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Tém tat: Trong bai bio ndy, chiing toi nghién citu cic tinh chit phi ¢ dién
bac cao clia trang thai don mode chong chit nén két hop ting cuong. Khi khéo
sat tinh chit nén Hillery bac cao, chiing t6i nhan thiy trang thai niy thé hién
tinh nén Hillery bac chin cang manh khi tham s6 nén r cang lén, tuy nhién mitc
do nén thé hién yéu khi bac cing cao. Hon nita, khi nghién citu tinh théng ke
sub-Poisson bac cao v tinh phan két chtim bac cao, két qua khdo sat cho thay
trang thai don mode chong chit nén két hgp ting cudng thé hién ci tinh théng
ké sub-Poisson bac cao va tinh chit phan két chium bac cao, hai tinh chit nay
thé hién cang yéu khi r vi £ cang 16n.

Tw khéa: Toan tit nén ting cudng, nén Hillery bac cao, théng ké sub-Poisson
bac cao, hiéu ting phan két chium bac cao.

1 GIOI THIEU

Mot trong nhitng nguyén tic co badn nhat trong co hoc lugng t 14 sy chong chat lugng
t, 12 mot cong cy quan trong dé dua ra va thao tac céc trang thai lugng tit. Trong nhiing
nim gan day, nhiéu trang thai lugng tit phi ¢6 dién khic nhau duge gidi thiéu bing cach
chong chét cac trang thai két hop véi cac pha khac nhau [1], [2]. Roy (1998) da xay dung
cac trang thai két hop chin va 18. Tat ci cic trang thai nay thé hién caic dic tinh dang
chit y nhu théng ké sub-Poisson, hiéu ing nén va tinh phin két chiim. Mat khéc, tinh chat
nén clia trang thai lugng tit da duge thio luan dé lAim gidm sy phan tin ¢ mot trong hai
thanh phan vudng goc clia toa do va xung lugng. Cach don gidn dé tao ra trang thai nén
tang cuong la tac dung toan tit nén tang cuong lén mot trang thai két hop thong thuong
[3]. Viéc nghién cttu cac tinh chét clia trang thai phi ¢d dién méi nay da mé ra nhitng ing
dung méi trong k§ thuat. Ap dung cac trang thai nay vio thuc nghiem cho phép ching
ta tao ra cac thiét bi quang hoc, céc thiét bi dién tit v6i do chinh x4c cao dé dap ing sy
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phat trién cia khoa hoc ky thuat ngay nay. Vao nim 2019, trang thai goi 1a trang thai don
mode chong chat nén két hgp ting cuong da duge dé xuit nhu sau [2]:

al?\ & o + e (—a)”
[Uhyp = ATV r)exp (—") >, )

trong d6 N = {2 (1 + 6_2‘0‘|200s9>}_1/2 & hé s6 chuan héa. Toan tit nén tang cudng
V(AT = ¢~ 2 [0 coshr(2aTat 1) sinh r4a™ coshr] g5 Gt vy G 1an lugt 1 todn tif sinh va toan
tit hity hat truong boson. Viée nghién citu tinh chit phi ¢6 dién bac thip clia trang thai
nay da dugc thé hién chi tiét [2]. Tuy nhién, cdc tinh chit phi ¢d dién bac cao ciia chiing
van chua duge nghién citu. Vi vay, trong bai bao nay, chiing t6i nghién cttu cAc tinh chat
phi ¢b dién bac cao clia trang thii don mode chdng chit nén két hgp ting cudng thong
qua tinh nén Hillery bac cao, tinh théng ké sub-Poisson bac cao va tinh phan két chiim
béc cao.

2 TINH CHAT NEN HILLERY BAC CAO CUA TRANG THAI DON MODE CHONG
CHAT NEN KET HOP TANG CUONG

Hieu ng nén Hillery bac cao, dau tién dugc gisi thieu béi Hillery [4] va sau d6 duge céc
tac gid khac phat trién them [5], [6], [7]. Mot trang thai duge goi 1a nén Hillery bac cao
néu théa man bat ding thic

<<A@e (¢)>2> < i (Fr), (2)

trong doé [5]

14

= ([ = 3 e ()5 g

=1

véi 07 = {0 —1)...(¢ — 7+ 1). D& thuan tién, he s6 nén Hillery bac cao da duge dua ra
nhu sau:

2 {(@a) + R 2 (@)] - 2R [ @))°)

Sy =
O/ aty bt
it (ZK!—et;!t! <(aT) af t>

(4)

Diéu kién nén Hillery bac cao clia mot trang thai ndo do 1a hé s6 nén Sy phai nim trong
khodng —1 < Sy < 0 va trang thai 14 nén 1y tuéng néu Sy = —1. Khi tinh trung binh trong
trang thai don mode chong chat nén két hgp tang cudng, ta co

<afa>vﬁ — 2N [yaP (W + W) B +TiA +[v]*Al, (5)
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<6T262>V0 = 2N? {(\M4 + \1/\4> la*A + |ul*Ty [2\0423 + A} + 1A

)

+ | [A + 8B + 4\a|4A} + T [5A + 2\0423} +f? [2A + 4|a|2B} } ,

(6)
<aTSaS>V0 =202 { (1uf° + °) 10l B + 3( Ty [laf*A + o B]

+9lu'|vl? [|al°B + 3laf*A + o B] + 9|uw Ty [lal* A+ 4]a* B + 24]

+ 3Ty (| B + 44 + 9]’ |v|*la| °B + 6lal* A + 7/a] B +4]

3lin [\a\‘lA +7a’B + 94 + [9\044/1 +18[af?B + GA] } .

<a*4a4>v79 = 2N { (1 + V) [P A + 2/ul°Ty [2]a|°B + 3|af*A] + Tya
+ 3| T [A +4a’B + 2|a|4A} + 22Ty [210423 + 3A] + 4]l |v)?
X {4\04814 +16|a°B + 9|ay4A} + 6l 2Ty [4ya\63 +22|a*A
+22]a)*B + 3A} + 42T [4|a|4A +24]a’B + 21A} 12Ty
x [11A n z\aEB} + 9] [A +24]aB + 60]af*A + 32/a[°B
+4|a|8A} + 6|2V Ty [4|a|GB + 38]a|* A + 86|a)*B + 39A}
+ 3"y [41A +20/a’B + 2\04414} + 4fp|v)® [4104%1 +48|al’B
+153|al*A + 132]a?B + 18A] 4oty [84A +96|a)?B

+27]al*A +2\a|63} + P [24A +96]al’B + 72|al*A + 16|ay63] } . (®)

(@)yp = 20N sin 0 (ua — va®) (9)
<a\2>v,9 = 9N {u2a2A + pv [2[@]23 + A} + VzOé*QA} ; (10)
(@), = (20) N2 2 sing [;1,3043 +3 <|a|2 - 1) (w2 — pPrva) — V3a*3] (1

<a4>v’0 = 2N? {(u40¢4 + U4a*4) A+2 (,ugua2 + ,uu?’a*Q) [2|a\23 + 3A}

3420 [A+4|a|23+2\a|44}, (12)
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(@), = 2N {(,u6a6 +1%a%%) A+ (pPra + pia*?) {6|a|2B + 154
+15 (,u41/2a2 + u2y4a*2) {|a|4A +4la*B + 3A}

+5%* [4]al B + 18[a]' A + 18|28 + 34] }, (13)

<Zz\8>vﬂ = 2N? {(usag +15%a*%) A+ 2 (u7ya6 + uv’ %) [4](1\23 + 14A]
+ (uﬁu2a4 + ,u21/6o<*4) [21014 +168|a)*B + 28\oz|4A]
+2 (1130 + pPrPa?) [210A +420|a?B + 210]al*A + zsyayﬁB]

5ty [21A +168]af’B + 252|al*A + 112]a[°B + 14|a\8A} } , (14)

voi A = (1 + e_2|a|2c089> ,B = (1 - e‘2|a|2cos€>, va T, = ((wva™)™ + (wra?)™).

Sau day, chiing toi khao sat tinh chit nén bac cao hai, ba, bén ciia trang thai don mode
chong chat nén két hop ting cuong:

a) Nén Hillery bac hai

Ao,
2

Sit dung cdc két qué tinh todn ctia phuong trinh (6), (10), (12) cho cac s6 hang (a?a?)

V,0’
R [e*2i¢<62>vﬂ} , R [e74% (a*)]. Thay ¢ = 2 vao cong thic (3) v thyc hign cac phép bién
déi ta thu dugc

(Fo) = AN? |2Blaf* (|l + V) +24T1 + A (2w +1) | (16)

S,
-0.4}

-0.6}

Hinh 1: Hé 56 nén bic hai la ham cia 0 vdi cdc gid tri khdc nhau cia r.
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Hinh (1) mo t& hé s6 nén bac hai cia trang thai don mode chong chit nén két hop tang
cuong phu thudce vao 0 véi cac gid tri khac nhau clia tham s6 nén r = 0,0.2,0.5. D6 thi
cho thay, ing véi tham s6 r cang tang thi tham s6 Sy cang am, diéu nay c6 nghia 13 khi
tham s6 nén r cing ting thi tinh chit nén thé hién cing manh, tinh chit niy hoan toan
tuong ty voi tinh chdt nén bac mot [2].

b) Nén Hillery bac ba

Sy = i {<aT363>V’9 o [6—62‘“"@6;2“?} =2(R[e0@),,,)) 2} _ (17)
3

Stt dung céc két qué tinh toan clia phuong trinh (7), (11), (13) cho céc sb hang (aa?)

V.67
R [e3% (@*)] , R [e*6i9<a6>ve}. Thay ¢ = 3 vao cong thic (3) va thyc hién cdc phép bién
déi ta thu dugc

() = 6N {3Alaf* (" + [v]*) +6Blaf” (Iuf + v +2]v")

+ 3Ty [A (|M|2 +5[p% + 2) +2]a? (W + W) B}

+ 3ATy + 3|uv|? [A + 8Blaf? —|—4A]a\4] +24 (3\y\4 32+ 1)} RENGT)
S3
0.02}
0.015} e mp
0.01} s
0.005/
/ \ r=1.5
A ST
~0.0051 /" 2 2 \
~0.01F-""

Hinh 2: Heé 56 nén bac ba la ham cia 0 véi cdc gid tri khdc nhau cia 7.

Hinh (2) mo t& hé s6 nén bac ba clia trang thai don mode chong chat nén két hgp ting
cuong phu thuoc vao 6 véi cac gia tri khac nhau ctia tham s6 nén » = 0,1, 1.5. D6 thi cho
thay, itng vdi tham s6 r cang tang thi tham s6 S5 cang gan gié tri 0, diéu ndy c6 nghia I3
khi tham s6 nén r cang ting thi tinh chit nén thé hién cing yéu, ngugc véi tinh chit nén
bac mot va nén Hillery bac hai khi tham s6 nén r cing tang thi tinh chit nén thé hien
cang manbh.
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¢) Nén Hillery bac bon

2{ @40y + R [50@) ] - 2(R [ He@)y))
o o : (19)
Sit dung céc két qua tinh todn ciia phuong trinh (8), (12), (14) cho cac s6 hang <6T4’d4>v79,
R [e=4 (at)] R {efsw<a8>v,9] Thay { = 4 vao cong thitc (3) va thic hién cac phép bién

déi ta thu dugc

(F1y = 16N {2Blal’ (|uf? + ) + 6Talul* [Alal" + a*B| + 6Toluf | Blaf® + 4]
+2ATy + 18| uf* 2 [B|oz]6 +34lal* + B|a|2} + 18| 2Ty [A|a]4 + 4Bl + 2,4}
+ 6T |v|? [BW n 4A} 18| [Byayﬁ +6A]al* + 7Bl + A} 34+ 6T1|v)*
x |Alaf* + 7Blaf? + 94] + 2lv[® [94lal* + 18Blal® + 64] + 94 (Jul" + v]*) Jaf*
+Ou*Ty [2B|04|2 FA] + 9T A + 9|2 [A +8B|af? + 4A|a|4} F 12|02 A + 9P Ty

X [5A + 2B\a\2] +9[y)* [2A + 4Byaﬂ +12]a)’B (W n W) v 12AT1} . (20)

Sa
0.015
0.01}
0.005|

-0.005}
-0.01
-0.015+

Hinh 3: Hé 56 nén bac bon la ham cia 0 vdi cic gid tri khdc nhau cia r.

Hinh (3) mo t4 hé sd nén bac bon clia trang thii don mode chong chat nén két hop ting
cudng phu thuoc vao 6 véi cac gia tri khac nhau ctia tham s6 nén r = 0,0.2,0.5. Do thi
cho thay, khi tham s6 nén r caing tang thi tinh chit nén thé hién cAng manh, tinh chit nay
hoan toan tuong tiy véi tinh chat nén bac mot va tinh chat nén Hillery bac hai.
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S;
— s———— 0
= m — 21

-01} 2 2

- Se. SZ
=02+ ‘ . S,
-03l . o
-0.4 ~

Hinh 4: Hé s6 nén bic hai (duong dit nét) va bac bon (duong lien nét) la ham cia
0 vdi tham s6 nén r = 0.4.

Xét vé mitc do nén Hillery bac cao thi r6 rang trang thai don mode chong chat nén két
hop ting cudng déu xuat hién hiéu ng nén bac hai vi bac bén véi gia tri cac tham sb
a, \, £,0 da cho, nhung hi¢u ing nén bac hai manh hon higu ng nén bac bén. Hinh (4)
cho ta thiy ring, sit ting dan ctia bac chin thi tham s6 S, cang lic cang gan vdi gia tri 0,
nghia 14 tinh chit nén Hillery bac cao cang yéu khi bac ¢ cang 16n.

3 TINH THONG KE SUB-POISSON BAC CAO VA TINH PHAN KET CHUM BAC
CAO CUA TRANG THAI DON MODE CHONG CHAT NEN KET HOP TANG
CUONG

Khai niém théng ké sub-Poisson bac cao dugc gi6i thigu trong [8]. Béng cach sit dung
<ﬁ(£)> =mnmnh-1)..(n—L+1)) = <ATA>, voi (n) = <6T/d> tham s6 P, dugc dinh nghia

nhu sau [9]: (ateaty
a'"a’ )y,

((@fa)y,)

vdi £ 1a s6 nguyén duong va tham sd Py < 0 chi tinh théng ké sub-Possion bac cao. Theo
do6, Glauber dinh nghia ham tuong quan bac cao nhu sau [10]:

PZ: _17 (21)

e~
o _ <a a > 29
g = .
ot (22)

Tinh chit phan két chiim va mitc do phan két chiim cang 16n néu ham tuong quan cang
nhé hon so v6i 1. So sanh bidu thitc ¢ v6i Py, ta thiy ching tuong tu nhau vé mit toin
hoc. Ca ¢ v Py déu 13 ham phu thuoc vao cac tham s6 £, a, 0, X, . Tt khai niem vé tinh
théng ké sub-Poisson va tinh phan két chiim, chiing ta nhan thiy ring néu mot trang thai
thé hién tinh théng ké sub-Poisson thi ciing sé thé hién tinh phan két chiim. Tit day c6
thé két luan ring ca hai tinh chit ndy c6 méi lien quan véi nhau, nghia 14 néu trang thai
don mode chong chit nén két hgp ting cudng di thé hien tinh théng ké sub-Poisson bac
cao thi cling s& thé hién tinh phan két chiim bac cao.
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Sau day, ching to6i sé khdo sat tinh thong ké sub-Poisson bac cao v tinh phan két chiim
bac cao ciia trang thai don mode chong chit nén két hgp ting cudng vé6i vai gia tri nhod
cua ¢ duge dua ra dudi day:

a) Véi £ =2

Thay ¢ = 2 vao biéu thic (21) va st dung céc két qua tinh toan ciia phuong trinh (5), (6)
ta dugc tham s6 P, ciia trang thai don mode chong chét nén két hop tang cuong [¢)y,, 6
dang

Py = 202 {(yuy‘* n yyy4) o A + |ul>Ty [210423 + A} + Py [5A +2a’B

YA + | [A +8lal’B + 4|a|4A} + [yt [zA + 4|0423] }

-2
x {2N? [Jal? (1P + P) B+ T A+ w4}~ =1 (23)
P,
3_
1 S r=0
r=0.8
1} =12

-1l

Hinh 5: Tham s6 P, la ham cia 0 vdi cée gid tri khdc nhau ctia r = 0,0.8,1.2 vdi
A =02 vd o = e"/3.

D6 thi hinh (5) cho thay ring tinh thong ké sub-Poisson bac mot clia trang thai don mode
chong chat nén két hgp ting cudng cang manh khi 7 cang 16n. Nhu vay, mitc do thé hien
tinh chit phan két chiim bac mot clia trang thai ndy cang manh khi r cang 16n.

b) V6i £ = 3

Thay ¢ = 3 vao biéu thic (21) va st dung céc két qua tinh toan ciia phuong trinh (5), (7)
ta dugc tham s6 Ps clia trang thai don mode chong chat nén két hop tang cudng [1))y,, 6
dang

Py =20 { (1ul® + 1v1°) 10°B + 3)"Ty [Jal* A+ |af* B] + 3|4 T, [lo*B + 4]
+ T3A + 9|y [|a|GB +3)a*A + |a|23} + 9Ty [|a|4A + 4]al®B + 2A}
+ 3T [Jof*B + 44] + 9luv|* [J0]°B + 6lal* A+ Tla*B + 4]
13Ty [\a|4A +7]a?B + 9A} + |y [9\04‘%4 +18]a)?B + 6A} }

< (2N, [of? (1nf + W) B+ TiA+ wPa] ) —1 (24)
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Py
51
4 L
3 = r=0
=0.8
2| 7
r=12

-1F

Hinh 6: Tham s6 Ps la ham cia 0 vdi cic gid tri khdc nhau cia r = 0,0.8,1.2 vdi

A =0.2 va o = e™/4,

D6 thi hinh (6) cho thiy rang tinh théng ké sub-Poisson bac hai clia trang thai don mode
chong chit nén két hop ting cudng yéu dan khi r tang dan. Nhu vay, mic do thé hieén tinh

chat phin két chum bac hai clia trang thai nay cang yéu khi r cang 16n.
c) Véi £ =4

Thay ¢ = 4 vao biéu thic (21) va st dung cac két qua tinh toan ciia phuong trinh (5), (8)
ta dugc tham s6 Py ciia trang thai don mode chong chat nén két hop tang cudng |1)y,, ¢6

dang

Py =2N? { (W + \V\S) o34 + 2|u/sTy [2\0463 + 3\044/1] + [A +4]a’B + zyay“A}
x 3| Ty + 2| T [210423 + 3A} + Ty A + 4l {4|a|8A +16|0)°B + 9|ay4A}
+ 6| 2Ty [4|a|6B +22]af* A + 22/af*B + 3A} + [4|a|4A +24]a’B + 21A]
x 4| 2Ty + 9|pv|* [A +24|a)?B + 60|a]*A + 32|a|°B +4\a\8A] + 2y’
x [11A + 2|a|2B] + 6|2 Ty [4|oz|GB + 38]af*A + 86|a|2B + 39A] + 4|y

X [4](1]8A +48]a|° B +153|a|*A + 132]a*B + 18A} + 2|57y [84A +96|a|*B

+o7]al*A + 2|a|63} +lvf® [24A +96|al’B + 72|al*A + 16@\63} }

< (2N, [lof? (1 + ?) B+ TiA+wPa] ) 1

(25)
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Py
4!
3 L
""" r=0
2; r=0.4
=08

Hinh 7: Tham s6 Py la ham cia 0 vdi cdc gid tri khdc nhau cia r = 0,0.4,0.8 vdi
A =02 vd o = e/,

D6 thi hinh (7) cho thay ring tinh théng ke sub-Poisson bac ba ciia trang thai don mode
chong chit nén két hop ting cudng yéu dan khi r tang dan. Nhu vay, mic do thé hién tinh
chit phan két chum bac ba clia trang thai ndy cang yéu khi 7 cang 16n. C4 hai tinh chat
nay hoan toan tudng tit vdi bac hai. Tir d6 ta két luan ring tinh thong ké sub-Poisson bac
cao va tinh phan két chtum bac cao ciia trang thai ndy cang yéu khi £ va r cang lén.

4 KET LUAN

Trong bai bao nay, ching t6i da khio sat cac hiéu tng nén Hillery bac cao, tinh théng ké
sub-Poisson bac cao va tinh chat phan két chum bac cao clia trang thai don mode chong
chat nén két hgp tang cuong. Qua qué trinh khdo sat, tinh todn va vé dd thi thong qua
cac tham sb, chiing t6i nhan thiy mic do nén Hillery bac chin trong trang thii don mode
chong chit nén két hop ting cudng thé hién caing manh khi r cing 16n, tuy nhién tinh chat
nay thé hién cang yéu khi bac cang cao. Hon nita, mitc do théng ké sub-Poisson bac cao
trd nén yéu hon khi tang bac ¢ va tang tham s6 7. Tinh théng ké sub-Poisson bac cao va
tinh phan két chiim bac cao gan nhu giéng nhau vé biéu thitc toan hoc, cic hinh vé ciing
tuong tuy nhau. Nhu vy, mic do thé hien tinh chit phin két chiim bac cao clia trang thai
nay sé cang yéu khi £, cang l6n. Do d6, chiing t6i ¢6 thé di dén két luan trang thai don
mode chdng chit nén két hgp ting cuong thé hien cac tinh chat phi ¢d dién bac cao. O
tinh nén Hillery bac cao, cac tinh chit phi c¢d dién cang dugce ting cudng manh hon so véi
tinh chit ban diu khi thay ddi tham s ting cudng mot cich phu hop.
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Title: STUDYING THE HIGHER-ORDER NONCLASSICAL PROPERTIES OF THE
SQUEEZING-ENHANCED SUPERPOSITION OF COHERENT STATE

Abstract: In the paper, we study the higher-order nonclassical properties of the squeezing-
enhanced superposition of coherent state as higher-order Hillery squeezing, higher-order
sub-Poissonian distributions, higher-order antibunching effect. The results show that this
state exhibits even order Hillery squeezing. The degree of the Hillery squeezing always
increases with the increase of the squeezing parameter r but this property becomes weaker
when increasing the order. In addition, in the squeezing-enhanced superposition of coherent
state, the result also shows that the higher-order sub-Poissonian distributions as well as
the higher-order antibunching effect become more and more weaker when increasing the
order and squeezing-enhanced parameter.

Keywords: Squeezing-enhanced operator, higher-order Hillery squeezing, higher-order
sub-Poissonian distributions, higher-order antibunching effect.



