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NGHIEN CUU CAC TINH CHAT PHI CO PIEN BAC THAP VA
BAC CAO CUA TRANG THAI HAI MODE KET HQP POI XUNG
THEM BA VA BOT MQT PHOTON TONG

Tran Trong Luwong!

Truong Minh Dirc'

TOM TAT

Trong bai bao nay, cac tinh chat phi cé dién bdc thap va bdc cao cia trang thai

hai mode két hop doi xitng thém ba va bt mét photon téng da diroc ching tdi nghién
citu mét céch chi tiét. Qua qué trinh khdo st tinh chat nén tong hai mode va nén hiéu
hai mode, chiing tdi nhdn thdy trang thai hai mode két hop d@si xizng thém ba va bot
mgt photon tong 1& mét trang thai c6 tinh chdt nén tong hai mode nhung Iai khong co
tinh chdt nén hiéu hai mode. Sau ds, khi khao sat sw vi pham bdr dang thirc Cauchy-
Schwarz va tinh chdt phan két chim cua trgng thai nay, két qud thu dwoc cho thay
trang thai hai mode két hop doi xitng thém ba va bét mét photon téng hoan toan vi
pham badt dang thitc Cauchy-Schwarz va thé hién rd tinh chat phan két chim bdc thap

va bdc cao.

Tir khoa: Nén tong hai mode, nén hiéu hai mode, si vi phgm bdt dang thirc
Cauchy-Schwarz, tinh chdt phan két chum hai mode.

1. Pt van dé

Cung véi sy phat trién manh mé cua
khoa hoc ky thuat, dac biét 1a linh vuc
cdng ngh¢ thong tin thi viéc nghién ctu
cac tinh chat cua céc trang thai phi co
dién c6 y nghia hét siic quan trong. Céac
trang théi phi c6 dién nay xuat phat diém
tir trang thai két hop, day 1a trang thai da
dugc Glauber [1] va Sudarshan [2] dwara
nam 1963 khi nghién ciu céc tinh chét
ctia chum séang laser. Trang thai két hop
la trang thai ting voi gia tri thang giang
nho nhat suy ra tir hé thac bat dinh
Heisenberg. Trang thai nay c6 thé duoc
xem la trang thai bién cua tap hop cac
trang thai c6 dién. Piéu d6 hoan toan
khién cac nha khoa hoc nghi ngay dén su
ton tai cua mot 16p céc trang thai khac do
la trang théi phi c6 dién. Thuc té da chiing
minh cho du doan d6, nhiéu trang théi phi
co dién da ra doi khdng nhiing trén ly
thuyét ma con dugc tao ra bang thuc
nghiém. Sau do, trang thai nén duoc dua
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rabai Stoler [3] vao nam 1970 va da duoc
thuc nghiém khang dinh vao nam 1987.
Pay 1a trang thai mé dau cho 16p céc
trang thai phi c¢6 dién. Vao nam 1991,
Agarwal va Tara di dé xuét trang thai két
hop thém photon [4] va da ching minh
day 1a trang thai phi co dién. Thém va bét
photon vao mot trang thai vat ly 1a mot
phuong phép quan trong dé tao ra mot
trang thai phi co dién méi va mé ra nhirng
ung dung méi trong k¥ thuat. Viéc nghién
ctru cac tinh chat phi co dién, do tim dan
réi va vién tai luong tir caa mot sb trang
thai phi co dién thém photon hai mode da
dugc mot sb tac gia thuc hién [5], [6].
Tuy nhién, viéc nghién ctu cac tinh chét
phi ¢ dién cua trang thai hai mode két
hop d6i xing thém ba va bt mot photon
tong van chua dugc dé cap dén. Trang
thai hai mode két hop chin thém ba va
bat mot photon tong duge dua ra nhu sau:
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), =N,y (a7 +5)(|a), 1), +]6), |}, ). o

trong d6 4" 12 toan tir sinh véi d6i mode a, b 1a toan tir hily ddi véi mode b, va N,

1a hé s6 chuan héa co dang:

N, = {19(|a|2 +|8°) + 2Re[e* Bl+2Re[af*1+9(e|' +|B") +|af +|B[ +12

()

o

+x(2Re[a* f°]+18Re[a? %] +38Re[a/‘ﬁ]+2Re[aﬁﬁ]+2Re[o¢ﬁ3]+12)}'5 :

trong d6 x = exp[—|a —/3|2].

Trong bai bao nay, chung téi nghién
cliu cAc tinh chét phi co dién bac thap va
bac cao nhu tinh chit nén téng hai mode
va nen hiéu hai mode cua cua trang thai
hai mode két hop d6i xing thém ba va bét
mot photon tong. Ngoai ra, sy vi pham
bit ding thirc Cauchy-Schwarz va tinh
chat phan két chim hai mode bac thap va
bac cao cua trang thai nay ciling duoc
khao sat mot cach chi tiét.

2. Tinh chit nén cia trang thai hai
mode két hgp d6i xirng thém ba va bét
mét photon téng

A A2
(V) =(Ve)

Hai kiéu nén bac cao di dugc Hillery
[7] dua ra vao nim 1989 d6 13 nén tong
hai mode va nén hiéu hai mode. Bay gio,
ta khao st hai kiéu nén nay déi véi trang
thai hai mode két hop chan thém ba va
bot mot photon tong.

2.1. Nén téng hai mode

Theo Hillery [7], mét trang thai
duoc goi 1a nén téng hai mode néu trung
binh trong trang thai d6 thoa mén bat
dang thic:

—%(”a+ﬁb+1><0, 3)

trong d6 A, =4’ 1a toan tir s6 hat ciia mode a va fi, =b'b 13 toén tir s6 hat ciia mode

b, con V,, la toan tir nén tong c6 dang:

A T
V(p:z(e“’a/b%e ‘”ab), (4)

[}

voi (V2)~(V, )’ = <(A\7(p )2> chinh 14 phuong sai ciia toan tix nén tng V., . BE thuan

tién cho viéc khao sat ta dat:

(i)

>2—%<ﬁa+ﬁb+1> (5)

vamot trang thai c6 tinh chat nén tong hai mode khi tham s6 S & () ¢6 gi tri am. Khi khao
sat trang thai hai mode két hop doi xing thém ba va bt mot photon tong, ta dat

a=r,exp(ip), B=1exp(ip), 0.+ =Pups Oa—B =Pap) 30, + P, = Pypp, VA
@, +30, = P,.5, . T d6, ta thu duoc tham s6 S nhur sau:
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5= % N, {22017 +175) + 24065 +30( 1) +171,)) COS 20— 0,.,) + 28 + 1

3

+2r7r° cos(2¢— (5¢, +3¢,)) + 21 cos(2¢ — (3¢, +5¢,)) + (2r7r° +12r’°r +12r. 1)
xCOS(2p+ ¢, )+ (2’ +12r’r +12r° Y cos(2p — g, , ) + X[2r°r’ cos(2¢ — (5, — 9, ))
+30r'r* cos(2p — 4¢,) + 301! cos(2p — 4¢, ) + 21 cos(2¢ + (@, —5¢,))

+122r°r cos(2p - ¢, ., ) +1221°1% cos(20 — @, 5, ) + 240171 cos(2p - 29, ., )

+2r’r> cos(2p - (3p, +5¢,)) + (2r’r! +12r,r°) cos(2p + @, , ) +12(r’r* +1'r?) cos 2¢]

+ 20062 +0768) +31(r° 2 + 126 8) +137r 2t +137r r? +350r 7 +139(r + 17) + (4rr
+14r°6° + 2r’ +8rr ) cos(3p, +¢,) + (4r7r +14r° + 2r,r> +8r.1.*) cos(e, +3¢,)

+r0 402 +16(r° + %)+ 73(rt + 1) + 48+ x[(4r x> +16r°r) cos 3g, , +62r'r cos2¢,

+ (274103 + 278r 1, ) cos @, , +350r°r7 + (4r°r +8r’r, ) cos ..., + (411> +8r,1°) cos @, o,
+2r'rt cosde, . +14(r’r" +1'r?)cos(3p, + 2¢,) + 21 1" cos b, + 211 cos(4g, )]+ 48}

—% Njﬂ{[(ZrJrb +0 0 +12(0°r 4+ e2) +36(r°r +1.6%) + 2(r’n +1 1) +48r.r 1cos(p - ¢, ., )

+2r'r? cos(p— (4o, +2¢,)) + 2171 cos(p — (20, + 4, )) + (2r 17 +6r’r?) cos(p + 2¢,)
+(267n) +6r7r7) cos(p + 2¢3,) + (2., +2r, 1Y) cos(¢ - @, ) + X[21, 'K, cos(p — (4, —293,))
+24rr) cos(p + (¢, —3¢,)) + 21,1, cos(p + (20, —4g,)) + 241 cos(p— (3¢, — ;)
+ 721712 cos(p — 2¢,) + 72171 cos(p — 2, ) + 961 1. cos(p— g, ., ) + 21,12 cos(p — (4, +2¢,))
+2r2r* cos(p — (2, +49,)) + (2r2r} +2r’r?) cos(p+ 2¢,) + (217 + 2rr?) cos(p + 2¢,)
+6(r’r +r.r’)cos(p+ o, )Y —% NZ AR + 15 +16(r) +1) +73(r, + 1) +103(r} +17)
+A8+ 107 + 17 +9(r 2 +r2nt) + 38r2r + (8 + 217 + 2r’rY) cos @y, + (8L, + 21,1
+2r°60) C0S @, 5, + X[2r 1 COS dep + (L4671 + 211 ") €0S 200 + 48+ 32r 17 + 321} cos 3p
+(206r, 1, +18r°r’) cos @ +8r’r, COS ;. ., +81,1 COS @, o + 21, 17 COS e, + 2171 cosdg,
+(2r'r? +2r'r?)cos 20,1}, (6)
V6i X = exp[—ra2 — 17+ 2r,1,c0s( @, , )] va hé s6 chuan hoa
N, = {19(r7 + 7))+ 25’ cos(@,, ;) + 2,1, coS(g, 5, ) + (1) + 1)+ 1 + 17
+12+exp(—r? —r? +2rr, cosg, )[2r’r} cos3(gp, ) +18r’r’ cos2(p, )

1
+ 38ra r-b COS(¢a—b) + 2ra3 r.b Cos(¢3a+b) + 2ra r-b3 COS(¢a+3b) + 12 ]}E ' (7)
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Theo diéu kién (3) néu tham s6 S & (6) c6 gia tri &m thi trang thai hai mode két
hop dbi xtng thém ba va bst mot photon tong c6 tinh nén tong. Cu thé khi khao séat
tinh nén téng cua trang thai nay ta thu dwoc két qua nhu do thi hinh 1.

0

=200

“ _400

-600¢

Iy

Hinh 1: D6 th; khao sat nén tong hai mode cua trang thai hai mode keét hop
doi xurng thém ba va bot mét photon tong

D6 thi hinh 1 khao sét s phu thudc caa
tham s6 S vao bién do két hop rp cua trang
théi hai mode két hop ddi xtng thém ba va
bét mot photon tong véi didu kién khao sat
A r,=r;0 =0 ¢ =%;O£ rnL<6. Tu

db thi ta thiy tham s6 S <0 véi moi gia
tri caa r, r, va khi cac thamsé r,,r, cang
tang thi tham s S cang am. Nhu vy

()5

chung to trang thai hai mode két hop ddi
xtng thém ba va bt mot photon tong cé
tinh nén tong va khi r,,r. cang ting thi
tinh nén tong cang manh.

2.2. Nén higu hai mode

Theo Hillery [7], mét trang thai duoc
goi la nén hiéu hai mode néu trang thai d6
thoa mén bat dang thuc:

(i, 1) <0 8)

A

trong o (V) ~(V, )" =((aV, ') vei V, =2 (e"a5' +e™a'6), A, ~a'a va i, =b'b

¢

lan luot 12 todn tir s6 hat cua hai mode a, b. Dé don gian cho viéc khao sét, ta dat:

A

D:<V\7;>—<W¢>2—Z<ﬁa—ﬁb>. )

Mot trang thai co tinh chat nén hi¢u hai mode khi tham s6 D ¢ (9) co gia tri am.
Khi khao st trang thai hai mode két hop doi xing thém ba va bét mot photon tong ta

co:
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D= % Njﬂ {30657 +120(r,'r2 +r/n) + 2(r) ) + 126 ]cos 2(p + @, ) + (2r ) +120(c2r) +rln')

+30r7r2 +120r°1 + 2r*r?) cos 2(p — @, ) + 211 cos(2p + (5, — @,)) + 211 cos(2p — (@, —5¢,))
+(2re +120°r +12r,r%) cos(29 — (@, +3¢,)) + (2r°r> +12r°r +12r°r,) cos(2p -3¢, ., )

+X[2r’r] cos(2p -3¢, )+ 21t} cos(2¢ +3p, ) +30rr° cos 2(¢p — @, ) + 301’ cos 2(p + @, )
+(120r, > +2r’r ) cos(2p — ¢, , ) + (120r°r, + 21, °) cos(2¢ + @, ) +120(r; +1.*) cos 2¢

+20,1 OS2+ @, .5 ) + 211, c0s(2p+ @y, ) + (23 +12r° ) cos(2¢ — (39, + ¢,))

+(2r5 +12r,17) cos(2p - @, 5, ) + 12171 cos 2(p — @, ) +12r 17 cos 2(p — @, ) + 2(rer” +r7rd)
+3Ure 7 +r2e?) +137(rM e + r26t) + 35007 + (4r°ed + 1407 + 2r°r, +6r°r ) cos(e,,., )

+120(r7 +12) + (4r°r> +140°r° + 2r,1° + 61, 1°) cos(, .4, ) + 64(r} + 1) + 1’ + 1% +15(r° +1.°) + 36]

5

+X[2riet+4r’r> +30r°r) cos3p, , +128r7r7 cos2¢, , +(62r ! + 274r’r +240r.1,) cos ¢, ,

+(4r2r +6r,r°) cos(p,.4,) + 350171 + (475 +6r°r, ) cos(,, ., ) +14(r2r! +r'r?) cos 2¢, ., +36
+2r’r} cosdg, + 2117 cosdp, 1 (rF + 17 +15(r° + 1) +64(r + 1)) +72(r7 +17) —34rr?

— (KPR +r2r2) + 20 +6r’n —2r’r) cos(3p, + @) + (2,1 +6r,r° —2r’r’) cos(g, 4, ) +36
—9(r*r? +r2rf) + x[2r'r! cos 4+ 301 cos 3 + (124r1 — 2r*r*) cos 2¢ + 6r’r. cos(e,,.,)
+(144r,r —18r’r’) cos @ — 34127 + 61,17 c0S(@, 5, ) + 2171, cosdg, — (2r/r +2r'r?) cos 29, ,,

+2r,1; cos4g, +36]| —% Ny { (201, + 2460, + 72657, +481,1, +21,17) cos(p+ ¢, )

+(2r7n +24rn" +72r 5% +48r,r +2r’r ) cos(p— g, )+ (2ri 2 +2r’r +12r’r?) cos(p - 2¢,.,)
+2r'r? cos(p—4p,) +2r’r! cos(p— 4, ) + X[2r°r° cos(p —3p, , ) + 211> cos(p + 3¢, )
+24r71 cos(p—2¢, ) +24r 2 cos(p+2¢, ) + (721,12 + 2’ ) cos(p — @, ) + 48(r” +1.7) cos(¢)

+(72r,5} +2r’n ) cos(p+ @, ) + 21’2 cos(p—3¢,,, ) + 21 cos(@ — ¢, ) +12r° 1% cos(p — 29, )

+ 21,1y COS(@+@,.5,) +21,.1, COS( + ((0a+3b)]}2 : (10)
Khao sat cu thé tinh chat nén hiéu hai mode cua trang thai nay ta thu duoc két qua

nhu d6 thi dudi day:
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Hinh 2: D6 th; khao sat nén hiéu hai mode ciia trang théi hai mode két hop
doi xung thém ba va bat mét photon tong
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Dd thi hinh 2 khao sat qua trinh nén
hiéu hai mode cua trang thai hai mode két
hop d6i xtng thém ba va bét mot photon
téng voi diéu kién khao sat 1a r, =2r, ;
(ozz; Q=T @, -7 va 0<r,<4.Tu

2 2
d6 thi ta thay tham s6 D >0véi moi gia
tri cua r,,r,. Khicac tham s r,;r, cang
tang thi tham s6 D cang duong. Nhu vay,
trang thai hai mode két hop ddi xung
thém ba va bt mot photon tong khdng c6
tinh nén hiéu.

3. Sw vi pham bat ding thic
Cauchy-Schwarz va tinh chat phan
két chum caa trang thai hai mode két
hop dbi xing thém ba va bét mat
photon tong

3.1. Sw vi phgm bdr dang thic
Cauchy-Schwarz

Bat ddng thirc Cauchy—Schwarz cho
truong hop hai mode ddi véi cac truong
cb dién c6 dang:

(11)

Theo diéu kién (11) ma két qua khao
sét trang thai hai mode két hop ddi xung
thém ba va bt mot photon tong théa man
bat ding thirc Cauchy-Schwarz thi trang
thai d6 1a trang thai co dién. Nguoc lai,
néu né vi pham bat diang thac Cauchy-
Schwarz, nghia 1a tham sé | < 0 thi trang
thai nay la trang thai phi c6 dién. Khi
khao sét trang thai hai mode két hop doi
xtng thém ba va bét mot photon tong, ta
thu duoc két qua tham sb | nhu sau:

| ={[330(r, + ")+ (2r/r, +12r>r, +12r’r ) cos(3p, +¢,) +250(r + 12) + 1.° + 10 + 21(r? + 1))

+(2r 5 +12r 1 +121.1°) cos(3p, + @, ) + 1 + 1

2t +138(r) + 1) + 72+ X[2r] cos5¢

+42r'r* cos 4o+ 2761 1 cos 3p + 6601t cos 290+ (5041, +2r’r*) cos g+ 2r°r° cos(5p, — ¢, )

+2r°r° cos(p, —5¢,) +12r't cos g, +12r’r, cos(p,, ) +12r7r, cosde, +12r,1° cos(p, .o ) +72]

x(ref +rt

+X[2r7r cos 3p +12r7r cos 2+ (217

P +18r'r +18(r 2 +r2n )+ (r° + £2) +6(r + 1) + 21’ cos(p,,,, ) + 21 c0S(9, .4, )

5 3.3 3.5 5.3
I, +36r,1,°) CoS @ + 211 CoS(@,,., ) + 21,1, C0S(,.4,)

1
+18r e 132 TQ5(r0 e +r2e8) + 1062+ r2e’ +64(r e + 12t +156r7r + (20’ +6r°r°) cos(9,..5, )

+18(r7 +12) +(2r°r +6r°r) cos(@,, ., ) + X[2r°r cos 3p + 301 'r.* cos 2¢p + (1281 r’ + 3611 ) oS 290

+156r7r” +2r°r° cos(g,, ., ) + 201 c0s(@, .5, ) + (611 +6rr7) cos 29, [}-1.
Khi khao sét cu thé trang thai nay va sir dung phan mém Mathematica ta thu dugc

két qua nhu d6 thi dudi day:

102



TAP CHI KHOA HOC - PAI HOC PONG NAl, SO 22 - 2022

ISSN 2354-1482

0.0

-0.2}

‘0.0 0.5

1.0 1.5
L)

Hinh 3: P4 thj khdo sét su vi pham bdt dang thic Cauchy-Schwarz ciia
trang thai hai mode ket hop doi xirng thém ba va bdt mgt photon téng

D4 thi hinh 3 khao sat sy phu thudc
cua tham s | theo bién do I, cua trang
thai hai mode két hop ddi xtng thém ba
va bt mot photon tong véi dieu kién
khao sat la r,=r,0<r <15;

¢:%;¢a:¢b=ﬂ. Tir dd thi ta thdy

tham s6 | nhan gia tri trong khoang
~1<1<0. Khi cc tham sé r,;r, cang
giam thi tham s6 | cang am va tién vé gia
tri - 1. Nhu vay, trang thai hai mode keét

Rab(l’ p)=<

éf(lJrl)é(IH)b‘T(p—l)b"(p—l)>+ <é+(p—1)é(p—1)6+(l+1)6(l+1)>

hop ddi xing thém ba va bot mot
photon tong vi pham bat dang thuc
Cauchy-Schwarz, nghia 1a mang tinh
chat phi co dién.

3.2. Tinh phdan két chum

Ching Tsung Lee [8] da dua ra tiéu
chuan cho sy ton tai tinh phan két chum
cho trang thai hai mode trong truong buc
xa thé hién qua tham s6 R, (1, p). Theo
d6, mot trang thai cd tinh chat phan két
cham khi tham sé R, (I, p) thea man:

<a*'a'6*969>+ <apapt3“6'>

1 (13)

trong d6 1> p >0, véi |, p 12 6 nguyén duong. Khao sét tham sé R, (1, p) cia trang
thai hai mode két hop ddi xtung thém ba va bot mot photon tong. Trong hé thuc (13)
ciia tham sé Ry, (1, p) c6 céc s6 hang tuong duong, vi vay ta tinh sé hang téng quat

<Aﬂé'5*p6p> , dugc két qua nhu sau:

(a"a'5'PBP ) = [(31+ (1 + (2P + 1P ) o+ (B(1+3)(1 +2)+ IR 2P
FO1(1+2) + 31 (1 =) (r” 2P + e 2220 1 (L + D) (1 + 2)(1 +3) +91 (1 + 1) x (1 + 2)
+I(1=1)(1 +1) +1(1 —2)(1 = 2)) x (r'52P + r2Pe2 ) + 312 (1 +1)(1 +2) + 917 (1 —1)(1 + 1)
+317(1=1)(1 = 2)) x (20DE2P 4 £2Pp209) 4 312 (1 =1)2 (1 +1) + 317 (1 =1)2(1 - 2)(r20- 22
+ra2prb2(|—2)) " |2(| _1)2(| _2)2(ra2(|—3)rb2p n raZprbz(l—s)) " (Zra2|+3rb2 pHl 6l (1 —1) raZI—lrb2p+1

6122 1 21(1-2)(1 - 2)r2°r2P M) cos(p,,,, ) + (26722 4 21 (1 - 2)(1 - 2)r? 32+

+6Ir2 2Py cos(,. 5, ) + 61 (1 =) r2 2P

+I 1

21 .2p+2 21 .2p+2

+Lr
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+exp(=r2 =2 +2r.r.cosp, , )(2r " r P cos((p—1-3)p, + (I - p+3)p,) + (2(3l

$3(1+ )P0 1 2(31 +3( +3)r P22 cos((p - (2(3(1 + 2)(1 +3) +91(1 +2)
$310=D) £ P 2(3(1 +3)(1+2) +91(1 +2) + 31 (1~ D)r Py

xCos((p—1-De, +(1-p+Da,)+ I+ +2)(1 +3)+ 91 (1 + (1 +2) + A (I -1)(1 +1)
(-1 -2)r I+pr'”’+2((|+1)(|-|-2)(|+3)+9|(|-|-1)(|-|-2+9|(| -D(1+1)

+H (-1 -2)r ;+prb+p)cos(( Do, +(1- )goh)-|-2(3| (1+0)(1+2)+91*(1 -1 (1 +2)
+312(1-)(1 = 2)r " e cos((p -1+, + (1 - p-D, ) +2(31° (1 -1)*(1 +2)
+31°(1-2)*(1-2)r! plp2 '”’ 2eos((p=1+2)p, +(1-p-2)p,)+21°(1-1)*(1-2)°

P e os((p-1+3)g, +(1- p=3)g,) + 21 cos((p -1 -3)p, + (I - p-1)p,)
+2r”pﬂ , " cos((1- p=D), + (p—1-3)g,) +61(r, " *r, " cos((p -1 -2 )(/’a (I-p-2)p,)
+6Ir P2 cos((1 - p—2)p, +(p—1-2)¢,) +61(1-D)r 1P cos((I - p-1)g,
+(p-1-3)g,) +6I(1-1)r, ", cos((l _p_3)¢a+(p_|+1)(0b)+2|(|_1)(|_2)ral+prbl+p_2
xcos((p-1)g, + (1= p-4)¢,) +21(1 -1 -2)r;" "1, " cos((p—I + 4)p, + (1 - P) ;)

+2r PP cos((p -1+ 1), + (1 - p-1)@,))]. (14)

><r

Twong ty, ta ciing tinh dugc cac s6 hang <anapbﬂb'> < )4 pir-p(e )>

va sb hang < Dalrpt '+15'+1> bang cach doi bién 1, p tir s6 hang <aTI a'bPpP >

cho cac truong hop tuong ang. Bay gid ching ta s& khao sét tinh phan két cham cua
trang thai nay tng vai cac gia tri I, p cu thé nhu sau:

+ Trudng hop | =3; p =2, thay cac s6 hang vao (13) ta dugc:

R(3,2)=—1+{1152r e et et +ote’ +2r0e® + el +3024(r r? + rir)
+020 +3888(rr +17r°) +18(r +1°) +1932(r°r +17r°) + 63(ror + 1Y) +15r°r?
+15r°5 +378(r°r% +r20°) +33(r°r + 11 ?) + Exp(=r/ — 12 + 21,1, cos @, , )[2rr,
+2r°r? cos4e, + 611> cos(p, —5¢,) +36r, ' cosde, , +6r°r cos(5p, —@,)

+2r°r° cosdg, , +30r ' cosg, , +156r 1 cos3p, | +126r°r° cos2p, | +2r°r° cos4p, |
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(48} + 720 6% + 24r° Y + 2r' + 67 + 2r°r ) cos o, . + (671 + 4871 ) cos @, 5,
+H2r > + 72000 + 24070 + 20’61 c0s @, .o + EXp(—17 — 12 + 21,1, cos g, )[1152r7r)
+72r°r" cos(4e,) + 21,1’ cos(2p, —6¢,) + 211’ cosbp, , +24rr] cos(p, —5¢,)
+66rr’ cos5p, , +756r°r° cosde, , +3804r>r> cos3p, | +(7776r " +2r’r°)cos 2¢,
+2r°r° cos(6¢, —2¢,) +6048r°r° cos g,  +24r 1> cos(5p, — @, ) + 72r.'r° cos4p,

10,6 , 4.8
L1

+4811 CoS @, +48r1, oS, 4, 1}/ {rfrb“ +2484r'rt + %t +278r°r° + 1
+0000 0 +36(r + 1) +540(r 2 + 176 ) +36(r0 + 1) + 252(r k% +r2r?)
+1212(r70 +rir0) + 243(c° et + 0 e®) + 20 + e 06f) + 27(r + 1) + 120 cos o,
+(36r°r> +18r r° +2r’r> +12r’r +12r°r + 2r/r7)cos ¢y, + (1215 +12r 1) cos ¢, o,
+(36r°r +12r 1> +18r°r” +2r'r" +2r’r°) cos @, + EXp(—r7 =17 + 2.1, cosg, , )[276r°r’
+12r'r° cosde, + 72’ cos3p, , +504r'r! cos2¢, , +2r°r° cos2p, +2r°r° cos2¢p,
+B76r 1> cos g, |, +42r 1 cose, , +12r°r cosde, +12r°r cos g, + 211 cos2¢,
+2r°1° c0s2¢, , +12r/1° cos @, .5, ]+ EXp(-1/ — 17 + 2.1, cos g, , )[2484r. ! +2r’r

+2r°r cos(4e, ) + 21" cos e, +54rr] cos3p, |, +72r’r7 cos2¢, , +486r. 1’ cos2¢p,
+1080r’r’ cos g, , +1812r°r° cos g, , +2r. 1" cosde, +(12r’r +18r/r>) cos ¢,

+36r,r, €0S2¢,., +361,'t; €0s 20, ., + (12 +18rr ) c0s @, 5 1} (15)

+ Tuong tu cho céc truong hop {(1 = 4, p = 2); (I = 5, p = 2} va st dung phan mém
Mathematica dé vé do thi ta thu dugc két qua:

0.4 — : ‘
0.2/ / 1
0.0 :

-0.2;

-0.4/

-0.6+

-0.8;

-1.0
0.0 0.1 0.2 0.3 0.4

Iy
Hinh 4: D6 th; khdo sat si phy thuge cuia Rap (3,2), Rab (4,2), Rab (5,2) vao
bién dp rovsir, =1, 0<r, <0.4; ¢ :%; @, =0; @, = . Céc tham s
diroc chon theo thir tur firong 1ing Vo duong nét lién, duong nét diit va
dwong gach cham

+ Tuong tu cho cac truong hop {(1=3,p=3); (1=4,p=3); (I =5, p=3)} vasu
dung phan mém Mathematica d¢ vé do thi ta thu duoc két qua:
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0.4 ‘ ‘ - :
0.2 i /
0.0 S

-0.2}
-0.4/

-0.6}

-0.8}

-1.0 il . .
00 01 02 03 04 05 06 07
Ip

Hinh 5: D6 thi khao sat s phu thuge cia Rab (3,3), Rav (4,3), Rab (5,3) vao bién do

. T p £
véi r, =% 0<r <07, p=r, ¢, =7, @, =7 Cé&c tham sé duwot chon
theo thi tu fuong g Véi drong nét lien, dirong nét dit va dirong gach cham

+ Tuong tu cho cac truong hop {(1=3,p=3); (I=4,p=23); (I =5,p=3)} vasu
dung phan mém Mathematica dé vé do thi ta thu dugc két qua:

0.4 : — ;
0.2 i : /
0.0 :

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Iy

Hinh 6: D3 thi khao sat si phu thugc ciia Ras (3,3), Rab (5,3), Rab (7,3) vdo bién dé
rvei =" 0<r, <0.7; p=1; @, =7, @, :%. Céc tham sé duroc chon

theo thi ti furong g Véi duong nét lien, dirong nét dirt va dirong gach cham
Tir ba db thi hinh 4, hinh 5 vahinhg |~ P cang nho thi tinh phan ket chum
: cang manh. Nhu vay, trang thai hai mode
o o I ket hop doi xung thém ba va bét mot
phat tir gia trj -1, day 1a gia tri cuc it photon téng c6 tinh chét phan két chum,
cua tham so nay va Ry, (I, p) <0 khicac  nghia la trang thai d6 mang tinh chét phi
tham sb r,,r, rat nho. Khi cac tham s6  ¢o dién khi cac tham so 1,1, rat bé.
r,,r. ting thi gia tri R, (l,p) din tién  Trongtruong hop r,, 1, tang dan thi tham
dén 0, khi r,, 1, vuot quamot giatrinao S0 Ry (I, p) ciing ting dan dén 0, khi d6
d6 thi Ry(l,p)>0. Ngoai ra higu s tinh chat phi co dien cia trang thai giam
al 1 " ) ¥

ta nhan thay tham sé R, (I, p) déu xuat
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dan. Néu tiép tuc tang r,,1, vuot qua mot
gid tri gi6i han nao d6 thi tham sb
R,,(I, p) nghia 1a tinh chit phi ¢ dién
ctia trang thai hai mode két hop déi xiing
thém ba va bét mot photon tong khong
con, khi do trang thai nay mang tinh chat
co dieén.

4. Két luan

Trong bai bdo céo nay, chung toi da
khao sat tinh chat nén téng hai mode, nén
hiéu hai mode, sy vi pham bt dang thirc
Cauchy-Schwarz va tinh phan két chum
clia trang thai hai mode két hop ddi ximg
thém ba va bét mot photon tong. Qua qué
trinh khao sat va v& do thi cic tham sb
nén nay, ching toi nhan thiy trang thai
hai mode két hgp ddi xtng thém ba va bot
mot photon téng c6 thé hién tinh chit nén
tong hai mode, nhung hoan toan khong

c6 tinh nén hi€u hai mode. Hon nira, trang
thai hai mode két hop dbi xtng thém ba
va bét mot photon tong hoan toan vi
pham bit dang thirc Cauchy-Schwarz va
thé hién tinh chat phan két chum bac thip
va bac cao dbi voi gid trj bién do bé. Tir
6, chiing t6i rit ra két luan trang thai hai
mode két hop dbi xtmg thém ba va bét
mdt photon téng 13 mot trang thai phi c6
dién. Cac tinh chat phi c6 dién cia trang
thai nay thé hién kha rd thong qua khao
sat tinh chat nén tong hai mode va su vi
pham hoan toan bat dang thitc Cauchy-
Schwarz. Ngoai ra, tinh chat phan két
chim hai mode xuét hién trong trang théi
nay tai cac gia tri cuong do két hop bé va
luén ludn xuit hién & moi béc thép cling
nhu bac cao tuy thudc vao viéc chon
thong s6 ciia hé mot cach phu hop.
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STUDYING THE LOWER-ORDER AND THE HIGHER-ORDER
NONCLASSICAL PROPERTIES OF THE THREE-PHOTON-ADDED AND
ONE-PHOTON-SUBTRACTED TWO-MODE OLD COHERENT STATE

ABSTRACT

In this paper, the authors consider the lower-order and higher-order nonclassical
properties of the three-photon-added and one-photon-subtracted two-mode odd
coherent state. In this state, we investigate the two-mode sum squeezing, the two-mode
difference squeezing, the violation of the Cauchy-Schwarz inequality, and the two-
mode higher-order antibunching. The calculation results indicate that this state
appears two-mode sum squeezing but does not appear two-mode difference squeezing.
This state also violates the Cauchy-Schwarz inequality and becomes nonclassical
state. In addition, the three-photon-added and one-photon-subtracted two-mode even
coherent state can appear two-mode higher-order antibunching in any order. When
increasing the higher-order, the degree of antibunching becomes more and more
obvious.

Keywords: Two-mode sum squeezing, two-mode difference squeezing, violation of
the Cauchy-Schwarz inequality, two-mode antibunching
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