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Abstract

The novel quantum teleportation and dense coding systems based on applying the amplitude-squeezed state light produce
from the injection-locked laser diodes and a simple direct measurement scheme for the Bell state are pr@tsetIsevier
Science B.V. All rights reserved.

In developing theoretical and experimental stud- sulting from two-mode squeezed vacuum state have
ies of quantum information the quantum teleporta- been successfully employed in demonstrating uncon-
tion which is the disembodied transport of an un- ditional quantum teleportation [3]. Another scheme
known quantum state from a sender to a remote re- proposed in Ref. [4] is a similar arrangement but in
ceiver [1] and the dense coding, in that the single bit which two bright squeezed sources were used to pro-
sent from a sender to a receiver can successfully carryduce the EPR beams and one LO was needed at Al-
two bit of classical information [2], have attracted ice for the Bell-state measurement. Later, the schemes
extensive interests. The nonlocal quantum entangle- realizing highly efficient dense coding for continu-
ment plays a determinant role in the quantum infor- ous variables are theoretically proposed, in that the
mation processing. Towards possible applications in two-mode squeezed-state entanglement are utilized to
guantum communication, both theoretical and exper- achieve unconditional signal transmission [5—7]. The
imental investigations increasingly focus on quantum bright EPR beams have been experimentally produced
states of continuous variable in an infinite-dimensional with a nondegenerate optical parametric amplifier [8]
Hilbert space, since the EPR entangled state can beand the dense coding for continuous variables based
efficiently generated using squeezed light and beam on bright EPR beam has been demonstrated [9]. In this
splitters, for instance, the entangled EPR pairs re- Letter we propose a teleportation and a dense coding

system in which the EPR beams are generated by mix-
ing two amplitude-squeezed lights from the injection-

"G . locked laser diode (LD). In the practical injection-
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(8Y?) =1, 8X andsY are the quantum fluctuation of ~ strange nature of entanglement was first pointed out
the quadrature components), and there is large excesdy Einstein, Podolsky and Rosen (EPR) [12] for the
noise in the unsqueezed quadrature phase componentontinuous variable of position and momentum. The
(((SYuznsqueg > 1/(8X§queg) [10]. Our analyses prove EPR effect for continuous variable was realized by Ou
that the influence of the excess noise of the unsqueezedet al. [13] experimentally with a nondegenerate opti-
guadrature on the teleportation and dense coding is notcal parametric oscillator. The observed quantum cor-
significant. The measurement of the Bell state is ac- relations were shown to demonstrate the EPR paradox.
complished by means of direct detection for photocur- The paradox applying two (honcommuting) measure-
rent and two rf power splitter. As a local oscillator and ments on a system allows one to deduce the values
balanced homodyne detector are not needed, the pro-of two other (noncommuting) observables at another
posed system is easy to realize experimentally. remote system, in such a way that the product of the
In recent years, the injection-locked LD systems two inferred variances apparently violate Heisenberg
have attracted widely attention in scientific and technic inequality. This violation is apparent only, because the
fields due to its ability of providing a convenient inferred variances are actually conditional variances,
tunable nonclassical light source [10,11]. We propose
a experimental setup to generate bright EPR beams(8X2)(8Y() = Vx.1x, Vr.vs < L. (2)
using injection-locked LD systems shown in Fig. 1. ) )
A Ti:Sapphire laser is used as the master laser to inject WhereVx.ix, = Vx, (1= C x,) andCy y, =[{Xc x
into the slave laser diodes LD1 and LD2 placed in Xa) — (Xc)(Xa)1?/Vx.Vx,, and Vy,y, and C%,Yd
cryostat to produce two coherent amplitude-squeezedhave similar expressions witlvx,x, and C)Z(CXd.
beams and then mixed on a 50% be_amsplltter (BS1) Vx.|x, is just Vf* (8(Xe + g1 X)) and Vv, is
to form a pair of EPR beams. The injection-locked &= _ 5y, 1 ¢_v,)2) with ¢, andg_ optimized.
technique of LD to generate amplitude-squeezed light \ne consider the two amplitude-squeezed lights from
is quite mature [;(_),11] and the system W|th0.ut optical | p have same noise at both quadratuvgs = Vy, =
parametric amplifier and a lot of phase-locking loops VsqueeaNdVy, = Vy, = Vunsquee From Egs. (1) we can

is favorable to practical application. The generated readily write out the conditional variances and gain
bright coherent amplitude-squeezed beams have coefficients:

the nonzero average intensitiés) and (b), and the
amplitude and phase quadratures of the output beams
andd are given [7]:

2Vsqued/unsquee
Vxaxa=Vrvagvy=———"7-—,
Vsqueet Vunsquee
Xo(2) = S[(a)X, (2 Yy (2) + (b)Y, (2 g =
e( )—E[(a) a(§2) —{a)Yp(£2) + (b)Y, ($2) + Vequeet Vansques

+ (b)Xp(2)],

opt Vunsquee— Vsquee

®3)

From Egs. (3) it is obvious that Heisenberg inequal-
ity (2) is violated when (quueé/unsqueé2 < (Vsqueet
Vunsquegz and optimized gain coefficients depend
on the noises of two quadrature components. If the
squeezed lights are the minimum-uncertainty state,
the Heisenberg inequality is violated just with a few
squeezing, but if not, supposing that the unsqueezed
quadrature has infinite large noise, the Heisenberg in-
equality is violated only when the squeezing is more
than 3 dB and in this cag€Ptis unity gain.

The diagram for teleportation of continuous vari-
able using direct detection of Bell state and the bright

Xq(£2) = %[mm(m +(a)Yp(22) — (b)Ya(R2)
+ (b) X5 (£2)],
Y. (82)= %[(a)Yu(Q) —(a)Xp($2) 4+ (D) Xa(£2)
+ (b)Y, ()],
Yi(2) = %[(a)Ya(m + (a) Xp(2) — (b) Xa(£2)

+(0)Yp(2)]; 1)

hereX; andY; (j =a, b, ¢, d) express the quadrature
amplitude and phase components of the optical field

a,b,candd, i = (c) = (d) =/ ((a)2+ (b)2)/2. The

EPR beams is shown in Fig. 1. A part of Ti:Sapphire
output is used as the input signal field which is in a
coherent state and the other parts of it are injected
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Fig. 1. Schematic of injection-locked LD systems for teleportation.

into LD1 and LD2 to produce two coherent amplitude- tors in the receiver (Bob), respectively. The amplitude
squeezed state lights b. a is phase-shifted /2 then and phase modulators transform the photocurrentsinto
is mixed withb on a 50% beamsplitter (BS1) to gener- the other halid of the EPR beams. The output beam
ate the EPR beams. A half of the EPR beams is sent tofrom modulators is found to be

the sender (Alice) where it mixed with the input signal

beam of same intensity and’2 phase shift on the sec-  4out=4 + &+i+ +ig—i—. 6)

ond 50% beamsplitter (BS2). The bright output beams, whereg andg_ describe Bob’s (suitably normalized)

e and f, are directly detected b1 and D,. Thee amplitude and phase gain for the transformation from
and f are given by photocurrentto output beam. The amplitude and phase

variances of output beam are given by

V2 . V2 .
e= 7(Clin +ic), f= 7(ain —ic). (4) ) 2 VXsquee 2 V¥unsquee
Viou=8"Vxin + @+ D"——+ (g - D"——.
Each of the detected photocurrents is divided into two v v
parts by the RF power splitters. The sum and differ- v, — ¢2vy + (g + 1) Xsavee | (g _ 1)2’/57‘4“96’

ence of the divided photocurrents are expressed by

7
ip= i(xin + X, i = i(Yin -Y). (5 whereg, = g_ = +/2g. We can calculate the fidelity
V2 V2 F = |(a$a0ut)|2 characterizing the “quality” of tele-

Thus a Bell-state measurement of two beams is a- portation with Egs. (7) according to the definition in
chieved with this simple direct detection. Then the Ref.[3]. Inthe given teleportation scheme the gain co-
photocurrents are sent to amplitude and phase modula-efficientsg should be better taken as unity to ensure a
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Fig. 2. Schematic of injection-locked LD systems for dense coding.
good fidelity, thus we get [3] We propose also a scheme of dense coding, in
2 which the simultaneous measurement of phase and

amplitude signals with the sensitivity beyond the SQL,
by means of bright amplitude-squeezed light from
(8) injection-locked LD and direct measurement of Bell

From Eg. (8) it is obvious that fidelity only depend State. A_s shown in Fig. 2, the classical amplitude and
on the squeezing of the amplitude quadrature and phase signals are modulated on a hglf of the entangled
the noise of the phase quadrature is not significant. Pair of EPR beams, that leads to a displacement of

If the EPR beams are the coherent state, the vari- d—cta @)
ancesVx oy, = Vi, = 3, the fidelity F[18%= 0.5 is the - s

boundary between quantum and classical teleportationwhereaq; is the sent signal via the quantum channel.
for coherent-state inputs. To meet the requirement of From Egs. (1) we know that there are very large noise
the quantum teleportatiafl > 0.5 Alice and Bob must  (8(X.)?) — o0, (8(Y.)?) — oo in both amplitude and
share a nonlocal quantum source EPR pair. For satis-phase quadratures of each of EPR beams, therefore the
fying the more stringent criteria of > 2/3 proposed  signal-noise ratios trend to zero:

by Grangier et al. [14], where the inferred variables
are required to violate the Heisenberg inequality (2) SNRy = -0, Yy = -0
and at the same time with = 1, the squeezing must (8(Xc)?) (8(Ye)?)

be required to be more than 3 dB. (10)

Fo—1

B \/(1+ VXin + Vquuee)(1+ VYin + Vquuee) .

(8(X5)?) SNR (8(Y5)?)
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on the 50% beamsplitter (BS2). The two bright output
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