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Realization of the optimal universal quantum entangler
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We present an experimental demonstration of the “optimal” and “universal” quantum entangling process
involving qubits encoded in the polarization of single photons. The structure of the “quantum entangling
machine” consists of thguantum injectedaptical parametric amplifier by which the simultaneous realization
of the 1— 2 universal quantum cloning and of the universalr (u-NOT) gate has also been achieved.
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The two distinctive features of quantum kinematics areinvolving either Bell inequalities or Hardy’s “ladder proofs”
the quantum superposition principland thequantum en- [9,10. Furthermore, it lies at the core of important QI pro-
tanglement Among many consequences of the statisticaltocols as quantum teleportation, dense coding, etc. Following
character of quantum kinematics,campletedetermination the above reasonings, one may ask then again whether it is
of the unknown state of a quantum system can be attainegossible to realize exactly the mapl)|®)— (|¥)|d)
only when a complete measureméirg., the measurement of +|®)|¥)) which implies the entanglement of two quantum
the quorum of observabless performed on annfinite en-  systems initially prepared in two unknown staf@s) and
semble of identically prepared quantum objects. The mead). This type of entanglement, obtained via symmetrization,
surement on a finite ensemble results in an imperfect recorean be useful for stabilization of the storage of an unknown
struction of the quantum stafé]. guantum state of one qubit against environmental interaction

If we consider the physical world to be represented byand random imprecisiofil1l]. Alternatively, the same ques-
states of quantum objects then it is obvious that the quantuion can be raised for the relevant may)— (|¥)|¥+)
information (Ql) processing is fundamentally different from +|xpi>|xp>)/\55 {¥, ¥}y implying the “translation” of the
any processing on a classical level. One of the main differinformation originally encoded in any unknown stdté)
ences is that, in general, given just one physical object calinto the corresponding entangled Bell state. This question
rying a specific quantum information this one cannot be dehas heen addressed in REF2] where it is shown that again
termined. In addition many operations on individual the perfectentangling transformation is generally impossible
quantum objects prepared in unknown quantum states canngfjt, once again an approximate universal entangling machine
be performed perfectly. A renowned example of such a congan pe designed. In addition and most interestingly, it can be
straint is the impossibility of cloningcopying an unknown  shown that anpptimal universafjuantum entangler, i.e., the
quantum statg¥) [2], i.e., auniversal machine realizing one maximizing the average fidelity of success, is realized
exactly the transformatiof¥)|0) — |)[¥), being|0) the ini-  within a combined, simultaneous realization of the optimal
tial known state of the copier, cannot exist. On the other hanginjversal quantum cloning and of the optimal universal spin-
an approximate, i.eqptimal universal quantum cloning ma- flipping processes. In the present work we report on an ex-
chine has been theoretically propog8fland experimentally  perimental demonstration of the “optimal” and “universal”
realized[4,5]. Another relevant example of an impossible quantum entangling process within such a complex concep-
task is the “flipping” of unknown qubit§6,7], i.e., the real- 1,4l and experimental framework.
ization of auniversalNoT-gate operation/W) — [W-) being: Let us assume that QI is encoded in the polarizatigh
(W[W+)=0. The impossibility of flipping an unknown qubit gtate of single photons. The structure of the “quantum entan-
has several interesting consequences. For instance, it h@ﬁng machine” and, contextually, of tHé=1 to M=2 uni-
been shown that encoding information about unknown spaygersa] quantum cloning machine and of the universat
tial spin orientation into parallel and antiparallel pairs of qu-(u-NOT) gate is the quantum injected optical parametric am-
bits is different. Specifically, more information is contained pjifier (QI-OPA) [5,13. The action of this rather complex

in the antiparallel spins. This purely quantum mechanicaimachine can be described by the covariant transformétion:
(QM) effect is due to the entanglement that appears in the

process of optimal measurement. However, in spite of this|¥)||)c||)ac D V2/3 W)WY W)~ VLBLT, TP W),
constraint an optimal universaloT gate has indeed been (1)
proposed 6] and realized8].

To pursue at a deeper level this most significant quantumwhere the firsunknowr state vectofW) in the left-hand
classical endeavor consider here the central role of state eside of the equation corresponds to the input, the second state
tanglement in quantum mechanics. As it is well known thisvector describes the system on which the information will be
fundamental physical condition, pervasive of the entire Qlcopied(“blank” qubit), represented by thecloning channél
domain, is the key ingredient of all quantum nonlocality tests(C), i.e., the injection modé,, while the third state vector,
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the “anticloning channél (AC), represents the state of the D,
machine. Precisely, the state of the machine is a qubit asso-
ciated with the AC modé,. The blank qubit and the cloner
are initially in the known ground state). At the output of
the machine we find the completely symmetrized state
[{¥,¥+}) and two cloned qubits in the C channg:
=2/3VUNPP|+1/3{¥, ¥ }){¥,¥+}. The density op-
eratorp describes the best possible approximation of the per-
fect entangled stat¢¥,¥+}). The most attractive feature of
this entangling machine is that the fidelity of its perfor-
mance, i.e., the distance between the output and the ideally D, D,
entangled state, does not depend on the input sigtend
takes the constant valle=1/3. Themachine itself after the FIG. 1. Schematic diagram of theelf-injectedoptimal paramet-
cloning transformation is in the statgnc=1/3¥*XW*|  ric amplifier. Theuniversal optimal quantum entanglés realized
+1/3X1, wherel is the unity operator. This last density on the cloning(C) channel(modek;). Micrometric adjustments of
operator is the best possible approximation of the spin-flighe coordinateZ of the UV mirror M, ensured the time superposi-
(U-NOT) operation permitted by the quantum mechanics.  tion in the active NL crystal of the UV 140 femtosecond pump
The symmetrization process was experimentally realizegulses and of the single-photon pulse injected via back reflection by
in a 2% 2-dimensional Hilbert space of photon polarization the fixed mirrorM.
(1) simultaneously with the realization of the lineariziid
=1, M=2 cloning process. Consider first the case of an inputor M into the NL crystal and provided thd=1 quantum
m-encoded qubif¥);, associated with a single photon with injection into the OPA excited by the UV beam associated
wavelength, injected on the input mode, of the QI-OPA,  with the back-reflected mode,. Because of the low pump
the other input modé, being in the vacuum stafe3]. As  intensity, the probability of the unwantéd=2 injection has
for previous works, the photon was injected into a nonlineaibeen estimated to be smaller than the one fa¥=1. The
(NL) BBO (B-barium-boratg 1.5-mm-thick crystal slab, cut twin SPDC photon emitted over modé selected by the
for type-Il phase matching and excited by a sequence of U\devices(wave plate +polarizing beam splitter: WPPBS,)
mode-locked laser pulses having duratior 140 fsec and and detected byD, provided the “trigger” of the overall
wavelength\,,. The relevant modes of the NL three-wave conditional experiment. Three fixed quartz plat€®) in-
interaction driven by the UV pulses associated with mkgle serted on the modes, k,, and , provided the compensa-
were the two spatial modes with wave vedkri=1, 2, each  tion for the unwanted walk-off effects due to the birefrin-
supporting the two horizont&H) and vertical(V) linear-7s ~ gence of the NL crystal. An additional walk-off
of the interacting photons. The QIOPA wasdegenerate, compensation into the BBO crystal was provided by Xié
i.e., the interacting stimulated emitted photons had the sam@/P exchanging on modekr the |H) and|V) 77 components
wavelengthsh=2\,=795 nm. The NL crystal orientation of the injected photon. Because of the EPR nonlocality of the
was set as to realize the insensitivity of the amplificationemitted singlet, ther selection made onks; implied deter-
quantum efficiencyQE) to any input statg¥);,, i.e., the  ministically the selection of the input staf&);, on the in-
universality(U) of the entangling machine. It is well known jection modek;. All adopted photodetectord®) were equal
that this key property is assured by the squeezing HamilSPCM-AQR14 Si-avalanche single photon units with QE’s
tonian [13]: Hiy=ixA(albl, —al, bl)+H.c. The field op- =0.55. One interference filter with bandwidthA =6 nm
was placed in front of eacb.
Since the U condition of the apparatus was already tested

k, BBO
Q Type II

N4

erators setgal, 4y}, {al, .4y}, {bl, by}, and{bl, by}

refer to two mutually orthogonafr-states,|¥) and [¥+), . . ) g )
realized on the two interacting spatial modgsandk, acted In previous experlmentm,ﬂ we I|m|Fed ourselves to inject
only one polarization state on the input madkigi.e., |[¥),

upon by thgé andb operators, respectively. The 8 in- =|H)=|1,0). ®|0, O whereéTI,|O,O>k =|1,0) and|m,n),

. . . . . . 1 2 1 1 1
variance ofH, implied by the U condition, i.e., the indepen- represents a product state with photons of the modé;
dence of the OPA “gaing= xt to any unknownw state of  haying the polarizatio’?=H, andn photons having the po-
the injected qubitf being the interaction time, allows the use |grization W1 =V. Assume the input modg, to be in the

of t#? Sg?écgftﬁl’ andt‘l“ if:j eq- (dl)_ [131- Cwork vacuum stateThe initial 7 state evolves according the uni-
e apparatus adopted in the present work wa N e

arranged in the self-injected configuration shown in Fig. 1fary operato) = exp(=iHin ).

The UV pump beam, back-reflected by a spherical mikgr N =

with 100% reflectivity andu-adjustable positiorZ, excited UW)in = |1,000 ® 0,012 + 9(v2[2, 010 @ [0, Dz = [1, Dia

the NL crystal in both directionsks andk,, i.e., correspond- 11,000). (2)

ingly oriented towards the right-hand side and the left-hand

side of Fig. 1. A spontaneous parametric down conversioff he above linearization procedure representing the first-order

(SPDQ process excited by theks uv mode createdinglet — approximation for the pure output state vectdn,, for t

statesof photon polarizatior{7). The photon of each SPDC >0, i.e., the restriction to the simplest12 cloning case, is

pair emitted over k; was back-reflected by a spherical mir- justified here by the small experimental value of tesn:
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FIG. 3. Coincidence count®+,D,,D,,Dy,) versus the position
Z of the UV mirror M, The enhancement in the coincidence counts
is a signature of the entanglement of the stdtg,,.

FIG. 2. Probability distribution for the variable§Y ZwhereX,
Y, andZ are the polarizationr statedetected, respectively, by the
detector paii(@) on the modek;, the detector paitb) on the mode
ki, and the detector pai2) on the modek,. Each correlation data

has been measured in a time of 2400 s. a sufficient proof of the entanglement feature, since the

above observation is also in agreement with a statistical mix-
| AL ture of VHH andHVH. To demonstrate the coherent super-
expresses the simultaneous emission on migdef the 1 gition of the two terms we further performed a polarization
—2 cloned statg2,0), corresponding to the stat'¥)  neagurement in the 45° basis on the moadedb by ro-
expressed by the general theory and on mégef the  tating the half-wave plates WRind WR, by 22.5°. In this
flipped version of the input qubit realizing the quantum pasis|d),,, is expressed as 22| +45°),|+45°),+|-45°),]
U-NOT gate[5]. The second term expresses the emission ong5e) ) where |+45°)=2"Y2(H)%|V)). We measured the
modek; of the symmetrized statd, 1), under the present polarization correlation between the photaandb with a
investigation. The two photons emitted over the mdge o coincidences scheme involving the  detectors
impinged on a balanced beamsplit{&S,) thgt coupled thg (D7,D,,D,,D;). The correlation measurement was com-
modek, to the output modea andb. We restrict our analysis  ared with the configuration in which there was no temporal
to the cases in which the two photons emerge from differengeriap between the injected photon and the back reflected
output ports of the beams_plltter. Thelﬂrst terngim Eq.(2) vy pump. In this case the two detected photons over the
hence leads to the following normalized output state: modesa andb have no correlation in the 45° basis and hence
there is the same probability for the photons to have the same
_ ]2 1 or different polarization. By moving the mirravl, in order
V) out= \/;|H>a|H>b|V>k2_ £(|H>a|v>b+ IV)alH)p) H)io- to continuously reach the temporal superpositign, we should
observe an increase of the coincidence counts by a féttor
3 =2 for the positionZ=0 (Fig. 3). Fitting the experimental
) ) o data with a Gaussian function, we estim&e1.68+0.07.
This state was analyzed by the simultaneous excitation of th@e note that the peak of Fig. 3 does not arise as an amplifi-
tll)VO detector pairga andb) coupled respectively by the two ation process since the componéHi,, is not amplified
7-analyzers PBsand PB§ to the two output modes of the (see Refs[4,13), instead it must be interpreted as a conse-
beam splitte(BS,), and of the detector paj@) associated to  guence of the mode coalescence of two photons with or-
the polarizing beam splitter PBSFig. 1). The histogram  thogonal polarization.
shown in Fig. 2 reports the experimental realization of the |n conclusion we have experimentally demonstrated that
output statexg by expressing the probabilities of the various the universaNoT gate process lies at the basis of an univer-
simultaneous state contributions in &8). The variableXYZ  sa| entangling device. The experiment enlightens the signifi-
of the histogram reads as followX: is the polarizationm  cance of the transformation Eq2) that simultaneously
state detected by the detector ey on the modek;, Y is  implements, in a unifying manner, the universaT gate,
the 77 state detected by the detector pdy onk,, Zisthem  the universal optimal quantum cloning and the universal
state detected on the mo#te The experimental values are quantum entangler. Indeed the optimality and the universal-
found in good agreement with the theoretical ones. The statgy of the entangling process is found to arise as a conse-
probabilities related to the histogram variabMsiH and  quence of the same properties characterizing the cloning and
HVH, i.e., detected in coincidence with|) state realized the spin-flipping process¢s4]. In the same time, the present
on modek,, correspond precisely to the realization of thework experimentally investigates the correlation and en-
two interfering terms of the bipartite entangled stabg,,,  tanglement properties of the overall output state of the
=2"V2(|H),[V)p+|V)a/H)p) over the modes andb. However 12 cloning device. Indeed the output wave functi@is
the existence of the contributioMdiH andHVH alone is not  a three-qubit entangled state belonging to Weclass of

g=0.1[5]. The first term in the expressiong in Eg. (2)
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entangled statgd 5,16, whose entanglement has the highestprocessor by a general modified quantum teleportation
robustness against the loss of one qubit. In this context, bgcheme17,12.

post-selecting the output state upon a measurement on the

anticlone ChanneL we have extracted the maxima”y en- We thank Daniele Pelliccia for early collaboration in the
tangled component of the clone qubits. Finally, note that thexperiment. This work has been supported by the FET Euro-
optimal quantum entangler here realized in a more generadlean Network on Quantum Information and Communication
NL context by an optical parametric amplifier can also be(Contract No. IST-2000-29681: ATES)Tthe Marie Curie
implemented by a linear state-symmetrization procedure inResearch and Training Network CONQUE8Jontract No.
volving the simultaneous realization of the optimal quantumMRTN-CT-2003-505089and by PRA-INFM 2002CLON).
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