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KHAO SAT CAC TINH CHAT PHI CO PIEN CUA TRANG THAI
THEM VA BOT MOT PHOTON LEN HAI MODE KET HQP

Nguyén Hitu Ludn®
Trwong Minh Durc*

TOM TAT

Trong bai bdo cdo nay, ching t6i khdo sdt cdc tinh chat phi ¢é dién cua trang
thai thém va b6t mét photon 1én hai mode két hop. Bang viéc sir dung diéu kién nén
tong va nén hiéu hai mode, chiing téi thu dwoc Két qud trang thai nay la mét trang
thdi c6 nén tong nhung khong nén hiéu. Tiép theo ching téi khdo sdt tinh chat phan
két chim hai mode va sy Vi pham bdt dang thizc Cauchy - Schwarz cua trang thdi
nay. Két qua cho thdy, trang thdi thém va bét mét photon 1én hai mode két hop c6
tinh chat phan két chivm va hodn toan vi pham bdt dang thic Cauchy - Schwarz. Sau
do ching téi khao sat tinh dan réi cua trang thdi theo hai tiéu chuan Hillery -
Zubairy va Hyunchul Nha - Jeawan Kim. Két qud thu duwoc, trang théi thém va bot
Mgt photon 1én hai mode két hop hoan toan dan réi theo hai tiéu chudn nay.

Tir khéa: Nén tong hai mode, nén hiéu hai mode, phan két chiim, suw vi pham bat
dang thirc Cauchy - Schwarz, dan roi theo tiéu chuan Hillery - Zubairy, dan réi theo
tiéu chuan Hyunchul Nha - Jeawan Kim.

1. Gisi thieu tuong vé trang thai két hop thém photon
[1] va cling da chung minh dugc né la
mot trang thai phi c6 dién. Viéc thém
photon hoac bét photon vao mot trang
thai vat ly la mot phuong phép quan
trong dé tao ra mot trang thai phi cd
dién méi. Trang thai thém va bt mot
photon 1én hai mode két hop c6 dang

Viéc tao ra céac trang thai phi c6
dién caa truong dién tir duoc cac nha
khoa hoc rit quan tdm, dién hinh 1a
trang thai nén, trang thai két hop, day la
cac trang thai phi c¢6 dién vi chung tuan
theo cac tinh chat phi ¢6 dién. Vao nam
1991, Agarwal va Tara di dé xuit y

‘l//>ab = Naﬂ (éT + 6)‘0{>a ‘ﬂ>b 1 (1)

-1 .
trong do Naﬁ = (\/1+ ‘0{‘2 + ‘,3‘2 +2 Re[aﬂ]) 12 hé s6 chuan hoa, a'vab

lan luot 12 toan tir sinh d6i Vi mode a va toan tir hity ddi véi mode b.

Viéc khao sat phi tinh chat c6 dién
cua trang thai thém photon da dugc tac
gia Nguyén Thanh Phép [2] nghién ctu,
va tinh dan réi hai mode két hop cua
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trang thai bdt photon da dugc tac gia
Nguyén Hai Chung [3] nghién cru. Tuy
nhién viéc nghién ciru cac tinh chét phi
co dién cua trang thai thém va bot mot
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photon 1én hai mode két hop van chua 2.1. Nén tong hai mode

dugc d& cap dén. Vi vay trong bai ba : : .
uoe de cap den. Vi vay trong ba bao Nén tong hai mode duogc Hillery [4]

dua ra vao nam 1989. Mot trang thai
duoc goi 1a nén tong néu

nay chung toi tién hanh khao sat cac tinh
chat phi ¢6 dién cua trang thai thém va
bét mot photon 1én hai mode két hop.

2. Khao sit tinh chit nén cua
trang thai thém va bét mot photon
1én hai mode két hop

<(A\7¢)2>—%(ﬁa+ﬁb+l)<0, @)
Vi <(A\7¢ )2> = <\7¢2> — <\7{/7 >2 . Ta viét lai (2) nhu sau:
W)=, ) =20, +5, +1) <0, @

trong dé\7¢, = (emé’fﬁ’r +e‘i“’ék3), A, =a'a, A, =b'b. Pé thuan tien cho

viéc khao sat ta dat
S =(V2)=(V, )" =2(1, +1, +1). @
Ddi véi trang thai ‘l//>ab =N, (éT +6)‘a>a ‘ﬂ>b ta co

S =| 4(1+]af +|A + aﬁm*ﬂ*)]l x| (evap? +e a0 ) jaf +|6f +3)
+(e*ap e o )+ (ea B +e ap)|of +2)|8[
+2(jaf + 3laf +1)|8f + 2lof 18]+ 218 (o +1)(p+ )] ©)

~{[2(+lof +of vapra )| <[ (laf +14 +2)(e"a B +evap)
+(e*a” B +ea’ ) +(e" + e““’)(|oc|2 +1)|,B|2J}2.

Pé don gian ching ta dat cong thic (5) va tién hanh khao sat ta
a=r, exp(iqoa), p=r exp(i(pb) duoc
vi @ =@, —@,, dong thoi thay vao
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S = [4(1+ r2+17 +2r,1, cos(g, + (ob))__l x [Zr;rb2 (r + 17 +3)cos(4g,)
+2651° c05( g, + 50, ) + 25,17 (12 + 2)c0s (g, — 3, ) +2(1) +3r +1)1;

(6)

+ 2671 + 4,6 (12 +1)cos (g, + ¢, ):
_{[2(1+ r2+17 + 21,1, cos(p, + gob))]l ><[2rarb (r2+17 +2)cos (20, )

+ 21717 cos(, +3p, ) + 267 (17 +1)cos (¢, — ¢, )}}2

0.0
\ 2)

~05
9
~10
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tp

Hinh 1: D6 thi khdo sdt nén tong cua trang thai thém va bét mét photon (dwong (1))
VGi trang thai thém mét photon lén hai mode két hop(dwong (2)).

D6 thi hinh 1 khao sat vai cac didu 2.2. Nén higu hai mode

Kign 1a I, =20, . =@, v @, =~ Nén hi¢u hai mode duoc Hillery [4]
dua ra vao ndm 1989. Mot trang thai

Két qua cho thy rang, trang thai thém 4 Joi 14 nén hiéu néu

va bot mot photon thé hién nén tong
manh hon trang thai thém mot photon.

<(AV\7¢)2>—%(ﬁa —1,)<0, 7)
Vi <(AV\7 )2> = <V\A/¢2> — <W >2. Ta viét lai (7) nhu sau:
<W¢2>_<W¢>2_%(ﬁa_ﬁb)<o’ (8)

Dé thuan tién cho viéc khao sat ta dat
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~ o ~\2 1, .
D=(W?)—(W,) -5 (0, -h,), ©)
trong d6 V\A/(p:(ei"’éﬁ* +e—‘¢’a*6), A, =a'a, A, =b™. Déi véi trang thai
b

‘l//>ab = Naﬁ (a"‘T + ) a>a‘ﬂ>b ta co

D =[a(1+laf +|of +a'p +aﬂ)r
x [(|a|2 +2)(e*ap® +e e’ )+ (2laf |8 + 4|8 ) (' 8"+ aB)
+ (|a|2 4 |,[),|2 n 3)(e2i(pa2ﬂ*2 i e—Zi(pa*Zﬂz)_i_ (e2i(pa3ﬂ* 4 efzi¢a*318)|ﬂ|z
20 4 20 52 41 52 4 2 (10)
+2lal |B" +8af |B +2lal A" + 2|8 +4|] ]

_{[2(1+|a|2 +|ﬂ|2 +Ot*ﬂ* + aﬂ)}l X[(eiwaz + e_i¢0!*2)|ﬂ|2

ol 1o+ 2)(e"ap e )+ of +3)(e 7 e )

Pé don gian chung ta dat cong thuc (10) va tién hanh khao st ta
a=r,exp(ip,), B=r exp(ip,) duoc
vi o=@, —@,, dong thoi thay vao

D= [4(1+ 7+ 17 +2r,rcos(g, + o, ))]1 X [(rj +17 +3)2r'1°cos (49, —49,)
+ (ra2 + 2)2rarb3cos(3(pa ~5¢,)+ (Zr;rb2 + 4rb2)2rarbcos((pa +9,)

+2r’r’cos(59, -3¢, )+ 21, + 8k’ +2r'r’ +2r + 4rb2]
- {[2(1+ 17 +17 +2rr,cos(p, + (pb))]_l X [2rarb (r+17 +2)cos(2¢, -29,)

+2r’rcos(3¢, - 2(y? _ 2
A 0, (Pb)+2rb(ra+1)cos((pa 3(pb)}}.

115



TAP CHI KHOA HOC - DPAI HOC DPONG NAI, SO 07 - 2017 ISSN 2354-1482

5
o 1)

.5
@)

-10

-15

00 05 10 15 20 25 3
Ty
Hinh 2: 6 thj khdo sdt nén hiéu cua trang thdi thém va bét mét photon 1én hai
mode két hop (dwong (1)) va trang thai thém mét photon 1én hai mode két hop
(duong (2))

D6 thi hinh 2 khao sat nén hiéu cua 3. Khio sat cac tinh chit phi cé
trang thai theo bién d§ I, va pha dao dién ciia trang thai thém va b6t mt
photon 1&n hai mode két hop

3.1 Sw vi pham bdt dang thic

T .
r,=2r, ¢ =2¢va ¢, = 3 bo thi  Cauchy - Schwarz
Bat dang thic Cauchy — Schwaz

dong @b véi didu kién khao sat la

cho thay, trong cur}g mot dieu kién khao cho truong hop hai mode Ia
sat nhung tinh chat nén hiéu cua trang
thai thém va bét mot photon 1én hai

mode két hop khong thé hién.

I — [<éi‘2é2><6f2 A2>:|2 _ (11)

Su vi pham bét diang thuc xay ra va bot mot photon ta thu dugc két qua
khi I < 0. D6i v6i trang thai thai thém  sau

6

Iz{[a +5 a‘4+4‘a‘2+2(‘a‘2+2)‘05‘2R€(6¥,5)+‘05‘4‘ﬁ‘2}
x[(a2+1 +2Re(aﬂ)+‘,8‘2}}l/2 (12)

[ (" 3af +1)+2(jof +1)Re(ap) 4[] | | 1.
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cong thirc (12) va tién hanh khao sat ta
duoc

Pé don gian ching ta dat

= ra eXp(i¢a)’ ﬁ = rb exp(i¢b)

vi @=@, +@,, dong thoi thay vio
1

I= {[rf +5r +4r? 4217, (raz + 2)005(0 +rir? | x [(ra2 + 1) +2r r,cosp+ r;]}z

a b

(13)

X [(r; +3r7 + 1) +2rr, (ra2 + 1)c05(p + r;r;] -1

05
(2)
0.0

-1.0: ,
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Iy

Hinh 3: D6 thj khdo sdt s vi pham bdt dang thirc Cauchy - Schwarz cia trang thdi
thém va bét mét photon (dwong (1)) va trang thdi thém mét photon 1én hai mode két
hop (dwong (2))

D) thi hinh 3 khao sat su vi pham
bit dang thuc Cauchy-Schwarz cua
trang thai thém mot photon 1én hai
mode két hop (dudng (2)) va trang thai
thém va bot mot photon 1én hai mode

két hop (duong (1)) theo I, va véi diéu

kién khao sat 1a r, =1, 0<r, <2,va

(02%. Db thi cho thiy ring, trong

cung mot diéu kién khao sat ca hai trang

A(1+1)

thai déu vi pham bat dang thirc Cauchy-
Schwarz. Tuy nhién, sy vi pham bit
dang thic Cauchy-Schwarz ¢ trang thai
thém va bot mdt photon Ién hai mode
két hop 1a manh hon trang thdi thém
mét photon 1én hai mode két hop.

3.2. Tinh phan Két chivm

Tinh phan két chum duoc Ching
Tsung Lee [5] dua ra vao nam 1990. Diéu
kién dé ton tai tinh phan két chum 1a

2 (m)=

ﬁ(
A(1) A (m) NWPFNU)
<na Al >+<na Al >

t()m—l)>+< m—l)ﬁél+l)>
-1<0,
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véi I =2m=0;1,m 1a so nguyén va [B,BT] =1d6i v6i mode a va mode b,
N, = a'a, N, = b'b. Su dung céc tinh
chit cua céac toan tu ':é., éT:| =1va
Rab(l ,m) _ |:( (1+1) ( +1)2 |a|2| )|ﬁ|2(m71)
(o (1 +1) o |2')|ﬁ| " 2Re[ap] + |l "
(o™ +(2m =)l + (m-2)"|af ") "
(lal
|

ta chirng minh duoc

(2| +3)|0c

(15)
(m=1)laf" )| A" 2Re[ap]+|o[" 'Iﬂl“'”)]
+(2 +2)[af" + 12" )|ﬁ|2m+(|a|2'+||a|2<'*”)|ﬁ|2"‘zRe[aﬁ]

" (lo "+ (2m + 1) +m2|a|2<m-“)|ﬁ|2'

(1+1) J -1

Pé don gian ching ta dat phan két chum cua trang thai nay thé
a=r, exp(i(pa)’ p=r, exp(i(pb) hién thong qua cac do thi sau:
vi o=@, +¢@,, dong thoi thay vio

cong thuc (15). Két qua khao sat tinh
0.10

+a| |,B
(|l + mlo ") 4" 2Re[ ][]

(2)
0.05 ©)
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Hinh 4: P6 thi khdo sdt sw phu thugc cua Rap(2,2), Ran(3,3), Ran(4,4) theo bién do ry
va pha dao dong @, cdc tham sé diegc chon theo thir t trrong 1ing véi (1), (3), (2)

D6 thi hinh 4 khao sat tinh phan két ~ mot  diéu  kién  khao  sat  1a
chum cua trang thai thém va bét mot

=12, o=". Két qu c6 duoc la
photon trong truong hop £ =m, cung ~h O 2 k '
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Ran(2,2) < Ra(3,3) < Rap(4,4). Nhu vdy  va bt mot photon thé hién tinh chét
khi/, m cang tang thi trang thai thém phan két chum cang yéu.
0.1
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Hinh 5: D6 thi khdo sdt su phu thugc ciia Ran(3,2), Ran(4,3), Rav(3,4) vdo bién do 1y
va pha dao déng @. Cdc tham sé dirgc chon theo thit tu trrong 1ng véi (1), (3)
va (2)

P thi hinh 5 khao sat tinh chat thai thém va bét mot photon 1én hai
phan két chum cua trang thai thém va mode két hop thé hién cang manh khi
bot mot photon 1én hai mode két hop, hiéu ¢ —m cang tang.
trong truong hep £#M,va hiu 3.3. Tinh dan réi theo tiéu chudn
¢ —m,ting dan. Cu thé ta xét cho cac Hillery - Zubairy

tham s Ran(3,2), Rav(4,2), Ran(5,2) Vi Tiéu chuan dan roi Hillery -

didu kién khao sat 1, =12, @ = Z 1y Zubairy [6] dugc dua ra vio nam 2006
‘ ’ 2 ‘ boi Hillery va Zubairy. Hai 6ng da dua
do thi ta thay khi hiéu £—mtang dan 3 met 16p bét déng thirc ma sy vi pham
thi Ran(3,2) > Ran(4,2) > Ran(5,2). Nhu cta chung chi ra sy hién dién cua dan
vay, tinh chat phan két chum cua trang rbi trong céc hé hai mode dusi dang

2
<(é’r)m ém(bv) bn> _ <ém(b’r) >
Xét trudng hop m = n = 1, tiéu chuan dan réi Hillery-Zubairy duoc viét lai

(aa56)- )

Pé thuan loi cho viéc khao sat chung t6i dat Ry dudi dang

R, =<a*é6*6>— <a6*>

<0. (16)

2

<0. (17)

2
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Mot trang thai bt ky dwoc goi 1a  véi trang thai thém va bt mot photon
trang thai dan rdi néu Ry< 0, Ry cang  1én hai mode két hop ta c6 duoc
am thi mac d6 dan rdi cang ting. Do

Ry =(laf +of +1+2Refas]) [ [Ja] +3fof +1)}pf
of < )lof 2re[ @B+ laf |- (of +[of +1+2Re[ap])
[l 1t +2) b 6 + o 1] 1t o >
o + o 2o |of 2re s+ of +|of +2)[Ja] +1)}6f 2Re[ 5]
+(\ar+1)\ﬁrzRe[azﬁzﬂ

e don gian ching ta dit v @=@,+@, dong thoi thay vao
a=r, eXp(I(pa), B=r eXp(I(pb) (18) va khao sat tham sé Ry ta duoc
-1
R, = (1 + ra2 + rb2 + 2rarbcosg0) X [(rj + 3ra2 + 1)rb2 + 2rb3 (ra3 +r )COS(/) + razr;]

-2 2 2
2 2 2 2 2.2 2 4
—(1+ra +7, +2rarbcosg0) x[(ra +r +2) rr, +(ra +1) r,

2 2 3 3 4 2 4 4_4
+(ra +r, +2)(2’L +ra)2rb cosgp+(ra +r )2rb cos2¢p+r, rb]

0_|

(2)
~50000:
~100000: (1)
. ~150000}
-
~200000}
~250000:

-300000¢

p

Hinh 6: Do thj khdo sdt tiéu chudn dan réi Hillery Zubairy cua trang thdi thém va
bét mét photon 1én hai mode két hop
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Db thi hinh 6 khao sat véi diéu kién
3 .

Q= T, I‘a = I‘b (du:ong (l)),
r, =0,8r, (duong (2)). Két qua cho
thiy tham s6 Ry ludn ludn c6 gia tri 4m,
tuc trang thai thém va bt mot photon
1én hai mode két hop hoan toan dan rdi
theo tiéu chuan Hillery Zubairy. Dic
biét khi r cang ting thi Ry cang am,

nghia 1a tinh dan rdi xay ra cang manh.

[1— <a“62 L 4h —ataph’ - aaTBTB> +

3.4. Tinh dan réi theo tiéu chuin

Hyunchul Nha - Jeawan Kim

Nam 2006, Hyunchul Nha - Jeawan
Kim d3 dua ra tiéu chuin dan réi [7].
Mot trang thai goi 1a dan roi khi thoa

mén bat dang thic sau

<a*6—a6*>2}

A

x[1+ (a6° + 4% + a'a65' + 2a'5'D) - (a6 + aﬁﬂ

<[toloas 8] i L5 - L6 a1

Dit tham s6 dan réi Ry dudi dang

A

RN:: (ah et - a*aBBT—aaT6T6>+<aT6—a6*>_

B la} A AA.L A A e} o) A.;.A AAJ. 2_
< 1+<é“b2 1% +atabh' +aaTbTb>-<a b+ab‘>

[t B 1045 -5 a5 .

Mot trang thai bat ky dugc goi 1a
trang théi dan r6i néu Ry< 0, va Ry
cang am nghia 13 mtc d6 dan rdi cang
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tang. DO voi trang thai thém va bot mot
photon 1én hai mode két hop ta c6 dugc

(19)

(20)
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1-(1+af 4|7 +2Re[ap]] x[(\a\z |6 +3)2Re[ "7

(| +2)2Re[ ap™ ] +|f 2Re[@’p" |- (2la |8 +3|8[ +|af +1|2Re[ap]
~lo* (81" +18° ) (2l + 7/af +3) 8 ~(|af +1)181" (" +3laf +1ﬂ

-4(1+\o42+\ﬂr+zRe[aﬂ])‘2 [(\a\u\muz)lm[m B m[a?]

#(laf +1)m[ 5°] ” {1+(1+\a\ +|f +2Re[aﬁ])

x[(‘a‘ |61 +3J2Re[ a5 ]+ ol +2)2Re[ ™ +[ 5] 2Re[a*f ]

+(2lef*|Bf +3\ﬂ\ +lof* +1)2Re[ap]+[af (A +[f )+ 2le’ +7]ef" +3]

(e +2)181" +(Jef* + 3l +1)} (L#[af +/8 +2Re[aﬂ])‘2
x[(\a\ +|6" +2)2Re[af |+ (o +1)2Re[ﬂ2}+\ﬁ\22Re[a2ﬂ2
-{ue

1+ (L+[af + B + 2Re] aﬂ])

R, =

[l + 3 1+ (2l +2)f 4|61 + (" + 81 +1)2Refap] |
16](1+[a*+ g + 2Re[p]) | (laf +{" +3)m[a"] (21)
+|37 im ] +((af +2)m{ 5] |+ (1+[ef + |5 - 2Re[ap])
x[(\amﬁr+2)Re[aﬁ*}+(\ar+1)Re[/;2]+\/ere[a2ﬂ
[l +187 + 28] g7 [ of m{;ﬁﬂ}z
Pé don gian chang ta dat
a-rew(in) f-ree(n) - x

vi @ =@, —@,, dong thoi thay vao 4
(21) va khao sat tham s Ry theo bién

do r, va pha dao dong ¢ véi diéu kién
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Hinh 7: D6 thj khdo sdt tiéu chudn dan réi Hyunchul Nha cua trang thdi thém va bot
Mot photon 1én hai mode két hop. ry = ra (duwong (1)), rp = 0.8ra (duong (2))

Do thi hinh 7 cho ching ta nhan
thiy, voi diéu kién da chon thi trang
thai thém va bot mot photon lén hai
mode két hop dan réi hoan toan theo
tiéu chuan Hyunchul Nha - Jeawan
Kim. Dic biét khi bién do két hop rb
cang tang thi Ry cang am, tic 1a sy dan
réi xay ra cang manh.

4. Két luan

Trong bai bdo cdo nay, chung t61 da
khao sat tinh chat nén téng, nén hiéu hai
mode, su Vi pham bt dang thac Cauchy -
Schwarz, tinh phan két chum va tinh
dan rdi cua trang thai thém va bt mot
photon 1én hai mode két hop. Két qua
cho thay, trang thai hai mode két hop
thém va bot mot photon thé hién tinh
chat nén t6ng hai mode manh hon trang
thai hai mode két hop thém mét photon,
tuy nhién trang thai nay khong cé tinh
nén hiéu. Tuong tu dbi voi sy vi pham
bat dang thuc Cauchy - Schwarz, trang
thai thém va bét mot photon 1én hai
mode két hop ciing thé hién manh hon

123

trang thai thém mot photon 1én hai
mode két hop. B4i véi tinh phan két
chum, chiing t6i tién hanh khao sat theo
tham s6 tong quat cho cic trudng
hop/=m va hiéu sé6 ¢ —mting dan.
Két qua khao sat cho thay, trong truong
hop £=m, khi ¢/ va m tang thi tinh
phan két chim cua trang thai cang yéu.
Con trudng hop khi ¢ —mMting dan thi
tinh phan két chum thé hién cang manh.
Cubi cung 1a chung t6i khao sat tinh dan
réi cua trang thai theo hai tiéu chuan
Hillery Zubairy va tiéu chuan Hyunchul
Nha - Jeawan Kim. Két qua cho thay,
muc do dan rdi cua trang thai thém va
bt mot photon 1én hai mode két hop
theo tiéu chuan Hyunchul Nha - Jeawan
Kim va tiéu chuan Hillery-Zubairy 1a
khé manh. Nhu vay, trang thai thém va
bot mot photon 1én hai mode két hop 1a
Mot trang thai thé hién tinh chat phi ¢
dién tuong d6i manh va c6 thé ap dung
vao thong tin lugng tr va may tinh
luong ta.
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THE NONCLASSICAL PROPERTIES OF THE ONE-PHOTON-ADDED
AND ONE-PHOTON-SUBTRACTED TWO-MODE COHERENT STATE

ABSTRACT

This paper studies the nonclassical properties of the one-photon-added and one-photon-
subtracted two-mode coherent state. The results show that such state occurs in the two-
mode sum squeezing but does not occur in the two-mode difference squeezing. We
also find the antibunching state and violation of the Cauchy-Schwarz inequality. Next, we
also find that the one-photon-added and one-photon-subtracted two-mode coherent state
completely entangles according to the Hillery - Zubairy and the Hyunchul Nha - Jeawan
Kim entanglement criteria.

Keywords: Two-mode sum squeezing, two-mode difference squeezing,
antibunching, violation of the Cauchy-Schwarz inequality, the Hillery — Zubairy
entanglement criteria, the Hyunchul Nha - Jeawan Kim entanglement criteria
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