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Simple experimental scheme of preparing a four-photon entangled state
for the teleportation-based realization of a linear optical controlledNOT gate
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We propose a simple experimental scheme of preparing a four-photon entangled state, which is a useful
resource for two-qubit quantum operations, e.g., the controltedgate. The scheme can successfully post-
select the events of the desired four-photon entangled state in the coincidence basis and can be constructed with
four photons from parametric down conversion, linear optical devices, and conventional photon detectors, all
of which are available in current technology. We also show an experimental scheme for a coninoligate
based on teleportation with the prepared four-photon state.
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I. INTRODUCTION using existing methods, then describe an alternate simple
In linear optical quantum information processing, thereScheme for preparing). In Sec. Ill, we show an experimen-

has been much interest in multipartite entangled states, béd! Scheme of a teleportation-basedlor gate usingx). Fi-
cause they are considered as resources of quantum compufi@!ly: We describe our conclusions in Sec. IV.

tion and communication. One example of multipartite en-
tangled states is a four-qubit entangled state Il. PREPARING THE FOUR-PHOTON ENTANGLED

STATE |x)
0= 2000 +[1)/00 + (0D + [10)}1D], (1 o
The four-photon entangled stag) can be generated by

whose importance has been pointed out by Gottesman a : ;
Chuang 1]. They showed that a teleportation scheme, whic&gx;n?nag?;gg2&?1?_6%2?;2?; %nntznéq;dpprz[c;';;)pg;r sas
uses|x) as a resource, can perform the controliemr . ,5ing probabilisticcnoT gates in the coincidence basis
(cNoT) gate on two qubit$l] (se_e also Sec. Il di2)). Fur- [7-10] between two entangled photon pairs from parametric
thermore, Raussendorf and Briedd] have recently pro- down conversiolPDC). When the schemi@—9] is used, the
posed a measurement-based quantum computation using SR€-cess probability is 1/9 on the condition that two en-
cial multipartite entangled states called “clusﬁer ste}tes," an ngled photon pairs are generated. This scheme requires the
some schemes of optical quantum computation with clustefyica paths to be stable to subwavelength order for inter-
states have also been proposed4rd]. The statex) is also oo metric stability. If we use another probabilistinoT gate
important in the sense thag) |s_eqU|vaIent to a f_our-qublt in the coincidence basigl0], the success probability in-
cluster state under a Io_c_al unitary transformation. Severagreases to 1/8. The success probability further increases to
schem§$6—10] can be utilized to prepadq). . 1/4 by performing feed-forward contrfil0,11]. The scheme

In this paper, we propose a simple experimental SChemg, 4] joes not need the interferometric stability of subwave-
for preparing the four-photon entangled stage which has on0ih order, unlike the above scheme. However, an ancilla
fewer requirements and/or a greater yield compared to exis 5hoton is necessary to perform the gate: therefore one needs
ing methods. Our scheme can be constructed_ from four ph(%%ve photons to prepari). Another schem,e of preparing)

tons produced by parametric down conversion, polarlzmgNith only four photons has been proposed@i in the con-
beam splgters, half—\fva\ég plates, andhconvenuon?l photon deg.t of probabilistic realization of anoT gate in the manner
tectors,ht at can gn y |scr|mf|n|ate the va]f:uum rom ON€ Ot 1], The required resources are one entangled photon pair
more photons. The successful events of prepafiigare . two single photons. The preparationgfis achieved by

selected by coincidence detection. Our scheme does not rﬁbplying beam splitter operations on both sides of the en-

quire the optical paths to be stable to subwavelength order. Iféngled photon pair with single photons and by postselecting
order to show the power ofy) as a resource, we further o cvents of coincidence detection. This scheme does not
propose an experimental scheme aiNOT gate via telepor- o the interferometric stability of subwavelength order ei-
tatlon'. . . ___ther. However, to perform this scheme in a real experiment,
_ This paper is organized as follows: In Sec. Il, we firstj o gpstitute the two single photons with another pair of
discuss the preparation of the four-photon entangled bgate photons from PDC, multiphoton generation on the same op-
tical path causes errors, even if we allow for postselection.
Here we propose an alternative simple scheme for prepar-
*Electronic address: tokunaga.yuuki@lab.ntt.co.jp ing |x) (Fig. 1), which has fewer requirements and/or a
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greater yield compared to the existing methods. Our schem 6 7

requires only four photons from PDC. This scheme starts . .

with one entangled photon pair and adds two other single s

photons by applying beam splitter operations. Unlike the Rus HEE

schemg 6], the beam splitter operations are applied on only s

one side of the initial entangled pair; thus, even if we sub- & 4 ] = T 8
stitute the two single photons with another pair of photons. """ O_'. I .

from PDC, multiphoton generation errors from PDC can be s Ry Res

eliminated by postselection, as described later. Furthermore

our scheme does not require the optical paths to be stable t 3 4
subwavelength precisiofil2]. The successful events are g?v SP\/

postselected in the coincidence basis as in other four-photoi:
e_Xpe”mems[]'S_zq' The success ,prObab'“ty '_S 1/4 pro- FIG. 1. Schematic diagram of preparing a four-photon polariza-
vided that an entangled photon pair and two single photong,, entangled statky).
are generated.

Let us describe the details of our scheme. First, we as-

sume that a polarization entangled photon pair is prepared iﬁa;rrénpn:(;)\gg:dl and 2 and two single photons in modes 3 and
spatial modes 1 and 2, and two single photons are also pre- Next, we consider the case in which we use PDC to gen-

pared in spatial modes 3 and 4 as follows: erate the photons for the input modes 1, 2, 3, and 4. In PDC,

1 1 1 the photon pair generation rate per pulsis ~107% in typi-

TE(|H>1|H>2 +|V)1[V)p) © T§(|H>3+ IV)3) ® TE(|H>4 cal experiment$13,21,23. The successful events of prepar-

\ v v ing |x) are obtained only when an entangled photon pair is
+|V),y). (2) generated in modes 1 and 2 by PDC, and two single photons

. are generated in modes 3 and 4 by another PDC. Such events
Here, for examplelH), represents the state of a photon with occ ¢ with a rated(72). On the other hand, with a rate of the
horizontal polarization in spatial mode 1, ajw}; represents  ¢ome ordeO(y2), two-photon pairs are generated in modes 1

thedstalte So_f a photoln yvith vbertical p?IarizBation in spatia and 2(or in modes 3 and }with modes 3 and 41 and 2
mode 1. Since a polarizing beam splitté?BS transmits being left in the vacuum. This contribution could lead to

horizontal polanz_atlon and reflects ver'FlcaI polarlzatlo_n, theerrors, but we can eliminate these failure events by postse-
state of photons in modes 1, 2, and 3 is transformed into

lection as follows. If two-photon pairs are produced in
1 modes 1 and 2, then three photons never exist in output
2(H)alH)H)+ M) V)sVi) @ modes 6, 7, and 8. If two-photon pairs are produced in
after passing through PBS1 and by keeping only the termgiodes 3 and 4, then no photon will exist in output mode 5.
having one photon in each of the output modes, Jandt. The errors only occur when thréer more photon pairs are
The half-wave plate$HWPS rotate the polarizations of the produced by PDC, with a small rate @(y°). The dark
three photons in modes &, andt by 45°, i.e.,|H);—(|H);  counting rate of conventional photon detectors is also quite

+|V>1)/\§§, |V>1—>(|H>1—|V>1)/\°‘E, resulting in low for fourfold coincidence detectiofsee[23)]).
1
1
2([H)1H)H) + V)1V Vy) — $(|H>1'|H>s'|"'>t' lll. TELEPORTATION-BASED CNOT GATE USING  [x)
+ W)y [ Ve [HYp The importance ofy) was shown in1] to be a resource
s for teleporting two qubits through @ioT gate. As described
+|H) 1/ | Vg [V in [6,24], a teleportation-basedNoT gate usingx) can be

implemented by adding two photons as an input and by ap-
plying probabilistic Bell measurements using beam splitting
operations. In this case, we need six photons for the demon-
stration, and the success probability is 1/4 on the condition
that|y) and the input state of two photons are provided. It

+V)ulH)g V). (4)

After the photons in modets and 4 pass through PBS2, we
obtain the four-photon entangled state

alIH)sHYeHY7[H)g + [V)e| Vgl H) 7| H)g + [H)5[ V)6l V)7 Vg :Jloesthnotdrequire the optical paths to be stable to subwave-
ength order.
+[V)s|H)el V)7 V)g] = (IH)e[H) + [V)sVe) H)7 | H)g Here, we present another experimental scheme of the
+ ([H)s Vg + Vg H)e) V)7 [V)s] (5)  teleportation-basedNoT gate(Fig. 2), which uses only four

photons. The teleportation deterministically succeeds in prin-
by keeping only the terms having one photon in each of theiple on the condition thdy) is given, though the input state
output modes 5, 6, 7, and 8. This state is equivalent to statef the CNOT gate is limited to a known product stater a
(1). The successful events of obtainifip) can be postse- separable mixed state in generaihd the scheme requires the
lected by four-photon coincidence detection. The successptical paths to be stable to subwavelength precision. The
probability is 1/4 on the condition that an entangled photorbasic idea of the teleportation in this scheme relies on
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FIG. 2. Schematic diagram of a teleportation-based contreltedgate.|y) can be produced by using the state preparation method of
Sec. II. The input of thenoT gate is a product stater|H)s+ B|V)s)(y|H)g+ 8|V)g). This state is prepared by transforming the polarizations
of photons 5 and 8. The parts surrounded by dotted lines correspond to Bell measurements.

[25,26], and we modify the scheme such that the teleportat ® o, or oy ® 0,0, to photons 6 and 7 according to detection

tion can be simply applied aftey) is given. at Ds, D¢, D5, or Dg, and applying a unitary transformation
Let us describe the detail of the scheme. We asdiinis | ®1, 0,®]1, 0,® 0, Or 0,0,® 0, to photons 6 and 7 accord-
provided in polarization qubits of photons 5, 6, 7, and 8 adng to detection aD4, D,, D3, or D,, we always obtain the
follows: same output state
lx)= %[(|H>5|H>5 +[V)5|V)e) H)7|H)g ayH)elH)7 + adV)e|V)7 + BYV)e|H)7 + BSH)6| V).
+([H)s|V)g + [V)s|H)e) V)7 V)s]. (6) (10

Photons 5 and 8 pass through PBSs, after which we obtainThis is exactly the state that is obtained by applying the
CNOT gate to the target qubit in statgH)s+8|V)s and the

%[(|a>5|H>5|H>6+ |bYs|V)s|V)e)[H)7|Chg|H)g + (|@)s|H)s| V)6 control qubit iny|H)g+ &V)s.
This scheme can be demonstrated in current technology
* [b)s|V)slH)e) | V)7 dgl Vs, 7) by combining the scheme of Sec. Il for preparing. We
where [a)s|H)s (|c)g|H)g) represents the state of a photon should provide a few remarks about the implementation.
with horizontal ~polarization in path a(c), and First, as we mentioned above, the input of theoT gate is

Ib)s|V)s (|b)g|V)g) represents the state of a photon with ver-limited to be a known product state. Second, since the prepa-
tical polarization in pattb (d). Labels 5 and 8 now indicate 'ation of[x) by the scheme of Sec. Il probabilistically suc-
double channels that lead to Bell measurements. The haIF—eedS in the coincidence basis, the successful events of the

wave plates in patio and d rotate the polarizations of the SNOT_lgh"’_Itg sr::)huld l:;]eﬂf]inallyhselectidlzby (1:o(ijncidencte detf?c'
photons by 90°. We then obtain ion. Third, although the scheme of Fig. oes not require

the optical path to be stable to subwavelength order, the Bell
2[(|a)s|H)g + [b)s|V)e) [H)7|C)s measurement parts of Fig. 2 should be carefully aligned to

subwavelength precision in order to achieve the desired pro-
+ (|a>5|v>6 + |b>5|H>6)|V>7|d>8]|H>5|H>8 (8) jection of the four Bell states.

Now that the positions of photons 5 and 8 and the polariza-

tions of photons 6 and 7 are entang[edhich is equivalent IV CONCLUSIONS

to Eq.(1)], and the polarizations of photons 5 and 8 are free

from this entanglement, we can transform the polarizations We have proposed a simple experimental scheme for pre-

of photons 5 and 8 into arbitrary product states as follows: paring the four-photon entangled stat¢. This scheme can

1 be realized with four photons produced by parametric down

2L()s|H)s + [D)5]V)e) H)7|C)s + ()5 V)6 + [0)sH)6) V)7ldde]  conversion, linear optical devices, and conventional photon
X (aH)s + BIV)s) (y|H)g + 8\V)g). (9)  detectors. It does not require the optical paths to be stable to

subwavelength precision. The successful events are selected

Here, the statda|H)s+B|V)s)(y|H)g+ 8V)g) is assumed to by coincidence detection, and the main errors from multipho-

be the input to theNoT gate. After that, photon B) passes ton emissions by parametric down converters are also elimi-

through the optical elements and should be detected by ongated by postselection.

of the detectord,, D,, D3, andD, (Ds, Dg, D, and Dg). Since our scheme probabilistically succeeds in the coinci-

Here, the optical elements and the detectors surrounded ldence basis, it is not scalable for quantum computation as it

the dotted lines in Fig. 2 correspond to Bell measurements. However, such a probabilistic scheme is also useful. For

(see[26]). Applying a unitary transformatioh® |, o,® oy, example, it could be used for the investigation of the nonlo-
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cality and Bell inequality of cluster stat¢27], or the dem- deterministic teleportation scheri28] or the measurement-
onstration of the basic quantum gates of certain quanturbased optical quantum computation approach using cluster
computational modelgl,3,28,29. Actually, the experimental stateg4,5].

scheme for theNoT gate in Sec. Il can be thought of as a

simple scheme for demonstrating deterministic linear optical ACKNOWLEDGMENTS
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