Tap chi Khoa hoc va Céng nghé, S6 454, 2020

KHAO SAT MQT SO TINH CHAT PHI CO PIEN CUA TRANG THAI
KET HQP DIEN TiCH BIEN DANG CHAN VA LE

DANG HUU PINH o
Khoa Cong nghé Pién tir, Truong Dai hoc Cong nghiép Thanh pho Ho Chi Minh,
danghuudinh@jiuh.edu.vn

Tém tit. Trong bai bao nay chung t6i nghién ciru céc tinh chat phi c6 dién nhu nén téng hai mode, nén
hiéu hai mode va phan két chim bac cao don mode cia trang thai két hop dién tich bién dang chin va 1é.
Tir d6, dua ra cac biéu thic giai tich cho cap d6 nén tong hai mode, nén hiéu hai mode va phan két chum
béc cao don mode. Két qua khao sat chi ra ring trong cac trang thai ndy xuat hién qua trinh nén tong hai
mode nhung khéng c¢6 nén hi¢u hai mode. Khi nghién ctru tinh chat phan két chim bac cao don mode,
chung t6i nhan thiy tinh phan két chum béc cao hai mode déu thé hién kha rd rang d6i voi ca hai trang
thai két hop dién tich bién dang chén va 1. Cap d6 nén tong hai mode, cap d6 phan két chum béc cao don
mode duoc thé hién khac nhau thong qua viéc chon cac tham sb phu hop, dic biét 1a sé dién tich.

Tir khoa. Cac trang thai két hop dién tich bién dang chin va 1¢; Nén tong va nén hiéu; Tinh phan két
chum béc cao.

STUDY SOME NONCLASSICAL PROPERTIES OF THE EVEN AND ODD
DEFORMED CHARGE COHERENT STATES

Abstract. In this paper, we study the nonclassical properties such as the two-mode sum squeezing and
the difference squeezing as well as the single-mode higher-order antibunching of the even and odd
deformed charge coherent states. From there, give analytical expressions for the degree of the two-mode
sum squeezing, the two-mode difference squeezing and the single-mode higher-order antibunching. The
research results show that, in these states, there appears two-mode sum but not difference squeezing.
When studying the single-mode high-order properties, we found that this property is quite evident for
both even and odd deformed charge coherent states. The degree of two-mode sum squeezing, single-mode
high-order antibunching depends on the choice of parameters, especially the number of charges.
Keywords. Even and odd deformed charge coherent states; Sum and difference squeezing; Higher-order
antibunching.

1 GIOI THIEU
Cac trang thai phi c6 dién ngay cang dong vai trd quan trong ddi v6i cac nganh khoa hoc nhu quang
luong tir, thong tin lugng tr va mady tinh luong tur [1]. Trang thai két hop duogc Glauber dua ra 1an dau tién
[2], sau d6 rat nhidu trang thai phi c6 dién da dugc dé xuat, nghién ctru [3, 4]. Céc trang thai két hop thém
mdt photon lan dau tién da dugc tao ra bang thyc nghiém vao nam 2004 [5, 6], va mot sb tinh chat phi co
dién cua cac trang thai phi ¢6 dién di dugc khao sat [7, 8]. Hién nay, cac tinh chat phi c¢6 dién méi nhu
tinh chat phan két chum béc cao, tinh chat nén tong va nén hiéu ciing duoc khao st cho cac 16p khac
nhau ctia cac trang thai phi ¢6 dién trong cac hé vat 1y khac nhau [9, 10]. Cac trang thai két hop dién tich
1a cac trang thai riéng clia cip toan tir hity boson va toan tir dién tich [11, 12]. Trong sb cac trang thai nay
thi trang thai két hop dién tich bién dang chin va 1¢ da dugc dé xuat [12]. Cac trang thai nay 1a cic trang
thai riéng cta cp toan tir hity boson bién dang &ql;q va toan tr dién tich Q =a'a—-b'b duoc xay dung
boi

(&qbq)2 ‘ §3g>e(o) = 52 | é’ ‘Z)e(o)’ Q | 55 g>e(a) = g | 59 ‘l>e(a) > e(0)<§5g | §>z>o(e) = 0’ (1)
trong do
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Cac cong thirc cling twong tu cho mod 5. Ky hiéu | &, ¢), 1a trang thai hai mode két hop dién tich bién
dang chén, | £,¢), 1a trang thai hai mode két hop dién tich bién dang ¢ va ¢ 1a mot s nguyén, dugc goi

1a s6 dién tich. Gia sir cac photon 6 mode a khdng nho hon cac photon ¢ mode b, diéu d6 twong tng véi
s0 dién tich ¢ >0. Khai trién trong cac trang thai Fock hai mode, cac trang thai két hop dién tich bién

dang chan va 1é duoc cho bai

&0, = N Y e | 20+ ¢,20), )

e ,[ [2n] '[2n+q
§2n+l
Z\/[2n+1 [2n+q+1]!

trong d6 | m,n) 1a cac trang thai Fock hai mode va thira s6 chuén héa la

. © §4n -2 ) © g4n+2 -2
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Mot sb tinh chat phi ¢ dién bdc nhdt cia trang thai két hop dién tich bién dang chén va 1é da duoc
khao sat trong [12], tuy nhién mdt s6 tinh chét phi c6 dién bdc cao d6i voi trang thai két hop dién
tich bién dang chiin va 1é chwra dwge dé cip dén. Do do, trong bai bao nay, chiing toi tap trung nghién
cuu tinh nén tong, nén hiéu hai mode va tinh chit phan két chum béc cao don mode cua trang thai nay.
Tinh chat nén tong va nén hiéu hai mode dugc khao sat trong phan 2. Phan 3 trinh bay tinh chét phan két
chum bac cao don mode. Phan két luan 1a két qua tom tat chinh cta bai bao.

2 NEN TONG VA NEN HIEU
2.1 Nén tong
Nén tong 1a mot ddc tinh da mode clia mot trang thai phi ¢6 dién [13, 14]. Cho hai mode @ va b bét ky,

nén tong lién quan dén toan tir bién do truc giao hai mode I}¢ c6 dang
S
V,= 5(6 ¢a;b; +e “’aqbq ), ®)
trong d6 ¢ 1a goc pha xac dinh hudng nén. Mot trang thai hai mode dugc goi 1a nén téng néu thoa man
bat dang thirc
AV <~ <& a*b b*—aT& b'b ), (6)

979799
trong do ((AI}¢)2> =(I}¢2) —(I},ﬁ 2. Tur bat dang thirc (6), ta co thé dinh nghia cép do nén téng S b'fmg
cach dat

_ KAV ~(a,aib,by —aya,bib,) o
<dqa;bqb; _d;dq ;bq>
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Dé thoa min bat dang thic (6) thi tham s6 nén téng S < 0. Diéu d6 cho thiy rang qué trinh nén tong
chi xuét hién néu S < 0. Phuong trinh (7) cho gia tri nh6 nhat ctia S bang —1. Do d6, S=-1 1a cép do
nén tong cao nhat. Thay V, trong phuong trinh (5) vao phuong trinh (7), ta c6 cép do nén tong hai ctia

trang thai két hop dién tich chén (1¢) S,

2ig ~T2712 -2ig ~272 ISP
[e o83 7by Deo) € o) (dyby) eio) +2g<0)<aqaqbqbq>e(0)}

ST BN SR T
e(0) <aqaqbqbq a4 aqbqbq >E(0)

dugc viét dudi dang
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_‘R[{e(")@ Y4361 Yoty T eto(€ a0 i)} }
Y ’
e(0) <aqaqbqbq N aqaqbq bq >e(0)
trong d6 R(z) 1a phan thuc cua so phuc z . Tinh cac gia tri trung binh lugng tr trong (8), ta thu dugc cap
d6 nén téng cua trang thai két hop dién tich bién dang chin

21&1 COS(ZW“P))*Z(N;) (z[2n+1|]!§[|2n +q +1]J

n=0

" - ©)
¢\ = |§ |4n [2}’l+1][2n +z+1] B © |§ |4n+4
(Ng) [(,,Z_(; [2n]![2n+q]! ] (,,Z_(;[Zn+l]![2n +c_]+1]!]]

va cp do nén tong cuia trang thai két hop dién tich bién dang 1¢

21 &P cos(2(¢—¢))+2(N;) (z[2n|]‘§[|2n+q]‘]

Soz |§|4n+2 [2n+2][2n + +2]”:O |§|4 ) . (10)
. 2 o0 n n g 3 o0 n+
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€

Hinh 1. Su phu thudc cta S, vao | £ | trong trang thai két hop dién tich bién dang chin
voi q= 2,3,4,5 va cos[2(p—¢@)]=-1.

Chiing t6i nghién ciu cp do nén tong cua trang thai két hop dién tich bién dang chin va I¢ dua vio
cac phuong trinh (9), (10). Hinh 1 biéu dién sy phu thudc cta cap do nén tong S, vao || trong trang
théi két hop dién tich bién dang chén, khi chon ¢ =2,3,4,5va cos[2(¢—¢)]=-1. Hinh 1 cho thiy ring,
nén tong ton tai trong gidi han |&| bé. Cap do nén tong cyc dai ting ti 1¢ thuén véi gia tri dién tich g .

Khi | £| tiép tuc tang dén gia tri du 16n thi S, =0 v&i gia tri ¢ batky.
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Hinh 2. Sy phu thudc ctia S, vao | & | trong trang thai két hop dién tich bién dang 1&
véi ¢g=0,1,2,3 va cos[2(p—@)]=-1.
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Hinh 3. Sy phu thudc cta S, vao |&| trong trang thai két hop dién tich bién dang chin (1¢)

voi q=0 va cos[2(p—¢)]=-1.
Hinh 2 biéu dién sy phu thudc ciia cip d nén tong S, vao |¢&| cho trang thai két hop dién tich bién dang
1¢, khi chon ¢=0,1,2,3 va cos[2(¢—¢)] =—-1. Hinh 2 cho thiy rang, cap d6 nén téng trong trudng hop
nay rat nho va chi ton tai trong mot khoang gia tri bé cua | £|. SO dién tich ¢ cang 16n thi cip do nén
tong S, cuc dai cang giam va khong c6 nén tong khi ¢ du 16n. Quan sat hinh 3, chung t6i thay rang, khi
| £| chwa dii 16n thi d6 thi S, va S, giao nhau tai 3 diém. Trong khoang giita cac diém nay, néu nén tong
cuia trang thai két hop dién tich bién dang chén ton tai thi khong c6 nén tong cua trang thai két hop dién
tich bién dang 1€, va nguoc lai. Khong ton tai nén tong cua ca hai trang thai két hop dién tich bién dang
chin va 1¢ khi gia tri |£| dii 16n. Qua nhiéu d thi khao sat cho thy rang S, ting khi ¢ cang I6n. Nguoc
lai, cAp do nén tong S, giam khi ¢ cang 16n. Néu chon ¢ du 16n thi chi c6 nén tong ciia trang thai két
hop dién tich bién dang chin, ma khong c6 nén tong ciia trang thai két hop dién tich bién dang 1¢.
2.2 Nén hi¢u
Nén hiéu cling 1a qua trinh nén da mode da dugc gigi thiéu [13, 14]. Toan tir nén hi€u cia trang thai hai
mode dugc dinh nghia l1a

SV ipn fr gt
%=5(e Q bl +ealb, ), (11)

trong 6 ¢ 1a goc pha xac dinh hudng nén. Mot trang thai duoc goi 1a nén hiéu theo goc ¢ néu

A A

<(AW¢)2><i<d*& " _a albhh )y, (12)

97979749 979799
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trong d6 ((AW,)*) =(W,>) — (W, . Tir bt dang thirc (12), ta c6 thé dinh nghia cap do nén hiéu hai mode
D bang cach dit

T

99949 q

Sta Dt A AT
| | (a,a,b,b, —a,a,bb,)
bé théa man bat dang thirc (12) thi tham s0 nén hiéu D <0 va mdt trang thai c6 nén hi¢u hai mode

N NP NP Sy
D «(Aaw,)“y—<aabb, —a,a bqbq)' (13)

néu —1<D<0. Thay Vf/¢ & phuong trinh (11) vao phuong trinh (13), khi d6 cap do nén hiéu cua trang
théi két hop dién tich bién dang chn (1¢) D, ,, duoc viét dudi dang

97994
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Tinh céc gia tri trung binh luong tir trong (14), ta thu dugc cip d6 nén hiéu cua trang thai két hop dién
tich bién dang chan

= | E1" [2n][2n +q +1
22I(SI [2n][2n + g +1]
S [2n)[2n+q]!
‘ iwr‘" [2n+1][2n+4] ) il§|4”[2n][2n+g+l] ’
= [2n]'[2n+q]! = [2n]2n+q)!
va cip do nén hiéu cua trang thai két hop dién tich bién dang 1¢ 1a
2( = | £ [2n+1][2n+cl+2]J

Zol Rn+1][2n+q +1]!
D = = . (16)
[oo Hias [2n+2][2n+g+1]J_( = | £ [2n+1][2n+c_1+2]]

; [2n+1][2n +g +1]! ; [2n+1]![2n +g +1]!
Vé trai cua cong thic (15) va (16) tinh cap do nén hi¢u cua trang thai két hop dién tich bién dang chin
va 1€ ludn duong, vi vay doi voi trang thai nay khong ton tai nén higu.

3 TiNH PHAN KET CHUM BAC CAO PON MODE q ,
Tinh phéu} két chum béc cao da du(_)’chua»ra‘ boi Lee [15] va (jugc ap dung dé khao sat mdt so trang thai
phi co6 dién [4, 6]. Theo Lee, ti€u chuan de ton tai tinh phan két chum bac cao don mode dugc dinh nghia
bang hé s6 phan két chim A_(/,m) va thoa man bt dang thirc
7(1+1) \7(m-1)

A ()= (I, - ) <[ZY'§m> D
(NS DANTD
trong do toan tir s [N,]=[#/%,] véi x=a,(b), va ((N]) =(N],(N, —=1)..(N, =i +1)) la momen giai

thira bac i cua toan tr sé hat mode %, (..) la ky hi¢u trung binh lugng tu. Céc sb nguyén / va m théa

(15)

<0, (17)

mén diéu kién />m >1. Tinh phan két chim béc thép twong Gng véi / =m = 1. Dé don gian, chiing ta xét
truong hop />m =1, tir d6 (17) rat gon thanh
]’\‘,(Hl)
A= (N, D

=—0 - 18
INODAN, D {19
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Sir dung (18) va tinh céc gi4 tri trung binh luong tir caa (N, (N va ([N,]), ta thu dugc dang
tuong minh ctia hé s6 phan két chum bac cao don mode véi / bat ky cua cac trang thai két hop dién tich
bién dang chin

0 | é |4n
o 2nl[2n+g -1 1]
. n:Max[O, 3 *] -
4,(0)= -1, (19)
(Ne)z i |1 i s
: Lo [20]1[2n +q ]! Lo [2n]2n+ g —1]!
nzMax(O,T*J - n:Max[O,TJ -
va clia cAc trang thai két hop dién tich bién dang 1é
i | § |4n+2
- [2n+1]1[2n +q —1]!
0 n:Max[O,T*] b
4,()= -1. (20)

(NO )2 ®© |§|4n+2 0 |§|4n+2
¢ ][2n+1]![2n +g+1-11 | Z[2n+1112n +¢]!

1-1-
n=Max 0,7g
2

Khao sat tinh phan két chum bac cao don mode cho mode b cua trang thai két hop dién tich bién dang
chan, néu / 1a1¢é, ta co

i |§|4n+2/+2
=[2n][2n+q+I+1]!
40)= ol i -1, e
2 © |§|4n+21+2 0 |§ ‘4n+4
W) |2 2,
1)\~ [2n+1]![2n+g+l+l]! o [2n+1]![2n+ g +2]!
va trong trudng hop néu / chin thi
i |§|4n+2/+4
. =R2n+112n+q+1+2]!
A4,() = o : 4n+21 - 4n+d -1, (22)
(VY3 e L
1) |~ 2n]!2n+g+I]! ) 1= [2n+1]'[2n+ g +2]!
Trong trang thai két hop dién tich bién dang 1é, néu / chén thi
i |§|4n+21+2
=R2n'2n+q+I1+1]!
4= 0[4 31 [2 . : 4n+2 -1, (23)
2 & n+21+ 0 n+
()5 12l s ¢
1 o 2n+1]1[2n+ g +1+1]! | 75 [2n]'[2n + g +1]!
vanéu [ 1é thi
i |§|4n+2/+4
=P2n+1[2n+qg+1+2]
- 2n+1]1[2n+q +1+2] o o

) 2 > |§|4n+2/ 0 |§|4n+2
(Nﬂ) (;[2n]![2n+c_1+l]!](§[2n]l[2n+g+l]!}
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Hinh 4. Sy phu thudc cua A4 (/) vao | & |trong cac trang thai két hop dién tich bién dang chin
voi g=0val=12734.

0.0
~0.2 e ]
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= A — =1
S ] (/.-
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-0.8" ’// ....... =4
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Hinh 5. Su phu thugc ctia 4°(I) vao | & |trong céc trang thai két hop dién tich bién dang 18
véi g=0val=12734.

0.0
-0.2
< -04

€]

Hinh 6. Su phu thudc cua 4; (/) vao | £ |trong cdc trang thai két hop dién tich bién dang chin
véi g=0val=12734.

Duya vao céc phuong trinh (19 — 24), chiing t6i khao sat tinh chat phan két chum bac cao don mode ciia
trang thai két hop dién tich bién dang chin va 1¢. Hinh 4 cho thay cap do phan két chum A°(/) tuong tng

voi cac gia tri 1=1,2,3,4 dat cuc dai khi |£]|=0, cap o A°(/) s& giam dan khi | | ting. Xét truong hop

I c6 gia tri 1&, cdp do phan két chum A°(/) s& duong khi | &|di 16n. Truong hop / c6 gia tri chin thi
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A°() s& giam khi |&|tang va A°([) s& tang trd lai dén gia tri gan bao hoa khi | £|di 16n. Hinh 5 cho
thiy cp do phan két chum A°(/) twong Ging véi cac gia tri /=1,2,3,4 dat cuc dai bang -1 khi |£|=0,
cap do A°(l) s& giam dan khi | £| tang dén khoang gia tri t6i han. Trong truong hop [ ¢ gia tri chan va
| £| tiép tuc tang thi cap d¢ phan két chum A4°(/) s& duong. Trudng hop [ c6 gid tri 1é thi A°(/) s& ting
tro lai khi | £ | ting va dat gia tri cuc dai bang -1. Khao sat cip do phan két chim 4; (/) tuong tmg voi cac
gia tri / khac nhau, cu thé nhu hinh 6 cho thiy, khi |£]|=0 va [ chin thi 4¢(/) c6 cip 4o am 16n gan véi
gia tri cuc dai, trong khi do voi [ 1é thi 42() s& co cap do duong. Khi | & |[tiép tuc ting thi cip do phan
két chum A, (1) s€ giam manh va gan bang 0 véi cac gia tri [ bé. Truong hop | & |ting dén gia tri toi han
thi cdp do 47 (/) s& tang nhanh tro lai va s& dat dén gia tri cuc dai xap xi bang -1 néu [ 1é. Cép do phan
két chum A4° (/) phu thudc vao | &|dugce biéu dién & hinh 7 cho thay, khi |£|=0, [ c6 gi4 tri 1é dat cuc
dai bang -1, trong khi d6 néu / 1a chan thi A (1) c6 gia tri bang 0. Trong khoang | £ |con nho, gan gié tri
| £]=0 thi cAp d6 phan két chum 47 (/) ting néu / 1a 1é va nguoc lai. Khi gi4 tri | £| tiép tuc tang thi cAp
d6 A7 (/) giam manh va 42(/)>0 khi || tang dén gia tri toi han.

0.0~ -
I % < SO
-0.2" \ r "'__:_—-_-.-_-_-_"'
= -04 W
~ l SNy —
S ' . [=1
N -06r | /5 = [=2
----- - 1=3
-08 (7 fom ot

0O 2 4 6 8 10
€]

Hinh 7. Su phu thugc ctia 47 (/) vao | & |trong cac trang thai két hop dién tich bién dang 1
voi g=0 va /=12734.

4 KETLUAN ‘

Chung t61 da khao sat cac tinh chat nén tong, nén hi€u va tinh phan két chum bac cao don mode cua trang
thai két hop dién tich bién dang chan va 1é. Qua trinh khao sat cac hinh vé cho thay céc tinh chat nay co
thé cting xuat hi¢n trong cac trang thai ket hop dién tich bién dang chan va 1¢ twong ung véi cac tham s
dugc chon. Khao séat cho thay ton tai nén tong nhung khong c6 nén higu trong cac trang thai két hop dién
tich bién dang chan va 1é. Xét cap do nén tong luc gia tri cia | £| con bé, chiing t6i nhén thay khi so dién
tich ¢ tang thi cap do nén tong hai mode S, cuc dai tdng, S, cuc dai gidm. Trong mot khoang | &| xéc
dinh, véi sb dién tich ¢ bé, néu xuat hién nén tong trong trang thai két hop dién tich bién dang chin thi
khong c6 nén tong trong trang thai két hop dién tich bién dang 1é. Truong hop ¢ di 16n thi chi c6 nén
téng cua trang thai két hop dién tich bién dang chin. Khao st tinh phan két chim bac cao don mode ciia
cac trang thai két hgp dién tich bién dang chan va 1¢, chiing t6i thay khi mién gia tri |£| phu hop voi
¢ =0 thi tinh phan két chim bac cao don mode ludn ton tai véi bat ky gia tri nao cua /. Cap d6 phan két
chum bac cao don mode cang 16n khi / ting. Cip do phan két chum bac cao don mode cua trang thai két
hop dién tich bién dang chan va 1€ 16n nhat bang -1, va nho nhat bang 0.
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