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The entanglement properties are investigated based on linear entropy, and nonclassicalities are examined of output

fields from a beam splitter for pure binomial state inputs. It is shown that the properties of the entanglement and the

photon statistics of output fields are not only strongly dependent on the parameters of input binomial states but also

quite involved with the nature of the beam splitter. The best entanglement can be obtained when the parameters

of both input states and the beam splitter are chosen appropriately. Finally, we analyse briefly the distinguishability

between the joint input state and the joint output state.
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1. Introduction

One of the most outstanding representations
of the properties of quantum systems is entangle-
ment which was first elucidated by EPRI and
Schrodinger.[?! Entangled quantum states as a useful
information ‘resource’ have played important roles in
much of the current development of quantum com-
putation and quantum information processing.[3_8]
While a beam splitter is one of the few key ele-
ments for the preparation of the entangled state. The
entanglement properties of a beam splitter for var-
ious input states including pure states and mixed
states have been studied extensively.®=14 From these
works, it follows that the nonclassicality of the in-
put fields is a necessary condition for entanglement
of the output field modes with the help of a beam
splitter. For instance, an input Fock state can gen-
erate entangled state at the output ports due to

its nonclassicality,1?]

and a coherent state passing
through one arm of a beam splitter is a product state
with zero entanglement!’® owing to its classicality.

However, as we know, when the inputs are ‘interme-

diate states’ between the number state and the co-
herent state, the nonclassicality of the output fields
It is

well known that a binomial state can be defined asl!¢]

from a beam splitter has not been examined.

p,N)=>_ FN(n)n), (N>0,0<p<1), (1)

where

| 1/2
F)Y(n) = [ﬁp"(l -p)V
N is the maximum number of photons of the field,
and p is the characteristic probability distribution pa-
rameter of each photon occurring, both the coherent
state and the Fock state are its limit cases. By contin-
uously varying p, we are able to interpolate between
the coherent state |a), which is formed in the limit
p =+ 0, N = oo and keeping pN = o? constant, and
the Fock state |N), formed when p = 1. Hence the
binomial states share the properties of both in this
sense. Some nonclassical properties of the binomial
state, such as squeezing, sub-Poissonian, etc., have
been widely discussed.l'®~21] Particularly, the bino-

mial states may be generated by Jaynes—Cummings
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Hamiltonian!'722] or a classical current interacting

(16.21] Tn this pa-

with two quantized radiation fields.
per we investigate the properties of entanglement and
photon statistics of the binomial state after interacting
with a lossless beam splitter to reveal the nonclassical-
ities of output fields from a beam splitter. In Section
2, we briefly review some properties of a lossless beam
splitter and give the expression of the density oper-
ator of the output fields from the beam splitter for
the binomial state inputs. In Section 3, we investigate
the entanglement properties of the output fields by
introducing linear entropy as a measure of the entan-
glement for pure binomial state inputs. We also study
the photon statistics properties of the output fields
from the beam splitter for the binomial state inputs,
including sub-Poissonian and the quadrature squeez-
ing of photons in the output fields in Section 4. In
Section 5, we give an analysis of the distinguishability
between the joint input binomial state and the joint

output state. We summarize our results in Section 6.

2.General properties of beam

splitter

Figure 1 shows the schematic diagram of a beam
Both the input and the output

The different modes are distin-

splitter operation.
are two-mode fields.

guished by the propagation direction of the field.

mode d

mode ¢

mode &

mode b

Fig.1. Geometry diagram of beam splitter.

The quantized input field modes are represented by
the annihilation operators a and I;, and two outputs
are described by the corresponding operators ¢ and J,
respectively. The action of the beam splitter may be

corresponding to the unitary transformation for input

fields,['2:14] then the unitary evolution beam splitter
operator U in the representation of the angular mo-

mentum can be written as(23—27]

U = exp [G(dﬂ;ei‘ﬁ - &Z;Jre*i‘ﬁ)} . (2)

This is the well-known two-mode mixing operator of
Schumaker(?®! for describing a process where the anni-
hilation of one photon in one of the modes leads to the
creation of a photon in the other mode, and vice versa.
Here 0 is the single angular parameter of the beam
splitter, which satisfies the equations T = t? = cos? §
and R =72 = sin? 0, where R and T are the reflection
and transition coefficients respectively. The phase dif-
ference ¢ between the reflected and transmitted fields
is given by the beam splitter. Most generally, the

property of the beam splitter operator U can be sum-

marized by the following equations:(14:23]
“l=ot{ %0, (3)
d b
ﬁout = 0ﬁin0+a (4)
U'/00) = |00), (5)

where |00) is the vacuum state for both modes, p;, and
Pout are density operators for input and output states,
respectively. From Egs.(3) and (4) we can see that the
effect of the beam splitter operator on the joint input
state is opposite to its effect on the explicit field oper-
ators. Equation (5) shows the simple case of no input
and no output.

Suppose that input states are two independent
Fock states (i.e. |¢im) = |m,n)), with the help of
Egs.(2)-(5), the joint output state is given by

n

Ulm,n) => > G(m,n,j,k)|j+k,m+n—j—k) (6)
j=0 k=0

for the beam splitter. Here the output photon number
probability amplitude G is given by

VmInl(j + k) (m+n—j—k)!

Gmn, g k) =(= )™ S i — B!

o grti—kpm=jtkg—i(m—j—k)

When two independent binomial states are simul-
taneously incident on a beam splitter, namely, the
joint input state is in |g, M;p, N), after straightfor-

ward algebra, the joint output state can be written
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as

x G(m,n,7,k)|lj+km+n—j—k) (7)

Obviously, the joint output state from the beam split-
ter is a superposition state consisting of a set of possi-
ble two-mode Fock states. The beam splitter operator
in Eq.(2) may displace the input binomial states via
Eq.(4) to generate an (M + N +1)-dimensional output
entangled state. We can consider the simple case of
Bernoulli states,'® which is a class of special binomial
states consisting of combinations of the vacuum and
the first excited state, as input states. When the joint
input state is the product state of two independent
Bernoulli states (i.e. |¢in) = |g, M = 1; p, N = 1)),
in terms of Eq.(7) the joint output state can be written

as

Ulg, 15p,1) =/(1 = q)(1 - p) |0,0)
+ (= r?)yvap [1,1)
+ rt\/2qp (ei¢|2,0> — e_i¢|0, 2))
+(t/(1 — g)p — re **1/q(1 - p) )[0,1)
+ (tv/g(1 = p) + e /(1 - q)p )|1,0).
(8)

From Eq.(8) it is seen that the joint output state is a
photon-number superposition state which is obviously
nonmaximally entangled state for two independent
Bernoulli state inputs. When both g and p are equal to
1, Eq.(8) is simplified as |[¢out) = (t* —72),/qp |1,1) +
rty/2qp (e'?]2,0) — e~i?|0,2)), which means two pho-
tons can always be detected at the output ports of
the beam splitter for two independent single-photon
inputs. Especially for the 50:50 beam splitter, this
resulting state becomes % (€?]2,0) — ¢71¢|0,2))
which is actually a nonmaximally entangled state in
the Hilbert space composed of |0) and |2),[?] while
the odd number states are removed from the output
modes because of destructive interference arising from
transmission or reflection of both beams with the same
number of photons for the 50:50 beam splitter. In ad-
dition, when the joint input state is the product of the
vacuum state and the Bernoulli state, the joint output

state is given by

Ul0;p,1) = /1= p0,0) + /p (£[0,1) + re'|1,0)).
(9)

Clearly, it is a superposition of the vacuum and the en-
tangled states. When p = 1 (only one photon input),
the output state in Eq.(9) is purified to a maximally

entangled Bell statel®’] %(|O,1) + €'®|1,0)) for the
50:50 beam splitter. 2
With the help of Egs.(4) and (7), the density op-
erator P,y of the joint output state can be written
as
M M N N 1 mz mi ma
ZEDIDIDIDID IS IS DD
m1=0 my=0n,=0ny=0 j; =0 jo=0 ky =0 k2=0
X FqM(ml)F;VI(mQ)F]fV(nl)FIfV(nQ)
x G(my,n1,J1, k1)
X G*(mg,na, j2, k2)
X g1+ k1, my + g — g1 — k)
X {mg + ng — j2 — ko, ja + ka. (10)
In the next section we investigate the entanglement
properties of the binomial states after passing through

the beam splitter by using the reduced density opera-
tor p. given by Eq.(10).

3. Entanglement properties of

output fields

In the papers concerning entanglement-measure,
two commonly used entanglement measures for pure
states are the von Neumann entropy En 312l and the
linear entropy Er.3 The former (usually called the
entropy of entanglement) is a uniquely good measure
of entanglement for a pure state (Eq.(7)). The latter
can be regarded as a kind of ‘linearized’ version of the
former. In other words, the linear entropy is a sim-
ple lower bound of the von Neumann entropy. As a
measure of entanglement of output density operator
Eq.(10), with respect to the von Neumann entropy
En, the linear entropy E7, has a definite advantage of
being a polynomial in the pure state |ous).*4 For a
bipartite state pout in a D-dimensional Hilbert space,

the linear entropy can be defined as®5—37]

D

Er([$ou)) = = [1 — Tre(p2)],

D1 (11)

with the reduced density operator p. = Trq (Pout)-
Then one has 0 < Ej, < 1, where the lower (upper)
bound is reached if and only if |¢out) is a disentangled
state (maximally entangled state).

In the following we will concentrate on two cases

of input states by using numerical calculation. In the
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first case, we suppose that one binomial state is inci-
dent on one input port of the beam splitter while no
photon is injected into the other. That is, let M = 0
in Eq.(10), together with Eq.(11), then one has the
linear entropy Fp, for the reduced density operator p.
of the beam splitter output mode ¢ as a function of pa-
rameters N, R and p, as shown in Fig.2. We find that
the entanglement of the output fields depends highly
on the reflection coefficient R, the binomial parame-
ters p and N. In Fig.2(a) one can see first a very rapid
and then an exceedingly slow fall following the max-
imum entanglement with increasing N for p = 0.1,
and it is almost zero for very large N. It is interesting
to note from Fig.2(b) that an initial higher peak can
be achieved around N = 6 for p = 0.9. Thereafter
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it tails off very slowly from the maximum entangle-
ment with increasing N but drops to zero hardly for
finite N. This shows that the output state will al-
ways be entangled for any binomial input state with
large p, even if N is very large (but not infinite). From
Fig.2(c) we find that the entanglement of output fields
increases rapidly with increasing p. This means that
we may increase p to bring about high entanglement
of the output fields. For given binomial parameters
p and N from Figs.2(a)—(c) the entanglement of the
output fields is always maximum for the 50:50 beam
splitter. In other words, when the parameters p and
N are given, in order to generate the maximum en-

tanglement the 50:50 beam splitter should be chosen.
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Fig.2. The measure of entanglement E,(p.) based on the linear entropy for the reduced density operator
of the beam splitter output field for the joint input state |0;p, N) against N and R for (a) p = 0.1 and (b)

p=0.9, and (c) vs p and R for N = 40.

In the second case, two binomial states are sup-
posed to be simultaneously incident on the beam split-
Ac-
cording to Egs.(10) and (11), we may produce the

ter. i.e. the joint input state is in |g, M;p, N).

plots of the linear entropy FE7, as a function of param-
eters of the two binomial states and the beam split-
ter, as shown in Fig.3. From Fig.3(a) it can be seen
that a large M corresponds to a high entanglement of
output fields for 50:50 beam splitter. When we keep
M = N =1 (ie. the Bernoulli state inputs), the de-
pendence of the entanglement of output fields on ¢ is
higher for small p than that for large p, and the en-
tanglement of output fields increases with increasing
qg. A matter worthy of note is that the linear entropy
at dot A is equal to the value at dot B when the joint
input state is in |¢ = 09, M = 3; p =08, N = 1)
and |¢ = 0.8, M =1; p=0.9, N = 3). This shows
that when the binomial states are exchanged between
two input ports of the 50:50 beam splitter, the entan-
glement of the output fields can be invariant, due to
the symmetries of the number state output probabili-

ties of the beam splitter. Figure 3(b) gives the linear

entropy against the binomial parameters q and p for
50:50 beam splitter when M and N are given (see the
figure caption). We find that for given M, N and R,
the entanglement of the output fields increases with
increasing g and p, and when the value of the binomial
parameter ¢ (or p) is large, a high entanglement of the
output fields is obtained for the 50:50 beam splitter.
A similar case occurs for M and N when both ¢ and p
are given. This indicates that the degree of entangle-
ment of the output fields is governed by the parame-
ters of the two input binomial states. From Fig.3(c)
it can be seen that when M = N = 1 and the val-
ues of both g and p are large, the entanglement of the
output fields shows a dip for the 50:50 beam splitter
(the dotted curve), while it displays multi-peak when
M = N > 1 (compare the solid curve with the dotted
curve in Fig.3(c)). We also note that the larger the
values of g and p are, the more obvious the multi-peak
displays (compare the ‘+’ curve with the ‘—’ curve),
and the dip or the multi-peak vanishes when M # N,
regardless of the values of ¢, p and R (as indicated by
the ‘A’ curve in Fig.3(c)). Figure 3(d) displays that
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the dip weakens quickly with decreasing g and p. The
results mentioned above are caused by the two-photon
interference effect which arises from destructive in-
terference between the amplitudes of both reflected
photons and both transmitted photons. It is a conse-
quence of the bosonic nature of the photons.[38:39 The

destructive interference has been experimentally con-

-
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firmed by the coincidence measurement.2940] Figures
3(a)—(d) show clearly that the most important impact
factor on the entanglement of the output fields is the
binomial parameters ¢ and p of the input states. The
second one is the reflection coefficient R of the beam
splitter, and then is the maximum number of photons

of the input fields (i.e. M and N).

(b) M=2, N=1, R=0.5

Entanglement

Entanglement

Fig.3. The measure of entanglement Ej (p.) for the beam splitter output field (a) as a function
of the binomial parameter p for the given g, M, N, and R = 0.5, (b) against the input binomial
parameters ¢ and p for M = 2, N = 1, and R = 0.5, (c) versus the reflected coefficient R for the
given input binomial parameters q, M, p, and N, (d) with respect to the binomial parameter p and
the reflected coefficient R for g =0.9 and M = N = 1.

4. Photon statistics of output
fields

The entanglement of the output fields is clearly
an indication of nonclassicality and the lack of it can
be construed as a signature of classicality.[!] The pho-
ton statistical behaviour of the output fields from the
beam splitter, such as sub-Poissonian and squeezing
effect, etc., is an essential tool in quantum informa-

tion and quantum communication.!]

4.1. Q-parameter

With the help of Egs.(2) and (3), the mean pho-

ton number of the output field ¢ can be written as

(N) = t3(Ng) + r2(Ny) + rt(I) (12)

for the joint input state consisting of two indepen-
dent binomial states, where N; = i %4 (i = a,b,c,d)
is the photon number operator of the 7th mode. f,
named as the interference operator, is given by I=
e®ath + ei%abt. According to the law of conserva-
tion of energy, the mean photon number of the output
mode d is <Nd> = <Na> + <Nb> — <NC) for the lossless
beam splitter. From Eq.(12) it can be seen that the
mean number of photons in the output mode ¢ con-

tains the transmitted part of mode a, reflected mode b,



1482

Zhou Qing-Ping et al

Vol. 13

and the most important, an interference term between
the two input fields.

The quantum variance of the photon number is an
important parameter in photon statistics. When the
binomial states are incident on the beam splitter, after
being transformed by the beam splitter, the variance

of photons in the output field is given by
var(N.) =t*var(N,) + r*var(N,) + r2t?var(])
+ 272 [cov(Na, Nb) + cov(Nb, Na)}

+ 73 [cov(Na, f) + COV(f, Na):|
+ 3t [cov(Nb, f) + COV(IA7 Nb):| ;o (13)

where we have used the operator identity Var(fi—i—l?) =
Var(/i)—i—var(é)—l—cov(fl, B)—i—cov(B, fi), and the quan-
tum covariances cov(fl,f?) = <AB) - <A><B> which
vanishes for the number-operator due to the indepen-
dent input fields. The first two terms of Eq.(13) arise
from the quantum statistical fluctuations inherent in
the fields prior to photomixing. The third term repre-
sents fluctuations generated by the interference oper-
ator. It is worthy to mention that it contains the two-
photon interference effect. The last two terms express
fluctuations related to the number operators and in-
terference operators. The last three terms of Eq.(13)
result only from the beam splitter. If the quantum
variance is smaller than the mean photon number, we

call such a field sub-Poissonian and it is an example
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of nonclassical fields. In experiments, the statistic be-
haviour of the output fields is often characterized by
the Mandel’s Q parameter!*?

PR AR A

14
(Ne) 0

which can be calculated in a straightforward manner
using Egs.(12)—(14). If @ = 0, the field is called Pois-
sonian. If Q < 0 and @ > 0, it is called sub-Poissonian
and super-Poissonian, respectively.

We plot the mesh in Fig.4 which shows how the
Q-parameter depends on the parameters of the in-
put fields and the beam splitter. Figure 4(a) shows
that for certain M and N, the output field is sub-
Poissonian when the value of the binomial parameter
q or p is not very large, while it is super-Poissonian
when the values of both ¢ and p are large. On the other
hand, it can be seen that the classicality of the output
field increases with the increase of M or N. We also
note that the output field is always sub-Poissonian for
vacuum and binomial state inputs, regardless of the
values of M and N. In Fig.4(b) it is not difficult to
see that for given parameters of the joint input state
(cf the title), the output field is super-Poissonian for ¢
around 7 when R lies within the range of 0.1-0.8, but
it is sub-Poissonian out of the range; in particular, it
is sub-Poissonian when ¢ = 0 or 27 despite the value

of R.

(b) M=40, N=40; R=0.5, ¢=0

Fig.4. Q-parameter (a) as a function of the binomial parameters g and p for M =2, N =4, R= 0.5,
and ¢ = 0, and (b) against the beam splitter parameters ¢ and R for ¢ = 0.5, M =2, p = 0.5, and

N = 4.

4.2. Quadrature squeezing

The squeezing characteristic of the quantum vari-
ance of output fields is another important represen-

tation of the quantum properties of the output fields.

Two Hermite operators X 1 and X2 are defined as(43!

~

X =2 (e+¢é),

(e

(15)

(16)

~

|._\[\3||—\

Xy =

N
[=y
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for the output mode ¢. It is easily verified that

[Xl, Xz] =1/2, hence X, and X are both quadrature

conjugate variables. According to the uncertainty re-

M—1

A 1 1 1
var(X;) =1 + §t2qM + §T2pN —t2qM

m=0

Y FHm)FM (m)

lation

var(X;)var(X,) > 1 17

— 16
for the two quadratures, with the aid of Egs.(13), (15),
and (16), we can straightforwardly give

2 N1 2
—7r2pN |cos ¢ Z Févfl(n)Fva(n)

n=0
N-2

n=0

+ %t2q\/M(M — ) Z:O FM=2(m)FM (m) + %7‘2]) NNV = 1) cos(26) 3 EN-2(n)EN (n), (18)

1 N-1

. 1
var(Xs) =1 + Et

n=0

2

1 . _
2qM + §r2pN —r2pN |sin¢ Z Flfv 1(n)l*'}f\r(n)

N-2

M—-2
- %t2q\/M(M —1) > M 2(m)FM (m) - %ﬂp N(N —1)cos(2¢) Y FY *(n)F)(n), (19)

for the joint input state |¢, M;p, N). The first term
of Egs.(18) and (19) is due to vacuum fluctuation.
The

remaining terms result from the interferences. If

The second term comes from the input fields.

(a) M=5, N=2, R=0.5, ¢=0

var(X1)
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var(X;) < 1/4 (i = 1,2), we can say that the ith
quadrature component X; in the two-mode output
field is squeezed. An ideal squeezing can be obtained
when var(X;) < 1/4 and var(X;)var(X;) = 1/16.

(b) M=40, N=20, R=0.5, ¢=0

var(X1)
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Fig.5. Effect of parameters of both binomial states and beam splitter on squeezing properties is plotted
using the variance var(X;) against the binomial parameters ¢ and p for (a) M =5, N =2, R = 0.5, and
¢ =0, (b) M =40, N =20, R= 0.5 and ¢ = 0, (c) against the beam splitter parameters ¢ and R for
g=0.5, M =5, p=0.5,and N = 2. And (d) gives the mesh of the product of variances of two quadratures
X and X2 against the binomial parameters ¢ and p for M =5, N =2, R =0.5, and ¢ = 0.
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From Figs.5(a) and (b) we observe that the
squeezing is always obtained for small values of g and p
regardless of the values of M and N (except for zero).
The best squeezing may be achieved for the values of
g and p around 0.5, and the squeezing range corre-
sponding to the values of ¢ and p increases with in-
creasing M and N. From Fig.5(c) we can see that the
squeezing decreases with increasing R and has much
to do with ¢. For given parameters (cf the title), the
squeezing is maximized when ¢ = 0, , while it is
minimized when ¢ = 7/2. From Fig.5(d), with the
help of Fig.5(a), it is surprising to find that an ideal
squeezing may be obtained for the 50:50 beam splitter
when ¢ < 0.5 and p < 0.5. In a word, the squeezing
properties of the output fields vary greatly after in-
teracting of the input binomial states with the beam

splitter.

5. Distinguishability between
joint input and joint output

states

The distinguishability between two quantum
states is crucial to the theory of quantum informa-
tion processing. How similar are the input state and
the output state? A useful criterion of their distin-
guishability is the quantum error probability which is
a typical ‘measurement + guess’ mode.[**45] Suppose
a given pure quantum system is secretly prepared ei-
ther in the state |a) or in the state |b) with the prior
probabilities p, and pp, respectively. Then the min-
imum probability of error to discriminate two pure

states is given by[4°]

Po= {1- - st} (20)

For the joint binomial input state (|q, M;p, N)), with the help of Egs.(7) and (20), we obtain

(V]
N

M N m
_1 M My, N N ) .
P, = 3 1— |1 —4papped Z Z ZZFq (m)E (5 +k)F," (n)F, (m+n—j—k)G(m,n, j,k)

n

m=0n=0 j=0 k=0

Here pay and peg = 1 — pap express the a priori prob-
abilities of the joint input state and the joint out-
put state, respectively. If the minimum probability
of error between the joint input state and the joint
output state tends to zero, we can say that they are
completely orthogonal and distinguishable from each
other. The smaller the minimum probability of error
(P > 0) is, the greater the distinguishability is.
Figure 6 gives the probability of error against
the binomial parameters ¢ and p (see Fig.6(a)) and
the beam splitter parameters R and ¢ (see Fig.6(b)).

(a) M=10, N=2, R=0.5, ¢$=0

(21)

From Fig.6(a) we find that when M = 10, N =
2, R = 0.5 and ¢ = 0, the larger the value of ¢ or
p is, the stronger the distinguishability between the
joint input and the joint output states is, thus the in-
put and the output states become orthogonal for large
value of ¢ or p. In the same way, the analogous result
can be obtained for M and N. Figure 6(b) shows that
when the parameters of the joint input state are given,
the distinguishability between the joint input and the

joint output states increases with increasing R. It is a

(b) ¢=0.5, M=10; p=0.5, N=2

Fig.6. Minimum probability of error between joint input state and joint output state as a function of (a) the binomial
parameters g and p for M = 10, N =2, R = 0.5, and ¢ = 0, (b) the beam splitter parameters ¢ and R for ¢ = 0.5, M =
10, p = 0.5, and N = 2. Where we have supposed that the priori probabilities p,; = 0.5 and p.q = 0.5.
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simple fact that it is most difficult to distinguish the
joint output state from the joint input state for the
beam splitter with full transition. The dependence of
the distinguishability between the joint input and the
joint output states on ¢ is very strong. For certain
parameters ¢, M, p, N and R, the distinguishability
is maximized when ¢ = 0 or 7, while it is minimized
when ¢ = /2.

6. Conclusion

In summary, we have studied the properties of the
entanglement, photon statistics distribution and dis-
tinguishability of the two-mode input binomial state
after passing through the beam splitter. We have cal-
culated the linear entropy of the entanglement of the
output fields by using the reduced density operator
of the output field. We found that the entanglement
of the output fields depends on many factors such as
the parameters of two binomial input states and the
reflected coefficient of the beam splitter. When the
joint input state is the product state of vacuum and
binomial states, the best entanglement is always ob-
tained for the 50:50 beam splitter together with the
appropriate parameters of the binomial input state.
When two identical binomial states (M = N) are in-
cident on the 50:50 beam splitter, the entanglement
of the output fields cannot be maximized for the large

binomial parameters (¢ and p) due to the photo-pair

effect. Generally, the dependence of entanglement of
the output fields on the binomial parameters (¢ and
p) is strongest. The large value of the binomial pa-
rameter (q or p) of at least one of the input fields may
ensure the high entanglement of the output fields. Be-
cause binomial states have been obtained successfully
in experiment,[9! it is possible to prepare various en-
tangled states at the output ports of the beam split-
ter by using binomial state inputs, and the degree
of the entanglement of the output fields is governed
by the parameters of the beam splitter and the input
fields. For given ranges of the parameters of the joint
input state, the photon statistical properties of the
output field from the beam splitter were investigated
in terms of the photon-number variance, Q parame-
ter, and quadrature squeezing of the output field. We
found that the beam splitter operating on various bi-
nomial states can yield a great variety of nonclassi-
cal behaviour and the measure of the nonclassicalities
of the output field depends on the parameters of the
input fields and the beam splitter. The nonclassical
output field can be obtained through adjusting these
parameters. Finally, we have also discussed the dis-
tinguishability between joint input and joint output
states, and the results show that the joint input state
and the joint output state can be easily distinguished

except for some special cases.
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