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Practical scheme for entanglement concentration
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We present a realistic purification scheme for pure nonmaximally entangled states. In the scheme, two
distant parties Alice and Bob first start with two shared but less entangled photon pairs to produce a conditional
four-photon Greenberger-Horne-Zeilinger state, and then perform a 45° polarization measurement onto one of
the two photons at each location such that the remaining two photons are projected onto a maximally entangled
state.
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Quantum entanglement has become an important resourexisting entanglement swapping experimght]. However,
for quantum computatiofil,2], teleportation 3], dense cod- there one needs to know the coefficients in advance in order
ing [4], and cryptography5]. In the past few years, a large to reconstruct the same entangled states each time at Alice’s
number of experiments have shown that quantum computér Bob’s location.
tion and quantum communication are more efficient in many In this paper, we present another protocol for entangle-
aspects than their classical counterparts. In these expef@ent concentration based on the principle of quantum era-
ments, maximally entangled states are usually requiredsure[15] and the Schmidt projection method. In our scheme,
However, since there is decoherence during storage or tran@n€ can concentrate entanglement from arbitrary identical
mission of particles over noisy channels, the quality of en-nonmaximally entangled pairs at distant locations. For dis-
tanglement is easily degraded. There are two methods t@nt nonmaximally entangled states we first erase the
overcome the effect of decoherence. One is the so-calledvhich-way” information between the two nonmaximally
quantum error-correction scherf@, which makes quantum €ntangled states by the process of quantum erasure such that
computation possible despite the effects of decoherence a¢e can produce a conditional four-particle maximally en-
imperfect apparatus. The alternative method is entanglemefngled state. Then, after performing simple Schmidt projec-
purification. From the quantum communication perspectivetion measuremen{s6] onto one of the two photons at each
entanglement purification is more powerful than quantum erlocation, the remaining two photons are projected onto a
ror correction. In order to achieve quantum communicationmaximally entangled state. Hence, we provide a realistic
with high fidelity, entanglement purification is necessary toscheme for the original Schmidt decomposition ifiég On
obtain maximally entangled states. the other hand, we shall show that our scheme can also be
The basic idea of entanglement purification is to distillused to concentrate entanglement from nonmaximally en-

some pairs of particles in highly entangled states from leséngled multiphoton states, for example, to distill a
entangled states using local operations and classical comm@reenberger-Horne-ZeilingeGHZ) state[17].
nication. There have been several proto¢@ls13| for puri- Figure 1 is a schematic drawing of our purification
fication of pure and mixed nonmaximally entangled states. Ifcheme. Consider two pairs of photdis?) and(3,4) in the
the Schmidt decomposition scherid, physical realization
of local operations was achieved by collective measure- Alice
ments. But, in practice, it is very difficult to measure so 1=----=-=-=----=--~ ' |¢>
many photons simultaneously. Another similar scheme; 1 12
called the Procrustean meth¢d], on the other hand, re- i i
quires the states to be known in advance. Entanglement py E
rification scheme$8—12] involving quantum logic gates are i PBS 3 i |¢>34

!

1

:

1

even more difficult to implement for mixed states. The dif- (]
ficulties associated with different schemes prevent experia: Dys
mental realization of purification. Recently, Bostal. [13] | W)
suggested that one could investigate the purification of ena: Dy;
tangled states via entanglement swapping. By using Belt-----=-====-===--=
state measurements as local operations and the measurement;s 1. A schematic drawing of our scheme for entanglement

results as classical cpmmunication, spch a purificgtion PrOgoncentration. PBS, PBS,, and PBS are three polarization beam
cedure could be easily realized by simple extension of agpjitters, which transmit the horizontal polarization component and
reflect the vertical component. The half-wave plates Hyéhd
HWPy, rotate the horizontal and vertical polarization by 45° and
*Present address: Institute for Experimental Physics, Boltzman90°, respectively;D 3, Dys, Dpsr, and Dy, are four single-
ngasse 5, University of Vienna, 1090 Austria. photon detectors.
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following unknown polarization entangled states: plate (HWR; in Fig. 1). The unitary transformation of the
photons 3 and 4through the half-wave plate is given by
|¢)12=alH1)[Ho) + BIV1)[V2), ()
1
| ¢)aa=alH3)|Ha) + BIV3)|Va), ) |H3>—’E(|H3>+|V3>), (6)
where|a|?+]|B]?=1, Alice holds photons 1 and 3, and Bob
holds photons 2 and 4. Our nonmaximally entangled state is 1
the same as the one described in R&f. |Va)— T(|H3>_ 1V3)), (7)
Before proceeding to purify these states, the polarizations 2
of photons 3 and 4 are rotated by 90° using two half-wave
plates (HWR, in Fig. 1). After passing through the two half- Hy)— i(“_' V4 Vi) )
wave plates, the state of photons 3 and 4 becomes AN R 4
|$)2a= @|V3)|Va) + BIH3)[Hy). € 1
Vi y— —=(Ha)=|Va)).
Then we further forward photons 2 and 4 to a polarizing [Var)— \/§(| a) = [Var) ©

beam splitter PBS (see Fig. 1. Suppose that photons 2 and

4 arrive at PB§ simultaneously so that they interfere at the After this operation, the stat®) will evolve into a coherent
PBS;. Since the PBS transmits only the horizontal polariza-superposition of the following four combinations:

tion component and reflects the vertical component, after

I LRV N
|W)=aB|H1)[Ho)[Ha)[Ha) +aBV1) Vo) [Va)[Var) 1
+ a?|H) V3 Ha ) Ve )+ B2V Ho ) Var Y Ha). EIV3>IV4f>(IH1>IH2f>+|V1>|Vz/>)+ (11)
4
From the above equation, it is evident that Alice and Bob i|H3>|V4,)(|H1)|H2,)—|V1>|V2,>)+ (12)
could observe a fourfold coincidence among modes’ 132 2\/5

and 4 only for the terms|Hy)|H,/)|H3)|H4) and
[V1)|V2:)|V3)|Var). For the other two terms, there are al- 1
ways two particles in one of the two output modes of the m|V3>|H4'>(|Hl>|H2'>—|V1>|V2/>)- (13
PBS and no particle in the other mode. Therefore, by se-
lecting only those events where there is exactly one photon Now, Alice and Bob let the photons 3 and gass through
at thel output que ‘4 Alice and Bob can p.roject the above i, polarization beam splitters PB&nd PBS,, respec-
state into a maximally entangled four-particle state tively, and observe the coincidence between either detectors
1 Dysz andDyy, orDy3 andDyy,r, orDyy3 andDyyr, OrDys
_ = andDy, . Clearly, Alice and Bob will observe four possible
W) \/§[|H1>|H2'>|H3>|H4'>+|V1>|V2'>|V3>|V4'>], coincidences, i.e.]H3)|Ha), |V3)|Var), |H3)|Va), and
(5 |Va)|H4 ). Following Eq.(10), if both photons 3 and 4are
observed to be in the same polarization stdg&ither

with a probability of 3aB|?. _|H3)|[Hy4) or [V3)|Vy)), then the remaining two photons 1
Note that in the above description we have used the pringnd 2 are left in the state

ciple of quantum erasure so that after RBSome of the

photons registered can no longer be identified as to which 1
source they came from. The PB®lays the double role of [ V1o =—=(|H)|H2 ) +|V1)|Var)). (14
both overlapping the two photons and erasing the “which- V2

\évr?g D';&E?ET%“;:& -rreh;ierén&pLﬁé::;sétﬁrec;p;jﬁ%g_gg?”y Similgrly_, if photons_ 3 and 4are observed to be in different
has been used in several important experiments such gglar{zgtlon stateselther|H3)|y4/> or |V_3>|H4’>)’ then the
quantum teleportatiori23], entanglement swappinfl4], remaining two photons 1 and Zre left in the state
three-particle GHZ entanglemeff4], and tests of the non- 1
locality of GHZ stateg25]. - = _

To generate a maximally entangled two-photon state be- L \/§(|H1>|H2'> VoIV2r)). (19
tween Alice and Bob, they could further perform a 45° po-
larization measurement onto the photons 3 andAs de- In order to generate the same sth#e ), at each suc-
scribed in Fig. 1, Alice and Bob first rotate the polarizationscessful run, either Alice or Bob could perform an additional
of the photons 3 and’4by 45° with another two half-wave local operation, i.e., a 180° phase sliifot shown in Fig. 1,
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to transform the statiep ~);» into | ™)1, on condition that  of some particles is concentrated by sacrificing the entangle-
the photons 3 and'4are observed to be in different polar- ment of other particles, our procedure is restricted to purifi-
ization states. After performing the polarization measure<ation of two identical nonmaximally entangled states. Also,
ments and the conditional local operation, Alice and Bob carit should be noted that our scheme is not optimal since the
thus generate the maximally entangled staié), with a whole amount of entanglement is decreased by a factor of 2

probability of 2«8|2, which is equal to the probability of after finifshing our purifipation procedure. However, our
obtaining the statéW). . scheme is not involved in collective measurement like the

Schmidt decomposition schermig] and does not require the
coincidence is not necessary. In practice, with the help of tates to be "”OW'.‘ in advance Ilke.the Proprustean method
1. With the techniques developed in experiments on quan-

single-photon detectof26] it is sufficient to measure the . .
photon number and polarizations in the 45° basis at the ou{-um teleportation[14,23 and multiphoton entanglement

tmodes 3 and’4 O dition that | hoton i 24,25, our scheme is within the reach of current technology
putmodes 5 an n condition that exactly on€ photon IS o,y s s a feasible one for the original Schmidt decompo-
detected at each of the two output modes 3 ahdtHe re-

o h q b din th sition schemé7].
mzamng two photons 1 an Zcan be prepared in the state summary, we present a practical scheme for purifica-
|¢" )12 for further application.

Furth | i th h tion of pure nonmaximally entangled states based on the
| u[)t ermo(;e, one can easily verlfylt at oufr scheme Ca“Eﬂrinciple of quantum erasure and the Schmidt projection
also be used to concentrate entanglement from nonmaxi;e4syrement. Using this scheme we can obtain maximally

mally entangled multiparticle states. Let us, for exampl_e’entangled pairs, i.e., Bell states, by a simple 45° polarization

consider Alice, Bob, and Cliff to share two pairs of nonmaxi- o< rement. Our scheme might be useful in future long-
mally entangled three-photon  statesa|H)|H)|H)  qistance quantum communication.

+ BIV)|V)|V) at three distant locations. Through a similar Recently, the authors became aware of related work by
process of quantum erasure and a 45° pqlarization Measurgs mamoteet al, who arrive at the same propo$ar]. Also,
ment one of the two photons at each of Alice, Bob, and Cliff, mqre powerful purification scheme working for general

will first share a conditional six-particle maximally entangled ;i aq entangled states has been proposed recently by Pan
state, and then obtain a maximally entangled state, i.e., GHZ; 5/ [28].

entanglement among three distant parties. The probability of
obtaining the GHZ state is agairj@8|>. This work was supported by the National Natural Science
Just as in many other scheni&s13], while entanglement Foundation of China.

Here it is worthwhile to note that detection of fourfold
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