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Tém tat: Bai bao nay trinh bay két qua khao sat cac tinh chéat phi ¢6 dién
clia trang thai hai mode két hgp thém hai photon tich SU(1,1). Dau tién,
chiing t6i kiém tra tinh chit nén téng, nén hiéu va nén bac cao hai mode.
Két qua cho thiy trang thai nay chi thé hién tinh chit nén téng ma khong
c6 tinh chat nén hiéu. Sau d6, chiing t6i khao sat tinh chat phan két chim
hai mode va sy vi pham bat ding thic Cauchy-Schwarz. Nhu mot su kéo
theo tir tinh chit nén tong, trang thai hai mode két hop them hai photon
tich SU(1,1) ciing c6 tinh chat phan két chiim va vi pham bat ding thiic
Cauchy-Schwarz. Cubi ciing, trong viéc kiém tra tinh chat dan r6i theo hai
tieu chuan Hillery-Zubairy va Mancini, mot két qua mong doi khi trang
thai hai mode két hgp thém hai photon tich SU(1,1) déu dan réi theo cac
tieu chuan nay.

Tt khéa: Nén tdng, nén hiéu, nén bac cao, phan két chiim, dan roi, thém
photon tich, trang thai SU(1,1).

1 GIOI THIEU

Céac nhiém vu lugng tit hién nay doi héi phai sit dung t6i nhitng tinh chat phi ¢6 dién nhu
nén, phan két chum va dan réi [1]. Nhitng tinh chat nay khong hé ton tai sdn trong céc
trang thai ty nhién ma cé trong mot s6 trang thai luong tit clia truong. Chiing duge xem
la nhitng trang thai phi co dién. Do d6 viéc nghién citu nhitng trang thai phi ¢ dién méi
ciing véi cach tao ra chiing trong thic tién déng vai tro hét siic quan trong. Mot trong sb
cac thao tac st dung dé tao ra cac trang thai phi c¢6 dién mdéi duge nghien citu trong thoi
gian gan day la phép thém hoac hity photon tit mot trang thai ¢d dién hoac phi ¢b dién da
6 [2]. Van dé nay thuc ra da duge Agarwal va Tara da dé xuat khi nghien citu trang thai
két hgp them photon vao nam 1991 [3]. Theo d6, thao tac them photon da lam cho trang
thai méi xuat hién cac tinh chat phi ¢ dién. Phat trién cho trang thai hai mode, trong
bai bdo nay ching to6i danh gia hiéu tng thém photon trong trang thai hai mode két hop
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thém hai photon tich SU(1,1) dbi véi cac tinh chat phi ¢d dién nhu nén, phan két chiim va
dan r6i. Trang thai ndy dugce ching toi mé rong tir trang thai hai mode két hop SU(1,1)
[4] bang cach thém hai photon dang tich, méi mode duge thém mot photon. Trang thai
hai mode két hgp SU(1, 1) dugc biét dén 1a mot trong nhitng trang thai non-Gaussian dic
trung c6 thé cho déng goép rat 16n vao cac nhiem vu lugng ti nhu vién tai lugng tit, mé dam
luong ti, chia sé bi mat luong tit, vién tao trang thai va dong vién tao trang thai. Véi hy
vong cai thién céc tinh chat phi c6 dién trong trang thai nay dé c¢é thé thyc hién cho hieu
qué cao hon trong cic qua trinh lugng t, chiing toi tién hanh mot thao tac non-Gaussian
(tic them photon) lén né. Trong khong gian Fock, trang thai hai mode két hop thém hai
photon tich SU(1,1) dugc viét nhu sau
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trong d6 N = [( ¢[2)t Z (nra)! €2 (n+q+1)(n + 1)} * 1a he s6 chudn hoéa, af(a)

va bt(b) 1a toén tit sinh (huy) photon ctia mode a vh mode b, & = —tanhre™ véi 7,
thuc, |n) 1a trang thai Fock va ¢ 1a mot s6 nguyén duong.

9 TINH CHAT NEN CUA TRANG THAI HAI MODE KET HOP THEM HAI PHOTON
TICH SU(1,1)

Nén la mot tinh chat phi ¢d dién quan trong c6 tng dung rat nhiéu trong cac ky thuat
chinh xac cao hién nay. Tinh chat nay dude st dung nhu mot cong cu lam gidm nhiéu,
nang cao tinh chinh xac cta tin hiéu nhan duge. Viéc nghién cttu cach thiic cai thién do
nén c6 vai tro quan trong trong ly thuyét vé quang lugng tit.

2.1 Nén téng hai mode

Nén tong hai mode duge Hillery dua ra vio nam 1989 [5]. Cho mot toan tit tryc giao hai
mode 1
V= i(eid)dTl;T + e ab), (2)

trong dé ¢ la goc hgp béi V¢ va truc thyc ctia mit phiing phtc. Mot trang thai duge goi
14 nén tong néu théa man bat dang thiic <(AV¢)2> < 3(Ra + My + 1), hay

S = (AV)Y) - i(ﬁa +ip+1) <0, (3)

trong d6 ((AV,)?) = <V¢2) — (Vy)?, g = afa v iy, = bYb 1a cac todn tit s6 hat. D6i véi
trang thai hai mode két hgp thém hai photon tich SU(1,1), chiing toi c6

<2N2(1 — tanh? )14 Z (m T ?) tanh?™ r(m + q + 1)
m:q:

X (cos[Z(qb + gp)]tanhQT(m +3)(m+qg+2)(m+qg+3)+(m+qg+1)(m+ 1)2)
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(2/\/2(1 — tanh?r)+e Z (m T ?) tanh2™ r(m + ¢ + 1)
mlq!

X cos(¢ + ¢)(— tanhT)(m+q—|—2)(m+2)>2>. (4)

Két qua khéo sat ctia tham sé nén tong cho thay rang, trong khoang gia tri » > 0.5 trang

Hinh 1: Sy phu thuodc ctia tham s6 nén tong hai mode S vao r déi véi trang thai
hai mode két hop SU(1,1) va trang thai hai mode két hgp thém hai photon tich
SU(1,1)*%, cho ¢ =0, 1 va cos(¢ + ) = 0.

thai hai mode két hgp thém hai photon tich SU(1,1) xuét hién nén téng. Khi r v& ¢ tang
lén thi mitc do nén tong tang lén (xem hinh 1). Tuy nhién & gia tri bé ctia r (r < 0.5) thi
hiéu tng nén téng bién mat. Ching toi ciing so sanh tham s6 nén tdng clia trang thai nay
v6i trang thai hai mode két hgp SU(1,1). R6 rang phép thém photon da lam cai thién tich
chit nén téng (cling xem hinh 1).

2.2 Nén hiéu hai mode
Nén hiéu hai mode ciing dugce Hillery dua ra trong [5]. Mot trang thai goi la nén hiéu hai
mode néu théa man bat ding thiic ((AW¢)2> < 3|fa — M|, hay
A2 1, . .
= (AW,)") ~ e — i) <0, )

trong dé W¢ = (ewdlAﬂL + e_id’&TlA))/Q, véi ¢ 1a gbc hop béi V¢ va truc thyc ctia mit phang
phtic. Ddi v6i trang théai hai mode két hgp theém hai photon tich SU(1,1), ta c6

1 . - ) N N A
D=7 (<621¢&2bT2 + e 2941202 4 2,7 + 20) — ((eab’ + e—l%fb)f) . (6)

Mot s6 gia tri trung binh hugng ti trong trang thai hai mode két hgp thém hai photon tich
SU(1,1) clia cac s6 hang & phuong trinh (6) 1a

ba<\Ij|€2i¢a28T2|\Ij>ab = ba<\l"e_2i¢dT262|\1j>ab =0,

ba(U[eabT| ) oy = 4o (]eatb|T)y = 0,
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do d6 gia tri ctia tham s6 nén hieu D thu dugce 1a
1

D:§Qmm+m». (7)

Phuong trinh (7) cho thiy tham s6 nén hieu D > 0 nén trang thai hai mode két hgp them
hai photon tich SU(1,1) khong c¢6 nén hiéu.
2.3 Nén bac cao hai mode

Dinh nghia nén béac cao trong mot trudng dién tu hai mode a va b da dugce gidi thiéu bdi
Nguyen Ba An [6] v6i tham s6 nén hai mode Sy, (N, @) c6 dang

Sab(N, ¢) = i{?ﬁ[((& +0)*V) eI ((@" 0NN (@ + 0)Y) — 2®°[((a + )N e )]}, (8)

trong d6 R(z) ky hieu cho phép toan lay phan thyc clia s6 phiic z, N 1a mot s6 nguyén
duong. Mot trang thai hai mode ¢6 nén bac N theo hudng ¢ néu Sq,(N, ¢) < 0. Tu do,
tham s6 nén bac cao déi vé6i trang thai hai mode két hgp thém hai photon tich SU(1,1)
trong truong hgp N chin duge tinh 1a
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Tuy nhién trong truong hgp N 1é thi

BN 21— eyt S D o Ny

Sap(N, ¢) =
' 4(N1)? =

N
x tanh®™r(—tanh¥7)(m + N 4+ ¢+ 1)(m + N + 1) H m+q+j))

2

+ N?(1 — tanh?r) 1+qz<2n' > i o tanh®™r

m=0
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n _
x (m+q+1)(m+1) H m+q+2—7j) H (m+2—j). (10)

Két qua khéo sat tham s6 nén bac cao cho thay c6 sy tuong dong véi nén tong da dudc
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Hinh 2: Sy phu thuoc clia tham s6 nén bac cao hai mode Sq(N, ¢) vao r d6i vé6i trang
thai hai mode két hop SU(1,1) va trang thai hai mode két hop thém hai photon tich
SU(1,1)*% cho ¢ =0, 1; N = 2, 4 va cos(¢ + ) = 0.

khao sat trude do. Co6 diéu khac biét 14 gia tri bién ctia r ddi v6i nén bac cao dich vé phia
gi4 tri r nhé hon va do dé kéo theo mic do nén bac cao 1a "sau" hon so véi nén téng hai
mode (xem hinh 2). Nhu vay, vai tro ctia thém photon déi véi tinh chat nén trong trang
thai hai mode két hgp thém hai photon tich SU(1,1) 1a quan trong trong viéc cai thién
tich chat phi c6 dién nay. Chung t6i ky vong thao tac thém photon nay ciing c6 thé cai
thien mot sb tinh chat phi co dién khéc.

3 TINH CHAT PHAN KET CHUM VA SU VI PHAM BAT DANG THUC CAUCHY-
SCHWARZ CUA TRANG THAI HAI MODE KET HOP THEM HAI PHOTON TICH
SU(1,1)

3.1 Tinh chat phan két chiim ctia trang thai hai mode két hop thém hai photon
tich SU(1,1)

Phan két chiim 1a mot tinh chat phi ¢d dién cé ng dung rat 16n trong viéc tao ra cac
trang thai don photon. Dé phat hien su ton tai ciia phan két chiim trong cac trang thai
da mode ngudi ta cé thé st dung céc tiéu chuan phan két chiim don mode va hai mode.
O day ching toi st dung tieu chudn Lee [7, 8] dé khao sat tinh chét phan két chiim cta
trang thai hai mode két hgp thém hai photon tich SU(1,1). Theo Lee

(Vi V) + (i
<ng)nép)> + (N

—

p—1) ~ (I41)
n
Aaw(l,p) = o)

—1, (11)

[SEanl s

p) ﬁl()l)>

trong do <A§f)) = (Az(g — 1)..(Rp — i + 1)) = (2112%), cac s6 nguyen [ va p théa man
diéu kien [ > p > 1. Tinh chat phén két chim hai mode ton tai néu Ag(l,p) < 0. Ta ¢
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hé s6 phan két chum hai mode do6i véi trang thai hai mode két hgp thém hai photon tich
SU(1,1) 1a
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Hinh 3: Sy phu thuoc ctia hé s6 phan két chum hai mode Ag (1, p) vao r d6i v6i doi
vdi trang thai hai mode két hgp SU(1,1) va trang thai hai mode két hop them hai
photon tich SU(1,1)**, cho ¢=0,3val=2,3;p=1.

khac nhau khi r 16n. Theo khia canh ¢, néu ¢ = 0 hé s6 phan két chum nhan gia tri am
hoan toan v6i moi gia tri r,p, va [ (xem hinh 3). Khi tham s6 ¢ nhan gia tri cao hon, tinh
phan két chiim gidm va tham chi xuat hién khong két chiim khi » nhé. Theo khia canh
thém photon, mot dieu kha tha vi khi viéc thém photon lai lam gidm tinh chat két chiim.
Diéu nay trai ngude véi tinh chat nén trude day. Viéc lira chon cac bac [, p cling 4nh hudng
dén hé s6 phan két chiim. Khi chénh léch gitta hai tham s6 nay 16n, tham s6 phan két chtim
thé hién gia tri am hoan toan véi moi r # 0.

3.2 Su vi pham bat ding thitc Cauchy-Schwarz

Sy vi pham bat ding thiic Cauchy — Schwarz ciing duge danh gia 1a mot tinh chét phi cd
dién. Néu mot trang thai hai mode vi pham bat déng thic nay thi

_ (@) )

[(atabth)|

—-1<0. (13)
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Biéu thitc ctia I dbi véi trang thai hai mode két hgp them hai photon tich SU(1,1) 1a
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Hinh 4 cho thiy réng trang thai hai mode két hgp thém hai photon tich SU(1,1) luon
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Hinh 4: Sy phu thuoc ctia tham s6 I vao r d6i véi trang thai hai mode két hop
SU(1,1) va trang thai hai mode két hgp thém hai photon tich SU(1,1)**), cho
q=0, 2.

vi pham bat ding thic Cauchy-Schwarz. V6i gia tri ctia r va ¢ cang nhé thi mitc do vi
pham bat déng thitc Cauchy-Schwarz cang manh. Viéc thém photon da lam giam mtc do
vi pham bat déng thic nay. Nhu vay, diéu nay ciing tuong dong véi mitc do phan két chiim
ma chiung t6i da thao luan G trén.

4 TINH CHAT DAN ROI CUA TRANG THAI HAO MODE KET HOP THEM HAI
PHOTON TICH SU(1,1)

R6i 1a mot tinh chat phi ¢ dién da mode ma khong thé tim thay dugc trong vat 1y co
dién. Mac du da dugce nghién ctu vao cac thap nién 30 ciia thé k¥ truéc nhung nhiing
ting dung ctia n6é thuyc sy méi duge dé cap trong thoi gian gan day. Viéc ting dung tinh
chat nay trong céc nhiém vu lugng t thuong doi hdi céc trang thai phi ¢d dién c6 miic
do dan rdi cao. Thao tac them hay hity photon dé cai thien do réi la cach thic dé thuc
hién va dang duge nghién cttu sau hon. Chiing toi ky vong rang, viéc thém photon trong
trang thai dugc nghién ctu ciing c6 dong gép dang ké trong viéc cai thién tinh chat dan
r6i n6i chung. Dé danh gia tinh chat dan rdi trong trang thai hai mode két hgp thém hai
photon tich SU(1,1), chiing t6i sit dung hai tiéu chuan duge nghién citu kha pho bién 1a
tieu chuan Hillery-Zubairy va tieu chuan Mancini.
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4.1 Tiéu chuan Hillery-Zubairy

Theo tieéu chuan dan réi Hillery-Zubairy trong [9], mot trang thai hai mode a va b 14 dan
réi néu thoa man bat déng thitc

E = (al'a')(b™bF) — (@' ? < o, (15)
trong d6 I, k > 1. Truong hop [ = k = h véi h 14 mot s6 nguyén duong, ta c6 hé sd dan roi

doi véi trang thai hai mode két hgp thém hai photon tich SU(1,1) 1a

2 2 !
= (N2(1 — tanh2r)1+q> Z (m+a)! q)‘tanthr
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mlq!
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h
><(m+h+q—|—1)(m+h+1)H(m+q+j))2. (16)
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Hinh 5 cho thay trang thai hai mode két hgp thém hai photon SU(1,1) thé hién dan r6i
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Hinh 5: Sy phu thuoc ctia hé s6 dan 161 F vao r déi v6i trang thai hai mode két
hop SU(1,1) va trang thai hai mode két hgp them hai photon tich SU(1,1)**), cho
h=2,cos(2p) =1vaqg=0, 1.

theo tiéu chuan Hillery-Zubairy trong mién gia tri 16n r. Ciing trong mién nay, viéc them
photon da lam tang tinh chat réi. Tinh chat nay ciing dugc cai thién rat dang ké khi ting
bién do két hgp r hodic tham s6 ¢. Tuy nhién, khi gia tri ctia bién do két hop r bé, néu ¢
16n thi xuat hien viing khong c6 dan r6i theo tiéu chuan Hillery-Zubairy. C6 thé néi, tieu
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chuan dan réi Hillery-Zubairy tap trung vao viéc khong chia téach dugc clia céc hé da mode
theo phuong dién "s6 photon". Cac két qua khao sat ctia chiing t6i da thé hién ring trang
thai hai mode két hgp them hai photon tich SU(1,1) ¢6 dan rdi theo phuong dién nay.
Tuy nhién, dé c6 sy nhin day dua vé dan rdi trong trang thai clia chiing to6i, mot tieu chuan
dan r6i khac sé dugc ching toi stt dung. Day la tiéu chuan dé phat hien dan réi theo kiéu
EPR.

4.2 Tiéu chuan Mancini

Theo Mancini [10], diéu kien dé mot trang thai lugng tit thé hién tinh chat dan r6i giita
céc mode théa man bat déng thic sau:

((A)*)((A0)?) <1, (17)

6 day U4 = T4 + Tp, O = Pa — Db, Tx(Pr) 12 todn ti toa do (xung lugng) ciia mode k véi
ip = (k+ kD) /V2 va py, = (k — k1) /iv2. Dat R = (AG)2)((AD)2) — 1, mot trang thai sé
dan r6i néu R < 0. He s6 dan 161 R dbi véi trang thai hai mode két hop thém hai photon
tich SU(1,1) tinh dugc la

m+ q)!

R = <1+2N2(1—tanh2r)1+qz ( (m+q+1)
m=0

mlq!

x (m + q + 2)(m 4 2)tanh?"r(— tanh ) cos ¢

o
|
+ N?%(1 — tanh? )14 g Mtanh%‘r
= mlq!

< (m g+ D(m+ 1)((m+ g+ 1)+ (m+ 1))~ 1 (18)

Hinh 6 cho thay cé hai trang thai hai mode két hgp SU(1,1) va trang thai hai mode két
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Hinh 6: Sy phu thuoc ctia hé s6 dan réi R vao r doéi v6i trang thai hai mode két
hop SU(1,1) va trang théi hai mode két hop them hai photon tich SU(1,1)%**), cho
qg=0, 3 vacos(p) = 1.

hgp thém hai photon tich SU(1,1) déu thé hién tinh dan rdi theo tiéu chuan Mancini khi r
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16n. Tinh chat dan rdi cang thé hieén ré hon khi 7 cang cao. C6 nhiing diéu thi vi & cac két
qué khao sat clia chiing toi khi so sanh véi titu chuan dan réi Hillery-Zubairy. Thit nhéat,
viéc them photon da khong lam ting tinh chat dan rdi kiéu EPR. Diéu nay cé thé suy ra
rang viéc thém photon lén trang thai két hgp hai mode SU(1,1) da lam gidm tuong quan
EPR. Thit hai, sy gia ting ctia tham s6 ¢ cling da lam gidm biéu hién ctia tinh chat dan
r6i theo tiéu chuan Mancini. Trong trudng hop r nho, cac trang thai duge xét khong biéu
hién tinh dan réi theo tiéu chuan nay.

5 KET LUAN

Bai bao nay da trinh bay két qua nghién citu céc tinh chit nén téng, nén hiéu va nén bac
cao hai mode, su vi pham bat ding thitc Cauchy-Schwarz, tinh chat phan két chiim v
tinh chat dan roi ciia trang thai hai mode két hgp thém hai photon tich SU(1,1). Cac két
qua khéo sat cho thiy ring, nhin chung trang thai nay mang cac hiéu tng phi co dién
trong mién gia tri clia r 16n. Viéc them photon da lam ting biéu hién nén, sy vi pham bat
déng thitc Cauchy-Schwarz ciing nhu dan r6i v6i tieu chuan Hillery-Zubairy. Tuy nhién,
thao tac non-Gaussian nay lai lam gidm tinh am ctia cac tham s6 phan két chiim va dan
r6i theo Mancini. Hau hét, trong mién gia tri rat bé clia r cac hiéu ting phi c¢d dién xuét
hién véi bien do kha nhé hodc tham chi bién méat theo céc tiéu chuan duge khio sat. Bén
canh viéc khéo sat cho trang thai dude dé xuét, ching toi ciing so sanh vdi trang thai két
hgp thém photon SU(1,1). C6 thé nhan thiy rang biéu hien ciia trang thai gdc nay doi
v6i cac tinh chat phi ¢6 dién phan 16n tuong tu véi trang thai dude mé rong nhung véi
cuong do nhin chung thap hon. Véi viéc mang cac hiéu tng phi c6 dién quan trong nhu
nén va dan roi, cac trang thai nay hoan toan phu hgp cho cac nhiém vy lugng tit nhu vién
tai luong tit hodac dong vién tao trang thai. Day la nhing diéu c6 thé md rong trén co sé
cac két qua clia ching to6i va sé ky vong cho hiéu qua hét stc kha quan.
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Title: THE NONCLASSICAL PROPERTIES OF THE MULTIPLIED-TWO-PHOTON-
ADDED TWO-MODE COHERENT STATE SU(1,1)

Abstract: This paper presents the investigation of the non-classical properties of the
multiplied-two-photon-added two-mode coherent state SU(1, 1). Firstly, we verify the prop-
erties of the two-mode sum squeezing, two-mode difference squeezing and two-mode higher-
order squeezing. The results show that such state occurs the two-mode sum squeezing but
does not occurs the two-mode difference squeezing. Then, we investigate the antibunching
and the violation of the Cauchy-Schwarz inequality. It shows that the multiplied-two-
photon-added two-mode coherent state SU(1, 1) indicates the antibunching and violation
of the Cauchy-Schwarz inequality. Finally, we show that the multiplied-two-photon-added
two-mode coherent state SU(1,1) is entangled according to the Hillery-Zubairy and the
Mancini criteria.

Keywords: sum squeezing, difference squeezing, higher-order squeezing, antibunching,
entangled, multiplied-two-photon-added, coherent state SU(1,1).



