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PHAN MG DAU

1. Ly do chon dé tai

Trong thoi dai ngay nay linh viuc thong tin lien lac dang phat trién rat
nhanh ciing véi sut phat trién vo cting manh mé ciia khoa hoc va cong nghe.
Trong thong tin lién lac yéu t6 xit 1y thong tin, téc do truyeén tin va bao
mat thong tin da duge dat len hang dau [1]. Trong linh vic nay, tinh toan
luong t va truyen thong tin lugng ti dang dugce cac nha nghién ctiu hang
dau vé 1y thuyét ciing nhu thyc nghiém quan tam nghién cttu nhiéu vi né
hita hen mot cude cach mang méi vé ki thuat truyén thong luong tit trong
tuong lai khong xa [2]. Dién hinh 1a gidi Nobel Vat Ly nam 2022 da thuoc
vé ba nha khoa hoc Alain Aspect, John F. Clauser va Anton Zeilinger v6i
cac nghién citu lién quan dén linh vyc lugng tit. Cac két qua ctia ho da mé
duong cho viéc tng dung cong nghé mdi ciing nhu linh virc nghién cttu sau
rong nhu may tinh lugng tit, mang luong t va truyen thong luong ti. Su
ra doi ctia nganh khoa hoc thong tin lugng t@ va may tinh luong t& phai ké
dén tir khi khai niem réi luong t dudge Schrodinger dua ra vao nam 1935
dé giai thich nghich 1y Einstein-Podolsky-Rosen [3]. Sau d6, cac ¥ tudng vé
hé thong tinh toan luong tit va may tinh luong tit 1an luot dude dua ra vao
nam 1980 bGi Manin [4] va vao ndm 1982 béi Feynman [5]. Céc § tuéng ly
thuyét dé cho dén nay da buéc dau duge hién thuc hoa bdi nhiéu qubc gia
manh vé kinh té va cong nghé nhu M§, Nga, Anh, Trung Qubc, Phap va
Dtic. Tinh dén nam 2021, mot s6 nghién cttu va ché tao thanh cong buée
dau cac mo hinh thit nghiém vé cac hé théng may tinh lugng ti, dién hinh
nhu hang IBM c6 QQ Systems One v6i 27 qubit, hang Google ¢6 Sycamore
v6i 54 qubit, Dai hoc Khoa hoc va Cong nghé Trung Qubc c6 Zuchongzhi

v6i 66 qubit. Tat cd cdc mo hinh thit nghiém nay déu cé toc do tinh toan



va tinh bdo mat vuodt xa cac sieu may tinh co dien manh nhat hién nay nhu
Fugaku, Summit va Sierra. Tuy nhién ching van con boc 16 nhiéu nhugc
diém can phai cai thién va hoan thién hon nita vé tinh 6n dinh va nhiéu
van dé k¥ thuat khac do s6 qubit chua ddm bdo. Ngoai ra, linh vuc truyéen
thong tin lugng tit da thu duge mot s6 thanh cong bude dau trong nghién
cttu thuc nghiém nhu qua trinh vién tai lugng ti thanh cong cac photon
va cac nguyen tit véi cac khoang cach khac nhau, qua trinh vién tai luong
tr thanh cong hé cac hé qubit v6i 5 nguyén tit 6 khoang cach 600 m vao
nam 2004 [6], hé qubit photon véi khoang cach 143 km vao nam 2012 [7].
Dac biét, qua trinh vién tai luong tit da thyc nghiém thanh cong tit chtim
anh sang dén trang thai dao dong ctia mot vien kim cuong & trang thai vi

mo vao nam 2016 [8].

Trong linh viie truyén thong luong ti, cac nguon roi c6 bién lien tuc
va bién gian doan déng vai tro hét stc quan trong trong viéc thuc hién
cac nhiem vu lugng tt [9]. Trong cac nguon rdi c6 bién lien tuc thi 16p céc
trang thai phi co dién déng vai tro then chét trong viec thuce hién cac giao
thitc lugng tt nhu ma dam lugng it (dense coding) [10], mat ma lugng tit
(cryptography) [11], stta 16i lugng tii (error correction) [12], phan b6 khoa
lugng tt (key distribution) [13], dong vién tao trang thai (joint remote
state preparation) [14], hoi thoai lugng tit (quantum dialogue) [15] va dac
bigt 1a vién tai lugng ti (teleportation) [16]. Cac trang thai phi co dién
hai mode nhu trang thai nén chan khong hai mode [17] hodc trang théi
két hop cap [18] da duge dé xuat. Trén co s6 hai trang thai phi co dién
nay, rat nhiéu cac trang thai phi c¢6 dién méi da duge dua ra va cac tinh
chat phi co dién clia chiing da duge quan tam nghién citu [19],[20],[21],[22].
Dic biét, c6 mot ho cac trang thai phi co dién hai mode méi da duge dua
ra dya vao ky thuat théem photon [23],[24], b6t photon [25],[26], them va
b6t photon [27],[28],[29] 1én hai mode clia trang thai goc ban dau la trang



thai thai nén hai mode va trang thai két hop cap. Ho céc trang thai nay
c6 cac tinh chat phi co dién cao, tinh chat rdi cao va trd thanh cac ngudn
tai nguyen rdi dé thyc hién cAc nhiem vu lugng t¢ nhu 14i lugng ti [30] va
vién tai lugng tit [31],[32]. Bén canh do, tit khi trang thai két hgp bo ba
dugce dua ra [33] thi c6 rat nhidu cic trang thai phi ¢d dién ba mode méi
ducc dé xuat ciing bang cac ky thuat thém va b6t photon lén trang thai
két hop bo ba gbc va cho céc tinh chat rdi cao ciing nhu tinh chat phi ¢o
dién vugt troi [34],[35]. C6 thé khang dinh, cdc tinh chat phi co dién va
cac tng dung clia ho cac trang thai phi co dién hai v ba mode méi nay 1a

cac qua trinh khong phu thudc vao thoi gian.

Trong cac qua trinh dong lugng t1t thi qua trinh tuong tac mot nguyén
tr hai mic v6i mot truong dién tit don mode thong qua mo hinh Jaynes-
Cummings (JC) [36] dudc goi 1a mot mo hinh chuan trong quang hoc lugng
tit. Tt mo hinh chuan nay, su mé rong ciia ching sang tuong tac véi truong
hai mode da dugc khéo sat va nghién ctu [37],[38],[39],[40],[41],[42], nhu
photon ctia cic mode khac nhau cua truong duge tuong quan thanh cap
bdi qua trinh tuong tac v6i nguyén tu da goi la moé hinh JC hai mode
35],[36],[40], hodc mo6 hinh JC hai photon suy bién [43],[44], dugc dé xuat
thong qua bién dang ctia mo6 hinh JC hai mode. Trong cac mo6 hinh nay, cac
tinh chat ctia truong dién tit 6 trang thai két hgp va két hop cidp trong mo
hinh JC hai mode va mo6 hinh JC hai photon suy bién khong xét dén dich
chuyén Stark da dugc nghién citu va khéo sat [45],[46],[47],[48],[49],[50],[51].
Ngoai ra, cac tinh chat clia truong hai mode & trang thai két hgp cap hodc
ba mode & trang thai két hop bo ba trong mo hinh JC hai mode c6 xét dén
dich chuyén Stark da dugc nghién citu & [36],[52],[53]. C6 thé khang dinh
rang, viec dé xuat cac trang thai phi c¢o dién da mode méi, nghién ctu céc
tinh chat phi co dién va ap dung ching vao thong tin lugng tit van con 1a

mot van dé thoi su. Cac tinh chat v cac qué trinh khong phu thuoc vao



thoi gian clia ching da dude nghién ctu nhiéu. Tuy nhién, cac tinh chat
va cac qué trinh dong clia cac trang thai phi co dién da mode méi, cu thé
13 ho cac trang thai md rong ciia hai mode két hop cap va két hop bo ba
van chua duge nghién citu nhieu. Dé c6 mot cach nhin toan dién, ching
toi da chon dé tai "Nghién citu cac tinh chat, cac qua trinh dong va ting
dung ctia mot s6 trang thai phi co dién hai va ba mode méi" dé lam dé tai

nghién cttu cua luan an.
2. Muc tiéu nghién ciu

Muc tiéu chung ctia dé tai la dé xuat dugc trang thai phi co dién hai
mode mdi va khao sat cac tinh chat ctia trang thai mdi; nghién ctu cac
tinh chat v cac qua trinh dong clia cac trang thai phi co dién hai mode va
ba mode méi trong qua trinh tuong tac véi nguyén tit thong qua mo hinh
JC khi c6 xét dén va khong xét dén anh hudng clia moi truong; danh gia
duge miic do thanh cong ciia qua trinh vién tai lugng ti véi cdc nguon roi
14 kénh luong t ro6i nguyen ti-truong. Trén co sé do, muc tieu cu thé cla
luan an la:

- Dé xuat dugc trang thai phi co dién hai mode méi bang phuong phap
them photon va khao sat cac tinh chat phi co dién cia ching nhu tinh chat

phi Gauss va tinh chat roi.

- Lam 16 dugce cac tinh chat dong luong ti clia qué trinh tuong tac
nguyén ti-truong thong qua mo hinh JC khi khong xét dén anh hudng clia
moi trudng, trong dé truong & cac trang thai phi co dién hai mode va ba
mode mdi, nhu cac tinh chat dong hoc clia nguyén ti, cac tinh chat dong

luong ti clia truong, va do roi gitta nguyen tit va truong.

- Lam 16 dugce cac tinh chat dong luong ti clia qua trinh tuong tac

nguyén ti-truong thong qua mo hinh JC khi c6 xét dén anh hudng cla



moi trudng, trong d6 trudng & trang thai phi c¢d dién hai mode méi duge
dé xuat, nhu dinh luong do réi giita nguyén ti va truong bang tieu chuan

entropy tuyén tinh va phuong phap toan tit mat do theo thoi gian.

- St dung céac kénh luong ti rdi nguyén tu-truong vao qua trinh vién
tai lugng tit va danh gida miic do thanh cong ciia qua trinh vién tai thong

qua do trung thuyc trung binh.
3. D6i tugng va pham vi nghién citu

Déi tugng nghién cttu clia luan an 1a céc trang thai phi cd dién, mo
hinh JC trong tuong tac gitta nguyén tit véi cac truong lugng ti, cac tinh
chat va cac qua trinh dong luong ti trong mo hinh JC, vA mo hinh vién

tai lugng tit.

Noi dung nghién citu ctia luan an duge giGi han trong pham vi cac
trang thai phi c¢d dién hai mode va ba mode méi la nhiing trang thai phi
co dién méi ducce dé xuat trong thoi gian gan day gom céc trang thai két
hop cap, cac trang thai két hgp bo ba va cac trang thai them photon lén
cac trang thai d6; mo hinh JC hai mode gom nguyeén t1t hai mic hiéu dung
tuong tac véi cac truong hai mode va ba mode méi. Cac tinh chat dong hoc
clia nguyen tit duge khdo sat thong qua ham phan bo xac suat tim nguyén
tit 6 trang thai kich thich theo thoi gian, cac qua trinh dong lugng tit cia
trudng hai va ba mode méi dugc khao sat thong qua ham phan bd photon
theo thoi gian va ham tuong quan bac hai theo thoi gian. Dinh lugng do roéi
theo thai gian gitta nguyén tit va cac truong hai va ba mode mdéi thong qua
tieu chuan entropy tuyén tinh. Nguon réi dude st dung trong qua trinh
vién tai lugng ti 1a kénh luong t1it nguyén ti-truong véi trudng & cic trang

thai phi co dién hai mode.

4. Phuong phap nghién ciu



Trong nghién ctu cac ndi dung chinh ctia luan an, chung téi da s

dung cac phuong phap sau:

- Phuong phap lugng tit hoa lan thit hai duge st dung trong dé xuat
dua ra trang thai hai mode méi, trong tinh toan gidi tich dé nghién citu
cac tinh chat, cac qué trinh dong hoc clia cac nguyeén ti va truong & cac

trang thai phi ¢d dién da mode;

- Phuong phap toan tit mat do trong nghién citu cac qua trinh dong
luong tit cia mo hinh JC hai mode va dinh lugng do réi nguyén ti-truong

trong mo hinh nay;

- Phuong phap théng ké lugng ti dude st dung khi xay dung cac biéu
thitc giai tich cta do trung thuc trung binh vao danh gia miic do thanh

cong cua qua trinh vién tai lugng tii;

- Phuong phap tinh sé va vé do thi bang phan mém Mathematica dé

danh gia cac két qua trong cac noi dung nghién ciu chinh ctia dé tai.
5. Diém méi ctaa luan an

Luan an nghién ctu vé cic tinh chat, cac qua trinh dong clia cac trang
thai phi co dién hai va ba mode méi va ap dung cac trang thai phi co dien

N 2 ~ (- 2. ? - - « 2 P 2 ~ - X
vao qua trinh vién tai lugng ti. Do do6, cac diem méi cua luadn an gom

- Da dua ra dudc trang thai phi co dién hai mode méi bang phuong
phap thém photon khong dinh xit va lam 16 dugce cac tinh chat ciia trang

thai hai mode mdi gom tinh chat phi Gauss va tinh chat réi gitta cac mode;

- Da lam r6 dudc cac tinh chat dong hoc clia nguyén ti va cac qua
trinh dong clia truong & cac trang thai phi co dién hai mode va ba mode
méi trong mo hinh JC khi khong xét dén 4nh hudng ciia moi truong, va
dinh luong duge do réi gitta nguyen tit va truong hai mode va ba mode méi

theo thai gian;



- ba lam r6 dudce cac qua trinh dong ctia trudng & trang thai phi co
dién hai mode méi trong mé hinh JC khi cé xét dén anh huéng clia moi
truong thong qua viéc dinh luong duge do roi gitta nguyén tit va truong

hai mode méi theo thoi gian;

- Da chi ra duge sy thanh cong cia qua trinh vién tai luong ti véi

nguon roi 1a kénh luong ti nguyen ti-trudng.
6. Y nghia khoa hoc va thuc tién ctia luan an

Viéc dé xuat trang thai hai mode méi bang phuong phap thém photon
khong dinh xt v& nghién cttu cac tinh chat phi co dién clia trang thai méi
nay goép phan hoan thién co sé 1y thuyét vé phuong phap thém photon vao
cic trang thai gbc ban dau, trang thai mdéi dugc tao thanh véi cac tinh
chat phi co dién dudc ting cudng sé la nguodn tng dung quan trong trong

thuc hién cac nhiém vu lugng ti.

Viéc nghién cttu cac tinh chat va cac qua trinh dong hoc ciia nguyén
tr va truong trong tuong tac nguyén tiu-truong khi c6 xét va khong xét
dén anh huéng clia moi truong gép phan bo sung cd sé 1y thuyét vé cac

qué trinh dong hoc trong mo hinh JC.

Viéc khao sat dinh lugng do rdi theo thoi gian gitta nguyeén t1t va truong
g6p phan bo sung cac ngudn rdi hieu qua cu thé 1a nguon réi nguyen ti-
truong trong thuc hién cac nhiém vu lugng ti.

Viéc thuce hién vién tai luong tit véi kénh luong t1t rdi nguyén ti-truong
g6p phan cai tién va hoan thién cdc mo hinh 1y thuyét vé vién tai luong
ti, tit d6 cung cap thong tin cho vat 1y thuyc nghiém trong cidc qua trinh

vién tai lugng ti.

7. Bo cuc cta luan an



B6 cuc luan 4n gom ba phan: phan md dau, phan noi dung va phan
két luan. Ngoai ra con c¢6 danh muc ky hiéu viét tat, danh sach hinh vé,
danh muc cac cong trinh khoa hoc da cong bd lien quan dén cac két qua

nghién cttu cua luan an, tai liéu tham khao va phu luc.

- Phan md dau trinh bay 1y do chon dé tai, muc tiéu nghién citu, déi
tuong va pham vi nghién cttu, phuong phap nghién cttu, nhiing déng goép

mdéi clia luan 4n, ¥ nghia khoa hoc va thuc tién ctia luan an, bd cuc luan an.

- Phan noi dung bao gom bén chuong. Chuong mot trinh bay vé co s6
Iy thuyét cia luan an. Chuong hai trinh bay vé viéc khao sat cac tinh chat
va cac qua trinh dong hoc clia cac trang thai phi ¢o dién hai va ba mode.
Chuong ba trinh bay vé trang thai hai mode méi va cac qua trinh dong
hoc clia trang thai méi nay. Chuong bon trinh bay tng dung cac trang thai

da mode vao vién tai lugng tii.

- Phan két luan trinh bay vé nhitng két qua da dat dudce, danh gia mic
do dat dugde so véi muc tiéu dé ra, cac uu nhuge diem ctia dé tai, huéng

khac phuc va phat trién ctia dé tai.

Cac két qua nghién ctu ctia luan 4n dugc cong bo trong 05 cong
trinh du6i dang cac bai bao khoa hoc, trong d6 01 bai da duge dang trén
tap chi chuyén nganh nam trong hé thong SCIE (International Journal of
Theoretical Physics), 01 bai da duge dang va 01 bai da duge nhan dang
trén tap chi chuyén nganh trong nuée thude danh muc ACI (Hue University
Journal of Science: Natural Science, Dalat University Journal of Science),
01 bai da dugc dang trén tap chi Khoa hoc, truong Dai hoc Su pham Hué,
va 01 bai da duge dang trong Ky yéu Hoi nghi Vat 1y Thita Thién Hué.
Ngoai ra, c6 01 bai da gii dang trén tap chi chuyén nganh qubc té nam

trong hé thong SCIE (Optical and Quantum FElectronics).



PHAN NOI DUNG

Chuong 1

CO SO LY THUYET

1.1. M3 dau

Céc trang thai phi co dién 1a cac trang thai thé hien mot hoidc nhiéu
tinh chat phi ¢6 dién nhu tinh chat nén, tinh chat phan két chiim, tinh chat
roi, tinh chat thong ké sub-Poisson ma cé nhiéu tng dung trong quang hoc
lugng tit va thong tin lugng ti [54]. Lp cac trang thai phi co dién dau tién
dugce chi ra la céc trang thai nén da duge Stoler dua ra vao nam 1970 [55]
va da duge Kimble khang dinh bang thitc nghiem [56]. Tiép dén 1a ho céc
trang thai két hop phi tuyén nhu trang thai két hop cap [57], trang thai két
hop phi tuyén K hat [58] va trang thai két hop bo ba [33]. Ldp céc trang
thai phi co dién ké tiép véi nhicu ting dung tiém ning la cic trang thai
thém /b6t photon lén mot trang thai co dién hozc phi co dién nao do dé
tang cuong them tinh chat phi c¢d dién ctia trang thai ban dau, chang han
nhut trang thai nén dich chuyén thém photon hai mode [32], trang thai két
hop cip chong chat them va b6t photon hai mode [28], trang thai két hop
bo ba chong chat them photon [34]. Cac trang thai phi co dién mdi, dic
biet 1a céc trang thai phi co dién thém, b6t photon da va dang déng vai
tro rat quan trong trong thoi gian gan day. Do d6, c6 nhiéu trang thai phi
co dién méi tiép tuc dugc de xuat, nghién citu va tng dung vao thuc hién

cac giao thiic, cac nhiem vu trong ki thuat truyén thong lugng t1 [59].

C6 nhiéu cach tiép can dé chi ra mot trang théi 1a co dién hay phi

co dién. Thit nhat 1a st dung ham phan bd chuan xac suat Glauber-



Sudarshan [60]. Trang thai 14 co dién khi ham phan b6 xac suat clia trang
thai d6 nhan cac gia tri thong thuong. Néu nhu ham Glauber-Sudarshan
nhan cac gia tri am hodc ¢6 tinh ki di manh hon tinh ki di cia ham Delta
thi d6 1a trang thai phi c¢6 dién [61]. Ngoai ra, trang thai phi ¢ dién ciing
duge xac dinh trén co sé cia ham Wigner [62]. Day cling 1a mot ham phan
b6 chuan xac suat vi né c¢6 thé nhan gia tri am. Khi ham Wigner ctia mot
trang thai nhan gia tri am, dé 1a trang thai phi ¢ dién. Tuy nhién day chi
13 diéu kién di, béi vi mot trang thai c6 ham phan bé Wigner am thi chéc
chan d6 1a trang thai phi co dién, nhung trang thai phi c6 dién khong nhat
thiét phai c6 ham Wigner am, trang thai nén 1a mot vi du cho truong hop
nay [63]. Con khi xét dén tinh théng ké ctia ham phan bd photon, ching
ta co thé st dung ham tuong quan bac hai dé xét dén tinh chat phan két

chiim ctia photon ma dic trung cho cac trang thai phi ¢ dién [64].

Trong chuong nay, ching toi sé trinh bay cac trang thai phi co dién
nhu trang thai két hgp don mode thém photon, trang thai két hop cap,
trang thai két hop cip them photon tong quat, trang thai két hop bo ba va
trang thai két hop bo ba thém photon. Day 13 cac trang thai dugce ching
toi nghién ctu trong qua trinh ching tuong tac véi nguyén tit trong mo
hinh JC. Truéc khi lam 16 céc tinh chat phi co dién ctia céc trang théi trén,
ching toi trinh bay vé trang thai Fock va trang thai két hop don mode.
Tiép theo, ching to6i trinh bay vé mo hinh JC 14 mot mo hinh dién ta sy
tuong tac gitta anh sang va vat chat. Chung toi phan loai cac mo hinh JC
gom don mode va da mode véi nguyén ti 1a nguyén tit hai mic hiéu dung
va trudng chinh 1a cac truong phi co dien da dude mo td & cac tiéu muc
trude dé. Day 1a mo hinh co sé dé ching toi tiép tuc khao sat cac qua trinh

dong lugng t1t xay ra theo thoi gian khi nguyén tit tuong tac véi truong.
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1.2. Cac trang thai phi co dién hai va ba mode

1.2.1. Trang thai Fock

Trang thai Fock hay con goi 1a trang thai s6 hat [n) ma duge xay dung
tit két qua clia qua trinh lugng t hoa lan thit hai. Day 1a trang thai cé so
hat xac dinh va dugc khai quat tir trang thai chan khong. Trang thai Fock
ducc thu bang cach tac dung lién tuc cac toan tit sinh lén trang thai chan
khong,

n) = 2= 10), (1.1)

trong do6 |0) 1a trang thai chan khong, a™ 1 toan tt sinh va n 1a s6 nguyéen
khong am. Day chinh 1a trang thai riéng ctia toan ti s6 hat N véi tri riéng

tuong ng n thoa man phuong trinh tri riéng
N [n) = nln), (1.2)

véi N = a*a. Cac trang thai Fock phai théa man diéu kién truc chuan va

day du, nghia la
(mln) = 0mn va Y |n)(n|=1, (1.3)
n=0

trong do dy,, 1a ham delta-Kronecker.

Khi tdc dung nhiéu lan toan ti sinh hosic hity hat lén trang thai Fock,

ta dudce

. n-+m)!

oy = LRy,
Vn! (1.4)
Vn! '

——=n—k),
n—k)

trong d6 m, n va k 1& cic sd nguyén duong, k thoa man diéu kien 0 < k < n,

va cac toan tu sinh, hiy thoa man cac hé thic giao hoan

[a,a"] =1,[a,a] = [a*,a"] = 0. (1.5)



Do céc tinh chat tién loi clia trang thai Fock, nén céac trang thai phi co dién
thuong dude biéu dién qua trang thai nay. Dong thoi véi tinh chat clia cac
toan t1t sinh, hity trong bicu thitc (1.4), ky thuat thém (bét) photon dudc
ap dung lén cac trang thai Fock dé tao ra cac trang thai phi co dién véi
cac tinh chat phi co dién duge tang cuong [65]. Didu nay rat quan trong

khi thuc hién cac nhiém vu lugng tit.

1.2.2. Trang thai két hop don mode

Trang thai két hop don mode dude tao thanh bang cach tic dung toan

t dich chuyén lén trang thai chan khong nhu sau:
@) = D(a) [0}, (1.6)

trong d6 D(«) 1a toan tit dich chuyén ¢6 dang

A~

D(a) = e "4, (1.7)

v6i o 1d mot s6 phite duge goi 1a tham s dich chuyén c6 dang a = |a| €%,
bién do |«| bién thien tit 0 dén oo, p nam trong khodng tir 0 dén 27 (rad).
Trang thai két hop nay duge gidi thieu bdi Glauber [66] va Sudarshan [60]
vao nam 1963 dé mo ta cac tinh chat ctia chim sang laser. Trong d6 tinh
chat két hop 1a diic trung noi bat ctia chtim sang laser, nén né con cé tén
goi trén. Ten goi trang thai két hop don mode dé phan biét véi trang thai
két hop da mode vi cic hat boson trong trang thai nay dao dong cling mot

mode.

Trong biéu dién trang thai Fock, trang thai két hop c6 dang
) =2y ). (1.8)

trong d6 |n) 1a trang thai Fock dugce cho trong biéu thitc (1.1). Trang thai

két hop con duge dinh nghia 13 trang thai riéng ctia toan tit hity boson véi
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tri riéng «, nghia la théa man phuong trinh tri riéng
ala) = ala). (1.9)

Ap dung biéu thic (1.8), ta xac dinh duge xac suit tim n photon trong
trang thai két hop

2n
el

P(n) = |(n]a)]® = ¢ (1.10)

n!
Day 14 ham phan b6 Poisson vi n6 luon nhan gia tri trong doan tir 0 dén 1.

Dé biét duge trang thai két hop |a) thudce 16p cac trang thai cd dién
hay phi ¢6 dién, ching t6i sit dung dinh nghia ctia ham phan b6 chuan xéac
suat Glauber-Sudarshan [60]. Ham phan b6 P(«) clia trang thai p 1a he 6

khai trién clia trang thai trong biéu dién trang thai két hgp

p= /P(a) o) (o] d*a, (1.11)
thoa man diéu kien [ P(a)d*a = 1. S6 di P(a) dudc goi 1a ham phan bd
chuan xac suat vi ngoai cac tinh chat tuong tu ham phan bd xac suat thong
thuong, ham nay c6 thé nhan cac gia tri am hoiic c¢6 tinh ki di manh hon
tinh ki di ctia ham delta. Cac trang théi cd dién 1a cac trang thai c6 ham
phan bé P(a) nhan cac gia tri thong thuosng. D6i v6i cac trang thai phi co

. 2 ~ e M M ~ ~ / 7 N .
dién, P(a) nhan cac gia tri am hodc ¢6 tinh ki di cao.

Daéi véi trang thai két hop |5), ham Glauber-Sudarshan P(«) 13 ham
delta 6®® (o — ). Theo tinh chat ctia ham delta day la gi6i han cubi ciing
ctia ham phan bd co dién. Do do6 trang thai két hop thudce 16p cac trang
thai co dién. Tuy nhién cac tinh chat ctia né déu nam & gii han cudi ciing
c6 thé chap nhan duge theo quan diém co dién nén anh sang két hop duge
xem la ranh gi6i gitta anh sdng c6 dién va phi co dién. Chinh vi vay trang
thai két hop dudc sit dung dé tao ra céc trang thai phi co dién, vi du véi k§
thuat them /bt photon lén trang thai két hop da tao ra cac trang thai phi

¢ dién mdi v6i nhidu tinh chat phi co dién duge tang cuong [18],[33],[67].
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1.2.3. Trang thai két hop don mode thém photon

Trang thai két hop don mode them photon |a, k) 1a trang thai dugc
tao ra bang cach tac dung toan tit sinh photon lién tiép lén trang thai két
hop don mode. Trang thai nay dugc Agarwal va cong su dé xuat vio nam

1991 [67], c6 dang nhu sau:
v, k) = Co ™ |a) (1.12)

trong d6 |a) 1a trang thai két hgp don mode duge cho trong biéu thiic (1.8),
k 1& s6 photon cling mode duge thém vao, né 1a s6 nguyén khong am va hé
$6 C, . duge xac dinh boi

Cop = <a ‘dkfﬁk‘ a> = zk: ﬂ ’a‘Q(k*l).
. = [(k— )P

— k1L, (— W) , (1.13)
v6i L, (z) 1a da thic Laguerre bac m theo z.

Trong biéu dién trang thai Fock, trang thai két hop don mode thém
photon c6 dang

a2 & an SR
o k) = ——" ZO‘ ;Hk n+k).  (1.14)
\/k!Lk (— |a|2) n=0 '

Duéi dang tuong minh nay, Agarwal va cong su da chiitng minh duge trang

thai két hop don mode thém photon 1a trang thai phi c6 dién véi tinh
thong ké sub-Poisson ctia photon. Bén canh d6, tinh chat phi c6 dién cang
tang cuong khi s6 photon duge thém vao nhiéu hon. Trang thai ndy ciing
da dugce tao ra bang thyc nghiém bdi Zavatta va cong sy [68]. V6i viec do
ham Wigner clia trang thai tao duge bang thuc nghiém va thu dude cac
gi4 tri am trong khong gian pha da chiing to6 day 1a mot trang thai phi co

dién, trung khép véi Iy thuyét ma Agarwal va cong su dé xuat.
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1.2.4. Trang thai két hop cap

Xét mot truong boson hai mode a va b v6i cac toan tit hiiy hai mode
tuong tng @ va b. Trang thai két hop cap €, q) duge dinh nghia la trang
thai rieng ctia toan tt hity cip photon dong thoi trong hai mode [18] ting
véi tri riéng &

abl¢,q) = €16, q), (1.15)
trong d6 ¢ 1a mot s6 phiic, & = |€] e véi |€], ¢ 1a cac s6 thuc bat ki va s6
nguyeén ¢ la s6 photon chénh léch gitta hai mode. Trang thai két hop ciap

cling 1a trang thai rieng cia toan ti hiéu s6 photon giita hai mode, nghia I

(a6 —b*D) |6, q) = a1&.0). (1.16)
Trong khong gian Fock, trang théi két hop cip (PCS) ¢6 dang
) = N5 Y o+ g (117
“— V/nl(n+q)!

trong do6 |m,n), = |m), ® |n), la cac trang thai Fock hai mode a,b va hé
s6 chuan héa A, Dé don gian, chiing t6i b6 di cac chi s6 a, b trong ki hieu
cac trang thai Fock va viét lai dang ciia trang thai két hop cap trong biéu

thic (1.17) nhu sau:

€.q) =) Caln+qn), (1.18)
n=0
trong do
Co =N S (1.19)
nl(n +q)!
va hé s6 chuan hoéa
1/2

(1.20)
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1.2.5. Trang thai két hop cap thém photon hai mode

Trang thai két hop cap thém photon hai mode (PAPCS) lan dau tién
dugc Hong va cong su dé xuat vao nam 1999 trén co sé tac dung lién
tiép cac toan ti sinh photon hai mode lén trang thai két hop ciap véi so
photon & cac mode déu bang nhau [69]. Sau d6, Yuan va cong sy da tong
quat hoa bang viéc dua ra trang thai két hop cip thém photon tong quat
(GPAPCS) [70]. Lap lai lien tiép viec tdc dung toan t1t sinh hai mode véi
s6 photon tao ra & hai mode khac nhau lén trang thai két hop cép, cac tac

gia da thu dugc dang cia GPAPCS nhu sau:
1€, @5y k) = Nygm s "0 |€, )

:Cq;m7k27€n\n+q+m,n+k>, (1.21)

n=0
trong d6 m, k 1a sd photon tuong ting dudgc thém vao hai mode a, b va cac

hé s6 c6 dang

—-1/2
P (n+ g+ m)l(n+ k)!
Cq;m, :/\/’qN’q;m, - ) (1'22)
' ’ Z [nl(n+ )12
va

Trong biéu thiic (1.21), néu chon m = k thi GPAPCS chinh la trang thai
két hop cap them photon hai mode ma Hong va cong sy da de xuat [69)].
Trong truong hgp dac biet m = k = 0, thi GPAPCS tré thanh PCS trong
biéu thitc (1.18). Tit biéu thitc (1.21), ching ta c6 xac suat tim (n+q+m)

photon & mode a va (n + k) photon & mode b tai t =0 1a
Pﬂ,(ﬂm,k(o) - ‘(TL + ka n + q +m ‘67 q;m, k>|2 — Cq2;m,k ‘Rn‘2 ) (124)

trong d6 Cymr vA R, duge xac dinh trong céc biéu thic (1.22) va (1.23).
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1.2.6. Trang thai két hop bo ba

Trang thai két hop bo ba (TCS) cua truong boson ba mode a, b va c
la trang thai rieng ctia tich bo ba toan tit hity abé va cac toan ti hieu sb
hat [33] dugc xac dinh béi céc biéu thitc sau:

abé |€,p,q) = £1¢,p,9)
(Na—l\%) €. p,9) =&, p,q), (1.25)

(Nb - Nc> €, 0) = ql€.p.q)

trong dé p va ¢ la cac s6 nguyéen. Trong bicu dién céac trang thai Fock,

trang thai két hgp bo ba cé dang
€.0.q) = Co(€) [0,y me) | (1.26)
n=0

trong d6 |ng,ny,ne) = [n+p+q), ® |n+q), ® |n), la tich clia cac trang
thai sé hat trong khong gian Fock ciia ba mode a, b, ¢ vi hé s6 khai trién

Cn (&) duge xac dinh

Co (€) = Npg (1) € (nalnyIn) ™72, (1.27)

vl .
pr (r) = Z r2"(n@!nb!nc!)_1, (1.28)

n=0

va cac tham s6 r, & lien hé v6i nhau qua biéu thic € = re’® trong dé r, ¢
1a cac s6 thyc. Xac suat tim dong thai (n+p-+q) photon 6 mode a, (n+q)

photon 6 mode b va n photon & mode ¢ la
P(0) = [{ne, o, nalé, p. a)|* = |Ca()] (1.29)

Mot sb6 tinh chat phi ¢ dién cla trang thai két hop bo ba da duge
nghien cttu [33] véi cac so do thyc nghiém tao ra trang thai nay cing da
duge de xuat [71]. Trang thai két hop bo ba cling da duge ting dung vao
vién tai luong ti mot trang thai két hop dua trén giao thic cia Janszky

va cong su [72].
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1.2.7. Trang thai két hop bo ba thém photon

Tuong ti trang thai két hop cdp thém photon, trang thai két hop bo
ba thém photon (PATCS) da dugc dé xuat [34] bang cach tac dung lien
tuc cac toan ti sinh photon lén ba mode clia trang thai két hop bo ba

nhu sau:

‘gvpv q; ha k: l> = -/\/;D,q;h,k,ld+h8+ké+l |§,p, q> , (130)

v6i cac s6 nguyén khong am h, k va [ 14 s6 photon duge thém vao ba mode
a,b va c clia trang thai két hop bo ba |€,p, ¢), cac toan tit a™,b" va ¢t 1a
cac toan tir sinh photon lén cdc mode ctia truong va N, ;5. 12 he s6 khai

trién duge xac dinh béi

o0

ZC ) (ng + R)! (np + k) (ne + 1)!

ngnyn,! ’ (1.31)

pqhk’l
n=0

trong d6 C,(r) duge cho trong bidu thiic (1.27). Ap dung biéu thic (1.26)
vao bieu thite (1.30), ta viét lai dang ctia PATCS la

€, g3 b, k1) = chhkl ) 1 + hyny + ko + 1) (1.32)

trong d6 Cp.px (€) 12 he 86 khai trién c6 dang

V(g + W) (ny + k) (ne +1)!
Vngnpn,! '

Tit cac biéu thitc (1.26) va (1.32) dé dang suy ra khi h = k = [ = 0 thi
PATCS trd thanh TCS. Tit biéu thic (1.32), xac suat tim (n, + h) photon

Coinel (§) = Npgsniea (1) Cp (6) (1.33)

& mode a, (ny + k) photon & mode b va (n. + [) photon & mode ¢ tai thoi
diém t = 0 1a

Pn;h,k,l(o) = |<nc + la ny =+ ka Ng + h|§7p7 q; h’: k) l>|2 = |Cn;h,k,l(€)|2 ) (134)

trong d6 Cp.x.(€) duge cho trong bicu thite (1.33). Mot s6 tinh chéat phi

2 - 2 e N ~ PN / ~ . N 2 N
coO dién cua trang thai nay da dugce nghién cttu va chi ra vai tro cua viéc
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thém photon vao trang thai két hop bo ba ban dau lam ting cudng cac
tinh chat phi ¢ dién hon nita [34]. Didu nay rat can thiét khi sit dung cac
trang thai nay 1am nguon rdi trong qué trinh vién tai lugng tit. Day ciing
14 co s6 dé ching toi dé xuat trang thai hai mode méi sé duge dé cap cu

thé trong chuong 3.

1.3. Mo hinh Jaynes-Cummings

1.3.1. CAc cau hinh nguyén t&

Xét nguyén tu 6 trang thai co ban |g) khong biic xa dién tu. Gia st
nguyen tit hap thu mot photon c6 tan s6 w clia mot truong dién tit da
mode sao cho chuyén doi nang luong ciia nguyéen t1 chi duge phép tit miic
co ban |g) dén mic kich thich |e), day la truong hgp cong hudng. Dong
thoi chuyen doi dude phép gitta hai trang thai nay la cong hudéng xa doi
v6i tat ca cac tan s6 khac cua truong. Khi d6 nguyén tit chi tuong tac véi
mode c6 tan s6 w va cac chuyén doi chi x4y ra gitta |g) va |e). Nguyén ti
duge xem xét nhu mot nguyén tit hai mic tuong tac véi truong dién tu

don mode ¢6 tan sd w.

Xét mot truong da mode trong dé c6 tan s6 w; 1a cong hudng véi
chuyén doi gifta hai mtic |e), |i) va mot tan s6 wy 13 cong hudng véi chuyén
doi gitta hai mic |g), |i). Gia st rang chuyén dsi tryc tiép gitta hai mic
le) va |g) bi cam ludng cuic. Xem tat cd cic chuyén dai tit bat ky miic nao
trong s6 ba miic néi ¢ trén t6i bat ky mic nao khéc (khong phai ba mitc
trén) 1a khong cong hudng véi cac tan so khac ctia truong. Khi d6 nguyén
tt c6 the duge hinh dung chi ¢6 ba miic |e), |g) va |i) va trudng chi ¢6 hai

mode c6 tan s6 wy va wy VOl wy # wo.

Mot nguyén ti ba mitc gom |e), |g) va |i) c6 the duge quy vé nguyen
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tt ¢6 cau hinh hai mitc hi¢u dung, trong d6 i) duge xem la mic trung
gian, khi théa man diéu kién cac tan sd wi, wo 1a khong cong hudng véi cac
chuyén doi tuong ting. Do d6, khi nguyén tit chuyén doi gitta hai miic |e)
va |g) thi can hap thu dong thoi hai tan s6 w; va wy. Trong céac tinh toan
khi nguyén tit tuong tac véi truong dién tu trong moé hinh JC, chung toi
luon st dung nguyeén tit hai mitc hieu dung do tinh tién lgi ctia né. Dé don
gidn trong tat ca cac tinh toan ctia luan an, chung toi xét trong hé don vi

h=c=1.

1.3.2. M6 hinh Jaynes-Cummings don mode

Mo hinh JC don mode la mot moé hinh quang hoc lugng tit mo ta
tuong tac gitta mot nguyén tit hai mic véi mot truong dién tit don mode.
Mo hinh nay lan dau tien dugc dé xuat béi Jaynes va Cummings vao nam
1963 [36], sau d6 da dugce thuc nghiém ching minh [73]. Ké tit d6, mo
hinh nay rat pho bién trong nghién cttu khoang dién dong luc hoc lugng
tu (QED), mach QED dac biét 1a trong qua trinh thong tin lugng tit vi
n6 cho két qua gidi tich va dé dang md rong, dong thoi né ciing du doan
chinh xac mot loat cac thi nghiem. Bén canh d6 mo hinh nay da cung cap
mot cach don gidn dé tao ra mot trang thai réi cu thé [74],[75]. Viec mé
rong mo hinh JC dé tao ra ho céc trang thai roi khac nhau da duge nghién
citu rong rai chang han nhu tuong tac gitta truong dieén tit don mode véi
cic nguyén tit nhiéu mic, tuong tac gitta cac truong dién tit da mode v6i
nguyén tit hodc tuong tac nguyén ti-truong phu thudc cuong do va phu
thudc thoi gian [76],[77],[78].

Tuong tac cia mot truong dién tu E véi mot nguyén tit don electron

duge mo ta bdi Hamiltonian trong phép gan dung ludng cuc [64] ¢6 dang
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nhu sau:

H=Hp+ Hy —erE, (1.35)
trong d6 e 1a dién tich nguyeén to, 7 13 toan tit toa do cua electron trong
nguyen ti, cac toan ti H4 va Hp 1a Hamiltonian clia nguyen ti va truong
dién tu tu do. Hamiltonian H r dugce cho du6i dang cac toan ti sinh va

toan ti huy photon
Hp = wyy a, (1.36)
k

v6i wy, 1a tan sd ctia photon mode k. Hamiltonian H4 c¢6 dang

Hy= ZEZSZM (1.37)

trong dé cac toan ti SZ-J- = |i) (j| 1a cac toan tit dich chuyén nguyen ti
véi {|i)} 1a mot tap hop di cac ham rieng clia toan tit Hy ting véi cac tri
rieng F;. S6 hang thit ba trong vé phai ciia biéu thitc (1.35) mo ta tuong

tac gitta nguyén tit va truong dién tur c6 dang

A w N N
— sz: zk: pijsijéfk 260]{;‘/ (ak + CLZ) , (138)

1>

—

er

&

trong dé € 1a hang s6 dién moi trong chan khong, &), vecto phan ciic don

T

J > I3 yéu t6 ma tran dich chuyén

ludng cuc dign. Thay cac biéu thic (1.36), (1.37) va (1.38) vao biéu thic

vi cua truong dién tu va @;; = e <z

(1.35), két qua thu duge Hamiltonian toan phan ctia hé trong phép gan

dung ludng cuc
H=Y wafar+ Y ESi+Y Y NSj(ar+af), (1.39)
k i 1,7 k

trong d6 chiing t6i da dat he s6 A\ nhu sau:

Wk

—. 1.4
260V ( 0)

i .
AL = —QijEk
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Xét mot nguyen tii ¢6 hai mitc ¢ ban va mic kich thich véi i = {g, e}
tuong tac véi truong dién tit. Theo dinh nghia clia yéu t6 ma tran dich
chuyén ludng cuc dién, ta c6 pe; = @ge. TU biéu thiic (1.40) suy ra A\)Y =
A) = A\ Ap dung bidu thic (1.39), Hamiltonian toan phan ctia he gom
mot nguyén ti hai mic tuong tac véi truong dién ti c6 dang

H = Zwkakak+ Z ES”—i— Z Z/\kSw ak+ak) (1.41)

i={e.g} ij={eg} K
Ap dung cac tinh chat ctia toan ti dich chuyén nguyen ti S’ij
> Si=1, (1.42)
i:{evg}

va dit toan ti S, = (éee — Sgg), Hamiltonian H & biéu thiic (1.41) duge

N[

viét lai
= wijar+ws. + > N (S;g + Sge) (ar + ), (1.43)
k k

trong d6 wy = F. — E, la hiéu nang luong gitta hai mic ctua nguyén ti va
Ar 1a hée s6 tuong tac gitta nguyén tit v photon mode k ciia truong dien

tl, A\x nhan cac gia tri thuc.

Thanh phan Hamiltonian tuong tac trong bicu thic (1.43) bao gdm
bén s6 hang. S6 hang d;"S,. mo ta qué trinh nguyén tit tir mic kich thich
ve mic co ban va mot photon mode k duge tao ra. S6 hang dkgeg mo ta
qué trinh ngugc lai, nguyén tit hap thu mot photon mode k va chuyén tir
mtc c¢o ban 1én miic kich thich. Trong ca hai qua trinh nang lugng dudgc
bao toan. S6 hang S, mo ta qua trinh nguyen tit tit mic kich thich vé
mtic co ban va mot photon bi hity, két qui hé mat di mot luong nang luong
xap xi 2wp. Tuong tu, s6 hang a; Seg mo ta qua trinh nang lugng ctia hé
tang lén mot lugng xap xi 2wg. Bé qua cac s6 hang khong bao toan ning
lugng, tuong tng véi phép gan ding séng quay, Hamiltonian trong bicu
thitc (1.43) dugce viét lai
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H =" wpbyar +woSs + > M (S’egdk + &;S‘ge) : (1.44)
k k
Tit bicu thiic (1.44), Hamiltonian tuong tac gitta nguyén ti hai miic
v6i truong dién tit trong mo hinh JC don mode ¢6 dang
H = wita + wpSs + A (S‘ega + a+Sge) . (1.45)

Goi A = w — wy la do diéu hudng tan sb gitta nguyen t1t va trusng. Bicu
thite (1.45) ¢6 thé duge viét lai thanh

H = (wy+ A)ata+wS. + X (Seg& + S‘geﬁ) : (1.46)

dé thé hien mic do cong huéng hoiic khong cong hudng tan sb giita nguyen

tu va truong don mode.

1.3.3. M6 hinh Jaynes-Cummings hai mode

M rong cho truong hop truong hai mode véi cac tan s6 wy va wy. Xét
mot nguyén t1t hai mitc hiéu dung v6i mic cd béan |g), miic trung gian |7)
va mic kich thich |e). Gia sit E,, E; va E, la cac mic nang lugng riéng tng
vGi cac trang thai |g), i) va |e), cdc nang lugng nay thda man dicu kién

E, < E; < E, . Trong diéu kién cong hudéng hai photon chinh xéac, ta c¢6
EZ'—Eg :wl—A, Ee_Ei :w2+A, (147)

v6i A 1a do dieu hudng giita tan sd nguyen ti va truong. Tu bieu thic
(1.44), ta c6 Hamiltonian tuong tac cia mot nguyén tit hai mic hiéu dung
v6i truong hai mode trong phép gan dung séng quay va bd qua hiéu ting

Stark c6 dang

2
H =Y wiafa; +woSe + A (Sepnio +afafSy) . (149)
j=1
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Day 1 bieu thic mé td moé hinh JC hai mode. Trudng hop dic biét, khi
hai mode ciia trudng dién tit ¢6 tan sbé gidng nhau w; = wy = w thi biéu

thic (1.48) tré thanh
A = 200 + w8 + A (Seg® + 8500™?) (1.49)

14 mo hinh JC hai mode suy bién. Mo hinh nay 1a mot bién dang ciia mo
hinh JC hai mode, trong dé chuyén dsi giita hai mitc nguyén ti duge thuc

hién béi sy tac dong dong thoi clia hai photon clia ciing mot mode.

1.4. Cac tinh chat va cac qua trinh déng trong mé

hinh Jaynes-Cummings

1.4.1. Céac tinh chat théng ké theo thdi gian ctia truong dién tir

da mode

Cac tinh chat thong ké theo thoi gian clia truong dién tit da mode
duge dac trung qua ham tuong quan bac hai theo thsi gian [79] ¢6 dang

nhu sau:
(EOWEO(+m)ED(E+7)ED (1))

97 (1) = . : (1.50)
< EO@) E(+>(t)>

trong d6 céc toan tit cudng do dien truong F()(t) va E)(¢) 1a thanh phan
tan s6 am va duong clia truong dién tit tai thoi diém ¢. Ham tuong quan
bac hai nay cung cap thong tin vé xac suat quan sat mot ciap photon sao
cho mot photon duge quan sat ¢ thoi diém ¢ thi photon kia duge quan sat

& thoi diém sau dé6 mot khodng 7 tai ciing mot vi tri.

Véi trang thai két hop, ¢ (1) = ¢ (0) = 1 nghia la cac photon xuat

hién doc lap v6i nhau. Néu hai photon c6 xu huéng xuat hién theo chtim,
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nghia 1a ¢ (0) > ¢ (7), cac photon két chiim v6i nhau. Ngudc lai néu
g?(0) < g® (1) thi cac photon cé xu huéng phan két chitm. Day 1a mot

dac trung thé hien tinh chat phi c¢d dién ciia cac truong dién tiu.
Khi lugng t1t hoa lan thit hai, ham tuong quan bac hai (1.50) tr6é thanh

) _ (O3 (Da0i0) .
a0 = oy (1.51)

trong d6 a; (¢) va a;(t) 1a cac toan tit sinh va hity photon phu thudc theo

thoi gian ctia mode i véi i = {1,2}. Ap dung céc giao hodn tit clia cac toan

t sinh, hity truong boson va thuc hién cac phép bién déi sau

(
= ((Aag()”) + (u(®) = (), (1.52)

trong d6 (7,;(t)) = (a7 (t)a;(t)) 1a sé photon trung binh ctia mode i phu
thudc thoi gian va <(Aﬁz(t))2> la phuong sai clia s6 photon mode i duge
xac dinh bdi

((@a(0)*) = (2(0) = {()’ (1.53)

Ap dung biéu thic (1.52) vao biéu thitc (1.51), ham tuong quan bac

hai theo thoi gian dude viét lai nhu sau:

((Aai()”) + (a())” = (1))
(i(1))* |
Khi phuong sai ctia s6 photon bé hon tri trung binh ctia né thi ham tuong

(2)

)

g (t) = (1.54)

quan bac hai theo thoi gian g;;’ (t) trong biéu thitc (1.54) c6 gia tri ndm

trong khoang 0 < 91(12 )(t) < 1, nghia la cac photon mode 7 ¢6 tinh chat phan
két chtiim. Tinh chat phi co dién nay ciing lien quan dén théng ké photon

. N 2 e S ~ e LIPS
sub-Poisson do ham chuan xac suat nhan gia tri am.
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1.4.2. Xac suat tim nguyén t& & trang thai kich thich

Xét he gom mot nguyeén tit hai mitc tuong tac véi truong dién tir luong
tit don mode trong mo6 hinh JC don mode. Hamiltonian toan phan mo ta
cho hé dugc xac dinh trong biéu thitc (1.45). Tai thoi diém ban dau, trang

thai cua hé dugec mo ta bdi
%(0)) = |4) @ |F), (1.55)

trong d6 A la ki hiéu cho nguyén tit hai mic va F' la ki hiéu cho truong
dien tit luong tt don mode. Dé don gian, xét nguyén ti ban dau & trang
thai kich thich |e) va trudng & trang thai két hop |a) duge cho trong biéu
thic (1.8).

Dé mo ta sy tién hoa theo thoi gian ciia hé, ching toi st dung toan

ti Unita tién hoa theo thoi gian c6 dang nhu sau
Ut) = e 8, (1.56)

trong d6 H 13 Hamiltonian duge xéc dinh trong biéu thic (1.45). Trang

thai clia hé tai thoi diém ¢ c6 dang

[$(1)) = U(t) [4(0)) . (1.57)

Dén day, ching toi gi6i thieu cac trang thai mic ao (dressed state) la cac
trang thai rieng ctia Hamiltonian tuong tac toan phan ctia hé nguyén ti-
truong véi cac tri riéng nang lugng tuong tng. Cac trang thai nay la su
két hop gitta cac trang thai clia nguyén ti va cic trang thaii clia truong
[62]. Khi xac dinh duge céc trang thai mac 4o va céc tri riéng nang lugng
tuong tng cua ching thi dong hoc ctia hé tuong tac nguyén ti-trucng tré
nén don gidn. Liuc nay trang thai toan phan ctia hé 13 sy chong chap clia
cic trang thai mac 4o. Trong hé dudc khao sat gom mot nguyeén ti hai

mtc tuong tac v6i truong don mode, cac trang thai mac ao la hé hai vecto
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o 56 |e,n) va |g,n+ 1) [64]. Ap dung céc biéu thiic (1.45) va (1.56), dang

ctia toan tit U (t) trong hé hai vecto co s6 clia trang thai mic &o
U(t) = Uecle) (el + Ugg lg) (gl + Ueg le) (gl + Uge lg) (el , (1.58)

trong d6 cac yéu té ma tran Uy;, véi i, j = {e, g} duge xéc dinh

U.e = cos <>\t\/d+& n 1) , 0,, = cos (At\/am) ,
" sin (Mvata + 1) g s (Mvata+1) (1.59)
=1 ? a'.

eqg — &7 e — —
/ vata+1 7 vata+1
Ap dung céc biéu thiic (1.55), (1.58) va (1.59) vao biéu thitc (1.57), ching

ta thu dugc trang thai ctia hé tai thoi diém ¢

oo

[0(8) = [Cen(t) le,n) + Cona () lgn+ 1)), (1.60)
n=0
trong do
Cen(t) = Cpr(0) cos ()\t\/ni—l—l) : ol
Oy (t) = —iCy(0) sin (At\/m) | .
va hé s6 C,(0) duge xac dinh trong biéu thic (1.8)
Co(0) = e o297 (1.62)

Vn!

X4c suat tim nguyen i § trang thai kich thich P,(¢) theo thoi gian

P.(t) = i: Coa(t) = %i 1, (0)]? [1 + cos (w\/m)} . (1.63)

Xac suat P.(t) phu thuoc vao phan bd xac suat s6 photon ban dau cua
truong két hop |C,(0)]%. Sit dung biéu thiic (1.63) dé vé d6 thi hinh 1.1 véi
la|> = 10 cho trudng & trang thai két hop tuong tac véi nguyen ti trong
mo6 hinh JC don mode. Do thi cho thay su suy gidm va hoi phuc ctia ham
P,(t) theo thoi gian v6i tan s6 Rabi Av/n + 1. Sy suy gidm va hoi phuc ciia
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Hinh 1.1: Sy phu thudc ctia ham phan bé xac suat tim nguyén ti § trang thai kich thich
P.(t) theo At véi |a|* = 10.

ham P,(t) dugc lap lai theo thoi gian ting dan, véi bien do dao dong Rabi
gidm va khoang thoi gian dién ra sy hoi sinh ngay cang ting va cudi cliing
trung lap véi lan hoi sinh trude d6. Cac hién tugng suy giam va hoi phuc
c6 thé duge giai thich tit biéu thitc (1.63). Mbi s6 hang trong tong dai dién
cho cac dao dong Rabi v6i mot gia tri xac dinh 1a n. Ham phan b6 photon
|C’n(0)\2 xac dinh trong s6 tuong déi cho mdi gia tri ctia n. Tai thoi diém
ban dau t = 0, nguyén ti dudgc chuan bi & trang thai xac dinh va do dé tat
cd cac sd hang trong tong la tuong quan. Khi thoi gian tang lén, cac dao
dong Rabi lien quan dén cac kich thich khac nhau c6 tan s6 khac nhau va
do d6 trd nén khong tuong quan dan dén sy suy gidm ctia P,(t). Khi thoi
gian tang, moi tuong quan dugce khoi phuc va sy hoi sinh xay ra. Hanh vi
nay tiép tuc va thu duge mot chudi vo han cac lan hoi sinh. Do d6, su hoi

sinh 1a mot hién tuong luong ti thuan tuy.
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1.5. Tiéu chuan dinh lugng d6 rbi entropy tuyén tinh

Trong truong hop tong quat, trang thai cia mot hé lugng tit dude mo

ta bang toan tit ma tran mat do c6 dang
p=>_ Pl ¥, (1.64)

trong d6 P; 1a xac suat dé he & trang thai [¢). Xét mot he lugng tit hai
thanh phan dudc mo ta bdéi toan tir ma tran mat do p. Ma tran mat do
cua hai hé con A va B la cdc ma tran mat do rat gon cua p, duge dinh

nghia
Pz = Tryp, (1.65)

trong d6 z,y = {A, B} v6i x # y, ki higu Tr, chi viec 1ay vét theo khong
gian ctia thanh phan A hoac B clia hé. Mot hé lugng ti duge goi la c6 thé

tach néu ma tran mat do ctia né dude viét duéi dang
p=2 Pipia®pis. (1.66)
i

Ngugc lai néu p khong thé khai trién thanh tong ctia tich hai ma tran mat
do thanh phan nhu biéu thitc (1.66) thi trang thai do dugc goi la trang
thai roi.

Dinh lugng do rdi 1a phép do mic do vuéng viu cac thanh phan trong
hé. C6 nhiéu tieu chuan dinh luong do réi khac nhau nhu tiéu chuan entropy
Von Neumann, tiéu chuan do dong quy hodc tiéu chuan entropy tuyén
tinh [79]. Trong luan an nay, chiing toi chi st dung tiéu chuan entropy
tuyén tinh dé dinh luogng do r6i cac thanh phan trong hé. Vi cac gia tri
clia entropy tuyén tinh c6 gi6i han trén va gidi han dudi cho phép chi ra

mitc do 161 cue dai va cuce tieu cua hé.
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Ham entropy tuyén tinh khong phu thudc thoi gian duge xac dinh
béi [80]
L=1-"Tr(p), (1.67)

trong d6 p, la toan t mat do rat gon cia hé duge xac dinh trong biéu
thitc (1.65), cac gia tri clia L luon nam tit 0 dén 1. Cac thanh phan trong
he dat do réi cuc dai 1y tudng khi entropy tuyén tinh dat gia tri 1, va cac
thanh phan trong hé hoan toan khong réi véi nhau khi entropy tuyén tinh

biang 0.

Khi xét dén do roi gitta cac thanh phan trong hé theo thoi gian, vi
du do rdi gitta nguyeén ti va truong theo thoi gian khi ching tuong tac véi
nhau trong mo hinh JC, ching toi sit dung tiéu chuan entropy tuyén tinh
phu thudc theo thai gian ¢6 dang [77]

Lit) = 1 - Telp(1)], (1.68)
trong do6 toan tt p;(t) 1a toan tit mat do rat gon ctia hé theo thoi gian duge
xac dinh bdi

pilt) = Tusp(t), (1.69)
v6i i,5 = {A, F'}, ki hieu A danh cho nguyén tit va F' danh cho truong
dien tur va p(t) 1a toan tif ma tran mat do mo ta sy tién hoa theo thoi gian
ctia he. Céc gia tri clia entropy tuyén tinh theo thoi gian L;(¢) ciing nam
trong khoang tit 0 dén 1, n6 chi ra do roi gitta trudng va nguyeén tit theo
thoi gian. Trudng va nguyen ti khong rdi v6i nhau néu L;(t) = 0 va dat

do r6i cuce dai ly tuéng néu L;(t) = 1.

1.6. Két luan

Trong chuong nay, ching to6i da trinh bay co s 1y thuyét vé ba van

dé quan trong, lam co sd cho cac tinh toan va khao sat vé sau ciia luan an,
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cu thé nhu sau:

Thtt nhat, chiung toi da trinh bay vé mot s6 trang théi cia truong
boson, cac tinh chat phi co dién clia ching gom trang thai Fock, trang thai
két hop them photon, trang thai két hop cap, trang thai két hop cip them
photon, trang thai két hop bo ba va trang thai két hop bo ba thém photon.
Ching t6i nhan thay v6i phuong phap thém photon vao cac trang thai goc
ban dau sé lam ting cudng tinh chat phi co dién ciia cac trang thai phi co
dién. Diéu nay rat quan trong vi né cung cap nguon réi lam co s cho viée

thuc hién cac nhiém vu lugng ti.

Thtt hai, ching t6i da trinh bay vé mo hinh JC 13 mo6 hinh mo ta su
tuong tac clia nguyén tit va truong luong tit. Day 14 co sé can thiét cho cac
nghién ctu trong luan an. Véi cac tinh chat dic trung ctia mo hinh nay da
dugce thue nghiem kiém chitng nhu tinh chat suy giam va hoi phuc clia cac
xac suat tim photon, xac suat tim nguyeén ti & trang thai kich thich, su
dao dong Rabi ctia nguyén tir, ham tuong quan bac hai theo thoi gian mo
ta tinh phan két chim ctia photon. Cac phuong phép nghién citu dé dua
ra cac tinh chat dong hoc nay sé dudc dung dé khao sat tuong tac nguyén
ti-truong khi truong & cac trang thai phi co dién hai va ba mode trong

chuong 2 va 3.

Thit ba, chiing t6i gidi thiéu tieu chuan dinh lugng do réi khong phu
thudc thoi gian giita cac thanh phan trong hé va tiéu chuan entropy tuyén
tinh theo thsi gian dé dinh lugng do réi gitta nguyén tit va trusng. Céc
tieu chuan nay cho phép ching toi dinh lugng do rdi gitta cac mode clia cac
truong phi co dién 6 trang thai dimg va dinh lugng do r6i gitta cac truong
phi ¢6 dién v6i nguyen ti ciing nhu giita mot mode clia trudng véi hé con
gom nguyen ti va mode con lai. Viéc dinh luong do réi 1a tieu chi quan

trong dé ching minh do réi nguyén ti-truong 1a phit hop khi st dung lam
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kenh luong ti 1di trong vién tai luong ti, sé dude lam 16 trong chuong 4.

32



Chuong 2

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

Trong chuong nay, ching toi sé nghién citu cic tinh chat dong hoc
cua nguyén tit hai mic hiéu dung va cac qua trinh dong lugng tit cua cac
trudng hai va ba mode trong mo hinh JC. Céac tinh chat dong hoc clia
nguyen ti duge khao sat thong qua ham phan bé tim nguyén ti 6 trang
thai kich thich theo thai gian. Cac qua trinh dong lugng ti ciia cac truong
da mode dugc khao sat thong qua ham phan bd sé photon va ham tuong
quan bac hai theo thoi gian. Dong thoi ching toi sé dinh luong do roi gitta
nguyen ti va truong & trang thai két hop cap them photon tong quat va
trang thai két hop bo ba thém photon va so sanh véi truong hop khi truong

d trang thai géc ban dau l1a trang thai két hop cip va két hop bo ba.

2.2. Cac tinh chit vA cac qua trinh dong hoc cua

truong & trang thai két hop cip thém photon

2.2.1. Hamiltonian toan phan ctia hé nguyén ti-trudng trong

mo hinh Jaynes-Cummings hai mode

Trong muc nay, chung toéi khao sat tuong tac nguyén tu-trucng trong
mo6 hinh JC hai mode gom mot nguyén ti hai mitc hieu dung tuong tac
véi truong hai mode 8 GPAPCS. Nguyén tit gom c6 hai mic kich thich |e)

va co ban |g) trong d6 su dich chuyén gifta cdc mic duge thiyc hién thong
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qua qua trinh hai photon. Gitta cac miic nay, nguyén tit con c¢6 muc trung
gian |i) ma sy dich chuyén gita hai mtc |g) va |i), gitta hai miic |e) va |i)
14 duge phép, trong khi dich chuyén tryc tiép gitta hai mic |e) va |g) bi
cdm. Ap dung biéu thiic (1.48), Hamiltonian toan phan ciia he duge viét
trong phép gan ding séng quay va khong xét dén dich chuyén Stark co

dang nhu sau:

H = wnd*a+ wib b+ wS. + X (S + 3575, ), (2.1)
trong do6 wy vA wy & cac tan s6 tuong ng véi hai mode a va b clia truong,
w = we, — w, 1 tan s6 clia nguyén tit thoa man dieu kién w, — w; = wy + 9,
w; —wy = wy—4, v6i 0 1a do dieu hudng clia qua trinh mot photon, A 1a hing
s tuong tac gitta nguyéen tit va truong, cic toan ti S, = % (}e> <e‘ — ‘g> <g|)7

Seg = ‘e> <g‘ va ége = ‘g><e’ la cac toan tit dich chuyén nguyén ti.

Dé don gian, ching t6i chon hé hai vecto co s6 |e,n+q+m,n+ k:> va
‘g, n+qg+m+1,n+k+ 1>. Céc ham riéng ctia Hamiltonian trong biéu

thitc (2.1) duge viét trong biéu dién cic trang thai mic do [79] nhu sau:

ey 1

(’e,n+q+m,n—|—k>:|: ‘g,n—l—q+m+1,n—|—k+1>).
(2.2)
Giai phuong trinh tri rieng ctia Hamiltonian H trong biéu thic (2.1), ching

toi thu duge két qua cac tri rieng tuong tng ctia Hamiltonian nhu sau

1
)\ff:wl(nntq—f—m)+w2(n—|—k)—|—§wi)\ﬁn, (2.3)
trong do6
Bn=+(n+q+m+1)(n+k+1). (2.4)

2.2.2. Toan ti* ma tran mat do cua hé nguyén tu-trucng

Xét toan t1t Unita tién hoa theo thoi gian duge dinh nghia nhu sau

Uln,t) = e 1, (2.5)
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trong d6 H chinh 13 Hamiltonian toan phan cfia hé trong biéu thic (2.1).
Cac két qua ham riéng va tri riéng tuong tng clia H trong cac biéu thiic

(2.2) va (2.3) dan dén biéu dién ma tran cia toan tit Unita theo thoi gian

nhu sau:
; Uee n? t Ue TL, t
Uge(n7 t) Ugg(n, t)
trong do6 cac yéu té ma tran dudc cho béi
= _ L it
Uee(n,t) = Ugg(n, 1) = 5 (e +e ’
DN (27
Ueg(n,t) = Uge(n,t) — 5 (e—zAnt _ e—w\nt> .

Dé mo ta sy tién trién ctia hé nguyén ti-trudng theo thoi gian, ching
toi st dung todn ti ma tran mat do cua hé theo thoi gian p(t). Gia st
rang toan tit ma tran mat do tai thoi diém ban dau ¢t = 0 dugc két hop tu

nguyén tu va truong c6 dang

p(0) = pa(0) @ pr(0), (2.8)
trong d6 nguyén tit ban dau & trang thai bat ki |[A) = pule) + vlg) va
truong |F) 6 GPAPCS dugce xac dinh trong biéu thic (1.21).

Theo thoi gian, toan tt ma tran mat do p(¢) cia hé nguyén ti-truong
c6 dang [79]

~

p(t) =e" T p(0)e™ ™t = U (n, 1) p(0)0 (n, 1)
=pec.r(t) [€) (€] + peg.r(t)) [e) {g]

+ pge.r (1)) 19) (e + pgg.r(t)) |9) (9], (2.9)

trong d6 cic yéu t0 ma tran pee p(t), Peg.r(t), Pger(t) va pgqr(t) duge xéc

dinh nhu sau:

eesr(t) = Conge D (11 RuR e, U (0, 1)

n,n'=0
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+ VP Ry Ry Ueg(n, ) UL (1, 8)
+ Ry Ry 1 Uee(n, 1)UL (0 1) + v Ry 1Ry Uey (n, 1)UL (10, 1)

X|n+qg+mn+k)n +kn+qg+m, (2.10)

e (t) = Coonie D |1 RuR; Ve, YU (1)

n,n'=0
+ |V|2 Rn—HR;kl’Jrerg(n? t)U;g(nla t)
+ W Ry Ry Uee(n, 1)U (0, 1) + vt R 1 Ry Uey (n, 1)UL, (1 1)

Xn+qg+mmn+k)yn+k+1,n"+qg+m+1], (2.11)

P (1) = Cose 3 |11 RuRi Uiy (0 UL (1)

n,n'=0
+ |V|2 Rut1Ry11Ugg(n, t)U:g(”la t)
+ Ry Ry Uey(n, 1)U, (0, 1) + v Ry 1 Ry Ugg (0, ) UL (1 1)

X n+qg+mn+k)y(n+k+1,n+q¢+m+1|, (2.12)

ﬁggf(t) = Cq2;m7k: Z {lM‘Q RnRZ’Ueg(na t)U;g(nla t)

n,n'=0
2 * *
+ |V‘ Rn—HRn’—i—lUgg(n? t)Ugg(nla t)
+ Ry Ry Ueg(n, ) Uy (0, 1) + v Ry i1 Ry Uy (n, 1) UZ (0, 1)

X n+qg+mn+k)y(n+k+1,n"+q¢+m+1|. (2.13)

Dé khéo sat cac tinh chat va cac qué trinh dong clia trudng trong mo
hinh JC hai mode, ching t6i st dung toan tt mat do nguyén tit rat gon
pA(t) va toan tit mat do trudng rat gon pp(t) dude dinh nghia theo biéu
thiic (1.69), va cac yéu t6 ma tran clia ching duge cho béi [81]

A=Y pn+kntq+mlpt)ln+tqg+mn+k),  (214)
n=0
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PR = (Ln+kn+q+m|pt)|l,n +q+mn' +k), (215)
l=e,g

trong do6 p,l = {e,g}. Céac yéu t6 ma tran dudc cho trong cac biéu thic
(2.14) va (2.15) lien quan dén thong ké truong va dong hoc nguyen tit ma

sé¢ duge lam 1o trong cac muc tiép theo.

2.2.3. Cac tinh chat dong hoc ctia nguyén ti& theo thdi gian

Duta vao biéu thiic (2.9) clia todn tit ma tran mat do p(t) thé hién sy
tuong tac gitta nguyén ti va truong theo thoi gian, ching toi tién hanh
khdo sat cac tinh chat dong hoc ciia nguyén tit thong qua ham phan bo
xac suat tim nguyen tit ¢ trang thai kich thich theo thoi gian P,.(t). Trong
cac tinh toan dudi day, dé don gian ching toi gia st ring nguyen ti ban
dau 6 trang thai kich thich. St dung cac yéu t6 ma tran trén duong chéo
clia ma tran mat do nguyén ti rit gon trong biéu thiic (2.14), ching toi
thu duge xac suat tim nguyeén tit & trang thai kich thich phuy thudc theo

thoi gian P.(t) nhu sau:

P.(t) = p%(t) = ) {esn+kn+qg+mlpt)e,n+q+m,n+k)
n=0
— Z Pn,q;m,k(o) COSQ()\tﬁ’I’L)7 (216)
n=0

trong d6 P, 4.m.x(0) va 3, dude cho bdi cdc bicu thite (1.24) va (2.4).

Tt biéu thiic (2.16), néu chon cac tham s6 théa man diéu kien m = k
va ¢ = 0 thi P.(t) dao dong tuan hoan véi tan s6 A(n +m + 1)/7, do6
chinh 13 tan s6 dao dong Rabi tuong ing v6i qué trinh hai photon. Tan s6
nay phu thuoc vao cac tham sd n vd m 1a sd photon dudc thém vao hai
mode. Ngoai ra, cic két qua tinh toan clia ching toi da chi ra cac tinh chat
ctia P,(t) thé hién 16 rét nhat khi s6 photon duge thém vao hai mode ciia

truong bang nhau. Do d6, trong cac khio sat ching toi luon chon m = k.
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Hinh 2.1: Su phu thudc ctia P.(t) theo At trong céc truong hop (a) ¢ = 0, [¢] = 2, va (b)
q = 10, [¢] = 6. Duong diit nét mau dé ting véi (P.(t) +2) va (m, k) = (0,0), duong cham
chAm mau tim tng véi (P.(t) + 1) va (m, k) = (2,2), dudng lien nét mau xanh tng véi
P.(t) va (m, k) = (5,5).

Hinh 2.1 mo t& xac sudt tim nguyén tit ¢ trang thai kich thich P.(¢)
1a ham cta At, trong dé hinh 2.1(a) cho truong hop ¢ = 0, |£| = 2 va hinh
2.1(b) cho trusng hop ¢ # 0, |¢| = 6. Khi truong 6 PCS (m = k = 0), cac
két qua thu duge 1a hoan toan giong véi [81], nghia la sy dao dong ctia ham
P.(t) tuan hoan theo thoi gian va phu thudc vao tham sé cuong do trudng
ban dau [£|. Khi [£| tang, s6 dao dong trong mot chu ki cling tang len. Khi
truong 6 GPAPCS (m = k # 0), cdc dudng cong cham cham mau tim va
duong lién nét mau xanh chi ra d&nh hudng ctia tham s6 |£| va viec them
photon vao hai mode ctia truong PCS, trong d6 bo tham s (m, k) 1a s6
photon tuong ting duge thém vao hai mode a va b clia truong. Khi ¢é dinh
€] va ¢, s6 photon dugc thém vao hai mode clia trudong cang tang thi s6
dao dong trong méi chu ki cing tang lén va hinh dang ciia cac b6 dao dong
trong mot chu ki cang quy tac va déu dan. Dac trung nay cang ro nét khi
tham s6 |£] cang tang (hinh 2.1b). Trong truong hop ¢ = 0, hinh dang ctia
cac b6 dao dong thé hién su suy gidm va hoi phuc cé tinh chat déi xing.

Khi ¢ # 0, truong & PCS thi hinh dang clia cic b6 dao dong bat dau bién
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dang theo thoi gian, sy hoi phuc mé rong va chong pht véi cac chu ki ké
tiép (duong ditt nét mau do trong hinh 2.1b). Tuy nhién, néu cang them
photon vao hai mode ctia truong thi s6 dao dong trong méi chu ki tang len
va hinh dang ctia cac bé dao dong cang nhoé gon va tuan hoan. Diéu nay
hoan toan khac khi truong 6 PCS. Do d6, mudn khiac phuc viec mat doi
xitng va bién dang ciia cdc dao dong P.(t), chung toi da chi ra ring viec
stt dung truong & GPAPCS trong mo hinh JC hai mode, nghia 13 thém s6
photon bang nhau vao hai mode ctia truong PCS va tang cuong do trudng

ban dau la can thiét.

2.2.4. Cac tinh chat dong lugng ti cua trang thai két hop cap
thém photon

Céc truong phi c6 dién trong mé hinh JC biéu hién nhiéu hiéu tng
phi cé dién theo thoi gian, nhu su dao dong ctia ham phan bo sé photon,
thong ké photon sub-Poisson, tinh chat phan két chim. Trong muc nay,
ching toi nghién citu cac tinh chat dong luong ti ctia truong GPAPCS
trong qua trinh tuong tic véi nguyen tit, d6 1a ham phan bo photon theo
thoi gian P,(t) va ham tuong quan béc hai theo thai gian gff ) (t) thé hién
s tuong quan gitta cac photon cung mode ciia GPAPCS.

Ap dung biéu thitc (2.15), cac yéu t6 trén dudng chéo ca toan tit ma
tran mat do truong rat gon pp(t) chinh 14 ham phan b6 photon theo thoi
gian P,(t) c6 dang nhu sau

Pu(t) = pi(t) = S b+ kyn+ g+ m p)| Ln+q+m,n+ k)
l=g,e

— Pn,q;k;,m(o) COS?(Atﬁn) + Pn—l,q;k,m(o) Sin2()‘tﬁn—1)7 (217)
trong d6 P, ¢.5.m(0) va 3, duge cho trong cac biéu thite (1.24) va (2.4).

Ap dung biéu thitc (1.54), ham tuong quan bac hai theo thoi gian
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dudgc viét lai

((Ani(0)) = (A(®))
A 2
(n:(t))

trong d6 cac chi sd 1,2 tuong tng v6i cadc mode a, b clia truong. Ham

gz(f )(t) luon nhan céac gia tri duong. Khi phuong sai ctia s6 photon bé hon

tri trung binh ctia né thi g@

21

gl () =1+ , (2.18)

(t) trong biéu thic (2.18) ¢6 gia tri nidm trong
khoang tit 0 dén 1, nghia 1a cac photon mode 7 ¢6 tinh chat phan két chuum.
Tinh chat phi c6 dién nay lien quan dén théng ké photon sub-Poisson. Néu
gia tri clia 92(12 )(t) 16n hon 1, nghia l& cac photon mode % c6 tinh chat két
chum [79].

Dé tinh tri trung binh cia mot toan ti bat ky phu thudc thoi gian,
ching toi st dung biéu thic [79)]

<O(t)> ~ Ty [ﬁ(t)é(@)] , (2.19)

trong d6 O(0) 1a mot toan tit bat ky khong phu thuoc thoi gian va O(t) 1a
toan tit tai thoi diém t. Ap dung cac biéu thic (2.9), (2.17) vao biéu thic

(2.19), s6 photon trung binh ctia mode 7 duge xac dinh béi

(i) = Tlp(t)ara) = 3 Put)n

n=0

— Z Pt (0)n; + Z Progiem(0) sin®(XtS,), (2.20)
n=0 n=0
va trung binh ctia binh phuong s6 photon ctia mode i ¢6 dang

(A3(t)) = Tr[p(t)a) asaf o) = Y Pu(t)n

n=0

= Pogkm(0)n] +2 Z P (0)n; sin? (Mt 3,)
n=0

n=0

+ ) Pugm(0) sin® (M), (2.21)
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Hinh 2.2: Sy phu thudc ctia P,(t) theo At cho trusng 6 PCS (m = k = 0,q = 0). Duong
A tng véi P,(t), n = 5,|¢| = 3. Dudng B tng v6i P,(t) + 0.3, n = 5,|¢| = 5. Dudng C
tng véi P, (t) + 0.8, n = 10, |¢] = 10.

trong A6 P, ;.5.m(0) va B, dudc cho trong cac bicu thitc (1.24), (2.4) va n;
la s6 photon mode i ctia trusng. Thay cac biéu thitc (2.20) va (2.21) vao
biéu thic (2.18), ching ta thu duge két qua chi tiét ctia ham tuong quan
bac hai theo thai gian gZ(Z2 )(t) nhu sau:

(2)(15) _ <ﬁ12(t)> — (R(1))

i (u(t))?

[Z qikem (0)10 —I—ZZankm(O)nzsm (AtG,)

0 n=0
Z nqkm ]
n=0
0 2
Z it m+ZP,qkm(0) sin?(\B)| . (2.22)
=0 n=0

Hinh 2.2 va 2.3 mo t4 sy phu thuoc ctia ham phan bo s6 photon P, (t)
theo thoi gian duge x4c dinh trong biéu thitc (2.17). Hinh 2.2 mo ta cho
truong PCS véi m = k = 0. Do thi cho thay P,(t) dao dong tuan hoan theo
thoi gian. Khi ting cuong do truong ban dau |¢| thi bien do dao dong cua
P,(t) cing tang lén va cac chu ki dao dong cang rd nét (duong A, B trong
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Hinh 2.3: Sy phu thuoc cta P,(t) theo At v6i n = 10, |¢| = 10. Duong dit nét mau dé
ting v6i P,(t) va (m,k) = (0,0), dudng nét gach chAm mau tim tng véi B,(t) + 0.5 va
(m, k) = (2,2), dudong lién nét mau xanh tng véi P,(t) + 1 va (m, k) = (5,5).

hinh 2.2). Khi tang dong thoi s6 photon trung binh ban dau cia trudng
va |¢] thi tinh chat dao dong ctia P, () cang ro nét, s6 dao dong trong moi
chu ki tang 1én, cac b6 dao dong trong moi chu ki cang rd rang hon (duong
C trong hinh 2.2). Hinh 2.3 cho phép so sénh su dao dong theo thoi gian
ctia P,(t) khi truong 6 PCS va GPAPCS. Dudng dat nét mau dé tng véi
truong PCS, duong nét gach cham mau tim va duong lién nét mau xanh
ting v6i truong GPAPCS. Khi cang thém photon vao hai mode cta truong,
chu ki dao dong ctia P,(t) cang ro nét, s6 dao dong trong moi chu ki va
bién do dao dong cang tang léen. Do d6, ching t6i nhan thay viéc them s6
photon bang nhau vao hai mode ctia truong PCS va tang cuong do trudng
ban dau ciing nhu sé photon trung binh ban dau sé thé hién 16 nét cac

tinh chat dao dong ctia ham phan bd sé photon theo thoi gian.

Hinh 2.4 mo t4 sy phu cia ham tuong quan bac hai 91(12 )(t) theo thoi

gian trong hai truong hgp, truong 6 PCS (cac dusng dit nét mau do) va

truong 6 GPAPCS (cac duong cham cham mau tim va duong lien nét mau
(2)

xanh). Hinh vé cho thay g;;’(¢) dao dong tuan hoan theo thoi gian. Dieu
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Hinh 2.4: Sy phu thuoc ciia ham ggf) (t) theo At vé6i €| = 2, ¢ = 0. Duong diit nét mau
d6 ting véi g (t) va (m, k) = (0,0), dudng chim chdm mau tim ting véi g\ (¢) + 0.1 va

(m, k) = (2,2), duong lién nét mau xanh ting véi ¢'> () + 0.15 va (m, k) = (5,5).
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Hinh 2.5: Sy phu thuoc ciia ham ¢{”(¢) theo At véi |¢| = 2, ¢ = 2, Hinh b (dudng dit
nét mau dé ¢\2(t)), (dudng cham cham mau tim ¢\2(t) + 0.1), (dudng lidn nét mau
xanh gg) (t) + 0.15). Hinh ¢ (dudng dit nét mau do gé?(t)) (duong cham chAm mau tim
g2 (1) +0.35), (5,5) (duong lién nét mau xanh ¢{2(¢) + 0.4). Dudng dit nét mau dé tng
véi (m, k) = (0,0), dudng cham chdm mau tim tng véi (m, k) = (2,2), dudng lién nét

mau xanh tng véi (m, k) = (5,5).

nay hoan toan khac vé6i truong hgp khi truosng & trang thai dung chi la
dudng cong tuyén tinh [18], [70]. Ham ¢!”(¢) biéu hien tinh chit phan két

i

chiim ctia photon mode i theo thoi gian khi gia tri ctia n6é ndm trong khoang
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tir 0 dén 1. Khi truong & PCS, truong hop ¢ = 0 nghia 1a s6 photon trong
hai mode la nhu nhau, ta c6 gg)(t) = gﬁ)(t) = ggg)(t), cac photon trong
cic mode a va b déu phan két chum. Khi cang ting s6 photon thém vio
hai mode cua truong, gia tri cia gZ(Z2 )(t) cang ting nhung van nam trong
khoang tit 0 dén 1, nghia & cac photon trong méi mode clia trudng van

thé hién tinh chat phan két chim tuan hoan theo thoi gian, dong thoi s6

dao dong trong moi chu ki ciing tang lén.

Hinh 2.5 tuong ty hinh 2.4 nhung dugc khao sat trong truong hop
g # 0, nghia la gg)(t) + gg)(t). Khi truong & PCS, sy dao dong ctia cac
ham tuong quan bac hai gﬁ)(t) VA gég)(t) khong con tuan hoan va ddi xing
(cac duong dit nét mau dd), tham chi cac photon mode b tai mot vai thai
diém khong con tinh chat phan két chiim (hinh 2.5b). Tuy nhién, khi them

dong thoi photon vao hai mode ctia truong 6 GPAPCS, chu ki dao dong
(2)

clia g;;” (t) tré nén nhé gon, tuan hoan va cac gia tri clia nd van nam trong
khoang tit 0 dén 1, nghia l& cac photon trong cac mode déu c6 tinh phan
két chum. Diéu nay cho thay vai tro ctia viéc them photon vao cidc mode

ctia truong PCS sé lam tang tinh chat phan két chiim ctia GPAPCS.

2.2.5. Dinh luong do rbi theo thoi gian

Trong muc nay, ching toi tiép tuc khao sat cac tinh chat rdi dong clia
hé gom nguyéen ti hai mic hiéu dung va truong GPAPCS, va hé gom mot
mode clia trudng véi hé con gom nguyén tit vA mode con lai clia truong
GPAPCS. Tiéu chuan entropy tuyén tinh phu thudc thoi gian duge xéc
dinh trong biéu thitc (1.68) dudc sit dung dé tinh toan do rdi cia cac

hé nay.
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2.2.5.1. Dinh luong do réi theo thoi gian ctia hé nguyén ti-trudng

Dé khao sat do réi theo thoi gian clia hé nguyeén ti-trusng, xét nguyen
t1t ban dau & trang thai kich thich, ap dung p(t) & biéu thic (2.9) dé tinh
entropy tuyén tinh ciia nguyén tit theo thoi gian L4(t) . Trudc tien, thuc
hien viéc 1y vét p(t) trong bicu thic (2.9) theo hai mode clia trusng

GPAPCS, két qua thu dudc toan tit mat do nguyén ti rat gon nhu sau:
pa(t) = Trp [p(t)]

= C2 i D[Rl [[Uee (m,8) [€) (el + [Ueg (n, ) 19) (9l
n=0

Ci D | RaRi 1 Uee (n, ) Uz, (= 1,8) [€) (g
n=1
Ry Ry ey (0= 1,1 U, (1) [g) (el |. (2.23)

trong d6 Cynr va R, dude xac dinh trong cdc biéu thite (1.22), (1.23), va
cac yéu to ma tran theo thoi gian ctia toan tit Unita U;;(n, t) véii, j = {e, g}
dugc xdc dinh trong bidu thie (2.7). Ap dung biéu thite (2.23) vao bidu
thiic (1.68), két qua tuong minh clia entropy tuyén tinh clia nguyén ti theo

thoi gian c6 dang
La(t) =1 = Tr[p4(t)]

—1-Ch Y {|Rn\2\7€n/\2 [cos?(AtB3,) cos?(AtBy)

n,n'=0
+sin*(At3,) sin®(AtSB,)]
+ (Rn+1R:’Rn/R:}/+1 + RnRZ+1Rn/+1R21)
x sin(At3,,) sin(Atf5,) cos(AtS,11) cos(AtByui1) }, (2.24)

trong d6 Cypmi va R, duge xac dinh trong cac biéu thic (1.22) va (1.23).
Tuong tu, ching toi cling thyc hién viec 1ay vét p(t) theo nguyen tit dé

thu duge toan tt mat do truong rat gon pp(t) va entropy tuyén tinh cta
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truong theo thoi gian Lp(t). Két qua entropy tuyén tinh ctia truong theo
thoi gian hoan toan trung khép véi entropy tuyén tinh ctia nguyén ti theo
thoi gian. Do d6, dudi day chung to6i chi khdo sat entropy tuyén tinh ctia
nguyen ti L4(t) theo thoi gian. L4(t) mo ta do rdi clia hé nguyen ti va

hai mode cua truosng GPAPCS theo thai gian.

2.2.5.2. Dinh lugng d6 rbi theo thoi gian ctia hé con vi mét mode
cua truong GPAPCS

Dé khao sat do rdi gitta mode b cia GPAPCS va hé con gdm nguyén
t1t va mode a cia GPAPCS, dau tién thuec hién viéc 1ay vét p(t) trong biéu
thitc (2.9) theo mode b clia truong dé thu duge entropy tuyén tinh ctia he

con nhu sau:

paun(t) = Try [p(8)] = D> (s + K |p(t)] s + k)
s=0

=C. Z R, {cos® (2At8,) le,n+ g +m) (n+ ¢+ m, e
+sin? (2M6,) [g,n +q+m+1) (n+q+m+1,g/}

+Coon i Z R,R’_ 2sin (wt) cos (Atf,) sin (AtS,-1)

n=1

X (le,n+q+m){n+q+m,g|

+|g,n+q+m)(n+q+m,e|). (2.25)

Thay biéu thic (2.25) vao biéu thitc (1.68), biéu thitc tuong minh clia

entropy tuyén tinh ctia hé con theo thdi gian c6 dang
Lou(t) =1 = Tr[p3,(1)]
=1—Cppp i Z { Rn|* [cos* (AtB,) + sin' (AtS,)]
n=0

4 2R [Rsa ] sin® (M) (3082(/\tﬁn+1)}. (2.26)
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Hinh 2.6: Su phu thudc ctia L4(t) theo At véi

¢| = 2 trong hai truong hop (a) ¢ = 0 va (b)
q = 2. Duong dit nét mau do 1a La(t) va (m, k) = (0,0). Dudng chdm cham mau tim la
La(t)+0.5 va (m, k) = (2,2). Dudng liéen nét mau xanh 1a L4 () + 1.0 va (m, k) = (5,5).
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Hinh 2.7: Sy phu thudc ctia La(t) theo At. Dudng dit nét mau do la La(t) tng véi
(m,k) = (0,0), ¢ = 0,]¢| = 3. Duong chdm chdm mau tim 1a L4(¢) + 0.5 tng véi
(m, k) = (2,2), ¢ = 0,]¢| = 5. Duong lién nét mau xanh 1a L4 (¢) + 1.0 tng véi (m, k) =
(5,5),q =2,[¢] = 5.

Cac hinh 2.6 va hinh 2.7 mo6 ta do réi gitta nguyeén tit va trudng trong
trudng hop nguyén tit ban dau 6 trang thai kich thich. Khi truong é PCS,
ching t6i quan sat thay do roi nguyeén ti-truong dat gia tri xap xi 0.4.
Trudong hop ¢ = 0, cac dao dong ctia L4(t) 1a tuan hoan va c¢6 tinh chéat

d6i xing, dieu nay sé bién mat khi g # 0 (cac duong diit nét mau do). Khi
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thém photon vao hai mode ctia truong GPAPCS (cac duong cham cham
mau tim va duong lién nét mau xanh), gia tri cia La(t) tang len va dat
gia tri xap xi 0.5, nghia 13 nguyén ti va truong cang réi véi nhau. Ngoai
ra, khodng thoi gian réi gitta nguyén ti va truong trong moi chu ki cling
tang leén khi cidc photon cang dudc thém vao hai mode ctia truong. Dong
thoi, gia tri clia |¢] cang 16n thi do r6éi nguyen tiu-trudng cang tang (hinh
2.7). Truong hop q # 0, do rdi L (¢) khong con d6i xiing trong mdi chu ki.
Do tham s6 ¢ 1& syt chénh léch s6 photon giita hai mode clia truong, va cac
qué trinh dang xét déu 1a cac qua trinh tuong quan hai photon, nén khi
q # 0 vi m # k thi sy dao dong mat di tinh d6i xing theo thoi gian. Khi
lia chon diéu kién sao cho cac tham s6 m va k bang nhau va ¢ = 0, cac

higu ng trong tuong tac nguyén ti-trudng cang ro nét [82].

10 @ 'i 1.0p (b)
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Hinh 2.8: Sy phu thuoc clia L, (t) theo A\t véi ¢ = 0. Hinh (a) || = 1, (m, k) = (0,0)
(duong dit nét mau do), (2,2) (dudng chdm chdm mau tim), (5,5) (dudng lién nét mau
xanh). Hinh (b) (m, k) = (1,1) véi |¢] = 2 (dudng nét gach cham mau den) va |£| = 5

(duong lién nét mau xanh).

Hinh 2.8 mo ta do roi theo thoi gian gitta hé con gom nguyén ti va
mode a cta truosng GPAPCS v6i mode b con lai. Trong truong hop nay,
ching toi thay rang do rdi L (t) luon cao hon do réi gitta nguyen ti-
trudng L4(t). Hinh 2.8(a) chi ra sy phu thudc ctia Ly, (t) theo thai gian
trong ca hai truong hop truong ¢ PCS va GPAPCS véi tham s6 ¢6 dinh
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€] = 1. Gia tri cla Lgy,(t) khi truong 6 PCS dat xap xi 0.7 (duong dut
nét mau do), va khi them photon vao hai mode cua trusng GPAPCS, gia
tri cia Lg,(t) 16n hon va nhan gia tri cyc dai xap xi 0.8. Hinh 2.8(b) chi
ra anh hudng cia |£] 1én L, (1), gid tri |£| cang 16n thi gid tri ctia L (t)
cang tang. Nhu vay, cac tham s6 cudng do truong ban dau va sé6 photon
ducc them vao hai mode ctia truong déu anh huéng dén do rdi gitta mot
mode ctia truong GPAPCS va hé con. Khi cuong do trudng cang 16n va s6
photon dudc thém vao hai mode ctia truong cang tang thi do roi gitta mot

mode cta truong GPAPCS va hé con theo thoi gian cang tang.

2.3. Cac tinh chat va cac qua trinh dong hoc cua

trudng & trang thai két hop bé ba thém photon

2.3.1. Hamiltonian toan phan ctia hé nguyén ti-trudng trong

mo hinh Jaynes-Cummings hai mode

Mo hinh JC hai mode dudc khdo sat trong muc nay gom mot nguyén
t1t hai muc hiéu dung tuong tac véi truong & trang thai két hop bo ba them
photon (PATCS). Nguyeén tt ¢6 hai mitc co ban va kich thich duge ki hiéu
bdi hai vecto |g), |e) dng véi cac mic nang luong w, va w,. Gitta hai mtc
lg) va |e), nguyén tit ¢6 mot miic trung gian |i) c6 ning lugng w; va ning

luong clia ba mic wy, we va w; la khac nhau.

Trang théi két hgp bo ba thém photon ting v6i ba mode j = {1,2,3}
c6 cac muc nang luong w; khac nhau théa man dieu kien w; — Wy = wy — 0,
We — Wi = wy + 0, trong do6 § 1a do dieu hudng cho qua trinh hap thu mot
photon. Khi nguyén ti chuyén mic ning lugng gitta hai miic |g) va |e) thi
hap thu (phat xa) cung lic hai photon mode a va mode b. V6i mot cau

hinh nhu vay, thi cic dich chuyén mot photon gitta |g) va |i), gitta |i) va |e)
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mac du la dugc phép nhung khong kha thi vi vi pham sy bao toan nang
lugng. Tuy nhién dich chuyén gitta |g) va |e) mic dit bi cAm, nhung c6 thé
bang cic qua trinh hai photon. Nghia 13 bang cach hap thu dong thoi mot
photon tit mode a va moét photon khac tit mode b thi nguyén ti nhay tu
miic |g) len mic |e¢). Tuong tu, n6 nhay tit mic |e) xudng mic |g) bang

cach phat xa hai photon cung lac.

Ap dung biéu thiic (1.48), Hamiltonian toan phan mo t4 mo hinh JC
hai mode ctia hé nguyén ti-truong trong phép gan ding séng quay va bo

qua hiéu ting Stark c6 dang

+ X (le) (g| aras + aj a3 |g) (e]) , (2.27)

trong d6 w = w. —wy, cac toan tu a; va d;r la cac toan tit hiy va sinh photon
mode j, vd A 14 hang s6 tuong tac gitta nguyeén tit v truong. Chon hé hai
vectd co s§ trong biéu dién trang thai mac ao 1a |e,n, + h,ny + k, ne + 1)
va |g,ng +h+ 1,1+ k+ 1,n.+ ). Ham riéng va tri riéng tuong ting ctia

toan tit H trong bidu dién trang thai mac ao duge xac dinh cu thé nhu sau:

) = 12 le,ng + h,ny + k,ne + 1)

V2

1
i—Q\g,na+h+1,nb+k+1,nc+l>, (2.28)

V2

ef = A, £Qn, (2.29)
trong do6 cac hé s6 c6 dang
Ap=wi (ng+h) +wy(ny+ k) + %w, (2.30)
va
Qn=M/(ng+h+1)(np+k+1). (2.31)

20



2.3.2. Toan ti mat do theo thoi gian

Dé mo ta su tién trién ctia hé nguyén ti-trudng theo thoi gian, ching

toi st dung toan tit ma tran mat do cua hé dugce dinh nghia nhu sau:
p(t) = U(n, )p(0)U " (n, 1), (2.32)

trong d6 U(n,t) = e~ 13 toan ti Unita tién héa theo thdi gian va p(0)
la toan tit mat do ciia hé tai thoi diém ban dau. Néu xem nguyén tit ban
dau ¢ trang thai t6 hop |A) = pe |e) + g |g), trong A6 |pe|” + |ug)* = 1, va
truong |F) & trang thai két hop bo ba thém photon duge xac dinh trong
biéu thitc (1.32), thi toan tit ma tran mat do ctia he tai thoi diem ban dau

p(0) duge két hop tir hai thanh phan ciia nguyén it va truong c¢6 dang

5(0) = 5a(0) @ 5 (0) = |4y (Al @ |F) (F] = [ 7V PO} o)
Pge(o) pgg(o)

trong do, cdc yéu t6 ma tran tai thoi diém ban dau p;(0) duge xac dinh
bdi

Pjs(0 ZZNJNS nih, i 1C skl

n=0 m=0

X |jyng +h,npg+ k,ne+10) (me+1,my+k,me+ hys|,  (2.34)

Vol j,s = {e.g},j # .
Ap dung Hamiltonian H trong biéu thric (2.27), ching toi thu duge

dang ciia toan t1t Unita tién hoa theo thoi gian

~ 32 Uee ) t Ue ) t
U(n,t) =e ! = (m,) Uegln, ) : (2.35)
Uge(n,t) Ugy(n,t)

trong do6 cac yéu té ma tran dudc xac dinh nhu sau:

1 - .
Uee(n, 1) = Upg(n,t) = 5 (750" 4 7501 6

1/, -
Ueg(n, t) = Uge(n, t) = 3 (em - 615“) ,
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v6i 6= duge cho trong bieu thite (2.29).

Biéu thitc tuong minh ciia toan t& ma tran mat do ctia hé theo thoi
gian p(t) thu duge khi thay cac biéu thitc tit (2.33) dén (2.36) vao biéu
thitc (2.32). Dong thoi, dé dua ra biéu thiic giai tich moé ta cac tinh chat
dong lugng ti cia nguyén tit va truong trong mo hinh JC, ching toéi st
dung toén tit mat do nguyén ti rit gon pa(t) va toan tit mat do truong
rat gon pp(t) bang cach 1ay vét clia p(t) theo cac trang thai ciia truong va
theo cac trang thai nguyén tit mot cach tuong tng vdi cac yéu td ma tran

duge xac dinh béi

pf‘f(t) - Z <]7 naabac;hak7l| p\(t)‘ S’ navbac;hak7l> (237)
n=0
p%m(t) - Z <]7 na,b,c;h,k,l| ﬁ(tﬂ ja ma,b,c;h,k,l>a (238)
j:{ehg}

trong do |napenki) = [na + by + kyne+1).

2.3.3. Cac tinh chat dong hoc ctia nguyén tit theo thdi gian

Cac tinh chat dong hoc clia nguyén tit theo thoi gian duge mo ta thong
qua x4c suat tim nguyén tt ¢ trang thai kich thich P,(t), d6 chinh 1 cac
yeu to6 ma tran trén dudng chéo clia toan tit mat do nguyén ti rat gon
pa(t). Thay cac biéu thic (2.32) vao biéu thitc (2.37), két qua thu duge
nhu sau:

P.(t) = pii(t) = Z (e, Napenril PE)] Napenpls €)

n=0

= Z Pon 11(0) cos*(Qnt), (2.39)
n=0

trong A6 P,.,4.(0) vA @, dudc cho trong biéu thite (1.34) va (2.31). Két

qua gidi tich ¢ bicu thitc (2.39) chi ra khi cidc tham s6 dudc chon thda
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Hinh 2.9: Sy phu thuoc ctia P.(t) theo At v6i cac tham s6 (a) p = ¢ = 0, r = 5, (b)
p=q=2,r=20vabo (h,k,I) tuong tng véi dusng nét gach dé [P.(t) + 2] 1a (0,0,0),
duong nét gach cham mau xanh 14 [P,.(t) + 1] 1a (2,2,2), duong lién nét mau xanh dam
P.(t) 1a (5,5, 5).

man dieu kien p = ¢ = 0 va h = k = [ thi P.(t) dao dong véi tan sd
A(n+ h+ 1)/, ciing chinh 1a dao dong Rabi ctia nguyén tit. Do d6 trong
cac hinh vé bén dudi ching toi thuong chon cac tham s6 tng v6i h =k = [
khi khéo sat hai truong hop p = ¢ = 0 va p = ¢ # 0 cho truong & TCS
va PATCS .

Hinh 2.9 14 do thi ham P,(¢) phu thudc theo thoi gian, duong nét gach
d6é danh cho truong 6 TCS tng véi (h, k, 1) = (0,0,0), hai dusng con lai
danh cho truong 6 PATCS trong d6 duong nét gach cham mau xanh 14
(h,k,1) = (2,2,2), duong lién nét mau xanh dam (h, k1) = (5,5,5). Hinh
2.9(a) khao séat cho truong hop p = ¢ = 0,7 = 5 va hinh 2.9(b) cho truong
hop p = ¢ = 2,7 = 20. D6 thi hinh 2.9 chi ra trong ca hai truong hop
TCS va PATCS sy hoi phuc dién ra déu dan theo chu ki, hay P,.(t) dao
dong véi cuing chu ki hoi phuc va ¢6 gia tri trong khodng tit 0 dén 1. Tuy
nhién beé rong clia khodng hoi phuc trong truong hop PATCS 16n hon TCS
do ban chat ctia phan b6 sub - Poisson. Ngoai ra, khi tang r s6 dao dong

trong moéi chu ki déu tang len (hinh 2.9b). Bén canh d6, khi s photon
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théem vao ba mode clia truong tang lén thi s6 dao dong trong mdi chu ki
hoi phuc ciing tang lén nhanh. Khi p = ¢ = 0 (hinh 2.9a), sy dao dong
trong moi chu ki c6 tinh chat déi xing, tuy nhién diéu nay khong con dung
khi p = ¢ # 0 (hinh 2.9b, duong nét gach d6). Khi s6 photon thém vao ba
mode clia truong ¢ PATCS cang tang thi sy ddi xting trong mdi chu ki hoi
phuc dudc cai thién 1o rét. Diéu nay cho thay xac suat tim nguyén ti &
trang théi kich thich P,(¢) khong chi phu thudc vao cusng do trusng ban
dau qua tham s6 r, ma con phu thuoc vao s6 photon dude thém vao céac

mode cua truong ¢ PATCS.

2.3.4. Cac tinh chat dong luong ti ctia trang thai két hop bo ba
thém photon

Cac tinh chat dong luong tit ctia truong 6 PATCS dudc khéo sat thong
qua cdc ham phan bd photon theo thoi gian P,(f), ham tuong quan bac
(2)

hai cuing mode g¢;;’(¢) va ham tuong quan bac hai khac mode gg(t) theo
thoi gian. Dé don gian trong qua trinh tinh s6 va thao luan, ching toi xét
nguyen tit ban dau § trang thai kich thich. Ap dung céc biéu thic tir (2.33)
dén (2.36) vao bicu thiic (2.38), chiing toi thu duge cac két qua cho cac yéu
td ma tran trén duong chéo chinh clia toan t mat do rat gon cla truong

cu thé nhu sau:

Pu(t) = pp'(t)
= (e, Napenii P)] € Napenis) + (9 Napenkil PE)| g, Napenii)

= Punra(0) cos® (Qut) + Po1:12(0) sin® (Q,11) (2.40)

trong d6 Pop.i(0) va Q,(t) duge cho & cic biéu thic (1.34) va biéu
thite (2.31).
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Ham tuong quan bac hai cung mode phu thudc thsi gian c¢6 dang

(a >a<>> (a0 a(t)” _ (i) - () |
(@ (Dai(t)) (1)) |

trong do6 chi s6 ¢« = {1,2} tuong tng véi mode a vd mode b clia truong

g0 (t) = (2.41)

PATCS, va n;(t) = a; (t)a;(t) 1a toan tit s6 photon theo thoi gian cia
mode 4. Ham ¢'”(t) theo thdi gian cho biét tinh chat ctia photon mode i.
Khi phuong sai clia toan tit s6 photon bé hon tri trung binh ciia né thi
gz(f )(t) nhan gia tri am, ching ta néi rang photon c6 tinh chat phan két
chiim va ngudc lai. Tinh chat phan két chiim ctia photon 13 diéu dang mong
doi trong cac hé luong tit do tng dung tao ra cac nguon don photon clia
ching [83].

Trong biéu thiic (2.41), thay cac chi s6 i bang cac chi s6 {1,2}, ta c6

ham tuong quan bac hai khac mode theo thoi gian gg)(t) c6 dang

@)y — P Ona(t)) = (1)) (Ra(t))
12 (t) = (i (D) (Ral®)) : (2.42)
(2)

Néu g;5 (t) 1a dai lugng duong thi cac photon mode a va mode b tuong

quan véi nhau, trong khi néu gg) (¢) 14 am thi cdc photon mode a va mode

b khong tuong quan véi nhau. Ap dung bidu thic (2.19) dé tinh tri trung
binh clia mot todn tit theo thoi gian. Thay biéu thiic (2.32) vao biéu thic
(2.19), ching toi thu duge cac két qua tri trung binh va tri trung binh binh

phuong ciia toan ti s6 photon mode i theo thoi gian nhu sau:

anhkl nz-l-zpnhkl sin® (Qnt) (2.43)

A2(1)) = Punka(0) (20 + 1) sin® (Qut) + > Pagpa (00, (2.44)
n=0 n=0

= Z P 1(0) (n1 + ng + 1) sin® (Q,t)
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+ ) Pupaa(0)nans. (2.45)

n=0
Thay céac biéu thic (2.43), (2.44) va (2.45) vao cac biéu thic (2.41) va
(2.42), két qua thu duge ham tuong quan bac hai cing mode theo thoi gian

) P i (0)2n;sin® (Qut) + Y Punra(0) (n? — ny)
n=0 n=0
9.0 (t) = —— — 1, (2.46)

E: }%uh$J(O)ni‘¥ E: }%uth(O)Sin2(ant)
n=0 n=0

va ham tuong quan bac hai khac mode theo thoi gian

oo

S Ponki(0) (ng 4+ no + 1) sin? (Qut) + > Popki(0)ning
(2) _n=0 n=0
912 (t) = S >

Ponii(0) (n1 4 n2) +2 3 P ea(0) sin® (Qnt)
=0 n=0

n=

1. (2.47)

- (05050) (15151) (3a3a3)
1.4
p[\[\’l.'r\"‘ A p n[\f\l\’\" A A n[\f‘]\l\“ A A A -
| WAVAVEY ARV A TR AT VAVA VATV TR TAYAVAYAY
1.0
—_
= 0.8
~0.6
0.4
0.2
0.0

At

Hinh 2.10: Sy phu thuoc ciia P,(t) theo At v6i cdc tham s6 n =5, r =10, p=q =2 va
bo (h, k, 1) tuong ting véi duong nét gach do [P, (t) +1.1] 1a (0,0, 0), dudng nét gach cham
mau xanh 14 [P,(¢) + 0.6] 1a (1,1, 1), dudng lién nét mau xanh dam P, (t) 1a (3,3, 3).

Hinh 2.10 1a do thi sy phu thuoc ctia P,(t) theo At véi cac tham s6
n=25,r =10, p = ¢ = 2. Khi truong 6 TCS, ham phan b6 photon theo
thoi gian P,(t) ¢6 bien do dao dong xap xi 0.2, trong khi 6 PATCS bien do
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Hinh 2.11: Sy phu thudc cua g@) (t) theo At trong cac trudng hgp (a) r =5, p = ¢ = 0,

(b) va (¢) r = 10, p = ¢ = 2. Bo (h, k, 1) ting v6i dudng nét gach dd ¢ (¢) 1a (0,0,0),
duong nét gach cham mau xanh 14 gl(f '(t)+0.02 1a (1,1,1), duong lién nét mau xanh dam
g2 (1) +0.04 1a (3,3,3).

dao dong nay xap xi 0.4 va 0.6 tuong ting véi so6 photon duge thém vao ba
mode ciia truong 1a (1,1,1) va (3,3, 3). Bén canh d6, do thi hinh 2.10 con
cho thay khi truong 6 TCS céac chu ki dao dong ctia P,(t) khong 16 rang,
chu ki sau chong pht véi chu ki truée. Tuy nhién, khi thém photon vao
cic mode clia truong & PATCS, chung ta thay ro sy dao dong tuan hoan
ciia P,(t) theo thoi gian véi sy tach bigt ro rang trong méi chu ki, dong
thoi gia tri cyc dai ciia P,(t) ciing tang lén theo sy ting s6 photon vao ba

mode cua truong.

Hinh 2.11 mo ta su phu thudc ctia ham tuong quan bac hai cing mode

9(2)(15) theo thoi gian, né cho biét tinh chat clia cac photon mode ¢ theo

i

thai gian, véi i = {1, 2} tuong tng vé6i cac mode a va b clia trusng PATCS.
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Trong d6, hinh 2.11(a) duge vé cho truong hop p = ¢ = 0, nghia la s6
photon trong ba mode ctia truong ¢ TCS va PATCS la nhu nhau, nén
gi(f)(t) = gﬁ) (1) = gg)(t). Hinh 2.11(b) va hinh 2.11(c) dugc vé cho trudng
hop p = ¢ # 0 nghia la s6 photon & cac mode 1a khac nhau, trong d6
hinh 2.11(b) mo ta& tinh chat cac photon trong mode a va hinh 2.11(c) mo

ta tinh chat cac photon trong mode b ctia PATCS. Cac do thi cho thay
(2)

ham tuong quan bac hai cting mode theo thoi gian g;;’(f) ludén am trong
moi truong hop khi truong 6 TCS hay PATCS, nghia la cac photon trong
hai mode a va b déu c6 tinh phan két chiim. Tuy nhién, khi thém photon
vao cac mode clia truong (duong nét gach cham mau xanh 14 va dudng lien
(2)

nét mau xanh dam) thi gia tri ctia ham g;;’(¢) c¢6 tang lén va chu ki dao

dong ctia n6 cang roé rang hon. Bén canh do, viéc tang cuong do truong ban

dau thong qua tham s6 r ciing lam cho chu ki dao dong cua gff )(t) o rang
hon va s6 dao dong trong mdi chu ki ciing ting lén. Ngoai ra trong hinh
2.11(c), khi s6 photon cdc mode la khac nhau thi gia tri ciia ham gg)(t)
bé hon rat nhiéu so véi gﬁ) (t). Diéu nay cang ching t6 s6 photon dugc
thém vao ba mode ciia truong PATCS va cuong do truong ban dau c¢6 anh
huéng 16n dén tinh chat phan két chtim ctia photon cdc mode trong qua

trinh ching tuong tac v6i nguyén ti trong mo hinh JC hai mode [84].

Hinh 2.12 mo6 t4 mdi tuong quan gitta hai mode a, b qua do thi ham
tuong quan bac hai khac mode gg)(t) theo thoi gian. Do thi cho thay trong
ca hai truong hop khi truosng 6 TCS hay PATCS thi cac photon ¢ hai mode
a va b clia truong déu tuong quan v6i nhau vi ham gg)(t) luon duong. Khi
cang thém s6 photon vao ba mode clia truong thi gia tri cyc dai clia gg)(t)

c6 giam nhe, nhung s6 dao dong trong mdi chu ki tang lén, sy dao dong 1

tuan hoan, déu dan va c6 su phan biét 16 rang gitta cac chu ki.
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Hinh 2.12: Sy phu thuoc cta gé (t) theo At v6i cac tham s6 r = 10, p = ¢ = 2, va bo

(h, k,1) ting véi dudng nét gach dé ¢\2(¢) + 0.06 1a (0,0,0), dudng nét gach chdm mau
xanh 18 ¢\7(¢) 4+ 0.03 1a (1,1, 1), duong lidn nét mau xanh dam ¢'%(¢) 1a (3,3, 3).

2.4. Két luan

Chiing toi da nghién citu cac tinh chat va cac qua trinh dong hoc cla
nguyén tit va truong trong mo hinh Jaynes-Cumming bang phuong phap

toan t@ mat do theo thoi gian va toan t Unita véi cac két luan cu thé sau:

Thit nhat, trong ca hai truong hop khao sat 1a truong & trang thai
két hop cap them photon tong quat va truong & trang thai két hop bo ba
théem photon, cac tinh chat dong hoc clia nguyén tit déu tuan hoan theo
thoi gian thé hién su dao dong Rabi clia nguyén t trong qué trinh tuong
tac véi cac truong phi co dién. Cac qué trinh dong lugng tit ciia trudng
GPAPCS va PATCS ciing c6 su dao dong tuan hoan theo thsi gian va thé
hién cac tinh chat phan két chtim ctia photon trong cac mode ciia trudng.
Nguyén tit va trudng trong mo hinh JC hai mode thé hién tinh chét réi
theo thai gian, day 1a két qua dang mong doi dé st dung keénh luong tit r6i

nay vao thuc hién cac nhiém vu lugng ti.

Thit hai, cac tinh chat dong hoc ciia nguyén tit va cac qua trinh dong
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luong ti clia truong déu bi &nh hudng bdi cidc tham sd cudng do truong
ban dau va s6 photon dugc thém vao cdc mode clia cac truong da mode.
Khéo sat cho thay khi tang cuong do truong ban dau va cang thém photon
vao hai mode clia truong véi diéu kien sd photon thém vao cac mode 13
nhu nhau thi cac tinh chat va cac qua trinh dong déu thay doi theo chiéu
huéng cai thien hon. Diéu nay cang thay ro trong viéc dinh luong do roi
theo thoi gian gitta nguyeén ti va trudng. N6 la co sé quan trong dé ching

toi st dung nguon réi nay trong chuong 4 dé thuc hién vién tai luong ti.

Thit ba, cac phuong phap dudc chiing t6i st dung trong chuong nay
13 phuong phap toan tit mat do ma cho phép mo ta sy dién bién ciia hé
nguyeén tu-truong theo thoi gian va toan tit Unita theo thoi gian. M6 hinh
ma ching to6i sit dung 13 mo hinh Jaynes-Cumming hai mode trong diéu
kien 1y tudng, dé 1a khong xét dén anh hudng ciia hdc chita nguyen ti. Vay
khi xét dén anh hudng ctia moéi truong dén tuong tac c6 tac dong dén cac

qué trinh trén hay khong sé dugc ching to6i lam r6 trong chuong 3.
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Chuong 3

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

Trén co s6 phuong phap thém photon dinh xit va khong dinh x@ vao
cac trang thai goc ban dau da dude chiing to6i gi6i thieu trong chuong 1, va
st tang cudng cac tinh chat phi c¢d dién ciing nhu céc tinh chat va cac qua
trinh dong luong t1t clia céc truong phi co dien khi duge them photon dinh
x1t vao, ching téi dé xuat mot trang thai phi co dién hai mode méi. Dau
tien ching toi gidi thieu trang thai két hop ciip chong chat them photon
(SPAPCS) bang phuong phép thém photon khong dinh xit vao trang thai
két hgp cap. Tiép theo ching toi khio sat cic tinh chat clia trang thai
mdéi thong qua ham Wigner va dinh luong do réi gitta cic mode biang tiéu
chuan entropy tuyén tinh khong phu thuoc thoi gian. Trang thai phi co
dién hai mode méi duge st dung vao mo hinh JC dé khao sat do roi gitta
nguyén tit hai mic hiéu dung véi trudng hai mode méi bing tieu chuan
entropy tuyén tinh phu thuoc thoi gian. Qua trinh tuong tac nay cé ké dén

anh huéng ctia moi truong thé hién qua tham sé suy giam pha ~.

3.2. Trang thai két hop ciap chong chat thém photon

3.2.1. Khai niém

~ e S X [N - N - S . 2 - 2 2
Dura trén cac ket qua ve viéc tang cuong tinh chat phi co dién ctia cac

trang thai phi co dién da mode khi thém photon vao cac trang thai gbc ban
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dau, nhu trang thai két hop cap thém photon 14 viéc them photon dinh xt
vao trang thai két hop cap, trang thai két hop bo ba thém photon va trang
thai két hgp bo ba chong chat them photon 14 viéc thém photon dinh xi
va khong dinh x1t vao trang thai két hop bo ba. Chung ta biét rang, PCS
la trang thai phi Gauss ty nhien [80]. Gan day viec them va b6t photon
lén hai mode ctia PCS c6 thé lam tang cuong tinh chat phi Gauss [28]. Do
do6, ching toi dé xuat mot trang thai mdéi dude goi 1a trang thai két hop
cap chong chat them photon bang viéc thém chong chat cac photon vio

hai mode cua PCS.

Goi a* va b*! 1a cac toan t1t sinh photon bac k va bac [, trong do6 cac
chi s6 k va [ 1a cac s6 nguyen khong am. Dé thu dude trang thai két hop
cap chong chat them photon, ching toi thiyc hién viéc tic dung lién tuc

téng céc toan tit a™ va b len PCS nhu sau:
€ q; k1) = N (ath + 0(3*1) €, q), (3.1)

trong d6 o 1a s6 thyc cé gia tri ndm trong khoang tit —1 dén 1, Ny, 1a
hé s6 chuan hoa va |€, ¢) 1a trang thai két hop cip duge cho trong biéu
thie (1.18).

Thay biéu thtic (1.18) vao biéu thic (3.1), SPAPCS dugc viét lai trong
khong gian trang thai Fock nhu sau:

V(n+q+ k)
k1) qklZ{n|n+q 1/2 n+q) ‘n+q—|—k,n>

" V(n+1)!
T A ’"*q’”+l>} (3.2

trong dé6 he s6 chuan héa N c6 dang (xem Phu luc 1)

Nq;kl - Lz% n!(n + q)! ( (n+q)!

n + 1 m1/2
+ (T) + 205k+l 0)] . (33)
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Tt bicu thie (3.2), khi k = [ = 0 thi SPAPCS |¢, ¢; k,1) trd thanh PCS
€, q) trong biéu thic (1.18). Dé don gidn hda cac ki higu, chiing toi viét

lai biéu thic (3.2) nhu sau:

00 2
Eqik 1) =Y Cinln+ann+b), (3.4)

n=0 i=1

trong d6 cac tham s6 C;,, duge cho bdi

Co_ N alilteny/(n+ a;)!(n + b;)!
b gkt (n+ q)!n!

: (3.5)

Véiai:q+k¢V\ab@-:li,trongdéklzk, kQZO, l1:0, l2:l

3.2.2. Ham Wigner

Ham Wigner 13 mot ham phan bé trong khong gian phiic, biéu hién
tinh phi Gauss ctia mot trang théi phi c¢6 dién [85]. Néu mot trang thai co
gia tri ham Wigner am thi trang thai do6 c¢6 tinh phi Gausss, hay con goi la
trang thai phi co dién. Gia tri cia ham Wigner cang am, tinh chat phi co
dién clia cac trang thai cang dude tang cuong. Van dé nay rat duge quan
tam nghién ctu do kha ning tng dung cao clia cac trang thai phi co dién
trong cac nhiém vu luong t@ khi cac tinh chéat phi ¢o dién ctia ching duge
tang cuong [86].

Ham Wigner ¢6 thé duge viét dudi dang cac trang thai két hop, doi
v6i truong hai mode ham Wigner c6 dang

42 (lon*+azf?)

Wi, as) = 1 /d2uld2u2 (—ug2, —uy |pra| w1, ug)

v

> 62(a1u’{+a2u§—aful—aﬁu2)7 (36)

trong do |u1, us) = |u1) ® |ug) 1a tich hai trang thai két hop ctia hai mode

doc lap. Ap dung biéu thiic (3.6) cho trang thai két hop cip chdng chét
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thém photon, ham Wigner dugc xac dinh

gl Hol) A
W = 4 /d fYad 7bba<_fyba _’Va‘pab|7a; 7b>ab
X 62(7‘1 Qa7 Yo ’Ybab) , (3 . 7)

trong d6 a, = |a,|e"= 1a s6 phiic trong khong gian pha v6i x = {a, b} va
@, 1a 86 thuc, |7.), 1a trang thai két hop va pg 1a toan tit mat do cua
SPAPCS.

Tit biéu thitc (3.4), toan tit mat do pu, ctia SPAPCS c6 dang cu thé
nhu sau:
pAab = |£7 q7 ka l> <€7 Q7 kn ”
00 2
— Z Zci,nc}k,m In + a;,n+b;) (m+ aj,m+bjl, (3.8)
m,mn=01,j=1
trong d6 C;,, duge cho trong biéu thic (3.5). Thay pg, tit bicu thite (3.8)
vao biéu thitc (3.7) va tinh cic tich phan phiic, két qué thu duge nhu sau:
(xem Phu luc 2)

46—2|aa|2 2o 2

W = 3 Z Ile 1Cjml (4] cacu))

n,m=01,j=1 m+a)(m+b)(n+al)(n+b)

><2F0(_n — Qi =M — Qj5 5 _1/‘20%‘2)2}?0 (_n — bj, —m — J? 3 1/|2ab| )

m+n‘20& ‘aj-l-ai 200 blbj-i-bi

xcos[(m—n+a; —a;) g+ (m—n+b;—b)p,— (m—mn)p|, (3.9)
trong do oFy la ki hiéu ctia ham siéu boi.

Biéu thitc giai tich (3.9) dugc st dung dé vé do thi ham Wigner.
Hinh 3.1(a) 1a do thi ctia ham W phu thuoc vao cac thanh phan thuyc va
4o clia tham s6 «. Chung ta thay ring trong mot vai ving khong gian
pha, ham Wigner c6 gia tri am, nghia la trong vung khong gian pha nay
SPAPCS Ia trang théi phi Gauss. Hinh 3.1(b), cac duong cong chi ra su

va bo (k,1) 1a s6 photon dugc them vao

phu thuoc ctia W theo tham s6
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Im(a,) 1.0
"o 00t

01\ /A,,/i 77

w 0.0 ~

—0.1‘\'
-02- (a) 2,8)
0540
005 o (312
) 1.5 15 20
Re(a,) 1l

Hinh 3.1: Him Wigner ctia SPAPCS vdi cac tham s6 ¢ =1, 0 = 1, |3] = 0.3, ¢, = ¢y =
¢ = 0. Hinh (a) 1a sy phu thugc ctia W theo cdc thanh phan thyc va 4o ctia a véi € = 4
va (k,1) = (3,12). Hinh (b) la su phu thudc cia W theo [¢] v6i |o| = 0.5 va bo (k,1) 1a
(0,0) (duong chAm cham mau den), (1,4) (duong lién nét mau xanh dam), (2,8) (duong

gach cham xanh 14) va (3,12) (dudng dit nét mau do).

hai mode ctia SPAPCS. Duong cham cham mau den tng vdi truong & PCS
(k=1=0), cac duong cong con lai mo t& ham Wigner ctia SPAPCS. Tu
do thi, ching ta nhan thiy trong ca hai truong hgp PCS va SPAPCS, ham
W luon nhan gia tri am nghia 1& cic trang thai nay déu 1a cac trang thai
phi Gauss. Gia tri cia ham W tung véi SPAPCS luén luon nhé hon PCS.
Hon nita, khi s6 photon duge thém vao hai mode cang tang thi gia tri ciia
ham W cang am. Diéu nay c6 nghia 1a khi thém chong chat cac photon
vao hai mode ctia PCS thi tinh chat phi Gauss ctia SPAPCS cang dugc
tang cudng, do d6 trang thai ma ching toi dé xuat thé hién tinh chéat phi

Gauss manh hon trang thai PCS ban dau.

3.2.3. Tinh chat rbi

Dé dinh luong do r6i clia trang thai hai mode, ching t6i st dung tieu
chuan entropy tuyén tinh & trang théai dimg dugc xéac dinh trong biéu thiic
(1.67) dé khéo sat do rdi giita photon cac mode ctia SPAPCS. Ap dung
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biéu thiic (3.8) clia pgp vao biéu thiic (1.65), ching ta thu dugce toan ti
mat do rat gon cia mode a la p, va toan t1it mat do rit gon ctia mode b la
pp va thay céc két qua nay vao bicu thitc (1.67), két qua thu dude entropy

tuyén tinh c6 dang

L=1-Tr(p:) =1-"Tr(p;)

L gt (n+ k)Y | oM(n+q+ D)
—1- N
q,m; 2 (n + ) { (1)’ + ((n+q)!)’
20| nl(n + K+ 1) | 20%€1" (n+ @)l (n g+ b+ 1) (3.10)
(o + D ((n g+ B)P o

trong dé6 he sd N, duge xac dinh & bieu thic (3.3).

0.8 TS ETTTOOEETRE ] 0.8 ,.--—--'"T-'-'—-—--—'::‘—'."_'::'—,

0.6/ I 06
L L
o4 1/ L | o4 /L
02 £ 6,4 ] o2 [f @4, 12)]
(a) = (24,4) i/ () = (4,24)
S S S I T
€] €]

Hinh 3.2: Ham entropy tuyén tinh L theo |£| v6i ¢ = m,0 = 1,q = 3. Trong hinh (a) va
(b) dudng cong (0, 0) tuong tng véi PCS, cac dudng con lai ting véi SPAPCS. O hinh
(a), cac duong dit nét ng véi truong hop ¢b dinh [ = 4 va k tang. O hinh (b), cac dudng

diit nét ting vé6i truong hop c¢6 dinh k = 4 va [ tang.

Tu két qua (3.10), do réi cia SPAPCS duge khao sat theo tham s
cuong do truong ban dau |£| va bo tham s6 (k,[) 14 s6 photon duge them
vao hai mode ciia truong. Hinh 3.2 mo ta sy phu thuoc cia L theo [£] véi
¢ =7, 0 =1vamot sd gia tri clia cdp tham s6 (k,1), trong d6 cac duong
nét lien mau xanh (k = [ = 0) tuong tng v6i PCS va cac duong con lai
la SPAPCS. Trong hinh 3.2(a) va hinh 3.2(b), cdc duong cong chi ra khi

[ c6 dinh v k tang hodic nguoc lai khi k ¢6 dinh va [ tang, thi L sé ting
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v6i moi gia tri cta |€]. Gia tri entropy tuyén tinh L ciia SPAPCS luon 16n
hon khi so sanh v6i PCS. Khi gia tri ctia [£| cang 16n thi L hoi tu va tién
dan vé trang thai r6i Iy tudng cuc dai. Nhu vay ta c6 thé két luan ring do
r6i ctia SPAPCS luon cao hon PCS v6i moi gia tri €] va do r6i cang duge

tang cuong néu sd6 photon thém vao cac mode ctia PCS tang.

3.3. Cac tinh chat vA cac qua trinh dong hoc cua
truong & trang thai két hdp ciap chong chat théem

photon trong moé hinh Jaynes-Cummings

3.3.1. Hamiltonian toan phan ctia hé nguyén ti-trudong trong

mo hinh Jaynes-Cummings hai mode

Trong muc nay chiing toi khao sat tuwong tac gitta mot nguyén tit hai
mtc hieu dung vé6i truong & trang thai hai mode duge dé xuat 1a SPAPCS.
Heé tuong tac nguyén ti-truong trong mo hinh JC hai mode. Trong chuong
2, chiing t6i khao sat cac qua trinh dong lugng t1t ctia trudong trong truong
hop 1y tudng, doé la moi truong chita nguyén ti va truong khong anh hudng
dén tuong tac nguyén ti-truong. Trong chuong nay, cling v6i viée nghién
citu cac qua trinh dong hoc cia nguyén tit va truong SPAPCS trong tuong
tac nguyen ti-truong, anh hudng ctia moi truong thuc té dén qua trinh
tuong téc cing duge khao sat thong qua tham sé suy giam ~. Ap dung
biéu thitc (1.48), Hamiltonian ciia hé trong mo hinh JC hai mode dugc

viét trong gan dung séng quay va bd qua hiéu ting Stark c6 dang
Hyc = wata+wbtb+wS. +x (S*eg&i) + &*iﬁé*ge) , (3.11)

trong d6 w 1a tan s6 nguyeén ti, w; vd wy la cac tan sb6 tuong tng cla

photon mode a va mode b ciia trudng SPAPCS, cac toan ti S., Seg Va Sge

67



14 cac toan ti dich chuyén nguyén ti, hé s6 & 1a hing s6 tuong tac gitta
nguyén ti va truong, va cac ki hiéu e, g chi cac miic kich thich va co ban

cua nguyén tit.

Chung toi chon hé hai vects co sé trong biéu dién trang thai mic
aole,n+q+kn+l)valgn+q+k+1,n+1+1), do dé cdc ham riéng

cua toan ti H ;o c6 dang

W) = BElen+q+hkn+ )£ 87 lgn+qg+k+Ln+l+1), (3.12)

L1 8
5n_\/§ T (3.13)

A, =/A2+4k2(n+q+k+1)(n+1+1), (3.14)

trong do6

trong d6 A 1a tham s6 diéu hudng thoa man dieu kien A = w — (w1 + wo).
Trong mo hinh tan sic, ching t6i xem tan s6 clia cac photon trong khoang
khong cong hudng véi tan s6 nguyén ti, nghia 13 Hamiltonian tuong tac
duge xem nhu mot nhiéu loan nhé. Do d6, Hamiltonian (3.11) trong mo
hinh tén sic trd thanh Hamiltonian hieu dung c6 dang sau [77, 87|
ﬁeff =wiata + w26+l; + wgz

+ A [(m + 1) b+ 1) |e) (e| —atabtb|g) (g|], (3.15)

trong do A\ = /4;2/A. Hamiltonian hiéu dung f[eff c¢6 cac ham riéng dugc

xac dinh trong biéu thiic (3.12) tuong ting véi cac tri riéng sau

1 1, 1
EF ~w (n+q+k+§)+w2 (n+l+§)iﬁAj:)\(n+q+k+1)(n+l+1). (3.16)

3.3.2. Toan ti¥ ma tran mat do cua hé nguyén tua-truong

Su tién trién theo thoi gian clia hé nguyén ti-trusng dudge bieu dién

qua toan tt mat do theo thsi gian p(t) ma théa man phuong trinh chi
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sau [79]

WO i [fy (1)) + (L + Lol (3.17)

trong d6 L; v6i i = {1,2} la cac sieu toan tit biéu dién sy méat mat trong
moi truong. O nhiéet do 0 K, cac siéu toan tit cho suy giam pha nay dudgc

cho dudi dang
Lip(t) = |20t ap(t)af a; — p(o) (a7 a)” = (afa)’ p(1)| . (3.18)

trong d6, + la hé s6 suy giam thé hién anh hudng clia méi truong dén
tuong tac nguyén ti-trudng. Ap dung cac biéu thic (3.15) va (3.18) vao
biéu thitc (3.17), phuong trinh chii duge viét lai thanh

— i\ (@ a+ 1)+ 1) le) (el — a*ab blg) (], 5(1)|
2
i At A2 fad a2 A
+ ’yz {2@ a;p(t —p(t) (a7 a;)” — (a ay) p(t)} , (3.19)
i=1
trong d6 cac chi s6 ¢ = {1,2} tuong ting vdi cac mode a va b clia truong
SPAPCS. Trong vé phai ctia biéu thiic (3.19), s6 hang dau tién 1 giao hoan
tit gitta Hamiltonian tuong tac trong biéu thiic (3.15) va toan tit mat do
p(t), s6 hang thit hai biéu dién syt mat mat ctia khoang do suy giam pha
gay ra.
Gia st rang tai thoi diém ban dau t = 0, toan t& mat do 1a su két hop

gitta trang thai clia nguyén tit va truong c6 dang

p(0) = pa(0) ® pr(0), (3.20)

trong do6 p4(0) = |A) (A]| va pp(0) = |F) (F| . Xét nguyén tit ban dau &
mot trang thai chong chap |A) = pele) + 11y ]g) V6i |pe)® + |y = 1 va
truong & SPAPCS duge xac dinh trong biéu thitc (3.4). Tit d6 chiing ta c6

dang cua toan tit mat do tai ¢ = 0 nhu sau:
P(0) = pec(0) |€) (e] + Pgg(0) [g) (gl + Peg(0) [€) (9] + pge(0) |g) (el , (3.21)
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trong do6 cic yéu té ma tran

o

pis(0) = uiti; > (CouCi In+ ar,m +by) (m +ar,m + by

n,m=0
+ C2.C5 I+ az,m + bo) (m + as, m + bs|
+ C1nCs,, 1+ a1, n 4 by) (M + az, m + b
+ Co.uCy 1y [+ az,m + by) (m—i—al,m—i—bﬂ), (3.22)

v6i i, j = {e, g} vai # j.

Toan tt mat do theo thai gian p(t) ¢6 dang nhu sau:

P(t) = Pee(t) |€) (el + Pgg(t) 9) (gl + Deg(t) l€) (gl + pye(t) [9) (e, (3.23)

trong d6 cic yéu to ma tran p;;(t) véi i, j = {e, g} duge xac dinh tit phuong
trinh

dﬁ;ft(t) _ % (i 1p(t)] 5) = Liji(t). (3.24)

Day 1a phuong trinh vi phan bac nhat theo thoi gian nén két qui ciia cac

yéu t6 ma tran p;(t) duge suy ra tir bieu thiic sau
pij(t) = "' pi; (0). (3.25)

Thay vé phai clia phuong trinh (3.19) vao vé trai ciia phuong trinh (3.24)
1an lugt cho cic yéu t6 ma tran clia toan tit ma tran mat do, ta thu duoc

ety = —ix[(@%a+ 1) (B34 1) put) = puc(t) (@%a+ 1) (55 +1)]

—Leepee(t). (3.26)
O day ching ta st dung céc siéu toan tit duge dinh nghia nhu sau [87]

M, = (aTa). M, = (b7D).
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~ A

Bi=(ata)  Py=(b'D)

Nén siéu toan tit L, trong biéu thiic (3.26) c6 dang

A

Lo = — i [(J\% S )My 1) — (B + 1)(Py+ 1)}
+7(2M1]51—]512—M12+2M2]52—]522—M22>,
= — i) [(M1 Y 1)(My+1) — (B + 1)(Py+ 1)}
_ykm-ﬁf+@%—zfl (3.27)
Tit biéu thitc (3.25) va biéu thic (3.26), suy ra
pec(t) = 5! e (0), (3.28)

trong d6 pe.(0) duge xac dinh tit biéu thiic (3.21). Ching ta thu dugc két

qua

Pee(t) = ‘Me‘Q Z {Cl’ncik’me—i/\t[(n+a1+1)(n+b1-‘r1)—(m+a1+1)(m_|_bl_|_1)]

n,m=0
X e—2vt(n—m)2 |n +ai,n+ bl> <m + a;,m+ bl‘

+ C2 nc; e—i)\t[(n+a2+1)(n+b2+1)—(m+a2+1)(m+b2+1)]

X e*Q’Vt(nme |n + as,n + b2> <m + as, m + bQ‘

+ Cl nC; e—z’)\t[(n+a1+1)(n+b1+1)f(m+a2+1)(m+b2+1”

e t(n—m+a1—az)*+(n—m-+b1—by)’]

X ‘n+alan+b1> <m+a2,m+b2|

+ C2 ncf e—i/\t[(m—ag—i-l)(n+b2+1)—(m+a1+1)(m+bl+1)}

> e—vt[(n—m—i-ag—a1)2—|—(n—m—|—b2—b1)2]
X |n 4+ ag,n + by) <m+a1,m+b1|}. (3.29)

Biéu thiic (3.29) dugc viét gon lai dudi dang

00 2
Pee(t) = [pe] E g (Ci,ncjm@ [Bitn+1)=0j(m+1)] =1L

Tl,m:O Z’]:l
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X |n+ a;,n+b;) (m+aj,m+bj|), (3.30)
véi cac hé sb
Oin, = (n + a;)(n + b;), (3.31)
va
Ty =(n—m+a;—a;)*+ (n—m+ b — bj)*. (3.32)
Mot cach tuong ty, cac yéu t6 ma tran theo thoi gian con lai ctia p(t) ¢
két qua
00 2
pus®) =g D D7 (CinCjpe Ol
n,m=01,j=1

X |n+a;,n+b) (m+aj,m+ bl ), (3.33)

ﬁeg (t) - (ﬁge (t))+

o0 2
o K —iMBinn)+Ojm] —ETs;
=Hellg E : E (Cz nC ! T ]6 T

n,m=01,5=1

X |n 4+ a;,n+ b;) <m+aj,m+bj\>. (3.34)

Ap dung biéu thitc (1.69) dé xac dinh cac toan tit mat do nguyen ti
va toan t1r mat do truong rut gon. Thyc hién viéc 1ay vét clia toan tt p(t)
trong biéu thitc (3.23) theo hai mode ctia truong SPAPCS va theo nguyén
ti1, ching ta thu duge cac két qua sau:

pa(t) = e - [IC1al + 1Conl® + (CLuCy + ConCi) Shsro) le) (el
n=0

+ |,ug|2 Z “Cl,n‘2 + |C2,n’2 + (Cl,ncin + CQ,nCin) 5k+l,0] ‘g> <g|

n=0

(0]

*E: 2 _—iXt(0 +01n, 2 —iXt(Oy(n11)+02n

+ Iue'ug [‘C17n| e (01(nt1)+01n) + ‘62771‘ e (Oa(n+1)+b2n)
n=0

— At (01 (nr1)+02n — it (O(ny1)+H01n
(i O ) 4 € e 5] o) o
(0.9]

2 _it(0 O1n 2 _iXt(0 (n 0a,
+VJ9NZ § “C n‘ IN (01 (ny1)+01n) + ‘C n| iA(O(r11)+02n)
n=0
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IN(O10 400, N (02401,
o (CuaCs MOt Oroen) 4 €y Cf OO0

X Oesio| lg) (el (3.35)

ﬁF(t) - ﬁee(t) + ﬁgg(t)a (336)
trong d6 pec(t) va pyy(t) duge cho trong cac biéu thitc (3.30) va biéu
thic (3.33).

3.3.3. Dinh lugng d6 réi theo thsi gian

Tiéu chuan entropy tuyén tinh rat hitu ich trong viéc khao sat do
roi gitta cac thanh phan trong he [87],[88], nhat 1a cac qua trinh rdi dong
trong cac tuong tac nguyen ti-truong [77]. Anh hudng clia cic tham sb
nhu suy giam pha va viéc thém photon vao hai mode cua truong lén tuong
tac nguyen tu-truong dudc khao sat thong qua tiéu chuan entropy tuyén
tinh nay [80]. Tiéu chuan nay khong chi dinh lugng do rdi theo thoi gian
ma con mo t4 sy mat mat do tinh khiét ciia he [87]. Trong muc nay ching
toi khdo sat cac qua trinh réi dong ctia hé bao gom mot nguyén ti va hai
mode ctia truong SPAPCS va khao sat do rdi ctia hé gom mot mode clia
truong SPAPCS va hé con (nguyeén tit+mode con lai ctia truong). Khi khao
sat cac qua trinh réi dong gitta nguyeén ti va truong SPAPCS, ching toi
stt dung tieu chuan entropy tuyén tinh ctia cac thanh phan trong hé duge
xac dinh trong biéu thic (1.68). Tuong tu, entropy tuyén tinh clia ci he

nguyen ti-truong theo thoi gian duge cho béi [77]
L(t) = 1 - Tr[p*(t)], (3.37)
trong d6 p(t) 1a todn tit mat do ctia hé theo thoi gian trong biéu thic

(3.23). Entropy tuyén tinh ctia heé L(t) c¢6 mdi lien hé véi entropy tuyén
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tinh truong rat gon Lp(t) va chi ra dnh hudng clia moi truong dén hai

mode cua truong trong qua trinh ching tuong tac v6i nguyeén tii.

3.3.3.1. Dinh luong do réi theo thoi gian ctia hé nguyén ti-trudng

Stt dung cac biéu thitc (1.68), (3.37) va lay vét theo nguyeén ti, trusng
cling nhu cd nguyén tit va truong, ching toi thu dudgce két qua giai tich cia
entropy tuyén tinh truong rat gon

Lp(t) =1 — Tr[pp(t)]

o0 2
=1- Z [Z CinCjm ’ (’Me‘4 + |Mg!4 +2 |/Le,ug|2 cos )\tnij) e~ 2L

n,m=0

1,7=1

2

+ F(Cpn)Op 106~ 1™
< (1l il + 2 o cos entn, ) | (339
entropy tuyén tinh nguyén ti rat gon
La(t) =1 - Te[p4(t))

00 2
2 4 4 2

n,m=0 Li,j=1

# FCon)isan (Il + Il + 2 gy o)) | (330

va entropy tuyén tinh ciia ci heé

00 2
L(t)=1- Z [Z 1CinCiml|” €0

n,m=0 Li,j=1
+F(Cn,m)élﬁ—l,oe_zwt(n_m)g} ) (340)
trong do
Nij = Oitn1) + Oin — Ojima1y) — Ojm, (4,5 = 1,2,7 # j), (3.41)

n(n,m) = (n+q+1)(n+1)+(n+q)n—(m+q+1)(m+1)+(m+q)m, (3.42)
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Hinh 3.3: Sy phu thudc ctia entropy tuyén tinh theo At trong cac truong hop (a) v = 0.01,

— 5 — ; 2 _ — — ] — — ., — 1
(b)ﬁ—OlV&(C)’)/—]_Wlth|§| —179—(),]?—5—0,/%—,“9—75

xanh 1 L4(t), duong lién nét mau do6 1a Ly(t) va dudng cham cham mau den 1a L(t).

. Duong dat nét mau

F(Cn,m) = Cl,ncimclmc;m + Cl,n |Cl,m‘2 C;in
+1Cual* €l Com + Crm [Conl*Cs

+C Coml” Co 4 C1.0CiinC3 o + Nrcc, (3.43)

va cdc he s6 Cip,0im, [ij dude xac dinh trong cac bicu thite (3.5), (3.31)
va (3.32).

Tt cac biéu thiic (3.38) va biéu thite (3.39), khi bd qua hiéu ting suy
gidm pha , ching ta thay rang Lp(t) trung véi L4(t) va ching dao dong
tuan hoan vdi gia tri cuyc dai 0.5. Tuy nhién, khi tinh dén suy giam pha
~v # 0, thi hai ham nay khong con trung nhau. Hinh 3.3 vé sy phu thudc

clia cac entropy tuyén tinh clia nguyen tir L4(t), clia truong Lp(t) va clia
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Hinh 3.4: Sy phu thuoc clia entropy tuyén tinh theo A\t véi cac tham s6 ¢6 dinh |€ |2 =
L, pe = ptg = \/Li,q:o,az 1, truong hop (a) k=1=1,7v=0.1, (b) k=1=5,7v=0.1 va
(c)k=1l=5by=1.

cd hée L(t) theo At trong truong hgp PCS (kK = [ = 0). Su dao dong clia
L(t) 1a quy tdc va tuan hoan theo thoi gian, gia tri cyc dai clia L4(¢)
khong bi anh huéng bdi v. Trong khi dé, su thay doi ctia hé s6 suy gidm
pha v anh hudng ro rét dén sy dao dong cta Lp(t), trong dé v cang 16n,
su dao dong ctia Lp(t) cang tang. Truong hop v = 1, entropy tuyén tinh
Lr(t) dao dong tuan hoan va dat dén gia tri cyc dai 0.75. Khi nguyen ti
va truong khong réi nghia & entropy cia nguyén tit dat gia tri 0, entropy
tuyén tinh ctia truong Lp(t) dat gia tri cyc tiéu, d6 cling chinh 1 entropy
tuyén tinh clia he L(t) tai cing thoi diém. Cac hinh tit 3.3(a) dén hinh
3.3(c) cho thay cac gia tri cuc tri dia phuong ctia Lp(t) (cyc dai va cuyc

ticu) bi &nh hudng bdi suy gidm pha, cdc gia tri ndy cang tang khi he s6
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suy gidm ~y cang lén [89].

Hinh 3.4 dugc vé giong hinh 3.3 nhung cho truong hop SPAPCS (k =
[ # 0) v6i cac tham s6 suy gidm khac nhau v = 0.1 (hinh 3.4a va hinh
3.4b) va vy = 1 (hinh 3.4¢). Ching ta thay ring viéc them cac photon vao
hai mode ctia truong SPAPCS sé lam tang céac gia tri cia Lp(t) va L(t),
gia tri cuc dai ciia ching dat hon 0.8, trong khi gia tri nay chi dat 0.75 cho
truong hop PCS (hinh 3.3). Hon nita, viéc cang thém photon vao hai mode
clia trudng cang lam cho sy dao dong ctia Lp(t) dan suy gidm va bién mat
theo At. Cho du viéc them photon khong lam thay doi gia tri ctia L(t),
nhung lam thay ddi chu ki dao dong ctia né. Khiy=1vak=1=5, Lp(t)
va L(t) tién dan dén mot gia tri on dinh xap xi hon 0.8. Diéu nay cho thay
vai tro ctia viéc thém photon va hiéu tng suy giam pha trong viéc tang
cuong do roi gitta nguyen tit va truong SPAPCS thong qua cac ham Lpg(t)
va L(t).

3.3.3.2. Dinh lugng d6 rbi theo thdi gian ctia hé con va modt mode
cua truong SPAPCS

Ching toi tiép tuc khio sit mot he ba thanh phan gom cic mode a,
mode b clia truong SPAPCS va nguyén ti. Trong hé nay, ching t6i muén
khdo sat do réi clia mot mode clia truong va phan con lai clia toan bo he.
Ham Ly, () 1a do r6i gitta mode a ciia the SPAPCS va phan con lai clia hé
(nguyén ti+mode b), ham Lag (¢) 1a do rdi gitta hé hai thanh phan gom
nguyén tt va mode b cia SPAPCS v6i mode a con lai cta truong. Lg, (t)

va Lap,(t) duge xac dinh tit cdc biéu thiic sau

Li(t) = 1= Tt [or, (1)) (3.44)

Lap,(t) =1—="Tr[par,®)], (3.45)
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trong d6 pr, (t), par,(t) 1a cac todn tt mat do rat gon theo thoi gian cua

mode a va hé con c6 dang nhu sau:
pr,(t) = Trar,p(t), (3.46)

par,(t) = Trp,p(t). (3.47)

Thay cdc bidu thite (3.23), (3.46) va (3.47) vho céc bidu thic (3.44) va
(3.45), két qua thu dugc

(@]

LFa (t) =1 - Z { |C1,n‘4 + |C2,n’4 + ‘Cl,nCQ,(n—i—al—ag) ’2 + ’62,ncl,(n+a2—a1) |2

n=0

2 _ovt(by—bytas—ay)?
+ ‘Cl,nCQ,(n—Fbl—bg)‘ € 7 ( ! 2 2 1)

X (Iue\4 + | agl* + 2 |prepag | cos Ault)

2 _9~t(by—by+a;—as)?
+|62,ncl,(n+b2—b1)| e~ 2tbambitai—az)

(Il + L1ty 2 |ttty cos Aunt

+ (F<Cn,n) —2 |Cl,n62,n|2> 6k+l,0}7 (348)
Lag,(t) =1 — Z { Crn|* + [Col* + (F(CM) —2 \ClnC2n\2> Ok+1,0
n=0

2 4 4 2

+ |Cr.nCo(nrbr—by) | (\Me\ + (gl + 2 |prefry|” cos )\u2t>
2

+ \Cz,nC1,(n+b2—b1)} (\Me\4 + I/Lg\4 +2 |ue/ucg|2 cos )\v2t)

+ <|Cl,n62,(n+a1a2) }2 + {CQ,ncl,(n+a27a1) ’2>

% 6—2’yt(b1—b2+a2—a1)2 } 7 (349)
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Hinh 3.5: Syt phu thuoc ctia entropy tuyén tinh theo Mt vé6i cac tham s6 ¢6 dinh k =1 =1,
€7 =1,¢=0, tte = py = \[,azl, (a) y=0, (b) y=0.1va (c) y=1.

trong d6 F(C,,,) dugdc cho trong biéu thitc (3.43) va cac hé s6

w1 = (by — bs + a9 — aq (2n—|—2b1—|—1,

(
(3.50)
:(bl—bz-l—ag—al
(

Vo = bl—b2+a2—a1

( )
v1=(by — by +ay — aq)
)(2n + 2a; + 1),

)

)
2n + 2by + 1),
( )

Khi truong 6 PCS (k = [ = 0) vd ¢ = 0, tit cAc biéu thitc (3.48)
va (3.49) ching ta thay rang Lg, (t) trung v6i Lag,(t) trong d6 céc s6 hang
lien quan dén tham s6 suy giam pha 7 trong cac biéu thic trén bi triét
tieu. Lg (t) va Lag(t) chi nhan gia tri cuc dai 1a 0.6 khi truosng 6 PCS.
Dé nghién ctu do 16i trong cac hé con, ching toi khao sat cho trusng &

SPAPCS. Hinh 3.5 chi ra anh huéng ctia cac tham s6 suy gidm pha lén
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Hinh 3.6: Su phu thudc clia entropy tuyén tinh theo A, Lap, (t) (duong dit nét mau xanh)
va L, (t) (duong lién nét mau mau do) véi v = 1, €7 =1,¢=0, pre = g = \%, oc=1
trong céc trudng hop (a) k=101=2, (b) k=1=3va (c) k=1=05.

cac do roi gitta mot mode ciia truong (mode a) trong SPAPCS (k=1=1)
va phan con lai clia hé (nguyén ti+mode b) va ngugce lai. Do thi cho thay
do rdi gitta cac thanh phan trong hé khong xuat phat tir gia tri 0 ma xuat
phat tit mot gia tri nhat dinh, nghia 14 ban dau hé da rdi véi nhau. Khi bo
qua hi¢u tng suy giam pha, Lap, (t) va Lg, (t) dao dong tuan hoan theo chu
ki ngay tir lic bat dau va gia tri cia Lag,(t) 16n hon mot it so véi Lg, ().
Khi v cang tang, sy dao dong ctia Lg, (¢) dan trigt tieu trong khi L g, ()
nhanh dat dén trang thai on dinh. Truong hop v = 1, hién tuong suy gidm
pha &nh hudng ro rét len do roi gitta ba thanh phan (hinh 3.5¢), trong doé
gia tri cia Lap,(t) dao dong tuan hoan va dat dén gia tri cyc dai xap xi
0.8 trong khi L (t) ngay lap titc dat gia tri on dinh. Didu nay c6 nghia

13 tham s6 suy gidm pha anh hudéng lén sy roi gitta mot mode cla trudng
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SPAPCS v6i phan con lai ciia he. Gi4 tri ctia v cang 16n, do 161 Lag, (t) va
L, (t) cang tang [89].

Dé thay dugc vai tro clia viec théem photon vao hai mode ctia trudng
SPAPCS, ching to6i chi ra trong hinh 3.6 su phu thudc ctia Lyp(t) va
Lg (t) theo At v6i s6 photon khac nhau duge thém vao hai mode cia
truong SPAPCS trong truong hop v = 1. Céc hinh tir 3.6(a) dén 3.6(c) chi
ra rang do roi Lag, (t) va Ly, (t) déu tang khi cang them s6 photon vao hai
mode ctia truong SPAPCS. Hon nita, trong khi gié tri ctia Lag, (t) dan tang
va nhan gia tri cuc dai 16n hon 0.83, thi Lg, (t) ngay lap ttc dat gia tri cuc
dai én dinh. Vi vay, viéc thém photon vao hai mode clia truong SPAPCS
khong chi lam thay doi chu ki v s6 dao dong ctia Lap,(t) ma con tang

cuong do rdi gitta mot mode cua truong SPAPCS véi phan con lai ctia he.

3.4. Két luan

Trong chuong nay, ching to6i da thu dugce cac két qua sau:

Thit nhat, da dé xuat dugde trang thai hai mode méi 1a trang thai két
hop cip chong chat thém photon bang viéc théem photon khong dinh xt
len trang thai két hop cip.

Thit hai, da khao sat cac tinh chat ciia trang thai SPAPCS la tinh chat
phi Gauss théng qua ham Wigner va tinh chat réi thong qua tiéu chuan
entropy tuyén tinh khong phu thudc thoi gian. Két qua cho thay, véi cac
gia tri am ctia ham Wigner trong khong gian pha thé hién tinh chat phi

co dién clia trang thai méi duge tang cuong.

Thit ba, da nghién ctu do réi nguyen ti-truong va do roi gitta mot
mode clia truong véi hé con gom nguyén tii+mode con lai thong qua tieu

chuan entropy tuyén tinh theo thoi gian. Cac do thi cho thay do r6i giita
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nguyén tit vi hai mode ciia truong SPAPCS va do roi gitta mot mode clia
truong véi hé con c6 syt dao dong theo thoi gian va bi anh hudng béi cac
tham s6 cuong do truong ban dau, s6 photon dudgc thém vio cdc mode va
hé s6 suy giam pha. Khi khong xét dén anh huéng ctia moi truong thi cac
tinh chat nay dao dong tuan hoan theo thoi gian, diéu nay hoan toan tring
khép véi cac két qua thu dude & chuong 2. Khi xét dén anh huéng clia moi
truong, v cang 16n thi sy dao dong clia entropy tuyén tinh cang gidm va
dat dén giéi han c¢6 dinh. Gi4 tri ndy cang tién dén 1 nghia 1a do rdi gitta
nguyen ti va truong cang 1y tudng va la nguon rdi hitu ich cho qua trinh

vién tai lugng tit.
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Chuong 4

UNG DUNG CUA CAC TRANG THAI DA MODE VAO
VIEN TAI LUGNG TU

Vién tai luong ti 14 phuong phép chuyén mot trang thai chua biét
tUr ngudi gui (Alice) dén nguoi nhan (Bob) cdAch nhau mot khoadng bat ki
trong khong gian nho stt dung mot trang thai roi duge chia sé trude do giita
Alice va Bob két hgp v6i mot kénh thong tin co dién. Trong qué trinh vién
tai, moi thao tac déu do Alice va Bob tu thuc hién lén cac trang thai ma
minh dang ndm gitt ma khong can bdo mat [1]. V6i mot qua trinh vién tai
luong ti 1y tudng, thong tin sé dugc chuyén giao vdi do chinh xac va bao
mat tuyet déi. Y tudng vé vién tai luong tii 1an dau tien da duge Bennet
va cong sy de xuat vao nam 1993 [90], sau d6 nhiéu nghién citu da deé xuat
cac nguon roi duge sit dung lam kénh réi cho qua trinh nay. Cac nghién
cttu da thie hien viéc vién tai trang thai s6 hat hodc trang thai két hop véi
ngudn rdi 1a cic trang thai nén dich chuyén thém photon hai mode [32],
cac trang thai két hop cip theém va b6t photon hai mode [28], cac trang
théai chan khong nén hai mode [29] v& cdc nguon réi khac. Cac giao thic
duge dé xuat dé vién tai trang thai lugng ti ctia photon déu thuc hién
trong dieu kién 1y tudng, chua xét dén cac tuong tic clia truong lugng ti
v61l moi truong.

Ngoai ra, mot loat cac giao thiic khac dude dé xuat dé vién tai cac
trang thai trudng ciing nhu cac trang thai nguyeén tit [88],[91],[92]. Nguon
roi duge st dung 6 day 1a hé nguyén ti-truong trong mo hinh JC. Trong

chuong nay, chiing t6i thiyic hién vién tai luong t1it mot trang thai chua biét
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clia nguyén tit thong qua kénh rdi nguyén ti-truong bang phuong phap
phat hieén. Véi két qua da chi ra trong chuong hai, nguon réi duge ching
toi st dung 14 mo hinh nguyeén ti-truong véi truong 6 trang thai két hop
cap thém photon tong quat. Dong thsi trong qué trinh vién tai ching toi
cling so sanh két qua do trung thuc trung binh trong hai truong hgp truong

& trang thai két hop cip va & trang thai két hop cap thém photon.

4.2. Vién tai luong t véi trudong & trang thai két hop

cap thém photon

4.2.1. Keénh ludng tit réi nguyén ti-trudng

Dé vién tai mot trang thai nguyen ti tit Alice sang Bob, dau tién chiing
ta can tao ra mot kénh luong tit. Trong muc nay, kénh lugng ti dugc st
dung 1 tuong tdc nguyeén ti-truong trong mo hinh JC. Mo hinh nay gom
mot nguyén tt hai mic hieu dung véi trudng ¢ trang thai GPAPCS. Ap
dung biéu thiic (1.48), Hamiltonian ciia hé trong gan ding séng quay ma

khong xét dén dich chuyén Stark c6 dang

A~

H = w8, +wia*a + wabth+ A (aﬁiﬁ 9) (e| + ab le) <gy) RNERY

trong d6 w 1a tan s6 nguyen ti, w; v6i i = {1,2} 1a tan s6 cia cadc mode
a v mode b tuong tng cua truong, A 1a hang s6 tuong tac hieu dung gita
nguyeén ti va truong, cac toan tit a*, bt va a, l;) 12 cac toan tir sinh va huy
photon cac mode a, mode b va |e), |g) 1a trang thai kich thich va co ban
clia nguyeén ti. Trang thai két hop cip them photon tong quat dude cho
trong biéu thitc (1.21). Chiing toi da tinh toan chi tiét cac tinh chat dong
hoc clia nguyén tit va truong va da chi ra sy rdi gitta ching theo thoi gian
[82]. Do dé chiing 1 mot kenh lugng ti phit hop dé thie hién viéc vién tai

lugng ti trang thai nguyén ti.
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4.2.2. Vién tai trang thai nguyén t&

Lan dau tiéen Bennet va cong su da dé xuat gidan do vé mat 1y thuyét
cho phép thyc hién vién tai lugng tit [90]. Gian do bao gom ba hat, trong
d6 Alice giit hat 1 va hat 2, Bob giit hat 3. Hat 1 giit trang thai ¢ can
dudc vién tai, hat 2 va 3 chinh la kénh lugng tit gitta Alice va Bob. Alice sé
thuc hien phép do ndi lén hat 1 va 2 con goi 1a phép do Bell va gtii két qua
do cho Bob bing kénh c6 dién. Dua trén két qua do nay, Bob thuc hien
phép do len hat 3 dé tai cau tric hat 3 sao cho trang thai nhan ducc chinh
la trang thai . Sy thanh cong cia qué trinh vién tai nay duge danh gia
thong qua tieu chuan do trung thuc trung binh. Bouwmeester va cong su
da ching minh tinh ding dan ctia gidn do Bennet bang thuc nghiém thong
qua viéc st dung cip photon lam ngudn roi luong tit dé vién tai trang thai
phan cyc clia mot photon bat ki [93]. Ké tit d6 da c6 nhicu gidn do dugc
dé xuat dé vién tai cac trang thai ctia nguyén tit hoac trusng hoiic ion ma
cac kenh luong t1it duge dé xuat 1a cic cap nguyen tit roi, hodc cip roi giita

phonon véi ion hodc cap roéi gitta nguyen tit v6i truong [91],[92],[94].

Trong qué trinh vién tai lugng tt mot trang thai lugng t ctia hat 1
bat ki chua biét tit Alice dén Bob, ching ta can tao kénh luong ti réi 1
cap hat 2 va 3. Vé mat toan hoc trang thai ciia cip hat nay c6 thé duoc
bieu dién qua bén trang thai Bell 1 trang thai chong chap clia ching, con
goi 1a hé co sd truc giao Bell. Tiép theo Alice thiic hien phép do ndi giita
hat 1 va hat 2 trong hé co s6 Bell va gti két qua do thong qua kénh co
dién dén Bob. Bob thuc hién phép bién doi Unita tuong ting véi két qua
nhan dugc dé khoi phuc lai trang thai ctia hat 1 ban dau. Phuong phap
nay chinh 1a phép do trang théi Bell [1]. Phuong phap nay duge st dung
dé vién tai trang thai luong tit clia mot photon véi nguon r6i 1 cac trudng

phi c¢o dién. Tuy nhién khi vién tai trang thai lugng tit clia mot nguyeén ti
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bat ki, dé sit dung dudc phép do Bell can thuc hién vé6i cac gian do phic
tap kho kha thi trong thuc nghiém [95].

Zheng va cong su vao nam 1999 da dé xuat mot phuong phap khéc
don gian hon dé vién tai trang thai nguyen ti bat ki, do 1a phuong phap
phét hien (detecting method) [96]. Ké tit d6, mot loat cac nghién citu véi
cac nguon roi khac nhau da sit dung phuong phap phat hién nay va da chi
ra sy thanh cong trong qua trinh vién tai lugng t1 [92],[94],[95],[[97]. Trong
phuong phap phat hién, Alice gi® qubit ctia nguyén ti 1 1a mot trang thai
bat ki can dugce vién tai va truong luong ti, con Bob giit qubit nguyén ti
2. Qubit clia nguyén tit 2 va truong luong ti 1a kénh roi luong tit duge tao
ra thong qua tuong tac nguyén tu-truong trong mo hinh JC. Thay vi phai
thyc hién phép do trang thai Bell phtc tap gitta hé chong chap hai qubit
nay, chiing ta st dung may do (detector) dé phat hieén xem khi nao nguyén
t 1 tU trang thai ban dau vé trang thai kich thich. Luc nay hé chong chap
3 qubit sé sup do vé trang thai ma qubit clia nguyén t& 2 c¢6 trang thai

gibng véi qubit 1 ban dau [97].

Trong muc nay, ching t6i sit dung phuong phap phat hién [92] véi
gian do [97] dé vién tai mot trang thai nguyen tit chua biét. Gid st trang
thai clia nguyén t1t 1 13 trang thai nguyén ti dau vao can dugce vién tai co
dang

|©)in = la)1 = ple)y +vlg)y, (4.2)
trong d6 cac hé s6 p va v 13 cac bien do clia trang thai duge vién tai thoa
man diéu kien |u|® + |v|* = 1. Nguyen tit 2 ban dau duge chuan bi & trang
thai

[pa)s = [€)s- (4.3)
Nguyén ti nay tuong tac véi trudng & GPAPCS thong qua mo hinh JC dé

tao ra kénh roéi lugng tit nguyeén ti-truong.

86



Tai thoi diem ban dau, trang thai ctia hé bao gom nguyén tit 2 va

truong GPAPCS c6 dang nhu sau:

(425 (0)) = |0a)y @ |F) = Comu ) Rulen+q+mntk)y,  (44)

n=0
trong d6 Cyn i dude cho trong bicu thite (1.22) va |F) 1a trang thai két
hop cip thém photon tdng quat duge cho trong bicu thitc (1.21). Trang
thai ctia hé sau thoi gian tuong tac t; c6 dang

A~

[Yap(t)) = U(n, 1) [$a,p(0)) = €7 [34,0(0))

= Cym.k Z Ry [cos (ABut1) le,n+ g+ m,n+ k),

n=0

—isin (ABpt1) |g,n+qg+m+1,n+k+1)), (4.5)

trong d6 toan tit tién hoa theo thoi gian U(n,t;) va B, dudc cho trong cac
biéu thiic (2.7) va (2.4).

Sau khi nguyén tit 2 va truong GPAPCS da réi véi nhau, hé nguyen
ti-truong tré thanh kénh lugng t1, trong dé Alice gitt qubit ctia trucng va
Bob giit qubit clia nguyén tit 2. Bay gio toan bo hé bao gom nguyén ti 1
can dugc vién tai va hé con 1a kénh lugng t1t nguyén ti-truong duge mo ta

bang vecto trang thai sau:

[¥) = [0a), @ [Pa,r(t1))

= (ule)y +v|g)y) Comr Y R [cos (ABut1) e, + q +m,n + k),

n=0

—isin (ABpt1) lg,n+qg+m+1,n+k+ 1), (4.6)

Sau thoi gian t, nguyén tit 1 tuong tac véi truong va vecto trang thai cla

hé toan phan c6 dang

10" = Comi Z Ry {,u cos (ABut1) [cos (ABut2) le,e,n+q+m,n+ k),

n=0
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—isin (AButa) lg,e,n+q+m+1,n+k+ 1>1,2}

—ipsin (\utr) [c0s (\Busata) e, g.n+q +m+ 1n+k + 1),
—isin (AButata) [9,9,n+q+m+2,n+k+ 2>1,z]

+ vcos (ABut1) lg,e,m+q+m,n+ k>172

— dvsin (ABut1) {cos (ABat2) g, g +q+m+1,n+k+1),

—isin (A\Guta) le,g,m + q+m,n + k>172} } (4.7)

Khi Alice phat hién ra nguyén tit 1 & trang thai kich thich |e),, thi he
con gom nguyeén tit 2 va truong bi sup do ve trang thai

|P) = NCpmi Z Ry {pCos (AByt1) Cos (ABnta) le,n + ¢+ m,n + k),

n=0

— ipSin (AByt1) Cos (AButita) lg,n+q+m+1,n+k+1),
—vSin (AB,t1) Sin (ABnt2) g, n + ¢+ m,n+ k), }

:Ncq;m,kZRn [’}/’6,714— q+m,n+ k>2

n=0

+ix|lg,n+q+m+1Ln+k+1),+nlgn+qg+mn+k),, (4.8)

trong do

v = puCos (AB,t1) Cos (AB,t2) ,
X = —pSin ()‘ﬁntl) Cos ()\BnJrth) ) (49)
n = —USiH ()\Bntl) Slﬂ ()\ﬁntg) ,

va hé s6 chuan hoéa c6 dang

~1/2

N = [|Oq;m,k|22 Bl (19 + x>+ InP) (4.10)
n=0

Trang thai ® dudce xac dinh trong bicu thitc (4.8), bao gom tb hop giita

trang thai cua truong va trang thai ciia nguyén ti 2 sau thoi gian tuong
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tac t; va ty. Trang thai clia nguyén tit 2 ma Bob dang nam gitt lic nay

chinh 1a trang thai dau ra. Néu trang thai dau ra c6 dang

[©)our = K€} + V]g)s, (4.11)

nghia 1a qué trinh vién tai da thanh cong. Dé so sanh su sai khéc giita
trang thai dau vao va trang thai dau ra, cing nhu danh gia cac yéu t6 anh
huéng dén qué trinh vién tai, ching toi st dung biéu thic do trung thuc

trung binh F' clia trang thai duge vién tai duge xac dinh béi [97]
F = (@l (112)

Ap dung céc biéu thic (4.8) va (4.11) vao biéu thiic (4.12), ching ta thu
ducc két qua do trung thuc trung binh clia qua trinh vién tdi mot trang
thai nguyén tit chua biét tit Alice sang Bob véi kénh roi 1a kénh nguyén

t-truong

F =N (Chmal D RiRow| (274 070) 0+ 4+ m,m + k|

n/=0
—ix*v<n+q+m+1,n+k+1\}
X {(vu* + ') " + g+ m,n + k)
—i—ixv*\n/-l—q—km—l—l,n'—!—k-l—l)}
S [Rul? (i + o + ol

=n=0_ , (4.13)
> (Rl (I + I + Inf?)

trong d6 R, dudc cho trong cac biéu thitc (1.23) va cac he sb v, x va g
dugc cho trong biéu thiic (4.9). Xac suat P ciia viée do trang thai nguyén

tu

e), dugc cho bdi

1 o
P =5 = sl YIRS (P 4 W+ 10f). (419)

n=0
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Do trung thuc trung binh F chi ra sy sai khac gitta trang thai dau vao va
trang thai dau ra. Gia tri ctia F' bang mot don vi khi trang thai dau ra
hoan toan trung khép véi trang thai dau vao. Dé vién tai cac trang thai
luong t t6t hon co dién, gia tri ctia do trung thuc trung binh phai 16n hon
2/3 [98]. Céc két qua tinh s6 ctia do trung thiic trung binh dugce thio luan
trong muc tiép theo. Trong d6 chiing toi sé chi ra anh hudng ciia cac tham
s6 nhu cuong do truong ban dau, bien do clia trang thai duge vién tai va

su thém photon vao cac mode cta trudng lén qua trinh vién tai.

4.3. Két qua tinh s6 va thao luan

Hinh 4.1 dugc vé cho do trung thic trung binh F trong biéu thiic (4.13),
day 1a mot ham theo thai gian Aty va bién do u cta trang thai duge vien
tai. Cac gia tri duge chon tuong ting véi cac dieu kien duge khao sat sao
cho do réi nguyén tu-truong 1a cuc dai [82]. D6i véi thoi gian tuong tac
At; dé tao ra kenh luong ti r6i ban dau, ching t6i chon gia tri tuong tng
1a Mty = ?jf, gia tri ndy da dugc khdo sat va chi ra ring véi sy tuan hoan
theo chu ki thi nguyeén tit va truong dat roi ciic dai. Hinh 4.1 dugce vé trong
truong hop trudng ¢ trang thai két hop cip (m = k = 0) va khong c6 su

chénh léch s6 photon giita hai mode ctlia truong ¢ = 0.

Hinh 4.1 cho thay rang do trung thuyc trung binh F dao dong tuan
hoan theo thoi gian, diéu nay ciing tuong tng véi cac tinh chat dong hoc
cua truong khi nguyén ti tuong tac véi truong trong moé hinh JC hai mode
[82]. Ngoai ra, F' ciing phu thuoc vao tham sé u v6i cc gia tri nam trong
khoadng tit 0 dén 1. Gia tri ctia F' gidm dan khi p ting. Do thi 4.1 ciing chi
ra cac gia tri cia Aty tuong tng véi cac gia tri cuc dai cia F, do d6 chiing

toi st dung céc gia tri nay dé khao sat tiép trong céc hinh duéi day.
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Hinh 4.2: Sy phu thuoc ctia F theo p v6i cac tham s6 c¢6 dinh M; = ?jf, My = %,

q=m =k = 0 cho céc truong hop [¢| = 1 (duong do), |¢| = 2 (dudng chadm chdm mau

xanh) va |¢] = 3 (duong lién nét mau mau den).

Hinh 4.2 mo6 ta sy phu thudc ctia F' theo p cho truong & trang thai
két hop cap véi cac dieu kien M\, = %Tﬂ’ Mo = %ﬂ, gq=m =%k =0 va
€] = {1,2,3}. Tu do thi, chung toi thiy ring gia tri cia g chia ra hai
mién, trong dé khi 0 < u < 0.7 gia tri cia F' gidm khi |£] tang, con khi
0.7 < p < 1 thi gia tri ctia F tang khi |£| tdng, khi p = 1 gia tri cia
F = {0.35,0.45,0.65} tuong tmg véi || = {1,2,3}. Nghfa I khi xét kenh
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luong tt nguyen ti-truong véi truong 6 PCS, néu bien do cla trang thai
can vién tai trong khoang tit 0 dén 0.7 dé do trung thuyc trung binh ctia qua,
trinh vién tai cao nén chon cuong do truong ban dau bé, va khi u thuoc
khoang tit 0.7 dén 1 dé trang thai dau ra gan gidng véi trang thai dau vao

nén chon cuong do truong ban dau 16n.

1.0
0.8

0.6
R

0.4/ === (0,0) S

0.2 D

— 22)
0.0
0.0 0.2 0.4 0.6 0.8 1.0
H

Hinh 4.3: Sy phu thuoc cia F theo p véi cac tham s6 ¢6 dinh My = 3%, My = 2,

|€] = 1, ¢ = 0 cho céc truong hop (m, k) bang (0,0) (dudng dit nét mau dd), (1,1) (dudng

cham cham mau xanh), va (2,2) (duong lien nét mau den).

Hinh 4.3 mo6 ta sy phu thuodc ctia F' theo p va s6 photon duge théem
vao hai mode clia truong & trang thai két hop ciap thém photon véi cac
tham s6 Mty = 25, Aty = 2, ¢ = 0 va |¢| = 1. Do thi hinh 4.3 ciing cho thay
khi ;1 trong mién 0 < p < 0.7 gia tri ctia F' gidm khi thém photon vao cac
mode clia truong GPAPCS. Tuy nhién khi g trong mién 0.7 < p < 1 gia tri
cuc dai ctia F' dugc cai thien dang ké khi cang thém photon vio hai mode
clia truong GPAPCS (duong cham chAm mau xanh va duong lién nét mau
den). Khi them dong thoi {1,2} photon vao hai mode ciia truong thi gia
tri ctia F tuong tng dat {0.55,0.85}. Diéu nay ching t6 rang viec them
photon vao hai mode ctia truong GPAPCS lam tang do trung thuyc trung
binh ctia qué trinh vién tai khi bién do trang thai vién tai trong khoang

0.7 < p < 11]99].
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Hinh 4.4: Sy phu thudc ctia F' theo Aty v6i Aty = ?jf trong cac truong hop (a) || =1, u =
0.3 va (b) [¢| =2, =0.7.

Hinh 4.4 mo ta sy phu thudc ciua F' theo Aty v6i At; = ‘{ff trong hai
trudng hgp truosng 6 PCS m = k = 0 (dudng dut nét mau do) va trusng 6
GPAPCS m = k = 1 (duong cham cham mau xanh), m = k = 3 (duong
lien nét mau den). Trong ca hai do thi ¢ hinh 4.4(a) va hinh 4.4(b), ching
ta déu thay su dao dong tuan hoan theo thoi gian ctia F trong ca hai
truong hgp PCS vad GPAPCS. Trong mién 0 < p < 0.7 (hinh 4.4a) khi
them photon vao hai mode ciia trudng gia tri cuc dai ctia F ting dang keé.
Gi4 tri cyc dai ctia ' dat xap xi trén 0.95 khi them dong thoi 3 photon vao
hai mode ctia truong GPAPCS, trong khi gia tri ndy chi dat xap xi trén
0.9 cho truong PCS. Trong mién 0.7 < p < 1 (hinh 4.4b), gia tri cia F nho
hon trong mién 0 < g < 0.7, khi thém dong thoi 3 photon vao hai mode
cua truong GPAPCS thi gia tri cuc dai cia I dat 0.7 trong khi truong 6
PCS gia tri nay chi dat xap xi 0.6. Do d6 trong mién 0.7 < p < 1 dé cai
thién do trung thuc trung binh ctia qué trinh vién tai ching t6i khong chi
tang cuong do truong ban dau ma con thém dong thoi s photon vao hai

mode ctia truong.
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4.4. Két luan

Trong chuong nay, ching to6i da thu dudc céc két qua sau:

Thit nhat, da dua ra kénh luong tit réi nguyén ti-truong trong mo
hinh JC véi truong 6 trang thai GPAPCS dé thuc hién vién tai luong tit
trang thai nguyén tit chua biét tir Alice sang Bob. Phuong phap dudc st
dung trong qué trinh vién tai 14 phuong phap phat hién.

Thit hai da thyc hién thanh cong qué trinh vién tai véi cac két qua
ducc danh gia qua do trung thuc trung binh F. Két qua cho thay do trung
thic trung binh clia qué trinh vién tai dao dong tuan hoan theo thoi gian.
Dong thoi do trung thyc trung binh con phy thuoc vao bo tham s6 (m, k),
cuong do truong ban dau || va bién do clia trang thai duge vién téi u. Gia
tri cua do trung thuyc trung binh trong truong hgp 0.7 < p < 1 luén nhé
hon truong hop p thudc mién con lai. Dé cai thien do trung thuc trung
binh trong ving 0.7 < u < 1, cac két qua khao sat da chi ra vai tro clia
viéc thém photon vao hai mode ctua truong. Truong hop bién do cua trang
thai vién tai trong mieén 0 < p < 0.7, khi thém photon vao hai mode clia
truong cting nhu tang cuong do trudng ban dau sé cai thien dang ké gia tri
ctia F'. Do do6, chiing to6i két luan riang viéc vién tii mot trang thai nguyén
t1t chua biét bang nguon réi nguyen ti-truong véi truong & GPAPCS sé
tot hon & PCS.
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KET LUAN CHUNG

Luan an da nghién ctu vé céc tinh chat, dac biet nhan manh vao tinh
chat dong luong t1t clia mot vai trang thai thém photon vao hai mode hoac
ba mode clia trang thai goc 13 trang thai két cap hodic trang thai két hop
bo ba thong qua moé hinh JC. Qua do, ting dung ching vao cac giao thtc
dé vién tai luong t. Qua qua trinh nghién citu, luan an da thu dude cac

két qua méi nhu sau:

Thit nhat, ching téi da dua ra dudce trang thai phi co dién hai mode
méi do 1a trang thai két hop cip chong chat thém photon va nghién ctu
cac tinh chat phi co dién clia ching théng qua ham Wigner va entropy
tuyén tinh. Két qua cho thay trang thai nay la mot trang thai phi cd dién

phi Gauss va c6 do réi manh.

Thit hai, ching t6i da nghién cttu cic tinh chat dong luong ti cla
tuong tac nguyén ti-truong khi khong xét dén dnh hudng cia heé sé suy
gidm v clia moi truong, trong dé trudng & trang thai két hop cap thém
photon va trang thai két hop bo ba thém photon. Két qua khéo sat cho
thay trong ca hai truong hgp, su tuan hoan theo thoi gian thé hién qua
tan s6 dao dong Rabi clia nguyén tit trong qué trinh tuong tac nguyeén
ti-truong. Céac tinh chat dong hoc clia nguyeén tit va cac qua trinh dong
luong ti ctia truong déu bi &nh hudng bdi cdc tham sd cuong do truong
ban dau va so6 photon duge thém vao cidc mode clia truong. V6i diéu kien
s6 photon thém vao cac mode clia truong 1a nhu nhau thi cac tinh chat va
cac qua trinh dong déu thay doi theo chiéu huéng cai thién hon, dic biéet

14 do r6i cao hon.

Thit ba, ching toi da nghién ctu cac tinh chat dong lugng ti cla

tuong tac nguyén ti-truong cé xét dén anh hudng ctia hé s6 suy gidm
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clia moi truong, trong dé truong & trang thai két hop cap chong chat them
photon. Két qua khao sat cho thay do réi gitta nguyén ti v6i hai mode clia
truong va do réi gitta mot mode clia truong véi hé con gom nguyeén ti va
mode con lai ¢6 st dao dong theo thai gian va bi anh huéng bdi cac tham
s6 cuong do truong ban dau, s6 photon duge thém vao cdc mode va hé
sO suy gidm clia moi truong . Hé s6 suy gidm ~ cang 16n thi do roi gitta
nguyen tit va truong cang 16n va dat dén do roéi cuc dai khi v tién dén gia

tri 16n nhat.

Thit tu, ching toi da nghién cttu quéa trinh vién tai luong tit mot trang
thai nguyéen ti chua biét v6i truong 6 trang thai két hgp cap them photon.
Két qua khéo sat da chi ra dugce st thanh cong ciia qua trinh vién tai luong
ti v6i nguon rdi 1a trang thai két hgp cdp thém photon thong qua kénh
vién tai nguyen ti-truong. Cac két qua cho thay viéc vién tai mot trang
thai nguyen tit chua biét bang nguon réi nguyén ti-truong véi trudng &
GPAPCS sé tét hon ¢ PCS va qua trinh vién tai ndy phu thudc vao cudng
do truong ban dau, bien do clia trang thai can vién tai va s6 photon dugc

thém vao hai mode cua truong.

Nhu vay, cac két qua dat dude cho thay ching toi da hoan thanh tat
ca cac muc tieu da dé ra trong luan an. Luan an c6 thé dudc tiép tuc
nghién cttu va mdé rong theo hai huéng chinh, dé la tiép tuc dé xuat cac
trang thai phi ¢ dién méi, nghién citu cac tinh chat cia chiing, va nghién
cttu cac tinh chat dong luong ti clia tuong tac nguyén tu-truong cé xét
dén va khong xét dén anh hudng clia moéi truong thong qua cac mo hinh
JC mé rong c6 ké dén hiéu tng Stark, trong dé trusng & cac trang thai phi

co dién mdi.
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