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Tém tit. Trong bai bao nay ching tdi nghién ctru cac tinh chat phi c§ dién nhuw tinh chat nén tong hai
mode, nén hiéu hai mode va tinh chat phan két chum hai mode béc cao cta trang thai két hop cap thém
va bét photon hai mode (PAASTMPCS). Cac két qua khao sat vé tinh chat nén cho thay réang trang théi
PAASTMPCS ¢6 tinh chét nén tong hai mode nhung khong cé tinh chat nén hiéu hai mode. Tinh chét
nén tdng hai mode cta trang thai PAASTMPCS ludn xuét hién khi thém va bdt photon vao trang thai
két hop cap (PCS). Ngoai ra, két qua khao sat chi ra rang trang thai PAASTMPCS con c6 tinh chat phan
két chum hai mode béc cao va tinh chat nay dugc téng cuong khi thém va bét photon vao PCS. Qua dé,
vai tro ctia viéc thém va bét photon da duoc khéng dinh théng qua viéc tdng cuong tinh chat phi ¢6 dién
cua trang thai PAASTMPCS.

Tt khoa: Trang théi két hop cép, trang thai két hop cdp thém va bét photon hai mode, tinh chét nén
tong hai mode, tinh chdt nén hiéu hai mode, tinh chat phan két chum hai mode béc cao
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Abstract. In this paper, we study the non-classical properties such as two-mode sum squeezing, two-
mode difference squeezing, and higher-order two-mode antibunching properties of the photon-added-
and-subtracted two-mode pair coherent state (PAASTMPCS). The results in the squeezing property
show that the PAASTMPCS has two-mode sum squeezing but no two-mode difference squeezing. The
two-mode sum squeezing of the PAASTMPCS always appears when adding and subtracting photons to
two modes of a pair coherent state (PCS). Furthermore, the PAASTMPCS has higher-order two-mode
antibunching in any order, and this property is enhanced when photons are simultaneously added and
subtracted to two modes of the PCS. Thereby, the role of the photon addition and the photon subtraction
has been confirmed by enhancing the non-classical properties of the PAASTMPCS.
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1 Giéi thiéu

Céc tinh chét ctia cac trang thai phi co dién
da duoc quan tdm nghién ctru tir rdt sém ma mé
dau 1a cong trinh cua Mandel vao nam 1986 vé cac
trang thai phi c6 dién cua truong dién tir [1]. Mot
trang thai duoc goi la trang théi phi cd dién néu no
thé hién tinh chat phi ¢6 dién ma mot trang thai c6
dién khong thé c¢6 duoc. Céc tinh chat phi ¢6 dién
thuong gdp d6 1a tinh chdt nén, tinh chat phan két
chum, tinh chét thong ké sub-Poisson, super-
Poison va su vi pham bat dang thtic Cauchy-
Schwarz. Sau nay, tinh chat dan rdi cing la mot
tinh chat phi cd dién cua cac trang thai da mode.
Vé tinh chat nén, nam 1989, Hillery dwa ra diéu
kién nén tdng va nén hiéu [2] cho cac trang théi hai
mode. Cac diéu kién nay vé sau duoc cac tac gia
khéac phat trién thém nhu nén da mode va nén da
mode béac cao [3-5]. Vé tinh chat phan két chum,
nam 1986, Mandel da nghién cttu tinh chat phan
két chum cta 4nh sang két hop [1]. Pén nam 1990,
Lee [6] da dua ra diéu kién d€ mot trang thai co
tinh chat phan két chum bao gom diéu kién phan
két chum don mode, phan két chum da mode va

phan két chum da mode béac cao.

Nam 1963, Glauber [7] va Sudar Shan [8] da
dé xudt trang thai két hop d€ mo ta cac tinh chat
ctua chum sang laser. Dén nam 1988, trang thai két
hop cdp (PCS) va cac dac tinh cua né duoc Argawal
dua ra va nghién ctru [9-11] vi dng nhan thdy réng
trong nhiéu van dé cta quang phi tuyén, khi dao
nguoc hay trdn bon soéng, cac photon duoc tao ra
theo cdp hay hai photon dong thoi bi huy. Ttr d6
dén nay, cac tac gia khac nhu Hong [12], Zavatta
[13, 14] va mot sO tac gia gan day [15-22] da dé xuat
cac trang thai phi c§ dién méi bang viéc thém va
bét photon 1én trang thai PCS. Viéc thém bét
photon vao trang thai PCS c6 thé lam tang tinh chat

phi cd dién cua trang thai, ttr d6 cai thién tinh hiéu
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qua cua viéc tng dung cac trang thai phi cd dién
vao cac linh vuc nhu thong tin luong tir va diéu
khién luong tu.

Trang thai PCS [9, 10] ma Argawal dua ra la
trang thai riéng ctia toan tx huy cap ab va toan

A

te Q=4a"d-b'b nhu sau

b

At

&.q)=¢|¢,q), 0
a-b')|¢,a) = a¢,q).

(

Trong khong gian ctia cac trang thai Fock,
trang thai PCS duoc khai trién dudi dang
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trong d6 ¢=|£€” 1a mot s6 phtic. Trong bai béo
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Trang thai hai mode két hop cap thém m
photon 1én mdi mode (PAPCS) [12] da Hong va
Guang-can dua ra ndm 1999. M6t s6 tinh chét phi
6 dién caia PAPCS cling da duwoc nhom nay nghién
cteu nhu tinh phan bd sub-Poisson, sy vi pham bat
dang thic Cauchy-Schwarz va tinh chat nén hai
mode. Trong thoi gian gan day, trang thai két hop
cdp thém va bét photon hai mode (PAASTMPCS)
da duoc dé xuat [23] bang cach dong thoi thém k
photon vao mode a va bét | photon khoi mode b
cta trang théi PCS. Trang thai PAASTMPCS duoc
viét dudi dang

|§! a; k! I>ab = Bq;k,l (5) éﬁkb}\l |§'q>ab ! (4)

trong d6 k [ la cac s6 nguyén khong am va

By () 1aheé s8 chuan hoa dugc xac dinh ¢6 dang
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By (é){im] - 5)

= (m’ (m+q-1)!

Trong khong gian Fock,
PAASTMPCS duoc viét nhu sau

trang thai

£, =[£ak ), =3y (S)nrkin+h),,, 6)

trong d6 h duoc dit h=q-1 va Cy, (&) duoc
xac dinh

Cn;k,h(é){im] £ (n(”;k)' %

7 (m!)° (m+h)! N (n+h)r

Khi k=0 vah =g (khi d6 k=1=0) thi trang
thai PAASTMPCS ¢ (6) quy vé trang thai PCS & (2).

Mot s6 thudc tinh phi c6 dién nhu tinh chat
phi Gauss va tinh chat dan r6i caa PAASTMPCS
da dwogc nghién cttu mot cach chi tiét thong qua
ham phan b6 Wigner va d6 dan r6i Entropy tuyén
tinh [23]. Tuy nhién, cac ddc tinh phi c¢d dién khac
cuia PAASTMPCS chwa duoc quan tam nghién
cttu. Do d¢, trong bai bao nay, chung t6i tap trung
nghién cttu mot s6 tinh chét phi ¢d dién cta trang
thai PAASTMPCS nhu tinh chét nén tong hai mode
o muc 2, tinh chat nén hiéu hai mode & muc 3 va
tinh chat phan két chum hai mode bac cao & muc4.
Cudi ciing ching ti tém tat lai cac két qua nghién

ctru & muc két luan.

2 Nén tong hai mode

Tinh chét nén ctia cac trang thai phi c6 dién
c6 nhiéu tng dung trong cac nhiém vu luong tw
nhw viéc tao ra anh sang nén, st dung anh sang
nén dé€ nang cao chat luong ctia cac giao thoa k&
laser [24, 25]. C6 nhiéu loai nén da dwoc nghién
ctru nhw nén tong, nén hiéu [2], nén don mode, nén
da mode, nén thwong va nén bac cao [3, 4]. Trong
muc nay chung t6i sit dung nén tong hai mode kiéu
Hillery dwoc gidi thiéu nam 1989 [2]. Trong do,
toan tir nén tong hai mode c6 dang
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v, :E(a*b*e¢ +abe ™). (8)

Mot trang thai duoc goi la bi nén tong néu
<AV¢2><%<Na+Nb+1>, ©)
trong d6 ¢ ¢6 gia tri bat ky, (N,) va (N,) 1a tri
trung binh s6 hat twong tng ¢ mode a va b,

A\2
(av?)= (V") - <V¢>

phuong d6 léch (phuong sai) ctia toan tt nén tong.

la tri trung binh binh

D¢ thuén tién trong qua trinh khao sat, ching t6i
dua ra mot dai lwong déc trung cho tinh chat nén
tong, duoc goi la thong s6 nén tong, ky hiéu la S
[17], dwéi dang

. 4(AV,?) = (N, +N, +1>.
(N, +N, +1)

(10)

Trang thai hai mode c6 tinh chat nén téng

néu -1<S<0.

Tt dinh nghia toan t& nén tong & (8), ching
toi da tinh toan va thu duoc két qua vé tri trung
binh binh phuwong do¢ léch la

Bang cach thay <AV¢2> & (11) vao (10), ching

toi dua dai luong S vé dang
S= 2[(Re(<é”6”>e”¢)+<N3Nb>)
_(Re(<éﬁ5*>2ei2¢)+ *>2ﬂ.<l\Ala+l\Alb+l>l.

Cac tri trung binh trong (12) da duwoc tinh
todn chi tiét, ttr d6 thong s6 nén tong S duoc viét

(12)

(atb

dwdi dang khai trién nhw sau
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. {i[(lglzmﬂ(mw ]( (m+k+1). ﬂz(l+0052a)

=M (m+h) )L (m+D)

x Cq{i[ ]2n+k+h] ,

trong d6 a =(p+4).

|§|2 0520 +(m+k)(m+ h)ﬂ
(13)

Tt két qua ¢ (13), ching t6i vé d6 thi sw phu
thudc cua S vao 1£l vaa= ¢ + ¢, trong treong hop
k=4 vah=8 (Hinh 1). Két qua cho thdy ring gia tri
cua S ludn béng nhau va nho nhét tai moi gia tri
cua |&l néu a=kr,k eZ. Vivay, trong qua trinh
khao sat sy phu thudc cua S vao cac tham s6 khac,

ching t6i chon a=¢+¢=0.

Trén Hinh 2, cac duong cong mo ta sy phu
thudc ctia S nhur 1a mot ham theo bién &1 khi k=0
va tham s0 h = g tang dan. Day la truong hop tng
v6i trang thai gdc PCS (k =1 = 0) trede khi thém va
b6t photon. Tt d6 thi c6 thé thady PCS ¢6 S 20 trén
toan mién gia tri cua &1 véi moi ¢; diéu nay co
nghia la PCS khong c6 tinh chat nén tong.

Hinh 3 la cac d6 thi su phu thudc cta S vao
bién &1 va bo tham s6 (k, h), trong d6 cd dinh h =
6 va k taing dan. Cac dudng cong cho thdy rang khi
k tang dan, trang thai bit dau bi nén tai cac cac vi
tri twong tng gia tri [£| giam dan va dong thoi do
sau ctia cac duong cong S tang, tirc la do nén tang
dan.

Hinh 4 la cac d6 thi su phu thudc cta S vao
bién |£1 vabo tham sd (k, 1), voi k=6 vah tang dan

(g 6 dinh va [ giam). Tk cac duong cong cd thé

thay rang khi 1 ting dan, trang thai bat dau bi nén
tai cac vi tri ¢ gid tri |£! tdng dan, dong thoi do
sau 1on nhét cua S tang theo, tirc 1a d6 nén cuc dai

tang dan. Do d6, truong hop can c6 tinh chat nén
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khi gia tri &1 nho thi c6 thé chon tham s6 h bé (I
16n), nhung néu can ¢6 do nén cao thi nén chon
tham sd 4 16n (I bé).

€] 0, @

Hinh 1. D6 thi su phu thudc ctia S vao 1&1 va a khi
chonk=4vah=8

0.15
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Hinh 2. Sy phu thudc cta S theo bién &1 caa PCS
(k=1=0) tng véi cac tham s h = g khac nhau
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Hinh 3. Sy phu thudc ctia S theo bién &1 va b tham s6
(k, h), trong d6 ¢6 dinh h = 6 va k taing dan

— (6:2) :
—= (6:6)
VoA — - (6:12)
- (6:24)

14
Hinh 4. Sy phu thudc ctia S theo bién &1 va b tham s&
(k, h), trong d6 c8 dinh k = 6 va h tang dan
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Nhu vay, cac d6 thi trén cac Hinh 2, 3 va 4
cho thay rdng, trang thai hai mode két hop cap
thém va bét photon ¢ tinh chat nén tong trong khi
trang thai két hop cdp thi khong. Tinh chét nén
tong ciia PAASTMPCS ting khi sd photon thém
vao mode a tang (k tang) hodc sd photon bét di ¢
mode b giam (h tang).

3 Nén hiéu hai mode

Giéng nhu nén tong, nén hiéu sé xay ra
trong qua trinh tao tan s6 hiéu. Hillery ciing duwa ra
diéu kién nén hiéu hai mode [2]. Toan tir nén hiéu

hai mode duoc dinh nghia nhu sau
W, = %(aﬁ* e+ abe ™), (14)
trong d6 ¢ co gia tri bat ky.

Tuong tw nhu truong hop nén tong hai
mode, & day, moét dai lwong ddc trung cho tinh chat
nén hiéu, goi la thong sd nén hiéu va ky hiéu 1la D
[17], cting dwgc dinh nghia nhw sau

e} -{n)
(Ne) ()
trong do < > <

mode a va b; <AW¢2>:<W2>—<W

, (15)

») 12 tri trung binh s8 hat &
2 3\
, ¢> la phuong

sai ctia toan tt nén hiéu. Mot trang thai hai mode

c6 tinh chat nén hiéunéu -1<D<0.

Tt dinh nghia toan t& nén hiéu hai mode ¢
(14) ta co:

<W¢2> - l{<é26-tz>ei2¢ + <é-}-262>e,i2¢

(17)
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Tt cac két qua ¢ (16) va (17), chiang t6i xac
dinh phuong sai <AW¢2>

béi voi PAASTMPCS, cac tri trung binh
trong (18) déu bi triét tiéu nén phuong sai <AW¢2>
dwoc viét lai thanh
() =5 (R + (1) + ()

¢ 2 a 4 a
10/ .
>Z‘<Na>—<Nb>‘.

Thay két qua ¢ (19) vao (15), ching t6i thu

dwgc D >0. Vay, trang thai PAASTMPCS khong

6 tinh chat nén hiéu. Diéu nay ciing twong tw nhu
trang thai PCS.

(19)

4  Phan két chum hai mode bac cao

Phan két chum la mét trong nhiing tinh chat
phi c6 dién quan trong va duoc ting dung trong cac
nhiém vu lugng t& nhu tao ra cac trang thai thém
photon bang bo tach chiim [26]. Diéu kién phan két
chuim duoc Lee [3] dwa ra [an dau tién nam 1990 va
sau d6 duoc phat trién va duoc An [3] mo rong vao
nam 2002. Theo Lee, mot trang thai ¢6 hai mode a
va b c6 tinh chat phan két chum hai mode béc cao

néu ham Rab(u,v) théa man diéu kién

>—1< 0, (20)

<N§u+1)Nb > <N;v1Nbu+1)
(NINSD) -+ (NNE)
trong d6 u>v=>1, N)(('):Hl:o(Nx—j) va

={a,b}.

CA4c tri trung binh trong biéu thitc (20) duoc

R (U,v) =

xac dinh nhw sau
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<N(u+1)N(v—1)> _ BZ > |E-’|Zn ((n+a1)')2 :
P qkln:o(n!)z(n+a1—u—1)!(n+bl—v+1)!

<N(v—1)N(u+1)> _ Bz < |E~‘|2n ((n+a1)!)2
o qk'n:o(n!)2(n+a1—v+1)!(n+b1—u—l)!'

S (GRS 1

i (n!)* (n+a,—u)!(n+b —v)!

(NINY) =B, Y A (a)y
: S (N’ (n+a,—v)!I(n+b —u)!

Thay cac két qua tinh toan ¢ trén vao (20),
ham Rab(u,v) tré thanh

g ((n+k)2) L
Rab(U,V):|:§ (n!)z [(n+k—u—l)!(n+h—V+1)!
1 ﬂ{iizm((m*k)!)z @1)

+(n+k—v+1)!(n+h—u—1)! o (m!)2

<N:Nk\;> = B:kl

X[(m+k—u)!l(m+h—v)! +(m+k_v)!l(m+h_u)!ﬂ_l—1.

Tt két qua vé ham sd phan két chum hai
mode bac cao Ra(u,v) & (21), ching t6i ¢ dinh
tham s6 k va h (k=h = 6) va vé do thi ham Rab(u,0)
theo bién &1 va bo tham s6 (1, v) (Hinh 5). Trong
do, cac duong cong mau den nét lién (7, 4), mau do
nét dut gach (7, 5) va mau cam nét dit cham (7, 6)
la cac truong hop tng véi u =7 va v téng dan. Co6
thé thay rang khi v ting, d6 am ctia ham Rav(1,0)

giam, tkc la tinh ch4t phan két chum giam.

0.0
R
=04
=
=
~-06
—(74) —(7:1)
-0.8 -—-(7:5) —--(8:1)
Lok (7:6) (9:1)
0 5 10 15 20

€1

Hinh 5. C4c d6 thi ctia ham Rab(1,0) theo bién &1
va b tham s6 (u, v), trong khi cac tham s6 k va h
duocchon cddinhlak=h=6
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Cac duong cong mau xanh dwong nét lién (7, 1),
mau tim nét dit gach chdm cham (8, 1) va mau
xanh 14 cay nét dat gach cham (9, 1) la cac truong
hop tng voi u tang va v = 1. Cac duong nay cho
thay khi u ting thi d0 am ctia ham Ras(4,v) tang
theo, titc la tinh phan két chum tang.

Tiép theo, ching t6i ¢d dinh tham s6 u va v
(u =28, v=1) vavé do thi sy phu thudc cia ham
Rav(,0) theo bién 1 &1 va bd tham s6 (k, 1) (Hinh 6).
O Hinh 6a, cac duong cong mau den nét lién (6, 11),
mau do nét dut gach (16, 11) va mau cam nét dit
chdm (17, 11) la cac truong hop tng véi h cd dinh
va k ting dan. C6 thé thdy rang khi k ting, d6 am
cta ham Ran(u,v) giam, tirc la khi s6 photon thém
vao mode a tang thi tinh chat phan két chum giam.
Céc duong con lai bao gom duong mau xanh
duong nét lién (6, 2), mau tim nét dut gach cham
chdm (6, 3) va mau xanh 1a cay nét dit gach cham
(6, 6) 1a cac treong hop tng véi k ¢6 dinh va h tang.
Céc duong nay cho thay rang, khi 1 ting (g ¢S dinh

0.0
02
=04
3
]
£ -0.6 __
—(6:11) —(622)]
-0.8 —==(16:11) = ~(6:3);
o @) (17:11) - - (6:6).
“0 5 10 15 20
€]

€]

Hinh 6. Cac d6 thi ctia ham Rav(1,0) theo bién &1
va bod tham s6 (k, h), khi chonu =8 vav=1.Hinh a
la truong hop chi thay d6i mét trong hai dai lugng

khodc h. Hinh b 1a truong hop k + h khong d6i
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va | giam) thi d6 am ctia ham Rab(,v) tang, nghia
la khi s6 photon b6t di 0 mode b giam thi tinh chat
phan két chum tang. Ngoai ra, & Hinh 6b, cac
duong cong la cac d6 thi cia ham Ras(1,v) khi thay
ddi ca hai tham s6 k va h sao cho tong cuia ching
khong d6i (k + h = 12). Cac duong cong cho thay,
khi k = h = 6 (duong nét lién mau xanh duong)
duong cong ¢ vi tri thap nhat. Diéu d6 c6 nghia la
khi thém va bét photon vao hai mode, néu s6
photon & hai mode can béng (k = h) thi mutc do
phan két chum la cao nhat tai moi gia tri cua 1£1.
D¢ so sanh vé mitc d6 phan két chum gitra
PAASTMPCS va PCS, chung ti vé d6 thi sw phu
thudc ctia ham Rab(14,0) theo bién | £ va bo tham s6
(k, h) trong khi cac tham s6 khac duoc chon ¢d dinh
lag=6,u=8, v=1(Hinh 7). Trong d6, duong cong
mau xanh duong nétlién (0, 6) tng v6i PCSc6 g
= 6, duong cong mau tim nét dit gach chdm cham
(0, 3) tng vdi truong hop PAASTMPCS c¢6 k = 0,
h =3 (I =3). bPuong cong mau xanh la nét dit gach
chdm (3, 6) ing voéi truong hop PAASTMPCS c6
k=3, h=6(l=0) va duong cong (3, 3) mau do nét
dat gach tng véi truong hgp PAASTMPCS co
k=3, h =3 (I =3). Néu so sanh hai duong (0, 6) va
(0, 3), c6 thé thay rang viéc b6t photon (I > 0) cho
trang thai PAASTMPCS ¢6 mttc d6 phan két chum
cao hon PCS. Tuong ti nhu vay, cac dwong (0, 6)
va (3, 6) lai cho thay viéc thém photon (k > 0) cling
0.0

-02

v)

. —0.4

-0.6

Rab(u

-0.8
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Hinh 7. D6 thi so sanh tinh phan két chum ctia
PAASTMPCS va PCS, cac duong cong la cac d6 thi
ctia ham Rab(u,0) theo bién &1 va bd tham sd (k, h)

trong khi cac tham s& khac duoc chon ¢6 dinh 1a
g=6,u=8v=1
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lam cho mtrc 6 phan két chum ciia PAASTMPCS
cao hon PCS.

5 Kétluan

Trong bai bao nay, chting t6i da khao sat cac
qua trinh nén tdng hai mode, nén hiéu hai mode va
tinh chat phan két chum hai mode bac cao cua
trang thai PAASTMPCS. Két qua nghién ctu vé
tinh chdt nén tong hai mode cho thay,
PAASTMPCS c6 tinh chat nén tong hai mode trong
khi d6 PCS thi khong. Tinh chdt nén téng cang tang
khi s§ photon thém vao mode a tang hodc sO
photon b6t di 6 mode b giam. Vé tinh chat nén hiéu
hai mode, két qua nghién ctu cho thdy ring
PAASTMPCS va PCS déu khong thé hién tinh chat
nén hiéu hai mode. D6i v6i tinh chdt phan két
chum hai mode béac cao, cac két qua khao sat cho
thdy tinh phan két chum phu thudc vao viéc chon
bac (u, v) cua ham phan két chum Ra(u,v). Cu thé,
khi u cang 16n hodc v cang nho thi d6 phan két
chum cia PAASTMPCS tang. Ngoai ra, khi giam
s0 photon thém vao mode a hay bét di & mode b thi
murc d§ phan két chum hai mode bac cao dugc tang
cuong. Dac biét la khi thém va bdt photon 1én cac
mode sao cho tong k + h khéng d6i, néu sd photon
& hai mode can bang (k = h), thi ¢ phan k&t chtim
hai mode bac cao la 16n nhét. Két qua khao sat con
cho thdy rdng trang thai PAASTMPCS c6 tinh chat
phan két chum cao hon so véi trang théi géc PCS.
Nhu vay, ¢ thé kétluan PAASTMPCS la trang thai
6 tinh chat phi cd dién cao va tot hon so voi trang
thai goc PCS. Diéu d6 cho thay vai tro cua viéc
dong thoi thém va bét photon vao hai mode cta
trang thai goc PCS. Ddc biét, tinh chat phan két
chum va tinh chédt nén tong hai mode cang duoc
tang cuong khi s6 photon dong thoi thém va bét
vao hai mode cua trang thai PCS mot cadch phu
hop. Viéc tang cuong cac tinh chat phi cd dién, dac
biét la tinh chat phan két chum hai mode bac cao
cho thdy trang thai PAASTMPCS rt c6 tiém nang
trong viéc ap dung vao cac nhiém vu luong tk

trong twong lai gan.
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