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We propose an experimentally feasible scheme to generate various types of entangled states of
light fields by using beam splitters and single-photon detectors. Two light fields are incident on
two beam splitters and are split into strong and weak output modes respectively. A conditional
joint measurement on both weak output modes may result in an entanglement between the two
strong output modes. The conditions for the maximal entanglement are discussed based on the

concurrence.
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Quantum entanglement has been identified as a basic
resource in achieving tasks of quantum communication
and quantum computation [1]. Photons are considered
to be the best quantum information carriers over long
distances, and those in entangled states have been used to
experimentally demonstrate quantum teleportation [2],
quantum dense coding [3], quantum cryptography [4].

In comparison with other candidates for engineering
quantum entanglement, light fields possess more abun-
dant capacity to create various types of entangled states
including the discrete, the continuous variable, and the
combination of the both. Recently, it was found that
a single beam splitter can act as an entangler for light
fields if the input modes are in appropriate nonclassi-
cal states [5, 6]. However, the types of the resultant
entangled states from the existent schemes are very lim-
ited. Very recently several schemes have been proposed
to entangle distant atoms [7] and atomic ensembles [8] by
means of photon interference. In this paper we extend
such an idea to the generation of the entangled states of
light fields.
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The setup consists of three lossless beam splitters, BSq,
BS; and BSj3, and two single-photon detectors D; and
D5, as shown in Fig. 1. We assume that BS; and BSs
are of the same amplitude reflection and transmission
coefficients R and T with a relation |R|? + |T|?> = 1. In
our scheme BS; (j = 1,2) has one non-zero input field
in one input port, the other input port is always left
in the vacuum state. The non-zero input field is split
into two output fields. If R and T of the beam splitter

BS; are largely different, one of the outputs will be very
strong, and the other is very weak. In fact, we can de-
sign BS; and BS; in such a way that the weak output
field possesses maximally one photon, that is, the weak
output mode is in the vacuum state |0) or in the one pho-
ton number state |1). Correspondingly the strong output
mode will be in a state that keeps the photon number of
the input field unchanged or in a state that annihilates
one photon from the input field since the lossless beam
splitter conserves the photon number of the input fields.
In this way we have prepared a specific entangled state
of the weak and the strong output fields. Subsequently
we let the two weak output fields from BS; and BSs be
combined at BS3, a 50%:50% beam splitter, and then de-
tected by single-photon detectors D; and Ds. If only one
photon is registered by D; or Dy, we successfully gener-
ate an entangled state of the two strong output fields of
BS; and BS,. Otherwise, we fail to generate the desired
entangled state and should repeat the process again until
one photon is registered.

In order to illustrate our method explicitly, let us de-
note by a;, b; the input mode amplitudes shown in Fig.

1 and by ¢;, cij the output mode amplitudes, where the
subscript j stands for BS;(j = 1,2). Suppose the initial
quantum state of the input fields for BS; is a product
state, [0,¢ ;)in = [0)a; ® [1;)p,, in which the mode a; is
supposed to be always in the vacuum state |0),, and the

mode IA)j in a superposition of the photon number states
which can be expressed as
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In the case of the ¢; mode has maximally one photon,
the output fields are then of the following form [9],

Wj)out = [0)e; @ |uj)a, +exp (i¢) Rl1)e; @ [vj)a,, (2)

where |u;) and |v;) take the form



ug) = > fIT"m), (3a)
n=0
o) = d; Y FIL T+ 1), (3b)
n=0

Now we show how to generate the entangled states
of two strong output modes dy and ds by manipulating
the two weak modes ¢; and é;. As shown in Fig. 1, we
suppose the two input fields are, respectively, incident on
BS; and BS; simultaneously. Afterwards the two weak
output modes ¢; and ¢y are combined at BSz with the
output mode amplitudes A; = [iél + e”ég} /\/5, Ay =
[61 + ie”ég] /+/2. Here ~y denotes the phase shift induced
by a wave plate (WP). The detection of a single photon
by D1 or Dy is accompanied by the wave function collapse
|\I}1>out & |\D2>out - A1,2(|\Il1>out & |\P2>out)' NegleCting
the high-order terms o(R?), we find the final state of the
two strong modes, conditional on a click of either Dy or

Do, takes the following form,

|®)1,2 = |v1)|uz) Fiexp (iv) [u1)|v2). (4)

The probability for successfully generating the above
state is proportional to R?. The phase factor in state
(4) can be controlled through the WP.

For the following analysis, we transform the state (4)
to a normalized basis,

[®)1,2 = v1pa|V1)|Uz) Fiexp (i) pyv2|Un)|[Va),  (5)

where |U;) = |uj)/p;, |V;) = |vj)/v; are normal-
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The concurrence has been proved to be a convenient

entanglement measure for such states and has been eval-
uated by Wang [10],
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The concurrence ranges from 0 to 1 with the value 1
corresponding to a maximally entangled state (MES). In

a special case where the input field of BS; is the same as
that of BSs, i.e., f\" = £{%, we have lur) = |ug) = |u),
[v1) = |va) = |v), g = pe, V1 = va, and therefore |U;) =
|Usz) = |U), |Vi) = |V2) = |V), the concurrence is thus

simplified as
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From Eq. (7) one can readily deduce the following con-
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clussion: (i) If |U) and |V} are orthogonal, i.e., (V|U) =
(vlu) = 0, we always have Cy o = 1, and the resultant
entangled state (4) is an MES. (ii) If, however, |U) and
|V') are nonorthogonal, the condition that state (4) is an
MES is v = 37/2 when the photon is detected by Dy or
~ = 7/2 when the photon is detected by Ds.

Using our scheme, the various types of entanglements
of light fields, such as the discrete, the continuous vari-
able light fields and the combination of the both, can
be generated. The scheme is experimentally feasible be-
cause the basic elements in our scheme are accessible to
experimental investigation with current technology.
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