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CAC TRANG THAI PAN ROI TRONG BQ GHEP PHI TUYEN
KIEU KERR PUQC BOM TREN HAI MODE

Nguyén Thi Hong'
TOM TAT

Bai bdo nay, ching téi nghién ciru b ghép phi tuyén kiéu Kerr bao gom hai dao
déng tir phi tuyén dwoc lién két bang kiéu twong tdc tuyén tinh va chiu tic dong cia
triwong dién tir bén ngoai dwoe gid thiét duéi dang cdc xung lién tuc trén ca hai mode.
Chiing téi sé chi ra rang hé c6 thé dwoc xem nhu kéo lwong tir phi tuyén va dong vai tro
nhw mét mé hinh hai qubit. Bang cdach sit dung cdc cong thire todn tir bién doi, chiing t6i
tién hanh mé hinh héa hé lwong tir, tim ra biéu thirc giai tich cua bién do xac sudt ciia
cdc trang thai phu thudc vao thoi gian va tir do tao ra cdc trang thai dan réi cuc dai véi
hiéu qua cao.

Tw khéa: Trang thdai dan roi, do dan roi luwong tw, entropy von Neumann,
concurrence, cong luong tu.

1. DAT VAN BE

Do nhu ciu tinh toan ngay cang ting, may tinh dugc vi tinh hoa lién tyc kém theo d6
1a nhu cau cai tién thiét bi dién tir ngdy cang nhé hon nita. Viéc thuc hién ca hai nhu cau trén
1a thach thirc 16n dbi v6i cac nha khoa hoc. Trong khoang dau nhirng niam tam muoi cua thé
ky trude, dé tim 16i thoat khoi tinh hudng nay, nha bac hoc ndi tiéng Richard Feynman da
dua ra y tudng tinh todn chinh ngay trén h¢ vat 1y [2]. Sau do, tinh toan luong tir da phat
trién nhu vii bdo, hién dang 1a dé tai nong trong vt 1y 1y thuyét. Thong tin lugng tir ding
don vi nho nhat 1a qubit (bit lwong tir), mot hé hai trang thai bat ky dé lién hé vai tin hoc ¢d
dién, nguoi ta thuong ky hiéu chung 1a |0> va |1> . Trong khuon khé 1y thuyét luong tir, no
c6 thé 13 t6 hop tuyén tinh cua hai trang thai |0> va |1> . Theo d6 thi qubit la mot véc to trong
khong gian Hilbert hai chiéu dugc biéu dién dudi dang [1]:

lv)=al0)+21) (1)
Trong d6 a va b 1a cic s6 phtic thoa méan didu kién chudn hoa |a|2 +|b|2 =1.

Biéu hién ctia qubit khi dugc do 1a chi thu duoc cac két qua |0) hogc|1). Phép do lam
thay ddi trang thai ctia qubit, lam tan v trang thai to hop cua |0> va |1> . Khi khong thuc
hién mot phép do ndo 18n trang thai lwong tir, rd rang né giit nguyén tat ca cac bién lién tuc
md ta hé nhu @ va b. Nhung néu khong do thi lam sao c6 thé xir Iy dugc thong tin? Khai
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niém trang thai dan rdi dugc dua ra giai quyét cho cau hoi nay, d6 1a trang thai khong thé
phan ra dugc tich tenxo cua hai trang thai mo ta cac hé con thanh phﬁn. Néu trang thai ciia
hé 1a dan rdi thi khi doc qubit riéng biét thir nhat duoc hai két qua véi ciing xac suat thi néu
ta do qubit thtr hai ciing ludn thu duge két qua nhu qubit thir nhat (thim chi ¢ khoang cach
rat xa). Einstein dd goi day 12 mét tdc dong ma qudi ¢ khoang cdch.

Trang thai dan roi cta hai hé con duoc dinh nghia 1a trang thai dugc mo ta bﬁng mot
vécto trong khong gian Hilbert cia h¢ phirc hgp ma khong phai 1a tich cua céc vécto mo ta

cac hé con.
V) #lv)lw,) @)
To4n tir ma tran mat do ctia chiing khong dugc biéu dién dudi dang:
p=2.pp P 3)

Ma tran mat d¢ 1a dai lugng do mat dg trang théi nén khong cé thir nguyén.

Mot 16p cac trang thai dan rdi nay dugc goi 1a cac trang thai Bell. Tinh chét dan r6i
ctia hé lvong tir tién t6i thuc hién mot may tinh lugng tir trong twong lai v6i nhitng kha ning
tinh toan ma khong mdt may tinh hién thoi nao thuc hién dugc [3,4]. Trong bai bdo nay,
ching t6i nghién ciru sir dung kéo lugng tir dé cit cac khong gian Hilbert vo han chiéu tao
ra cac trang thai dan rdi giira hai qubit c6 do dan rdi cao nhét - Trang thai Bell.

Hinh thtre luan kéo luogng tir va mé hinh kéo lwong tir tuyén tinh.

Chung ta biét rang khong gian Hilbert 1a mot khong gian ma khong bi gidi han vé sb
chiéu, d6 12 mot khong gian c6 tich vo hudng. Tuy nhién, gan day cac trang thai lién két hitu
han chiéu d3 dugc xem xét & cac khia canh khac nhau trong mot ) cong trinh. Co nhiéu cac
trang thai luong tur hiru han chiéu nhu trang thai n-photon, céc trang thai bi ép hitu han chiéu,
cac trang thai Bell... Cac trang thai nay dugc goi 1a cac trang thai bi cit [7,8,10]. Chung
thuong dugc xét trong trang thai dan r6i lugng tir. Vi du trang thai Bell 1a mot trang thai nhu
vay [13]. Kéo lugng tr tuyén tinh chinh 14 co ciu sir dung cac phan tir tuyén tinh cit cac
khong gian v6 han chiéu thanh khong gian hitu han chiéu. Tir d6 ta tim ra cac hé lién quan
trong tin hoc lugng tur.

Dé an 1y thuyét dau tién vé kha ning cit ngin céc trang thai lién két quang duoc dé
xut boi Pegg, Philips, va Barnett [5,12,14].

Céc trang thai két hop dinh nghia khong gian hai chiéu:

o0 2 o0
o

@)= 3 a, o) = exp| -2 z%’“!m @

n=0 n=0

da duogc cit dé co mot dang don gian hon ma ¢ do chi co sy chdng chap cua hai trang thai sé:
W) =700)+11[1),

Trong d6 y,, 7, 1a cac bién do xac suat
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Hinh 1. Do thi biéu dién thiét bi kéo lwong tir tuyén tinh véi hai chum tia
BS1 va BS2 va cac b do photon D1 va D2

Thiét bj bao gdm hai bd tach chum tia déi xing (BS1 va BS2), mdi bo tach chum
phan xa va truyén téi moi trudng voi xac suat 0,5. Néu gia sir tai bo tach chum thir nhat
BS1, mét trong cac trudong téi (biéu dién boi Z;l) ¢ trang thdi mgt photon con trudong toi
kia (biéu dién boi 132) O trang thai chan khong thi bd tdch chum tia s€ tao ra mdt trang thai
dan r6i. Ché do dau ra sau d6 duoc dua vao bd tich chum tia thit hai tao thanh mot trang
thai lién két, trang thai nay s& dugc cit dé diéu ché sy chong chap chan khong va trang
thai mot photon theo ¥ mudn:
1 0 1
- |2 (| >bl + a| >bl) (5)

| l//desired > by
1+ |a

Do dan ri ciia trang thai cit ngan duoc tinh théng qua do6 tu hop (concurrence)
Concurrence cua trang thai dang xét dugc xac dinh theo [13]:

C(|l//>AB ) = |AB <l/;|l//>AB| = 2|coocu - Cmcm| (6)

Ciing theo [13] ta x4c dinh d¢ dan rdi E(|l//> ) cia |y) . theo cong thirc:

E(|1//>AB):—xlogzx—(l—x)log2 (1-x) (7)

1++1-C?
-
Trong d6 Concurent c6 thir nguyén 1a ebit, dd dan rdi dugc do bang entropy.

vl x =

2. KEO LUONG TU PHI TUYEN VA BO GHEP PHI TUYEN KIEU KERR

Kéo luong tir phi tuyén 1a thiét bi quang hoc sir dung cac yéu té quang phi tuyén ma
két qua tic dong ciia nd 1én cac trang thai quang ciing twong ty nhu mo ta dbi véi truong
hop kéo lugng tir tuyén tinh. Trong phan nay, ching toi s& mo ta thiét bi kéo lugng tir phi
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tuyén sir dung bd ghép hai dao dong phi tuyén véi tinh chét phi tuyén Kerr y,, 7, c6 tinh
dén ca tuong tac voi truong ngoai. B§ ghép phi tuyén kiéu Kerr thé hién su tu khéc phuc, tu
diéu ché nhimg thay d6i ciia chinh né va cac hiéu tng tu chuyén doi. Trong trang thai lugng
tir, chung ciing tao ra anh sang nén, hay céc trang thai dan rdi [6].

B ndi phi tuyén kiéu Kerr dugc dua ra bao gom hai dao dong tir diéu hoa phi tuyén
kiéu Kerr a va b twong tac voi nhau bang kiéu tuong tic tuyén tinh, cac dao dong tir c6 thé
duoc tic dong bang truong dién tir bén ngoai duoc gia thiét dudi dang xung lién tuc mo ta
trén hinh 2. Cu thé, ching t6i s€ gidi thiéu bo ndi phi tuyén kiéu Kerr bao gém hai dao
dong tir didu hoa phi tuyén kiéu Kerr a va b dugc lién két mot cach tuyén tinh v6i nhau,
cac dao dong tir dugc tac dong bang trudng dién tir bén ngoai duoc gia thiét dudi dang cac
xung lién tuc [11].

4 \ / >
\

E 4 v/
N 7 7

Hinh 2. Mé hinh b ghép phi tuyén kiéu Kerr, twong tic véi nhau va chiu sy kich thich
cuiia truwong ngoai ¢ ca hai mode dwdi dang xung lién tuc

Hamiltonian mé ta h¢ c6 dang:

H=H,+H, (8)
trong do:

H,=0,da+abb )
A=A +A" +H, +HY+ 1Y) (10)
@) ) _ Ka(ae a2, Ko (F+V 12
Hnonl+Hnonl 2 (a ) a + 2 (b ) b (11)
H_ =¢ei'b+eab’ (12)
HY =ad* +a'a; HY =pb* + b (13)
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a,b,a", b" la cac toan tu hiy va sinh boson twong tng véi hai mode a va b ctia tan

sO w,, w,; H.

nt

md ta tuong tac tuyén tinh giita cac dao dong tir, ddc trung bang tham sb &

mo ta d 16n cua twong téc gifra cac mode, H, e(ft’b) mo ta tdc dong cia xung bom bén ngoai
1én cac dao dong tir diéu hoa a va b, cac xung bom nay 1a cac xung bom lién tuc. z,, 7,12
d6 cam mo ta tinh chat phi tuyén trong Hamiltonian cuia cac dao dong tir. Cac tham sé «, S
dic trung cho d6 manh cua twong tac voi truong ngoai. Tién trién theo thoi gian ciia hé ¢6
thé dwoc mo ta boi phuong trinh Schrodinger:

A

Sy (0) =17

v (1)) (14)

B0 qua qua trinh tit dan (damping) va do d6 tién trién cua hé c6 thé dugc mé ta boi
mot ham song phu thudc thoi gian. Ham song nay c6 thé duge biéu dién thong qua td hop
tuyén tinh trong co s& clia cac trang thai Fock nhu sau:

y®)= 2 e, Olm),[n), (15)
m,n=0
Véi ¢, (¢) 1a bién d6 xdc suat twong ing véi trang thdi m va n photon trén dao dong

tir @ va b. Str dung céc tinh cht cua toan tir hily hat va toan tir sinh hat va két hop cac biéu
thirc tir (11) dén (13) thay vao phuong trinh (14) ta thu dugc:

.d 1
i—c :E[Zam(m—l)wtxbn(n—l)]cmn +

dt mn
téc m+1,n—-1 n(m + 1) + (16)
+acm—l,n \/E + a*chrl,n N +1 + ﬂc \/; + ﬁ*c \Nn +1

Trong thuc té phwong trinh (16) bao gém vo sé phwong trinh, viéc giai hé phuong

m(n+1)+ec

m—1,n+1

m,n—1 mn+1

trinh nay gap rat nhidu kho khin. Tuy nhién, gia sir rang tat ca cac tuong tic dugc xem xét
ddaylayéu {a, e} <{z,, ,} . héluong tir c6 thé dugc xem xét nhu kéo luong tir phi tuyén.
Va theo d0, tién trién theo thoi gian ctia hé s& dugc gidi han trong bén trang thai cong huong
|0>g O>b 4 1>a O>b 4 0>g 1>b 4 1>a

han xudng h¢ bén phuong trinh cho bién d6 x4c suét twong tmg véi {m, n} ={0,1} . Nghia

1), . Két quéa thu duoc 1a h¢ phuong trinh (16) s& duoc gii

1a cac bién do xdc suat ¢, , (1) =0 khi {m, n} {0, 1}, tir d6 ta c6 thé viét lai ham song dudi
dang “cat” nhu sau:
|l//(t)>m, = Coo |0>a |O>h + Cor |0>a |1>;, ¢y |1>a |O>b Ty, |1>a |1>b (17)

Vi gia thuyét tai thoi diém ban dau, hé trong trang thai chan khong (| (0)) =0)[0)).

Tir d6 ta thu duoc hé bdn phuong trinh don gian sau:
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; dc,, ; dc,,

=ac,+fc, =&c,+tac, +Pcy,
(18)

.ac
i 10

de
_ * LAC
=gc,, +ac,, + B¢, l_dt = ac,, + fc,,-

Giai hé phuong trinh trén trong truong hop a =& véi cic diéu kién ban dau:
oo (0)=¢,,(0)=¢,,(0)=0, ¢, (0)=1 tathu dugc nghiém twong tmg v6i mot s6 trudng hop
cu thé:

Truong hop: a =

e () =, (1) = —21%9%%}2 (19)
¢ (t)—le"‘”+l cos(ﬁj—iﬁsin(ﬁj e_%t (20)
LR 2 2 A 2

c (t)——le"’“+l cos(ﬁj—iﬁsin(ﬁj ef%t (21)
10 2 2 2 y) 2

trong d6: A =+16a° +&° .

Tinh Concurent theo cong thirc C =2 |coocll - cmclo| va tinh d6 dan réi theo (7):

E(1)= 1= 1+41-C? {1 1+\/1—c2}0g[ 1+\/1—C2J
2 2\ 2 e 2

log, 1- (22)
Két qué thu duogc thé hién trén dd thi tién trién theo thoi gian cua d¢ dan 16i cac trang
thai dugc tao ra (cac ddu cham) va cac trang thai duoc cat ngan theo mong mudn (duong

lién nét) boi bd ghép bom 2 mode nhu sau:

1
E(ent
(entropy) 05

0.6

0.4

time (s) » 10°

Hinh 3. Tién trién d dan roi cia céc trang thai |y/ (t)> dwoc tao ra (cac dau chim) va
cAc trang thai dwoc cit ngin theo mong mudn |l// (t)> » (dwong lién nét) béi bd ghép
10°

bom 2 mode S =a = ; E=a
200
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Truong hop: f=—-«

a At =
f)=—c, (f)=2i—sin| Z- |e>
Coo (1) =—¢;,(2) 1/15111( 5 je (23)
c (t)—le”““+l cos(ﬁjﬂ'fsin(ﬁj e%t
T2 2 2) A 2 24
c (t)——le”“”+l cos(ﬁj—iisin(ﬁj e%
L 2° T2 2 ) a2 (25)

Két qué thu dugc thé hién trén dd thi tién trién theo thoi gian cua do dan rdi cla cac
trang thai duoc tao ra (duong chim) va cac trang thai dugc cét ngin theo mong mubn (duong
lién nét) boi bd ghép bom 2 mode nhu sau:

1

E(entropy) Jal f\ if\\ |
osl § j .
0.4r \
02t _

DD U,IE 0.4 D.IB DTB 1I

12
time (s) x 107

Hinh 4. Tién trién d dan roi ciia cic trang thai |l// (t)> dwoc tao ra (dwong cham)
va cac trang thai dwoc cit ngin theo mong mudn |l// (t)> _ (dwdng lién nét) boi b ghép

bom2mode f=-a=——; €=

R rang trong ca hai trudng hop trén hinh 3 va hinh 4 thi d6 dan rdi giai tich thu duoc
rat pht hop véi két qua tinh s6. Ta ciing nhan thdy do thi Tién trién ctia do dan rdi ciia cac
trang thai dwoc tao ra & hai truong hop trén hinh 3 va hinh 4 13 nhu nhau. Diéu nay dugc
giai thich don gian tir cong thic tinh concurent va cong thic tinh d6 dan réi (22) trong hai
trrong hop nay 1a nhu nhau. P§ dan 16i cua trang thai thu dugc co thé xép x1 hodc tham chi
bang 1, tuy nhién ciing c6 nhiing thoi diém trang thai dan réi cta hé hoan toan bi bién mét
(46 dan rdi bang khong) roi lai duoc tai sinh. Dé danh gia chit lwong cua trang thai quang
hoc dugc cit ngin, bay gio ta s& xét dén do sai léch giita trang thai hai qubit 1y tuong

o :|1//(t)>cm » <1// (t)| va trang thai dau ra thyc té [)(Z)=|1//(t)><t//(t)
|l//(t)> duoc tinh toan s6 dang [11,15]. |l//(t)> = exp(—iI:It) |Ol> trong khong gian Hilbert

, trong do,

hai mode thuc té 12 vo han chiéu. Trong phﬁn tinh toan sb t6i s& dua ra & phu luc, t6i chon
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s6 chiéu 1a 20 trong mdi khong gian con. Do chinh x4c cua trang thai cit ngan duoc tao ra
clia phép cit ngdn bang kéo luong tir & trén duoc xac dinh bai [11,15]:

F(pp )= (Vre e )|

(26)
do tin cay dugc do bﬁng ebit.

Trong phan nay, toi tap trung vao trudng hop cac trang thai thuan dugc cit ngan. Khi
d6 do chinh xac ¢ (26) dugc don gian hoa thanh:

F=[ly )y o)., | @

Do chinh xac cua viée cit ngan 1y tuong bang 1. Két qua thu duoc tir viéc tinh s6 do

chinh x4c ciia sy cit ngan trong cac truong hop dugc thé hién 1 trong hinh 5 va hinh 6.
15

F ‘ A /
0.595990 \ 4
0.9999 - /' g
0.9993 | / \ i
1
L

ooggsf VY \ \ W .

0999? 1 1 1 1 1 1 1
0 0.5 1 15 2 25 3 35 4

time (s) * 107

Hinh 5. P9 chinh xac giira trang thai thuc dwoc tao ra |l// (t)> va trang thai cit ngin

10° a
ly twong |l//(t)>m béi b ghép bom 2 mode S =a = %; £= 10
L b 3 M /) T 4 f
F | A [ [ \ 4 f
ogsal | | \.l ;' ".| /ﬁ 5\ f \ I,I/ 'r,‘ ."} \“.
lI| g § |II III ' III |II ||I |II II|I '1 !ﬁ:
osee} | | | I’1 oy i) '
| R R U
| | b o | \ . |
W Hﬂ /R N B - T
'4‘ 'f 1 lf‘ I'.I .f |II ll.'l '\ III “ JI
09998 l\.ul’ 7 ". A i / E. - o "\J’:
0 05 1 15 2 25 3 35 4

time (8) x 107

Hinh 6. P9 chinh xac giira trang thai thuc dwoc tao ra |l// (t)> va trang thai cit ngin

A A 4z 10° a
ly twéng |¢//(t)>m b6i b ghép bom 2 mode S =-a=——

— Y
200 10
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Két qua thu dugc trén hinh 5 va hinh 6 cho thiy d6 tin ciy ciia qué trinh cit trong
treong hop f=a dat dugc la cao hon so véi truong hgp f=—a. Theo dinh nghia cua

(194

cat”), fidelity s& bang 1 cho trudng hop
chung ta c6 phép “cit” hoan hao. V&i viéc 1dy sé chiéu cia mdi khong gian Hilbert con 1a

fidelity (d0 chinh xac hay d¢ tin cdy cua phép

m=n=20, két qua tinh toan sd do tin cay ctia trang thai |l// (t)> _va trang thai thue |l//(t)>

dugc chung t6i tinh toan va thé hién trén hinh 5 va 6, voi mot sb gia tri khac nhau cua
tham s& dau vao. Ta nhan thdy d6 chinh xac ciia viéc cit ngin ludn xip xi 1 trong mot
thoi gian ngén. Cac gia tri ciia do chinh xac chi léch khoi 1 ¢& 3.107*, tham chi la 2.107"
, diéu nay chi ra sy phil hop trong phwong phéap phan tich dé chi ra mot thiét bi kéo lugng
tor dung dé cat ngén cac trang thai tao ra dugc trang théi hai qubit c6 d6 dan rdi cao nhét
trong thoi gian tién trién twong d6i ngan. Vo nim 2006, nhém tac gia Miranowicz A.
and Leonski W. cling da cong bé cong trinh tinh toan d¢ dan roi cia trang thai dugc tao
ra cling nhu d¢ tin cdy ctia phép cit ngin nay véi cac tham sé dau vao khac nhau va ciing
thu dugc cac két qua tuong ty.

3. KET LUAN

Bai bao gidi thiéu tong quan vé trang thai dan rdi lugng tir, phan tich tinh toan do
dan r6i theo hai cach khac nhau. Chung toi ciing dwa ra cac mo hinh kéo lugng tir tuyén
tinh va kéo lugng tir phi tuyén va tap trung nghién ctru mé hinh kéo lugng tir phi tuyén
c6 cac mode tuong tac tuyén tinh dugc bom 2 mode tao ra khong gian Hilbert hitu han
chiéu trong truong hop khong c6 mat mat va thu dugc nhirng trang thai c6 do dan rdi cao.
Qua nghién ctru, khdo sat chung t61 da thu dugc cac trang thai lugng tir hai qubit c6 do
dan rdi xap xi hodc tham chi bang 1 tir viéc st dung kéo luong tir phi tuyén dé cit cac
trang thai trong khong gian Hilbert vo han chiéu. Chat lugng ctia trang thai tao ra twong
ddi cao va duoc chuing t61 danh gia qua d6 thi cua do chinh xac gilra trang thai thuc dugc
tao ra va trang thai 1y tuong theo mong mudn. D chinh xac nay xap xi 1 va chi sai léch
& 2.10"*. Cac két qua tinh toan dugc so sanh giita phwong phap tinh sé va phuong phap
giai tich dd x4c nhan gia tri ciia phwong phap giai tich ma chung t6i dua ra. Diéu co thé
duoc ap dung nhu 1 ngudn nguyén liéu cia giao thirc vién tai lugng tir va may tinh luong
tur trong tuong lai khong xa.
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ENTANGLEMENT STATES IN THE KERR - LIKE NONLINEAR
COUPLER PUMPED ON TWO MODES

Nguyen Thi Hong
ABSTRACT

In this paper, we study the Kerr - like nonlinear coupler consisting of two nonlinear
oscillators that are linearly coupled together and affected by an external electromagnetic
field being assumed to be in the form of continuous pulses in both modes. We explore that it
is possible to apply the formalism of nonlinear quantum scissors to the system so that the
system can be considered as a two-qubit system. By using transformational formulas for
operators, we conduct modeling the quantum system, find out the analytical expressions of
the probability amplitudes of time-dependent states, and thus generating maximal entangled
states with high efficiency.

Keywords: Entanglement state, quantum entanglement, von Neumann entropy,
concurrence, quantum gates.
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