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PHAN MO DAU

1. Ly do chon dé tai

Giai Nobel Vat Ly nam 2022 da thuoc vé ba nha khoa hoc Alain Aspect, John
F. Clauser v Anton Zeilinger v6i cac nghién citu lién quan dén linh vyc lugng ti
da cho thdy sut phat trién manh mé ciia khoa hoc thong tin lugng tit. Cac két qua
ctia ho da mé dudng cho viéc tng dung cong nghé mdi ciing nhu linh vyc nghién
cttu sau rong nhu may tinh lugng tit, mang lugng tit vA truyén thong lugng ti.
Trong céc qué trinh lién quan dén viéc thye hién cac nhiem vu luong t, ngudn
rbi lugng t1¢ luon 1 ngudn tng dung quan trong dau tién. D4 c6 nhiéu nguodn rdi
dugc dé xuat va 4p dung trong thyc nghiém, nhu céc trang thai phi c¢é dién. Tuy
nhién cac nghién cttu nay chi dimg lai & cac trang thai dimg. Trong cac qué trinh
dong lugng t thi qué trinh tuong tac mot nguyén ti hai mic v6i mot trudng
dién tit don mode thong qua mo6 hinh Jaynes-Cummings (JC) duge goi 14 mot
mod hinh chudn trong quang hoc lugng t&. Ti mo hinh chudn nay, sy md rong
cua ching sang tuong tac véi truong hai mode da duge khao sat va nghién ciiu,
nhu photon ctia cdc mode khac nhau cta trudsng duge tuong quan thanh cap béi
qué trinh tuong tac v6i nguyén ti da goi la mo hinh JC hai mode, hodc mo6 hinh
JC hai photon suy bién, dugc dé xuét thong qua bién dang ctia mo hinh JC hai
mode. Trong cdc mod hinh nay, cac tinh chét ciia truong dién tir & trang thai két
hop va két hop cip trong mo hinh JC hai mode vd moé hinh JC hai photon suy
bién khong xét dén dich chuyén Stark da dugc nghién citu va khao sat. C6 thé
khing dinh ring, viec dé xuét cac trang thai phi ¢d dién da mode mdi, nghién
citu céc tinh chét phi c6 dién va ap dung ching vao thong tin lugng ti vin con
14 mot van dé thoi sy. Cac tinh chat va cdc qua trinh khong dong ciia chiing
da duge nghién citu nhidu. Tuy nhién, cac tinh chat vA cac qué trinh dong cia
céc trang thai phi ¢d dién da mode, cu thé 13 ho cac trang thai mé rong ciia hai
mode két hgp cip va két hop bo ba vAn chua duge nghién cttu nhiéu. Dé ¢6 mot
cach nhin toan dién, chiing t6i da chon dé tai "Nghién ciu cdc tinh chat, cic qud
trinh dong va ting dung ciia mot sé trang thdi phi co dién hai va ba mode mdi"
dé lam dé tai nghién cdu cta luan an.
2. Muc tiéu nghién ctu

Muc tiéu chung ctia dé tai la dé xudt duge trang thai phi ¢d dién hai mode
mdi va khao sat cac tinh chat clia trang thai mdi; nghién citu cic tinh chit va cac
qué trinh dong ciia cac trang thai phi ¢d dién hai mode va ba mode méi trong
qué trinh tuong téc v6i nguyén ti thong qua mo hinh JC khi c6 xét dén va khong
xét dén dnh huéng clia moi truong; danh gia dude mitc do thanh cong clia qua
trinh vién tai lugng t véi cac nguodn roi la kénh lugng tit rdi nguyen ti-trudng.
3. Déi tuong va pham vi nghién citu

D6i tugng nghién ctiu clia luan an la cac trang thai phi ¢6 dién, mo hinh JC



trong tuong tac gitta nguyén ti véi cac trudng lugng ti, cac tinh chat va cac qua
trinh dong lugng tit trong mo hinh JC, vA mo hinh vién tai lugng ti.

4. Phuong phap nghién ctu

Phuong phéap lugng t1¢ héa 1an thit hai, phuong phip toan tit mat do, phuong
phap théng ké lugng t& va phuong phap tinh s, vé do thi.
5. Piém méi ctia luan an

- Da dua ra dugc trang thai phi ¢ dién hai mode méi va lam 16 duge cac tinh
chit clia trang thai hai mode mdi;

- D4 lam 16 dudc cic tinh chat dong hoc ciia nguyén t1t va cic qua trinh dong
clila trudng & cac trang thai phi ¢ dién hai mode v ba mode méi trong mé hinh
JC khi khéng xét dén anh hudng ctia moi trudng, va dinh lugng duge do r6i gitta
nguyén ti va trudng hai mode va ba mode méi theo thoi gian;

- Da lam r6 duge cac qua trinh dong clia truong & trang thai phi ¢é dién hai
mode mdi trong moé hinh JC khi c¢6 xét dén anh hudng ctia méi trudng thong qua
viée dinh Iwgng dude do rdi gitta nguyén ti va trudng hai mode méi theo thoi
gian;

- D4 chi ra duge sy thanh cong clia qua trinh vién tai lugng tit v6i nguodn réi
la kénh lugng t1 nguyeén ti-truong.

6. Y nghia khoa hoc va thuc tién ctia luan an

Viéc dé xuat trang thai hai mode méi bing phuong phap thém photon khong
dinh x1 v& nghién cttu cac tinh chit phi ¢ dién clia trang thai méi ndy gép phan
hoan thién co sd Iy thuyét vé phuong phap thém photon vao cac trang thai gdc
ban dau, trang thai mdi duge tao thanh véi cac tinh chat phi ¢b dién duge ting
cudng sé 14 nguodn tng dung quan trong trong thyc hién cac nhiém vu lugng ti.

Viéc nghién ctu cac tinh chat va cic qué trinh dong hoc clia nguyén ti va
trudng trong tuong tac nguyeén ti-trudng khi c6 xét va khong xét dén dnh hudng
clla moi truong gép phan bd sung co sé 1 thuyét vé cac qua trinh dong hoc trong
mo hinh JC.

Viéc khéo sat dinh lugng do réi theo thdi gian gitta nguyén tit va trudng gép
phan bd sung cac nguon roéi hiéu qua cu thé 1a nguon réi nguyen ti-truong trong
thyc hién cidc nhiém vu lugng ti.

Viéc thyc hién vién tai lugng ti véi keénh lugng ti r6i nguyeén ti-trudng gép
phan cai tién va hoan thién cac mo hinh vién tai 1y thuyét, tit d6 cung cap thong
tin cho vat 1y thyc nghiém trong cac qua trinh vién tai lugng ti.



PHAN NOI DUNG

Chuong 1
CO SO LY THUYET

1.1. Cac trang thai phi c6 dién hai va ba mode

1.1.1. Trang thai két hop cap

Trang thai két hop cap duge dinh nghia 1a trang thai riéng ciia toin ti hity
cip photon doéng thdi trong hai mode tng véi tri riéng &

n=0
trong do
& S
Cn :qua Ny = LZ_%”'(TL‘HI)' (1.2)

1.1.2. Trang thai két hop cap thém photon hai mode

Lip lai lién tiép viec tac dung toan ti sinh hai mode véi s6 photon tao ra &
hai mode khac nhau lén trang thai két hop cip, GPAPCS c6 dang

|§7q;m,k>:C’q;m’kZRn In+q+m,n+k), (1.3)
n=0

A

trong d6 m, k 1a s6 photon tuong tng duge thém vao hai mode a, b va cic hé sb

—1/2
|§| (n+q+m)(n+ k)
q,mk Z n' n+q)] , (1.4)
gn
anm\/(n—i—q—i-m) (n+ k). (1.5)

1.1.3. Trang thai két hop bo ba
Trong bidu dién cac trang thai Fock, trang thai két hop bo ba c6 dang

€, p,q) ZC ) [ np, e (1.6)
trong d6 |ng, e, ne) = [n+p+ q),In + q),|n), va cac he s6
Co (€) = Ny (1) €"(nalmplnc) ™2 N72(r) = 3 r¥ (nglnglne) ™. (1.7)
n=0
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1.1.4. Trang thai két hop bo ba thém photon

TAac dung lién tuc cac toan tit sinh photon lén ba mode clia trang thai két hop
bo ba dé thu dugc trang thai két hop bo ba them photon nhu sau:

160 g k) = Coined () [0 + oy + b me + 1) (1.8)
n=0
trong d6 Cp.pk (€) 14 he s khai trién c6 dang

\/(na + h)! (ne + k)! (e +1)!
ng!nplng! '

Cn;h,k,l (f) = Np,q;h,k,l (7’) Cn (E) (19)

1.2. Mo hinh Jaynes-Cummings

1.2.1. Mo hinh Jaynes-Cummings don mode

Trong phép gan dung séng quay, Hamiltonian ctia hé toan phan gdm nguyén
t hai mic va truong dién tit trong mo hinh JC don mode cé dang

H = wita+woS, + A (Suga+a*Sye) (1.10)
trong d6 A la hing s6 tuong tic nguyen ti-trudng, S.,,Sg. 1a cic toan tit
nguyén tu.

1.2.2. Mo hinh Jaynes-Cummings hai mode

Hamiltonian toan phan cia hé gdm moét nguyeén t& hai mic hiéu dung véi
trudng hai mode trong phép gan ding séng quay va bd qua hiéu tng Stark cé
dang

2
H = ij'&;—&j + WOSZ + A (Segd1d2 + df&;gge> . (1.11)
j=1

1.3. Cac tinh chat va cac qua trinh dong trong mo hinh
Jaynes-Cummings

1.3.1. Cac tinh chit théng ké theo thdi gian ctia trudng
dién tu da mode

Ham tuong quan bac hai theo thoi gian thé hién tinh chat phan két chiim ctia
truong trong qua trinh tuong tac c¢6 dang

(AR ) + (As(1)* = (s()

(7i(t))?
4

gt = (1.12)



Khi phuong sai cia s6 photon bé hon tri trung binh ctia n6 thi gz(f ) (t) trong biéu
(2)

thitc (1.12) ¢6 gia tri nim trong khoang 0 < g
mode i c6 tinh chat phan két chuim.

(t) < 1, nghia la cac photon

1.3.2. XAc suat tim nguyén tit & trang thai kich thich
X4c suat dé nguyén tit ¢ trang thai kich thich |1) c6 dang

P.(t) = HZ:O |Cen(®)]? = ;nz_‘é G (0) [1 + cos (2Mtv/n +1)] . (1.13)

X4ac suat nay phu thudc vio phan bd xac sudt s6 hat ban dau thay vi bién do
ban dau nhu khi tuong téc véi truong c6 dién.
1.4. Tiéu chuan dinh lugng do réi entropy tuyén tinh

Dinh lugng do rdi 1a phép do mitc do vuéng viu cidc thanh phan trong he.
Ham entropy tuyén tinh khong phu thuodc thsi gian duge xac dinh béi

L=1-Tr(p), (1.14)

v6i cac gia tri luon nim trong doan [0, 1], 5 14 toan tit mat do ctia hé. Tiéu chuan
entropy tuyén tinh theo thdi gian c6 dang

Lit) = 1 - THp(1)), (1.15)

trong d6 p;(t),i = {A, F} 1a toan tt mat do rat gon nguyén tit (A) hodc truong
(F) theo thoi gian. Cac gié tri clia L; () ciing nim trong khoang 0 va 1, n6 chi ra
do rdi gitta hai mode ciia trudng va nguyén ti. Trudng va nguyén ti khong rdi
v6i nhau néu L;(t) = 0 va dat do r6i cyc dai ly tudng néu L;(t) = 1.

Chuong 2
CAC TINH CHAT VA CAC QUA TRINH DPONG HOC CUA CAC
TRUONG DA MODE TRONG MO HINH JAYNES-CUMMINGS

2.1. Cac tinh chat va cAc qua trinh dong hoc ciia trudng
& trang thai két hop cap thém photon

2.1.1. Hamiltonian toan phan cta hé

Hamiltonian toan phan ctia hé duge viét trong phép gan ding séng quay va
khong xét dén dich chuyén Stark cé dang nhu sau:

H = 0a% i+ wab b+ w8 4+ A (Segab+ b7 5. ) (2.1)
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trong d6 w 1a tan s6 nguyeén tit, wy,ws la cac tan s6 tuong tng v6i hai mode
a va b clia truong, A la hiang s6 tuong tac giita nguyén ti va truong. S, =
% (|e><e’ - |g><g|), Seg = |e><g| va Sge = |g><e| la cac toan ti nguyén ti.
2.1.2. Cac tinh chat dong hoc ciia nguyén tit theo thdi gian
Xac suat tim nguyén tit ¢ trang thai kich thich phu thuoc theo thoi gian P.(t)

ZP aimk (0) cos? (AEBy,). (2.2)

Hinh 2.1: Sy phu thuoc cta P.(t) theo At trong céc trudng hop (a) g = 0, |£| = 2,
va (b) ¢ = 10, |¢] = 6. Duong dut nét do ving véi (P.(t) + 2) va (m, k) = (0,0),
dudng chdm cham tim tng véi (P.(t) + 1) va (m, k) = (2,2), dudng lién nét xanh
tng véi P.(t) va (m, k) = (5,5).

Trong hinh (2.1), néu cang them photon vao hai mode clia trudng thi sé6 dao
dong trong mdi chu ki tdng lén va hinh dang ciia cac b6 dao dong cang nho gon
va tuan hoan. Diéu ndy hoan toan khac khi trudng § PCS. Do d6, mudn khic
phuc viéc mat ddi xiing va bién dang ctia cac dao dong P,(t), chiing to6i da chi ra
ring viéc st dung truong & GPAPCS trong moé hinh JC hai mode, nghia 13 them
s6 photon bang nhau vao hai mode clia trudng PCS va ting cudsng do trudng ban
dau 13 can thiét.

2.1.3. Cac tinh chat dong lugng tit ctia trang thai két hop
cap thém photon

Ham phan bd photon theo thai gian P, (t)

P,(t) = Py ¢:k,m(0) 0052()\756”) + Po_1,q:k,m(0) sin2()\tﬂn_1). (2.3)
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Hinh 2.2: Sy phu thudc cta P,(t) theo At cho trudng & PCS (hinh bén trai).
Duong A n =5, |¢| = 3, duong B n = 5,[¢| = 5, dudng C n = 10, |¢| = 10. Hinh
bén phai la trusng 6 GPAPCS n = 10, |¢] = 10.

Hinh (2.2) cho thay khi cang thém photon vao hai mode ctia truong GPAPCS,
chu ki dao dong ctia P, (t) cang 16 nét, s6 dao dong trong mdi chu ki v bien do
dao dong cang tang lén. Do d6, chiing t6i nhan thiy viéc thém sb photon bing
nhau vao hai mode clia trusng PCS v tang cudng do truong ban dau cling nhu
s6 photon trung binh ban dau sé thé hién 16 nét cac tinh chat dao dong cia ham
phan bé sb photon theo thdi gian.

Ham tuong quan bac hai theo thoi gian 91(12 ) (t)

(2)

g;:( Z P g:k,m(0) n + 2 Z P, g:k.m(0)n; sin ()\tﬁn)

n=0

+ Z Py gkeom (0) sin® (A6,
n=0

[e'e] [e'e) -2
> Pogram(0)ni + Y P gik.m(0) sinQ(Awn)] . (2.4)
n=0 n=0

Hinh (2.3) cho thay khi truong § PCS, su dao dong ctia gﬁ) (t),gg) (t) khong
con tuan hoan v dbi xting (cac dudng dit nét do), tham chi cidc photon mode
b tai mot vai thoi diém khong con tinh chat phan két chiim (hinh 2.3b). Tuy
nhién, khi thém dong thdi photon vao hai mode ctia trudng 6 GPAPCS, chu ki
dao dong clia gl(f )(#) tré nen nhd gon, tuin hoan vi cac gis tri ciia né van nim
trong khodng (0,1) nghia 1a cAc photon trong cidc mode déu c6 tinh phan két
chtim. Diéu nay cho thay vai tro clia viéc thém photon vao cac mode clia trudng
PCS sé lam tang tinh chat phan két chium ctia GPAPCS.
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Hinh 2.3: Sy phu thudc clia ham gz(iz)(t) theo At véi |€] = 2, ¢ = 2, Hinh b
(duong dit nét dd ¢'2 (), (duong chdm cham tim g\¥) () +0.1), (duong lién nét
xanh ¢\ (¢) + 0.15). Hinh ¢ (duong dat nét dé ¢i2 () (dudng chdm cham tim
géé) (t) +0.35), (5,5) (dudng lién nét xanh gﬁ) (t) +0.4). Dusng dut nét do tng
véi (m, k) = (0,0), dudng cham cham tim tng véi (m, k) = (2,2), dudng lién nét
xanh tng véi (m, k) = (5,5).

2.1.4. Dinh lugng do rbi theo thoi gian
2.1.5.1. Dinh lugng d6 rbi theo thdi gian clia hé nguyén ti-trudng

Entropy tuyén tinh ciia nguyén ti¢ cfing nhu entropy tuyén tinh ctia truong
mo ta do r6i giita nguyén tit va trusng theo thdi gian c6 dang

La(t)=1—Clpy S { Ronl? (Rt |? [c0s? (AtB) cOS2(AtBy)
n,n’=0

+sin® (A3, sin® (AtB,)]
+ (Rt 1 RERw Ry 1+ RaRiy i1 R 1R

X S B ) SN B ) c0S(AEBrnr1) cos(wnlﬂ)}. (2.5)

Hinh 2.4 cho thay khi trudng & PCS, do réi nguyen ti-trusng dat gia tri xap
xi 0.4, khi ¢ = 0 cc dao dong ctia L4(¢) 1a tudn hoan vA c6 tinh chat d6i xing.
Khi thém photon vao hai mode ctia truong GPAPCS, gia tri ctia L(¢) tang len
va dat gia tri xap xi 0.5, nghia 1a nguyén tit va trudng cang r6i véi nhau. Khoang
thoi gian réi gitta nguyen t& va trudng trong mdi chu ki ciing ting lén khi cac
photon cang dugc thém vao hai mode ctia truong. Trudng hop ¢ # 0, do r6i L a(t)
khong con déi xiing trong mdi chu ki.
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Hinh 2.4: Sy phu thudc ctia L4 (t) theo At véi €] = 2 trong hai truong hgp (a)
q =0 va (b) ¢ = 2. Dudng dit nét dé 1a La(t) va (m, k) = (0,0). Duong cham
cham tim 1a La(t) + 0.5 va (m, k) = (2,2). Dudng lién nét xanh 1a La(¢) + 1.0
va (m, k) = (5,5).

2.1.5.2. Dinh lugng d6 réi theo thdi gian ctia hé con va mot mode ctia
truong GPAPCS

Entropy tuyén tinh ctia hé con theo thdi gian mo ta do réi theo thsi gian clia
hé con (gdm nguyén tit va mode a ctia truong) va mode b clia truong GPAPCS

Loun(t) =1 = Ch i S { R|* [cos* (AtB,) + sin* (AtB,)]
n=0

2[R 2 Rsn|? sin(\B,) COSQ(WW)}. (2.6)

@ ' (b)

Lgup(®)

- 161=2 — 161=5

o 2 4 6 8 10 0 2 4 6 8 10
A A

Hinh 2.5: Sy phu thudc clia Lgy(t) theo At v6i ¢ = 0. Hinh (a) |¢] =1, (m, k) =
(0,0) (dudng dut nét do), (2,2) (duong chdm cham tim), (5,5) (duong lién nét
xanh). Hinh (b) |¢] = 2, (m, k) = (1,1) (duong nét gach cham den), [£] =
(m,k) = (1,1) (duong lién nét xanh).



Hinh 2.5 m6 ta do r6i theo thdi gian gitta hé con gom nguyén ti vd mode a
cia truong GPAPCS v6i mode b con lai. Trong truong hgp nay, ching to6i thay
rang do roi Ly, (t) luon cao hon do réi gitta nguyen ti-truong L4 (¢). Hinh 2.5(a)
chi ra sy phu thudc cla Lg,,(t) theo thoi gian trong ci hai trusng hgp trudng &
PCS va GPAPCS v6i tham s6 ¢ dinh [£] = 1. Gia tri clia Lgy,(t) khi truong 6
PCS dat xap xi 0.7 (duong dit nét do), va khi them photon vao hai mode ctia
truong GPAPCS, gié tri clia Lgyp(¢) 16n hon va nhan gia tri cye dai xap xi 0.8.
Hinh 2.5(b) chi ra &nh hudng clia || 1én Ls,p(t), gié tri |€]| cang 16n thi gia tri cta
Lsup(t) cang tang. Nhu vay, cac tham sé cudng do trudng ban dau va sd photon
duge thém vao hai mode clia trudng déu anh hudng dén do réi gita mot mode
ctia trudng GPAPCS va hé con. Khi cudng do trudng cang 16n va sd photon dude
thém vao hai mode clia trudng cang tang thi do rdi gitta mot mode clia trudng
GPAPCS va hé con theo thsi gian cang tang.

2.2. Cac tinh chat va cic qua trinh dong hoc ciia trudng
& trang thai két hop bo ba thém photon
2.2.1. Hamiltonian toan phan cua hé

Hamiltonian toan phan moé t4 mo hinh JC hai mode ctia hé nguyén ti-truong
trong phép gan ding séng quay va bd qua hicu tng Stark c6 dang

H = wifa;+ 5 () (el — Ig) (9])
A () (gl s +af a5 |g) (el) (2.7)

trong dé w, 21, Qs 1 tan sd dao dong clia nguyén ti vi cac photon tudng tng
ctia hai mode ctia truong.

2.2.2. Cac tinh chit dong hoc ctia nguyén tit theo thdi gian
Xac suat tim nguyén tit & trang thai kich thich P, (t)

Pe(t) = Z Pn;h,k,l(o) COSQ(Qnt)' (28)
n=0

D6 thi hinh 2.6 chi ra trong ci hai trudng hgp TCS va PATCS sut hdi phuc
dién ra déu din theo chu ki, hay P.(t) dao dong vdi ciing chu ki hdi phuc v c¢6
gid tri trong khodng (0, 1), tuy nhién bé rong clia khoadng hoi phuc trong truong
hop PATCS 16n hon TCS do ban chét ctia phan bd Sub - Poisson. Khi ting r s6
dao dong trong mdi chu ki déu tang len. Khi s6 photon thém vao ba mode ctia
trudng ting lén thi s dao dong trong méi chu ki hdi phuc ciing ting lén nhanh.
Khi p = ¢ = 0, sy dao dong trong mdi chu ki c¢6 tinh chit ddi xing, tuy nhién
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Hinh 2.6: Sy phu thuoc ciia P.(t) theo At véi cac tham s6 (a) p=q =0, 7 =5,
(b) p=gq =2, r=20 va bo (h,k,l) tuong tng v6i dudng nét gach doé [P.(¢) + 2]
1a (0,0,0), dudng nét gach cham xanh 14 [P.(t) + 1] 1a (2,2,2), duong lién nét
xanh dam P,(t) 1a (5,5,5).

diéu nay khong con ding khi p = ¢ # 0. Khi s6 photon thém vao ba mode clia
trusng & PATCS cang tang thi sy ddi xing trong mdi chu ki héi phuc dude cai
thien 16 rét. P.(t) phu thuoc vao cudng do trudng ban dau r va sé photon dugc
thém vao cac mode cla trudng & PATCS.

2.2.3. Cac tinh chat dong lugng tit ctia trang thai két hop
bo ba thém photon
Ham phan bd photon theo thai gian P, (t)

Py(t) = pF" (1) = Pasn,k,1(0) cos® (Qut) + P g1 (0) sin® (Qn-1t) . (2.9)

Ham tuwong quan bac hai cuing mode phu thudc thai gian c¢6 dang

Z Prine,1(0)2n; sin® (Qut) + > Pkt (0) (n? — ny)
9 (1) = =2 n=0 — — 1, (2.10)

anhkl( Jni + anhkl( ) sin® (Qnt)

n=0 n=0

Ham tuong quan bac hai khac mode theo thai gian g( )( t) c6 dang

> Poiii(0) (n1 + no + 1) sin® (Qnt) + Z P k,1(0)n1ng

g3 (t) ="=2

> Pk (0) (n1 4 1n2) +2 3 Prng(0) sin® (Qnt)
n=0 n=0

~1. (2.11)
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Hinh 2.7: Sy phu thudc clia P, (t) theo At véi cac thamsé6n = 5,7 =10, p = g = 2
va bo (h, k,1) tuong tng v6i dudng nét gach do [P,(t) + 1.1] 1a (0,0,0), dudng
nét gach cham xanh 14 [P,(¢) + 0.6] la (1,1,1), dudng lién nét xanh dam P, (¢)
1a (3,3,3).

Hinh 2.7 cho thay khi trusng ¢ TCS, ham phan b6 photon theo thdi gian
P,(t) c6 bien do dao dong xap xi 0.2, trong khi 6 PATCS bién do dao dong nay
xap xi 0.4 va 0.6 tuong ng véi sd photon duge thém vao ba mode clia trusng la
(1,1,1) va (3,3,3). Khi truong § TCS céac chu ki dao dong ctia P, (t) khong 1o
rang, chu ki sau chong phit v6i chu ki trude. Khi them photon vao cdc mode clia
truong & PATCS, st dao dong tuan hoan ctia P,(t) theo thdi gian véi sy tach
bigt r6 rang trong mdi chu ki, dong thai gia tri cyc dai clia P, (¢) cling tang lén
theo sy ting sé photon vao ba mode clia trudng.
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Hinh 2.8: Su phu thudc cta ggiz) (t) theo At trong cac trudng hgp (a) r = 5,
p=q=0, (b) va (¢) r =10, p = ¢ = 2. Bo (h, k,l) ting v6i dudng nét gach d6
g2 (1) 1a (0,0,0), dudng nét gach cham xanh 14 ¢{> (¢) + 0.02 1a (1,1, 1), duong

lisn nét xanh dam ¢'2 () + 0.04 1a (3,3, 3).

(5

Hinh 2.8 cho thiy khi s6 photon cdc mode 1a khac nhau thi gid tri cia ham

gég) (t) bé hon rat nhiéu so vdi gﬁ) (t). Diéu nay cang chiing t6 s6 photon duge

12



thém vao ba mode ctia trudng PATCS va cudng do trudng ban dau c6 anh hudng
16n dén tinh chat phan két chim clia photon cédc mode trong qué4 trinh chiing
tuong tac véi nguyén tit trong mo hinh JC hai mode.

-== (0,0,0) 1Ly — (333

[ 1 ]

0.12], Ao nof i
i 1”\,”“/‘ "I| :““! ‘”\\/N'*l\\ "|l| vhl l‘“\ A= 'l.lu lHH
~ 0.10 l\\,' v v iy lh,' 'ay “ll R
£0.08 :
80.06 ,
o We—ele—e—ilaly
0.02 ]

/If

Hinh 2.9: Su phu thudc cta g( )( t) theo At v6i cac tham sb6 7 = 10, p=q =2, va
bo (h, k,1) ing voi duong nét gach do gg)( t) +0.06 1a (0,0,0), du’dng nét gach
cham xanh 14 gg) (t)+0.031a (1,1,1), duong lién nét xanh dam g ( )14 (3,3,3).

Hinh 2.9 m6 t4 mdi tuong quan gitta hai mode a, b qua do thi ham tuong quan
bac hai khac mode gg) (t) theo thoi gian. D6 thi cho thay trong ca hai truong
hop khi truong § TCS hay PATCS thi cic photon & hai mode a, b clia trudng déu
tuong quan v6i nhau vi ham g( )( t) luon duong. Khi cang thém sb6 photon vao ba
mode cia trudng thi gia tri cyc dai ctia gg) (t) ¢6 gidm nhe, nhung s6 dao dong
trong méi chu ki tang lén, sy dao dong 13 tuan hoan, déu din va c6 sy phan biet
r0 rang gitta cac chu ki.

Chuong 3

CAC TINH CHAT VA CAC QUA TRINH DONG HOC CUA
TRUONG HAI MODE MOI TRONG MO HINH
JAYNES-CUMMINGS

3.1. Trang thai két hgp cip chong chat thém photon

3.1.1. Khai niém

Chiing toi dé xuat mot trang thai mdi 1a trang thai két hop ciap chong chét
thém photon (SPAPCS) bing viéc thém chong chat cdc photon vao hai mode clia
PCS nhu sau

co 2

|§7Q;k7l>:Nkl( +k+0'b+l |§ q) chzn In 4 ai,n +b;), (3.1)

n=0 i=1
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trong d6

alilten/(n + a;)l(n + b;)!

Cin=N, , 3.2
' N (n+q)n! (3.2)
V(’jlaZ:q+kl, bz:lza kl :k, kQZO, ll :0, ZQZI
3.1.2. Ham Wigner
['_"i‘?)’) 0.0 10
: /, (k, l)
0.1 L 0w % S /S ©.0)
w 0.0, <SR ) o
0.1 e y 1,4
~0.2 (a) 2,8)
-0.5
0.0 0.5 1.0 - (3,12)
: 1.5 15 20
Re(a,) I

Hinh 3.1: Haim Wigner ctia SPAPCS v6i cac tham s6 ¢ = 1, 0 = 1, || = 0.3,
¢o = ¢p = ¢ = 0. Hinh (a) 1a st phu thuoc ctia W theo cdc thanh phan thyc va
4o cta o v6i € =4 va (k,1) = (3,12). Hinh (b) 1a sy phu thudc ctia W theo |€|
véi |a] = 0.5 va bo (k,1) 1a (0,0) (duong cham cham den), (1,4) (duong lién nét
xanh dam), (2,8) (dudng gach cham xanh 1a) va (3,12) (duong dit nét do).

Hinh (3.1) cho thiy trong mot vai viing khong gian pha, ham Wigner c6 gia
tri am, nghia 14 SPAPCS la trang thai phi Gauss. Trong ca hai trudsng hgp PCS
va SPAPCS, ham W luén nhan gia tri am nghia 13 cic trang thai nay déu 1a cac
trang théai phi Gauss. Gia tri ciia ham W tng v6i SPAPCS ludn luén nhéd hon
PCS. Hon nita, khi s6 photon duge thém vio hai mode cang tang thi gia tri clia
ham W cang am, nghia 13 khi thém chong chat cdc photon vio hai mode ciia
PCS thi tinh chat phi Gauss ciia SPAPCS cang dudc ting cudng, do dé trang
thai ma ching to6i dé xuét thé hién tinh chit phi Gauss manh hon trang thai
PCS ban dau.

3.1.3. Tinh chét rbi

Tiéu chuan entropy tuyén tinh & trang thai dimg dé khdo sat do rdi cho
SPAPCS c¢6 dang

ot | @)t
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klz W {<<n+k>!>2 o ((n+q+1))°



202|¢|*nl(n + k + 1) . 2021€)%* (n+ @)l (n+ g+ k + 1) } 63

((n+ 0> (n+q+k))°
Trong hinh (a) va (b), cac dudng cong chi ra khi [ ¢6 dinh va k tang hodc
nguge lai khi k ¢6 dinh va [ ting, thi L s& ting v6i moi gid tri cta |£|. Gia tri
entropy tuyén tinh L ctia SPAPCS luén 16n hon khi so sanh véi PCS. Khi gia tri
cia €] cang 16n thi L hoi tu va tién dan vé trang thai roi 1y tudng cyc dai. Nhu
vay ta c6 thé két luan ring do dan rdi ciia SPAPCS luon cao hon PCS véi moi
gid tri |€| va do dan 16i cang duge tang cudng néu s6 photon thém vio cidc mode
cua PCS tang.

3.2. Cac tinh chéat va cac qua trinh dong hoc ctia trudng &
trang thai két hop ciap chong chat thém photon trong
mo hinh Jaynes-Cummings

3.2.1. Hamiltonian toan phan ctia hé

Trong m6 hinh tan sic, Hamiltonian hiéu dung c6 dang sau
N 1 A
H.ty :§W&Z +wiata + webth
A @+ D)ETb+ 1)]e) (el - atab*blg) (g]] (3.4)

trong d6 A\ = k2/A.

3.2.2. Toan ti¥ ma tran mat do cia hé
Sy tién trién theo thoi gian ciia hé nguyen ti-truong duge biéu dién qua toén
ti mat do theo thai gian p(t), théa man phuong trinh cht sau

%S:) =1 [Heffa/-a(t)} + (L1 + L2)p(t), (3.5)

trong d6 L; v6i i = {1,2} la cac sieu toan tit bidu dién sy mat mat trong khoang.
Toan tt mat do theo thoi gian () c6 dang nhu sau:

P(t) = pec(t) ) (el + Pgg(t) 19) (gl + Peg(t) l€) (gl + Pge(t) |9) (€], (3.6)

3.2.3. Dinh lugng do rbi theo thoi gian

3.3.3.1. Dinh lugng do rbi theo thsi gian ctia hé nguyén ti-trudng
Entropy tuyén tinh rat gon clia trudng, ciia nguyén t1t va clia ca hé lan luct

c6 dang

(oo}

2
L) =1= 3 | 32 1CnComl” (el + ptgl* + 2 ptepsg|? cos Xy ) 27175

n,m=0 |1i,j=1
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+ F(Cn,m)5k+l,o674%(“77%)2

X (Iuel4 + |pgl* + 2 |epg| cos Atn(n, m)) } ; (3.7)

oo

2
2 4 4 2
Lat)=1= 3 | 32 (ConCooml® (el + gl +2 ey cos xim; )

n,m=0 |i,j=1

+ F(Cn,m>6k+l,0 <|/’[/€‘4 + |:U’g|4 +2 |/J'e:ug‘2 COS /\tn<n7 m)) :| ’ (38>

o0

2
Lty =1= 3 | D [CinCiml* ™

n,m=0 |[i,j=1

P (Com ) 1001 (3.9)

=08 =08 (b)y=0.1
EO.G \Eo.s --------------------------------------
g 5 RN RA KA KA R
.04 > 0.4 ,\\I\\ ’\\/l ’\\l\ AN
g g VNN Ty
202 202 T B T TR
: ; R
¥
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g
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Hinh 3.2: Sy phu thuoc clia entropy tuyén tinh theo At trong cic trudng hgp (a)

7 =001, (b)y=01va (c) y=1with [¢*?=1,¢ =0,k =1 =0, pte = 1y = oL
Duong ditt nét xanh 1a L4(t), duong lién nét d6 1a Lg(t) va dudng cham cham

den 1a L(¢).
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Hinh 3.2 cho thay trong trudong hop PCS (k =1 = 0), su dao dong ctia L (t)
1& quy tic vA tudn hoan theo thdi gian, gia tri cyc dai ciia L4 (t) khong bi dnh
huéng béi v. Su thay dbi ciia hé sd suy gidm pha v &nh hudng 16 rét dén sy
dao dong cta Lg(t), v cang l6n, sy dao dong ctia Lp(t) cang tang. Trudng hgp
v =1, Lr(t) dao dong tuan hoan va dat dén gia tri cyc dai 0.75. Khi nguyén ti
va trudng khong rdi nghia 13 entropy clia nguyén ti dat gia tri 0, entropy tuyén
tinh ctia truong Ly (t) dat gia tri cuc tiéu, d6 ciing chinh 14 entropy tuyén tinh
clia hé S(t) tai cting thoi diém. Cac hinh tit 3.2(a) dén hinh 3.2(c) cho théay cac
gia tri cyc tri dia phuong ctia Lg(t) bi &nh hudng bdi suy gidm pha, céc gid tri
nay cang tang khi hing sé suy gidm v cang lén.

208 £ 08 -
g 0.6/ |V @ ;» 0-6 >
: 5 I ll ‘ I
50.4 ||l‘l\ | ||‘I l'],,’lf\‘“'l,‘,,\{w i N\\ﬂ 5:0-4 ‘t wlﬂﬁ Ml ||Iq| ||‘ u' I’lﬂ“ml‘ il
£ 0alff l“"l i u""l Tk “‘ I |l 2o i '
s . .'J u |' ‘ J || =l i
0.0 0.0
0 15 20 0 2
,\t
—— L4t) — Lp(t) - L)
= 0.8
E (©)
£06
Zoa r", il \m ,‘"" ‘.,",,{ M iﬁm ,l“ﬂﬂ i ‘ﬁni ,'u'“ !
Eu.z ' " "“ ’
0.0

0 10 20

A

Hinh 3.3: Sy phu thudc clia entropy tuyén tinh theo M vé6i cdc tham s6 c6 dinh
|§|2 =1, = pg = %,q = 0,0 = 1, truong hop (a) k =1 =1,y = 0.1, (b)
k=1=5vy=01va(c)k=1=5y=1.

Hinh 3.3 cho thiy viéc thém céc photon vao hai mode ciia truong SPAPCS
sé lam tang céc gié tri cta Lp(t) va L(t), gid tri cyc dai ctia ching dat hon 0.8,
trong khi gia tri nay chi dat 0.75 cho truong hgp PCS. Cang thém photon vao
hai mode ctia truong cang lam cho sy dao dong ctia L (t) dan suy gidm va bién
mat theo A¢. Viec them photon khong lam thay ddi gia tri ciia L (), nhung lam
thay doi chu ki dao dong ctia n6. Khiy =1va k=1=75, Lp(t) va L(t) tién dan
dén mot gia tri 6n dinh xap xi hon 0.8. Diéu nay cho thiy vai tro ciia viéc them
photon v hiéu ting suy gidm pha trong viéc ting cudng do réi gitta nguyéen tit
va trudng SPAPCS thong qua cac ham Lg(t) va L(t).
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3.3.3.2. Dinh lugng d6 réi theo thdi gian ctia hé con va mot mode ctia
truong SPAPCS

Hé ba thanh phan gom cac mode a, b clia truong SPAPCS va nguyén ti, khéo
sat do rdi ctia mot mode clia trudng va phan con lai ctia toan bo he. Ham L, (t)
1a do rdi gitta mode a ctia the SPAPCS va phan con lai ciia hé (nguyén ti+mode
b), ham L g, (t) 1a do rdi gitta he hai thanh phan gom nguyeén tit va mode b ctia
SPAPCS v6i mode a con lai cta trudng. Lg, (t) v Lag, (t) duge xac dinh tir cac
biéu thic sau:

oo

2
LFa (t) =1- Z { |Cl,n|4 + ‘CQ,n|4 + |Cl,nc2,(n+a17a2)| + }CQ,nCl,(nJrazfal)

n=0

2

2 —2~t(by —ba+as—a 2
+ |C1nCo(ntby—ba)| €77 (br=bzaz—as)

% (Ll =+ lgl" + 2 ety cos Xt

2 _2vt(by—bi+ai—as)?
+|CQ,nC1,(n+b2—b1)| e 27t(b2—b1+a1—az)

< (ltel" + lpgl* + 2 ptepig| cos Xent)

+ (F(Cn,n) -2 ‘Cl,nCQ,nlg) 5k+l,0}a (310)
LAF;, (t) =1- Z { Icl,n|4 + |C2,n|4 + (F(Cn,n) -2 |Clnc2n‘2> 6k+l,0
n=0

2

+CLnCa, (61—t (Iuel4 + gl + 2 |prepig)? cos Auzt)
2 4 4 2

- 1ConCa g | (I1tel* + litgl* + 2 ptesag | cos Avt)

+ (|CL"C27("+‘11—‘12)|2 + |C27”CL(”+02—(11)|2)

« 62'yt(b1b2+a201)2}. (311)

Hinh 3.4 cho thiy do r6i giita cac thanh phan trong hé khong xuit phat tir gia
tri 0 ma xuét phat tit mot gia tri nhat dinh, nghia 13 ban dau he da rdi v6i nhau.
Khi bd qua hi¢u tng suy gidm pha (v = 0), Lap,(t) va Lg,(t) dao dong tuan
hoan theo chu ki ngay tur ltic bat dau va gia tri ctia Lag, (¢) 16n hon mot it so
véi Lg, (t). Khi v cang tang, sy dao dong ctia Lp, (t) dan triet tieu trong khi
Lar,(t) nhanh dat dén trang thai én dinh. Trugng hgp v = 1, hién tugng suy
gidm pha anh hudng 16 rét 1én do rdi gitta ba thanh phan (hinh 3.4c), trong d6
gia tri ctia Lap, (t) dao dong tuan hoan va dat dén gid tri cuc dai xap xi 0.8 trong
khi Lr, (t) ngay lap tic dat gia tri n dinh. Diéu nay c6 nghia 1 tham s6 suy
gidm pha anh huéng lén sy rdi gitta mot mode clia truong SPAPCS vé6i phan con
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Hinh 3.4: Su I?2>h1.1 thudc clia entropy tuyén tinh theo At véi ciac tham s6 c¢d dinh
k=1=11"=1¢=0pe=py=5,0=1(a) y=0,(b)v=01va(c)
v=1

lai clia he. Gia tri ctia v cang 16n, do 16i Lag, (t) va Lg, (t) cang tang. Dé thay
dugc vai tro ctia viéc thém photon vao hai mode ctia truong SPAPCS, ching toi
chi ra trong hinh 3.5 sy phu thuoc ctia Lag, (t) v Lg, () theo At véi s6 photon
khac nhau duge thém vao hai mode cta truong SPAPCS trong truong hgp v = 1.
Céc hinh t (3.5a) dén (3.5¢) chi ra réng do i Lag, (t) va Lg, (t) déu tang khi
cang thém s6 photon vao hai mode ciia truong SPAPCS. Hon nita, trong khi gia
tri ctia Lap, (t) dan tang va nhan gia tri cuc dai 16n hon 0.83, thi Lg, () ngay
lap tic dat gia tri cuc dai 6n dinh. Vi vay, viec them photon vio hai mode ciia
trudng SPAPCS khong chi lam thay déi chu ki va s6 dao dong ctia Lag, (t) ma
con ting cudng do6 réi gitta mot mode ciia trusng SPAPCS véi phan con lai cia
he.
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Hinh 3.5: Sy phu thuoc ctia entropy tuyén tinh theo A, Lap, (t) (dudng dit nét
xanh) va Lp, (t) (dudng lién nét dé) véi v =1, |€° =1, ¢ = 0, pre = g =
o =1 trong céc truong hop (a) k=1=2, (b) k=1=3va (c) k=1=5.
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Chuong 4
UNG DUNG CUA CAC TRANG THAI DA MODE VAO VIEN
TAI LUONG TU

4.1. Vién tai lugng ti¥ v6i trudng & trang thai két
hop cap thém photon
4.1.1. Kénh lugng ti& réi nguyén ti-trudng

Dé vién tai mot trang thai nguyén ti tit Alice sang Bob, dau tién chung ta
can tao ra mot kénh lugng t&. Trong muc nay, kénh lugng ti dudce st dung la
tuong tac nguyén ti-trudng trong mo hinh JC.

H = w8, +wiata +webth+ A (a+13+ l9) {e| + b |e) <g\) , (4.1)
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4.1.2. Vién tai trang thai nguyén tu
Gia st trang thai nguyén ti 1 1a trang thai nguyén t dau vao can dugc vién
tai c6 dang
[9)in = loa); = ple); +vlg)y, (4.2)
trong d6 cac heé s6 u, v 14 cic bien do clia trang thai dude vién tai thda man diéu
kien |p|® +|v|* = 1. Nguyen tit 2 ban dau dugc chuén bi & trang thai lpa)y =€)y
Trang thai ctia hé sau thoi gian tuong tac t; ¢6 dang

War(t)) = U(n,t) [ a7 (0)) = e~ |94, (0))

= Cqim.k Z Ry [cos (ABnt1) |e,n+ g+ m,n+ k),

n=0
—isin(ABut1) [g,n+qg+m+1,n+k+1),]. (4.3)
Sau thoi gian t, nguyén tit 1 tuong tac véi trudng va tao thanh mot hé ba thanh

phan méi. Khi Alice phat hién ra nguyén tit 1 & trang théi kich thich |e), thi he
con gdm nguyeén ti 2 va trudng bi sup dé vé trang thai

|®) = NCyim, i Z Ry {puCos (ABnt1) Cos (A\Bnta) le,n + g+ m,n+ k),

n=0
—ipSin (ABnt1) Cos (ABnyite) lg,n+qg+m+1,n+k+1),
—vSin (AByt1) Sin (ABnte) [g,n+ g+ m,n+ k), }

:NC’q;m,kZRn Yle,n+q+m,n+k),

n=0

+ixlg,n+qg+m+1Ln+k+1),+nlg,n+qg+m,n+ k). (4.4)

Do trung thyc trung binh F cla trang thai duge vién tai duge cho bdi
F = [(@ |pour)]?

(oo}
= INF il 3 RoRow [ (27 570) (4 g+

n,n’=0

fix*v(n+q+m+1,n+k+1\}
X {(yu*—&—nv*ﬂn’—&—q—l—m,n’—&—k‘)
—i—ixv*\n’—i—q—i—m—i—lm’—i—k—i—lﬁ

= 2 * ) . 12
2 [Ral (\’V pA "ol [x vl)
__ n=

N (4.5)
> IRal? (72 + X2+ ?)
n=
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Do trung thyc trung binh chi ra méi lien hé gitta trang thai dau vao va dau ra.
Gi4 tri ctia F' bang mot don vi khi trang thai dau ra hoan toan trimng khép véi
trang thai dau vao. D& vién tai céc trang thai luong t& t6t hon c¢d dién, gia tri
ctia do trung thuc trung binh phdi 16n hon 2/3.

1.0

0.8

0.6

H

Hinh 4.1: Sy phu thuoc clia F' theo u v6i cac tham s6 ¢d dinh Mt = ?ﬂf, Ay = %’r,
g =m =k = 0 cho cac trudng hop |¢| = 1 (dudng dd), |¢] = 2 (dudng chaAm
cham xanh) va |¢| = 3 (dudng lién nét den).

Hinh 4.1 m6 t& sy phu thuoc ctia F theo p cho trudng & trang thai két hop
cap véi cac didu kien Aty = 2%, Mo =28 g=m =k =0va [{| = {1,2,3}. Tt do
thi, chiing toi thiy rang gia tri ctia p chia ra hai mién, trong d6 khi 0 < pu < 0.7
gid tri cia F' gidm khi |¢] tang, con khi 0.7 < g < 1 thi gia tri cia F tang khi
|€] ting, khi pn = 1 gi4 tri cia F' = {0.35,0.45,0.65} tuong tng vdi |¢| = {1, 2, 3}.
Nghia I khi xét kénh lugng tit nguyén ti-truong véi trusng & PCS, néu bien do
clia trang thai can vién tai trong khoang (0,0.7) dé do trung thuc trung binh
clia qué trinh vién tai cao nén chon cudng do trudng ban dau bé, va khi p thudc
khoang (0.7,1) dé trang thai dau ra gan giéng véi trang thai dau vao nén chon
cudng do trudng ban dau 16n.

Hinh 4.2 m6 ta sy phu thudc ctia F theo p vi s6 photon dude thém vao hai
mode ctia truong & trang théi két hop cap them photon véi céc tham s6 Aty = 32X,
Aty = 2X ¢ =0va|¢| = 1. DO thi hinh 4.2 cling cho thay khi 4 trong mién (0,0.7)
gié tri cia F' gidm khi thém photon vao cadc mode ctia truong GPAPCS. Tuy nhién
khi p trong mién (0.7,1) gia tri cuc dai cia F' dugc cai thien dang ké khi cang
thém photon vao hai mode ciia trudng GPAPCS (duong chdm cham xanh va
duong lién nét den). Khi them dong thoi {1,2} photon vao hai mode ctia trudng
thi gia tri ctia F tuong tng dat {0.55,0.85}. Diéu nay chiing t6 rang vigc them
photon vao hai mode ctia trusng GPAPCS lam tang do trung thyc trung binh
clia qué trinh vién tai khi bién do trang thai vién tai trong khoéng (0.7, 1).

Hinh 4.3 mo t& sy phu thudc ctia F' theo Aty v6i At = ?ﬂf trong hai truong hgp
trudng 6 PCS m = k = 0 (dudng dit nét d6) va truong 6 GPAPCS m =k =1
(dudong cham cham xanh), m = k = 3 (dudng lién nét den). Trong ca hai do thi
6 hinh 4.3(a) va hinh 4.3(b), ching ta déu thay su dao dong tuan hoan theo thoi
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Hinh 4.2: Sy phu thugc clia F' theo p véi cac tham s6 ¢6 dinh Aty = 25, Aty = 37,
|€] = 1,q = 0 cho cac truong hop (m, k) bang (0,0) (duong dit nét do), (1,1)
(duong chdm chdm xanh), v (2,2) (dudng lién nét den).

1.0

ko
0.4/ == (0,0)
0.2 0.2} ]
— (33 (@ ®
0.0 0.0
0 2 4 6 8 10 0 2 4 6 8 10

Atz At2
Hinh 4.3: Sy phu thudc ctua F theo Aty v6i Aty = ?ﬂf trong céc truong hop (a)
€l = 1,1 =03 va (b) [¢] = 2,1 = 0.7.

gian ctia I trong ca hai trudng hgp PCS va GPAPCS. Trong mién 0 < p < 0.7
(hinh 4.3a) khi thém photon vdo hai mode clia truong gia tri cyc dai cia F' ting
dang ké. Gia tri cuc dai ctia F' dat xap xi trén 0.95 khi thém dong thsi 3 photon
vao hai mode ctia truong GPAPCS, trong khi gia tri nay chi dat xap xi trén 0.9
cho truong PCS. Trong mién 0.7 < p < 1 (hinh 4.3b), gia tri ctia F' nhé hon
trong mién 0 < p < 0.7, khi thém dong thdi 3 photon vao hai mode clia trudng
GPAPCS thi gia tri cyc dai cua F' dat 0.75 trong khi truong ¢ PCS gia tri nay
chi dat xap xi 0.6. Do d6 trong mién 0.7 < pu < 1 dé cai thién do trung thuec
trung binh clia qué trinh vién tai ching toi khong chi ting cudng do truong ban
dau ma con thém dong thoi s6 photon vio hai mode ciia trudng.
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KET LUAN CHUNG

Qua quéa trinh nghién citu, luan an da thu dudc céc két qua mdéi nhu sau:

Tht nhét, ching toi da dua ra duge trang thai phi ¢6 dién hai mode méi dé
13 trang thai két hgp cap chong chit thém photon va nghién ctu cac tinh chét
phi ¢6 dién ctia ching thong qua ham Wigner va entropy tuyén tinh. Két qué cho
thay trang thai nay 1a mot trang thai phi c6 dién phi Gauss va c¢6 do réi manh.

Thit hai, chting to6i da nghién ctu cac tinh chit dong lugng ti clia tuong tac
nguyén ti-truong khi khong xét dén anh huéng ciia hé sb suy gidm v clia mai
trudng, trong dé truong & trang thai két hgp cap thém photon va trang thai két
hop bo ba thém photon. Két qua khao sat cho thiy trong ca hai trudng hop, su
tuan hoan theo thdi gian thé hien qua tan sé dao dong Rabi clia nguyeén tit trong
qué trinh tuong tic nguyén ti-trudng. Cac tinh chit dong hoc clia nguyen tit va
cac qua trinh dong lugng t1 clia trudng déu bi &nh hudng béi cac tham sb cudng
do truong ban dau va sb photon dugc thém vao cdc mode ciia truong. Véi dieu
kién s6 photon thém vao cac mode ciia trudng 14 nhu nhau thi cac tinh chéat va
cac qua trinh dong déu thay ddi theo chiéu huéng cai thien hon, dic biet 1a do
rdi cao hon.

Thit ba, chiing t6i di nghién ctu cac tinh chit dong lugng tit clia tuong tac
nguyén ti-trudng cé xét dén dnh hudng ctia hé s6 suy gidm v clia moi trudng,
trong dé trudng & trang théi két hgp cap chdng chit them photon. Két qua khao
sat cho thiy do r6i giita nguyeén ti véi hai mode clia trudng va do réi giita mot
mode clia trudng v6i hé con gdm nguyén ti va mode con lai c¢6 syt dao dong theo
thoi gian va bi d&nh hudng bdi cac tham sé cudng do trudng ban dau, sé6 photon
dugc thém vio cdc mode va hé s6 suy giam clia moi trudng . Hé s6 suy gidm
cang 16n thi do rdi gita nguyén tit va trudng cang 16n va dat dén do réi cuc dai
khi 7 tién dén gia tri 16n nhat.

Tht tu, ching téi da nghién ctiu qua trinh vién tai lugng tr mot trang thai
nguyén ti chua biét véi truong & trang thai két hop cap them photon. Két qua
khdo sat da chi ra dude sy thanh cong clia qua trinh vién tai lugng t& v6i ngudn
roi 1 trang thai két hgp cap thém photon thong qua kénh vién tii nguyén ti-
trusng. Cac két qua cho thay viéc vién tai mot trang thai nguyeén ti chua biét
bang ngudn rdi nguyeén ti-trusng véi trusng & GPAPCS sé t6t hon & PCS va qua
trinh vién tai nay phu thudc vio cudng do trudng ban dau, bién do cla trang
théi can vién tai va sd photon dudc thém vio hai mode ciia trudng.

Nhu vay, cac két qua dat duge cho thiy chiing toi da hoan thanh tit ci cac
muc tieu da dé ra trong luan an. Luan an c6 thé dugc tiép tuc nghién ctu va mé
rong theo hai huéng chinh, dé 1a tiép tuc dé xuit cac trang thai phi ¢ dién mdi,
nghién cttu cac tinh chit ctia ching, va nghién citu cic tinh chat dong lugng ti
clia tuong tac nguyén ti-trudng c6 xét dén va khong xét dén anh hudng ctia moi
truong thong qua cadc mo hinh JC md rong c6 ké dén hiéu tng Stark, trong do
trudng & cac trang thai phi ¢d dién méi.
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