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Tém tat: Bai bao nay trinh bay viec khdo sat céc tinh chat phi co
dién ctia trang thai thém va b6t mot photon lén hai mode két hop
chin. Bing viéc sit dung diéu kién nén téng va nén hieu hai mode, két
qué thu duge cho thay trang thai nay 1a mot trang théai thé hien tinh
nén tong nhung khong nén hiéu. Sau dé ching t6i da khao sat tinh
chat phan két chiim hai mode v& sy vi pham bat dang thic Cauchy-
Schwarz clia trang thai nay. Két qua cho thay trang thai them va bdt
mot photon 1én hai mode két hop chan c6 tinh chat phan két chiim va
hoan toan vi pham bat dang thitc Cauchy-Schwarz. Chiing toi ciing
da khao sét cac dieu kien dan roi Hillery—Zubairy va dan r6i Nha-Kim
va thu duge két qua cho thay trang thai them va b6t mot photon lén
hai mode két hop chin dan réi hoan toan theo ca hai tiéu chuan dan
r6i Hillery—Zubairy va Nha-Kim.

Tit khéa: Nén tong hai mode, nén hiéu hai mode, phan két chiim,
st vi pham bat ding thitc Cauchy-Schwarz, tieu chuan dan réi
Hillery-Zubairy va dan r6i Nha-Kim.

1 GIOI THIEU

Trong nhitng nam gan day, cac linh vic thong tin lugng tit, vién tai lugng ti
va may tinh lugng ti thu hiat sy quan tam rat 16n clia cdc nha khoa hoc va dang
c6 nhitng buée phat trién manh mé. Ciing véi d6, viec nghién citu cac trang thai co
tinh phi ¢ dién, dac biet 1a tinh dan r6i déng vai tro quan trong trong qué trinh
tao ra cidc nguodn tai nguyeén rdi. Vao nam 1991, Agarwal va Tara da dé xuat y tudng
vé trang thai két hop them photon [1] va chitng minh duge né 1a mot trang thai phi
co dién, thé hién tinh nén, tinh phan két chiim va tuan theo théng ké sub-Poisson.
Viéc thém va bét photon vao mot trang thai vat 1y 1a mot phuong phap quan trong
dé tao ra mot trang thai phi co dién méi. Bai bao nay trinh bay cac nghién ctu cta
chiing toi vé cac tinh chét phi ¢ dién déi véi trang thai them va bt mot photon
len hai mode két hop chén sau

[9)a = Nag (@ +) (1a),18), + 18)lady) 1)
trong d6 N,g = [2]04| +2420* B* +208+2| B2+ (20 B + 2 + 20 5* + 203 + 25 @) X
exp (—|a — B ) ]~2 1a he s6 chudn héa, a' 1a toan tit sinh déi véi mode a va b 1a todn
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t hity ddi v6i mode b.

9 TINH CHAT NEN CUA TRANG THAI THEM VA BOT MOT PHOTON
LEN HAI MODE KET HOP CHAN

2.1 Nén téng hai mode
Nén tong hai mode duge Hillery [2] dua ra vio nam 1989. Mot trang thai duge

N2
goi 14 nén téng néu théa man bat déng thic <<AV¥,> > < }1 (g + np + 1), hay

S:<<AV¢)2>—%(ﬁa+m+1)<0, 2)

~ 5 1 ) N A N
trong d6 ((AV)%) = (V2) = (V,), T = 5 (cieatbt + ei%ab), iy = ata va i, = b,

D6i véi trang thai them va b6t mot photon lén hai mode két hop chén, ta c6

S = <Vj> - <f/¢>2 — (A + 7+ 1)

= YNy {2l + 5la® +2) + (4ol + 8la* +3) 181> + (218]" + 5|8% +2)

+ (48] + 8|81 + 3) |a® + 2 (4|af® +4) (|8)* + 1) Re[aB] + 2 (2]a)* + 2|8]* + 6)

xRe[e2%a?8%) + 2 (2|a?|B] + 2|8)° + 2|al?) Re[e~?%af] + 4Re[e~2¥a® 33

+[2Re[(*?f% + 4a* 5 + 2) (B*a + 1)] + 2Re[(a*? B2 + 3a* B + 1) f*a]

+2Relaf] (2|a\2|ﬁ|2 + 6Re[8*a) +4) + 2Re[B*a]|al?|8]* + 2|a)*Re[(a* 5 + 1) 3]

+2|ﬂ|2Re[(a*ﬂ + 1) a?] + 2Re[(a*B + 1) (B*2a? + f*a)] + 2 (2Re[a*B] + 6)

xRe[e 2202 2] + 2|a|*Re[e?¥ (a* 8 + 2) f*2] + 2Re[e?* (f*a + 2) o*?]| |

+2Rele?? 37203 §] + 2Rele* P a? 330 + 4Rele*? 33 a3]| exp { —|a — 6]2}}

—{3INas*{2 (2laf* + 2|8 + 4) Re[e*ap] + 2 (2|a*|3]* + [af* + |B]*) Re[e¥]

+4Re[e #0287 + [{2 (2Re[a*B] + 4) Re[e #af] + 2 (2|a|’|8]° + 2Re[a3*]) Re[e']

+4Re[e?a*25*?] + |a|*2Re[e’? 8*?] + | B|*2Re[e " a?]] exp {~]a - ﬁ\2}}}}2

—1Nag*{2lal* + 218" + 4+ (3]al” +6) |5]” + (|6]" +6) o

+ (2af® + 2|87 + 4) 2Re[aB] + [4Re[a*??] + 4 + 2Re[(a* B + 6) B*a]

+2Re((a”f + 5*a +4) aff] + |a|*2Re[5] + |B]"2Re[a’] + 2|af*|5]’]

x exp {—|a — B°}}, 5
3

trong do, | Nag|® = [2]|al*+2-+2a* *4+2a6-+2|8)* 4+ (208 + 2 + 20 5* + 208 + 26*a) x

exp (—|a—B1*) ]

Ta dat a = r,exp(ig,) va 8 = ryexp(ipy) va @ = o, — @y T0i khdo sat tinh
nén tong hai mode theo bién do 7, va pha dao dong ¢y v6i dicéu kien khao sat 1a
Ta = T 0o = 20,0 < 15 < 5 va ¢, = T/ Két qua ¢ hinh la cho thiy trang thai
thém va b6t mot photon lén hai mode két hop chin c6 tinh nén tong.

2.2 Nén hiéu hai mode
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Nén hiéu hai mode cting duge Hillery dua ra [2]. Mot trang thai goi 1a nén hiéu

N2
hai mode néu théa man bat dang thic <<AW¢> > < 1|ha — 7| [3], hay
A\ 2 1
D= <<AW¢> > — 7l — | <0, (4)

A A A N2 4 1 A ) N
trong do ((ATV,)?) = <W5> - <W¢> W, =3 (ewam + e—weﬁb), fo = dTa va
fi, = b*h. Dbi véi trang thai them va bt mot photon len hai mode két hop chin, ta
co

D = YN, {(la]® + 3) 2Re[e**a?B?] + (|8]° + 3) 2Re[e?*a*232] + (8] +2)
x2Re[e?*a*?B] + (|a|® + 2) 2Re[e??aB*?] + 2Re[e?#a®8*]|B|* + 2Re[e?* B3a*]|a|?
+2Re[e?* 820 |a|* + 2Re[e*?a? 32| 8| + 4|al|B]* + 418|* | + 16]5]%| o)

+2[a* + 6la)® + 6|87 + 28]" + 2 (4]8)%|a) + 4|8 + 4|af* + 2) 2Re[a]
+[2Re[(a" B + 3) (¢*?[6]" + e¥#[al)]

+2Re[(a" B + 2) (2¢8°2|B8)* + e7%9a?|al*)] 4 2Re[e?*5*a]|8]" + 2Re[e*?a* B[’
+2Rele??af] (la]* + |8]") + 2Re[(2a*28% + Ta* B + 6) B*a] + 2Re[B*?a?] + 2

+4 (18"al* + 2Re[a" 8] + 1) Relaf] + |B]*|al” (2Re[a” 5] + 2)

+2Re[(a*f + 1) 52?] + 2[af*Re[(5*a + 2) 5%] + 2| "Re[(a”§ + 2) o?]]

x exp {—|a — BI’}} — (3 Nagl {2 (la]® + 2) Re[e*?a8*] + 2 (Ja|* + 1) Rele*5*?]

+2 (18° + 2) Re[e?a*B] + 2 (|8]° + 1) Re[e*a*?] + 2| B Re[e¥a?|

2|8 ReleaB] +2lalRe[c#B?] + 2|aPRele#Ba] + 2 (|5 + [af?)

xRele™] (2Re[a* 8] + 2) + 2Re[(a*B + 1) (e 3*% + e~ a?)]

+2Rele*af] (Jaf® + |8]*)] exp {~|a — B*}})? — [ Nagl*{2]af* + 218" + 2
+2Re|(|a)* = [B]* + 1) aB] — 2Re[B*a*?a] + 2Re[(|8]> + 1) af] + [4Re[a*f]
+2Re[af] (2Re[a* 8] + 4) — 2|al*Re[8?] — 2|8°Re[a?] + 2] exp {~]a - 5]2}}.

5

Ta dit a = r, exp(ia) va 8 = myexp(ipy) va @ = o, — @y 101 khdo sat tinh nén hi(élz
hai mode theo bién do r;, va pha dao dong ¢, v6i dieu kién khao sat 1a r, =y, 0, =
25,0 < 1, < 2.5 v g, = Tfp. Két qua ¢ hinh 1b cho thay, trang thai them mot va
b6t mot photon 1én hai mode két hgp chin khong c6 tinh nén hiéu.

3 SU VI PHAM BAT DANG THUC CAUCHY-SCHWARZ, TINH PHAN
KET CHUM VA TINH DAN ROI CUA TRANG THAI THEM VA BOT MOT
PHOTON LEN HAI MODE KET HOP CHAN

3.1 Sy vi pham bat dang thitc Cauchy-Schwarz
Bat déng thiic Cauchy-Schwarz cho trang thai hai mode c6 dang

<a*8*z3&>‘ —1>0. (6)

1= [(ama) (5282))
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Hinh 1: Su phu thuoc cia tham s6 S va D vao bién do két hop 1.

Véi trang thai them va b6t mot photon lén hai mode két hop chén, ta cé

I ={[Jal’ +5lal* + 4la* + |81 + 518" + 4]8]" + a[*|8]* + |8]*|a)* + 2(|8]*

+2|6]" + |al" + 2|af”)Re[a] + 2[Re[a*5%] + 5Re[a*4?] + 4Re[a” ]

+B"Re[a8] + 2|8]"Re[a’] + [a| Rela” 5%] + 2|a|"Re[5”] + | ]| Re[af*]]

x exp {—|a = B H{la|B8" + 18]" +181° + 8 |al* + | + |’

+2Re[af](|8]* + |ol*) + 2[Re[(a* B + 1) B0?] + Re[8*30’] + | B|°Re[B*’]

+a[*Refa* 8% exp { ~[a = B }]}/2{2lal"|6]" + 2|af*(8]" + 6|al*|5]* + |af* + |6

+2Refaf] (2la*|B]” + af* + |B]") + [(2Re[a” 8] + 6) o’ 8| + 2Re[(5"a + 1) 7]

x|al® + 2Re[(a”B + 1) @] |B* + 2Re[a” 8] (|af*[B]* + 1)] exp { =|a = 57} } 71 = 1.

(7)
Ta dat a = r,exp (ig,), 8 = 1y exp (igp) VA @ = ©, — pp, T01 khdo st sy vi pham bat
déng thic Cauchy-Schwarz theo bién do r, va pha dao dong ¢, v6i diéu kien khao
sat 1a 1o = 14,00 = 2¢5,0 < 1, < 2 va ¢, = M. Két qua ¢ hinh 2 cho thay trang
thai nay vi pham bat dang thitc Cauchy-Schwarz.
3.2 Tinh phan két chiim

Trang thai hai mode trong trudng bitc xa c6 tinh phan két chtim khi

<dT(Hl)d(l+1)[}T(p—1)(;(p—1)> n <df<p—1>&(p—1>g;w+1>g;<l+1>>

Ry (I,p) = —-1<0, (8

<dTl&lBTPBP> n <afp&p13ﬂial>

trong d6 1 > p > 0 va i, = ala, 7y = bTb. Néu tham sé R (I,p) cang am thi tinh
phan két chiim hai mode thé hién cang manh. Déi v6i trang thai them va b6t mot
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Hinh 2: Su phu thuoc cia tham sé I vao bien do két hop 1.

photon lén hai mode két hgp chén, ching toi tinh dugc

(aat575) = { (o + 21+ 1) o + 2oV ) |5

(18P 4 @ ) 1BP 4 2180 ) [l + a8 + 8 a0+

+20|%m”+wm|lwaﬁ+wﬂﬂm%+u *417) Re[ag] (9)
[QRe[( l+1)5l+1 (21+1) *l/@l+12 x(1-1) ﬁ(l 1) )/B*pap]

+2Re ( *(1+1) Bl + la*lﬁ(l 1) )B* p+1) ap] + QRe[ p+1 ﬁ 5*(p+1]

+2R€ ( *lﬂl—i—l —|—l04 (1-1) /81) /6*pOé p+1 exp{—|a—ﬁ| }

<anaprlbl> (|a|2(p+1) +(2p+1) |a|2p —|—p2|a|2(p_1)> |5|2l

(18P0 4 o+ 1) 18P + 928 ) ol + | 45|
+2 (187l + pl8*Vlaf + o |8 + pla rp*rm”)Rqam
+[2Re[(a*(p+1)5p+1 + (2p + 1) a*PBP + p?a* =1 3= )) B*al]
+2Re[(a*(1’+1)ﬁp +pa*p5(p—1)) B0 al] 4+ 2Re[aPa ) gr g+ 1)]

+2Re[(aPBPH + pa®=D gr) gl exp { —|a — B]*} ;
(10)

<&+<l+1>&<z+1>ggf(p—ng;(p—l)> _ {(|a| (1+2) (2l—|—3)|a|2(l+1)—|—(l+1)2|a|2(l)>

X |BPOY (18P 4 2+ 1)+ 1) 8P + 14+ 12|80 ) a0
+m””wﬂ”+w”“mﬂ”+mwwaW“4ﬂ“”

H+ DBV a7 4 oI (14 1o |/3|2(p‘”) (1)

X[2Re[ (aHF2 4 (2(1 4 1) +1) @ FIFH 1(1 41)°a*O 50

x 3*P=DaP~1] + 2Re[(*+2 B 4 (1 + 1)) g0) p* p)ap 1
+2Re[a*H 1) o p) git1 gp)] 1 QRe[( *(1+1) 5l+2 +(+ e ﬁl+1) BHP=D )]
x exp { —|a — ﬁ|2} ;
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<5LT(p—1)d(p—l)[}T(lJrl)[}(lJrl)> - <|a‘2p F2>p—1)+1) o2 4 (p— 1)2|a|2(p‘2)>

B8P+ (1879 + 20 = 1) + ISP + (0= 1’180 o
Ha OB 4 a1
_|_2 <|6|2(p71)|a|2(l+1) + (p . 1)|/8|2(p72)|a|2(l+1) + |a|2(p71)|6|2(l+1)
Hp = D] |5 Relaf] + 2Refar-Dat2 g1 04
F2Re[(a" WP + (2(p — 1) + 1) -V 4 (p — 1)%a"0-2 g0-2)
xﬁ*(l+1)al+1] + QRe[(@*(p)ﬁpfl + (p — 1)0[*(17*1)5(1072)) 5*(l+2)al+1]
+2Re[(a*P=VBP + (p — 1)ar =D ar=1) gD a42)])] x exp {—|a — 8]} }.
(12)
Ta tiép tuc dat a = r,exp (ig,), B = ryexp (ipy) VA © = P, — @y, va tién hanh khao
sat tinh phan két chiim clia trang thai nay véi r, = 1,0, = 0, = 7 theo cac
truong hop sau:
a) Truong hop | = p, do thi ¢ hinh 3a cho thiy [ = p cang lén thi tinh phan
két chiim cang manh.

b) Truong hop | — p>0, khi [ —p = 1, do thi ¢ hinh 3b cho ta thiy [,p cang
tang thi tinh phan két chiim cang manh. Khi [ —p = 2, do thi ¢ hinh 3c cho thay khi
[,p tang thi tinh phin két chiim ting cham va gan nhu bang nhau. Khi | —p = 3,
do thi ¢ hinh 3d cho ta thay khi [, p tang thi tinh phan két chiim gidm.

3.3 Tinh dan r6i
3.3.1 Tinh dan réi Hillery—Zubairy

Theo Hillery—Zubairy [3], néu mot trang thai hai mode théa man diéu kién sau
thi ta két luan trang thai d6 bi dan roi.

. L2
Ry = <NaNb> _ ‘<azﬁ>‘ <0. (13)
D6i véi trang thai them va b6t mot photon lén hai mode két hop chén thi

Ry = [Nagl* {2le"[81> + 2la*8]" + 6af*|8] + |af* + 18]
+2 (2|81 + |af® + |8°) Re[af] + [2Re[(a?4? + 3ai8 + 1) Bla]
+2Re[(af B + 1) B72]af’] + 2Re[(BTa + 1) a?|B°] + 2Re[|a|*| B[l ]
xexp {—|a — BI*}} — | Nagl { (la* + [B]* + 2) aB* + (Ja)* + |B]* + 2) Ba*
+ (laf + 1) B2+ |8 + (181> + 1) ™2 + B2|af” + [(o* B+ 2) |8
+(@*B+1) B2+ B2B*a + BB2a+ (f*a+2) |a]* + (Ffa+ 1) a*? + a?a*f
+aa*?flexp {—|a — B} H (Ja)* + |8 +2) a*B + (|laf* + 8] + 2) B*a
+ (Ja)? +1) 82+ a|8] + (18] + 1) a?
+82)al* + [(af* +2) |B]° + (aB* + 1) B2 + B2Ba* + B*B%a* + (Ba* +2) |af?
+ (Ba* + 1) a® + a*?af* + a*a? 8| exp {—|a — 5|2}}.

(14)
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Hinh 3: Do thi khdo sdt su phu thudc clia Ray(l,p) vao bién do ry, 1ing vdi cdc cdp gid
tri (1, p) khdc nhau.

Béng cach dit a = r, exp(ip,), B = ryexp(ipy) va @ = p, — @y, chiing t6i khdo sat R
theo bién do 7, va pha dao dong ¢, v6i diéu kien khao sat 1a r, = 2ry, 0, = 2¢, 0 <
r, < 1 va ¢, = /3. Két qua 6 hinh 4a cho thiy trang thai them va bét mot photon
len hai mode két hop chin bi dan i theo tiéu chuan dan r6i Hillery—Zubairy khi 7,
khong qua bé.

3.3.2 Tinh dan réi Nha-Kim

Theo Nha-Kim [4], mot trang thai hai mode goi 14 dan roi néu trang théi dé thoa
man bt ding thic [1+4(AL,)?] [1+4(AL,)*] < (1+ (Np)? + 16 (AK,AK,)%,
hay

Ry = [1 — (a*?b? + a5 — atabbt — aatbb) + (aTb — ab+)2]
X [1 4 (2% 4 262 + atabbt + aatbth) — (ath — ab+>2} (15)

—16(3; (a*a*bh — aab ") — §; (a*b+ab*) (a*d — ab*))’
—(1+ (aTa+b%b))* <0.



