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Experimental Entanglement Swapping: Entangling Photons That Never Interacted
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We experimentally entangle freely propagating particles that never physically interacted with one
another or which have never been dynamically coupled by any other means. This demonstrates tha
quantum entanglement requires the entangled particles neither to come from a common source nor t
have interacted in the past. In our experiment we take two pairs of polarization entangled photons and
subject one photon from each pair to a Bell-state measurement. This results in projecting the other two
outgoing photons into an entangled state. [S0031-9007(98)05913-4]
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Entanglement is one of the most fundamental featur
of quantum mechanics. It is at the heart of the Einste
Podolsky-Rosen paradox, of Bell’s inequalities, and
the discussions of the nonlocality of quantum mechani
Thus far, entanglement has been realized either by hav
the two entangled particles emerge from a common sou
[1], or by having two particles interact with each other [2
Yet, an alternative possibility to obtain entanglement is
make use of a projection of the state of two particles on
an entangled state. This projection measurement does
necessarily require a direct interaction between the tw
particles: When each of the particles is entangled w
one other partner particle, an appropriate measurement,
example, a Bell-state measurement, of the partner partic
will automatically collapse the state of the remaining tw
particles into an entangled state. This striking applicati
of the projection postulate is referred to as entangleme
swapping [3–5], and in this Letter we report its firs
experimental realization.

Consider two EPR sources, simultaneously emittin
each a pair of entangled particles (Fig. 1). In anticipatio
of our experiments we assume that these are polarizat
entangled photons in the state

jCl1234 ­
1
2 sjHl1jV l2 2 jV l1jHl2d

3 sjHl3jV l4 2 jV l3jHl4d . (1)
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Here jHl or jV l indicates the state of a horizontally or a
vertically polarized photon, respectively. The total state
describes the fact that photons 1 and 2 (3 and 4) a
entangled in an antisymmetric polarization state. Yet, th
state of pair 1-2 is factorizable from the state of pair 3-4
that is, there is no entanglement of any of the photons 1 o
2 with any of the photons 3 or 4.

We now perform a joint Bell-state measurement on
photons 2 and 3; that is, photons 2 and 3 are projected on
one of the four Bell states which form a complete basis fo

FIG. 1. Principle of entanglement swapping. Two EPR
sources produce two pairs of entangled photons, pair 1-
and pair 3-4. One photon from each pair (photons 2 an
3) is subjected to a Bell-state measurement. This results
projecting the other two outgoing photons 1 and 4 onto a
entangled state. Change of the shading of the lines indicat
the change in the set of possible predictions that can be made
© 1998 The American Physical Society 3891
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the combined state of photons 2 and 3

jC6l23 ­
1

p
2

sjHl2jV l3 6 jV l2jHl3d ,

jF6l23 ­
1

p
2

sjHl2jHl3 6 jV l2jV l3d .
(2)

This measurement projects photons 1 and 4 also onto a B
state, a different one depending on the result of the Be
state measurement for photons 2 and 3. Close inspec
shows that for the initial state given in Eq. (1) the emergin
state of photons 1 and 4 will be identical to the one photo
2 and 3 collapsed into. This is a consequence of the f
that the state of Eq. (1) can be rewritten as

jCl1234 ­
1
2 sjC1l14jC

1l23 1 jC2l14jC
2l23

1 jF1l14jF
1l23 1 jF2l14jF

2l23d . (3)

In all cases photons 1 and 4 emerge entangled despite
fact that they never interacted with one another in the pa
After projection of particles 2 and 3 one knows about th
entanglement between particles 1 and 4.

In the experiment we decided to analyze only the proje
tion ontojC2l23. This projection is realized by interfering
the two photons, 2 and 3, at a beam splitter and dete
ing a coincidence between the two detectors at the out
ports of the beam splitter. Here we exploit the fact th
jC2l23 is antisymmetric under exchange of labels 2 an
3 which gives the two photons fermionic statistics in the
spatial behavior [6] in the sense that they will emerge fro
different output ports of the beam splitter [7]. The com
ponents of the combined state of photons 2 and 3 alo
the other three Bell states are symmetric under exchan
of labels 2 and 3 which results in bosonic statistics; th
is, the two photons will emerge at the same output port
the beam splitter. Therefore, detecting coincidences b
tween the two detectors after the beam splitter acts a
projection ontojC2l23. Since originally the polarization
states of photons 2 and 3 are completely undetermin
their combined state is in an equal superposition of the fo
Bell states. As a result, in one out of four cases on av
age a coincidence will be recorded by the two detecto
behind the beam splitter; that is, a projection ontojC2l23

takes place.
Note that the Bell-state analysis relies on the interfe

ence of two independently created photons. One, the
fore, has to guarantee good spatial and temporal overla
the beam splitter and, above all, one has to erase all kin
of path information for photon 2 and for photon 3. Espe
cially the high time and frequency correlations of two pho
tons created by parametric down-conversion can give r
to Welcher-Weg information for the interfering photon
[8]. However, there are two possibilities for quantum er
sure. In the first one, Welcher-Weg information is eras
by detecting photons 2 and 3 within time intervals muc
shorter than their coherence time [4]. Then, such ultrac
incident registrations are too close in time to discrimina
3892
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which of the detected photons shares the source with p
ton 1, or with photon 4, respectively. Yet, this metho
cannot be used in practice due to the poor time resolut
of existing single-photon detectors (typically 0.5 ns for S
avalanche photodiodes as compared to typical cohere
times of about 500 fs).

The second possibility involves increasing the coheren
times of the interfering photons to become much long
than the time interval within which they are created [9
Then again, one cannot infer anymore which of the d
tected photons was created together with photon 1, or w
photon 4, respectively. In our experiment UV pulses w
a duration of 200 fs are used to create the photon pa
We then choose narrow bandwidth filterssDl ­ 4 nmd in
front of the detectors registering photons 2 and 3. The
sulting coherence time of about 500 fs is sufficiently long
than the pump pulse duration. Furthermore, single mo
fiber couplers acting as spatial filters were used to guar
tee good mode overlap of the detected photons.

Figure 2 is a schematic drawing of the experimen
setup. UV pulses are produced by frequency doubling
pulses of a commercial mode locked Ti:sapphire laser fr
780 to 390 nm using a nonlinear LBO crystalsLiB 3O5d.

FIG. 2. Experimental setup. A UV pulse passing through
nonlinear crystal creates pair 1-2 of entangled photons. Pho
2 is directed to the beam splitter. After reflection, during i
second passage through the crystal the UV pulse create
second pair 3-4 of entangled photons. Photon 3 will also
directed to the beam splitter. When photons 2 and 3 yield
coincidence click at the two detectors behind the beam split
they are projected into thejC2l23 state. As a consequenc
of this Bell-state measurement the two remaining photons
and 4 will also be projected into an entangled state.
analyze their entanglement we look at coincidences betw
detectors D11 and D4, and between detectors D2

1 and D4, for
different polarization anglesQ. By rotating thely2 plate in
front of the two-channel polarizer we can analyze photon
in any linear polarization basis. Note that, since the detect
of coincidences between detectors D1

1 and D4, and D2
1 and

D4 are conditioned on the detection of theC2 state, we are
looking at fourfold coincidences. Narrow bandwidth filters (F
are positioned in front of each detector.
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For a repetition rate of 76 MHz we obtained an average
power of 500 mW. Passing the UV pulses through a BB
crystalsb-BaB2O4d creates via type-II down-conversion a
pair of photons, 1 and 2, in the entangled statejC2l12 [10].
Yet, birefringence of the BBO crystal causes longitudin
separation ofH andV polarized photons inside the crysta
which again would give a means to distinguish which of th
two possible states was emitted, resulting in an incohere
mixture of these states. Compensation with two ext
crystals [10] is only partially possible for a pulsed pum
and makes narrow band filtering of both photons, 1 and
necessary to achieve a high degree of entanglement [1
For a BBO crystal of 1.5 mm thickness we obtained, aga
using filters withDl ­ 4 nm, a polarization correlation of
about 0.9 [12].

After reflection, the pump pulse passes the crystal aga
and produces the second pair of photons, 3 and 4 (af
compensation and filtering), in the statejC2l34. Note that
the two pairs are created independently of one anoth
although the same pulse and the same crystal are u
twice.

According to the entanglement swapping scheme, up
projection of photons 2 and 3 into thejC2l23 state, photons
1 and 4 should be projected into thejC2l14 state. To
verify that this entangled state is obtained, we have
analyze the polarization correlations between photons
and 4 conditioned on coincidences between the detect
of the Bell-state analyzer. If photons 1 and 4 are in th
jC2l14 state, their polarizations should be orthogonal upo
measurement in any polarization basis. Using aly2
retardation plate at 22.5± and two detectors (D11 and D2

1 )
behind a polarizing beam splitter, we choose to analyze t
polarization of photon 1 along the145± axissD1

1 d and the
245± axis sD2

1 d. Photon 4 is analyzed by detector D4 at
the variable polarization directionQ.

If entanglement swapping happens, then the twofold c
incidences between D11 and D4, and between D21 and D4,
conditioned on thejC2l23 detection, should show two sine
curves as a function ofQ which are 90± out of phase. The
D1

1 D4 curve should, in principle, go to zero forQ ­ 45±,
whereas the D21 D4 curve should show a maximum at this
position. Figure 3 shows the experimental results for th
coincidences between D1

1 and D4, and between D21 and
D4, given that photons 2 and 3 have been registered
the two detectors in the Bell-state analyzer. Note that th
method requires detection of fourfold coincidences. Th
result clearly demonstrates the expected sine curves, co
plementary for the two detectors (D1

1 and D2
1 ), registering

photon 1 along orthogonal polarizations. We verified b
additional measurements that the sine curves are indep
dent of the detection basis of photon 1, that is, independ
of the rotation angle of thely2 retardation plate. In other
words, the observed sinusoidal behavior of the coinciden
rates depends only on the relative angle between the po
izers in beams 1 and 4. The experimentally obtained fou
fold coincidences have been fitted by a joint sine functio
d
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FIG. 3. Entanglement verification. Fourfold coincidence
resulting from twofold coincidenceD11D4 and D12D4
conditioned on the twofold coincidences of the Bell-sta
measurement, when varying the polarizer angleQ. The two
complementary sine curves with a visibility of0.65 6 0.02
demonstrate that photons 1 and 4 are polarization entangled

with the same amplitudes for both curves. Note that t
observed visibility of 0.65 clearly surpasses the 0.5 lim
of a classical wave theory. A visibility of0.72 6 0.04
was observed in a few initial measurements for analy
along 45±. A future experiment for showing a significan
violation of Bell’s inequalities requires a stable visibility
better than 0.71. We expect to improve the very low fou
fold coincidence rate, the main difficulty of the prese
experiment, by using a new laser system currently be
installed, leading to a better overall performance of t
experiment.

The experiment can also be interpreted as teleportat
of the unknown state of, say, photon 2 onto photon
[3]. In that case, one could consider Alice performin
the Bell-state measurement on photons 2 and 3, tell
Bob, who is in possession of photon 4, the result of t
Bell-state measurement. Then, by performing one out
a fixed set of four unitary operations on photon 4 Bo
obtains a teleported replica of photon 2. It is conceptua
most interesting to realize that in this case the telepor
photon state does not have any well-defined polarizati
because it is entangled with photon 1. We note th
here we do not teleport some unknown state of a pho
but rather its in principle undefined state. The state
photon 2, and, therefore, also of the teleported phot
4, is certainly undefined before any measurements
performed on photons 1 or 4.

In Ref. [4] it was pointed out that the process of enta
glement swapping gives a means to define that an en
gled pair of photons, 1 and 4, is available. As soon as
result of the Bell-state measurement on particles 2 an
yields thejC2l23 state we know that photons 1 and 4 a
on their way ready for detection in an entangled state. T
now gives, for the first time, the possibility to perform s
3893
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a concept suggested by Bell [13].

We mention that, obviously, registration of a coinci
dence in the two detectors behind the beam splitter cou
also have been caused by two pairs created in either sou
That possibility could clearly be ruled out by sophisticate
detection procedures. It certainly does not have any imp
cation on those events in our experiment where we inde
obtain four registration events.

Various generalizations of the present scheme are
hand [5]. One could have many different kinds of entan
glements to begin with, perform various different measur
ments, and obtain various kinds of entanglement for t
emerging particles. A first clear possibility [9] is to projec
three particles, each from an entangled pair, into a GH
state [14]; whenceforth the other three emerging particl
are also projected into a GHZ state. This again requir
pulsed pump technology, with pulses of even higher pow
than in the present experiment, yet in principle achievab
with current technology.

We might also remark that the present results, tak
together with those of our recent verification of quantum
teleportation [15], are easily understood in the framewo
of the Copenhagen interpretation of quantum mechan
[16]. They cause no conceptual problems if one accep
that information about quantum systems is a more ba
feature than any possible “real” properties these syste
might have [17].
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