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Tém tat: Bai bao nay trinh biy mot nghién citu ciia ching toi vé cac tinh chét
phi ¢ dién bac thap va bac cao ciia trang thai hai mode két hgp phan ddi xing
thém ba v b6t mot photon tdng. Két qua khao sat cho thay trang niy thé hién
tinh chat nén tdng hai mode nhung hoan toan khong c¢é tinh chit nén hicu hai
mode. Khi kh4o sat sit vi pham bat ddng thitc Cauchy - Schwarz, chiing t6i nhan
thay trang thai nay hoan todn vi pham bat ding thitc Cauchy - Schwarz. Hon
nita, khi nghién cttu cac tinh chat phan két chiim hai mode, két qua khio sat
cho thay trang thai hai mode két hgp phan d6i xtng thém ba va b6t mot photon
téng thé hieén tinh chit phin két chium & moi bac thip vi cao, trong d6 bac cang
cao thi cip do phin két chiim cang thé hién manh hon.

Tit khéa: Nén tong hai mode, nén hiéu hai mode, sy vi pham bat ding thiic
Cauchy - Schwarz, phin két chum.

1 GIOI THIEU

Viéc tao ra cic trang thai phi co dién cé y nghia rat quan trong, dic biét d6i vdi nganh
khoa hoc luwgng ti, vi kha nang dng dung clia chiing vao xit Iy thong tin lugng t& nhw
tang téc do truyén thong tin, ting tinh bdo mat, dong thdi gidm nhiéu tin hiéu va ting
do trung thyc clia thong tin [1]. Bén canh d6, cac trang thai ndy duge nghién citu dé 4p
dung vao nhiéu linh vitc khac nhu quang lugng ti&, k§ thuat lugng tit va vat 1y chit rin
[2]. Cac trang théi phi ¢d dién nghy cang duge nhidu nha khoa hoc tiép tuc nghién ctu va
phit trién, v6i viec nghién ctu cic trang thai phi ¢d dién nhu trang thai nén, trang thai
két hgp dbi xitng, phan dbi xing. Vao 1991, Agarwal va Tara da dé xuat ¥ tudng vé trang
thai két hgp thém photon [3], sau d6 duge cac nha vat 1y khac nghién citu, khao sat [4, 5.
Ngoai thém photon con c6 bét photon vao cac trang thai két hop cling duge nghién ciu
[6] v& cho ra dvi cAc trang théi phi ¢d dién mdi khac. Viec nghién citu tinh chat clia cac
trang thai phi cd dién them vi bét photon 14 viec hét sitc quan trong, khong chi tao ra cic
trang thai phi ¢6 dién méi, ma con md ra nhidu huéng nghién cttu méi cho cac nha khoa
hoc. Tt két qua thu duge, ngudi ta itng dung cic trang thai ndy vao cic nganh khoa hoc
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k§ thuat, nhit 14 d6i v6i khoa hoc thong tin lugng tit va may tinh lugng tit. Qua trinh
khio sat cac tinh chat phi ¢ dién ciia trang thai them va bét photon lén hai mode két
hgp phan dbi xitng da duge mot sé tac gid thyc hién [7, 8]. Trong bai bao nay, chiing toi
duta ra trang thai goi 14 trang thai hai mode két hgp phan d6i xitng thém ba va b6t mot
photon téng nhu sau:

[©)ap = Nag(@™ +0) (Ja),1B)y = 18),lc),) (1)

trong do6

Nag ={lal® +18° + 9(|af* + 18]") + 19(|af® + %) + 12 + 2Re[a’8 + af”]
— exp[—|a — B?](2Re[a*® 33 + 9a*? 5% + 19a* B + o8 + af?] + 12)}_%, (2)

13 hé s6 chudn héa, af va b 1an lugt 13 toan t sinh dbi véi mode a vA toan tt hity dbi vdi
mode b, Re[Z] 14 ki hiéu phan thyc cia mot s6 phitc Z. Day 1a mot trang thai mdi, chua
duge nghién citu, khao sat. Vi vay, trong bai bao ndy, ching t6i nghién cttu cac tinh chit
phi ¢6 dién clia trang thai hai mode két hgp phan déi xing thém ba va bt mot photon
téng thong qua tinh chit nén tong hai mode v nén hieu hai mode, sit vi pham bat dang
thitc Cauchy - Schwarz va tinh chit phan két chiim bac cao hai mode.

9 TINH CHAT NEN CUA TRANG THAT HAT MODE KET HOP PHAN DOI XUNG
THEM BA VA BOT MOT PHOTON TONG

2.1. Nén toéng hai mode

Hai kiéu nén bac cao 13 nén tdng va nén hiéu hai mode da duge Hillery [9] dua ra vao nim
1989. Theo d6, mot trang thai duge goi 14 nén téng néu trung binh trong trang thai do
théa man bat ding thic

N2 Y N2 1 .

(AV¢) - <V¢> - <V¢> < 5 (g + i+ 1), (3)
trong d6 V@ = % (ewdTlA)T + e*iwél;), fo = ala , Ay = bl 1an luot 1 toan t s6 hat ctia hai
mode a v& b. Dé thuan tién cho viéc khio sat ta dit S 13 tham s6 nén téng c6 dang

~o N2 1. A
S:<V¢>—<V@> — 7 (415 + 1). (4)

Mot trang thai goi 13 nén tong hai mode néu tham s6 S < 0. Vi a va 8 1a cic s6 phitc nén
ta dit o =1, exp (ipq), 8= 1b exp (ipp) VA Gp fm = hp + kg + mpy, VoL b, k,m 1a cac sb
nguyen, rq, 'y, Pa, b 12 cac s6 thuc. St dung trang thai hai mode két hgp phan d6i xing
thém ba va b6t mot photon tong vao cong thite (4) ta nhan duge

1
S :1]\@5{2{(?37“2 + 7“27“2 + 15(7"277? + rgrg) + 61(7“37“2 + rgrf,l) + 2407“27”2) cos(¢2 —2 _2)

+ (7“27";’ + 67“31“2 + 6rar;j’) cos(p2,1,-1) + 7"27";?’ cos(p2,—5,3) + r(?;rl? cos(¢p2,—3,—5)



42 HO NGOC TRUNG, TRUONG MINH DUC

+ (r3r) 4+ 67313 + 6r31y) cos(pa,—1.1) — x(2r2rp (cos(pa,—5.1) + cos(pa1,—5))
+ 15787} (cos(d2,—40) + cos(pa0,—4)) + 617575 (cos(p2, 3. 1) + cos(p2,—1.-3))

+ (377 4 6131y) cos(¢a,_1.1) + 1207212 cos(pa, 2. —2) + o7 cos(p2, 5. _3)

+ 1379 cos(¢a,—3,—5) + (rorp + 61ra17) cos(da1.—1) + 6(r2r) + rird) cos(p2,00)}

+ 2(r8r2 + r28) + 31502 + r2r8) + 137(r4r2 + v2rd) + 3500217 4 139(r2

+ 1)+ 08 S £ 16(r8 4 79) + 73(rd 4 1) + 48 + 22050 + Trdrd 410y
+dr3ry) cos(poa1) + 2(2rdr) + Trdvd 4 rar) 4 drary) cos(¢o13) — 2(350r2r7

+ 48 + 2[riary cos(Po.a,—4) + T3r2rE cos(do.a,—2) + 31747y cos(do.2.2)

+ (137rgr) +139ramy) cos(¢o,1,-1) + (2rgry + 4rari)) cos(do1,3) + a7 cos(¢o.40)
+ (20579 + 167313 cos(do 3. —3) + (2r2r) + 4r31y) cos(po3.1) + rory cos(bo0.4)

+ 702} 4+ rdr) cos(do22)))} — {(A6(rS +r8) + 8 + 75 4+ 73(rd + 1)

+103(r2 + r2) + 48 4+ rSrf +r2r8 L 9(rdr? 4 r2r)) + (8731 + 2r31y) cos(do3.1)
+ 387272 + 2r3r3 (cos(do3.1) + cos(¢o.1.3)) + (8rars + 2rerp) cos(¢o1.3)

— x(2rr cos(pa0,0) + 32r3r3 cos(ps.00) + (2rarE + 2r2r) cos(¢o.2.2)

+ (1467277 + 2rary) cos(¢2,0,0) + (206747, + 187277) cos(p1,0,0) + 48

+ 2rri cos(do,4.0) + 2rary cos(do,0.4) + 87Ty cos(do31) + 8rary cos(do,1,3)

+ 38r2r2)} — iN;lB{((Qrzrf + 672r2) cos(¢1,02) + 207y + TZTa + 12(r2ry

+ 1) + A8y 4+ 37(rdry + rpry)) cos(r—1,-1) + (2rpre + 2riry) cos(ér—1,1)
+ (27372 4 6r21r7) cos(p1.2.0) + 2rarE cos(d1,—a—2) + 2r2r; cos(p1—2,—4)

— x(2r2r cos(p1.02) + 2r2r) cos(py, o, —4) + 6(rry + 1rira) cos(d11.1)

+ 2rgrp cos(¢1,2,0) + 2rary (cos(d1,—a,2) + cos(¢1,2,-4)) + 2rary cos(d1,—4,—2)

+ 24r27“§(cos(¢1,73,1) + cos(¢1,1,—3)) + 96747, cos(¢p1,—1,—-1) + 741"27“2((:05(@517,270)
+ cos(¢1,0,-2))) 17 (5)

trong do

Nap =(rg + 15 +9(r5 +73) +19(r7 4+ 1§) + 2riry cos(¢o,3.1) + 2rary cos(¢o,1,3)
+12 — m(2r2r§’ cos(¢p 3 —3) + 181"27“2 cos(¢o 2, —2) + 38rqry cos(Po1,—1)
+ 27‘21"5 cos(¢o,31) + 27‘a7“2 cos(¢0,1,3) + 12)7%, (6)

vii x = exp[—rZ — r} + 2rqry cos(do1,—1)].

Do thi 1 khio sat sy phu thudc clia tham sd S vho bién do két hop r, véi dieu kien khéo
sat 1 g = 15,0 = 5,00 =T, = 5 va 0 < 1, < 5. Nhin vao do thi ta thiy tham s6 nén
téng S luon bé hon hodic bing 0, nghia 14 luén xuit hien qua trinh nén tdng trong trang
thai hai mode két hgp phan d6i xtng them ba vi bét mot photon tong. Khi cac tham sb
Tq, Tp cAng tang thi tham s6 S cang am, nghia 14 qua trinh nén téng cang thé hien ro. Vi
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Hinh 1: Khdo sdt su phu thudc ctia tham sé6 S vao bién do két hop 1, ciia trang thdi
hai mode két hop phdn doi zing thém ba va bt mot photon tonyg.

diéu kién khéo sat trén, ching t6 trang thai hai mode két hgp phan dbi xtng thém ba va
b6t mot photon téng 6 tinh nén tong. Khi cac tham s6 r,, 7, cing ting thi tinh nén téng
ciia trang thai cing thé hien ré.

2.2. Nén hiéu hai mode

Theo Hillery [9] mot trang thai duge goi 1a nén higu hai mode néu khi trung binh trong
trang thai d6 théa man bat ding thic

. 2 1 )
(W2) = (W) = 1 (0 — ]} < 0. (7)
Dé don gian cho viec khio sat tinh chit nén hiéu, ta diat tham sd nén hieu D c6 dang

D= (W2) (W)~ 1 (e — ). (8)

trong d6 W, = 3 (ew&?ﬂ + e*w&TlA)>, fia = a'a, fp = bTb 1an luot 14 todn ti s6 hat ciia hai
mode a vi b. Mot cach tuong tit phan nén tong, khi khao sat tinh nén hicu clia trang thai
hai mode két hgp phan déi xting thém ba v& bét mot photon tdng ta thu duge két qua cu
thé nhu sau

D %Niﬁ{(%irf + 300208 + 120020 + 1200207 + 20217 cos(¢a, —a.2) + (2rr) + 12031
+127473) cos(¢a,—1,-3) + 2r2rp cos(pa,—1.5) + 2r2rp cos(pas.—1) + (2rdr) + 1235}
+12r37) cos(pa,—3 1) + (2r3rE + 30r8rE 4+ 120r5rE 4+ 120r2rE 4 2r2r})) cos(pa.a,—2)
— 2(2r3r] cos(¢2,—3,3) + 2rarf cos(da,1,3) + 2riry cos(¢as,—3) + 2rir, cos(¢a31)

+ (120rar2 + 27“27“1,) cos(¢2 —11) + (1201"27“1) + 27’&“2) cos(¢a1,-1) + 307“27“? cos(¢2 —11)
+ 307572 cos(pha1.—1) + (2r3rp + 12r31ry) cos(¢a,—3,-1) + 12721} cos(pa, o —2) + 12rir?
cos(da, 2 2) 4+ (2r3r3 +12ra73) cos(da,_1,3) + 120(ri + 73) cos(é2,00)) + 2(rSrd
+ r2r8) + 31572 + r2r8) + 137(rdrE 4+ r2rd) 4+ 3500207 + 120(r2 + 72) + 15 + 13
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+ 64(rs 4+ 1) + 15(r8 4 rP) + (4rdrd 4 14373 + 2r2ry 4 6131y) cos(po3,1) + (437}

+ 147353 4 2rarp + 61417 cos(do.1.3) + 36 — (277 cos(po.a,—a) + (4r2rp + 30r3r3)
cos(do.3._3) + 1287272 cos(dpa,—2) + 3500212 + 36 + (4r3rp + 6rary) cos(do1.3)

+ 2121 cos(do0.4) + (41218 + 6r31) cos(po.3.1) + (62rird + 2747313 4 240r,1)
cos(do1,—1) + 2rirE cos(poa0) + 14(r2rd + rird) cos(¢o2.2) — (36 + 5 4 rf + 15(r8
+18) + 62(r% + 1) + (2rdry + 613y — 2r3rd) cos(do31) — 3driry — (rSri 4 rird)
+72(r2 + 7E) + (2rarp + 6rary — 2r3r8) cos(¢o.13) — I(rirE + rir}) — 2(36 — 34rir}
+ (1247272 — 2rdrd) cos(¢pa0,0) + 2rary cos(pa0) + 2r2ry cos(¢o0.4) + 2rart
cos(Po.40) + 6721 cos(do.3.1) + 307575 cos(p30.0) + (144747, — 187573 cos(1.0.0)

_ (27"27’;)1 + 27"37“5) cos(¢p22) + 61",17";?’ cos(¢o,13)))|} — %Néﬁ{(QrZrb + 247"27’1, + 727“21"(,
+ 4871y + 2rar§’) cos(¢11,-1) + 27“37",? cos(¢1.40) + (2rarg + 24rarg + 727“a7°§’ + 48741
+2r3ry) cos(p1—1.1) + 2r2rf cos(pr04) + (2rirE + 2020} + 12r212) cos(h1, o —2)

— x(2rgrp cos(p11.3) + (T2rar + 2r3ry) cos(p1,—1.1) + 48(r2 + 1) cos(p10,0) + 2737}
cos(d1—1,-3) + (T2r2ry + 2rar)) cos(pr1,-1) + 2rir cos(p1,—3.—3) + 2rory cos(¢13.1)
+ 21573 cos(¢p1 3,_3) + 2412} cos(p1,_2.2) + 24rirE cos(d1a,_2) + 12r2rE cos(d1,_a,_2)
+2r;rp cos(¢1,-3,3)) ). (9)

D6 thi 2 khéo sat tham s6 D theo bién do két hop r, va hudng nén ¢ véi didu kién khao

Hinh 2: Khdo sdt sy phu thudc ciia tham s6 D vao bién do két hop ry va hudng nén
@ ctia trang thdi hai mode két hgp phdn doi zing them ba va bdt mot photon tong.

sat 1a rq = 21y, 00 = 0,905 = 5,0 < 1, < 3 vd 0 < ¢ < 27. Nhin vao do thi ta thiy tham s6
nén hiéu D luon I6n hon hodc bang 0 va ching c¢6 tinh tuan hoan theo huéng nén . Khi

cac tham s6 r,, r, cang tang thi tham s6 D cang duong, titc 14 cang khong c6 tinh chat

nén hiéu hai mode. Nhu vay, vdi diéu kién khdo sat nhu trén, trang thai thém ba va bdt

mot photon téng hoan toan khong c¢6 tinh nén hi¢u hai mode.
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3 SU VI PHAM BAT DANG THUC CAUCHY-SCHWARZ VA TINH PHAN KET
CHUM CUA TRANG THAI HAI MODE KET HOP PHAN DOI XUNG THEM BA
VA BOT MOT PHOTON TONG

3.1. Su vi pham bat ding thicc Cauchy - Schwarz

Bét dang thitc Cauchy — Schwarz cho trudng hop hai mode déi véi cac trudng co dién c6
dang

1

(@Pa?) (52)
(atbiba ),

Sy vi pham bat ding thic trén, nghia 14 I < 0, ching t6 trang thai khio sat 13 phi cb

dién. Dbi v6i trang thai hai mode két hgp phan doéi xing theém ba v b6t mot photon téng
ta thu duge két qua clia tham sé I nhu sau:

I:

—1>0. (10)

I :{{T;O + rgo + 21(7“2 + r?) + 138(7“3 + rg) + 330(7"2 + rzl) + 250(7“2 + rz) + rﬁr? + rgrff

+ (2rgry + 120y + 120013) cos(do.3,1) + (2rarg + 12rarg + 12ra13)) cos(do,1,3) + 72
— 2(72 + 2r2rp cos(¢s.0.0) + (504r,ry + 2r313) cos(pr,0,0) + 42747y cos(pan0) + 2ror]
cos(do1,—5) + 2rory cos(¢o s, 1) + 276rery cos(¢ps.0,0) + 660r2rE cos(pa00) + 12rir,
cos(do3.1) + 12ra75 cos(¢o.1,3) + 127477 cos(do.a0) + 121211 cos(do04))} x {6(r4 + 1)
+ 2r37p cos(¢o31) + 2ror3 cos(¢o.13) + St b rdeS 1 18rdrd 4 18(rdr 4 12y + (8
+ 1) — 2(2r2r} cos(p3.00) + 2rorp cos(doa13) + 2rorp cos(dos1) + (2riry + 367r07))
cos(¢1,00) + 12r2rE cos(pa0,0)) + 187‘37“,‘,1}}%/{7‘27% + 128 4+ 15(r8rE 4 r2r0) + 18(r2
+72) 4+ 64(rdrE + r2rd) 4 1561202 + (2r3r) + 6131 cos(do1.3) + (2rdrp + 6r3r7)
cos(¢o,3,1) — x((6riry + 6ryry) cos(¢o,2,2) + 2riry cos(¢s,0,0) + 30rary cos(¢2,0,0)
+ (1287373 + 367,7p) cos(é1.0.0) + 15672702 + 2rorp cos(po.1.3) + 2rory cos(dos1))} — 1.
(11)

Theo diéu kién & (10), néu tham s6 I trong biéu thitc (11) nhan gia tri am thi trang thai
hai mode két hop phan d6i xting thém ba vi bt mot photon téng vi pham bat ding thitc
Cauchy — Schwarz. Do thi 3 kh&o st tham s6 I theo bién d6 két hgp rp, véi diéu kién khao
sat 1 rgy =1,0 <71, < 1,0 = ¢, = 7, ¢ = 0. Nhin vdo do thi cho thidy tham s6 I nhan
gié tri trong khodng —1 < I < 0. Khi tham s6 4,7, cang gidm thi tham s6 I cang am.
Cac két qua d6 cho thiy trang thai hai mode két hop phén d6i xitng thém ba vi bét mot
photon tong vi pham bat déng thitc Cauchy — Schwarz va khi 74,7, cing gidm thi I cang
am vi dan tién vé gia tri nhdé nhit 13 —1, nghia 14 sy vi pham bat ding thic Cauchy —
Schwarz thé hién cang manh.
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Hinh 3: Khdo sdt su phu thudc cia tham so I vao bién do két hop ry cia trang thdi
hai mode két hop phdn doi zing them ba va bt mot photon tonyg.

3.2. Tinh phan két chum

Nam 1990, Ching Tsung Lee [10] da dua ra tinh phin két chum v tham s6 R, (1, p)
dic trung cho tinh chat d6. Theo 6ng, mot trang thai cé tinh chat phan két chiim khi tham
$6 R, p(l,p) thoéa man

Rapy (I,p) = <

GO ey " .

véi 1, p 1a cac s6 nguyen duong (I > p > 0), fig = ala, iy = bTb 1 toan 1t 6 hat ciia hai
mode a, b, khi d6 tham s6 R, (I, p) ¢ (12) dugc viét lai nhu sau:

<dT(l+1)gL(1+1)(}T(p—l)g(p—l)>_|_<aT(p 1) 40— 1)b+<l+1>b<l+1>>

<aﬂalz}+p13p> + <afpapéﬂél>

Rap (1,p) = -1.  (13)

Néu tham s6 R(I,p) cing am thi tinh phan két chiim hai mode thé hién cing manh. Bay
git ta khao sat cu thé tinh chit phan két chiim ciia trang thai hai mode két hop phan doi
xttng thém ba va b6t mot photon tong thong qua tinh s6 hang tong quat <dﬂ albtrop > Luu
¥ ring cac sd hang con lai c6 trong biéu thitc (13) déu duge suy ra tit s6 hang tong quat
ndy. Thitc hien mot s6 phép bién ddi ta thu dude cac két qua nhu sau:

<a“al13‘fpiyp> = N2 (r203)p20 o 20,2088y (61 4 9)(r20H D20 120220y 4 (1512 4 301
+ 18)( 2(l+1) 2p + T2pr2(l+1)) (20l3 + 30l2 +22] + 6))(T2l7‘2p + Tng‘gl) + (15[4 + 3[2)
(r20-Dp20 4 r2prb(l Dy g2y 22042 (610 — 150 4 1208 — 312) (r20 D g2
’)"g(l72)) + lz(l . )2(l - 2) ( (l 3) + TQpr(l 3)) + (2 20+3 2p+1 + 6l 2l+1 2p+1 + 6l(l )

P2l (20— 61+ 4l)rﬁl’37’§p+ ) cos(dos.1) + (27’Zl+37'§p“ + 657’5”17’2”1 +61(1— 1)
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rpt I 4 (208 — 617 + 4l 2P cos(do,1,3) — (121 4 18)rk PRy TR 4 gplip Sy FES

cos((n + 3)¢o.1,-1) + (3002 + 601 + 36)r5 PP cos((n 4+ 1)do1 1) + (4013 + 6012 + 441
+12)rb PP cos(ndo,r,—1) + (120 + 18)rbPH2 P2 cos((n + 2) g1, —1) + (4003 + 6012 + 441
+12)r5 P P (3012 + 601 + 36)rL P P 4 61 P2 cos (g 0 (ng)) + (2% — 612

+ 4l)rfl+prll)+p_2 c08(Po,— (n—1),;m) + 6lré+pré+p+2 c08(Po,n—2,—(n+2)) + 202(1—1)2(1 — 2)%7LtP=3
réﬂ’_?’ cos((n —3)¢o,1,-1) + 2rfl+p+17“ll)+p+1 cos((n —1)¢o,1,-1) + 27“,ll+p+3ré+p+1 cos(¢07n+37_(n_1))
+ 2ré+p+1ré+p+3 co8(Gon—1,—(n+3)) + (121° — 300" + 241° — 6l2)rffp*27’é+p_2 cos((n —2)¢o,1,-1)
+ (617 — 61)rk Ly P cos (g s, (n1)) + (301" + 612)rk P P  cos((n — 1)¢ho,1,-1)

+61(1 — l)rfl+p+1ré+p_1 c08(00,n—1,—(n+3)) + (203 — 61 + 4l)ré+prll)+p_2 coS(Po.n,— (n—1))

(14)

v6i n = | — p. Bay gio ta sé khao sit cac trudng hop cu thé nhu sau:

a) Truong hop (I =4,p = 3); (I =5,p = 3); (I = 6,p = 3), v4i cung diéu kién khéo sit 1a
N T
rb:rz,g0:<pa:0va<pb:z
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~0.6} £
—08!

-1.0 eeru NSRRI
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Hinh 4: Khdo sdt su phu thuoc cia R(4,3) "duong lien nét" , R(5,3) "duong cham
cham", R(6,3) "dudong cham gach" vao bién do ry clia trang thdi hai mode két hop
phdn déi zing them ba va bdt mot photon tong.

b) Tuong tiy, ta xét cac trudng hop (I =4,p =2); (I =5,p=2); (I = 6,p = 2), vbi cung
diéu kién khao sat 1a rp = rg, ©=p,=0vap,=—.

4
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Hinh 5: Khdo sdat sy phu thuoc cia R(4,2) "duong lien nét", R(5,2) "duong cham
cham", R(6,2) duong "duong cham gach” vao bién do 1y, cia trang thdi hai mode két

hop phdn déi xing thém ba va bdt mot photon tong.

¢) Véi diéu kién khdo sat 1a ry = 1y, 0 = o = 3¢p VA @ =

(1=3,p=2),(l=5p=4)va(l=06p=05).
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Hinh 6: Khdo sdt sy phu thuoc cia R(3,2) "duong lien nét", R(5,4) "duong cham
cham", R(6,5) duong "duong cham gach” vao bién do 1y, cia trang thdi hai mode két
hop phdn déi zing thém ba va bdt mot photon tong.

Nhin vao ba do thi 4, 5 vA 6 ta nhan thay tham s6 R{l, p} déu xuat phat tir gia tri —1, day
13 gia tri cue tidu clia n6, tham sé R{l,p} < 0 khi cac tham s6 r,, r, vt bé, v khi cac tham

86 74,7y tdng thi tham s6 R{l,p} dan tién dén 0 va néu tham 6 r4, 7 16n hon mot gia tri
nao do thi R{l,p} > 0. Cac két qua nay chimg t6 trang thai hai mode két hgp phan dbi
xitng thém ba vi bét mot photon tong c6 tinh chit phan két chiim khi cdc tham s6 74,7

rat bé, nghia 13 trang thai d6 mang tinh chat phi ¢d dién. Trong trudng hgp 74,7, ting

dan thi tham s6 R{l,p} ciing ting dan dén 0, khi d6 tinh chit phi ¢6 dién cta trang thai
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dan bién méat. Néu tiép tuc tang r,, 7, vigt qua mot gia tri giéi han nao do6 thi tham sb
R{l,p} > 0, nghia 1 tinh chat phi c¢d dién clia trang thai hai mode két hgp phan ddi xing
thém ba va b6t mot photon téng khong con, thay vao dé trang thai mang tinh chat cd dién.

4 KET LUAN

Bai bdo nay trinh bay két qua khéo sat tinh chat nén tong hai mode, nén hiéu hai mode,
sit vi pham bat ding thitc Cauchy - Schwarz v tinh phan két chum bac cao ciia trang thai
hai mode két hgp phan dbi xing thém ba vi bét mot photon téng. Qua quéa trinh khio
sat, tinh toan va vé do thi thong qua cac tham s6, chiing t6i thu dude két qua nhu sau:
Thtt nhat, két qua khao sat cho thiy trang thai hai mode két hgp phan d6i xing thém ba
va b6t mot photon tong thé hieén tinh chit nén téng hai mode manh vA hoan hoan khong
¢6 tinh chit nén hiéu hai mode.

Thit hai, thong qua tham sb I dya vio diéu kién vi pham bt ding thitc Cauchy - Schwarz
da duge dua ra va khao sat chi tiét va cu thé. Két qua cho thiy trang thai hai mode két
hop phan dbi xiing thém ba v b6t mot photon tdong hoan toan vi pham bat ding thitc
Cauchy - Schwarz nghia 1a tinh chit phi ¢ dién thé hién tuong déi manh. Ngoai ra, khi
kho sat tinh chit phin két chtim, ching t6i ciing d& dua ra biéu thitc téng quat cho tham
s6 phan két chiim trong trang thai hai mode két hgp phan ddi xing thém ba va bdt mot
photon téng. Qua d6, chiing t6i da khao sat cho timg trudng hop cu thé va két qui 1a trang
thai hai mode két hgp phan ddi xiing them ba vi b6t mot photon tdng thé hien tinh chat
phan két chiim bac thap va bac cao, trong d6 s6 bac cang tang nhung hiéu cac bac cang
bé thi tinh chat phan két chiim cang thé hién ré rét hon.
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Title: NONCLASSICAL PROPERTIES OF THE THREE-PHOTON-ADDED AND
ONE-PHOTON-SUBTRACTED TWO-MODE ODD COHERENT STATE

Abstract: In the paper, we consider the lower-order and higher-order nonclassical proper-
ties of the three-photon-added and one-photon-subtracted two-mode odd coherent state as
two-mode sum squeezing, two-mode difference squeezing, violation of the Cauchy-Schwarz
inequality, and two-mode higher-order antibunching. The results show that this state ex-
hibits two-mode sum squeezing but does not exhibit two-mode difference squeezing. In
addition, this state violates the Cauchy-Schwarz inequality and becomes nonclassical state.
We also show that the three-photon-added and one-photon-subtracted two-mode odd co-
herent state appears two-mode higher-order antibunching in any order, and the degree of
antibunching becomes more and more pronounced when increasing the higher-order.

Keywords: Sum squeezing, difference squeezing, violation Cauchy-Schwarz inequality,

two-mode antibunching.



