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Tém tat: Trong bai bao ndy, chiing t6i nghién cttu cic tinh chit phi ¢d dién ciia
trang thai thém va bdt mot photon 1én hai mode két hgp SU(2). Cac tinh chat
phi ¢6 dién ma ching toi khio sat 13 nén tdng va nén hieu hai mode, tinh phan
két chiim hai mode va su vi pham bat ding thiic Cauchy-Schwarz. Két qui khao
sat cho thay trang thai them va b6t mot photon lén hai mode két hop SU(2) ¢6
tinh chat nén hiéu nhung khong c6 tinh chat nén téng hai mode. Ngoai ra, trang
thai nay ciing thé hién tinh phan két chiim bac cao vd vi pham hoan toan bt
dang thitc Cauchy-Schwarz.

Tir khéa: Trang thai két hop SU(2), nén tdng hai mode, nén hiéu hai mode,
phan két chiim, sy vi pham bat ding thic Cauchy-Schwarz.

1 MO DAU

Trong nhitng ndm gan day, cAc linh vite thong tin lugng ti, vién tai lugng tit thu hit sy quan
tam rat 16n ciia cic nha khoa hoc va dang cé nhitng bude phat trién manh mé. Cung véi dé, viec
nghién cttu cac trang thai cé tinh phi ¢6 dién, diic biét 13 tinh dan r6i déng vai tro quan trong
trong qué trinh tao ra cdc ngudn tai nguyén réi. Nghién citu cac tinh chit, ing dung clia céc
trang thai phi ¢6 dién 14 mot hudng dé tai méi dang dude quan tam nghién ctu nhidu & trén thé
gidi trong vai chuc nim trg lai day. Viéc thém va b6t photon vao mot trang théai vat 1y 1a mot
phuong phap quan trong dé tao ra mot trang thai phi ¢d dién mdi, tit d6 md ra nhitmg tng dung
mdi trong k§ thuat, cong nghe thong tin lugng ti. Nam 1963, Glauber 1] dua ra trang thai két
hop, ki higu 1 |a). Vao ndm 1991, Agarwal [2] d4 dé xudt ¥ tudng vé trang thai két hop them
photon v& da chitng minh duge né 13 mot trang thai phi cd dién. Sau d6, trang thai hai mode
két hop SU(2) [3] cling dugc gi6i thieu. Trén co sd d6, ching toi dua ra trang thai méi goi 1a
trang thai them va bt mot photon lén hai mode két hgp SU(2) nhu sau:
~ NN 1
[)ap = No(@" +0)(1+[€%) 2 > (CR)2€"n, N — ), (1)
n=0

trong d6 Ny 1a he s6 chudn héa, at va b lan lugt 1a toan tit sinh déi véi mode a va toén i hily
d6i v6i mode b, & = tan(y/2) exp(—ith), (0 < v < 7,0 < 9 < 27). Vay trang thai them v bdt
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mot photon 1én hai mode két hgp SU(2) dugc viét lai

N N
B = No (14+17) 2 3 (n,(]jv')) e

n=0

><[vn—l—1]n—|—1,N—n>+\/N—n|n,N—n—1>}, (2)

trong d6 he s6 chuan hoa Ny duge xac dinh tir dicu kién 5o (¥ | ¥)ap = 1 va ¢6 két qua nhu sau:
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Viec khdo sat cdc tinh chat phi ¢6 dién clia trang thai hai mode két hop SU(2) 18 [4] da dugc
tac gid Huynh Vil nghién citu. Bing viéc thém va bdt mot photon vao trang thai hai mode két
hgp SU(2) dé tao ra trang thai méi, trong bai bao nay chiing t6i sé khdo sat cac tinh chit phi
co dién clia trang thai thém vi b6t mot photon lén hai mode két hgp SU(2).

2  KHAO SAT TINH /CHfXT NEN CUA TRANG THAI THEM VA BOT MOT PHOTON
LEN HAI MODE KET HOP SU(2)

2.1. Tinh chét nén téng hai mode

Qué trinh nén tong hai mode dugce Hillery [5], [6] dua ra vho ndm 1989. Mot trang thai duge goi
13 nén téng néu

((8%)7) < § ot 1), @)
véi moi gia tri clia ¢ va trong do <<AV¢)2> = <f/¢2> — <V¢>2 , ffd, = % (€i¢>a+g+ + e*wﬁai)),

fla = ata,fp, = bTh. Dé thuan tien cho viéc tinh todn va khao sat ching t6i dua vio tham sb
nén téng hai mode S dusi dang

. N2 1
S:<V¢2>—<V¢> — 7 {a+ 75 +1). (5)
Khi d6, mot trang thai bat ky 13 nén téng hai mode néu S < 0 vi mitc do nén cing manh néu

S cang am. Két qua tham sd S cho trang thai thém va bt mot photon 1én hai mode két hop
SU(2) duge viét lai nhu sau:

Nt
4(1+¢2)?

’NO N N —n n+n
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(¢ + ) g (W) \£|2"(n+1)(N—n)} , (6)
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trong d6 & = tan(y/2) exp(—it), (0 <y < 7,0 < 9 < 27). D& thuan tién cho viéc kho sat ching
toi dit v = 2r v6i 0 < r < 7/2, ta ¢6 tham s6 nén

S— |N0’2 Z( )tan2n7“(N—n) [Nn—i—n—|—1}
_2(1+tan anO n!(N
2
| No|* z N .
- {3 (s e e

Duya vao diéu kién (4), néu biéu thitc (7) nhan gia tri am thi trang thai thém va b6t mot photon
len hai mode két hop SU(2) ¢6 tinh chat nén tong hai mode. Xét vai diéu kién ¢ = 27 ta ¢6
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N 2
N ( N1 )
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Hinh 1: Sy phu thudc cia S vao r khi N =10, N =15, N = 20 cua trang thd: thém va bdt mot
photon lén hai mode két hop SU(2).
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Hinh 2: Su phu thudc cia S vao r khi N=10, N=15, N=20 ctia trang thdi hai mode két
hop SU(2).
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D5 thi hinh (1) va hinh (2) khio sat tinh nén téng clia trang thai théem va b6t mot photon lén
hai mode két hgp SU(2) cuing v6i trang thai hai mode két hgp SU(2), do thi cho thiy ring S
ludn luon 16n hon 0 nén ta c6 thé két luan & ci hai trang thai trén déu khong thé hién tinh chat
nén tong.

2.2. Tinh chit nén hidu hai mode

Qué trinh nén hiéu hai mode duge Hillery [5] dua ra vao nam 1989. Mot trang thai duge goi 1a

nén higu néu
N2 1
((8%)") <} ltaa = )] 9

N2 R N2 1/ . o
v6i moi gid tri clia ¢ va trong d6 <(AV¢) > = <V¢2> — <V¢> , Wy = 5 (e“i’iibJr + 671¢6+b>,
fla = ata,fy = bTh. Dé thuan tien cho viéc tinh todn va khao sat ching t6i dua vio tham sb
nén tong hai mode D duéi dang

= ((8%)") = {1 =)l = (02) = (%) = {w =i (10

Khi d6, mot trang thai bat k¥ 14 nén hiéu hai mode néu D < 0 v mitc do nén cang manh néu
D cang am. Sau khi tinh toan ching to6i thu dugc két qué tham s6 nén D nhu sau

N n [ g2 (S
"=y +T£| NZ(n' “n) >|§|2 [2¢£2n(n—1)(N+1)+e 20 (N —n)

X (N—n— D(N+1)+(N—n)(n+1)(N+1)+ (n+1)*(N —n+1) +n(N — n)?]
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2
|No| 3 <n'(]\]7\f')> €1 [(n+1)? + n(N —n) — N(N —n)]

RCETEA= B

trong d6 ¢ = tan(vy/2) exp(—iv), (0 < vy < 7,0 <+ < 27). Dé don gidn hon, ching toi diit v = 2r
v6i 0 < r < 7/2. Dong thai xét vdi didu kién ¢ = ¢ = 27 thi biéu thitc tham s6 nén D c6 dang
nh sau:
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Hinh 3: Su phu thuoc cia D vao r khi N =10, N = 15, N = 20 cda trang thdi thém va bdt mot
photon lén hai mode két hop SU(2).

D6 thi hinh (3) khao sat tinh nén hi¢u ciia trang thai théem va bét mot photon lén hai mode két
hop SU(2), do thi cho thiy ring D < 0 véi gia tri nhat dinh ciia 7 nén ta c6 thé két luan trang
thai trén thé hién tinh nén hiéu trong gia tri nhit dinh clia r. Khi r cang 16n thi tinh chat nén
thé hién cang manh.
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Hinh 4: Sv phu thudc cia D vao r khi N=10 cua trang thdi thém va bdt mot photon lén hai
mode két hgp SU(2) va trang thdi hai mode két hgp SU(2).

Tt d6 thi hinh (4) ta thiy trang thai thém va b6t mot photon lén hai mode két hgp SU(2) thé
hién tinh nén higu yéu hon trang thai hai mode két hgp SU(2). Qua qua trinh tinh toan va khéo
sat d6 thi cho cac tham s tuong tng vdi cdc diéu kién da dua ra thi trang thai nay hoan toan
khong c6 tinh chat nén téng nhung vin cé tinh chat nén higu.
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3 SU VI PHAM BAT DANG THUC CAUCHY-SCHWARZ CUA TRANG THAI THEM VA
BOT MOT PHOTON LEN HAI MODE KET HOP SU(2)

Bét ding thitc Cauchy-Schwarz cho trugng hai mode dude viét lai nhur sau

[<d+2&A2>A<A6+A2B2>} 2 .
‘<a+ab+b>)

Néu gitta cAc mode d6 ton tai m6i quan hé lugng ti nghia 13 trang théi itng v6i hai mode nay
13 trang thai phi ¢6 dién thi bat ding thitc Cauchy-Schwarz bi vi pham, nghia 13 I < 0. Déi véi
trang thai them va b6t mot photon lén hai mode két hgp SU(2) ta thu duge két qua ciia tham
sd I nhu sau:

N N
I— [Z <n,(]\§vln),> €7 [n(n + 1) +n(n — DN —n)] 3 <?M\§Vln)|> €2 (N —n—1)

I =

(13)

—1
-1,  (14)

1

N
x (N —n)(N —1)]2 Z (M) P (N —n) [(n+1)2 +n(N —n—1)]

n=0

trong do6 & = tan(vy/2) exp(—ip), (0 < v < 7,0 < ¢ < 27). Dat v =2r v6i 0 < r < /2, ta thu
duge két qui

N
I= [Z (TL!(N!')taHZ”r [n(n+ 12 +n(n—1)(N - n)l
1
N 2
XYy <.N!‘>tan2”r(]\f —n—1)(N —n)(N — 1)]

—1
~1. (15)

<‘N!.>tan2"7“(N —n)[(n+1)*+n(N—n—1)]
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r
Hinh 5: Sv phu thudc cia I vao r védi N =2, N =3, N =5 cia trang thdi thém va bot mot
photon lén hai mode két hop SU(2).
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D& thi hinh (5) khio sat sy vi pham bat ding thitc Cauchy-Schwarz ciia trang thai them vi bdt
mot photon 1én hai mode két hgp SU(2). D6 thi cho thay ring vdi cac diéu kién ma ta khio sét
thi I < 0, ta c¢6 thé két luan ring trudng hop ndy trang thai thém va b6t mot photon lén hai
mode két hgp SU(2) hoan toan vi pham bat ding thitc Cauchy-Schwarz.
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Hinh 6: Su phu thudc ctia I vao r vdi N = 2 ciia trang thdi trang thdi thém va bdt mot photon
len hai mode két hgp SU(2) va trang thdi hai mode két hgp SU(2).

Do thi hinh (6) khao sét sy vi pham ding thitc Cauchy-Schwarz clia trang thai thém va bdt mot
photon 1én hai mode két hop SU(2) va trang thai hai mode két hgp SU(2) khi N = 2. Két qua
cho thiy ring vdi cac diéu kién ma ching t6i khio sat thi ci hai trang thai déu vi pham bat
ding thitc Cauchy-Schwarz.

4 TINH PH/{\N KET CHUM CUA TRANG THAI THEM VA BOT MOT PHOTON LEN HAI
MODE KET HOP SU(2)

Khai niém phén két chum dau tien duge dy doan biang ly thuyét bdi Kimble-Mandel [7] va
Carmichael-Walls [8] vao nam 1976 va dugc quan sat bang thiyc nghiem bdi Kimble-Dagencus-
Madel [9] vao nam 1977. Dya vao tiéu chuan cho sy ton tai tinh phan két chiim cho trudng hop
don mode, Lee mé rong tieu chuan nay cho trusng hop hai mode

(R} ) ) ) — ) )~ ) (0 <0, o

trong d6 i, = ata , Ay = bTb lan lugt 14 tosn tit s hat ciia mode a vi mode b trong truong bic
xa. Tiéu chudn cho sy ton tai tinh phan két chiim cho trang thai hai mode trong trudng bic xa
thé hién qua tham s6 R (I, p) dugce viét dusi dang

<ﬁgl+1)ﬁl()p—1)> + <ﬁ[(lpfl)ﬁl()l+l)>
<ﬁg)ﬁz(;p)> n <ﬁgp)ﬁg)>

Nhu vay, mot trang thai bat ky thé hien tinh phan két chiim khi tham s6 R (l,p) < 0. Néu
tham s6 Ryy(l,p) cang am thi tinh phan két chiim clia trang thai ma ta dang xét thé hién tinh

Rab<l7p) = -1 (17)
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phan két chim cang manh. Sau khi tinh toan vi thic hien cac phép bién déi ta thu duge két
qua cta Rgp(l, p) nhu sau:

al N! ., n+1)! (N —n)
z%w40=§;<mmpﬂm>m“7{W+¢ﬂn_guwfn+1—m!
(N—n-—1)! n! (n+ 1)
+(N_n)(N—n—p)!(n—l—1)!+(n+1)m
(N —n)! (N —n—1)! n!
% (N—n—l—l)!—i_(N_n)} (N—n—2-0l(n+1—p)

al N! . (m+1)! (N —n)
X {Z <n!(N—n)!>tan2 r [(n+1)(n+1 0 (N—n—p)!

n=0
(N —n-1)! n! (n+1)!
+(N_n)(N—n—1—p)!(n—l)!+(n+1)m
(N —n)! (N—n-1! nl -1
e LR Te e T R %)

Sau day chiing toi xét mot sé truong hgp cu thé
1, Trudng hdp Rap(1,1)
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Hinh 7: Su phu thuoc cia Rgp(1,1) vao r vdi N =2, N =3, N =4 cia trang thdi thém va bdt
mot photon lén hai mode két hgp SU(2).
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Hinh 8: Sy phu thudc cia Ray(1,1) vao r véi N = 2 cia trang thdi hai mode két hop SU(2) va
trang thdi thém va bt mot photon lén hai mode két hop SU(2).
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2, Trudng hop Ray(2,1)
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Hinh 9: Su phu thuoc cia Rap(2,1) vao r vdi N =2, N =3, N =4 ctia trang thai théem va bdt
mot photon lén hai mode két hop SU(2).

3, Trudng hop Rap(3,1)
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Hinh 10: Sy phu thuoc cia Rgp(3,1) vao r véi N =3, N =6, N =7 cua trang thdi thém va bdt

mot photon lén hai mode két hgp SU(2)

4, Trudng hgp Rab(47 1)
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Hinh 11: Sy phu thudc cia Rgp(4,1) vao r vdi N =5, N =6, N =7 cia trang thdi thém va bot
mot photon lén hai mode két hgp SU(2)
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5, Trudng hop Rab(4,4)
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Hinh 12: Su phu thuoc cia Ray(4,4) vao r védi N =7, N =8, N =9 cia trang thdi thém va bdt
mot photon lén hai mode két hop SU(2)

6, Trudng hop Rap(5,1)

5
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Hinh 13: Su phu thuéc cia Rap(5,1) vao r véi N =7, N =8, N =9 cia trang thdi théem va bdt
mot photon lén hai mode két hgp SU(2)

7, Trudng hop Rab(57 4)
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Hinh 14: Sy phu thudc cia Rgp(5,4) vao r vdi N =11, N =12, N = 13 cia trang thdi thém va
bét mot photon lén hai mode két hgp SU(2)
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Tém lai trang thai them v bét mot photon lén hai mode két hgp SU(2) thé hién tinh phan két
chiim véi mitc do khac nhau trong cac diéu kién khac nhau, téng s6 photon ciia hai mode cang
bé thi tinh phin két chtim thé hién cing manh. Viéc thém va b6t mot photon lén trang thai két
hgp SU(2) da lam tinh phan két chimm ciia trang thai nay thé hien 16 hon.

5 KBET LUAN

Trong bai bao nay, ching toi da gidi thicu va khio sat chi tiét cic tinh chit nén téng vi nén
hieu hai mode, st vi pham bat ding thic Cauchy-Schwarz vi tinh phan két chiim clia trang
thai théem va b6t mot photon 1én hai mode két hop SU(2). Qua khéo sat ching toi thay trang
thai thém va b6t mot photon lén hai mode két hgp SU(2) 1a mot trang thai phi ¢6 dién, tinh
phi ¢ dién thé hién § tinh chit nén, tinh phan két chim bac cao vi sy vi pham bat ding thic
Cauchy-Schwarz. Tuy nhién, tinh chit phi ¢ dién clia trang thai nay thé hién tuong déi yéu. Cu
thé tinh phi ¢6 dién tuong d6i yéu & tinh chit nén, vi né chi thé hieén tinh nén hi¢u hai mode con
khong thé hién déi v6i nén tong hai mode. Bén canh d6 trang thai ndy chi thé hién tinh phan
chiim bac cao manh déi vé6i tdng s6 hai photon phit hgp. Qua dé, ching ta nhan ra dugc vai tro
quan trong cla viéc thém va bt photon vao mot trang thai dé tao ra mot trang thai méi va
tang cuong tinh chat phi ¢o dién clia chiing.
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Title: THE NONCLASSICAL PROPERTIES OF THE ONE-PHOTON-ADDED AND ONE-
PHOTON-SUBTRACTED TWO-MODE SU(2) COHERENT STATE

Abstract: The aim of this paper is studying the nonclassical properties of the one-photon-
added and one-photon-subtracted two-mode SU(2) coherent state as two-mode sum squeezing,
two-mode difference squeezing, violation of the Cauchy-Schwarz inequality, and two-mode an-
tibunching. In the two-mode sum squeezing and two-mode difference squeezing conditions, we
pointed out that the one-photon-added and one-photon-subtracted two-mode SU(2) coherent
state exhibits two-mode difference squeezing but do not exhibits two-mode sum squeezing. The
obtained results show that this state violates the CauchySchwarz inequality and becomes non-
classical state. We also show that the one-photon-added and one-photon-subtracted two-mode
SU(2) coherent state appears two-mode antibunching and depends on the variables [, p.
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