong S-DOF. Ro
rang, (o [H) + B'|V)) 4 |areme1) 4 va (o |ag) + B']a1)) 4 [V)) 4 khong giong
nhau, vi vay Alice phai tim céch chuyén doi (o |H) + 8'|V))a |akeme1) 4
thanh (o |ag) + 5" |a1))a |V) 4. Dieu nay 1a kha thi khi Alice stt dung mot
PBS, mot HWP vi toan tit X:¥"®! nhu duge minh hoa sau W) tren
Hinh 3.9. Cu the, sau tac dong ctia PBS (¢ [H) + B |V))a |akame1) 4, —
(o |H, agame1) + 5|V, akam)) 4, thi sau dé dat 1én mode agamaer mot HWP
(&' |H, apemen) +B' |V, arem)) a — (& |akemer) + B [akem)) 4 [V) 4 - Va, cudi
ciing 1a tac dong ctia XE7" (o |aggmer) + B |arom))a|V) 4 — (& |ag) +
B'a) JalV), = U |),, d6 chinh xéc 1a trang thdi mong mudn. Do
d6, 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.

3.2.2 Vién tac toan tit c6 kiém soat trén photon & bac tu do
phan cuc

Trong phan nay, ching toéi quan tam dén viéc Alice c6 mot photon a
chi di theo mot duong x va duge ma hoa trong P-DOF, tic la trang thai

cua no c6 dang

9), = [6) o), (3.56)

W) = ([H) +3 V), (3.87)

v6i ]2 + |6]* = 1. Toan t1t ctia Bob bay gis ¢6 dang tong quat

U — ( —Cn* Z > | (3.88)

tac dong lén }w(P)> nhu sau

U ) =+ [H) + ' [V) =

¢’<P>> , (3.89)
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Y =9¢—=0n", & =n+ " (3.90)
Nhiém vu tht 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

U g) =

¢'<P>> 1y (3.91)

Nhiém vu nay cling c6 thé duge thuc hién trong hai giai doan bang cach
st dung cing mot trang thai réi tang cuong GHZ nhu trong cong thiic
(3.62), dudi sy trg gitp cta phi tuyén Kerr chéo. Trang thai ban dau cta
boén photon a, A, B va C 1a

9), Q7))

= [0} a),
aABC

<S>> 99
ABC @ ABC’ (3.92)

v6i

90) = (y1H), [H) 4 [H)p | H)
oy HY, VYA V)5 V)
FO V), | H) | H) 5 | H)
+0 V), VIV IVie). (3.93)

Giai doan dau dugc thao tac chi véi P-DOF [®P)) . phan S-DOP
sé dugc dé lai va x1t 1 sau. Alice bat dau bang cach thuc hién céc thao tac
da phac théo trén Hinh 3.10. Co dy chuan bi mot trang thai két hop |2),
va stt dung céac tuong tac phi tuyén Uéf)(—e), Ué?(@) va Uéi)(e). Ky hiéu

(H) trong Uég), U éil) va U éil) chi ra rang chi thanh phan |H) ctia photon

tham gia vao tuong tac (xem Hinh 3.11). Cac tuong tac Ué?(—@), UCE?(Q)
 rr(H .
va U(lj(e) dua ‘CID(P)>QABC |2), thanh

a

D)l = (VIH), ) [H) g | H)e
+0 V), VYA V)p V) 12)a
Y [H), V)4 V)V [2e7%),
+6 [V, [H) 4 | H) g | H)e |27,
(3.94)
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Hinh 3.10: Hoat dong ctia Alice trong giai doan dau tién ctia CRIO trén photon trong
P-DOF. Mot vong tron khong c6 bat ky chit cai nao bén trong biéu thi mot photon nim
trong |H) hodc |V). Tuong tac Kerr chéo giita thanh phan |H) va trang thai két hop
dugc 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), hoic ‘zeiw>d XAy
ra thi photon a tré nén réi § P-DOF véi cac photon khéc, trang thai clia
chiing khi d6 Ia |1"”)

{vH>aH>AH>B|H>c+5|v>a|v>A|v>B|v>C néu k=0
VIH) V) A V) VYo + 8|V, |H) | HY g |H) e néu k=1.

aABC N

(3.95)

Alice tiép tuc cong viéc bang cach dat mot QWP trén duong z ctia photon
a va cac duong ag va a; cua photon A. Sau dé, sau khi hai photon da di
qua QWP, ¢o ay cho thanh phan |H) tuong tac véi mot trang thai két
hop |z), thong qua tuong téc phi tuyén Uéf)(u), Uéo@(u) va Uéfé)(u), do
do F;P)>GABC 2), t6 thanh
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)
aABCe

), [H) |20 (7| H) | )+ 8[V) 51V )e)
O H), V) |z, ([ HD g [ ) = 61V) 5 [V)e)
V), [H) |z, (7 [ H) g | e = 61V) 5 [V)e)
+ V), IVIal2), () g [H) e 46 1V) 5 [V)e)
(3.96)
khi £k =0 va
‘GEP >aABCe_
[HY, [H) |20 (1) VYo + 8 |H) g [H) )
— H) V)4 |26, (1 V) Ve — 81 H) g [ H)e)
+ V), H) 4 |2e®), (7 IV)p V) — 6 |H) g | H) )
— V) V)al2) (1 V) V) + 81 H) 5 1 H)e)
(3.97)

khi & = 1. Phép do X-quadrature ctia trang thai két hgp mang lai bon kha
nang c6 thé mn = 00, 01,10 hoac 11 néu }zei(“+y)>e, !zei">e, ‘zei”>e hoic

A]i];;n> thu dugc phu thudc

|z), tuong ting duge tim thay. Trang théi
aABC

vao cd k va mn dugdc thé hien trén Bang 3.2.

Bang 3.2: Trang thai ‘Akmn> phu thuoc vao két qua kmn.
aABC

kmn ,(Qn>
aABC

000 [H), [H), (Y[ H)p |H)e +6[V)5V)e)
001 [H), V), (v[H)p|H)e = V)p|V)e)
010 (V) [H) s (v [H) g [H)e =0V 5 [V)e)]
01 V), V)a(y [ H)p lH)e +6[V)51V)e)
100 |H), [H) , (v V) [V)e+0H)p [H)c)
101 |H), V)a(vIV)pV)c—0|H)p[H)e)
110 V), [H), (YIV)p Ve =0 |H) g |H) )
e V), Via(vIViglVie +06[H)z[H)c)
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Hinh 3.11: Hoat dong ctia Charlie trong giai doan dau tién ctia CRIO trén photon trong
P-DOF. Hinh nh6 mo ta chi tiét tuong tac Kerr chéo gitta thanh phan |H) clia mot photon
va trang thai két hop.

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
|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 tréd thanh phan cuc ngang hoic
doc, tic 14 khong con réi ¢ 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 cii.

Dé kiém soat nhiem vu trong giai doan dau tién, Charlie dat mot QWP
trén duong cy va mot QWP khac trén duong c¢; cua photon C, sau dé cho
tuong tac Ué(g)(ﬁ) VA UC(E)(H) gitta photon C' va mot trang thai két hop
|2),- Tiép theo cd ay thuc hién phép do homodyne lén trang thai két hap,
phép do sé cho mot trong hai két qua ‘zei9>g hodc |2),. Doi véi truong hop
dau dugc tim thay co ay bao két qua thong qua mot bit co dién s = 0 va

do6i vé6i két qua sau thi thong bao s = 1. Cho du la s = 0 hay s = 1 thi
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Bang 3.3: Trang thai ‘Ekmns>A . clia cac photon A, B va C phu thuoc két qua do kmns
B

cua Alice va Charlie.

kmns ;’;Zm kmns ,(fjm >
ABC ABC

0000 [H), (v H) +0V))s|H)e 1000 [H), (v[V)+0|H))p[H)c
0001 |H) o (v [H) =6[V))p[V)e 1001 [H), (v|V)=d[H))s|V)c
0010 [V), (v[H) =6[V))s|H)e 1010 V), (v[V) =6 [H))p |H)
0011 V), (v[H) +0[V))s) V) 1011 V) (v V) +0[H))s V)
0100 [H), (v |H) =0 [V))s|H)e 1100 [H), (v[V) =0 |H))s|H)c
0101 [H), (v [H) +6[V))p[V)e 1101 [H), (v |[V)+0[H))s|V)c
0110 V), (Y[H) +6[V))s|H)e 1110 V), (v[V) +6[H))p |H)c
0L V), (y[H) =0 [V)p[V)e 1111 V) (v V) =0|H))s V)

trang thai r6i & P-DOF giita photon B va C ciing bi pha huy va photon
C' tré thanh phan cuc ngang hoac doc trong khi photon B ¢6 dudgc cac hé

Simns) - chi
) ) [ ABC
thé hién sy roi ¢ P-DOF gitta ba photon A, B va C. Bang 3.3 thé hién su

s6 v, 0 & mot trang thai chong chap phan cyc. Trang thai

phu thuoc cia ‘kans>ABC vao kmn (két qua do cia 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 dudce khoi phuc dé c6 trang thai day du ’Hkmns>

(P)
’kans>ABC ] ] ]
No6i dung ciia Bang 3.3 cho thay Bob ¢6 thée chuyén trang thai ctia photon

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

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

?

tu
P

kmns

= Zpons X, (3.98)

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

W) = (0 [H) 8 V), (3.99)

voi v va ¢ duge cho trong cong thiic (3.90). Tiép theo, anh ta thyc hién
mot hoat dong dé tréo dudng di ctia photon B (xem so do PE nhu dugc
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Hinh 3.12: Hoat dong ctia Bob cho CRIO trén photon trong P-DOF. Cac toan tit R

kmns

va, UP) duge dinh nghia trong cac biéu thic (3.98) va (3.88), trong khi PE la qua trinh
trao doi duong di duge xay dung nhu trong phan hinh phu.

thiét lap tréen Hinh 3.12).

V.bj) g IV, b) 5

Trang thai ctia ba photon A, B,C' bay gic chi phu thudoc vao n,s va co
dang

TEDY = U V)) g llao) (7 [H )
+0" |V, bo)) 5 |co) e + lar) 4 (7' |H, bo)
0 (Vb)) len)e] 1 (HV))e. (3.101)

[fu(H,V)) = [H"'V"), (3.102)
|fo(H,V)) = |H) va |fi(H,V)) = |V). Bob sau d6 dit hai QWP, mot vao
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duong by va mot vao dudng by dé chuyen ’T,({ZP)>ABC thanh

QP = Ul H V) A IH b (3 ao) s o)
+0"ar) 4 ler) ) + 1V, b1) g (7' [ao) 4 eo) e
—d"a1) 4 le1)e) + 1H, bo) g (7' a1) 4 ler) o
+6"|ao) 4 lco) ) +1Vibo) p (' ar) 4 ler) e
—0"|ao) o lco) )] | fs(H, V) (3.103)

Nhiém vu cudi cling cia Bob 1a tim photon B bang bén may do photon Dy,
Do1, D1g va Dyp dit sau hai PBS nhu trén Hinh 3.12. Néu Dgg (Do1, D1g
hodic Dy1) phét ra tin hiéu, diéu nay nghia la trang théi |H,b1) 5 (|V,b1) 5,
|H, by) 5 hodc |V, by) 5) duge tim thay va cac két qua nay sé duge ddnh dau
bing céc bit co dién pg = 00 (01, 10 hosic 11). Photon B bi pha hiiy trong
khi photon A va C' giit nguyén roi trong S-DOF nhu sau

WY = V)L )l
+(=1)1¢ |ape1) 4 [cper) o] [fs(H, V) e
(3.104)

Lic nay Charlie tham gia diéu khién nhiém vu lan tht hai. C6 ay tron
lcp) o VA |cpa1) o bang mot BBS va tim photon C bang cac may do Dy va
Dy. Mot tin hiéu phat ra tit Dy hosac Dy, dude gan nhan 7 = 0 hoac 7 = 1,

sé phéa hiy photon C va bién photon A thanh

WP = Sl HV)) 4 (3 lag) + (<1778 Japon)) .
(3.105)

Cudi cuing, phu thuoc vao cac két qua pqr, Alice tac dong len photon A
toan tu

W) = Zb2aeT X (3.106)

paT
dé n6 tré thanh trang thai | f,,(H,V)) , (7' |ao) + &' |a1)) 4, day chua phai 1a
trang hai mong muén (7' |H)+06"|V)) 4 |ag) 4 - Dé chuyén | f,,(H, V)) 4 (7 |ao)+
8" |a1))a thanh (7' |H) 46" |V)) 4 |ag) 4, Alice dat mot HWP vao mode anq1,
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Hinh 3.13: Hoat dong ctia Charlie va Alice trong giai doan thit hai ctia CRIO trén photon
trong P-DOF. W5} 1a toan tit duge dinh nghia trong bidu thic (3.106). Hinh nay dugc
vé cho truong hgp n = 0 md HWP duge dit trén mode a; (néu khong, HWP phéi nam

trén mode ay).

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 = UV |¢) ,, d6 1 trang thai mong
mudn va hién dang di chuyén doc theo mode ag. 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 khong gian va phan cuc

CRIO lén photon duge ma héa chi trong S-DOF hoac P-DOF da dugc
nghién ctu trong hai phan trudc, mdi phan st dung mot trang thai roéi
tang cuong GHZ. Nhiém vu thit ba dat ra trong phan nay 1a vién tac toan
tlf gi6i han (tiéng Anh 1& controlled remote implementation of a subset of
operators, viét tat 1a CRISO) trén trang thai photon duge ma héa dong
thoi trong ca S-DOF va P-DOF. Gia st Alice ¢6 photon a & trang thai co
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dang

ony. — )

a

¢<P>>
= (alzo), + Blz1),) (v [H), +6|V),),

(3.107)

v6i |a)® + 8% = |v|> +16|> = 1. Trang thai nhu vay, méac dut 1a mot photon,
trén thuc té c6 gia tri bang hai qubit vi n6 ton tai dong thoi ¢ hai trang
thai phan cuyc tryc giao va lan truyén theo hai dudng khong gian riéng
biet. Bob, dudi su kiém soat ctia Charlie, lieu c6 thé vién tac céc toan
tit tong quat U hoat dong trén S-DOF va U hoat dong trén P-DOF
lén trang thai cta Alice ‘w(SP )> dé trang thai ma Alice thu dugc sé la
(U(S) ]¢(5)>)(U(P) ‘¢(P)>) — ’w/(5)> }¢/(P)> véi |¢/(5)> va ’w/(P)> nhu trong
(3.59) va (3.89) hay khong? Mot cach thitc don gian dé lam diéu d6 1a thuc
hién thi ti hai giao thitc nhu nhiém vu tht nhat va thit hai. Phuong phap
nhu vay duge cho 1a khong khéo 1éo vi n6 bao gom hai giao thiic doc lap st
dung hai trang thai r6i ting cuong GHZ riéng biet. 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 théai (3.107) bang cach chi st dung mot trang thai tang cudng
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 thyc hien. Chiing toi sé dé xuat mot giao
thitc cho CRISO trong dé cac toan tit can vién tac 1a cac toan ti unita co

dang don gian nhu U € {U, 0N va Ui e {ul?, U} vai

0 0
Ul = LU = . (3.108)
0 s —s7 0

0 0
uiP) = (po ) L UP) = ( p ) . (3.109)
0 pg -p 0

Thuoc tinh cu thé clia cac toan ti & trén la tac dong ctia ching léen mot

trong hai trang thai co ban (tic 1a (|z¢) hodc |x;) trong S-DOF va |H)
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hosic |V) trong P-DOF) khong tao ra chong chap ciia hai trang thai co
ban. Trong ngdn ngit toan hoc, thuoc tinh vita néu c¢6 thé duge cong thiic

hoa nhu sau

US) |20) = s |Tm) | (3.110)

U 1) = (=1)"s}, [#men) (3.111)
UV HY = po | fu(H, V), (3.112)
UL V) = (=1)"p; | faen (H, V), (3.113)

v6i | f(H,V)) duge dinh nghia trong (3.102). Chinh 1a nhd cac thude tinh
(3.110), (3.111), (3.112) va (3.113) ma CRISO c6 thé thuc hien véi U va
UT(,P) tac dong lén W(SP )> bang cach chi sit dung mot trang thai réi ting
cuong ‘Q(SP)>ABC'

Giao thiic CRISO bat dau tit trang thai ban dau la

‘w(sp)>a Q(SP)>ABC B ‘(I)(S)>aABC ‘¢(P)>aABc’ (3.114)

véi }w(SP)>a7 Q<SP)>ABC, CID(S)>GABO VA ’CID(P)>GABC dugce cho trong (3.107),
(3.62), (3.66) va (3.93). Trang thai ma Alice can thu dugc c6 dang

/(sp)> _ /(5)> /(P)> 11
véi ¢;§S>> = U ) va [gn” >> = U7 [¢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 cac hoat dong tuong tu véi

sé xem x¢ét & giai

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
k ctia ctia phép do X-quadrature bang viéc tac dong todn tit X% lén photon
B dé chuyén (3.68) thanh

S
G = alod lon)a b len)c
6 |w1), [ak1) 4 1b1) g k1) o (3.116)
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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 UL 1a cdc toan tit duge xdc dinh
trong biéu thiic (3.108).

Sau do Bob tac dong UT(nS) v6im € {0,1} len photon B dé chuyén ‘G,gs)>
thanh

aABC

)

G9) = o (@XTUL ) ) e

o), (BXGFUR |ar) o)
|bme1) p [Cret) ¢ (3.117)

>aABC

nho cac ddc tinh (3.110) va (3.111). Tiép theo, Alice va Bob thyc hién céc
thao tac nhu sau. Alice tron |zg), va |x1), bang mot BBS sau d6 thuc hien
tuong téc phi tuyén Kerr chéo K, (0) gitta |x¢), va trang thai két hop
|z), . Trong khi d6 Bob tron |b,,) 5 va |bne1)z bang mot BBS khéc, sau
d6 st dung tuong téc phi tuyén K, .,4(0). Nhitng hoat dong do gay ra su

2 P
chuyén doi
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(5)
Gl le), -

(=1)™ o), |2¢7), [bme) g [267) , [(X§TUT e ao) 4) lex)e
+H(=)™(XGHUL B ) 4) |eker) ]
+|20), [2€7), [bm) 5 12), [(X§F U [ag) )
—(=1)"(XGUY B |ar) 4) lexan) ]

(=1 |21), [2), [bmen)  [267) , [(X§PPU alao) ) lew) o
—(=1)"(XGPUL Blar) o) lerer) ]
+|21)g 12), [bm) g 12) (XGOS |ag) o)
+(=1)"™(XGU B lar) 4) lerer) ). (3.118)

Sau tuong tac phi tuyén, Alice do X-quadrature ctia trang thai két hop
clia co ay, trong khi dé Bob ciing lam tuong ti véi trang thai két hop ma
anh ta gitt. Cac két qua ctia phép do dugc thong béo trén kénh c6 dién bsi
cac bit ¢d dién rs = 00, 01, 10 hoic 11 tuong ting véi Alice va Bob tim

0 0 < 0 0 e
g 1) ‘ze’ >g, ’ >6 |2), hodc ’zeZ >8 ‘ze’ >g. Doi

véi két qud rs, trang thai (3.118) suy sup ve

thay tuong tng |z),|z)

S
)nglzrs>aABC — |$r@1> ‘bm@s>3
(XU [ag) 4) le) e

+( 1)m@T®S(BXm®kUmS) ‘a1>A)
|Cran) ], (3.119)

tiét 1o rang photon a chi di theo mot duong z,¢1, va n6é khong con réi véi
cac photon con lai 6 cd S-DOF va P-DOF. Tuy nhién, khong giong nhu
giao thitc CRIO trong S-DOF & d6 photon a c6 thé rdi khéi giao thiic, &

day photon a phai dudc giit lai dé gitp vién tac toan ti s

trong giai
doan tiép theo khi xét dén P-DOF. Photon B chi di theo mot duong b,,as.
loai bé s 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 |cx)o va |cke1) e, sau d6 cho phép |cxe1) va trang thai
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Cko1

Hinh 3.15: hoat dong ctia Charlie va Alice trong giai doan dau tién ctia CRISO trén
photon & ca S-DOF va P-DOF. Toan ti % duge dinh nghia trong bicu thiec (3.121).

mkrst

két hop |z), tuong tac véi nhau thong qua U, ,,(0). Ticp d6, anh ta do
X-quadrature clia trang thai két hop va thu duge |z), hodc |zei9> - Néu
két qua thu duge la |ze), (]z),), Charlie thong béo bit ¢6 dién 7 = 0
(= 1), khi d6 |G©®) >GABC tr& thanh

mkrs
S
’nglzrs7'>aABC - |$T@1>a |bm@3>B
(ng@kzgz@k@r@s@rU(S) ’¢(3)> )
m A
|Ck@7@1>c . (3120)

R6 rang sy rdi giita photon A va C' trong S-DOF bién mat va Alice c6 the
tac dong lén photon A toan ti

F(S) — Zgz@k@r@s@TngEBk (3.121)

mkrst

S
L) = Jzes)a lbueshs (U [0 )
|Ck@7—@1>c . (3122)
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Hinh 3.16: Hoat dong ctia Alice va Bob trong giai doan thu hai ctia CRISO trén photon
& ca S-DOF va P-DOF. Xp la toan tit chuyén phan cuc va US?) duge dinh nghia trong
biéu thitc (3.109).

v

EETE

QWP M~ Dy,

1 s

Cac hoat dong cta Charlie va Alice ¢ trén dugc mo ta nhu trén Hinh
3.15. Mac di toan tit UY) da duge thiue hien thanh cong ddi véi }¢(5)>A,
Bob van can vién tac toan tit Uf,(lp). Gial doan hai sé dugc thuc hién véi
N X P
thanh phan P-DOF @)

N o 3: R o1 (SP) > _ ’ (S) > (P) p 2 .z
tu thoi diem nay la ‘L ABe L ABe ’<I> >a Apc» CO the viet

mkrst mkrst

trong cong thic (3.93). Trang thai ctia hé

duédi dang

(SP) _ (S)
’ mkrs7’>aABC — ‘ mk;rsr>aABC [7|H>a|H>A|H>B‘H>C

Hy[H) V)A V) Ve
+0 V), |H) 4 [H)p [H)
+ V), V) aVIp Vel (3.123)

Alice bat dau giai doan thit hai bing céc thao tac hién thi trong Hinh
3.16. Cu thé, co ay thuc hién tuong tac phi tuyén Ug{) (—0), U(ffg(e) va,

@1d a

Ut 4(0), sau d6 thuc hién phép do X-quadrature. Néu ¢o ay tim thay |z),

Am@1
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(Jze*?) ), co &y s& thong bao két qua k' = 0 (k' = 1) cho Bob dé anh ta
téac dong X% va sau d6 1a UL len photon B. Dita vao céc tinh chat (3.112)
va (3.113), trang thai thu duge 1a

00, )

mkrstnk’ WABC mkrst WABC

ypn [H) o | e (H V) 4 [ fu(H V) g | fir (H, V)

+0(=1)"pp V) o | frer(H, V) 4 | faar (H, V) g

[ frar(H, V)] (3.124)

Tiép theo Alice gui photon a qua mot QWP va mot PBS, & phia sau sé
dit hai may do photon D 49 va D 41. Tuwong tur, Bob giti photon B qua mot
QWP va mot PBS, phia sau ciing dit hai may do photon Dpy va Dpi. Néu
Do (D41) phat tin hiéu thi bit co dién ' = 0 (' = 1) duge thong bao,
trong khi néu Dpy (Dp;) phat tin hieu thi s’ = 0 (s’ = 1) dugc thong béo.
Déi véi két qué bat ky r’s’, photon a va B bi pha huy va ’Lmkrsmk >

R aABC
suy sup ve
S
WD ) = (O [65) ) [ereren)c]
®[(X"@’“’Z};@S VU H) ) | i (H, V) 6
+HXF 255U V) ) | fren (H, V). (3.125)

T cong thiic (3.125), photon A va C bi 161 (trong P-DOF) va Charlie
can thuc hién vai tro kiem soat CRISO bing cach do trang thai phan cuc
ctia photon C'. Nhu thuong lé, Charlie chuyén photon C' qua mot QWP va
mot PBS va sau do6 tim photon C 6 cac may do photon Dy va Dy duge xap
sép nhu trén Hinh 3.17. Dy (D;) phét tin hiéu tuong tng véi bit co dién
7 =0 (7 = 1) duge thong béo. Khi d6 photon A ndm trong trang thai

‘\Dmnk’r S’T’>A — (UT(nS) ’w(S)>A)
(X}I)@k’ Z};’EBS’GBT' Uép) )w(P) >A)

(3.126)
Cudi cting, Alice tac dong toan ti hoi phuc
Visiohgmr = 27 XK (3.127)
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Hinh 3.17: Hoat dong ctia Charlie va Alice trong giai doan thit hai cia CRISO trén photon
& c& S-DOF va P-DOF. Toén tit V"), duge dinh nghia trong (3.127).
len trang thai ‘W’P) >A dé thu duge (U [0 YU [P ), d6 1a

mnk'r's' !

trang thai

¢7/7(z§zp)>A ma co ay can trong cong thic (3.115).

3.3 Két luan cta chuong 3

Trong chuong nay ching to6i nghién citu hai van dé lien quan dén roi
tang cudng.

Thit nhat, trong muc 3.1, ching toi da thiét ké mot so do quang hoc dé
tao ra trang thai roi tang cuong giita 5 photon v6i mudi 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 tang cudng mot photon hai qubit
dudi su kiém soat chung ctia Charlie. Hai bac tu do khac biet dude khai
thac dong thoi 6 day la su phan cuc va khong gian, cu thé 1a 1o 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 c6 thé phan giai duge. Trong

thuc té, cac phi tuyén Kerr rat yéu. Nhung may man rang, hiéu suat clia
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phép do khong chi phu thudc vao cuong do ciia cac phi tuyén Kerr chéo
ma con phu thudc vao bién do clia cac trang thai két hop. Co thé thay viéc
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 gidn, qua
trinh tao trang thai réi ting cudng c6 thé khong thanh cong ngay lap tic,
nhung trong trudng hop khong may man, né cé thé duge dua vé trang thai
ban dau va do d6 giao thic can thiét dudc lip lai nhiéu lan cho dén khi
thanh cong. Theo nghia nay, qua trinh tao trang thai réi ting cuong dé gan
nhu tat dinh. V6i trang thai réi tang cuong 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 ciia ching toi, so do cuc ky don gidn
va s6 luong thiét bi quang tuyén tinh dude st dung giam dang ké tham
chi so véi 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 ctia chiing toi thirc hién cac phép phat hién photon
mang tinh xac suat, nhung nhiém vu thanh cong mot cach tat dinh vi déi
v6i mdi tap két qua do kha di déu ton tai cac 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 soéat.
Cu thé: Trong muc 3.2, ching to6i 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 tien dé cap dén vién tac toan ti tong quat lén trang thai photon trong
S-DOF. Déi v6i nhiem vu thit hai, toan tit ciing 1a tong quat nhung trang
thai photon 1a P-DOF. Tuy nhién, nhiém vu thi ba lién quan dén vién tac
cac toan tit dac biét lén trang thai photon 6 cd S-DOF va P-DOF. Moi
nhiém vu trong s6 ba nhiém vu c6 thé duoc thuc hién trong hai giai doan
thong qua mot trang thai réi tang cuong GHZ. Trong giai doan dau tién
ctia nhiém vu thit nhat, phan S-DOF ctia kénh lugng tit dude khai thac dé
chuyén trang thai trong S-DOF tit Alice sang Bob dé Bob c6 thé thuc hién
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viéc tac dong toan tir minh luu gitt 1én trang thai Alice gui. Sau do, thanh
phan P-DOF ctia kénh lugng ti dudc khai thac trong giai doan thd hai
dé Bob chuyén trang thai clia 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 ap dung mot s6 ki thuat dé bién doi trang thai cia co ay trong
P-DOF dén trang thai mong muén trong S-DOF. Giao thiic cho nhiém vu
thit hai khac so v6i nhiem vu mot. Giai doan dau tién ctia né khai théc
thanh phan P-DOF ctia kénh lugng tit dé chuyén trang théi trong P-DOF
tit Alice sang Bob va giai doan thit hai khai thac phan S-DOF ctia kénh
luong tit dé chuyéen trang thai trong P-DOF tai vi trf ctia Bob dén trang
thai S-DOF tai noi ctia Alice va Alice ciing can mot sd toan ti khac dé
chuyén trang thai co ay c6 dudc 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 cua kénh lugng tit trong giai doan dau tién va thanh
phan P-DOF ctia n6 trong giai doan thi hai. Tuy nhién, nhiém vu thi ba
chi x1t I cac toan tit gidi han v6i cac tinh chat dac biet, vi vay trong giai
doan dau, trang thai photon mong mudn trong S-DOF dé dang thu duoc,
dé lai trang thai photon P-DOF mong muén dén giai doan thit hai. Vai tro
clia ngudi kiém soat dugce thuc hién trong ting giai doan ctia mdi nhiém
vii. Tat cd cic 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 an nay ching toi nghién citu ve hai loai r6i d6 1a rdi lai va
réi tang cudng dong thdi xem xét nhiing ting dung cu thé ctia chiing trong
x1t 1y thong tin lugng ti.

Tht nhat: Ching t6i da xay dung thanh cong so do 1y thuyét dé tao
trang thai roi lai hai mode gitta trang thai két hop c6 xét tinh phan cuyc va
trang thai phan cuc ctia photon don ¢6 dang nhu trong cong thitc (2.25).
Cu thé, trong diéu kién 1y tudng, so do ctia chiing toi cho tong xac suat
thanh cong 16n gap doi so vé6i trong [99,101] va do tin cay ludon cyc dai.
Ching toi ciing xét dén diéu kieén thic té trong qué trinh thiét ké sc do dé
danh gia &nh hudng ciia chiing dén xac suat thanh cong va dén do tin cay
clia trang thai thu dudgce so véi trang thai & diéu kien 1y tudng. Cac dicu
kieén thuc té d6 bao gom chat luong clia cic trang thai dau vao, chat luong
cac thiét bi quang hoc duge st dung trong so do. Cac phan tich vé hieu
ing suy gidm lien quan dén céac trang thai dau vao va sy khong hoan héo
clia cac thiét bi quang hoc cho thiy rang giao thic ciia ching toi 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 tit c6 kiém soat giita mot qubit don tuyén va mot qubit
d trang thai két hop. Qua trinh thyc hién c6 xét dén anh hudéng ciia moi
truong. Chiing toi sau do6 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 chiéu
ngudc lai tit CV sang DV. Ching to6i cling phan tich ré rang cac két qua

va so sanh ching v6i nhau.
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Tht 3: Ching toi da thiét ké mot so do quang hoc dé tao ra trang thai
roi tang cuong gitta 5 photon v6i mudsi qubit. Tiép theo, kénh réi nam
photon nay dugc diing cho qua trinh vién tao hai chiéu c6 kiém soét trang
thai tang cuong. Hai bac tu do khac biet duge khai thac dong thoi & day
13 sy phan cyc va 10 trinh khong gian. So do thiét ké kenh luong tit cho
xac suat thanh cong 1a gan tuyet doi. Mot khi trang thai roi ting cuong
gitta 5 photon dugc tao ra thanh cong thi giao thiic vién tao hai chiéu cac
sieu trang thai c6 kiem soat 1a tat dinh.

Tht 4: Chung toi dua ra ba giao thic dé thuc hién qua trinh vién tac
c6 kiem soat toan ti trén photon trong S-DOF, P-DOF va dong thdi trong
cd S-DOF va P-DOF. Mbi trong s6 ba nhiém vu cé thé duge thuc hien
trong hai giai doan thong qua mot trang thai réi tang cuong GHZ. Chung
to61 dong thoi xem xét vai tro clia nguoi kiém soat trong ting giai doan clia
moi nhiem vu. Tat cd cac cdc nhiem vu dude hd trg béi phi tuyén Kerr

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

1. Chung toi xay dung thanh cong trang thai roi lai hai mode gitta trang
thai két hop c6 phan cuc va trang thai phan cuc ctia photon don. So
do thiét lap c6 xac suat cao gap doi so vdi cac giao thic da cong bd
trude d6. Mot wu diém khéc nita dé 1a so do khong can dung dén toan
t dich chuyeén, la toan tit khong thé thuc hién duge trong thuc té

mot cach chinh xéac.

2. Chtng toi da xay dyng thanh cong trang thai rdi lai bon bén gitta
trang thai két hop va trang thai qubit don tuyén va xét anh hudng
clia moi trudng trong quéa trinh tao réi. T nguon roéi lai bén bén nay,
chiing t6i da xay dung thanh cong giao thic vién chuyén luong ti gitta
trang thai qubit don tuyén va trang thai két hop cé kiém soat ctia hai
ngudi, mot ngusi hoat dong trong khong gian DV, ngudi con lai hoat
dong trong khong gian CV. Giao thitc véi hai kiem 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 cudng.

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 ting st dung chi moét trang thai GHZ tang cuong.
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Phu luc A: Trang thai dau vao thuc
t

Dn

St dung trang thai nén chan khong |sv) trong cong thic (2.54) nhu gan
ding clia trang thai con meo Schrodinger chdn trong mode 1 va cap roi
phan cyc photon |0)34 trong cong thitc (2.29) nhu trang thai dau vao clia
mode 3 va 4. Luu ¥ viéc 4p dung BS téng quat trén cac trang thai Fock
trong cong thiic (2.34), tong trang thai |X) trong cong thiic (2.33) ciia céc
mode 1,2,3, va 4 khi da di qua phan 1 va BS tong quat trong phan 2 ctlia
qué trinh thiét lap trong Hinh 2.1 dudc thay doi thanh

m  N—p+qm—q+p

U 3D ) 30 i S TNCERS

n,m=0 p=0 ¢=0 p'=0 ¢'=0

X|(R—p+q—p")u, (m—q+p—d)v)11PH, av)2
1

) ([HV )3y + |V H)s4), 3.128
\/§(| )34 + | >34) ( )

6 day n = 2n va

ot g (s,8,mt) = culs)fn(8) By (5, 3)
x By T (r ) By TP (r 1),
(3.129a)
_ (—tanhs)"/(2n)!
enls) = (cosh s)1/2 2nn!

(3.129D)

v6i f,(x) 1a heé s6 trang thai két hop dugce xac dinh & cong thic (2.33) va

',k N ~ £ 2 ~ 2 N 2 .
BJi(r,t) la he s ctia BS trong cong thitc (2.35). Mode 2 va 4 sau do 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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—p+qgm—q+p

S P 0 9 3 b SN
p)

n,m=0 p=0 ¢q p'=0 ¢'=0

(m—p+q—p)m,(m—q+p—q)v)|la)s

% % Bl?:/j/(%» %)\(p' — k)m)alkm)a

k:’ ! )V>2,|(1 U+ K )y )y

n—p+q m—q+p

1 o0 n m o
7 Z 2020 2 ElyglsBitn)
=0 ¢=0 p'=0 ¢'=0

— g, (m—q+p—d)v)illv)s

p 1 q
x ZZ Z B DBLG D@ — k+ D)
=
(11 k)H>4\( — K)v)a k). (3.130)

%
MH

Sau phép do II; dinh nghia trong (2.40), mode 1 va 3 trong trang thai

|X2P") trd thanh
(13) _ Troouy (H1 | 32P") <Zap’|)

P = - , (3.131)
Pl,@
6 day
Py = (S%[IL; |5, (3.132)
Do tin cay gitta trang thai chuan bi va trang thai lai Iy tudng la
Fi'o =13 (@)™ | 0) 3. (3.133)

Tuong ti, ching ta 6 thé tinh xéc suat P va do tin cay Fg dbi 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 roi
phan cyc (|HV) +|VH))/v/2 ciia mode 3 va 4 trong cong thiic (3.128) véi
chan khong dé c¢6 duge P]r% 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). Chiing toi cling luu ¥ dé thiyc hién cac phép tinh
s6, gidi han trén clia ngudng cho céc chi s6 n va m trong bicu thiec (3.130)

duge chon 1a 7 [99].
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Phu luc B: Su khong hoan hao cua

b6 tach chiim can bang

Dé xem xét su khong hoan hao clia cac bo tach chiim can bing, ching ta
thay thé hai BBS hoan hdo trong qué trinh thiét lap Hinh 2.1, BBS1 va
BBS2 tuong ting bang BS(r1,t1) v BS(rs, ta), v6i 1 va ¢, hoi khac v6i 1/2
bdi cac tham s6 khong hoan héo €, nhu duge dinh nghia trong (2.61). Sau
do, ching ta tinh toan lai Ch. 2.1 v6i cac BS tong quat nay cho phép do
IT; duge xac dinh trong (2.40) va tim Plim va Flim nhu trong cac cong thiic
(2.62) va (2.63) véi

m = BVt +r)Vr, (3.134a)
v = B/ri— Vi)V, (3.134b)
o = B(Vh +VrVt, (3.134¢)
b0y = BV —r)Vi (3.134d)

Tuong tu cho ba phép do khac {Il;;j = 2,3,4} dugc dinh nghia trong
(2.41) - (2.43), ching ta tim thay xac suat thanh cong Pi™ va do tin cay
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FI™ tuong ting nhu sau

P = N¥B) |3+ BB — (= )mnae |,

(3.135)

A = PO (5 (1) — ol 10
+ 1.fo(62)(6]61)]7, (3.136)
Py = 4rotyP, (3.137)
Fy = ]\Z(Df)(Ag+Bg)2, (3.138)
Az = 2fo(6)V/ratame " (5]61), (3.139)
By = fo(6)V/ratzyee " ((3]62) — (—6162)), (3.140)
Py = P, (3.141)
Fy = F, (3.142)

¢ day fn(x) 1a he s6 trang thai két hop xac dinh trong (2.33) va P cho bdi
(2.44). Khong kho khan dé kiém tra duge

4
> pPm=4P=Pp, (3.143)

J

& day Pr la tong xac suat thanh céng trong trusng hop 1y tudng.
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