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DPINH LUQNG PO ROI VA VIEN TAI LUQNG TU VOl TRANG THAI
THEM BA VA BOT MOT PHOTON LEN HAI MODE KET HQP LE

Nguyén Thi Duyén Hai'
Truwong Minh Dic'
Hb Sj Chuwong'?

TOM TAT

Trong bai bdo nay, chung toi dwa ra trang thai thém ba bot mot photon lén hai
mode két hop 1é. Sau dé chiing téi kiém tra tinh dan réi va dinh lwong dé réi cua trang
thai méi nay theo diéu kKién dan réi bdc cao cua Hillery-Zubairy va tiéu chudn
Concurrence. Tiép theo, chiing téi sir dung trang thai méi nay nhie mét nguon réi dé
thuc hién qud trinh vién tai lwong tir va danh gia do trung thue trung binh ciia qua
trinh nay. Két qua cho thdy rang, trang thdi nay la trang thdi bi roi va dé réi cé thé
dat dén 90%. Thém vao dé, do trung thue trung binh qud trinh vién tdi heong tir dat
Xd'p Xi ly twong khi cac tham s6 dwoc chon mét cdach phut hop.

Tir khéa: Tiéu chudn dan roi Hillery-Zubairy bdc cao; fiéu chudn Concurrence;
vién tdai liwong tir; dé trung thuee trung binh; dinh hrong dé roi.

1. Pt van dé

Trang thai két hop lan dau tién
duoc Sudarshan dua ra vao nam 1963
khi khao sat tinh chat chum Laser [1].
Ciling trong ndm do, Glauber da xay
dung cdc trang thdi riéng cua todn twr huy
ctia dao dong tir diéu hoa, 6ng cho rang
cac trang thai dé dong vai tro quan trong
trong viéc nghién ctru vé quang luong tur
va goi la cac trang thai két hop [2]. Theo
su phat trién cia Quang hoc luong t,
vao nam 1973, Dodonov va cong su da
dua ra 1y thuyét vé trang thai két hop
chén va két hop 1& [3], mii cho dén dén
nam 1992, hai trang thai nay da duoc tao
ra bang thyc nghiém. Mot sy kién dang
chu y 1a vao ndm 1991, hai nha Vit ly
Agarwal va Tara da gioi thiéu trang thai
két hop thém photon [4] va chung minh
do 1a trang thai phi co dlen Pong thoi
hai tac gia nay ciing dé xuit cach tao ra
chiung trong thyc nghiém. Qua nhiéu
cong trinh nghién ctu cho thay rang viéc
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thém badt photon vao mot trang thai co
thé tao ra nhiing trang thai moi mang
nhitng tinh chat phi ¢4 dién ma trang thai
g6c khong c6 hodc kém hon nhu tinh
chat nén, tinh phan b4 sub-Poisson, tinh
phan két chum, tinh chat dan rdi, ... Céc
trang thai phi c6 dién méi do ciing da co
nhimg dong gop quan trong vao cac
nhiém vu lugng tir nhur vién tai luong tir
[5,6], truyén thong luong ti.

Sau day ching toi dé xuat trang
thai hai mode két hop Ié thém ba bét mot
photon. Trang thai nay dugc dinh nghia
nhu sau

),y =Noy (8" +D)

><(|a>a|ﬁ>b _|ﬂ>a |a>b)’
trong d6 A" 1a toan tir sinh déi voi mode
a, b 1a toan tir hity déi voi mode b, N, 1a
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Sau khi x4c dinh dugc trang thai
m&i |y),, , chiing toi tién hanh kiém tra
tinh chat dan réi va dinh lugng do réi cua
trang thai nay.

2. Khao sat tinh chit dan rdi caa
trang thai thém ba bét mt photon 1én
hai mode két hop lé

Ry(l,p) =

N,

2.1. Kiém tra tinh chit dan réi bang
tiéu chuan Hillery-Zubairy bdc cao

Hillery va Zubairy da dua ra diéu
kién do tim dan rdi lan dau tién nim
2006 [7], bai mot 16p bat dang thac dya
trén hé thirc bat dinh Heisenberg va bat
dang thie Schwars. Céc tiéu chudn nay
c6 thé tién hanh dé do tim dan réi trong
phong thi nghiém va ap dung d6i véi he
I6n hon hai mode. Ddi véi h¢ hai mode,
tiéu chuan dé trang thai théa man diéu
kién dan roi cua Hillery-Zubairy bac cao
la

2
<a*'a't:3T pﬁp> < Ka'ﬁ* N @

Dé don gian cho qua trinh khao sat
chung t6i dua biéu thirc vé dang

<a*'a'6*pﬁp>- Ka'ﬁ*pf, (5)

trong d6 Ry goi 1a tham s6 dan rdi, trang
thai thém ba bt mot photon cho hai
mode két hop 1é s& théa mén tiéu chuan
dan rdi Hillery-Zubairy bac cao néu
RH<O0 va nguoc lai. Sau qua trinh tinh
toan chiing toi thu duoc tham sé Ry cua
trang thai thém ba bot mot nhu sau
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trong d6 A dugc xéac dinh 1a
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Thuc hién khao sat Ry theo bién do
va pha dao dong ¢, Voi
a=rexp(ij ,), b=rexp(j,)ta dugc
céc d6 thi nhu sau.
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Hinh 1: Do thi khdo sdt sw phu thugc cia
Ru(3,3) va Ru(4,4) vao ry trong cac truong
hop k khdc nhau (k =r, I'v,) va

§03=(0b:71'/2

Tur cac d6 thi ¢ hinh 1a va 1b cho
thdy trang thai thém ba bt mot photon
1én hai mode két hop ¢ xuat hién cac
vung rdi (rp<0) theo diéu kién dan rdi bac
cao cua Hillery-Zubairy. Cuy thé, hinh la
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1a c4c d6 thi cua tham sé rdi bac 3 dbi vai
ca hai mode theo bién do két hop cua
mode b (rp) wng voi cac truong hop
k={0,2; 0,3; 0,4}. Ru(3;3) xuat hién gia
tri Am bat dau tir vi tri r, ~0,5 va két thic
GVitri r, ~1,5d0ng thoi khi k ~ 0,4 d6 thi
¢6 gia tri cyuc tiéu nho nhat. Hinh 1b 1a cac
dd thj cua tham sé rdi bac 4 ddi vai ca hai
mode theo bién d6 két hop cia mode b
(rb) Ung Vvoi cac truong hop k={0,3; 0,4;

0,5}. Ru(4;4) xuat hién gia tri am bat dau
tirvi tri r, ~0,75 va két thiic & vitri r, ~2
dong thoi duong c6 diém cuc tiéu nho
nhat khi k ~0,5. Bén canh do ta c6 thé
thay khi Ry cang 4m thi viing réi cang mé
rong.

Nhu vay, cac két qua khao rat tinh
dan réi trén cho thay rang viéc thém ba va
bt mot photon 1én trang thai hai mode
két hop 1é 1am xudt hién tinh chét dan rdi
trong mot s6 mién nho cia bién do két
hop. Khi bién do két hop I6n tinh chat dan
réi cuia trang thai méi nay mat di va trg ve
tinh chét vén co cua trang thai két hop.

2.2. Pinh lwong dp roi bang tiéu
chudn Concurrence

Pé kiém tra muc d6 dan rdi cua
trang thai méi nay, chung t6i da st dung
tiéu chuan dinh luong d6 rdi Concurrence
hay tiéu chuan d6 dong quy. Theo tiéu
chuan nay, néu goi trang thai |y),, Vvoéi
hai mode a, b ¢6 dang
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|l//>ab =N (’u|77>a|7>b +7|§>a|5>b)’ (7)
trong d6 N 1a hé sb chuan hoa; p,y 1a cac
s6 phic; |hii,| i ,| gf},| dff, 1a cac trang
thai da duoc chuén hoa cua hai mode a va
b. D¢ dong quy dugc dinh nghia bang
biéu thuc

__ Ariuly@- BF)- P
|n12 + |u|2 + Re[MuPP,]

Trang thai |y), théa man tiéu
chuan d6 dong quy néu C > 0, C cang tién

gantoi 1 thi trang thai c6 do réi cang tot
va dat d¢ roi ly twong khi C = 1.

(8)

Trang thai thém ba bt mot photon 1€n hai
mode két hop 1€ bieu dien vé trang thai
(7) nhu sau

) =N (VR ), + 2 ) ). @

trong do u=/N;;o=/N, . T do tiéu
chuan do dong quy cho trang thai moi
duoc viét lai

C 2\/|N1N2|\/(1_||31|2)(1_|P2|2)
[N |+[N, |+ 2Re| /N;N, P, |
(10)

Sau qua trinh bién ddi va tinh toan
chung t61 thu dugc

P, =, <a' | ﬂ)b = Jx = e\a*ﬂ\Z/z;
R
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Thay céc két qua trén vao biéu thirc
(10) va xét truong hop «, B la thyc ta

(aB° +9a” B

= (nl¢), =

2
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dugc biéu thirc do dong quy cua trang thai
thém ba bot mot photon 1én hai mode két
hop 1¢ nhu sau

C=2N,N, (1-x)"*(1-x/(N,N,)
x(a’f° +9a* 5 +19af + 6+ aff’

+a*p? )1/2 x(Nl +N, - 2x(a*f° (1)

1902 +190f + 6+ af° +a3ﬁ))_l

0.7

0.6
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B
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Hinh 2: Do thi dinh lwong dé roi cua
trang thai thém ba bot mgt photon
Ién hai mode két hop 1é bang tiéu
chudn dé dang quy (Concurrence)

Sau khi ¢6 két qua (11), chang toi
str dung phuong phap tinh s6 va vé do thi
dé danh gia murc d¢ dan 16i cua trang thai
thém ba bét mot photon 1én hai mode két
hop 1¢. Hinh 2a 1a @6 thi 3D ctua ham C
theo cac bién a va g, tir dd thi nay ta c6
thé thay khi o va B xap xi nhau va c6 dinh
thi thi C dat dén gia tri cuc tri. Vi vay
chung toi chon tham sé k=« / B xap xi
mot don vi dé tién hanh khao sat su phu
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thudc cua C theo bién d6 két hop B nhu
hinh 2b. O hinh 2b, ching t6i chon
k=0.95, do thi nay cho thay rang, khi
tang Ien rat 6n thi C ticn den gan mét don
vi. Nhu vy chung ta c6 thé thay rang,
theo tiéu chuan d6 dong quy, trang thai
thém ba bot mot photon lén hai gnod‘e ket
hop 1€ Tudén bi roi va dat do roi gan ly
tuong khi cac bién do keét hop a, B xap xi
nhau va c6 gia tri rat lon.

3. Ap dung trang thai méi vao
vién tai lwong tir

3.1. Mé hinh vién tdi lwong tir

N O day ching t6i sir dung mo hinh

vien tai lugng tu st dung phép do cac
thanh phan truc giao [8, 9]. Theo d6, bén
gdi thong tin 1a Alice va bén nhan thong
tin 1a Bob. Trang thai thém ba va b6t mot
photon 1én hai mode két hop Ié co hai
mode a va b, trong d6 mode a dugc dua
to1 Alice va mode~b duogc dua toi Bol:),
trang thai dugc vién tai la trang thai két
hop | 7). twong ting v&i mode ¢ duoc dua
vao Alice.

Tai noi guii thong tin, Alice sé thuc
hién viéc to hop trang thai [ 7). va |y),,
tro thanh mot trang théai ba mode c6 dang

e+’
_ 2
|l//>abc - Na:ﬂ e

© anﬂm
n%:“o Jn!m!
<[+ DM+ +3)|n+3m), |7),
—m+D(m+2)(m+3)|m+3,n),, |7),

+\/a|n’m_1>ab|}/>c _\/ﬁ|m’n_l>ab|7>c:|'

Alice dung phép do Bell to hop trén
hai mode a va ¢ dé do thong tin vé muc

d6 dan réi gitra | 7), va |y),, dua trén hai

(12)

mode a va c. Phép do nay hinh thanh nén
mot trang thai roi phac hop goi 1a trang
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thai Bell. Trang thai Bell dugc biéu dién
qua trang thai Fock nhu sau

=%i B, (2A)|k k).

Khi phép do t6 hop hoan thanh,
trang thai nay sup d6. Do Bob va Alice
cung chia sé trang thai rdi nén Bob sé& thu
duogc trang thai nhu sau

|B(X, P)>Ca . (13)

ON,, A o grgn ghra
|W>B :Tﬁe e Jnim! o lr2Ar2
><{(7/_\/2;!‘) |m>b_(7—\/2£) |n>b ”
+%|m -1),
e |

Luc nay, bén Bob ton tai trang thai
ung véi mode b chira cac thong tin vé
mode c. Bob s& thuc hién phép dich
chuyén D(g2A)dé xay dung lai trang
thai dugc vién tai ban dau | 7)., véi g la
hé s6 diéu khién ma Bob dung dé hoan
thién do trung’thuc Cua qua trinh vien tai.
Trang thai cudi cung thu dugc trong qua
trinh vién tai s 1a

2 S GRE
[ Yo ~ I Na.s
y i a"p" e L
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(7/ 2A)" D(g2A)|n- D, |

a\s ﬁ\é %\
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Dén thoi diém nay, qua trinh vién
tai da hoan thanh va chung ta can danh gia
két qua qua trinh vién tai nay qua do thuc
trung binh.

3.2. Dg trung thyre trung binh cuia
qud trinh vién tai luong tw

Chung ta s¢ danh gia mire do thanh
cong cua qua trinh vién tai dua vao do
trung thuc trung binh F_, , mét qua trinh

av !
vién tai duoc xem la thanh cong khi

05£ F,£1 va qua trinh vién tai duoc
danh gia 1a hoan haonéu F,, = 1.
Do trung thuc trung binh trong qua

trinh vién tai luong tir [8-10] dugc xéc
dinh theo cong thirc sau

FaV :I in <l//|l//>out d ZA' (16)
D6i véi trang thai thém ba bét mot
photon 1én hai mode két hop 1€ ta ¢

o 2 (o2 o a"B" orapaain|(1=24)"

m<?~ |L >om \/} .8 € P W e \m < | (g )‘m‘)b (17)
’} —2/1 m+3 R \/_ ~ —ZA n N +] ,7' _2A - )

_( m)_(": | D(g2.4)|n), +%(~, \D(ng)|m—1)b_—‘””’jE)<7 |D(g2A)n—1)4,

Bing cach thay két qua ¢ phuong
trinh (17) vao phuong trinh (16) va sau d6

r= [l

X[X.Vrf}gz*mx*lf,?s}p + an+SQ*an*iQp—l

+anQ.*m IX*I-BQ;J +menQ*m IX*.’Q;J 1
*XW—SQ*",X*I—SQP

\2dA——|N | o bl ef

, n+t ?gl
_anQ m 1X }J-.\Q,’
o anHBQ*nX*,'Qp—l + X.-1i+SQ*nX*p—SQI +]Xm+SQ*MX*pQI—l

rat gon ta thu duoc két qua nhu biéu thirc
sau day

a"Bma” 37"
n'm!l! p!

P+ 1(2 ]XnJr%Q

[ ¥ s

*”, *
;

nm.l.p=0

*n, *

fol
—m]XH-Q*m ]X*;)Qf 1 (18)‘

*nXmQ*”_IX*I—SQP 7”pxmﬂ*n—lx*fﬂp—l +nxmﬂ*”_1X*p—sﬂ-[ +n]XmQ*n—lX*pr—1L

trong d6 y=y—2A va Q=y—-Qg2A.
Biéu thuc (18) cho biét do trung thuc
trung binh dudi dang téng quat, véi g 1a
hé s6 diéu khién Bob dung dé hoan thién

.

’NQ,J

do trung thuc cuia qua trinh vién tai. Ta
chon truong hop g=0 va thuc hién cac
budc bién d6i thu duogc biéu thic do trung
thuc trung binh c6 dang

Fm‘: e—(.\|:—|._3‘:—"=|: a”ﬁma*’ﬁwI{XWT*WXHl PJFPX ,} X,+, oo
T aminoo Himll!p!
I PN A ST M S0P gy M)y o pd
—mx"y X =l XTI = px YT (19)
+Xm+37*ﬂ p3 1+,Xm+ ,-} X p,}’t’ 1 nX ﬂ}’*(n I)X I+’pr npx '_y (”71)X ]F}/pfl
T L e I Sy N —|\\3 d*x.

Thuyc hién cac phép bién ddi ta thu
duoc
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két qua cubi cung cua do thyc trung binh
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Dé viéc khao sat duoc thuan loi  do trung thuc trung binh Fay duoc viét lai
hon, chung t6i dat || = |y| =k|a|, lac nay  nhu sau

— —[af* —2#%|af’
F,=N, e

af

~ e k N2m+2p 7 k m+n+2p
Y Lol D™ 23— LD 2m 3
e nm:p: m:p:
n.m.p.l=0 ! 'p' n'm'p'
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(m=Dal(p—-D!  ml(n-Dl(p—1)! (n—=1)!m!(/-1)! n!(m—DI(—-1)!

trong d6 hé s6 N, dugc xac dinh la thuc cang 6n dinh va tién gan dén 1y tuong
trong truong hop k nho va |a| 1on.
=[a®@+k®) + (9Kk* +9+ 2k + 2k*)a*

+(19+19k%)a® +12 - (2k’a’® +18k°a’

1.0

0.9
+2ka' +2Ka +12)xexp(-|a ~ka )] ™. 08—
Tirkétqua (21), chung toi tiénhanh &5,
V& do thi su phu thudc cua Fav vao bién do
két hop |of nhu hinh 3 dé danh gia ve qua 0.6}..-
trinh vién tai luong to véi nQUOn rbi 1a 0_50 sy _5;

trang thai thém ba va bt mét photon 1én

i K , lal

hal mode ket hp lé. o Hinh 3: D4 thi ciia dé thuc trung
Tir cac @6 thi ¢ hinh 3, ta thay rang binh Fay phu thugc vao bién do két

qua trinh vién tai 1a thanh cong. Gia tri cua hop |a| trong trrong hop k=0.01,

do trung thuc trung binh Fay luén 16n hon k=0.1va k=0.2

0.5 véi didu kien 0<k <0.5. Py trung
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4. Két luan trén 90% theo tiéu chuan Concurrence khi
chung ta chon céc tham sb phu hop.

Qua trinh vién tai trang thai nay
cling phu thudc vao tham sb chung ta dua
vao, néu chon tham sé phu hop thi qua
trinh vién tai sé thanh cong. Qua khao sat
chung toi nhan thiy qua trinh vién tai
lwong tir tit thanh cong véi do thuc trung
binh cao va tién gan dén gia tri 1i tuong
khi chon gia tri tham sé k bé va |a| 16n.
Nhu vay trang thai thém ba bdt mét
photon 1én hai mode két hop 1& c6 thé
dugc dung lam nguon réi trong qua trinh
vién tai luong ti.

Sau khi dua ra trang thai thém ba
bot mot photon 1én hai mode két hop 18,
chung t6i d3 tién hanh Kiém tra tinh chat
dan r6i, dinh lwong mirc d6 dan rdi va sir
dung trang thai nay vao qua trinh vién tai
lugng tir tir d6 chiing t61 da thu dugc mot
s6 két qua quan trong nhu sau.

Trang thai nay bi réi theo tiéu chudn
dan rdi bac cao cua Hillery — Zubairy
trong mot s6 mién kha hep cuia bién do két
hop tai cac vi tri ma bién do két hop kha
bé. Do roi cua trang thai nay co thé dat
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INVESTIGATING ENTANGLEMENT AND QUANTUM TELEPORTATION
WITH THREE-PHOTON ADDED AND SINGLE-PHOTON SUBTRACTED
TWO-MODE ODD COHERENT STATES
ABSTRACT

In this paper, we propose the three-photon added and single-photon subtracted
two-mode odd coherent states. And then, we investigate the entanglement and
quantitate the entanglement degree of the states according to the high-order
entanglement condition of Hillery-Zubairy and the concurrence criterion. Next, we use
the states as an entanglement source in quantum teleportation process and evaluate
the average fidelity of this process. The results show that the states are entangled and
the entanglement degree can reach over 90%. Moreover, the average fidelity of the
quantum teleportation process is approximately ideal when the selected parameters
are appropriate.

Keywords: High-order entanglement conditions of Hillery-Zubairy,
Concurrence criterion, quantum teleportation, average fidelity, quantitate
entanglement degree
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