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In order to create polarization based entanglement networks of W, state, we propose an optical setup, which
uses only four horizontally polarized photons as resource which implies no entanglement requirement as a resource.
This setup can generate target state deterministically, by operating several quantum optical gates, which can be
realized with current photonics technology. The setup we propose is composed of one Not, two Hadamard, five

Controlled Not (CNot) and one Toffoli gate.
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1. Introduction

Quantum entanglement plays a vital role for quan-
tum information and quantum computation applications.
Non-classical correlation between two or more particles,
the entanglement, has attracted attention after EPR pa-
per [1]. Both fundamental quantum features and infor-
mation theoretical perspective [2] of entanglement have
been studied by researchers. Creation, manipulation and
quantification of bipartite entanglement has now been
understood sufficiently in terms of quantum information
tasks [2-6]. Bipartite entangled states can be converted
to each other by local operations and classical communi-
cation (LOCC), but the same is not true for multipartite
entanglement states [7]. Our understanding of multipar-
tite entanglement needs to improve, because some quan-
tum information applications cannot be realized by using
only bipartite entanglement and sometimes different class
of multipartite entanglement states are required for vari-
ous tasks, such as GHZ states for achieving consensus in
distributed networks [8], W states for leadership election
in anonymous quantum networks [9] and cluster states for
measurement-based quantum computation, etc. In order
to realize such tasks, we need to create a specific quan-
tum state, which has a determined number of particles.
The expansion and fusion operations of cluster and GHZ
states have already been demonstrate experimentally and
theoretically [10, 11] but, due to its more complicated
structure, creation of W states becomes challenging and
an efficient scheme has not been experimentally demon-
strated yet. Fusion of two W states or expansion of
a W state with ancillary photons have been studied in
optic setups [12-18]. Recently by integrating a Fredkin
gate into setup from [19], we have increased the success
probability of fusion process and increased the size of
the final state [20]. With new setups including the basic
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fusion gate of [19], we achieved simultaneous fusion of
four W states [21] and three W states [22]. However all
these schemes can generate larger W state probabilisti-
cally and need smaller W states as resource. Due to the
probabilistic process, resource cost of generated W state
increases with respect to size of the final state. In this
work we propose an optical setup to create polarization
based entanglement W, state. Unlike previous schemes,
this method does not require smaller W state as the in-
put state and it can deterministically create W, by using
only four horizontally polarized (H) photons. On the
other hand, the previous setups have to start the fusion
process W3 to obtain a W, state. Therefore there is a
cost to obtain first W3 plus the other cost for obtaining
Wy from smaller ones. With the proposed here setup one
can start with a Wy directly, thus bypassing the first and
second steps of fusion process, which will decrease the
resource cost significantly.

2. Working process of fusion scheme

Since the fusion operation with the proposed setup is
not probabilistic, no photon is going to be measured,
therefore no photon will be lost. Simplest elements, that
are used in this scheme are Not and Hadamard gates.
These are elementary quantum gates that are used com-
monly. The mission of CNot gate is to control one of in-
put qubits and rotate by 90 degrees the other ones, if the
controlled qubit is vertically polarized (V). It has been
realized by means of several technologies such as super-
conductors [23], ion-trap systems and photonics [24, 25].
Another element which we use to perform the operation
of “double controlled not”, is called Toffoli gate. It can
control two inputs and if both are V-polarized photons,
then it performs the Not operation on target qubit. This
quantum gate is the most sophisticated one in this setup.
Although a hundred percent successfully working Toffoli
gate has not been demonstrated by using linear optics,
there is a successful proposal with a measurement-based
quantum computing, using weighted graph states [26].
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Fuirasek proposed a linear optic setup for the imple-
mentation of Toffoli gate [27]. In superconducting [28]
and ion-trap [29] systems, Toffoli gate has already been
demonstrated. Working principle of proposed setup is
presented in Fig. 1. In this scheme we used CNot gates
in steps 2, 3, 5, 6 and 7 (Fig. 1), Toffoli gate in step 4,
Hadamard and Not gates in step 1. Four separate H-
polarized photons are sent to spatial modes 1, 2, 3 and 4,
then all these quantum optical operations are performed
on these photons. In step one, mode 1 and 4 start with
Hadamard gate, they convert the |H) to % then,
when we operate the CNot gate, a two photon entangled
state is generated. The other CNots and Toffoli gates are
used to extend the entanglement that we create, due to
their arrangement, we can obtain a genuine W, state as
a result.
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Fig. 1. Proposed optical setup, which can determin-
istically create Wi state. It requires four H-polarized
photons for sending to lines 14, and three single qubit
operations are performed in step 1 and 5 two qubit gates
operate in step 2, 3, 5, 6 and 7. Only one three-qubit
Toffoli gate is used in step 4.

One of the important things is that, cost of prepared
W state should be as low as possible. For instance,
in probabilistic systems, in order to reach a target size
W state, many smaller size W states can be used as re-
sources and system has to work many times. This setup
performs the creation operation with unit success prob-
ability, without using any entanglement state as a re-
source. These are main advantages, which reduce the
cost of target W state. On the other hand, main draw-
back of proposed method is that, it can create only Wy,
but it may be modified for target size of W states by
adding several (two or three) qubit gates.

In the generation process, four parties, Alice, Bob,
Charlie and Dave have one H-polarized photon each,
|H) 4, |H) g, |H) and |H) ;,, respectively, and they want
to create a W, by using their photons. The target state
that they wish to reach can be written as

1
W) = ﬁ(|HAHBHCVD> + |HaHpVcHp)
+ ‘HAVBHcHD> + |VAHBH0HD>). (1)

The creation gates, as shown in Fig. 1, take their pho-
tons from lines and perform all shown quantum optical
operations. The concept of generation is shown in Fig 2.

Now, parties put together their photons, the whole
state as follows,
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Fig. 2. Schematic illustration of creation of W state.
Four Horizontal polarized photons are sent to the cre-
ation setup presented in Fig.1, after the operations,
W state of four photon is created. The edges connecting
the qubits represents the complex entanglement struc-
ture.

W) = |HaHpHcHp) - (2)
The creation setup start to perform the operation step
by step, in step 1,

which is,
) = |Ha) [Hp) |[Ve) + |Va) |[Hg) Vo)
V2
X\HD>+|VD>_ (4)

V2
So far, thanks to the Hadamard gate, Alice’s and Dave’s
photons transform the superposition of |[H) and |V'). Now
the CNot gates are taking on a task to distribute the
entanglement, which we create. In step two,

) = |Ha) |Hp) [Ve) +|Va) |Hp) |He)
\/§

|Hp) + |Vp)
XT,

which is,

vy = % <|HA> \Hp)

+ |Va) |Hp)

\Ve) |Hp) + |Ve) V)
V2

|Hc) |Hp) + |He) |Vp)
V2 > ' ©)

In step three, the other CNot from Dave’s photon to
Charlie’s.

¥ - (|HA> \Hp)

+|Va) [HB)

which is,

\Ve) |Hp) + |He) |Vp)
V2
|He) |Hp) + V) |VD>>
7 7
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_ %@H@ |Hp) |Ve) |Hp)

+|Ha) |Hp) |He) VD)
+|Va) |Hg) |Hc) [Hp)

+Va) [Hp) Vo) [Vb)). (8)
Now, Toffoli gate performs Not operation to line 2 by
controlling line 3 and 4 in step four,

0 = %ufm Hp) Vo) [Hp)
I\ H) |Ha) [He) Vo)

+|Va) |Hg) |Hc) |Hp)

+[Va) |V) [Ve) [VD)). (9)
Here, our results start to be clear, step five, six and seven,
CNots are finishing the mission of setup and transform
the state to a Wy

) = %(\H/o \Hp) [Ve) |Hp)
+|Ha) |Hp) |He) VD)
+|Va) |Hp) |He) |Hp)

+[Ha) [VB) [He) |Hp))- (10)

©)

3. Conclusions

We have introduced an optical gate which consists of
one Toffoli, two Hadamard, one Not and five CNot gates.
The proposed setup does not only deterministically cre-
ates W state of four photons but also, it reduces the cost
of the target W state for previous setups that take the
ready W state of four photons from this setup. From
the experimental perspective, since the process is deter-
ministic, only one run is enough to create a W state of
four photons. This setup can be efficiently demonstrated
with current photonics technology using measurement-
based one way quantum compuation.
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