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Quantum entanglement and squeezing of the quadrature difference of bright light fields
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In this paper we present a scheme in which the amplitude-quadrature difference and phase-quadrature
difference of two bright nonclassical beams serve as a pair of observed complementary variables that can be
measured directly and can form a new squeezed state. Mixing such two quadrature-difference squeezed-state
beams on a beam splitter produces characteristic of the Einstein-Podolsky-Rosen quantum entanglement. The
experimental schemes producing such nonclassical beams and its possible applications in quantum information
are discussed.
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[. INTRODUCTION operators have been studied and reviewed, e.g., in[Re.
Two-mode and multimode first-order squeezjtg,15 have
In developing quantum information science, nonlocalbeen .introduced for th_e quadrature operator, which is defined
quantum entanglement plays a determining fde?]. Re-  @s alinear superposition of the bosonic operators. Two-mode
cently, both theoretical and experimental investigations hav@"d multimode higher-order squeezing have been defined
focused on quantum states of continuous variables in afnd investigated16,17. The higher order means that their

infinite-dimensional Hilbert space, because the Einstein. duadrature” operators are defined in terms of a product of

Podolsky-RosefEPR entangled state of light can be effi- the mode’s operators. The quantum Stokes parameters pro-

ciently generated using squeezed light and beam splitter\él'de operator representations of the polarization, which also

. . ~apply to nonclassical light. Recently, the application of the
For example, the continuously entangled EPR pairs resultmauanwm Stokes parameters to bright squeezed light was pro-
from two-mode squeezed vacuum states have been succe

i , < Posed[18] and demonstrated experimentally by a pair of
fully employed in demonstrating unconditional quantumgpatially separated optical parametric amplifigts]. The
teleportatior{3]. Two bright amplitude-squeezed sources aregpecific families of the two-mode and multimode quantum
also proposed to be used for quantum teleportation in a relastates connect to the polarization state. In fact, the quantum
tively simpler protoco[4]. The schemes realizing highly ef- Stokes operators are identical to the operators defined in two-
ficient dense coding for continuous variables have been pranode difference squeezinpl6] which is the two-mode
posed, in that the two-mode squeezed-state entanglemesécond-order squeezing.

may be utilized to achieve unconditional signal transmission In this paper we extend the general theory of the two-
[5-7]. The bright EPR beams have been experimentally promode first-order squeezing and utilize this type of nonclassi-
duced by means of a nondegenerate optical parametric amal light in which the amplitude-quadrature difference and
plifier (NOPA) [8] and the Kerr nonlinearity of an optical phase-quadrature difference of two modes are a pair of ob-
fiber[9]. The dense coding for continuous variables based oferved complementary and noncommutation variables for
the bright EPR beams has been experimentally demonstrateghiantum information. When the variance Bf, —X;, or

[10], in which the bright EPR beams with anticorrelation of ?51_?52 of two modes falls below the quantum noise level

amplitude quadrature and correlation of phase quadrature
P 9 b d of that of two equally coherent beams, we say, the two

are ge.nerated from a NOPA operating in thg state of dea_m— odes present the squeezed characteristic of quadrature dif-
plification and the Bell-state measurement is achieved W'tl{‘grences and we call them the squeezed-state light of
S|mplte dwep}'E detet(_:t|0|ﬁ7]. In many proposed p{ptocols flprh amplitude-quadrature or phase-quadrature difference. In the
quantum information processing using continuous light,qing “we will theoretically demonstrate that quadrature

fields, a local oscillato(LO) has to be utilized for measuring difference squeezed-state lights can be obtained by two
the phase quadrature with homodyne detection schem ight squeezed lights, and combining two coherent

[3.11,12. In this case, the problem of spatial and ter.nporalquadrature-difference squeezed-state lights on a beam splitter

Tan provide the EPR entanglement. The dependence of the
squeezing and the quantum entanglement of the combined
ﬁ{ﬁht fields on the nonclassical properties of the constituting
beams are analytically discussed. Finally, the applications of
the quadrature-difference squeezed-state lights in quantum
teleportation and quantum dense coding are proposed.

and limits the detection efficiency. Especially, for bright
squeezed-state light, such as from laser diodes, it is not ea:
to find an appropriate LO beam. Thus, sometimes, the appl
cation of bright EPR beams in quantum information is lim-
ited by the detection of phase quadrature.

Different kinds of squeezed states for arbitrary Hermitian

II. OBSERVED VARIABLES OF TWO OPTICAL MODES

*FAX: +86-351-7011500, Email address: The two optical modea, anda, have the boson commu-
kcpeng@mail.sxu.edu.cn tation relations
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SO . 1 . .
(X3, +X3,),  Yp,=—=(Ya,+Ya).

Tz e 2

According to the commutation principle, the corresponding
uncertainty relations for the quadratures are

[a,ac]=[a) ,a.,1=0, [a.a,]=dw, kk'=12.
(N
The quadrature phase amplitudes of the two optical modes
are given by
Koacta, Vi = —ia-ay). 2

(%5 (%5 )=1, (10)

The quadrature phase amplitudes obey the commutation re-

lation
[X3. X5, 1=[Ya, Y5, 120, [X3,.Y3,1=2i 80,
kk'=1,2. ()

The unitary transformation performed on the modgsand
a, is given by

b,=Aa,;+Ba,, (4)
b,=Ca,+Day,,
whereA,B,C,D satisfy the following conditions:
|A|=[D[and|B|=I[C], (5)
|A|2+|D|?=1,
A*C+B*D=0.

It is obvious from Eqs(4) and(5) that the operatorb,, b,
satisfy the commutation relations just like modgsanda,,

[Bk,Bk/]:[BI,BL]:O, [Bk,B;]:akk/ k,k,:1,2.

(6)

2 2
(85 (892 )=1.

If the quadratures satisfy the conditio¢1§(§1>(5§(§2><1 or

(55(52)<5?§l><1, we call them two-mode squeezed states.

IIl. DIRECT DETECTION OF QUADRATURE
DIFFERENCES

For simplification and without losing generality, we con-
sider the two bright modea, anda, having equal average
intensities(a,) =(a,)+0. A bright light field can be decom-
posed to a carrieai(0) oscillating at the center frequenay,
with an average amplitudea{) which equals the amplitude
of its steady-state field, and surrounded by “noise side-
bands"a(() oscillating at a frequency aby* Q with zero
average amplitude

(a(Q=0))=as, (a(Q+0))=0. (12)
The noise spectral component at frequefiLys the hetero-

dyne mixing of the carrier and the noise sidebands. The am-
plitude and phase quadratures are expressed by

X (Q)=a(Q)+a"(-Q),

The amplitude and phase quadratures of the operators

b,, b, also obey the commutation relation
[Xp,. X6, 1=[ Y6, Y6,1=0, [Xp,.¥p,,1=2i S,
k.k'=1,2. (7)

In the unitary transformatiod=—-B=C=D=1/\/2, Egs.
(4) become

A 1. -
Ya(Q)=~[a(Q)-a" (- )], (12

with
[X.(Q),Y(Q)]=2i5(Q+Q"). (13

Figure 1 shows a schematic representation of direct detection
of quadrature differences of two bright modesanda, with

~ 1 . . o ~ ~
by=—(a;—a,), (8)  orthogonal polarizations. The modes and a, are coher-
V2 ently combined on a polarizing beam splittéBS1) with a
certainly relative phased controlled by a phase shifter and
- 1 . 3 then the mixed outcome is split again into two moeesnd
2= \/E(al 2) f by PBS2. The modes andf are
The amplitude and phase quadratures of the operators ~ - 6 . .6
Ao e=a, cos: +ia,sin:,
bi, b, equal 2 2
A 1 . A ~ 1 . R 0 . 0
Xp, = E(Xél_xéz)' Yp, = E(Yél Ya), (9 f=a, cosz +iay sin;. (14)

042319-2



QUANTUM ENTANGLEMENT AND SQUEEZING OF THE . .. PHYSICAL REVIEW A 66, 042319 (2002

direct detection, we consider only amplitude- and phase-
quadrature differenc&; 3, and Y 3, of two modesa,

a PESI e and a, and neglect amplitude- and phase-quadrature sum
H—» +——> P "f} —YAA 51.+52 and Ya, +a, of two. modesa, anda, as redundanF

N 4 @ variables. Thus the amplitude- and phase-quadrature differ-
a, A PBs2 - f ence of two modes; anda, will exhibit a squeezed state

_,_/<§ just like the amplitude and phase of a single mode. When the
0 normalized variances of the quadrature differences satisfy
the inequalities

2 1. . 2
<5Xal_a2>—<5 E[xalm)—xaz(m]) >
i 6=0 <1<(s¥: ;)
&2 X& _X&, 1 . R 2
' b ={ o E[Y;\gm—vaz(m])
(b)
0=m/2 or

1

-1, 8 =192, ()~ Y2 (0 )2
e @)Y e)

2
1 . ~
/2 phase shift <1<< o ﬁ[xél(ﬂ)_xéz(ﬂ)]) >.
(c) we say, they constitute an amplitude-quadrature difference or

. . . a phase-quadrature difference squeezed-state light field. For
FIG. 1. The direct detection of amplitude- and phase-quadratul’generating the quadrature_diﬁerence Squeezed_state ||ghtS’

difference. modesa, anda, may be two bright amplitude-quadrature or

_ - - ) phase-quadrature squeezed lights, and also quantum corre-
The bright output beams andf are directly detected bP,  |ated EPR beams such as the signal and idler modes pro-

andD,, then the detected photocurrents are sent to subtractgg,ceq by a NOPA, which will be discussed in detail later. In

as shown in Fig. (a). _ the quadrature-difference squeezed-state lights the anti-
(1) When 6=0, the normalized output spectra of photo- squeezed complementary components with large noise are,
current difference are given by respectively, the phase-quadrature difference for the

amplitude-quadrature  difference  squeezing and the
amplitude-quadrature difference for the phase-quadrature
difference squeezing.

1 . -
S, ()- X)) (15

5

This measurement is equivalent to the result of the measure}V. GENERATION OF EPR ENTANGLED BEAMS USING
ment setup Fig. (b). The amplitude-quadrature difference QUADRATURE-DIFFERENCE SQUEEZED-STATE
measurement of two modes anda, can be achieved by LIGHTS
direct detection. _ Combining two quadrature-difference squeezed-state
(2) When 6= /2, the normalized output spectra of pho- jights with classical coherence on two beam splitté8s1
tocurrent difference are given y] and BS2 we can obtain EPR entangled beams. The sche-
matic representation is shown in Fig. 2. The amplitude- and

%)=

- 1 . o hase-quadrature differences of output beams from beam
Sal2 _ v RVA p q p
Q)= \/E[Yal(ﬂ) Yaz(ﬂ)]' (16) splitters BS1 and BS2 are given by
. . . “ 1. N ~ ~
This measurement is equivalent to the result of the measure- Xz, —c,= E(Xél—éz_YérézJ’ Va-a, 7 Xa,-3,), (17

ment setup Fig. (t) [7]. The phase-quadrature difference
measurement of two modes anda, can be achieved by
direct detection without the help of LO beam. Since the Vo o= 2(Va oo a+% = 4¥: 2)
phase-quadrature sum of two modes cannot be measured by ~ ©17% 2% #17% T&17%  Tazmay . Tazmagh
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6 plification process. The output signal and idler fields polar-

2 ized along the vertical and horizontal direction are denoted
A A with by andb_, . The input-output Heisenberg evolutions of
the field modes in NOPA are given §hg1]

601 = 'u’aol + Vag<—> ’ 60<—> = lu'é0<—> + Vaa—I y (18)

o~ A b+I:/-La+I+Vai<—>! b+H=Ma+H+VaiI,

> > E)_Izué_1+véiH, B_HI,LL&_H-I-VZAitI,

wherea, a* andb, b" denote the annihilation and cre-
. ation operators of the input and the output modes The sub-
~ - /2 phase shift scripts 0 andt stand for the central mode at frequensy
/ BS2 and the sidebands at freque_ncy)tﬂ, respectively. The
parametersu = coshr and v=e'% sinhr are the function of
the squeezmg factdr(rochzlapl L is the nonlinear crys-
& tal length, x? is the effective second-order susceptibility of
4 > the nonlinear crystal in NOPA, ara, is the amplitude of the
pump field and the phas#, of the pump field. In the fol-
lowing calculation the phasg, is set to zero as the reference
of relative phase of all other light fields. For a bright optical

FIG. 2. EPR entanglement produced by two amplitugéase field, the quadratures of the output orthogonal polarization

quadrature difference squeezed states. modes at a certain rotated phagare expressed by
* K —i6 At alf
~ X; (0): bOIb+Ie +bOIb7ie :B e*i(ﬁﬂ‘tp)
Xey-e,= (><a1 a, Va8, Yo, Xay-a,), by Doy *1
+b* el o), (19
Ve, &%= 3 (Ya1 a,tXa, 8, Xay 5,1 Ve, a,)

Xp (0)=b, e 0l pt _ell0re)
When input beams are amplitude difference squeezed state

Wh '®+ e~ ® tanhr) is th
<6X ><1 and(éXA )<1 the output beam pairs, ereg =arg(ho;) =arg(bo..) =arg(e+e T tanhr) is the

phase of the modebOI boH relative to ¢, and @ is the

C, andc3, ¢, have antlcorrelated amplitude-quadrature dif- phase of the modea;o a,.. relative tod,. Taking 6=0
ference[(&(xCl C2+XC e )2) is below the corresponding andé= /2 in Eq. (19) the amplitude and phase quadratures

standard quantum I|m|t(SQL)] and correlated phase- Of the output fields are obtained,

quadrature differencg(s(VY; . Yg3 p )2><SQL] Con-

versely, when input beams are phase quadrature difference
o2

squeezed statesﬁYé ><1 and(&Y y<1, the output

beam pairs have correlatlon of the amphtude quadrature dif-

ference[(&(xC o= Xe C)2><SQL] and anticorrelated - ~ [ e
2 3 Y,;)sz,;)I 3 =—i(b,;e”'*=bl,e'¥),

5(51=5(,31(0)=B+Ie‘i‘P+Ber“P, (20)

afa

Xp_ =Xp_(0)=b, e '¥+b" e,

phase-quadrature dlf'feren{:(aﬁ(YC ,52+ Y53 C4 )2)<SQL].

For experiments, the beam pauesl( a2 andag, a4) of -
quadrature-difference squeezed-state lights can be produced, Yy =X; <—) =—i(b, e *—b"_e'%).
for example, from two NOPAs with identical configuration - -\2

pumped by a same laser souf@®,8,10. Two coherent in-
put signalsa; anda.., with the same frequency, and or-
thogonal polarization are injected into a NOPA. For simpli-
fication, the polarizations of the injected signal and idler field
are orientated along the vertical and horizontal directions
and their intensities and original phases before NOPA a

When the injected subharmonic signal and harmonic pump
field are in phase® = ¢=0), the maximum parametric am-
plification is achieved6]. The difference of the amplitude
quadratures and the difference of the phase quadratures be-
tween two orthogonal polarization modes are

considered to be identical. The amplifier is pumped with the Ko =% —e TX: —eTX: 21
second-harmonic wave @f,=2w, and amplitude of pump by 7P 8 8 @D
field a,>a;, a. ; in this case the pump field can be con- S o o o

sidered as a classical field without depletion during the am- Ybl_YbH_e Ya1+e Ya_
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ye mixed on a 50% beam splittdBS1) to generate the EPR
beams. A half of the EPR bearbs, b, is sent to the sender
(Alice) where it is mixed with the input signal beams
al", al' which have same intensity &s, b, and#/2 phase
shift on the second 50% beam splittBS2). The bright
output beamsél, é2 andfl, fz, from BS2 are given by

: . €1,€2
a ™ o

- 2 . N
"'\\ 4l elzg(a'ln-i- ibl), (23)

/2 phase shift =
b1,bz

- 2 . _
62:7(a|2n+ib2),

-+ “ - 'I flz\/T—(alln_lbl)v
Y Py
NOPA1|| NOPA2 \/E .

%2:7(ai2n_i62)-
EPR beams
The amplitude-quadrature differences of bright output
beams,e,, e, andf,, f, are directly detected using the
method shown in Fig. 1. Each of the output photocurrents
FIG. 3. A schematic representation of quantum teleportation usfrom subtracter is divided into two parts by a rf power split-
ing quadrature-difference squeezing. ter. The sum and difference of the divided photocurrents are

L expressed by
When the input modeai, a._, of NOPA are the coherent

2N SX2 N (SN sY2 V= T o
state, <5>_(a1> <5Xaﬁ> (oY3) <§Y3H> 1, we can =L e )+ (6.~ K1 o8
readily write the variances of amplitude and phase quadra- 2 1 2 1 2
ture difference,
O N N
<55(5176 >:e*2r, <5?5176 >:e2r. I7:E[(Yalil.n_YaIZn)_(Ybl_sz)]'

Whenr >0, the output orthogonal polarization modes are anThus the joint measurement between a half of the EPR
amplitude-difference squeezed state. When the injected subeams and input signal beams is achieved with this simple
harmonic signal and harmonic pump field are out of phasedirect detection. Then the photocurrentsandi_ are sent
i.e., ®=¢=m/2, NOPA operates at parametric deamplifica-to amplitude and phase modulator in the recei®ub), re-
tion [10,22. Therefore the amplitude-quadrature and thespectively. The amplitude and phase modulators transform

phase-quadrature differences are the photocurrents into beanfis. The output beanb; from
o oL o o modulators is expressed by
Xbl_ Xp_=¢ Yal+ eV, (22
N - - - by=bsz+g.i.+g-1_, (25
YBI—Y5H=e*ng,I—e*ng,H.
whereg, andg_ describe Bob'qsuitably normalizedam-
Obviously, the squeezed state of phase-quadrature differenpéitude and phase gains for the transformation from photo-
is obtained for >0. current to output beam. The output amplitude- and phase-
quadrature difference are given by

V. APPLICATION OF QUADRATURE-DIFFERENCE A . . .
SQUEEZED-STATE BEAMS IN QUANTUM INFORMATION Xp; b, = Xain—ain+ (Xp, b, X¢,-¢,), (26)

03*(?4

An important example in quantum communication is ~ ~ . .
guantum teleportation, which is the disembodied transport of Yby-b,= Yan-an+ (Yo, b, Yes—,)
an unknown quantum state from one place to another. The
diagram for teleportation of continuous variable using th N — ; o &
EPR correlation of amplitude- and phase-quadrature diffeEr)\-NhAere 9+=g-=12. UTder |deAaI Condltlonsw(xbl_b?
ence is shown in Fig. 3. We assume that the two NOPAs aré X3, —¢,)%)—0 and (8(Yg 5~ Y¢,3,)°)—0, we obtain
operated at deamplification. The outputs of two NOPAs ardrom Eq. (26),

042319-5



ZHANG, XIE, AND PENG PHYSICAL REVIEW A66, 042319 (2002

(6X3) (6X3)
X = = = = —
° (X5, (6Xp, b))

0, (29)

_(aYhH  (8Yd)
S oY% (V85,2

Y

B% No one other than Bob can attain any information of the

T Bob j signal from the modulated half of EPR beams in ideal con-
\.\ A4 _/./ ditions because the signal is submerged in large noises. The
7/2 phase shift ==—— signal can only be demodulated with the aid of the other half

of EPR beamsifs, b,) which is quantum correlated with
the modulated halff{;, b,). At Bob, the beamsfiiz, b,)

are combined with the modulated half(, b,) in a relative
phase ofw/2 on the 50% beam splitt§dBS2). The phase-
quadrature differences of bright output beams are directly
detected using the method shown in Fig. 1. Each of the out-
put photocurrents of subtracter is divided into two parts by
the rf power splitter. The sum and difference of the divided
photocurrents are expressed by

bs3,bs
7/2 phase shift

BS1

- + . 1 . . . . 1 1
) Py e =5 1Y, = Yb,) + (Yo, = Yp ) ]+5Xs=5Xs, (30

NOPA1|| NOPA 2

~ 1 . N - - 1 1

I =5 [(X6, = Xb,) = (Xp; = Xp, ) ]+ 5 Ys=5 Vs,
EPR beams
where  (8(Xp,5,~Xp,-5,)°)—0, (8(Yp, -5, Yb,-5,)%

—0 in ideal conditions. Thus we can extract simultaneously
the amplitude- and phase-quadrature informations modulated
on the signal beam with a sensitivity beyond the SQL using
a simple direct detection system.

FIG. 4. Schematic representation of dense coding.

Xby~b, = Xaln-aln, (27)
VI. CONCLUSION

Yo g =Yan_zin. In conclusion, we have shown that the amplitude-
3 4 2 quadrature difference and phase-quadrature difference of two
light fields may serve as a pair of observed complementary
Thus we obtain quantum teleportation of two modes differ-variables that can be directly detected. The experimental
ence. It is easy to demonstrate quantum teleportation at Vigschemes obtaining the quadrature-difference squeezed-state
tor using direct measurement. lights and the EPR entanglement are proposed. Possible ap-
A scheme to demonstrate the dense coding by means efications of this type of EPR correlated beams in quantum
the EPR correlation of amplitude- and phase-quadrature difinformation have been discussed. Usability of a simple direct
ference is shown in Fig. 4. We use two NOPAs operating atletection system for Bell state is the significant advantage of
amplification. The outputs of two NOPAs are mixed on athe proposed schemes. Since the local oscillator is not
50% beam splitte(BS1) to generate the EPR beams. A half needed, the mode-mismatching trouble encountered in ex-
of the EPR beamﬁl, 62 is sent to the sendéAlice) and  periments with homodyne detection is overcome. We provide
the classical amplitude and phase signals are modulated @ndifferent way from the quantum Stokes parameters to un-
beamf)l, which leads to a displacement af, de_rstar]d and apply quadrature-difference squeezing qf two
bright light fields. Moreover, our theory may be generalized
PO easily to multimode squeezing.
bi=b,+as, (28)
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