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When a single particle from two independent entangled pairs is detected in a manner such th
impossible to determine from which pair the single particle came, the remaining three particles be
entangled in a GHZ state. This procedure can be realized with existing sources of entangled p
and with future sources of entangled atoms. [S0031-9007(97)02923-2]

PACS numbers: 03.65.Bz, 42.50.Dv, 89.70.+c
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Entanglements of three or more particles are fascin
ing quantum systems, especially when the entangleme
maximal. For example, if the polarizations of three par
cles are maximally entangled, as in Greenberger-Hor
Zeilinger (GHZ) state [1], then, according to quantu
mechanics, each of them is unpolarized. However, th
are perfect correlations among the three: given the res
of arbitrary polarization measurements on two of the p
ticles one can predict with certainty the outcome of
appropriate measurement on the third particle. This f
ture seems to imply that each particle possesses m
Einstein-Podolsky-Rosen (EPR) elements of reality [
However, introduction of these elements of reality impli
a contradiction [1]. It would be interesting to experime
tally exhibit the dance of correlations present in a thre
particle entanglement. While there have been propo
for producing three- or four-particle entanglements, no
of these has been achieved in the laboratory. Most
the earlier proposals [3] employ interaction between
particles to achieve entanglement. Here we propose a
alizable method based entirely on the concept of quan
erasure [4].

In this Letter we present a general scheme and re
zable procedures for generating three-particle entan
ments out of just two pairs of entangled particles fro
independent emissions [5]. The basic idea is to set
an arrangement such that all information about the sou
of one of the four particles is erased. This entangles
other three particles as they propagate to their observa
0031-9007y97y78(16)y3031(4)$10.00
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stations. Finally, we also propose a scheme for observ
four-particle GHZ correlations.

Consider the arrangement of Fig. 1. Two independe
sources each emit a pair of particles [6] in a beam
entangled state and, by chance, these emissions are ne
simultaneous. Suppose, for example, that the states of
pairs are

1
p

2
sjal jdl 1 ja0l jc0ld , (1)

from sourceA, and
1

p
2

sjd0l jb0l 1 jcl jbld , (2)

from sourceB (the letters represent beams taken by th
particles in Fig. 1; all beams have the same polarizatio
[7]. The beamsd and d0 are mixed by a 50-50 beam
splitter, behind which are two detectorsDT (trigger)
andD0

T .
Suppose that one and only one of these four partic

is detected byDT , no particle is detected atD0
T , and the

other six beams illuminate the three-particle interferom
ter [1] of Fig. 2. Because of the beam splitter, the trigg
particle could have come from either sourceA or B. If
it came fromA, its companion must be in beama, and
the pair fromB must be in beamsb and c. Thus, the
state of the triple of remaining particles isjal jbl jcl. If,
on the other hand, the trigger particle came from sour
B, its companion must be in beamb0 and the pair fromA
© 1997 The American Physical Society 3031
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FIG. 1. A three-particle beam-entanglement source. Sh
pulses of durationDT stimulate two independent two-particle
sources,A and B, to each emit a pair of beam-entangle
particles. The state of the pair fromA fBg is given by Eq. (1)
fs2dg. Suppose that the trigger detector,DT , registers a single
particle and the other three particles are eventually found
have been in beamsa or a0, b or b0, and inc or c0, respectively.
If the trigger particle came fromA via transmission at the beam
splitter its sibling must be in beama and the pair fromB must
be in beamsb and c. If the trigger particle came fromB via
reflection at the beam splitter, its sibling must be in beamb0

and the pair fromA must be in beamsa0 andc0. Narrow filters,
Fc and Fd , of widths much narrower than the pulse spectrum
sp ø 1yDT , make the source of the trigger particle essentia
unknowable (see text). Consequently, the state of the ot
three particles is the entanglement of Eq. (3).

must be in beamsa0 andc0. Thus, if the trigger particle
came fromB, the state of the remaining triple isja0l 3

jb0l jc0l.
Now, if the procedure of emission and selection of th

four particles is such that onecannot ever know, not even
in principle,which source produced the trigger event, the
the other particles, as they enter the interferometer
Fig. 2, will be in a coherent superposition (rather tha
an incoherent mixture) of the two three-particle stat
mentioned above, i.e., in the GHZ state

FIG. 2. A three-particle beam-entanglement interferomet
Three particles in state (3) enter the arrangement. Th
adjustable phase shifters provide an additional contributi
fA 1 fB 1 fC to the relative phasef of the state. Con-
sequently the threefold coincident count rate in, say, detect
DA, DB, and DC will oscillate sinusoidally when the phase is
varied linearly in time.
3032
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1
p

2
sjal jbl jcl 1 eifja0l jb0l jc0ld , (3)

where the relative phasef depends on the positions o
various elements of the full setup. Note that the use
D0

T instead ofDT as the trigger shiftsf by p .
For the coherent superposition of state (3) to form o

must eraseall ways by which one might in principle iden-
tify true pairs. Now, to emit beam-entangled pairs of pa
ticles, each source must initially contain a parent partic
whose momentum is definite to some extent. That par
subsequently decays into a pair of daughters, with m
mentum conservation producing the desired entangleme
But pairs so produced will also, in general, carry corr
lations in polarization, energy, and time. Any of thes
may in principle be exploited to identify the true sibling
and hence the source of the trigger particle, and there
prevent the entanglement (3) from forming. Howeve
polarization correlations can never be exploited if bo
particles from the two sources simply carry the same p
larization. Energy correlations can never be exploited
all four particles carry the same energy or, more gen
ally, if the energy correlations of true pairs (emitted b
the same source) are indistinguishable from mixed pa
(one particle from each source). Similarly, temporal co
relations can never be exploited if all four particles a
produced or detected at the same time or, more genera
if the temporal correlations of true pairs and of mixe
pairs are indistinguishable.

Can the scheme just outlined actually be realized w
existing laboratory techniques? Clearly, there are tw
necessary requirements: (I) availability of two-particl
four-beam entanglement sources,A and B, of suffi-
cient intensity that, occasionally, both emit a pair, an
(II) realizable techniques for ensuring that the sourc
A or B, of the trigger is unknowable. Two-particle
four-beam entanglement has already been demonstra
in the laboratory [7] using a parametric down-conversio
(PDC) source (type-I phase matching, the polarizations
the photons are identical). But unprocessed pairs of PD
photons possess almost perfect temporal and freque
correlations (for cw-monochromatic pumping). Thus
e.g., in the interferometer of Fig. 2, one could, in principl
determine that the trigger photon came from crystalA fBg
by noting the near simultaneity of its detection atDT with
the photon atDA fDBg. Alternatively, by measuring the
frequencies one could deduce which two photons form
a single PDC pair, since the sum of their frequencies ad
up to the pump frequencynp .

To erase these opportunities to identify the trigg
source we place in the source beamsc, c0 and d, d0

two pairs of narrow filters, centered at half of the pum
frequency 1

2 np (of widths sc for the first pair, andsd

for the second). The original bandwidth of a singl
unprocessed PDC photon is very wide. But if suc
a photon passes through a filterF its coherence time
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dramatically increases to1ysF . Consequently, the perfec
temporal correlation between photons of a single PD
pair gets blurred to the same extent.

In principle one could employ detectors of an extreme
sharp time resolutiont, and selectonly ultracoincident
pairs of counts [8] atDT and DC , i.e., those detection
events which satisfyjtC 2 tT j , t ø 1ysd and 1ysc,
where tC ftT g is the detection time atDC fDT g. Since
these detection events atDT and DC are much closer in
time than the temporal correlation between particles o
true pair (set by the filters), we can no longer associa
theDT event with eitherDA or DB detection events. And
if all the filters are centered at half the pump frequenc
energy correlations cannot reveal the true pairs. Howev
due to current technical limitations (the time resolutio
of detectorst ø 0.5 ns ¿ 1ysF ø 1 ps) this method is
unrealizable. An additional disadvantage is that here
GHZ triples would only be identified via a postselectio
procedure.

Alternatively, suppose the two crystals are pumped
very short pulses [9] of durationDT and spectral width
sp ø 1yDT , and that the bandwidths of the filters ar
much narrower thansp. The unfiltered photons inDA

andDB must appear within a coincidence window define
by the pulse duration; i.e., one hasjtA 2 tBj # DT . But
the filtered photons inDC and DT rattle around in the
filters for times of order1ysc and 1ysd which greatly
exceedDT and hence neither of these can be linked wi
eitherDA or DB. Thus the origin of the photon atDT is
erased. This is independent of the actual time resolut
of the detectors. All detected triples are indeed in t
GHZ state (3).

The visibility of the three-particle fringes in the inter
ferometer of Fig. 2 measures how completely the sou
information has been erased. To estimate this parame
assume, for simplicity, that the filters and the pump spe
tral profiles are Gaussians, exph2fsn 2 n0dy2sg2j, where
n0 is the mid frequency ands the width. Calculation re-
veals the visibility is

V s3d 
spq

s2
p 1

1
2 s2

c 1
1
2 s

2
d

. (4)

Currently realizable values ofsF ø 1 nm for filter widths
and sp ø 5 nm for pulse spectral width yieldV s3d ø
97% [10]. It is worthwhile to add that our current setu
for pulsed down conversion give about1022 s21 fourfold
coincidences, but with wider filters.

Beam entanglements are not essential to prepare G
states. They can also be obtained by any type of entan
ment, most easily with polarization entangled photon pa
[11]. The high stability of polarization experiments is
clear advantage over beam entanglements which are pr
to phase drifts. The requirements on filter properties a
pulse widths are the same as for beam entanglement.

Consider Fig. 3. Two type-II down-conversion crys
tals, A and B, each emit a pair of photons in the stat
C

y

a
te

,
r,

e

y

d

h

n
e

e
er,
c-

Z
le-
rs

ne
d

FIG. 3. A three-particle polarization-entanglement sourc
The two-particle sources,A andB, pumped by short pulses each
emit a pair of photons in the superpositionjHl jV l 1 jV l jHl,
and subsequently four photons are detected, one inDT and one
in each of beams 1, 2, and 3. Because of the beam splitte
both polarizing (PBS) and regular (BS), theDT photon could
be from A or B and then the particles in the beams 1, 2
and 3 are in statejV l jV l jHl or jHl jHl jV l, respectively.
As in Fig. 1, narrow filterssFd make the source of photon
DT essentially unknowable, and consequently the other thr
photons are in a superpositionjV l jV l jHl 1 jHl jHl jV l.

s1y
p

2d sjHl jV l 1 jV l jHld, where V and H refer, re-
spectively, to linear polarization perpendicular and para
lel to the figure and the first [second] ket in each term
specifies the left [right] going beam. In this scheme w
first transform the polarization degree of freedom int
the momentum degree of freedom by means of polarizin
beam splitters [12], as shown in the figure. Overlappin
the horizontally polarized components at a standard bea
splitter can wipe out the possibility to infer (via polariza
tions) the origin of the trigger photon atDT . Thus, if it
came from crystalA, its V polarized companion must be
in beam 1 and the pair fromB must be in beams 2 and 3
with V and H polarizations, respectively. Then, the po
larization state of the three photons in beams 1, 2, and
is jV l jV l jHl. If, on the other hand, the trigger photon
at DT came from crystalB, its V -polarized companion is
in beam 3 and the pair from crystalA must be in beams
1 and 2 both with polarizationH. Then, the polariza-
tion state of the three photons in beams 1, 2, and 3
jHl jHl jV l. Again, the pulse-filter technique makes th
source of the trigger unknowable and hence the state
the triple iss1y

p
2d sjV l jV l jHl 1 eifjHl jHl jV ld.

Other polarization entanglements can be prepared
either starting with different Bell states from the crystals
or by direct manipulations in beams 1, 2, and 3, or b
using the detectorD0

T instead ofDT as the trigger. For
example, insertion of aly2 plate in beam 3 transforms the
state intos1y

p
2d sjV l jV l jV l 1 eifjHl jHl jHld, a three

photon realization of an earlier [13] gedanken three-sp
state. The use of detectorD0

T instead ofDT as trigger
shifts the relative phase,f, by p . With these techniques
eight different mutually orthogonal two-term polarization
entanglements (analogs of the two-particle Bell states) c
easily be produced. And via polarizing beam splitters an
3033
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FIG. 4. A four-particle polarization-entanglement source. Th
two-photon sources,A and B, pumped by short pulses, each
emit a pair of photons in the superpositionjHl jHl 1 jV l jV l
and four photons are eventually detected, one in each of
beams 1, 2, 3, and 4. Because of the polarizing beam split
PBS, and the narrow filters,F, the sources of photons 2 and 3
are essentially unknowable. Consequently the four photons
in a superpositionjHl jHl jHl jHl 1 jV l jV l jV l jV l.

of these can be converted [12] into beam entangleme
for illuminating the interferometer in Fig. 2.

Finally, we note that an extension of these schem
would enable us to observe four-particle correlations sp
cific to the four-particle GHZ state

1
p

2
sjHl jHl jHl jHl 1 jV l jV l jV l jV ld . (5)

This can be achieved, for example, if both crystals emit t
Bell state s1y

p
2d sjHl jHl 1 jV l jV ld and one observes

coincident detections behind orientable polarizers plac
in all four outgoing beams of Fig. 4. Note that her
the state is not prepared but that the correlations a
observed by destructive selection. Obviously this schem
can also provide a three-particle GHZ state if suitab
measurements in either beam 2 or beam 3 are perform

The laboratory realization of three-particle entangleme
will open the door to many novel quantum phenomena a
applications. These may include: (A) demonstration
GHZ correlations [1], (B) generalization of two-particle
phenomena (e.g., illumination of a tritter [14] with thre
entangled particles), (C) demonstration ofentangled en-
tanglement[15], and (D) multiparticle quantum commu-
nication schemes (see, e.g., [16,17]).
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