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NGHIEN CUU CAC TINH CHAT PHI CO PIEN CUA TRANG THAI
THEM HAI VA BOT MOT PHOTON LEN HAI MODE KET HQP LE
Nguyén Vi Thuy"
Trwong Minh Durct
TOM TAT
Trong bai b&o c&o nay, ching tdi khdo sat céc tinh chdt phi cé dién cua trang
thai thém hai va bt mgt photon 1&n hai mode két hop lé. Bang viéc sir dung diéu kién
nén tong va nén hiéu hai mode, ching téi thu dwoc két qua trang thai nay 1a mét
trang thai co nén tong nhung khéng nén hiéu hai mode. Tiép theo ching toi khao sat
tinh chdt phan két chum hai mode va si vi pham bdr dang thizc Cauchy - Schwarz
cua trang thai ndy. Két qua cho thdy trgng thai thém hai va bét mét photon Ién hai
mode két hop lé c6 tinh chat phan két chim va c6 vi pham bdt dang thizc Cauchy -
Schwarz. Sau dé ching t6i khdo sdt tinh dan réi cua trang thai thém hai va bt mét
photon 1&n hai mode két hop lé. Két qua cho thdy trgng thai nay théa man ca hai
dieu kién dan roi Hillery - Zubairy va Hyunchul Nha - Jeawan Kim.
Tir khoa: Nén tong hai mode, nén hiéu hai mode, phan két chim, sw vi pham
bdt dang thizc Cauchy - Schwarz, diéu kién dan réi Hillery - Zubairy, diéu kién dan
réi Hyunchul Nha - Jeawan Kim

1. Gigi thigu

Khai niém vé cac trang théi phi cb
dién dugc cac nha khoa hoc khéng
nging nghién ctu va phat trién, dién
hinh nhu cac trang thai nén, trang thai
két hop chin, Ié, day 1a nhitng trang thai
phi ¢ dién. Vao nam 1991, Agarwal va
Tara d3 dé xuat y tuong vé trang thai
két hop thém photon [1] va ciing da
ching minh dugc day la moét trang thai
phi ¢b dién, trang thai nay thé hién tinh

nén, tinh antibunching (phan két chum)
va tuan theo théng ké sub-Poisson.
Thém va b6t photon vao mot trang thai
vat ly la mot phuong phap quan trong
trong Vviéc tao ra mot trang thai phi co
dién mai, nghién ctu tinh chat cua céac
trang thai phi c6 dién ndy mé ra nhiing
ung dung mai trong k¥ thuat. Trang théi
thém hai va bot mot photon [én hai
mode két hop 1¢é c6 dang

V) = Nap (37 +0) (|2}, | £), =1 8), ), ), M

trong d6 &' 1a toan tir sinh d6i véi mode a, b 14 toan tir hay ddi véi mode b, N, I3

hé sb chuan hoa

N, ={4+5[af" +]a|' +2Re[a?f+ fa]+5|B[" +| ]

)

~2Re[5a" f+a* 7 + fa+ fa” + 2]xexp(—\a s )}; .
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Viéc khao sét cac tinh chat phi ¢
dién cua trang thai hai mode két hop
thém photon lé [2] da dugc tac gia
Nguyén Thi Hong Hanh nghién ctu.
Tuy nhién, viéc nghién cau cac tinh
chat phi ¢6 dién cua trang théai thém hai
va bat mot photon 18n hai mode két hop
Ié¢ vin chua duoc dé cap dén. Vi vay,
trong bai béo nay ching téi tién hanh
khao sét céc tinh chat phi c6 dién cua

wong a6 ((aV,)) = (V7)=(V,)".

i, =b'D.

Pé thuan tién cho viéc khao sat ta dat

{0

trang thai thém hai va bét mot photon
Ién hai mode két hop 1¢.

2. Tinh chit nén cia trang thai
thém hai va bét mot photon Ién hai
mode két hop lé

2.1. Nén téng hai mode

Nén tong hai mode duogc Hillery [3]
dua ra vao nam 1989. Mot trang thai
duoc goi 1a nén tong néu

<(A\7q))z> < %(ﬁa +h,+1), (3)

~ 1 Al T O P
Vq):E(e"”aTbWe "”ab), A, =4a'a va

) —%(ﬁa +f, +1). @)

Trong trang thai thém hai va bot mot photon 18n hai mode két hop 1¢, tham s6 S

c6 dang

S = INL[ {2l +1]* +8(|f +] 5 )+ 24 |Re[ e ]

+2Re|e™a?p? (a”p + | +a B +|af' ) |+ 2(|of* + 4l +2)

B[ Re[ " |+ (2]a +18|a|" + 28a|* +8)| A

+2 Re[(z\a\z +4) 8 azﬁ] +2(|8" + 48[ +2)|af Re[e*a" ]
+(21p +18" + 28| +8)[af" +2Re[ (2] +4)laf ap”]

-2 Re[ez"” ("B +8a B +12a) B +e* (a”B° +4a" B +2) B a

+e 7 (o B +8a B +128° )’ +e P (a? B + 4’ B+ 2) Bra
+ e—Zi(pﬂ4a3 + e2i¢a*4ﬂ*3 + eziwa*zﬂ*sa + e-zupﬂzﬁ*as + Za*ﬁﬁ*zaz
+(2a°p° +16a7p* +28a B +8) fla+ (22" B° + 4B ) o’

+(2a*3ﬁ+4a*2)ﬁ*2a]exp[—\a—ﬁﬂ}—%\Naﬁ\“{z Re[e“a’f"]

x(jaf +|[" +6laf +6|6f +12)+ 2Re| e ap(a?p +|af’

+|Bl + ap?) |+ 2(|af +2)Re[ e alp |+ 2(|6f +2)

x Re[ei‘/’ af /3] —2Re| ("' +e ap)(a? 7 +6a 5 +6)

+e e (A + p°)+ (el +e |af 57)(a" B +2)

v faf + ) <enp e AF))" )
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Dua vao diéu kién (3), néu biéu
thac (5) nhan gié tri &m thi trang thai
thém hai va bst mot photon 1€n hai

mode két hop I¢é thé hién tinh nén tong

hai mode. P& khao sét tinh nén tong,

chung ta dat

azranp(i(Da), ﬂ:rb exp(i¢b) Vé‘
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Hinh 1: Do thj khdo sat nén tong hai mode cua trang thai thém hai va bt mgt

photon I&n hai mode két hop lé (dwong (1)) va trang thai hai mode két hop thém
photon lé (dwong (2))

D thi hinh 1 khao sat tinh nén tong
hai mode cua trang thai thém hai va bt
mot photon 1én hai mode két hop I¢
(duong (1)) va trang thai hai mode két
hop thém photon I¢ (duong (2)) vai

diéu kign khao sét Ia r, =1, , @, =%,

0<r, <5 va (pb:%. Két qua cho

thiy ca hai trang thai déu nén tong, tuy

nhién trang thai thém hai va bt mot

photon 1én hai mode két hop 1é c6 tinh
nén tong hai mode yéu hon.

2.2. Nén hiéu hai mode

Nén hiéu hai mode dugc Hillery [3]
dua ra vao nam 1989. Mot trang thai

duogc goi 1a nén hiéu néu

<(AV\7¢)2><%<ﬁa _h,), ©)

trong do <(AV\A/¢ )2> = <V\A/¢2>—<V\A/ >2, V\Alw = %(ewéiBT + e‘fwéifﬁ), A, =4'4 va

4
i, =b'D.

Pé thuan tién cho viéc khao sat ta dat
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D:<V\A/¢2>—<V\A/¢>2—%<ﬁa—ﬁb>. )
Trong trang théi thém hai va bt mot photon 1én hai mode két hop Ié, ta c6:

D= %\Naﬂr (2Re[ e (o +80’ o +120°) |+ 2laf +18)o
+36|a|2+1z)|ﬁ|2+(z|a|2+z)|ﬁ|“+z(|a|4+4|a|2+z)Re[ezwﬁ*3]
+2Re[a2ﬂ*ﬂ2}+2Re[a2a*ﬂ2}+2Re[(2a*3a+5a*2)ﬁ*2ﬁ]
+2Re[€a* fp+e™a’ B |+ 2Re[ ™ 7B + 84 ° +125° ) |
+(2|ﬂ|6+18|/5'|4+36|ﬂ|2+12)|a|2+(2|,8|2+2)|a|4+2(|ﬂ|4+4|ﬁ|2+2)
xRe[e%“]+2Re[(2ﬂ*3/3+5ﬂ*2)a*2a}+2Re[e2‘¢ﬂ4a*2a+e2i¢/32a*3a]

-2 Re[ez‘w (@B +8a’ B +12° | B +e 7 (a™*B* +8a "B +120 )’

+(227°F° +18a" §* + 360 B+12) f o +(2a f +2) 70’

+(a B +4d p+2)(€B° +e 7’ |+ o fra+ (20" p +5a ) f e

+(22 B2 +55° ) f ot +€ B Bra+ fB ot +e P Ba +e 0 Bl

+ez""/32/3*3a]xexp(—|a - ,B|2)} -%\Naﬁ\“ {2(|a|“ +6|af + 6)Re[e“"aﬁ*]

+ 2(|a|2 ¥ 2) Re[ e’ |+ 214" Re[ e’ +¢"ap" |+ 2(|f" + 6/ + 6)

xRe[€“a’f | +2(|,B| z)R e[e*a”p ]+ 2ol Re[e" +e"a ]

—2Re[(a B +6a’B+6)(e" |8 +™[af |+ (674" + P 4 |

467 )ﬂ*a+(a*/3+2)(ei¢a*ﬂ*z+e’i“’a2ﬂﬂxexp(—|a— /3|2)}2. (8)
Dua vao diéu kién (6), néu biéu  mode. Pé khao sét tinh nén hiéu, ta dat

thic (8) nhan gia tri am thi trang thai a=r, exp(i(pa), B=r, exp(igob)va

thém hai va bst mot photon 1€n hai
, . i . . P=P; =Py
mode két hop 1€ ¢ tinh nén hiéu hali
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Hinh 2: D6 thj khao sat nén hiéu hai mode cia trang thai thém hai va bot mét

photon I&n hai mode két hop lé

Do thi hinh 2 khao sat nén hiéu hai
mode cua trang thai thém hai va bat

mét photon I&n hai mode két hop 1¢ véi

3.1. Sw vi phagm bdr ding thirc
Cauchy — Schwarz

DPbi véi cac truong cd dién, bat

r =2r dang thac Cauchy — Schwarz cho

diéu kien khao sat la r =2r,

treong hop hai mode c6 dang

(o) (567 |

(v

@, =2¢,,0<r, <4 va (ob:%. Do

thi cho thay trang thai thém hai va bét | — _1>0.

mot photon 1én hai mode két hop I¢

khdng c6 tinh nén hi¢u hai mode. DAi véi trang thai thém hai va bét
3. Sw vi pham bat dang thiwc  mst photon In hai mode két hop 1¢, ta

Cauchy — Schawarz va tinh chat phan 1y duoc két qué sau
két chum cia trang thai thém hai va

bét mét photon Ién hai mode két hop lé
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I = {Da\s +12|a|’ +38|a|* +32|af’ + 4+ 2Re| a™a’ B + 4aPap” + 2a7 5]

+lel|*| 8] + |8 +12|8|° +38|8|" +32|p] +4+2 Re[ " p°a" + 457 pa”

+2a" 37 | +|af’|B]' —2Re[ a™B* +12a™°° + 38 7 + 320" B+ 4

+a*4ﬂ2ﬂ* +4a7 ‘ﬁ‘Z + za*zﬂ* +a*2ﬂ4a _'_4‘0(‘2 ﬁ3 N Zaﬂz N a*zﬂzﬂ*a:l
xexp(—\a —,B‘Z)J xl:(‘a“‘ + 4‘&‘2 + 2)‘,8‘4 N 2Re|:a2,8],8\4 +‘ﬁ‘6

+(18* + 418 +2)|al* +2Re[ap® ||a|* +|a|’ —2Re[ (a™p*

Ao f+2)a? B +|al R+ B o +,B*3a3:| xexp(—\a —:3\2)}}5

< {(\a\ﬁ +8lal* +14|al* +4)| 8 +|af'| 8] + 2 Re[(a*z af” +2a7) p° \ﬁf]

+ (18" + 818" +14|]" + 4)|af* +|a|' |5 + 2Re[ (82| 5]" + 257 ) |af* |
-2 Re[(a*3/33 +8a”? B +14c B+4) fa+(a”B+2a”) fa

(& B +2p) fra’ +a B 7 |xexp(—|a —,3\2)}71 _1.

Mot trang théai 12 phi c6 dién néu

trang thai d6 vi pham béat dang thuc
Cauchy-Schwarz, nghia 1a | < 0. Bé don
gian, chung ta dat
a=r.exp(ip,), B=rexp(ig,).
Bay gio, ching ta sé di khao sat sy vi
pham bat dang thicc Cauchy — Schwarz
trong trang thai thém hai va bét mot
photon I&n hai mode két hop lé.

0.0/
| @)
-0.2.
— =04
_O.ﬁj (2)
-0.8
T

Hinh 3: D6 th; khdo sat s vi pham bdt
dang thic Cauchy — Schwarz cia trang
thai thém hai va bdt mgt photon 1én hai
mode két hop 1é (dwong (1)) va trang
thai hai mode két hop thém photon lé
(duong (2))

Db thi hinh 3 khao sat su vi pham
bt dang thuc Cauchy — Schwarz cua
trang thai thém hai va bét mot photon
Ién hai mode két hop 1¢ (duong (1)) va
trang thai hai mode két hop thém
photon 1¢ (duong (2)) véi diéu kién

khaosatla r, =r,,1<r1 <5, ¢, =2¢,
vVa @ = % D6 thi cho thiy trong

cung mot diéu kién khao sat thi ca hai
trang thai déu vi pham bit ding thic
Cauchy — Schwarz, tuy nhién su vi
pham bat dang thic Cauchy — Schwarz
¢ trang thai thém hai va bt mot photon
1én hai mode két hop 1¢ 12 yéu hon.

3.2. Tinh phdn két chim

Tinh phan két chum duoc Ching
Tsung Lee [4] dua ra vao nam 1990.
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biéu kién dé ton tai tinh phan két voi 1>2p>0,1, pla s6 nguyén va
chum la A, =4'4, A, =b'b. Trong trang thai
thém hai va bst mot photon 1én hai

~(1+1) A(p-1) ~(p-1) a(1+1) ] o ) 7
Ry (1,p)= <n<ﬁ(:§(p)§1§2?:)ﬁ:?> >_1<0 mode ket hop 1¢, ta co cac két qua sau
a''b a b
(11)
<ﬁg+l)ﬁ£p_1)> :‘Na ‘2{[ R 4(1+2 \a w2 (6(l+1)2 +6(l+1)+2)

<o 41+ 1) fof" 2 (1 2) o

o /3|2*’+(|a " 21+ D)o +1(1+ 1)) )

<AV (o 21+ )l (14 2) o)

<A o | |B + a1+ 2) B+ (6(1+2)

+6(I+1)+2)|,B () o ()7 B
<[ B ol + (B 2(242) B 1 (142)

<[ B[ ) o p +(|ﬁ2'*1 2(1+1)|B" +1(1+1)
|/3| ) A [ a0 B+ 4(1+2)0 D B

+(6(I 6(1+1) +2)a (a0 L a(1+1) o' B!

+1( )5“’1 ( TR L 2(141) o PR
H(1+ ) g ‘1)[; PaPY ( 0 L2 (1420 B
A(142)a PR ) BVap g PR (o

+4(1+2)a" 2B+ (6(1+1)° +6(l+1)+2) () (143

FA(1+1) B+ P (141) @' B )a I 1 (06
2(1+1) g +1(1+2) g7 ‘1) PR (e
+2(1+2) """ +z(1+1) - '“) () g

+'B*(|+1)a(|+1 xexp |0c ﬁ|2)} (12)
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<ﬁ;pﬂ>ﬁgﬂ>>: Naﬁz{ﬂa P*l+4p|a| +(6(p-1) +6(p-1) +2)|a|2“’*”
4(p=1)’[of""" +(p~ 1) (p=2) o™ ]Iﬂ o B
+(|0<| 2(p=1)lo/"" " +(p=2)(p-2)la"") " 0

(| 2(p =) + (p-1)(p -2 ") A" 0%
+[|/32“’”’+4p|/3|2"+(6(p—1)2+6( —1)+2)|/3|2“’*”+4( -1y’
<A + (p=1) (p=2) [ [l + B o (|ﬂ| .
+2(p—1>|ﬂ|2”*”+(p D(p-2)|A" o™ o g+ (|
+2(p=1)|A" " +(p-1) (-2 A" " a7 = | (a7 g7
+4pa*p/sp+(6(p_1) +6(p- 1)+2) DD L4 (p-1)’

xa "B g (p-1) (p-2) T ) BV o (o g0
+2(p-1)a +(p-1)(p-2)a"" B 3’)/3*(”2)&””
+(a*(pfl)/;(p+l)+2( ) pzﬂp ( )(p 2) /3(“))/3*('”)
xa™ + o PO A 1 (60 N 1 4 pa? B+ (6( p-1)
+6(p—-1)+ 2) PN L 4(p-1) a1+ (p-1)

«(p=2) al? ¥ BT P L (F1 4 2(p-1)

x B 4 (p=1)(p-2) f" el a1

(B 4 2(p-1) Y0+ (p-1)(p-2) B

Xa*(nl)ﬁ(m) +ﬂ*(p—l)a(p—l)a*(l+2) ,B(”Z)]xexp(—\a—ﬁf)}, (13)

121



TAP CHi KHOA HOC - BAI HOC PONG NAI, SO 08 - 2018 ISSN 2354-1482

2(1-1)

(ALY =[N, [ {Da\z“*z) +a4(1+1)|a " + (607 + 61+ 2) | + 4% |a|" ™ + 12 (1 -1)
<l YA e AP 4 (2110 -0 ) B
(lof" 20l 1 =)™ ) B o+ 1]
+(61% + 61 +2)| g +ar | + 17 (1 -1)° \ﬁ\z("2>]a\2p | \a\z“’“)
(1B + 21| 1 (=) B )l o B (|8 + 21| B+ 2(1-2)
x\ﬁ\z“*z’))\a\“ af3? —[(a*“*Z) AP+ 4(1+1)a VY (612 + 61+ 2)a*',3'

2(1+2) 2(1+1)

+4(1+1)|4|

+4|3a*(|71)ﬂ(|71) e (1 _1)2 a*(l—z) ﬁ(l—Z))ﬂ*pap + (a*(|+2),8| + 21a*(|+l)ﬁ(l—l)
+1 (l _1) a*lﬁ(l*Z))ﬂ*(erl)ap +( *I,B(HZ) + 21a*(l—1)'8(l+1) +l(l _1) a*(I—Z)ﬁI )

Xﬂ*pa(p+l) +a*|ﬂ|ﬂ*(p+l)a(p+l) +(a(l+2) ﬂ*(l+2) +4(l+1)a(l+1)ﬂ*(l+1)

+(61° +61 +2)a' B + 4" VY + 1 (1-1)" oD g )P

+(ﬁ*(|+2)a| + ZZﬂ*(Iﬂ)a(l—l) +l(l_1)ﬁ*la(|—2))a*(p+l)ﬁp (ﬂ*l (1+2) n 21’8*@—1)
Y +l(l_1)ﬂ*(|—2)a|) pIB(p+1) + B ol o (P ﬂ(p+l)]xexp(_|a_,8|2)}, (14)

_1)

<ﬁapﬁllv> :‘Naﬁ i
+p? (p=2)" [ ||A" +]a" |8 +(je*” + 2o + p(p —1)
<|al* "2 o+ (o "+ 2p|a* + p(p=1) |7 B[
+[ 1A +a(p+2)|B""7 + (607 + 60+ 2) | +4p° B
+p? (P=2)[B""7 |l +[ B o + (18" +2p| B
PP )l w57+ (|67 + 2|81+ p(p-1)| 57
<|af? ap? _[ a*(w) B +4(p+1)a PPN 4 (6p7 +6p + 2)
waPBP + ApSa P YD | p? (p 1) g (0D ﬁ<p—2>)ﬁ*nal +(a*(p+2)ﬁp
+2pa PN 4 p(p 1) P ),g*wl)al N (a*pﬁ<p+2> + 2 pa’ D

><ﬁ(l’)+l) +p(p _1) a*(p—Z)ﬁp )ﬂ*la('*-l) +aPp pﬁ*('+1)a('+l) + (a(p+2) ﬁ*(P*-Z)
+4(p+1)a" VBV 1 (6p* +6p+2)al B +4p% "V P
+p*(P—1) e D)o B+ (7 Del + 2pp M"Y + p(p—1)
Xﬁ*Pa(Dﬂ) )a*(”l)ﬁl +( *Da(P+2) + zpﬁ*(l?*l)a(lﬂl) +p(p _1) ﬁ*(P*Z)aP)

@ B+ Bara Y f xexp(—|a— B} (19

{I]a‘z(wz) + 4(p +1)‘a‘2(p+l) +(6p2 +6p+ 2)‘05‘2'0 + 4p3 ‘a‘z(p
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Pé thuan tién cho viéc khao sét,
chung ta dat
a=r.exp(ip,), f=rexp(ig,).
Bay gio chlng ta sé khao sat tinh phan
két chim cua trang thai nay. D6 thi hinh
4 khao sat tinh chat phan két chom cua
trang thai thém hai va bét mét photon
lén hai mode két hop I¢ trong truong
hop | = p va cing mot diéu kién khao

sat 1a r,=r>,0<r, <lp, =2¢, va
T e , J4
o, :E. Két qua cho thay Ry, (2,2) <

Rap (3,3) < Rap (4,4). Nhu vay trong

trwong hop | = p, khi |, p cang lon thi

trang thai thém hai va bét mét photon

lén hai mode két hop 1é thé hién tinh

chat phan két chum cang yéu.
B
3

1) (2)

0.0 0.2 0.4 0.6 0.8 1.0

Iy
Hinh 4: Do thj khdo st s phu thugc
cua Rap (2,2), Rap (3,3), Rap (4,4) vao

bién d 1y, VA @y, V6i T, =12, @, = 20,

va _ _ 7. Cé&ctham sé dwoc chon
Do = >

theo thur tur fwong vng vaoi (2), (1) va (3)

5 3)
4O
3!
2 (2)
1
0
-1 _ e . |
0.0 0.2 0.4 0.6 0.8 1.0

rp
Hinh 5: D6 thj khdo sat s phu thugc
cua Rap (3,2), Rap (4,3), Rap (5,4) vao

bién dg o Va @u, VoI T, = 17, = 2¢,
N T , ye
va ¢, = E Cac tham so dwot chon

theo thu tu fwong vng vai (2), (1) va (3)

Do thi hinh 5 khao sat tinh chat
phan két chum cua trang thai thém hai
va bt mot photon 18n hai mode két hop
& trong truong hop | #p véi hiéu sb | —
p khong dbi va trong cung mét diéu
kién khao sat la

r.=r>,0<r <l¢, =2, va
0, = % P4 thi cho thdy rang khi | va p

cang tang dong thai hiéu sé 1 — p khong
d6i thi Rap (3.2) < Rap (4,3) < Rap (5,4).
Nhu vay tinh phan két chim cua trang
thai thém hai va b6t mot photon Ién hai
mode két hop I¢ thé hién cang yéu khi
hiéu s6 | — p khong d6i va |, p tang dan.

4. Tinh dan rdi cta trang thai
thém hai va bét mét photon Ién hai

mode két hop lé
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4.1. Pi¢u kién dan réi Hillery — Zubairy A g o ol
_ A AM n _ AM
piéu kién dan rdi téng quat cua R, _<(a) a (b ) b> <a (b )> <0 (17
Hillery - Zubairy [5] cho hé hai mode Nhu vay mot trang théi 1a dan réi

duoc cho boi bat dang thic sau khi Ry < 0, trong trang thai thém hai va

2 ’ A A - A 5
am (O A\ A (O \M 2 bt mot photon 1€n hai mode két hop 1¢,
(e (B)) (&) & (6)'6"). o o thop €

Xét m = n = 2, diéu kién dan rdi

(16) tro thanh

ta ¢6 duoc biéu thuc cia Ry nhu sau

R, =

H

N,,
+2)|ﬂ|4 RE[a*zﬂ*:I + |:|ﬂ|8 ‘|‘12|ﬁ|6 + 38|ﬂ|4 +32|IB|2 + 4]|O€|4 +|,B|4 |a|e
2[5 + 41 +2)lel* Re 7]~ 2Re( * +120F° + 38

2{[|a|8 +12|af +38|a| +32af + 4]|ﬁ|“ +laf' |8 + 2(|05|4 +4af

+320" B +4) 7’ + (o B + ba " B+2a” ) B + (P B+ da B
w2f7) 70 +a e Jxexp(<la— B ) =[N, {(laf' +8lef +12)
xa B+ B+ (o] +4laf +2) B+ + (| +8|8" +12)
<’ + fra’a +(|B]' + 4 A +2)a’ + Bra - [ (a7 +8a”B

N,

+1207)a’ +a" B’ +(a? B+ da’ B+ 2)at +a fat +(fra
+88°a +1287 ) Bt + fa B+ (o’ B7 +4af +2) f+ 7 B
xexp(~lor— A" )| x|l +8laf +12)e’5” + @57 B + (jef' + 4laf
+2)f° +a? o+ (| +8|Bf +12) @B + pra e+ (| B + 4B
R)a”+ fra’a-| (B +8f a* +12a° ) + o' B+ (7
+H4fa+2)a”+a’a B+ (a” B +8a B2 +12) B + B fa

(o *f7 +40’ B+2) 2+ 5 | xexp(~|a - ff )} (18)

Dua vao diéu kién (17), néu biéu  mode két hop 1é bi réi. Bé don gian,
thac (18) nhan gia tri am thi trang thai ching ta dat
thém hai va bst mot photon 1€n hai a=r, exp(igga), B=r, exp(i(pb),
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Hinh 6: Do thj khdo st s phu thugc
cua Ry theo ry trong cdc trueong hop
ra = Iy (dwong (2)), ra = 1.5y (duwong
(1)) va ra = 2ry, (duwong (3)).
Do thi hinh 6 khao sat diéu kién dan
réi cua trang thai thém hai va bot mot
photon 1&n hai mode két hop I¢ theo

bién do ry voi diéu kien 0<r, <0.5,
N v , \
@, =2¢, va ¢, = trong cac truong

hop ra = r, (duong 2)), ra = 1.5r,

(duong (1)) va ra = 2r, (duong (3)). Két
qua cho thdy trang thai thém hai va bt
mot photon 18n hai mode két hop ¢
hoan toan bi rdi theo diéu kién dan rdi
Hillery — Zubairy khi ta chon cac diéu
kién thich hop, va khi r, cang tang thi
Ry cang am, nghia 1a tinh dan réi thé
hién cang manh.

4.2. Diéu kién dan roi Hyunchul
Nha — Jeawan Kim

Piéu kién dan rdi téng quét cua
Hyunchul Nha — Jeawan Kim [6] cho hé
hai mode dugc cho bai bit ding thirc sau

R, = [1—<a*262 + &% ~a'aph’ - 446’6 + (4’6 —éﬁfﬂ

A A AA A A A A 2
x[l+ <a‘f2b2 +a%"? +aTapb + aé*b*b> - <é*b + éb*} }

—(1+<é*é+ 6T6>)Z —16(2

4

<a*a*66 - aaB*BT}

(@B (w645 <o 09)

Trong trang thai thém hai va bét mot photon 18n hai mode két hop ¢, ta c6 cac

két qua sau:
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<é’r262> -IN,,

va” BB+ (B +8|Bf +12)a’ B + fra’e’ +(| B +4|A[ +2)e’
+f%a o’ - [(a*“ﬂz +8a B +12a? )a2 +a ' fa’ + (a*zﬂz +4a B

i {(|a|4 +8laf +12)aB + o B° + (ol + 4laf +2) B

+2)a’ +a*fa’ +( B’ +8f°a +1287) B + pra B
Ha®f7 +4af +2) 47 B | xexp(~|a— pf )} , (20)

(a%67)=(a70%) =|N,,| {(|a|“ +8lof +12)a’ B + '
+(|af +4laf +2) 87+ B p+(|B +8/5] +12)a” B’
Ny (| Bl +4|8] + 2)a*3 +froa-[(fat +8f e
+12a° )a*z +a'a?p+ (,8*2052 +48 a+ 2)05*3 +atap
+(a?p +8a B +12°) B + BB +(a P B + 4o B
+2) B+ |xexp(~|er - ﬁ|2)}, 21)
(a'abb") =N, {(|a|6 +8laf +14/af +4)(|f +1)+ 2Re[ (e e + 207)
(18 +1)} +laf* (181" +[87 )+ B (e +1af ) + (187 +8|BI" +14/8
+4) (| +1)+2Re[ (57p+257)a (1o +l)}—2Re[(a*3ﬂ3
+80 " +14a B+ 4)(fa+1)+(a°p+2a") B (fa+l)
Ha B +28)(farl)atfa(a +a*/3)}xexp(—|a- ﬂ|2)}, 22)
<aa*6T6> =[N,,[ {(\a\e +9|af' +18|af’ + 6)\ f +2Re[(a"a+3a) 5]
+(\ar +1)\/3\4 +(\ﬂr +9|4[ +18|4 +6)\ar +2Re[ (5°p
+357 ) X a*zaJ + (‘,8‘2 +1)‘a‘4 -2 Re[(a*3,b’3 +9a°p°
+180"B+6) B a+(ap+3a") fa+(a B +3°) fa’
+(a*ﬁ+1)ﬂ*2a2}xexp(—\a—ﬁ\z)}, (23)
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(86) =N, [{(|of" +la|" +6)as + (o +2)er "
+a?|pf +aﬂ*2ﬁ+(\ﬁ\“ +6/f +6)a*ﬁ+(\ﬂf 4 2)a*2ﬂ*
+Blaf +aa”B-|(a +6a" B +68) B +(a*p+2a") B
+5° B a+ BB a+(B%a’ +6fa’ +6a)a’ +(fa+ 28" )a”
+a3a*ﬂ+aa*2ﬂ]xexp(—\a— ﬁ\z)}, (24)

(a5)=(a6") =|N,,['{(|al' +6|af +6)a 5+ (o +2)as®
| +a B + (B +6| 8 +6)ap +(|B] +2)a’s
+B°le] +a’a’ B [ (a’ B° +6aB” +687) B+(a’f +22) B
+8°Ba’ + B B’ +(Bla” +6pa” +6a" )a+(Bia +28)a’
+aaf + a*azﬂ*] X exp(—\a - ,8\2 )} , (25)

N,

(8'8)=|N,,[ {jaf +8Ja]' +14]a[ + 4+ 2Re[ (a"a+2a") "] +|of | A
+| +8|A" +14|[ +4+2Re| (B°B+28")a’ |+|of |5
) Re[a*spﬁ +8a” B +14a’ B+ 4+(af+2a" ) B

+(a B+ 25" )a+laf | |xexp(~la— A )}, (26)

(bD) =

N,

2{(\044 +dlaf +2) |6 +2Re[ a5 5+ +(|6" + 4|
+2)|af +2Re[ f7a"a | +|af' ~2Re[ (B + 40’ B+2) fa

o+ B+ e xexp(~|a - pf )} 27)

N,

Thay (20), (21), (22), (23), (24),  mode két hop 1é theo bién do ry véi didu

(25), (26) va (27) vao (19), dong thoi
dat o =r,exp(ip,), B=r,exp(ip,)
va khao sat theo bién do rp. Do thi hinh
7 khao sat diéu kién dan rdi cua trang
thai thém hai va b6t mot photon I€n hai

Kicn 0<r <2,p, =20, VA @, =
trong cac truong hop ra = rp, (duong
mau do), ra = 1.5r, (duong mau xanh la
cay) va  ray = 2rp, (duong mau xanh
dwong). Két qua cho thiy trang théi
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thém hai va bst mot photon [én hai
mode két hop 1é hoan toan bi réi theo
diéu kién dan réi Hyunchul Nha -
Jeawan Kim khi ta chon cac diéu kién

thich hgp, va khi r, cang tang thi Ry
cang 4m, nghia 13 tinh dan réi thé hién
cang manh.

y | @

~50000 W

< 100000 |
| )\ |

~150000. -
00 05 10 15 20

Fy

Hinh 7: D6 thj khao sat si phu thugc cia Ry theo bién dé ry trong cdc truong hop ra

=1y (duwong (2)), ra = 1.5r, (dwong mau (1)) va ry = 2ry, (dwong mau (3)).

5. Két luan

Trong bai bdo cdo nay, chung toi da
khao sat tinh chat nén tong, nén hiéu hai
mode, su vi pham bét dang thac Cauchy -
Schwarz, tinh phan két chum, diéu kién
dan rdi Hillery - Zubairy va diéu kién
dan r6i Hyunchul Nha - Jeawan Kim
cua trang thai thém hai va bot mot
photon 1&n hai mode két hop lé. Két qua
cho thay trang thai nay thé hién tinh
chat nén téng yéu hon trang thai hai
mode két hop thém photon I¢ va ciing
khong nén hiéu hai mode, dong thoi su
vi pham bat ding thac Cauchy -
Schwarz ciing yéu hon trang thai hai
mode két hop thém photon Ié. Béi véi
tinh phan két chum ching t6i di dua ra

tham sé téng quat, tién hanh khao séat
cho cac truong hop | = p va hiéu sé
| — p khéng ddi. Két qua khao sat cho
thay, trong ca hai truong hop khi | va p
tang thi tinh phan két chum cua trang
thai nay cang yéu di. Nhu vay, trang
thai thém hai va b6t mot photon I€n hai
mode két hop 1& 1a mot trang thai cé
tinh chit phi c6 dién twong ddi yéu.
Ngoai ra, ching toi cling xét cac diéu
kién dan rdi ddi vai trang thai thém hai
va bat mot photon 18n hai mode két hop
16, két qua cho thiy trang thai nay la
mét trang thai rdi theo ca hai tiéu chuan
dan r6i Hillery - Zubairy va tiéu chuan
dan r6i Hyunchul Nha — Jeawan Kim.
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THE NONCLASSICAL PROPERTIES OF THE TWO-PHOTON-ADDED
AND ONE-PHOTON-SUBTRACTED TWO-MODE ODD
COHERENT STATE

ABSTRACT
The aim of this paper is studying the non-classical properties of the two-photon-
added and one-photon-subtracted two-mode odd coherent state. In the two-mode sum
squeezing and two-mode difference squeezing conditions, we pointed out that the
state is two-mode sum squeezing but not two-mode difference squeezing. The
obtained results show that such state is anti-bunching and violation of the Cauchy-
Schwarz inequality. We also examined that the two-photon-added and one-photon-
subtracted two-mode odd coherent state is completely entangled according to the
Hillery — Zubairy and the Hyunchul Nha — Jeawan Kim entanglement criteria.
Keywords: Two-mode sum squeezing, two-mode difference squeezing, violation
of the Cauchy-Schwarz inequality, the Hillery — Zubairy entanglement criteria,
Hyunchul Nha — Jeawan Kim entanglement criteria
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