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Experimental Entanglement Swapping: Entangling Photons That Never Interacted

Jian-Wei Pan, Dik Bouwmeester, Harald Weinfurter, and Anton Zeilinger

Institut far Experimentalphysik, Universitat Innsbruck, Technikerstrasse 25, A-6020 Innsbruck, Austria
(Received 6 February 1998

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 that
guantum entanglement requires the entangled particles neither to come from a common source nor to
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]

PACS numbers: 03.65.Bz, 03.67.—a, 42.50.Ar

Entanglement is one of the most fundamental featureblere |H) or |V) indicates the state of a horizontally or a
of quantum mechanics. It is at the heart of the Einsteinvertically polarized photon, respectively. The total state
Podolsky-Rosen paradox, of Bell's inequalities, and ofdescribes the fact that photons 1 and 2 (3 and 4) are
the discussions of the nonlocality of quantum mechanicsentangled in an antisymmetric polarization state. Yet, the
Thus far, entanglement has been realized either by havingtate of pair 1-2 is factorizable from the state of pair 3-4;
the two entangled particles emerge from a common sourdhat is, there is no entanglement of any of the photons 1 or

[1], or by having two particles interact with each other [2]. 2 with any of the photons 3 or 4.
necessarily require a direct interaction between the two
will automatically collapse the state of the remaining two Bell State /
experimental realization.
sources produce two pairs of entangled photons, pair 1-2

Yet, an alternative possibility to obtain entanglement is to We now perform a joint Bell-state measurement on
make use of a projection of the state of two particles ontghotons 2 and 3; that is, photons 2 and 3 are projected onto
an entangled state. This projection measurement does note of the four Bell states which form a complete basis for
particles: When each of the particles is entangled with
one other partner particle, an appropriate measurement, for
example, a Bell-state measurement, of the partner particles
particles into an entangled state. This striking application Measurement
of the projection postulate is referred to as entanglement 1 2 3 4
swapping [3-5], and in this Letter we report its first ‘

Consider two EPR sources, simultaneously emitting EPR -
each a pair of entangled particles (Fig. 1). In anticipation EPR-source [
of our experiments we assume that these are polarizatiolgIG 1 Princiole of entanal ¢ . T EPR
entangled phOtOﬂS in the state L. rnncipie or entangiement swapping. \'\'/e]

and pair 3-4. One photon from each pair (photons 2 and
3) is subjected to a Bell-state measurement. This results in

[W)123 = 5 (HWIVY2 — [V)i[H)) projecting the other two outgoing photons 1 and 4 onto an
entangled state. Change of the shading of the lines indicates
X (|H|V)Ys — |V)31H)a). (1) the change in the set of possible predictions that can be made.
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the combined state of photons 2 and 3 which of the detected photons shares the source with pho-
. . ton 1, or with photon 4, respectively. Yet, this method
W 5)2s = 75 (1H2|V)s = [ValH)s), cannot be used in practice due to the poor time resolution
| (2)  of existing single-photon detectors (typically 0.5 ns for Si-
D) = 5 (IH)alH)s = [V)a|V)3). i i
2= A 21173 21V'/3 avalanche photodiodes as compared to typical coherence

) ) times of about 500 fs).
This measurement projects photons 1 and 4 also onto a Bell The second possibility involves increasing the coherence
state, a different one depending on the result of the Belkimes of the interfering photons to become much longer
state measurement for photons 2 and 3. Close inspectiqqan the time interval within which they are created [9].
shows that for the initial state given in Eq. (1) the emergingrhen again, one cannot infer anymore which of the de-
state of photons 1 and 4 will be identical to the one photongected photons was created together with photon 1, or with
2 and 3 collapsed into. This is a consequence of the fagihoton 4, respectively. In our experiment UV pulses with
that the state of Eq. (1) can be rewritten as a duration of 200 fs are used to create the photon pairs.
1 _ _ We then choose narrow bandwidth filtéfsA = 4 nm) in
[Whiss = 3 (I halW oz + W1l W o3 front of the detectors registering photons 2 and 3. The re-
F @)l D a3 + [ Nald )3).  (3)  sulting coherence time of about 500 fs is sufficiently longer
than the pump pulse duration. Furthermore, single mode
In all cases photons 1 and 4 emerge entangled despite tfiber couplers acting as spatial filters were used to guaran-
fact that they never interacted with one another in the pastee good mode overlap of the detected photons.
After projection of particles 2 and 3 one knows about the Figure 2 is a schematic drawing of the experimental
entanglement between particles 1 and 4. setup. UV pulses are produced by frequency doubling the
In the experiment we decided to analyze only the projecpulses of a commercial mode locked Ti:sapphire laser from
tion onto| W ~),;3. This projection is realized by interfering 780 to 390 nm using a nonlinear LBO crystaiB;0s).
the two photons, 2 and 3, at a beam splitter and detect-
ing a coincidence between the two detectors at the output

ports of the beam splitter. Here we exploit the fact that Bell Measurement
| ¥~ )3 is antisymmetric under exchange of labels 2 and /l(‘ F
3 which gives the two photons fermionic statistics in their

spatial behavior [6] in the sense that they will emerge from Bezim Siplifisr

different output ports of the beam splitter [7]. The com-
ponents of the combined state of photons 2 and 3 along
the other three Bell states are symmetric under exchange
of labels 2 and 3 which results in bosonic statistics; that
is, the two photons will emerge at the same output port of

the beam splitter. Therefore, detecting coincidences be- ~ UV-pulse A2 g‘;ﬁfggng
. plitter
tween the two detectors after the beam splitter acts as a g 4 EP]FEOIIirCC
rojection ontoW ™ ),3. Since originally the polarization
proj oW )23 ginally the p Pol@® . Sy

states of photons 2 and 3 are completely undetermined, D,
their combined state is in an equal superposition of the four D+§
Bell states. As a result, in one out of four cases on aver- !
age a coincidence will be recorded by the two detector§IG. 2. Experimental setup. A UV pulse passing through a
behind the beam splitter; that is, a projection opto ),; ~ honlinear crystal creates pair 1-2 of entangled photons. Photon
takes place ’ ' 2 is directed to the beam splitter. After reflection, during its
P ) . . . second passage through the crystal the UV pulse creates a
Note that the Bell-state analysis relies on the interfersecond pair 3-4 of entangled photons. Photon 3 will also be
ence of two independently created photons. One, theretfirected to the beam splitter. When photons 2 and 3 yield a
fore, has to guarantee good spatial and temporal overlap egincidence click at the two detectors behind the beam splitter,
the beam splitter and, above all, one has to erase all kindlgfe);]_are If;IVOJeCted into thel ~ ), hstate. As a c_onse(ﬂ]uence
of path information for photon 2 and for photon 3. Espe—o this Bell-state measurement the two remaining photons 1

. . . . and 4 will also be projected into an entangled state. To
cially the high time and frequency correlations of two pho-gnaiyze their entanglement we look at coincidences between

tons created by parametric down-conversion can give risgetectors  and D;, and between detectors; Dand D, for
to Welcher-Weg information for the interfering photons different polarization angle®. By rotating theA/2 plate in
[8]. However, there are two possibilities for quantum era-ront of the two-channel polarizer we can analyze photon 1
sure. In the first one, Welcher-Weg information is erased any linear polarization basis. Note that, since the detection

. L2 . of coincidences between detector§ @nd D;,, and O and
by detecting photons 2 and 3 within time intervals muchp, are conditioned on the detection of the state, we are

shorter than their coherence time [4]. Then, such ultracomoking at fourfold coincidences. Narrow bandwidth filters (F)
incident registrations are too close in time to discriminateare positioned in front of each detector.

Dy
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For a repetition rate of 76 MHz we obtained an averaged .

power of 500 mW. Passing the UV pulses through a BBO g 1751 .
crystal(B-BaB,0,) creates via type-ll down-conversion a S 150- byD, DD,
pair of photons, 1 and 2, in the entangled state ), [10]. §

Yet, birefringence of the BBO crystal causes longitudinal g 125

separation off andV polarized photons inside the crystal @

which again would give a means to distinguish which of the s 1007

two possible states was emitted, resulting in an incoherent B 75

mixture of these states. Compensation with two extra g

crystals [10] is only partially possible for a pulsed pump S 501

and makes narrow band filtering of both photons, 1 and 2, °

necessary to achieve a high degree of entanglement [11]. é 251 Visibility 0.65
For a BBO crystal of 1.5 mm thickness we obtained, again L - . y T v

using filters withAA = 4 nm, a polarization correlation of 0 4 %0 135 180
about 0.9 [12]. © (degrees)

After reflection, the pump pulse passes the crystal agaipig. 3. Entanglement verification. Fourfold coincidences,
and produces the second pair of photons, 3 and 4 (afteesulting from twofold coincidenceD1*D4 and D1~ D4
compensation and filtering), in the st );4. Note that conditioned on the twofold coincidences of the Bell-state
the two pairs are created independently of one anotheﬁ‘erﬁsllgrirgﬁt':r’ngﬁg \éi?\//'gg wi?h Pglé\\/riggif”gn%}eésTfleot\(l)\l;
:}\}EZUgh the same pulse and the same crystal are uséamonstrate that photons 1 and 4 are polarization entangled.

According to the entanglement swapping scheme, upon
projection of photons 2 and 3 into th#& ~),; state, photons with the same amplitudes for both curves. Note that the
1 and 4 should be projected into tli# ~);, state. To observed visibility of 0.65 clearly surpasses the 0.5 limit
verify that this entangled state is obtained, we have tmf a classical wave theory. A visibility of.72 = 0.04
analyze the polarization correlations between photons tvas observed in a few initial measurements for analysis
and 4 conditioned on coincidences between the detectoedong 45. A future experiment for showing a significant
of the Bell-state analyzer. If photons 1 and 4 are in theviolation of Bell's inequalities requires a stable visibility
|'¥~ )4 state, their polarizations should be orthogonal uporbetter than 0.71. We expect to improve the very low four-
measurement in any polarization basis. Using\@  fold coincidence rate, the main difficulty of the present
retardation plate at 22°%nd two detectors (Dand Oy)  experiment, by using a new laser system currently being
behind a polarizing beam splitter, we choose to analyze thimstalled, leading to a better overall performance of the
polarization of photon 1 along the45° axis(D}) and the ~ experiment.

—45° axis(D; ). Photon 4 is analyzed by detectoy, Bt The experiment can also be interpreted as teleportation
the variable polarization directio®. of the unknown state of, say, photon 2 onto photon 4

If entanglement swapping happens, then the twofold cof3]. In that case, one could consider Alice performing
incidences between Dand D;, and between P and D, the Bell-state measurement on photons 2 and 3, telling
conditioned on thé¥ ~),; detection, should show two sine Bob, who is in possession of photon 4, the result of the
curves as a function @& which are 90 out of phase. The Bell-state measurement. Then, by performing one out of
D; Dy curve should, in principle, go to zero f@ = 45°,  a fixed set of four unitary operations on photon 4 Bob
whereas the PD, curve should show a maximum at this obtains a teleported replica of photon 2. Itis conceptually
position. Figure 3 shows the experimental results for thenost interesting to realize that in this case the teleported
coincidences between,Dand D, and between P and  photon state does not have any well-defined polarization,
D4, given that photons 2 and 3 have been registered bgecause it is entangled with photon 1. We note that
the two detectors in the Bell-state analyzer. Note that thifiere we do not teleport some unknown state of a photon
method requires detection of fourfold coincidences. Thebut rather its in principle undefined state. The state of
result clearly demonstrates the expected sine curves, comphoton 2, and, therefore, also of the teleported photon
plementary for the two detectors {[and D)), registering 4, is certainly undefined before any measurements are
photon 1 along orthogonal polarizations. We verified byperformed on photons 1 or 4.
additional measurements that the sine curves are indepen-In Ref. [4] it was pointed out that the process of entan-
dent of the detection basis of photon 1, that is, independemflement swapping gives a means to define that an entan-
of the rotation angle of tha/2 retardation plate. In other gled pair of photons, 1 and 4, is available. As soon as the
words, the observed sinusoidal behavior of the coincidenceesult of the Bell-state measurement on particles 2 and 3
rates depends only on the relative angle between the polayields the| ¥ ~),; state we know that photons 1 and 4 are
izers in beams 1 and 4. The experimentally obtained fouren their way ready for detection in an entangled state. This
fold coincidences have been fitted by a joint sine functiomow gives, for the first time, the possibility to perform so
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called “event-ready detections” of the entangled particles,[4] M. Zukowski, A. Zeilinger, M. A. Horne, and A. Ekert,
a concept suggested by Bell [13]. Phys. Rev. Lett71, 4287 (1993).

We mention that, obviously, registration of a coinci- [5] S. Bose, V. Vedral, and P.L. Knight, Phys. Rev.5,
dence in the two detectors behind the beam splitter could 822 (1998). o
also have been caused by two pairs created in either sourcd8] Of course, the complete two-photon state including both
That possibility could clearly be ruled out by sophisticated the spatial and the spin part has to obey bosonic
detection procedures. It certainly does not have any impli- symmetry.  Thus, the two parts have to be either both

: h : : h indeed symmetric or both antisymmetric. If the spatial part of
Cat'o_n ont ose evehts In our experiment where we indee the wave function is antisymmetric, the two photons will
obtain four registration events.

show fermionic statistics in their spatial behavior.
Various generalizations of the present scheme are a{7] R. Loudon, Coherence and Quantum Opticsdited by
hand [5]. One could have many different kinds of entan- ~ J.H. Eberly and L. Mandel (Plenum, New York, 1990),
glements to begin with, perform various different measure-  p. 703; M. Bitiker, Physica (Amsterdan)75B 199
ments, and obtain various kinds of entanglement for the  (1991); A. Zeilinger, H.J. Bernstein, and M.A. Horne,
emerging particles. A first clear possibility [9] is to project J. Mod. Opt.41, 2375 (1994).
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pulsed pump technology, with pulses of even higher power Sci. 755, 624 (1995)
than in the present experiment, yet in principle achievablcﬁO] P G Kwiat K. Mattle H. Weinfurter. A. Zeilinger

with current technology. A.V. Sergienko, and Y.H. Shih, Phys. Rev. Lef5,
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together with those of our recent verification of quantum A, Zeilinger, Phys. Rev. Let{76, 4656 (1996).
teleportation [15], are easily understood in the framework11] K. Mattle, M. Eibl, H. Weinfurter, and A. Zeilinger, in
of the Copenhagen interpretation of quantum mechanics Quantum Interferometrygdited by F. DeMartiniet al.
[16]. They cause no conceptual problems if one accepts (VCH, Weinheim, 1996), p. 57.
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