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TOM TAT
Trong bai bao nay, ching tdi gidi thiéu trang thai két hop phdn doi xiing chong
chdp thém hai va bst ba photon (STPATPSACS). CAc tinh chat phi ¢é dién cua trang
théi nay dwoc chiing tdi nghién cizu nhuw nén tong va hiéu hai mode, phdn két chum, su
vi pham badt dang thizc Cauchy-Schwarz va ddc biét 1a tinh chdt dan réi. Cac két qua
nghién cizu cho thdy trang thai nay khéng nhiing thé hién tinh chat nén tong, nén hiéu
hai mode va vi pham bdt dang thizc Cauchy-Schwarz ma con cé tinh chat phan két
cham hai mode bdc cao. Tinh chdt dan réi ciia STPATPSACS ciing diroc ching toi
quan tam nghién cizu thdng qua tiéu chudn dan réi Hillery-Zubairy bdc thdp va bdc
cao. Cac két qua cho thdy STPATPSACS la mét trang thdi dan réi theo tat ca cac bdc
thdp va cao. Ddc biét, trong trirong hop bdc cao thi trang thai nay thé hién tinh chat
r(fi,manh hon va ving roi (theo bién do két hop) ciing réng hon S0 Véi trieong hop béc
thap.
Tir khoa: Nén tong hai mode, nén hiéu hai mode, bdt dang thizc Cauchy-Schwarz,
phan két chum hai mode, dan réi, tiéu chudn dan réi Hillery-Zubairy
1. Giéi thiéu vé trang thai két hop chan (d6i xtng) va
Trudng buc xa dién tir ¢6 tinh két hop,  két hop 1é (phan ddi xung) (Dodonov va
tinh don sic va tinh dinh hudng cao nhu  nnk., 1974), hai trang thai nay dugc tao ra
maser va laser di dugc nghién cru vating  bang thuc nghiém nam 1992. Ciing trong
dung pho bién tir lau trong nhiéu linh vyc  nam 1992 nay, Chai da gidi thiéu trang
nhu y hoc, quén su, dan sy. Lan dau tién  thai két hop hai mode (Chai, 1992) va chi
chung dugc tao ra trong thuc nghiém vao  ra rang trang thai nay c6 cac hiéu ang phi
nim 1953 boi Townes, Basov va c6 dién nhu nén hai mode, vi pham bat
Prokhorov. Tuy nhién mai dén ndm 1963, ding thirc Cauchy-Schwartz, va tuan theo
Glauber va Sudarshan mai mo ta day da  thong ké sub-Poisson. Gan day, nhiéu
vé mat ly thuyét truong buc xa nay nghién ctu di cho thidy, viéc thém
(Sudarshan, 1963; Glauber, 1963). Chung  va/hoic bt photon 18n céc trang théi két
dong vai trd quan trong trong ca thuc hop don va da mode c6 thé tao ra céc
nghiém Ian ly thuyét, dac biét 1a linh vuc  trang thai mai c6 cac dic tinh phi ¢ dién
quang hoc lwong tir va duoc goi la cac  va dic biét 1a tinh chat dan rdi duogc tang
trang thai két hop. Ké tir do, co rat nhiéu cuong (Agarwal & Tara, 1991; Duc &
cdng trinh nghién cau va phat trién vé cac Noh, 2008; Ren & Zhang, 2019; Oulouda
trang thai két hop ndy. Nam 1973, vannk.,2021; Datvannk., 2022; Chuong
Dodonov va cong su da dua ra ly thuyét  va nnk., 2022; Thanh va nnk., 2023). Cac
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trang thai méi ndy c6 tiém ning tng dung
cao vao cac linh vye nhu thong tin luong
tir, vién tai luong ta, khoa luong ti, didu
khién luogng tir (Yang & Li, 2009; Hoai
& Duc, 2016; Dat va nnk., 2018; Hai va
nnk., 2021; Duc va nnk., 2021).

Trong bai bao nay, chung t6i dé& xuat
mot trang thai méi duoc goi la trang thai
ket hop phan doi xtrng chong chap thém
hai va bot ba photon (STPATPSACS).
Trang thai nay dugc dinh nghia nhu sau:

¥),= Now (@24 B°)Fa). (@

trong 46 [F,) = (a),[b), - [b),[a),) 12

trang thai két phan déi xang hai mode, &’
|a toan tir sinh déi véi mode a, b 13 toan
tr hily doi véi mode b, va Ngg la hé so
chuan héa c6 dang
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=|4+4faf A

--|---|cv|6 . |,ﬁ|6 + )c.R(:(oe‘ﬂ2 + uzp"‘) -+ (x

= 2 12 =3 53] !
fZ)Re(2+4(]f B+a’F +a3 )} o)
trongdo a = rae“f’a,,b’ =r,e'?r r,va
1, 1a Cac bién do két hop tng vai mode
avab, ¢,va ¢, la cac tham so6 pha va
X=2- 2¢ r2- 2+ 21,0050 - J 5)

2. Tinh chat nén tong va nén hiéu
2.1. Tinh chdt nén téng hai mode

Mot trang thai dugc goi la nén téng hai
mode theo phuong ¢ néu phuong sai cua
trang thai d6 théa mén

(V@) <H{Na +Kp+1), 3)
trong do, v, =(e'<”a+b+ +e‘i<”ét3)/2 la
toan tir nén tong hai mode Hillery
(Hillery, 1989), N, va N, la cé4c toan tu

sb hat tng véi hai mode a va b. Tir (3),
mot ham nén tong da dugc dua ra (Dinh
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& Duc, 2016) nham thuan lgi cho viéc
phét hién va d4nh gia mirc do nén tong hai
mode dudi dang

2 \2

<V¢ > 4{Vy)

(Ng)+(Np)+1
Theo d6, mét trang thai hai mode co6 tinh
nén tong hai mode néu —1 < S(¢) < 0.
Khi S(p) = —1, trang thai bi nén cuc dai,
nhung voi S(@) = 0 thi trang thai khong
bi nén.
DPdi véi STPATPSACS duge dinh nghia
& (1), cac s6 hang ciia ham S(¢) trong (4)
lan luot duge x4c dinh nhu sau:
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<Na> :ab <\P‘ Na ‘\P>ab
:‘Naﬁ‘2[4x+14\a\z+14\ﬂ\2+\a\6+\,6’\6+8\a\4 @
814" +|af |8 +|o |8 +(x-2)Re(14a'B
+8a B +a* )+ (x—2)|af* | B Re(a? B?)

+(2+[of )xRe(a?7) +(2+ \ﬂ\z)xRe(asﬁz)},
(N ) = ([N, ),

{2laf 21 +lal' | +of |
+laf + (] +4xlaf" |8 +(of" |8 +2)
x(x—2)Re(a’B)+(x—2)Re(a™ ")
+Re(2|[ @’ +2|af @*B* +(x-2)

N,

(8)

(|af ap* +|5 a*p) |

047

I

0
Hinh 1: P6 thj 3D cua ham nén tong
S(p) phu thugc vao bién pa va ¢, cdc
tham s6 khdc duroc chon 1a r,=1,2;
Mh=2ra; Pb=0a

Pa 4

Pé biét dugc STPATPSACS c6 tinh
chat nén tong hay khong, dau tién ching
t6i v& dd thi 3D cua ham S(p) ¢ hinh 1,
trong d6 ham nén tong S(p) phu thudc vao
bién ga va ¢, cac tham sé khac dugc chon
1a ra=1,2; ry=2ra; b= @a. Tr d6 thi nay c6
thé thay ham S(p) c6 gia tri &m nhiéu nhat
& mot sé vung triing. Do vdy ching toi
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chon pa=pr=p=m/3 dé khao sét tinh chat
nén tong cua STPATPSACS ¢ hinh 2.

Hinh 2 1a d6 thi sy phu thudc cua
ham s6 nén téng S(p) vao bién do két hop
ra, VOi cac tham sé khac duoc chon
=2ra, pa=pp=p=n/3. DO thi cho thiy
STPATPSACS c6 tinh chat nén téng hai
mode & ving c6 bién do két hop ra khong
qua nho. Cu thé, trang thai co tinh chat
nén téng khi 0,6 < r, < . Trong mién
d6, S(p) ludn bé hon hodc bang 0 va dat
gi tri nho nhat tai rs~1. Khi ra cang ting,
mac du S(¢) am nhung c6 xu hudng ting
dan vé khong.

V&i diéu kién khao sat nhu trén,
STPATPSACS thé hién tinh nén tong va
d6 nén tong dat cuc dai tai ra=1.

0,25F
0,20
0,15
50,10
“ 0,05
0,00
-0,05
-0,10

0 1 2 3

Fa
Hinh 2: Khdo sat sy phu thugc cia ham sé
nén tong S(¢) vao bién dg két hop ra, cac
tham so khac dwoc chon re=2ra;
Pa=pp=0=m/3

4 5

2.2. Tinh chdt nén higu hai mode

Mot trang thai ¢ tinh nén hiéu hai
mode khi trang thai nay thoa mén

(W, 2)<2|(Na o)), (@)
trong d6, N, va Ny, 1a cAc toan tir s6 hat
ung voi hai mode a va b, va
W, =(ei¢r§1|5+ +e_i¢é+6) /2 |a toan tir nén
hiéu hai mode Hillery (Hillery, 1989).
Cung nhu truong hop nén tong, mot ham

nén hiéu (Dinh & Duc, 2016) da dugc dua
ra tr (9) nhu sau:
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A RN

Mot trang thai hai mode c6 tinh chat
nen hiéu neu —1 < D(¢p) < 0.

-1. (10)

Trong phuong trinh (10), cac tri trung
binh (N,) va (N,,) da dugc xac dinh ¢ (7)
va (8), va hai tri trung binh con lai duoc
xac dinh nhu sau:
<V\7¢2> Tab <\P|V\7¢2 |\P>ab

%|N0tﬁ|2 x| 4+14[af +8laf" +|of +10|4f
+|pf +32(af | p" +17|al" | ] +2|af |5
+|a*| B8] +2|af’| 8] + 2Re(a2ﬂ3)(2+|a|z
45181+ 2laf’ |6 )+ 2(2+ 4laf +of')
Re(5€*")+2|B[' Re(a* pe’**)
+2(12+8Jaf’ +|af' + |’ |Re(a’ 57 )}

(11)

<W¢>2:‘Naﬁr[(6+6\a\2+\a\4+\ﬂ\6)Re(ﬂ*aeiw) (12)
+(2+\a\2)Re( fla’e”)+|f Re(asﬂzei"’)T X

Hinh 3: H6 thi 3D cia ham nén hiéu
D(¢) phu thugc vao bién g, va ¢, cdc
tham sé khdc duoc chon ra=1,2;r,=2ra,
Po=0a

Pé danh gia tinh chat nén hiéu cua
STPATPSACS, chling t6i v& do thi & hinh
3 va 4 cho ham D(p). Hinh 3 1a d6 thi 3D
caa ham nén hiéu D(p) phu thuéc vao
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bién ga va ¢, cac tham sé khac dugc chon
la r==1,2; rp=2ra; pb=ga. Tir d6 thi nay c6
thé thay ham D(¢) 0 gia tri am nhiéu
nhat & mot sé vung triing. Do vay, chung
t6i chon pa=gb=n/6; p=0 dé khao st
tinh chat nén hiéu caa STPATPSACS &
hinh 4.

Hinh 4 14 d6 thi su phy thudc caa ham
s6 nén hiéu D(¢) vao bién do két hop ra,
véi cac tham sb con lai dugc chon r=2ra;
Pa=@b=n/6; p=0. Trang thai
STPATPSACS c6 tinh chat nén hi¢u hai
mode & viing c6 bién do két hop ra nho.
P thi ciing chi ra STPATPSACS ¢6 tinh
chat nén tong trong viing 0<r.<3,5. Trong
viing nay chdng ta thay D(g) luén nho
hon 0 va khi ra ting thi gia tri ham D(p)
tang dén khong.

1,0+
0,8
0,6
S 04
N2
0,0
-0,2
—04
0,0 0,1

02 03 04 05 06 0,7
Fa
Hinh 4: Do thj ciia ham nén hiéu D(p) phu
thugc vao bién ra , cac tham sé duroc chon
Mv=2ra ; pa= @po=n/6; p=0

Nhu vay, STPATPSACS cd tinh nén
hiéu hai mode & vung c6 bién do két hop
ra nho, trong khi trang thai két hop phan
dbi xing khéng c6 tinh chat nén hiéu.

3. Tinh chat phan két chim va sw vi
pham bat dang thirc Cauchy-Schwarz

3.1. Sw vi phgm bdt ding thic Cauchy-
Schwarz

Mot trang thai hai mode a, b duoc goi
la vi pham bat dang thic Cauchy-
Schwarz néu thoa man bat dang thac (An
& Duc, 2002) sau:
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[<é+zéz b2p2 >T/2

<a+aB+6>

| = ~1<0. (13)

Su vi pham bét ding thic Cauchy-
Schwarz la dau hiéu cho thay trang thai
c6 tinh phi co dién.

D¢ x4c dinh ham | & phuong trinh (13),
chdng téi lan lugt tinh céc gia tri trung
binh sau:

(a7a’)
- 2[4x+3z(\af+\,3\2)+38(\a\4+\ﬂ\4)
+12(|af* +|8 )+ (|af +16f )+ (ol +|ef
x|B[" )+ (x~2)Re(32a -+ |af' |4 a" p+ 38

é+ZéZ

Tab

(y|atataaly),,

N,

(14)

xa*f +12a"°F +a B+ 1B a* B+ app?)
+2(x+\a\2)2 Re|a?/’| +2(x+\/3\2)2 Re(a3ﬂ2)},
(6%6%) =, (¥[6°5"bb
=[N, [2(laf" + 181" ) + (jef” + |1
+4(|af’ 18"+l | )+ Xlal' 1]
+(x—2)Re(2a*2/32 B+ || o
+lal* 8° +alol'|B] a8
+2Re(|f' a*" +[af a*7) |,

‘P>ab

(15)

A+

(ab*ab) =, (W|a'b ab
“[4(laf +18F ) +laf |6f +|af |6f
+8((af* B +[af |61 ) + e | +]af'|5f
saRe(|f ap° +lal *p7 )+l 1B] (1)
x2Re(a?f +a”f?)+14xaf |B]
+(x=2)Re(|of" | (82" B+ B’

+a’ B +a? B+ a*S,B*z)

o p+2lof g +2/pf a*“ﬂ*))}.

‘P>ab

N

af
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4

6
Hinh 5: Pé thi 3D cia ham | phu thuge
vao bién pa va ga, cac tham so khac
duwoc chon ra=r,=0,2

Pa

Dé kiém tra su vi pham bat dang thirc
Cauchy-Schwarz cua STPATPSACS,
ching t6i vé do thi & cac hinh 5 va 6 cho
ham I. Hinh 5 1a d thi 3D cua ham | phu
thugc vao bién pa va gp, cac tham sé khéac
dugc chon 14 ra=rp=0,2. Tir d thi nay c6
thé thay ham | cd gia tri &m & mot s ving
triing. Do vay ching t6i chon ¢a=0; pr=7
dé khao séat sy vi pham bat dang thuc
Cauchy-Schwarz cua STPATPSACS.

02r
0,0
~0.2
-
~0,4
~0,6
~0.8

-1.0
0

- (f'a:f'b;‘(oa:();‘@b:ﬁ)‘
L5 20 25 3,0
Fa
Hinh 6: Do thj cia ham | phu thugc vao
bién ra , cac tham sé duroc chon rv=ra;
0a=0; pp=rt

0 05 1.0

Hinh 6 1 d6 thi su phu thudc caa ham
sb nén hiéu | vao bién do két hop ra, véi
cac tham s dwoc chon rp=ra, ¢a=0,
go=r. Db thi cho thdy STPATPSACS vi
pham bit dang thuc Cauchy-Schwarz ¢
ving c6 bién d6 két hop ra thoa méan
0<ra<1,3. Trong viing nay chdng ta thay |
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luén am va khi ra giam thi gia tri ham |
giam nhanh ve gia tri -1.

Tir céc két qua khao sét ta nhan thay
STPATPSACS vi pham bat dang thuc
Cauchy-Schwarz, day cling la minh
ching khang dinh trang thai nay c6 tinh
chat phi co dién.

3.2. Tinh chdt phdan két cham hai mode

Diéu kién phan két chum duoc Lee
dua ra nam 1990, vé sau dugc phat trién
va mo rong (An, 2002; Lee, 1990). Theo
do, tinh chat phan két chum cua trang thai
hai mode duoc dic trung boi ham sé R,
nhu sau:

<|\”lé(lu+1),\]év71)>+<Ngv71),\ﬂléu+1)>
OINIL J V)N W
<Na N >+<Na N >

R, = -1, (17)
trong d6 u va v 1a cac sé nguyén duong
thoa mén N(') —1‘["1 (Ny—J) voix =

{a,b}vau > v > 1. Khdng mét tinh tong
quat, co thé chon v = 1, ham phan keét
chum hai mode bac cao tré thanh

) (u+1)

Nb
Ry = <I§I§“)Nbiiéﬁlar€l,§“>>>1' (18)

N (u+1)

a

Mot trang thai ¢ tinh phan két chum
hai mode bac cao néu Ry, < 0, v&i Ry
cang am thi do phan két chuim cang cao.
Cac s6 hang cua ham R, duoc xac dinh

(M) =(BreBe )

N[ {(2+16F + 4laf +]al*) 4]
+(2+laf + 4|8 + |8 )l
<Re|[af" |5 ()" + 4laf’ | 5 (a5
w2(ap’)" + (aﬁ*)”“‘] +Re[(x-2)
(@ BB ol @ )
w2 4 laf ) |

2(u+1)

+(x-2) (19)

;
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<N‘“’N )=(a"a"b'6)

|a| |,B| {u (-1 (l |z(u3 +|p | u3))
u72)+|ﬂ| ) )+4(|a| +|ﬁ| )
x(u+1)+2(3u’ +4u +1)(|a|2(“71) + |/3|2(“’1))
+(|a 2(“”)) (l | (- | | +|p |2(u—1)
x|a ) X— Z)Re[(u u-2%+|af'|8/ )
xB° + 4u® (a U2 gu- )+2(3u +4u +1)
(@B )+ 4u+1) (o™ B )+(a*“*1ﬂ”*1ﬂ
+[2u(u —l)(|a|2(ufs) + |ﬁ|z(u73))+ 4u (|a|2(“’2)
A5 g e
+(x=2) Re((u(u ~Da™ B + 2ua™M B
+a™ 2 el + | (uu -1 g
+2ua' g +au+1ﬂ*u_3))}’

N,

+4u° (|af

2(u+l) |

(20)

()= (g
=[N {ut e (o ) +4

lpf* (a7 o)
xa(u+1)+2(jaf ™ +| A )(3u" +10u +8)
(G M (el
><|a|6)+ (x=2) Re[(u +1)%u® (a*“‘lﬂ“‘l) +4
x(u+1)°(a™p")+(3u’ +10u +8)(a ™" 5"
x2+4(u+2)(a? )+ (e’ B )
+(a*“*3ﬂ“*3 )J + Re[Z(u +Du (a*“‘la”*1ﬁ3

+a* )+ (@ e B )
xU+Du(x-2)+4(a"a"? B +a’ B )
xU+D)+2(x=2)(a e’ + " B B°)
x(u+D)+(x- 2)(a*”*la3ﬂ“*3 + a”*S,B*“*lﬁ) (21)
+ Z(a*”+1a“+3/33 +atpt gt )J} ,

x(u +1)° (|a|2“

<N3N;U)>= <a*a6*“6“>
=[N, [*{+16(a’ " +[af* |5F)
+a(| AP+l ) +8(lal |8+l |5
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+(laf "+l |B] )+ (laf |5

o |8 2)+ Re[4(a“ﬂ*“)+16(|a|

A )+ 8ol | @)

o’ B a5+l B a2 (22)
x(x—2)+ Re[4(|ﬁ|” O +lof @)
w2(x=2)(|Af' g+l a7
+2(|af’ |8 B+l |B] @B )+ (x~2)
(el 1B a5 el g a2 .

Dé danh gia tinh chat phan két cham
ciia STPATPSACS, ching t6i v& db thi &
hinh 7 va 8 cho ham Rap dugc dua ra boi
(18). Hinh 7 1a db thi 3D cua ham phan
két chim Rap phu thudc vao bién ga va g,
cac tham sd khac dugc chon 13 ra=r»=0,2;
u=6. Ttr d6 thi nay c6 thé thay ham Rap cO
gia tri am ¢ mot sé vung triing. Do vay
chdng tdi chon ga= /12; pp=n/2 dé khao
sat tinh chat phan ké& chim cua
STPATPSACS.

Hinh 7: Do th 3D cia ham Rap phu

thugc vao bién pa va gp , cac tham sé
khdc dwoc chon ra=r, =0.2, u=6

Hinh 8 1a d6 thi su phu thudc cua ham
phan két chim Rap vao bién do két hop ra,
véi cac tham sd dugc chon rp=ra ; ga=
w/12; gp=n/2; u=6. P thi cho thiy
STPATPSACS c6 tinh chat phan két
cham bac cao & ving c6 bién do két hop
ra thoa méan 0<r,<0,65. Trong vung nay
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tham s& Rap ludn am, khi cac tham sd ra
giam, gia tri Rap tang nhanh ve -1.

Lo}

(¢% ﬂfl2 ¢% /2 u= 6)
10 12 14

-1,0
00 02 04 06 08

Ya
Hinh 8:’190” thi ciia ham Rap phu thuge
vao bién ra , cac tham so diroc chon
M=ra; pa=/12; pp=n/2; U=6

Két qua khao sat chung to rang
STPATPSACS c6 tinh chat phan két
chum bac cao. Do d6 day la mot trang théi
phi c6 dién.

4. Tinh chat dan réi
4.1. Tiéu chudn dan roéi Hillery-Zubairy

Nam 2006, Hillery va Zubairy da dua
ra didu kién do tim dan rdi (Hillery &
Zubairy, 2006) dudi dang cac bat dang
thirc. Theo do, mét trang thai hai mode bi
réi néu vi pham bat dang thuc:

A . 2
<é+nénb+mbm>2 <énb+m>‘ .

Pé don gian chlng tdi dat ham dan rdi

(23)

H(n;m):‘<é”6*m> ~(a"a"0""b"). (24)
MGt trang thai hai mode bi rdi néu
R, >0. Nguoc lai néu R, <0, trang thai
d6 khong bi rdi.
4.2. Tinh chdt dan réi bac nhat
Xét trudng hop bac nhat (n=m=1),
khi d6 ham rdi R, tré thanh
P2 .on
H(L1) = <ab*>‘ ~(a'ab'B).  (25)
Két qua tinh todn thu dwoc cac s6 hang
trong c&c ham ro6i H(1;1) ¢ (25) nhu sau:
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<at3*> :|Naﬂ|2{6(aﬂ* +a' B+ (x12-1)

(| +|af ) +6(laf @p” + 5] a'p
+(x12-1)(|8} @’ B +[of ap"))

+(lof' ap + 1A @ p(x12-1)

(161 @ +|af azﬁ*2))+(|,6’|6 af’

+of & g+ (6] @57 +[af o”p°))
x(x12-1)+ (B[ B +|af a*°
+(x/2-1)(|B} @’ +|af a*°))

[2(a*ﬁ*“ va (o B )
x12-1)+(jaf o' B +|pf " B
x12-1)(|6f a5 +|a|2a*3ﬂ*2))}}. (26)
(aa6'6) =[N, [ {4(| +|af’ )+ 32]af
X[ +8lal’ |5 +8laf" |5 +|of" |5
+laf |8 +lef" |8 +|ef’ 8 +(x-2)
xRe| (16:+8a’ B+ f +a’f° ) af

x| B[ +4ap’ ]+ Re[(oﬁpﬁ +a°p?)2laf
x| +4(|8] & B +|af @57 )+ (x~2)
(218 pa’ +2laf ap +(a*p" + )

el 161)]).

Tir cac két qua thu duoc & (26) va
(27) chang t6i khao sat ham réi H(1;1) ¢
hinh 9, trong d6 cac duong cong 1a d6 thi
H(1;1) phu thudc vao bién ra, véi cac
tham sé dugc chon 1a g:=n; @=0. Puong
cong nét lién tng véi truong hop re=0,5ra.
Puong cong nét gach chim ung Véi
rp=1,5ra, duong nét gach ang vai ry=2ra.
Cac dd thi cho thay ham réi bac nhat
H(1;1) nhan gia tri duong trong ving
(ving rbi) ma bién d6 két hop ra khong
I6n. Ngoai ra c6 thé thiy ving réi phu
thuoc vao méi quan hé giita ra va rp. Cu

+

X

(
+

(27)
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thé véi rp=0,5ra viing rdi 1a 0<r,<0,44; Vi
re=1,5ra ving rdi 1a 0<r.<0,32; V4i ry=2r,
ving réi 1a 0< r<0,22. Nhu vay
STPATPSACS la trang théi bi rdi trong
ving ma bién do két hop ra va r, khong
I6n vao khoang dudi mot don vi.

0,1
= 0,0/
T
-0,1¢ \
[— f'[:=0=5rn \ -
t \\ /',’
—0,2_’ rp=1,5r, \\
- R=20r -
-03" - - S
0,0 0,2 0,4 0,6 0.8 1,(

ta
Hinh 9: Pé thj ham H(1;1) phu thudc
vao bién ra, véi cac tham so khdc duoc
chon la @.=7; »=0. Cdc duwong cong nét
lien, nét gach va nét gach cham tirong
ung vai rp=0,5ra; rp=21,5ra; r,=2,0ra

4.3. Tinh chdt dan réi bac cao

Pé khao sat tinh chat dan réi cua
trang thai hai mode két hop phan dbi xung
chdng chap thém hai va bot ba photon
theo tiéu chuan Hillery-Zubairy bac cao,
c4c s hang trong cac ham réi H(n;m) ¢
(24) can dugc xac dinh nhu sau:

(&™) =[N, [ {(n+2)(n+2)(a" 5"
+a "B +(x12-1) (BB +a*ma“))
+2(n+2)(a’a™ " +a "B B

+(x12-1)(a BB + "))

Po" A+ MR +(x12-1) (28)
x(a?B" B +a"a"?7))+ (o B
B+ a0 B+ (x12-1) (T
xB" +a ™3a" B )) + (a”*zﬂ*mﬂ3 +a"
B + (BB + oMo )

(1 2-D) [ - s g

+(a



TAP CHi KHOA HOC - BAI HOC PONG NAI, SO 28 - 2023 ISSN 2354-1482

@™+ (F e (12 V6i 1p=0,47ra. Céc db thi cho thiy ham sé
; : bac cao H(6;6) nhan gia tri duong trong

_ n-1 p*m+3 *m+3 n-1 < 1 / ¢ . .
1))+2n(a “ +a"p vung (vung roi) ma bién do két hop ra

+(x12-1)(a B +a ™" B )) khong Ién va phu thudc vao méi quan hé
v oo g o i a rp. Cu thé 12 vai rp=0,5r, viing
2 N0 p*m+3 m+3 p*2 pn 2.1 g!ua Favarp v - ’ a .
+(a apT e +(X/ ) roi la 0<r,<1,19; vai rp,=0,48ra vung roi la
x(a?B B +a ™" f ))J} 0<ra<1,26; Vvéi r,=0,47ra ving roi la
0<ra<1,3. Nhu vay STPATPSACS Ila
<é+ﬂéﬂ5+m5m> trang thai bi rdi bac cao trong ving ma
201 ez am o2 bién do két hop ra va rp khéng lon va
=[N [ {(Ja 2 " ] B o khoang du6i hai don vi.
-2+ an (o "+ o —
") +2(|f" B + e ") (30° - noasr, N
&3 ot
+4n+1)+(|a|2(n+l) |ﬂ|2m +|a|2m|ﬂ|2(ﬂ+l)) % , --= rp=047r, P '1
= Y
X4(n +1) +|(Z|2(n+2) ﬂ|2m +|(Z|2m |ﬁ|2(n+2) 1 ’, Ill
+| |2n|ﬂ|2(m+3) | |2(m+3) |ﬂ|2n+(x—2) 0 p \ !;
Re[n*(n-1)?a™*a" """ + 4n’a™ “100 02 04 06 08 10 12 ! 1.4
m p*m pn-1 *n+l _m p*m on+l Fa
xa" BB+ 4 +D(a ") Hinh 10: £4 thi ham réi Hillery H(6;6)
+(a™?a" BB )+ ("™ ") phu thugc vao bién ra, véi cac tham so

khac dwoc chon la g.=57/4; »=0;
+(a"a" B B" ) (60 +8n+ 2)] n=m=6. Cdc dwong cong tir thdp dén cao
+Re[2n(n—1)( N2 B BN | 3 tuong ung Vd:brzk);,(j,,?rr:; r,=0,48r,;
xa*mﬂ*n_zﬂn)+4nx(0‘ n—lan+1ﬂ*mﬂm+3 ‘
m s gL et o me2 o e So sanh hai duong nét lien (r,=0,5ra)
e A A CRCA & cac hinh 9 va 10 chiing ta c6 thé két luan
"B )+ (o P B ,gy & STPATPSACS c6 mic do dan rdi 6
+a ™" f Igm+3)(n2 _n)+(0;n—1am+3 (29) truc‘)ng,h(jp bac cao !('m hgn truong hop
BB+ o Y 20+ (o bac nhat. Hon nira, vung roi é_ytruc‘yng hop
bac cao cling rong hon so véi truong hop
Xam+3ﬂ*mﬂn+2 +a ™" +ﬁ*nﬂm+3)) bﬁC nhét.
(x-2)]). SKetlugn
rong bai bao nay, chung téi da deé
Hinh 10 bao gdm céc duong cong 13 xuat trang thai két hop phan dbi xung
dd thi ham rdi Hillery bac cao H(6;6) phu  chong chap thém hai va bt ba photon
thudc vao bién ra, voi cac tham sé khac  (STPATPSACS) bing ky thuat thém va
duoc chon 1a @=5m/4; @=0; n=m=6. bot photon Ién trang thai két hop hai
Pudng cong nét lidn tng véi truong hop  mode phan déi xang. Cac tinh chét phi
r,=0,5ra. Pudng cong nét gach chAm ung  ¢o dién ciia STPATPSACS da duoc khao
V6i r,=0,48r,. Duong cong nét gach tmg  Sét cu thé théng qua tinh chat nén tong hai
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mode, nén hiéu hai mode, su vi pham bat
dang thic Cauchy-Schwarz, tinh phan két
chum hai mode va tinh chat dan rdi. Céac
két qua thu duoc cho thdy STPATPSACS
thé hién dong thoi tinh chat nén téng hai
mode va nén hiéu hai mode. Ngoai ra,
trang thai nay con thé hién tinh chat phan
két chum hai mode trong ca hai truong
hop bac thap (bac nhét) va bac cao, va vi
pham manh bit ding thec Cauchy-
Schwarz. Dac biét, STPATPSACS la
trang thai bi rdi theo tiéu chuan dan roi

Hillery-Zubairy & ca hai truong hop bac
thip (bac nhat) va bac cao. Trong trudng
hop bac cao, tinh chat dan rdi cua
STPATPSACS thé hi¢n manh va tét hon
truong hop bac thip. Nhu vay,
STPATPSACS la trang thai c6 tinh chat
phi cb dién kha manh va cé nhiéu tiém
nang trong viéc ung dung vao cac nhiém
vu luong tir nhu thong tin lugng tir, vién
tai luong tur, bao mat luong tir va diéu
khién luong tir.

TAI LIEU THAM KHAO
Agarwal, G.S., & Tara, K. (1991). Nonclassical properties of states generated by the
excitations on a coherent state. Phys. Rev. A, 43(1), 492. DOI: https://doi.org/-

10.1103/PhysRevA.43.492.

An, N.B. (2002). Multimode higher-order antibunching and squeezing in trio coherent
states. J. Opt. B: Quantum Semiclass. Opt., 4, 222-227. DOI: 10.1088/146442-

66/4/3/310.

An, N.B., & Duc, T.M. (2002). Even and odd trio coherent states: Antibunching and
violation of CauchySchwarz inequalities. J. Opt. B: Quantum Semiclass. Opt.,
4(5) 289-294. DOI: 10.1088/1464-4266/4/5/310.

Chai, C.L. (1992). Two-mode nonclassical state via snperpositions of two-mode
coherent states. Phys. Rev. A, 46(11), 7187. DOI: https://doi.org/10.1103/-

PhysRevA.46.7187.

Chuong, H.S., Trung, H.N., & Duc, T.M. (2022). Non-classical properties of photon-
added-and-subtracted two-mode pair coherent state. Hue University Journal of
Science: Natural Science, 131(1A), 75-83. DOI: 10.26459/hueunijns.v131il-

A.6508.

Dat, T.Q., Duc, T.M., & Chuong, H.S. (2018). Improvement quantum teleportation via
the pair coherent states. J. Phys.: Conf. Ser., 1034, 012004(1-6). DOI: 10.108-

8/1742-6596/1034/1/012004.
Dat,

T.Q., Chuong, H.S., Hung, D.V., & Duc, T.M. (2022). Higher-order

nonclassicality in superposition of three-mode photon-added trio coherent states.
Commun. Phys., 32(2), 141-155. DOI: https://doi.org/10.15625/0868-3166/-

16508.

Dinh, D.H., & Duc, T.M. (2016). Sum squeezing, difference squeezing and higher-
order antibunching properties of two-mode even and odd charge coherent states.
Hue University Journal of Science: Natural Science, 117(3), 15-24.

100



TAP CHi KHOA HOC - BAI HOC PONG NAI, SO 28 - 2023 ISSN 2354-1482

Dodonov, V.V., Malkin, I.A., & Manko V.l. (1974). Even and odd coherent states and
excitations of a singular oscillator. Physica, 72(3), 597. DOI: https://doi.org/-
10.1016/0031-8914(74)90215-8.

Duc, T.M, & Noh, J. (2008). Higher-order properties of photon-added coherent states.
Optics Communications, 281(10), 2842. DOI: https://doi.org/10.1016/j.optco-
m.2008.01.043.

Duc, T.M., Chuong, H.S., & Dat, T.Q. (2021). Detecting nonclassicality and
non-Gaussianity by the Wigner function. J. Comput. Electro., 20, 2124-2134.
DOI: https://doi.org/10.1007/s10825-021-01753-0.

Glauber, R.J. (1963). Coherent and Incoherent States of the Radiation Field. Physical
Review, 131(6), 2766. DOI: https://doi.org/10.1103/PhysRev.131.2766.

Hai, N.T.D., Duc, T.M., & Chuong, H.S. (2021). Investigating entanglement and
quantum teleportation with three-photon added and single-photon subtracted
two-mode odd coherent states. Dong Nai University Journal of Science, 21, 81-
89.

Hillery, M. (1989). Sum and diffrence squeezing of the eletromagneticfield. Phys. Rev.
A, 40(6), 3147-3155. DOI: https://doi.org/10.1103/PhysRevA.40.3147.

Hillery, M., & Zubairy, M.S. (2006). Entanglement conditions for two-mode states:
Applications. Phys. Rev. A, 74, 032333(1-7). DOI: https://doi.org/10.1103/-
PhysRevA.74.032333.

Hoai, N.T.X., & Duc, T.M. (2016). Nonclassical properties and teleportation in the
two-mode photon-added displaced squeezed states. Int. J. Mod. Phys. B, 30(7),
1650032 (1-15). DOI: 10.1142/S0217979216500326.

Lee, C.T. (1990). Many-photon antibunching in generalized pair coherent states. Phys.
Rev. A, 41(3), 1569-1575. DOI: https://doi.org/10.1103/PhysRevA.41.15609.

Oulouda, Y., Falaki, M.E., & Daoud, M. (2021). Non-classicality and Non-
Gaussianity of Photons Added and Subtracted Multi-Coherent States. Int. J.
Theor. Phys., 60, 2013-2024. DOI:https://doi.org/10.1007/s10773-021-04731-1.

Ren, G., & Zhang, W. (2019). Nonclassicality of superposition of photon-added two-
mode coherent states. Optik, 181, 191-201. DOI: https://doi.org/10.1016/-
j.ijle0.2018.12.078.

Sudarshan, E.C.G. (1963). Equivalence of semiclassical and quantum mechanical
descriptions of statistical light beams. Phys. Rev. Lett., 10(7), 277. DOI:
https://doi.org/10.1103/PhysRevLett.10.277.

Thanh, L.T.H., Chuong, H.S., Dat, T.Q., & Duc, T.M. (2023). Enhancement of
dynamical entanglement in a dispersive two-mode Jaynes—Cummings model via
superposition of photon-added pair coherent state. Laser Phys. Lett., 20(7),
075203(1-10). DOI:10.1088/1612-202X/acde74.

101



TAP CHi KHOA HOC - BAI HOC PONG NAI, SO 28 - 2023 ISSN 2354-1482

Yang, Y., & Li, F.L. (2009). Entanglement properties of non-Gaussian resources
generated via photon subtraction and addition and continuous-variable quantum-
teleportation improvement. Phys. Rev. A, 80, 022315(1-9). DOI: https://doi.org/-
10.1103/PhysRevA.80.022315.

NONCLASSICAL PROPERTIES OF SUPERPOSITION OF TWO-PHOTON-
ADDED AND THREE-PHOTON-SUBTRACTED ANTISYMMETRIC
COHERENT STATE
Pham Huu Khanh?

Ho Sy Chuong?

Nguyen Thi Thu Thuy?

Truong Minh Duc?

Phan Boi Chau Secondary School, Xuan Loc District, Dong Nai Province
2Dong Nai University
3University of Education, Hue University
*Corresponding author: Truong Minh Duc - Email: tmduc2009@gmail.com
(Received: 29/8/2023, Revised: 8/9/2023, Accepted for publication: 21/9/2023)

ABSTRACT

In this paper, we introduce the superposition of two-photon-added and three-
photon-subtracted antisymmetric coherent state (STPATPSACS). The nonclassical
properties of this state have been investigated, including two-mode sum squeezing,
two-mode different squeezing, antibunching, violation of the Cauchy-Schwarz
inequality, and entanglement. The research results demonstrate that this state exhibits
two-mode sum squeezing, two-mode different squeezing, and violation of the Cauchy-
Schwarz inequality, as well as featuring higher-order antibunching. Moreover, the
entanglement property of the STPATPSACS has been examined through the first and
the higher order of the Hillery-Zubairy entanglement criteria. The obtained results
show that this state is an entangled state in any order. Especially, in the higher-order
case, the entanglement characteristic of the STPATPSACS is stronger, and its
entanglement region is wider than in the first-order case.

Keywords: Two-mode sum squeezing, two-mode different squeezing, violation of
the Cauchy-Schwarz inequality, antibunching, entanglement, Hillery-Zubairy
entanglement criteria
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