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NGHIEN CUU CAC TiNH CHAT PHI CO PIEN CUA TRANG THAI
THEM VA BOT MQT PHOTON LEN HAI MODE KET HQP LE

Pé Thi Bé Hgnh'
Nguyén Duy Anh Tudn?
TOM TAT

Trong bai bdo céo nay, ching tdi khado sét cac tinh chat phi cé dién cua trang
thai thém va bt mét photon Ién hai mode két hop lé. Két qua khao sat cho thay trong
trang thai nay ton tgi nén tong va tinh phdn két chim, ¢6 vi pham bdt dang thirc
Cauchy - Schwarz, nhing trang thai nay khong nén hiéu hai mode. Ngoai ra, két qua
con cho thdy trang thai nay théa mén tiéu chudn dan réi Hyunchul Nha - Jeawan
Kim. So véi trang thai hai mode két hop thém hai photon thi trang thai nay thé hién

tinh nén téng va vi pham bdr dang thizc Cauchy - Schwarz manh hon.
Tir khoa: Nén tong hai mode, sir vi pham bdt dang thic Cauchy - Schwarz, diéu

kién dan roi Hyunchul Nha — Jeawan Kim

dién vé mat ly thuyét Ian thuc nghiém
c6 y nghia rat quan trong trong viéc
tang do chinh xac va lam co s& cho viéc
nghién ctu va ap dung vao cac linh vuc
nhu: vat 1y chat ran, quang lugng tu,

1. Gi6i thigu

Nam 1970, Stoler [1] dua ra khai
niém trang thai nén va duoc khang dinh
bang thuc nghiém nam 1987. Vao nim
1991, Agarwal va Tara [2] da dua y
tuong trang thai két hop thém photon da
chung minh d6 1a trang théi phi c6 dién,
nd thé hién tinh phan két chum, hiéu
Gng nén, tuan theo théng ké Sub-
Poisson, tao nén nén tang cho ly thuyét
quang luong tir bdy gio va sau nay.
Viéc nghién cau cac trang thai phi c6

¥)a =Noy (& +D)((),18), =1 B), a0, ) @)

thong tin luong tr, may tinh luong tu.

Thém va bdt photon vao mét trang
thai vat ly 1a mot phuong phap quan
trong tao ra trang thai phi c6 dién maéi
do 1a trang thai thém va bt mot photon
Ién hai mode két hop I¢é c6 dang

trong d6 &' 14 toan tir sinh d6i voi mode a vab Ia toan tir hiry di véi mode b, N, l1a
hé s chuan héa
1

Nop = 2 2
\/E\/Dod +|B| —x(a*ﬁ +ﬁ*a)] +[(l—x)(a*,3* +af +1)J

()

1Tr1r(‘mg Pai hoc Su Pham - Pai hoc Hué
*Trudng Dai hoc Pdng Nai
Email: nguyenduyanhtuan@gmail.com

130



TAP CHI KHOA HOC - BAI HOC BONG NAI, SO 05 - 2017

ISSN 2354-1482

Viéc khao st céac tinh chat phi ¢b
dién cua trang thai hai mode két hop
thém hai photon [3] da duoc tac gia
Nguyén Thanh Phap nghién cau. Tuy
nhién, viéc nghién ctiu cac tinh chat phi
cb dién cua trang thai thém va bot mot
photon 1&n hai mode két hop 1é van
chua dugc dé cap dén. Vi vay trong bai
bdo nay, chung tbi tién hanh khao séat
céc tinh chat phi ¢ dién cua trang thai
thém va bdot mot photon 1€n hai mode
két hop lé.

2. Tinh chit nén caa trang thai
thém va bét mét photon 1én hai mode
két hop 1é

2.1. Nén téng hai mode

Nén tong hai mode duoc Hillery [4]
dua ra vao nam 1989. Mot trang thai
duoc goi 1a nén tong co thé viét dudi
dang sau

) =2 (8, +1,+1) <0, 3)

7 1 o ATIS —io Al A AT A \ A TN - 7= A \
trong do V, =E(e"”a*bT +e "”ab), A =4a'a va i, =b'. Vi trang thai thém va

bat mot photon 18n hai mode két hop 1¢, hé sb nén téng c6 dang

s =[4(laf +18F ~x(a B+ Fa)s(1-x)(aprap +1)]

<{(2laf’ |57 +2+e™a g7 +e a5

x|:(|a|2 +|6F - x(a*ﬂ+ﬂ*a))+(1— X) (aﬂ+ a +1)}

N 2(1_ X)[ezwa*zﬁ*z +e%00% 5 _(aﬁ+ a B +l)+ 2|0£|2 |,3|2}

(4)

+(|0‘|2 | —x(a' B+ Ba))[ap+a B +a B +ape ~1])
A[2(ef +16f (e p+ Fa) +(1-x) apra s +1)]
[l +18F - x(a"p+ ) [2(a B s ape ) v e
@ x)(apra s+ 2) o e vape )]}

Dé khao sat tinh nén tong, ta dat a=r,exp(ip,), f=rexp(ig,),

X = exp(—|a - ﬂ|2 ) va @ =@, —@,, thay vao biéu thirc (4) ta duoc:
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S= {4(ra2 +17 - exp[—ra2 —rZ+2rr, COSgo]Zrarb cos
+ (1—exp[—ra2 —rZ+2rr COS(p])(Zrarb cos(g, + (pb)+1)}_1
x {(Zrazrb2 +2+2rt7 cos(4p,))
x[(rj +17 —exp(—rj —rZ+2rr cos(p)Zrarb cosg)
+ (1—exp(—ra2 —r2+2rr cosqo))(Zrarb cos (¢, + gob)+1)]
+ 2(1— exp(—r7 — 1 +2r,r, cos (0)) x| 2r2r} cos (4, )
~[2r,r,cos(p, + ¢, ) +1]+ 2ra2rb2]
+ [raz +17 - exp(—ra2 — 12+ 2.1, COS go)Zrarb cos (p]
x[ 21,5, cos (g, + ¢, ) + 21,5, cos (o, — 3¢, ) —1]}
- {[Z[ra2 +17 —exp(—rj —r2+2rr, cos,go)Zrarb cos
+ (1—exp(—ra2 —r2+2rr, c05¢))(2rarb cos(p, + go,o)+1)ﬂf1

x [rj +17 - exp(—ra2 — 17 + 21,1, COS go)Zrarb cos (p] [4.r,1, cos(2p,)+2c0s ¢ |

+[(1— exp(—ra2 — 12 4211, cosg))x (21,1, cos(p, + @, ) +2) 2,1, cos(2¢b)]}2

(5)
_1000} ~ \
\\‘\\ (2)
—2000} \\ \

3000} . ]
. (1) \ N\

“ \ \
4000} O\
5000} \

\
—6000} \
\'\
7000} \ 1
1 1 Il
0 1 2 3 4 5

Ty

Hinh 1: D6 thj khado sat nén téng hai mode cua trang thai thém va bét meét
photon I&n hai mode két hop lé (dwong (1)) va trang thai hai mode két hop thém hai
photon (duwong (2)), voi diéu kién khao sat 1a

ra:2rb,¢a:2¢b va Q= A
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Hinh 1 cho thiy ca hai trang thai 2.2. Nén hiéu hai mode
déu nén téng. Tuy nhién trang thai Nén hiéu hai mode duoc Hillery
thém va bat mot photon Ién hai mode [4] dua ra vao nam 1989. Mot trang
két hop 1& ¢6 tinh nén téng hai mode thai duoc goi la nén hiéu c6 thé viét
manh hon. dudi dang sau
D:<V\7;>—<V\7¢>2—%(ﬁa—ﬁb)<0, (6)

~ Ll Sttt A ATA s A Ll i e A .
trong do W, =E(e'“"abT +e "”a*b), A, =4'4 va A, =b'b . Vi trang thai them va
bot mot photon Ién hai mode két hop 1¢, hé s6 nén hiéu cé dang

1
D= Z{2[ra2 + 17 —exp(—17 — 7 + 21,1, C0s @) 21,1, COS ]

+(1—exp(—ra2 — 12 +2r,I, COS (p))(Zrarb cos (g, + %)+1)]}4
x{z(ra“ + 1y —exp(—1 =K +2r,1, cos ) 2r’r’ cos(2¢, — 29, )
+2¢0s(2¢p)2r.1; cos(2p, - 2¢, ) (17 +1)
—exp(—17 =1} +2r,1, c0s 0) 2c0s(29)2r,1, cos (1 + 1)
+(2r,1, cos (g, +¢b)+3)2COS(2(o)[2r 1’ cos(2¢, —2¢,)
—exp(—ra -7 +2rr COS(p)(ra +1, )] +2(2rarID cos(3¢p, —5¢, )
+2r2r, cos (@, +¢,))—2exp (17 — 7 + 21,1, cos )
x (21 cos(2p,)+2r, cos(2¢, —4p,))
+4r262 {r? + 1 —exp(—r — 7 + 21,1, COs @) 2,1, COS o}
+4r’r; (1—exp(—ra —r’+2rr COS(D))(ZI’arb cos(@, + @, )+4)
+4[ra2 + 17 —exp(—1 — K +2r,1, cosp) 21,1, cos (21K, cos(g, +¢)b)+l)}

e s e

( rz—rb2+2rarb cosfp))(zrafb 005(%+(/’b)+1)}}71 0

x (-1 -2 +2nr, COS(D))ZCOSgDZI’aI‘b cos (1 +17)

a

+[2r K, Cos —exp(—r — 1 +2r,1, cosp) (17 + 17 )]

x(2r,1, cos( goa+(pb)+2)2COS(p+(l exp(—r7 -1y +2n,1, COS(p))

x (27 cos(p, + @, )+ 21, cos(3g, —¢a))}2
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Trang thai goi 1a nén hiéu khi hé sé (1)) va trang thai hai mode két hop

nén hiéu D trong biéu thirc (7) nhan gia thém hai photon (duong (2)) véi diéu

tri am. Tién hanh khao st nén hiéu hai Kién khao sat la
mode cua trang thai thém va bt mot r=2r T
, a b , = —, =T .

photon 1én hai mode két hop 1é (dudng “=g %
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Hinh 2: D6 th; khdo sat nén hiéu hai mode cia trgng thai thém va bét mét

photon Ién hai mode két hop 1¢, véi diéu kién khao sat 1a

Hinh 2 cho thay trang thai thém va
bot mot photon 18n hai mode két hop
I&é khoéng co tinh nén hiéu hai mode.
Hai trang thai nay gan nhu ddi lap
nhau.

3. Sw vi pham bat dang chirc
Cauchy — Schwarz va tinh chat két

= T
2rb!¢b:§’ ¢a:ﬂ

chum caa trang thai thém va bét
mdt photon 1én hai mode két hop 1é
3.1. Sw vi pham bdr ding thirc
Cauchy - Schwarz
Piéu kién trang thai hai mode ton
tai sy vi pham bt dang thirc Cauchy —
Schwarz c6 dang

aa)b b &
(") 6" )
| = ‘<aTa6T6> -1<0.

Tinh céac gié tri trong cong thuc (8) cua trang thai thém va bat mot photon 1én hai
mode két hop 1¢, ta thu duoc két qua sau

(8)
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| = {{[( r®+1° —exp(-r, — 1’ +2r,1, cosg)2r,’;* cos(3p, —3p,))
+rirf 4+t +(2rr cos(e, +¢,) +5)
x(rf+nf —exp(-r -1’ +2r.1, c0sg) 2, cos(2p, - 2¢,) )
+2(r, +1,2)(2r,1, cos(p, +@,) + 2)—exp(—r,” — 1% + 27,7, COS )
x(8 + t‘azt‘bz)Zl‘arb Ccos (p][razrbz (raz +7°
—exp(-r,? —r,? + 2r,1, cos ) 27,7, COS qp) +(1+ 2,1, cos(p, +¢,))

x(n*+ 1, —exp(-r,? — 1,2 + 2r,K, c0s )2, ’r,” c0s(20, — 2¢,))
1
+(r°+r° —exp(-r? -1’ +2rr, cosp)2r’r’ cos(3p, —3(pb)]}2

X [(ra2 + 1.7 —exp(—r,” —1,” + 21,1, COS )27, 7, COS go)

X (1+ 2r.r. cos(p, +¢,) + 21,1’ ) +2rr?

x(1—exp(-r,? —1,? + 2.1, c0sp) ) (2, cos(g, +¢,) +3) ] *} -1

)

Hinh 3: Do thj khdo sat su vi pham bdr dang thic Cauchy - Schwarz cua trang
thai thém va bst mét photon 18n hai mode két hop l1é (d@wong (1)) va trang thai hai

mode két hop thém hai photon (dwong (2)), Véi diéu kién khao sat &
r=25L,0,=7Vva ¢, =%

Hinh 3 cho thiy trong cung mét
diéu kién khao sat chi c6 trang thai
thém va bat mot photon [én hai mode
két hop Ié¢ vi pham bit dang thuc
Cauchy - Shwarz.

3.2. Tinh phdn két chum

tai tinh phan két cham la
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Tinh phan két chum duoc Lee [5]

dua ra vao nam 1990. Piéu kién dé ton
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A (1+1 A (m-1 A (Mm-1 A (1+1
<na( )><nb( )>+<na( )><nb( )>
R, (l.m)= A e e —1<0 (10)
(R.) (07 + (0. (")
voi 1>m>0; I,mlasé nguyén, i, =&’ va A, =b'b. Trong trang thai thém va bét
mot photon 1&n hai mode két hop 1¢, biéu thirc phan két chum tong quét cé dang sau

Ra () = {8 o 187 200+ m+2)] o |3+ o
[0+ ) )l 7
_ X((X*Iﬁlﬂ*(mil)a(mil))‘Fﬂ*lala*(mil)ﬂ(mil))}+|:(m _1)2
+(m _1) % (aﬂ + a*,B*):H],B (1+1) |2(m 2) |a|2(|+1) |’B|2(m72)
_X(a*(m—Z)IB(m—Z)IB*(I+1)a(l+l) T IB*(m—Z)a(m—Z)a*(I+1)ﬁ(l+l) ):|
4 Z(aﬂ 4 a*ﬂ*)|:|a|2(l+l) |ﬂ|2(mfl) 4 |ﬂ|2(|+l) |a|2(mfl)
_X(a*(I+1)ﬁ(l+1)ﬁ*(m—l)a(m—l) 4 18*(I+1)a(l+1)a*(m—1)ﬁ(m—l)):|
—X2(| +m+1)|06| |,3| ( ﬂ #(m— 2 (m-2) +ﬂ*|a|a*(m72)ﬂ(m72))
. X|a| |ﬁ| ( #(141) |+1)ﬁ (mfz)a (m-2) +ﬂ* (142) Ot I+1)a*(m—2)ﬁ(m—2))
4 Da ﬁ| m +|ﬁ a|2m _x(a*(l+l)ﬁ(l+l)ﬁ*mam +ﬁ*(|+l)a(l+l)a*mﬁm )]
B X|a|2 |ﬁ|2( *Iala*(m—l)ﬂ(m—l) +OC*I/))I lB*(m—l)a(m 1) ) D | —1)|IB| 2(1+2)
+|ﬂ|2(m—1) |a|2(l+2) _x(a*(m—l)ﬂ(m—l) Xﬂ (1+2) (1+2) +B “(m-1) (1) |+2)ﬁ(|+2)):|}
x{laf’ 1B [of +|B] +2(1+m+1)](Jo* B + [ o
|a|2(m-1))+ (12 + lof +la*ﬁ*)|:|a|2(l_l) |,B|2m +|a|2m |ﬁ|2(l—1)
_X(a*(l—l)ﬁ(l—l) B +ﬁ*(l—l)a(l—l)a*mﬂm)}_'_(mz +maﬂ+ma*ﬂ*)
XD,BFI |a|2(m*1) +|a|2| |IB|2(m*1) —x(a*(m_l)ﬁ(m_l)ﬂ*'a' n ﬂ*(m—l)
(m 1) Iﬁ ):| + Z(aﬁ +a*ﬁ*)|:|a|2| |ﬂ|2m i |ﬂ|2| |a|2m
—X(a*'ﬁ'ﬁ*mam +pd " B )] —2x(I+m +l)|oz|2
X|ﬁ| ( (1-2) 1),3*(m_l)a(m_l) +ﬁ*(l—1)a(|-1)a*(m—1)ﬁ(m-1))
—X|a| |ﬂ| (a IB ﬁ*(m—l)a(m—l) +ﬁ*lala*(m_l)ﬁ(m_l))

(1+1) (1+1)
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—X‘ ‘ ‘,B‘ ( «(1-1) lla*mﬁ ‘a Il)ﬂ(l 1)/3*mam)
D ‘2| ‘ﬂ‘ (m+1) ‘ﬁ‘ZI‘ ‘ (m+1) (a*lﬁlﬁ*(mﬂ)a(mﬂ)
+lg*|ala*(m+1)ﬁ(m+1))} n Da‘zm ‘ﬁ n ‘ﬁ 2(141)

1
_X(a*mﬁmﬂ*(lu)a(lﬂ) +ﬂ*mama*(l+l)ﬂ(l+l) ):” 1

Dé thuan tién cho viéc khdo sat ching ta dat a =r, exp(ip, ), S =r,exp(ig,).

Bay gid ching ta s& khao sét tinh phan két chum cua trang thai nay.

2(141) ‘Zm‘

R: I=m

Lo L5 2.0

Ty

0.5

Hinh 4: Dé th; khdo sat si phy thude cua R, (4,4), R (5,5),R , (6,6)vao bién
do rva o, Noi r =1, 0 =7 ,p, = % Céac tham sé duroc chon theo thir tir rong

ung vaoi duong (1), (2), (3)

Theo db thi hinh 4 két qua cho thay
khao st tinh chat phan két chum cuaa
trang thai thém va bt mot photon 1én

hai mode két hop 1é trong truong hop | =

137

m, R, (4,4)<R (5,5 <R, (6,6), ki I,
m cang lon thi trang thai thém va bét
mot photon 1&n hai mode két hop l¢é thé

hién tinh chét phan két chim cang manh.
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Hinh 5: D6 thi khdo sat sw phu thuge cua R ,(4,3), R (5,3), R, (6,3)vao bién

a N ,s T . £ ,
do rva @ NI r =r,,p =7 ¢, = 3 Cac tham so duoc chon theo thir tu tirong

ung voi duong (1), (2), (3)

Theo d6 thi hinh 5 két qua cho thay
khao sét tinh chat phan két chum cua
trang thai thém va bt mot photon 1€n hai
mode két hop Ié trong trudng hop | # m,
R, (4,3)<R,(5,3)<R (6,3), khi | - m
cang tang thi trang thai thém va bt mot

4. Tinh dan roi caa trang thai
thém va bat mét photon Ién hai mode
két hop lé

Ap dung diéu kién dan 1di
Hyunchul Nha — Jeawan Kim [7] cho

trang thai thém va bét mot photon 1én

photon 1&n hai mode két hop Ié thé hién
tinh chat phan két chum cang manh [6].

hai mode két hop 1¢ két qua nhu sau

1
R, =1{1—
vt [(raz+rb2—x2rarbcos<p)+(1—x)(2rarbcos((pa+(pb)+1)]
= [ZraZrb2 cos(2p, —2¢,) (1> +1,°) —x2r,r,cosp(r,* +1r,*)

+ (Zrazrb2 cos(2p, —2¢,) — x(r,* +1,* ))(Zrarb cos(e, +@,) +3)

+(2r,1,° cos(p, —3p,) + 2r,%r, cos(3p, — ¢,) — x(21,* cos(2¢,)
+2r* (:os(Z(pb)))—(ra4 + 1% —x2r,°r,” cos(2¢, — 2¢,))
—2(@—-x)(2r,r, cos(g, +@,) +1)—2r,*r,? (1—x)
x(2r,r, cos(g, +@,) + 4)—2[ra2 + 1,2 —x2r,r, cos @]
x(2r,r, cos(g, +@,) + 2+ 1,717 ):|}
1
[( r,2 +r?—x2r,r, cos g0)+(1— x)(2r,x, cos(p, +@,) +1) |
x| 2r%5? cos(2p, —2¢,) (1. +1,>)— x2r,1, cosp(r,* +1,*)

+(2r,°5° cos(2e, —2¢,) — x(r," +1,")) (25,1, cos(p, + ¢,) + 3)

><{1+

+ (2rarb3 cos(gp, —3¢,) + 2r.%r, cos(3p, —@,) — X (Zra“ cos(2¢,)
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+2r* COS(Zqu))) +(rt+ ' —x2r.r? cos(2p, - 2,) )+ 2(1-X)
x (2,1, cos(p, +@,) +1)+2r,7r,? (1-x)(2r,1, cos(p, + ¢,) +4)
+2(1r,2 + 1,7 = X211, Cos ) (21,1, COS(p, + @, ) + 2+ razrbz)]

1
B [(ra2 +1,2 = Xx2r.1, cos )+ (1-x)(2r,1, cos(, +,) +1)]2

x[(ra2 +1,2)(1-exp(-r,? = 1,> + 2r,r, cos ) ) (21,1, cos o +1)

+(2rarb cosg—x(r,” + rbz))(Zrarb cos(p, +@,) + 2)]2}
1
[(ra2 +1,2 = X2r,1, cos @)+ (1-x) (2,1, cos(p, +¢,) +1) ]

—[1+

x(n' + 1t =2, cos(2p, - 2¢,))
+(r2 41,7 = x2r,r, cosp)(2r,r, cos(p, + ¢,) +3)
+2(1-x)(2r,1, cos(p, + ¢,) +1+ raZrbz)]2 ,
ddng thoi dat a =r,exp(ip, ), B =r,exp(ig, ) va khao sat theo bién do ry, véi didu

kién khao sat dong thoi ¢ =2¢,, ¢ =§.

-500000

-1.0x10°

-15x10°

Ty

Hinh 6: D6 thi khdo sat s phu thugc ciia Ry theo bién dé ry trong cdc trieong hop ra=
'y (duong (1)), ra= 2ry (dwong (2)), ra= 3ry (duong (3))

Nha — Jeawan Kim [7] khi ta chon cac

diéu kién thich hop, va khi r, cang

tang thi Ry cang am, nghia 1a tinh dan

rbi thé hién cang manh.

Theo db thi hinh 6 két qua cho
thay trang thai thém va bt mot photon
lén hai mode két hop 1¢ hoan toan bi
réi theo diéu kién dan rdi Hyunchul
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5. Két luan véi tinh phan két chum, t6i da dua ra
tham sé tong quat, tién hanh khao sét
cho cac trudong hop I=m va hiéu s I-
m ting dan. Két qua khao sat cho
thy, trong ca hai treong hop khi | va
m ting thi tinh phan két chum cua
trang thdi nay cang manh hon. Nhu
vay, trang thai thém va bdét mot
photon 1&n hai mode két hop 1é 12 mot
trang thai co tinh chét phi c6 dién.
Ngoai ra, trang thai nay la mét trang
thai rbi theo tiéu chuan dan rdi
Hyunchul Nha — Jeawan Kim.

Trong bai bao nay, chung toéi da
khao sat tinh chat phi c6 dién cua
trang thai thém va bét mot photon 1én
hai mode két hop I¢é. Két qua cho thay
trang thai nay thé hién tinh chat nén
tong manh hon trang thai hai mode
két hop thém hai photon, ddng thoi
trang thai nay c6 su vi pham bat ding
thirc Cauchy - Schwarz ciing manh
hon trang thai hai mode két hop thém
hai photon, tuy nhién trang thai nay
cling khong nén hiéu hai mode. Doi
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STUDYING THE NONCLASSICAL PROPERTIES OF THE ONE-PHOTON-
ADDED AND ONE-PHOTON-SUBTRACTED TWO-MODE ODD
COHERENT STATE

ABSTRACT
This paper studies the nonclassical properties of the one-photon-added andone-
photon-subtracted two-mode odd coherent state. The results showed that the one-
photon-added and the one-photon-subtracted on the two-mode odd coherent state
are very important and it may change the nonclassical properties of the state. In the
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two-mode sumsqueezing and two-mode differences queezing conditions, the study
detected that the state is two-mode sum squeezing but not two-mode difference
squeezing. It showed that the state is antibunching and violation of the Cauchy-
Schwarz inequality and that the one-photon-added andone-photon-subtracted two-
mode odd coherent stateis completely entangled according to the Hillery—Zubairy
and the Nha-Kim entanglement criteria.

Keywords: Sumsqueezing, differencesqueezing, Cauchy-Schwarz inequality,
Hillery—Zubairy and Nha-Kim entanglement criteria

(Received: 01/06/2017, Revised: 05/06/2017, Accepted for publication: 24/07/2017)

141



