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We discuss a method for distinguishing the four orthogonal Bell states of two entangled particles. Because
the scheme relies only on linear optical elements, it should be realizable with current technology. The new
feature is that the Bell states must be embedded in a larger Hilbert space. That is, the correlated particles must
be entangled in more than one degree of freed@t050-294®8)50310-1

PACS numbdps): 03.67—a, 03.67.Hk, 42.50.Dv

Entangled states of particles form the cornerstone of thevhereH andV denote horizontal and vertical polarization,
newly emerging field of quantum information. They have respectively. These states are central in many tests of Bell's
been proposed for use in certain quantum cryptographjnequalities, and have been produced experimentally via the
schemes, in which the nonlocal correlations of the particlesionlinear process of spontaneous parametric down-
are employed to allow a sender and a receiver to share eonversion9].
secret “key” [1]. In a different manifestation of quantum  The stateg1) are clearly orthogonakthey form the com-
communication, one may use such correlated pairs to enabjgete maximally entangled basis of the two-particle polariza-
“quantum dense coding’2,3], whereby more than one bit tion Hilbert spacg and it is simply assumed, in many theo-
of information may be encoded in a single two-state systenretical proposals, that one can distinguish among them with a
However, one must be able to distinguish among the variousingle joint measurement of the two partic[d®]. Unfortu-
possible entangled states. This is also true in the related pheately, until now there has been no way to experimentally
nomenon of “quantum teleportation[4—6]—an unknown distinguish all four of the Bell states, although there are
guantum state may be “teleported” between two parties adairly straightforward interferometric schemes to identify
long as each of them possesses one of a pair of entanglédo of the four states, with the others giving the same detec-
particles, and can make appropriate joint measurements @bn signal[3,11,13. In fact, although to our knowledge it
two particles. The entire new field of quantum computationhas not been rigorously proved, it is commonly believed that
has at its heart the ability to prepare and manipulate variou nonlinear process, such as is available in cavity-QED ex-
superposition states involving multiple particles, which formperiments13], is necessary for a complete analysis.
the bits of the computef7]. Entangled states may result ~We will show that a complete analysis of Bell staiss
whenever elementary gate operations are applied to inp0ssible with only linear optical elementsy working in a
states in a quantum superpositi@ng., when the control bit arger Hilbert space, i.e., by employing additional degrees of
of a controlled-not gate is in a superposition of 0 and 1 fregdom—the particles must also be entangled in th_e_se new

Perhaps the simplest examples of entangled states of t\,\>6;1r|ables. In essence, these schemes use the additional en-

particles, e.g., photons, are the polarization-entangled “Bel}an_glement to .perr_nit a second interfero_mgtric measurement,
which can distinguish between the remaining two Bell states.

states”[8]: . ; :
The first proposal employs time-energy entanglement and is
[=y=(|H1,V2) = |V1,H)) V2, easier experimentally, especially since such an entanglement
) comes automatically in continuous-wave parametric down-
|pY=(IH1, Ho) = |V, V0)IV2, conversion[14]. The other scheme, relying on momentum
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FIG. 1. Setup to allow identification of all four polarization Bell FIG. 2. Schematic of the setup to identify all four polarization

states, by employing the intrinsic time-energy correlations of thegg|| states when the photons are also momentum-entangled.
down-converted photon pairs. Interference at the 50-50 beam split-

ter rendersy~ distinguishable from the others; the birefringent el- tions will, in principle, be temporally distinguishableAl-

ement(with axes along the horizontal and vertical directipsspa- ~ though in principle one only needs to separate the compo-

ratesy"; interference at the polarizing beam splitters distinguishegients by more than the correlation time of the down-

¢~ from ¢*. conversion photons(less than ~100 femtoseconds in
practice the relative delay must be measureable by current

entanglement, is technically more involved, but could be emdetectors, se-1 ns is requiredi15]. What remains is to iden-

ployed even in cases where the absolute timing of the phaify ¢* from ¢ .

tons is critical. Both schemes put challenging requirements Wwe use polarization analysis in the 45 basis, which

on the single-photon detectors used. We discuss how to megtinsforms ay— (as;s—azz)/v2, ay— (ass+ag)/v2; and

these with current technology. similarly for by, andb,, . It is instructive here to write out the

The setup for a total polarization Bell-state analysis, rely-resulting stategh™:
ing on additional time-energy entanglement, is shown in Fig.
1. The first step is to interfere the two photons on a 50-50 @ =18as(tn)aas(tn) —284s(tn)azs(th) + azs(tn) azs(tn)}

beam splitter, which converts incident spatial modes(a et )an(t. )+ 2a.(t )am(t
+ib)/v2; b—(ia+Db)/V2. Itis then easy to show that of the {Bas(ty)2as(ty) + 2845ty ) aas(t,)
four stateq1), only ¢~ will result in one photon in each of +agzg(t,)azs(t,)} +{b(ty)}+{b(t,)} (2a)

the beam-splitter output ports; for the other three states both

photons will end up in the same output port. The physical ¢ =12as(th)8as(th) — 284s(th)azs(tn) +azs(tn) aze(tn) }
reason for this is thaty~ has a singletlike character—the _ _

spin part is antisymmetric, and so too must be the spatial {aus(t,)ass(t,) + 2a,5(t, ) azs(t,)

part, in order to preserve the total bosonic nature. Therefore, +azg(t,)azs(t,)} +{b(ty)}+{b(t,)}, (2b)
the photons act effectively fermionic at the beamsplitter ) )
(which affects only the spatial modesnd always end up in where the labels, andt, represent the delays experienced in

different output ports. For the other three states the spatidl'® blrefrl?gent eler'r;.entl byF the Eo'[lzontal and Iv::‘rtéca_l
part of the wave function is symmetrice., bosonig, so the components, respectively. -or - photons  uncorreiated in

. . ime-energy, the state®) are still indistinguishable. How-
tphh;;t%?fea(l:vgﬁy;g;;;hzizzrrrgeuE;[t ?:Ot:]e tﬁzarngsstpcl)l':]tetrhils\lot ver, as has been demonstrated in several experimental vio-

basis alone. In what follows, therefore, we need to considef;g;i: f irliilesdInevt?;alltszypgcilrtattlrr]g%f: erggr\;?:ea;tr)ilc[:am ]c’iown-
only one of the output ports, tiemode(identical analysis is conversion are automatically entangled in energy and time
made in theb mode. . L E14], so that terms arising from photons created at different
In a recent experiment to demonstrate the principles o imes[e.g.,aus(ty)ass(ty) andass(t,)ass(t,)] can becoher-
quantum.dense COd'r@.]’ thg next step was to analyzg the ent with each other. Consequently, due to interference, the
e omoui o o o Lo gty 2 and 20 simply semendousy and i fac, b
X T _ . ; come experimentally distinguishable:
guish ¢™ from ¢~. If one were to instead analyze in the

45-45 basis(where45 represents-45°), then¢™ and ¢~ ¢ ={as(t)ass(t) +azs(t)azs(t)
wouldbe distinguishable from each other, but no longer from
. The essence of our technique lies in using extra corre- +b,5(t)bys(t) + bzs(t) bzs(t)} (39

Byof?igr;?{esotr)%/ ;hﬁe. photons to enable a discrimination of &~ ={aug(t)az(t) + bug(t)bz(t)}. (3b)
To achieve this, the photons are passed through a strongly Thus, the four Bell states can be distinguished due to
birefringent material of length, whose axes are oriented in different detection events: only faf~ does one detect one
theH-V basis. The effect is to separate tHeandV parts of  photon at each of the two sides of the first beam splitter; for
the wave functiortemporallyby an amountAnL/c, where the other three states both photons are registered on one side
An is the difference in the refractive indices. When this isof this beam splitterys* is further characterized by detecting
done,¢™ (for which any subsequent detections will happentwo photons with a time separation tf—t,. For ¢* we
simultaneously becomes distinguishable front™ (detec- expect simultaneous detection of two photons at a single
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detector, whereas fop~, one simultaneously registers one wish for detection efficiencies that are as high as possible.
photon at each of two detectors. Note that the time differenc€irst, in both schemes, the detectors should have the ability
t,—t, must be less than the pump coherence length for théo determine thenumberof incident photons: two incident
desired interference to occur. Similarly, had we considered &hotons should give a different signal than a single one, oth-
shortpulsedpump to produce photon pairs with a short cor- €rwise some states cannot be identified unambiguddsig
relation time(thus permitting us to separate’ from ¢*), 10 the nonunity detector efficienEyAlso, in the first scheme,
there would not be the necessary coherdfidd. The pho- the detector must be able to distinguish between two photons
tons must not have a well-defined creation time, i.e., theyhat are incident simultaneously, and one that is incident only
must be “time”-entangled. a short time after the other. While such behavior is the norm

For our second schem&ig. 2) it is necessary that the for photodiodes operated in the linear mode, these are typi-

S : A ally far too noisy to allow single-photon sensitivity. And
ﬁ]h?rtr?;nsqebneiglr?)u s;ggggzﬁ%ﬁély entangled in polarization an(\jvhile avalanche photodiodes operated in the geiger mode

can have efficiencies in excess of 75—-8Q@¥sible) [20],
+_ they are not able to resolve multiple-photon impacts; two
W= ={(apby*ayby)+(cydy=cydy)}/2 pho){cons hitting the detector simultgne%usly initizfl)te just as
= ={(ayby*ayby) + (Cudy = cydy) }/2. (4) great an avalanche as one photatthough the probability of
starting the avalanche will be enhangddowever, there are
For example, these states can be generated via two crystalétectors under investigation that may solve these problems.
of the sort used to generate polarization-entangled states, co- The first detectors are a solid-state photomultiplier and a
herently pumped by a single laser. Such “hyper”-entangledvisible-light photon countefVLPC), produced by Rockwell
stateq(i.e., jointly entangled in more than one degree of free-International, now Boeing International. Initial tests of these
dom) may also be available directly from a single suitably devices indicated single-photon detection efficiencies over
chosen down-conversion crystdl8]. 70%[20], with indications that efficiencies in excess of 90%
The first step in the analysis is identical with the previousmay be achievable. Moreover, the devices have shown some
case—the photons are mixed on 50-50 beam splitters. Thability to discriminate the photon numbf21], owing to the
role of the birefringent elemertivhich separatedd andV  fact that the avalanche associated with an incident photon is
components into two differeritmes is played by polarizing limited to a small filament~10 um diamete), compared
beam splitters, which separate tHeandV components into  with the total device size of 1 mm; therefore, the net effect is
two differentdirections ay— ay, ay— dy, etc. Moreover, Vvery roughly that of an array of 10 000 independent detec-
these allow us to mix our initial spatial modes, e.g., bath ~ tion element$22]. Recently, the VLPC was demonstrated in
and dy are transformed into the spatial mode After the  a high-efficiency mode ¢~ 88%), with clearly distinguish-
50-50 beam splitters and the polarizing beam splitters, ou@ble signals for one and two simultaneously incident photons

Bell states become [23].
The second type of detector, which is already commer-

cially available, is the hybrid photomultipligi24]. These

N
W =ilandyt avdut Buyvt Byvn)/2, devices basically have a photocathode at the input, which

Y= + — B Syt Bydu)l2, produces a photoelectron; a central accelerating redyqmi
(anyvt avyu=Budyt Bydn) cally 8—15 kV\) that boosts the energy of the photoelectrons
O =i{(anan+ BuBu+ Yuyu+ Sudw) = (ayay+ ByBy by a factor of severall thousand; and fm_allpa-n dlod.e. or
an avalanche photodiodthe latter resulting in an additional
+ yvyvt Svoy) H (2V2). (5)  gain of about 500 While such devices have already demon-

) _ _ strated their ability to resolve several photoelectrons, and
One can readily see from the spatial modes tat is  thys to distinguish between, e.g., one and two incident pho-
distinguishable from¥*, and both are distinguishable from tons, their usefulness at present is extremely limited by the
®*. The remaining step, to identifp " and® ", is again  rather low quantum efficiencies of the photocathoE3—
performed with a polarizing beam splitter at 45°. The result-20y).

ing final states are In conclusion, we have shown how all four polarization
. Bell states may be reliably identified using only linear optical
W =i(aus0s5~ @025+ Basyas— Basyas)/2, elements, with the additional requirement that the correlated
_ particles also be entangled in other degrees of free(tione-
V" =(@asyas— aasyas— Basdast Pasdas) /2, energy or momentum-positianBy embeddinghe states of

. o o interest in a larger Hilbert space, we are able to solve an
" =i(agseast azsaast BasBasT PasBast YasyasT YasYs  otherwise difficult problem. Our method should therefore al-

+ 845045+ 67567 +)1(2V2), low a fairly easy realization of quantum dense coding in
which a full two bits of information(corresponding to the
O = —i(ayezet BasBiEt Yasyzet 04s6m)/2.  (6) four polarization Bell statgsare encoded using only the two-

state polarization subspace of one of the photons. While
From (6) we note that each Bell state gives a different sig-100% efficient teleportation of an arbitrary stéwé polariza-
nature of detectors firing. tion) does not appear to be possible with these techniques
A discussion about detectors is now appropriate. One seddue to a lack of the additional entanglement between non-
immediately that the schemes we propose here place ratheorrelated photonsthey may be useful, for instance, in ex-
strong requirements on the detectors, aside from the obviouending the capabilities of all-optical emulations of quantum
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computers, which rely on multiple degrees of freedom of aever, as they do not allow multiple entanglemdfies which
single particle to allow implementation of any quantum cir- the stateg1) do not then span the enlarged Hilbert space of
cuit using only linear passive elemens]. the two particles

Note added in proofWe have recently learned that both
Lev Vaidman and Norbert itkenhaus have, in fact, proved ~ H.W. acknowledges support by the Austrian Science
that the four Bell statesannotbe distinguished using only Foundation FWHProject No. Y-49 and the APART Pro-

linear optics; there is no contradiction with our result, how-gram of the Austrian Academy of Sciences.
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