
36 NTT Technical Review

1.   Introduction

Quantum information processing such as quantum
computation or quantum cryptography is attracting a
lot of attention. It is known that if we can perform
arbitrary one-qubit (quantum bit) operations and a
two-qubit interacting operation such as a controlled-
NOT (CNOT) gate, then we can construct any quan-
tum operation for quantum computation. One of the
main difficulties in achieving quantum information
processing is to construct the CNOT gate. For exam-
ple, a nonlinear optical Kerr medium could be used
for the CNOT gate, but the effect is too weak, so it is
not practical as it is. Recently, it has become clear that
quantum entanglement can be a resource of quantum
information processing, for example, a resource for
teleporting an unknown quantum state [1]. Gottes-
man and Chuang pointed out that a four-qubit entan-
gled state 

(1)

is a resource for a CNOT gate [2]. They showed that
a quantum teleportation of two qubits using as a
resource becomes a CNOT gate of the two qubits

(Fig. 1). Furthermore, Raussendorf and Briegel [3]
showed that special multipartite entangled states
called “cluster states” can be used for a measurement-
based quantum computation. The state is also
important in the sense that it is equivalent to a four-
qubit cluster state

(2)

under a local unitary transformation.
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Abstract
A scheme for generating a four-photon entangled state, which is an important resource for two-qubit

quantum operations such as a controlled-NOT gate, is described. This scheme is constructed with four
photons from parametric down-conversion, linear optical devices, and photon detectors, all of which are
available using current technology. A scheme for demonstrating a controlled-NOT gate using the four-
photon state as a resource is also described.

Scheme for Generating a Four-photon Entangled
State for Quantum Information Processing

† NTT Information Sharing Platform Laboratories
Yokosuka-shi, 239-0847 Japan
Email: tokunaga.yuuki@lab.ntt.co.jp

Regular Papers

X

X

X

Z

Z

Z

B

B

CNOT (        )

α

α β

β

χ

Fig. 1.   A controlled-NOT gate achieved through quantum
teleportation [2]. is the input to the CNOT
gate. is the required resource for the gate. B
represents Bell measurement. Dotted lines are
classical information flows. X and Z represent the
operations corresponding to Pauli matrices σx and
σz, respectively. These operations are done
depending on the results of Bell measurements.
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In this paper, we report a simple experimental
scheme [4] for preparing the four-photon entangled
states and in Sec. 2. This scheme can be con-
structed from four photons produced by parametric
down-conversion (PDC) [5], polarizing beamsplit-
ters, half-wave plates, and conventional photon detec-
tors. The successful events of preparing are
selected by coincidence detection. Our scheme does
not require the optical paths to be stable to subwave-
length precision. An experimental scheme [4] for a
teleportation-based CNOT gate using is also
described in Sec. 3 to show the power of as a
resource.

2.   Four-photon entangled state generation schemes

There are several methods of generating the four-
photon entangled state . One scheme [6] requires
the optical paths to be stable to subwavelength preci-
sion for interferometric stability. In another scheme
[7], is prepared by applying a probabilistic
CNOT gate [8]-[10] between two entangled photon
pairs obtained from PDC. It uses a polarization-
dependent beamsplitter and the success probability is
1/9. If we use another probabilistic CNOT gate [11],
the success probability increases to 1/8, and the suc-
cess probability further increases to 1/4 if feed-for-
ward control is applied [11], [12]. However, we need
an ancillary photon to operate the gate; therefore, one
needs five photons to prepare . A third scheme
[13] requires one entangled photon pair and two sin-
gle photons to obtain . However, when this
scheme is used in a real experiment, if we substitute
the two single photons with another pair of photons
from PDC, then multiphoton generation on the same
optical path causes errors, even if we allow for post-
selection.

Here, we describe a simple scheme [4] for generat-
ing (Fig. 2) that has fewer requirements and/or a
greater yield compared with the above-mentioned
methods. This scheme requires only four photons
from PDC. It starts with one entangled photon pair
and adds two other single photons by applying beam-
splitter operations. Unlike the scheme in Ref. [13],
even if we substitute the two single photons with
another pair of photons from PDC, multiphoton gen-
eration errors from PDC can be eliminated by post-
selection, as described later. Furthermore, this
scheme does not require the optical paths to be stable
to subwavelength precision. The successful events
are postselected in the coincidence basis. The success
probability is 1/4 provided that an entangled photon

pair and two single photons are generated.
The scheme is described in detail below. First, we

assume that a polarization entangled photon pair is
prepared in spatial modes 1 and 2, and that two single
photons are also prepared in spatial modes 3 and 4 as
follows:

(3)

Here, for example, represents the state of a pho-
ton with horizontal polarization in spatial mode 1,
and represents the state of a photon with vertical
polarization in spatial mode 1. Since a polarizing
beam splitter (PBS) transmits horizontally polarized
photons and reflects vertically polarized ones, the
state of photons in modes 1, 2, and 3 transformed into

(4)

after the photons have passed through PBS1 and we
keep only the terms having one photon in each of the
output modes 1, s, and t. The half-wave plates rotate
the polarizations of the three photons in modes t by
45°, i.e.,

resulting in
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Fig. 2.   Schematic diagram for generating a four-photon
polarization entangled state .4C
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(5)

After the photons in modes t’ and 4 have passed
through PBS2, we obtain the four-photon entangled
state

(6)

by keeping only the terms having one photon in each
of the output modes 5, 6, 7, and 8. This state is equiv-
alent to state (2). The successful events of obtaining

can be postselected by four-photon coincidence
detection. The success probability is 1/4 on the con-
dition that an entangled photon pair in modes 1 and 2
and two single photons in modes 3 and 4 are provid-
ed. The state is also obtained by rotating the
polarizations of the photons in modes 1 and s by 45°. 

Next, we consider the case in which we use PDC to
generate the photons for input modes 1, 2, 3, and 4. In
PDC, the photon pair generation rate per pulse γ is 
~ 10–4 in typical experiments. Successful events of
preparing are obtained only when an entangled
photon pair is generated in modes 1 and 2 by PDC,
and two single photons are generated in modes 3 and
4 by another PDC. Such events occur with a rate of
O(γ 2). On the other hand, with a rate of this order,
two-photon pairs are generated in modes 1 and 2 (or
in modes 3 and 4) with modes 3 and 4 (1 and 2) being

left in the vacuum. This contribution could lead to
errors, but we can eliminate these failure events by
postselection as follows. If two-photon pairs are pro-
duced in modes 1 and 2, then three photons never
exist in output modes 6, 7, and 8. If two-photon pairs
are produced in modes 3 and 4, then no photon will
exist in output mode 5. The errors only occur when
three (or more) photon pairs are produced by PDC
with a small rate of O(γ 3). The dark counting rate of
conventional photon detectors is also quite low for
fourfold coincidence detection.

3.   Teleportation-based CNOT gate using 

As described in [13], [14], a teleportation-based
CNOT gate using can be implemented by adding
two photons as an input and by applying probabilistic
Bell measurements using beamsplitting operations.
In this case, we need six photons for the demonstra-
tion, and the success probability is 1/4 on the condi-
tion that and the input state of two photons are
provided. There is no need for the optical paths to be
stable to subwavelength precision.

Here, we describe another experimental scheme [4]
for a teleportation-based CNOT gate (Fig. 3), which
uses only four photons and the teleportation deter-
ministically succeeds in principle on the condition
that is given, though the input state of the CNOT
gate is limited to a known product state (or a separa-
ble mixed state in general) and the scheme requires
the optical paths to be stable to subwavelength preci-
sion. The basic idea of the teleportation in this
scheme relies on previous schemes [15], [16], which
we modified such that the teleportation can be simply
applied after has been given. This scheme can be
demonstrated using currently available technology in
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Fig. 3.   Schematic diagram of a teleportation-based controlled-NOT gate. The parts surrounded by dotted lines
correspond to Bell measurements.
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combination with the scheme for preparing pre-
sented in Sec. 2. Since the preparation scheme in Sec.
2 probabilistically succeeds on the coincidence basis,
the successful events of the CNOT gate should be
finally selected by coincidence detection.

Details of our scheme are given below. We assume
that is provided in polarization qubits of photons
1, 2, 3, and 4 as follows:

(7)

Photons 1 and 4 pass through polarizing beamsplit-
ters, after which we obtain

(8)

where represents the state of a
photon with horizontal polarization in path a (c), and

represents the state of a photon
with vertical polarization in path b (d). Labels 1 and
4 now indicate double channels that lead to Bell mea-
surements. The half-wave plates in paths b and d
(labeled as R90 in Fig. 3) rotate the polarizations of
the photons by 90°. We then obtain

(9)

If we regard (i) and as and for photon
1, (ii) and as and for photon 4, and (iii)

and as and for photons 2 and 3, then
we obtain an entangled state that is equivalent to Eq.
(1) and the polarizations of photons 1 and 4 are free
from this entanglement, so we can transform the
polarizations of photons 1 and 4 into arbitrary prod-
uct states

(10)

Here, the state is
assumed to be the input to the CNOT gate. After that,
photon 1 (4) passes through the optical elements and
should be detected by one of the detectors D1, D2, D3,
and D4 (D5, D6, D7, and D8). Here, the optical elements
and the detectors surrounded by the dotted lines in Fig.
3 correspond to Bell measurements (see [16]). Apply-
ing a unitary transformation 
or to photons 2 and 3 according to detec-
tion at D5, D6, D7, or D8, and applying a unitary trans-
formation or to
photons 2 and 3 according to detection at D1, D2, D3,
or D4, we always obtain the same output state

(11)

This is exactly the state that is obtained by applying
the  CNOT gate  to  the  ta rge t  qubi t  in  s ta te

and the control qubit in .

4.   Conclusion

Our simple experimental scheme for generating the
four-photon entangled state and can be
achieved with four photons produced by PDC, linear
optical devices, and conventional photon detectors. It
does not require the optical paths to be stable to sub-
wavelength precision. The successful events are
selected by coincidence detection, and the main
errors from multiphoton PDC emissions are also
eliminated by postselection.

When we use such a generation scheme, we should
verify whether or not the generated state is a desired
one. We have also proposed verification methods for
efficiently verifying the state with high precision
[17]. The generated entangled state is useful for
investigating the entanglement of cluster states [17]-
[20] or demonstrating the basic quantum gates of cer-
tain quantum computational models [2], [3], [21],
[22]. The experimental scheme for the CNOT gate in
Sec. 3 can be thought of as a simple scheme for
demonstrating deterministic linear optical quantum
computation [22] in the sense that (9) is the resource
(called a “linked state”) of a quantum circuit that has
only one CNOT gate in this model. The probabilistic
preparation of resource states in the coincidence basis
is not scalable as it is, but it could become scalable for
quantum computation if postselection is done without
losing photons. This could be achieved by using
quantum nondemolition measurement techniques,
e.g., [23], [24], and by combining it with a near-deter-
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ministic teleportation scheme [21] or measurement-
based optical quantum computation approach using
cluster states [25], [26].

Acknowledgment

This paper describes collaborative work with Pro-
fessor Imoto’s group at Osaka University and CREST
Photonic Quantum Information Project. 

References

[1] C. H. Bennett, G. Brassard, C. Crépeau, R. Jozsa, A. Peres, and W.
Wooters, “Teleporting an unknown state via dual classical and EPR
channels,” Phys. Rev. Lett., Vol. 70, pp. 1895-1888, 1993.

[2] D. Gottesman and I. L. Chuang, “Demonstrating the viability of uni-
versal quantum computation using teleportation and single-qubit
operations,” Nature, Vol. 402, pp. 390-393, Nov 1999.

[3] R. Raussendorf and H. J. Briegel, “A one-way quantum computer,”
Phys. Rev. Lett., Vol. 86, pp. 5188-5191, 2001.

[4] Y. Tokunaga, T. Yamamoto, M. Koashi, and N. Imoto, “Simple
experimental scheme of preparing a four-photon entangled state for
the teleportation-based realization of a linear optical controlled-not
gate,” Phys. Rev. A, Vol. 71, 030301(R), 2005.

[5] A process in which photons of frequency ω0 split into photon pairs of
frequencies ω1 + ω2 = ω0 in a nonlinear optical medium such as 
β-BaB2O4 (BBO).

[6] P. Walther, K. J. Resch, T. Rudolph, E. Schenck, H. Weinfurter, V.
Vedral, M. Aspelmeyer, and A. Zeilinger, “Experimental one-way
quantum computing,” Nature, Vol. 434, pp. 169-176, 2005.

[7] N. Kiesel, C. Schmid, U. Weber, O. Gühne, G. Tóth, R. Ursin, and H.
Weinfurter, “Experimental analysis of a four-qubit photon cluster
state,” Phys. Rev. Lett., Vol. 95,  210502, 2005.

[8] R. Okamoto, H. F. Hofmann, S. Takeuchi, and K. Sasaki, “Demon-
stration of an optical quantum controlled-not gate without path inter-
ference,” Phys. Rev. Lett., Vol. 95, 210506, 2005.

[9] N. Kiesel, C. Schmid, U. Weber, R. Ursin, and H. Weinfurter, “Lin-
ear optics controlled phase gate made simple,” Phys. Rev. Lett., Vol.
95, 210505, 2005.

[10] N. K. Langford, T. J. Weinhold, R. Prevedel, K. J. Resch, A. Gilchrist,
J. L. O’Brien, G. J. Pryde, and A. G. White, “Demonstration of a sim-
ple entangling optical gate and its use in Bell-state analysis,” Phys.
Rev. Lett., Vol. 95, 210504, 2005.

[11] T. B. Pittman, M. J. Fitch, B. C. Jacobs, and J. D. Franson, “Experi-
mental controlled-not logic gate for single photons in the coincidence
basis,” Phys. Rev. A, Vol. 68, 032316, 2003.

[12] T. B. Pittman, B. C. Jacobs, and J. D. Franson, “Demonstration of
feed-forward control for linear optics quantum computation,” Phys.
Rev. A, Vol. 66, 052305, 2002.

[13] M. Koashi, T. Yamamoto, and N. Imoto, “Probabilistic manipulation
of entangled photons,” Phys. Rev. A, Vol. 63, 030301(R), 2001.

[14] T. B. Pittman, B. C. Jacobs, and J. D. Franson, “Probabilistic quantum
logic operations using polarizing beam splitters,” Phys. Rev. A, Vol.
64, 062311, 2001.

[15] S. Popescu, “An optical method for teleportation,” quant-ph/9501020,
1995.

[16] D. Boschi, S. Branca, F. De Martini, L. Hardy, and S. Popescu,
“Experimental realization of teleporting an unknown pure quantum
state via dual classical and Einstein-Podolsky-Rosen channels,” Phys.
Rev. Lett., Vol. 80, pp. 1121-1124, 1998.

[17] Y. Tokunaga, T. Yamamoto, M. Koashi, and N. Imoto, “Fidelity esti-
mation and entanglement verification methods for experimentally
produced four-qubit cluster states,” Phys. Rev. A, Vol. 74,
020301(R), 2006.

[18] V. Scarani, A. Acin, E. Schenck, and M. Aspelmeyer, “The non-local-

ity of cluster states of qubits,” Phys. Rev. A, Vol. 71, 042325, 2005.
[19] G. Tóth and O. Gühne, “Detecting genuine multipartite entanglement

with two local measurements,” Phys. Rev. Lett., Vol. 94, 060501,
2005.

[20] G. Tóth and O. Gühne, “Entanglement detection in the stabilizer for-
malism,” Phys. Rev. A, Vol. 72, 022340, 2005.

[21] E. Knill, R. Laflamme, and G. J. Milburn, “A scheme for efficient
quantum computation with linear optics,” Nature, Vol. 409, pp. 46-
52, Jan 2001.

[22] N. Yoran and B. Reznik, “Deterministic linear optics quantum com-
putation with single photon qubits,” Phys. Rev. Lett., Vol. 91,
037903, 2003.

[23] P. Kok, H. Lee, and J. P. Dowling, “Single-photon quantum-nonde-
molition detectors constructed with linear optics and projective mea-
surements,” Phys. Rev. A, Vol. 66, 063814, 2002.

[24] G. J. Pryde, J. L. O’Brien, A. G. White, S. D. Bartlett, and T. C. Ralph,
“Measuring a photonic qubit without destroying it,” Phys. Rev. Lett.,
Vol. 92, 190402, 2004.

[25] M. A. Nielsen, “Optical quantum computation using cluster states,”
Phys. Rev. Lett., Vol. 93, 040503, 2004.

[26] D. Browne and T. Rudolph, “Resource-efficient linear optical quan-
tum computation,” Phys. Rev. Lett., Vol. 95, 010501, 2005.

Yuuki Tokunaga
Information Security Project, NTT Informa-

tion Sharing Platform Laboratories.
He received the bachelor degree of integrated

human studies in mathematical science from
Kyoto University, Kyoto, and the M.S. degree in
information science from the University of
Tokyo, Tokyo, in 1999 and 2001, respectively.
He joined NTT Information Sharing Platform
Laboratories in 2001. Since then, he has been
engaged in research on quantum information sci-
ence, especially on algorithms, cryptography,
and optics. Recently, he has been engaged in
research on optical quantum information pro-
cessing. He is currently studying for a doctor’s
degree through the University of Osaka. He is a
member of the Physical Society of Japan.


