
Multiphoton entanglement through a Bell-multiport beam splitter

Yuan Liang Lim1,* and Almut Beige1,2,†

1Blackett Laboratory, Imperial College London, Prince Consort Road, London SW7 2BZ, United Kingdom
2Department of Applied Mathematics and Theoretical Physics, University of Cambridge, Wilberforce Road,

Cambridge CB3 0WA, United Kingdom
sReceived 12 August 2004; revised manuscript received 27 January 2005; published 13 June 2005d

Multiphoton entanglement is an important resource for linear optics quantum computing. Here we show that
a wide range of highly entangled multiphoton states, includingW-states, can be prepared by interferingsingle
photons inside a Bell multiport beam splitter and using postselection. A successful state preparation is indicated
by the collection of one photon per output port. An advantage of the Bell multiport beam splitter is that it
redirects the photons without changing their inner degrees of freedom. The described setup can therefore be
used to generate polarization, time-bin, and frequency multiphoton entanglement, even when using only a
single photon source.
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I. INTRODUCTION

Entanglement spurs a great deal of interest in quantum
information processingf1,2g, quantum cryptographyf3,4g,
and for fundamental tests of quantum mechanicsf5,6g. For
many practical purposes, photons provide the most favored
qubits as they possess very long lifetimes and an ease in
distribution. However, it is very difficult to simulate a direct
interaction between the photons, which either requires non-
linear couplings between optical modes or the presence of a
large number of ancilla photonsf2g. Hence photons are dif-
ficult to entangle. One way to overcome this problem is to
create polarization or time-bin entanglement via photon pair
creation within the same source as in atomic cascade and
parametric down-conversion experiments. This has already
been demonstrated experimentally by many groupsf6–8g.
Other, still theoretical proposals employ certain features of
the combined level structure of atom-cavity systemsf9–11g,
photon emission from atoms in free spacef12g, or accord-
ingly initialized distant single photon sourcesf13,14g.

Alternatively, highly entangled multiphoton states can be
prepared using independently generated single photons with
no entanglement in the initial state, linear optics, and postse-
lection. In general, the photons should enter the linear optics
network such that the information about the origin of each
photon is erased. Afterwards postselective measurements are
performed in the output ports of the networkf15g. Using this
approach, Shih and Alley verified the generation of maxi-
mally entangled photon pairs in 1988 by passing two photons
simultaneously through a 50:50 beam splitter and detecting
them in different output ports of the setupf16g. For a recent
experiment based on this idea using quantum dot technology,
see Ref.f17g.

Currently, many groups experimenting with single pho-
tons favor parametric down conversion because of the qual-
ity of the produced output states. However, these experi-

ments cannot be scaled up easily, since they do not provide
efficient control over the arrival times of the emitted pho-
tons. It is therefore experimentally challenging to interfere
more than two photons successfully. Interesting experiments
involving four photons have nevertheless been performed
f18,19g but going to higher photon numbers might require
different technologies. To find alternatives to parametric
down conversion, a lot of effort has been made over the last
years to develop sources for the generation of single photons
on demandf20–23g. Following these proposals, a variety of
experiments has already been performed, demonstrating the
feasibility and characterizing the quality of these sources
based on atom-cavity systemsf24–26g, quantum dotsf27g,
and nitrogen-vacancy color centersf28,29g.

Motivated by these recent developments, several authors
studied the creation of multiphoton entanglement by passing
photons generated by a single photon source through a linear
optics networkf30–36g. A variety of setups has been consid-
ered. Zukowskiet al. showed that theN3N Bell multiport
beam splitter can be used to produce higher dimensional
Einstein-Podolsky-RosensEPRd correlationsf30g. Special at-
tention has been paid to the optimization of schemes for the
generation of aN-photon entangledsso-called NOONd state
with special applications in lithographyf31–34g. Wang stud-
ied the event-ready generation of maximally entangled pho-
ton pairs without number resolving detectorsf35g and Sagi
proposed a scheme for the generation ofN-photon polariza-
tion entangled Greenberger-Horne-ZeilingersGHZd states
f36g. It is possible to prepare arbitrary multiphoton states
f37g using, for example, probabilistic but universal linear
optics quantum gates, like the one described in Ref.f38g, but
this approach is not always the most favorable.

Here we are interested in the generation of highly en-
tangled qubit states ofN photons using only a single photon
source and a symmetricN3N Bell multiport beam splitter,
which can be realized by combining single beam splitters
into a symmetric linear optics network withN input andN
output portsf30,39g. In the two-photon case, the described
scheme simplifies to the experiment by Shih and Alleyf16g.
To entangleN photons, every input porti of the Bell multi-
port should be entered by a single photon prepared in a state
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ulil. The photons then interfere with each other before leav-
ing the setupssee Fig. 1d. We consider the state preparation
as successful under the condition of the collection of one
photon per output port, which can be relatively easily distin-
guished from cases with at least one empty output port.

Processing the multiphoton state prepared with the above
described preselection process further would require quan-
tum nondemolition photon measurements. Performing such
measurements is not possible without nonlinearities and
without using relatively sophisticated experimental setups
f42,43g. In general, the detection of a successful state prepa-
ration destroys the prepared multiphoton state. This is known
as state preparation via postselection, which is nevertheless a
useful technique, if the detection accomplishes a nontrivial
task. Entangled state preparation with postselection can be
used, for example, for secure quantum key distribution and
quantum secret sharingf44g, teleportationf45g, and in testing
entanglement with witnesses and observing a violation of a
Bell’s inequality f46g. Moreover, combining this technique
with single photon sources could be used to prepare them in
a highly entangled state, which can then be used for the
generation of multiphoton entanglement on demandf13g.

One advantage of using a Bell multiport beam splitter for
the generation of multiphoton entanglement is that it redi-
rects the photons without changing their inner degrees of
freedom, like polarization, arrival time, and frequency. The
described setup can therefore be used to generate polariza-
tion, time-bin, and frequency entanglement. Especially, time-
bin entanglement can be very robust against decoherence and
has, for example, applications in long-distance fiber commu-
nicationf40g. Moreover, the preparation of the input product
state does not require control over the relative phases of the
incoming photons, since the phase factor of each photon con-
tributes at most to a global phase of the combined state with
no physical consequences.

This paper is organized as follows. In Sec. II we introduce
the notation for the description of photon scattering through
a linear optics setup. Sec. III shows that a wide range of
highly entangled photon states can be obtained forN=4, in-
cluding the W-state, the GHZ-state, and a double singlet
state. Afterwards we discuss the generation ofW-states for
arbitrary photon numbersN and calculate the corresponding
probabilities for a successful state preparation. Finally we
conclude our results in Sec. V.

II. PHOTON SCATTERING THROUGH A LINEAR
OPTICS SETUP

Let us first introduce the notation for the description of
the transition of the photons through theN3N Bell multiport

beam splitter. In the following,u1l and u2l are the states of
a photon with polarization “1” or “ 2,” respectively. Alter-
natively, u1l could describe a single photon with an earlier
arrival time or a higher frequency than a photon prepared in
u2l. As long as the statesu6l are orthogonal and the incom-
ing photons are in the same state with respect to all other
degrees of freedom, the calculations presented in this paper
apply throughout. Moreover, we assume that each input port
i is entered by one independently generated photon prepared
in ulil=ai+u+li +ai−u−li, whereai± are complex coefficients
with uai+u2+ uai−u2=1. If aim

† denotes the creation operator for
one photon with parameterm in input port i, the N-photon
input state can be written as

ufinl = p
i=1

N

S o
m=+,−

aimaim
† Du0l s1d

with u0l being the vacuum state with no photons in the setup.
We now introduce the unitaryN3N-multiport transfor-

mation operator, namely the scattering matrixS, that relates
the input state of the system to the corresponding output state

ufoutl = Sufinl. s2d

Using Eq.s1d and the relationS†S=1 yields

ufoutl = SS o
m=+,−

a1ma1m
† DS†SS o

m=+,−
a2ma2m

† D · ¯ ·

3S†SS o
m=+,−

aNmaNm
† DS†Su0l

= p
i=1

N

S o
m=+,−

aimSaim
† S†Du0l. s3d

In the following, the matrix elementsUji of the unitary trans-
formation matrixU denote the amplitudes for the redirection
of a photon in inputi to output j . Since the multiport beam
splitter does not contain any elements that change the inner
degrees of freedom of the incoming photons, the transition
matrix U does not depend onm. Denoting the creation op-
erator for a single photon with parameterm in output portj
by bjm

† therefore yields

Saim
† S† = o

j

Ujibjm
† . s4d

Inserting this into Eq.s2d we can now calculate the output
state of theN3N multiport given the initial states1d and
obtain

ufoutl = p
i=1

N Fo
j=1

N

UjiS o
m=+,−

aimbjm
† DGu0l. s5d

This equation describes the independent redirection of all
photons to their potential output ports. Conservation of the
norm of the state vector is guaranteed by the unitarity of the
transition matrixU.

The state preparation is considered successful under the
condition of the collection of one photon per output port. To
calculate the final state, we apply the corresponding projector
to the output states5d and find that the thereby postselected
N-photon state equals, up to normalization,

FIG. 1. Experimental setup for the generation of multiphoton
entanglement by passingN single photons through anN3N Bell
multiport beam splitter. The state preparation is considered success-
ful under the condition of the collection of one photon per output.
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ufprol = o
s
Fp

i=1

N

UssidiS o
m=+,−

aimbssidm
† DGu0l. s6d

Here thes are theN! possible permutations of theN items
h1,2, . . . ,Nj andssid denotes theith element of the list ob-
tained after applying a certain permutations onto the list
h1,2, . . . ,Nj. Moreover, the norm of the states6d squared,
namely

Psuc= iufproli2, s7d

is the success rate of the scheme and probability for the
collection of one photon in each outputj .

A. The Bell multiport beam splitter

Motivated by a great variety of applications, we are par-
ticularly interested in the generation of highly entangled pho-
ton states of a high symmetry, an example beingW-states.
This suggests to consider symmetric multiports, which redi-
rect each incoming photon with equal probability to all po-
tential output ports. A special example for such anN3N
multiport is the Bell multiport beam splitter. Its transforma-
tion matrix

Uji =
1

ÎN
vN

s j−1dsi−1d s8d

is also known as a discrete fourier transform matrix and has
been widely considered in the literaturef30,39,41g. HerevN
denotes theNth root of unity,

vN ; exps2ip/Nd. s9d

Proceeding as in Sec. II D of Ref.f30g, it can easily be veri-
fied thatU is unitary as well as symmetric. Especially for
N=2, the transition matrixs8d describes a single 50:50 beam
splitter.

III. THE GENERATION OF 4-PHOTON STATES

Before we discuss theN-photon case, we investigate the
possibility to prepare highly entangled 4-photon states using
specially prepared photons and a 434 Bell multiport beam
splitter. ForN=4, the transition matrixs8d becomes

U =
1

21
1 1 1 1

1 v v2 v3

1 v2 v4 v6

1 v3 v6 v9
2 =

1

21
1 1 1 1

1 i − 1 − i

1 − 1 1 − 1

1 − i − 1 i
2 ,

s10d

where we used the abbreviation

v ; v4. s11d

The following analysis illustrates the richness of the problem
as well as it motivates possible generalizations for the case of
arbitrary photon numbers.

A. Impossible output states

Let us first look at the seemingly trivial situation, where
every input port of the multiport beam splitter is entered by

one photon in the same state, let us say inu1l, so that

ufinl = a1+
† a2+

† a3+
† a4+

† u0l. s12d

Using Eqs.s6d and s10d, we then find that the collection of
one photon per output port prepares the system in the post-
selected state

ufprol = o
s
Fp

i=1

4

Ussidibi+
† Gu0l = 0. s13d

This means that it is impossible to pass four photons in
the same state through the considered setup with each of
them leaving the multiport in a different output port. More
generally speaking, the state with four photons in the same
state does not contribute to the event of collecting one pho-
ton per output port. It is therefore impossible to prepare any
superposition containing the statesb1+

† b2+
† b3+

† b4+
† u0l and

b1−
† b2−

† b3−
† b4−

† u0l, respectively. The reason is destructive inter-
ference of certain photon states within the linear optics setup,
which plays a crucial role in the generation of multiphoton
entanglement via postselection.

B. The 4-photonW-state

We now focus our attention on the case where input port
1 is entered by a photon prepared inu1l while all other input
ports are entered by a photon inu2l, i.e.,

ufin
Wl = a1+

† a2−
† a3−

† a4−
† u0l. s14d

Using again Eqs.s6d ands10d, we find that the collection of
one photon per output port corresponds to the postselected
4-photon state

ufpro
W l = o

j=1

4

Uj1bj+
† o

s j

Fp
i=2

4

Us jsidi
bs jsid−

† Gu0l, s15d

where thes j are the 3! permutations that map the listh2, 3,
4j onto the listh1, . . . ,s j −1d ,s j +1d , . . . ,4j. If u joutl denotes
the state with one photon inu1l in output port j and one
photon inu2l everywhere else,

u joutl ; bN−
†

¯ bs j+1d−
† bj+

† bs j−1d−
†

¯ b1−
† u0l, s16d

and b j is a complex probability amplitude, then the output
states15d can be written as

ufpro
W l = o

j=1

4

b ju joutl. s17d

Furthermore, we introduce the reduced transition matrices
Ured

s jd , which are obtained by deleting the first column and the
j th row of the transition matrixU. Then one can express each
b j as the permanentf47,48g of a matrix,

b j = Uj1o
s j

p
i=2

4

Us jsidi
= Uj1 permsUred

s jdTd. s18d

The output states17d equals aW-state if the coefficientsb j
are all of the same size and differ from each other at most by
a phase factor.
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To show that this is indeed the case, we calculate the
reduced matricesUred

s jd explicitly f49g and obtain

Ured
s1d =

1

21 v v2 v3

v2 v4 v6

v3 v6 v92, Ured
s2d =

1

21 1 1 1

v2 v4 v6

v3 v6 v92 ,

Ured
s3d =

1

21 1 1 1

v v2 v3

v3 v6 v92, Ured
s4d =

1

21 1 1 1

v v2 v3

v2 v4 v62 .

s19d

The coefficientsb j differ at most by a phase factor if the
norm of the permanents of the transpose of these reduced
matrices is for allj the same. To show that this is the case we
now define the vector

v = sv,v2,v3d, s20d

multiply each row of the matrixUred
s1d exactly s j −1d times

with v, and obtain the new matrices

Ũred
s1d = Ured

s1d, Ũred
s2d =

1

21v2 v4 v6

v3 v6 v9

1 1 1
2 ,

Ũred
s3d =

1

21v3 v6 v9

1 1 1

v v2 v32, Ũred
s4d = Ured

s4d . s21d

The above described multiplication amounts physically to
the multiplication of the photon input state with an overall
phase factor and

upermsUred
s1dTdu = upermsŨred

s jdTdu. s22d

Moreover, using the cyclic symmetry of permanentsf47g, we
see that

permsUred
s jdTd = permsŨred

s jdTd. s23d

This implies together with Eq.s18d that the norm of the
coefficientsb j is indeed the same for allj . Furthermore,
using the above argument based on the multiplication of
phase factors to the photon input state, one can show that

b j = b1Sp
k=0

3

vkD j−1

. s24d

Inserting this into Eq.s15d, we find that the postselected state
with one photon per output port equals, after normalization
f50g, theW-state

uf̂pro
W l =

1

2
fb1+

† b2−
† b3−

† b4−
† − b1−

† b2+
† b3−

† b4−
† + b1−

† b2−
† b3+

† b4−
†

− b1−
† b2−

† b3−
† b4+

† gu0l. s25d

In analogy, we conclude that an input state with one photon
in u2l in input port 1 and a photon inu1l in each of the other
input ports, results in the preparation of theW-state

uf̂pro
W8l =

1

2
fb1−

† b2+
† b3+

† b4+
† − b1+

† b2−
† b3+

† b4+
† + b1+

† b2+
† b3−

† b4+
†

− b1+
† b2+

† b3+
† b4−

† gu0l s26d

under the condition of the collection of one photon per out-
put port. Both states,s25d and s26d, can be generated with
probability

Psuc=
1

16
. s27d

Transforming them into the usual form of aW-state with
equal coefficients of all amplitudesf51g only requires further
implementation of a Paulisz operationsi.e., a state depen-
dent sign flipd on either the first and the third or the second
and the fourth output photon, respectively.

C. The 4-photon GHZ-state

Besides generatingW-states, the proposed setup can also
be used to prepare 4-photon GHZ-states. This requires feed-
ing each of the input ports 1 and 3 with one photon inu1l
while the input ports 2 and 4 should each be entered by a
photon inu2l such that

ufin
GHZl = a1+

† a2−
† a3+

† a4−
† u0l. s28d

Calculating again the output state under the condition of col-
lecting one photon per output port, we obtain

ufpro
GHZl = o

s

Uss1d1Uss2d2Uss3d3Uss4d4

3 bss1d+
† bss2d−

† bss3d+
† bss4d−

† u0l, s29d

where thes are the 4! permutations that map the listh1, 2, 3,
4j onto itself. On simplification, one finds that there are only
two constituent states with nonzero coefficients andufpro

GHZl
becomes after normalization

uf̂pro
GHZl =

1
Î2

fb1+
† b2−

† b3+
† b4−

† − b1−
† b2+

† b3−
† b4+

† gu0l, s30d

which equals the GHZ-state up to local operations. Trans-
forming Eq. s30d into the usual form of the GHZ-state re-
quires changing the state of two of the photons, for example,
from u1l into u2l. This can be realized by applying a Pauli
sx operation to the first output port as well as asy operation
to the third output.

Finally, we remark that the probability for the creation of
the GHZ-states31d is twice as high as the probability for the
generation of aW-states27d,

Psuc=
1

8
. s31d

Unfortunately, the experimental setup shown in Fig. 1 does
not allow for the preparation of GHZ-states for arbitrary pho-
ton numbersN. For a detailed description of polarization
entangled GHZ-states using a different network of 50:50 and
polarizing beam splitters see Ref.f36g.
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D. The 4-photon double singlet state

For completeness, we now ask for the output of the pro-
posed state preparation scheme, given that the input state
equals

ufinl = a1+
† a2+

† a3−
† a4−

† u0l. s32d

Proceeding as above, we find that this results in the prepara-
tion of the state

ufpro
DSl = o

s

Uss1d1Uss2d2Uss3d3Uss4d4

3 bss1d+
† bss2d+

† bss3d−
† bss4d−

† u0l s33d

under the condition of the collection of one photon per out-
put port. Here the permutation operatorss are defined as in
Sec. III C, which yields

uf̂pro
DSl =

1

2
fb1+

† b2+
† b3−

† b4−
† + b1−

† b2−
† b3+

† b4+
† − b1+

† b2−
† b3−

† b4+
†

− b1−
† b2+

† b3+
† b4−

† gu0l. s34d

This state can be prepared with probability

Psuc=
1

16
. s35d

The states34d is a double singlet state, i.e., a tensor product
of two 2-photon singlet states, with a high robustness against
decoherencef18g.

E. The general 4-photon case

Finally, we consider the situation where the input state is
of the general forms1d. Calculating Eq.s6d, we find that the
unnormalized output state under the condition of one photon
per output port equals in this case

ufprol =
i

4
sg1 + g2 − g3 − g4duf̂pro

DSl +
1

2Î2
sg6 − g5duf̂pro

GHZl

+
1

4
sg8 + g10 − g7 − g9duf̂pro

W l

+
1

4
sg12 + g14 − g11 − g13duf̂pro

W8l s36d

with the statesuf̂pro
W l, uf̂pro

W8l, uf̂pro
GHZl, and uf̂pro

DSl as defined in
Eqs.s25d, s26d, s30d, ands34d and with the coefficients

g1 = a1+a2+a3−a4−, g2 = a1−a2−a3+a4+,

g3 = a1−a2+a3+a4−, g4 = a1+a2−a3−a4+,

g5 = a1+a2−a3+a4−, g6 = a1−a2+a3−a4+,

g7 = a1+a2−a3−a4−, g8 = a1−a2+a3−a4−,

g9 = a1−a2−a3+a4−, g10 = a1−a2−a3−a4+,

g11 = a1−a2+a3+a4+, g12 = a1+a2−a3+a4+,

g13 = a1+a2+a3−a4+, g14 = a1+a2+a3+a4−. s37d

The form of the coefficientss37d reflects the full symmetry
of the transformation of the input state. Each of the entangled

statesuf̂pro
DSl, uf̂pro

GHZl, uf̂pro
W l, anduf̂pro

W8l are generated indepen-
dently from the different constituent parts of the inputs1d.
Besides, Eq.s36d shows that the output state is constrained to
be of a certain symmetry, namely the symmetry introduced
by the symmetry of theN3N Bell multiport beam splitter
and the postselection criteria of finding one photon per out-
put port. As before, the norm squared ofufprol equals the
probability for a successful state preparation.

IV. THE GENERATION OF N-PHOTON W-STATES

Using the same arguments as in Sec. III B, we now show
that theN3N Bell multiport beam splitter can be used for
the generation ofW-states for arbitrary photon numbersN.
Like Bell states,W-states are highly entangled but their en-
tanglement is more robustf51g. Moreover, asN increases,
W-states perform better than the corresponding GHZ-states
against noise admixture in experiments to violate local real-
ism f52g and are important for optimal cloning protocols
f53g.

In analogy to Eq.s14d, we assume that the initial state
contains one photon inu1l in the first input port, while every
other input port is entered by a photon prepared inu2l so
that

ufinl = a1+
† p

i=2

N

ai−
† u0l. s38d

Using Eq.s6d, we find that the state of the system under the
condition of the collection of one photon per output port
equals

ufprol = o
j=1

N

Uj1bj+
† o

s j

Fp
i=2

N

Us jsidi
bs jsid−

† Gu0l, s39d

where thes j are thesN−1d! permutations that map the list
h2,3, . . . ,Nj onto the listh1,2, . . . ,s j −1d ,s j +1d , . . . ,Nj. As
expected, the output is a superposition of all states with one
photon inu1l and all other photons prepared inu2l.

To prove that Eq.s39d describes indeed aW-state, we use
again the notation introduced in Eqs.s16d ands17d and write

ufprol ; o
j

b ju joutl. s40d

To show that the coefficientsb j differ from b1 at most by a
phase factor, we express the amplitudesb j as in Eq.s18d
using the permanents of the reduced transition matrices and
find

b j = Uj1o
s j

p
i=2

N

Us jsidi
= Uj1 permfUred

T s jdg. s41d

Inserting the concrete form of the transition matrixU, this
yields
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b j =
1

ÎNNo
s j

p
i=2

N

vN
fs jsid−1gsi−1d. s42d

Proceeding as in Sec. III B, we now multiplyb j with the
phase factor

v j ; Sp
k=0

N−1

vN
kD−s j−1d

s43d

and obtain

v jb j =
1

ÎNNo
s j

p
i=2

N

vN
„s jsid−j…si−1d

=
1

ÎNNo
s j

p
i=2

N

vN
smodN„s jsid−j…dsi−1d. s44d

The expression modN(s jsid− j)+1 represents a set ofsN
−1d! permutations that maph2,3, . . . ,Nj onto the list
h2,3, . . . ,Nj. It is therefore equivalent to the permutations
s1sid, which allows us to simplify Eq.s44d even further and
to show that

v jb j =
1

ÎNNo
s1

p
i=2

N

vN
fs1sid−1gsi−1d = b1. s45d

From this and the fact that1+2+¯ +sN−1d= 1
2NsN−1d we

finally arrive at the relation

b j = Sp
k=0

N−1

vN
kD j−1

b1 = Hb1, if N is odd

s− 1d j−1b1, if N is even.
J

s46d

This shows that the amplitudesb j are all of the same size and
the Bell multiport can indeed generateN-photonW-states. If
one wants the coefficientsb j to be exactly the same, one can
remove unwanted minus signs in the case of even photon
numbers by applying asz operation in each output port with
an even numberj .

In the caseN=2, the above described state preparation
scheme reduces to the familiar example, where two photons
prepared in the two orthogonal statesu1l and u2l pass
through a 50:50 beam splitter. The collection of one photon
in each output port prepares the system in this case in the
state 1/Î2fb1+

† b2−
† −b1−

† b2+
† gu0l, which can be transformed into

1/Î2fb1+
† b2−

† +b1−
† b2+

† gu0l by performing a conditional sign
flip, i.e., depending on whether the photon is inu1l or u2l, in
one of the output ports.

A. Success probabilities

Let us finally comment on the success rate of the pro-
posedW-state preparation scheme. Computing the probabil-
ity s7d can be done by finding the amplitudeb1 with the help
of Eq. s41d. Although the definition of the permanent of a
matrix resembles the definition of the determinant, there ex-
ist only few theorems that can be used to simplify their cal-
culationf47g. In fact, the computation of the permanent is an

NP-complete problem. We therefore calculatedPsuc numeri-
cally ssee Fig. 2d.

As it applies to linear optics schemes in general, the suc-
cess probability decreases unfavorably as the number of qu-
bits involved increases. Here the probability for the collec-
tion drops on average exponentially. We observe the
interesting effect of a nonmonotonic decreasing success
probability asN increases. For example, the probabilty of
success forN=13 is higher than forN=9. Moreover, forN
=6 and N=12, W-state generation is not permitted due to
destructive interference. This does not apply toN=18 which
is also a multiple of 6.

V. CONCLUSIONS

We analyzed the generation of multiphoton entanglement
with the help of interference and postselection in a linear
optics network consisting of anN3N Bell multiport beam
splitter. Each input port should be entered by a single photon
prepared in a certain stateulil. As long as the photons are the
same with respect to all other degrees of freedom and it can
be guaranteed that photons prepared in the same state over-
lap within their coherence time inside the linear optics net-
work, the described scheme can be implemented using only a
single photon sourcef24–29g. We believe that the described
approach allows one to entangle much higher photon num-
bers than what can be achieved in parametric down conver-
sion experiments.

An, in general, highly entangled output state is obtained
under the condition of the collection of one photon per out-
put port. The motivation for this postselection criteria is that
distinguishing this state from other output states does not
require photon number resolving detectors.

First we analyzed the caseN=4 and showed that the
434 Bell multiport allows for the creation of a variety of
highly symmetric entangled states including theW-state, the
GHZ-state, and double singlet states. It was found that some
states are easier to prepare than others. A straightforward

FIG. 2. The success rate for the generation ofN-photonW-states
Psucas a function ofN. The solid line approximates the exact results
via the equationPsuc=ea−bN with a=1.35±1.32 andb=1.27±0.10.
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generalization of the 4-photon case yields a scheme for the
creation ofN-photon W-states. We calculated the rates for
successful state preparations and showed that they decrease
in a nonmonotonic fashion and on average exponentially
with N.

The motivation for considering a Bell multiport beam
splitter was that it only redirects the photons without affect-
ing their inner degrees of freedom. The proposed setup can
therefore be used to produce polarization, time-bin, and fre-
quency entanglement, respectively. To generate, for example,
polarization entangled photons, the initial photon states may
differ in polarization but should otherwise be exactly the
same. The high symmetry of the Bell multiport beam splitter
allows for the generation of a variety of highly entangled

symmetric states. To verify the generation of a certain type of
entanglement one could, for example, use local measure-
ments as it has recently been proposed by Toth and Gühne
f46,54g.
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