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Abstract

We have experimentally tested the nlogal properties of the twghoton states generateg b high brilliance source of
entanglement which virtually allows the direct measurement of the full set of photon pairs created by the basic QED process
implied by the parametric quantum scattering. Standard Bell measurements and Bell’s inequality violation test have been re-
alized over the entire cone of emission of the degenerate pairs. By the same source we have verified Hardy’s ladder theory up
to the 20th step and the contradiction between the standard quantum theory and the local realism has been tested for 41% of
entangled pairs.
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Entanglement, the characteristic trait of quan-  verse[2—4]. In recent years the violation of these in-
tum mechanicsaccording to Erwin Schroedinger, is  equalities has been successfully tested many times by
playing an increasing role in nowadays phyditk optical experiments, mostly involving polarization en-
Since the EPR discovery in 1935 followed by a many tangled photons generated by spontaneous parametric
decades long endeavour ending with the emergencedown conversion (SPDC) in a non-linear (NL) crys-
of the Bell’s inequalities and with the experiment by tal [5]. In addition, an other non-locality test not in-
Alain Aspect, entanglement is considered as the ir- volving inequalities was @posed years ago by Lucien
revocable signature of quantum non-locality, i.e., the Hardy’s [6] and soon realized experimentally by a
scientific paradigm recognized as the fundamental cor- SPDC proces§].
nerstone of our yet uncertain understanding of the Uni- ~ The present work reports yet another non-locality

test both of the standard Bell configuration and of
Hardy’s no-inequality scheme. The novelty of this ex-
~* Corresponding author. periment consists of the peculiar spatial properties
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SPDC source implied by the present schej®®].

As shown in the Letter, this source allows, at least in
principle, the coupling to the output detectors of the
full set of optical modes carrying the particle pairs in-
volved in the EPR measurement. In other words, all

entangled pairs created over the entire set of wavevec-

tors allowed by phase matching can virtually be de-
tected. Since then the d@eted emission process is
entirely “quantum”, i.e., not affected by any previous
“classical” manipulation, such as wavelengit) of
wavevector(k) filtering, e.g., by filters and/or limiting
pinholes, the new scheme allows in principle the real-
ization of the necessary premises underlying the orig-
inal formulation of the “EPR paradox10]. Indeed

all non-locality tests performed so far were affected
by a quantum efficiencyQE) “loophole” expressing
the overall lack of detection of all couples of entan-
gled photons generated by the EPR soyidd. This
effect is ascribable either to the limit&E of the de-
tectors (‘tletection QE dQE) [12] and to the loss of
the pairs that, created by the underlying QED quantum
process, could not reachetldetectors for geometrical
reasons (€ollection QE: cQE). Note that, whiledQE
can be of the order of 16 for normal detectors in the
visible range, theQE contribution has been always
typically less than 10°. As shown later, this filtering
truncation of the distribution of the emitted entangled
pairs necessarily results in a mixed character of the
detected state, at variance with the original EPR as-
sumptiong10]. The efforts for realizing experiments
relieving the need for “supplementary assumptions”
[3,11,12] were mostly devoted in obtaining a high
value of dQE[13]. In the present Letter we present a
scheme that allows to achieve, at least in principle, val-
ues ofcQE~ 1, a condition long advocated by John
Bell himself and never realized in practifB4]. The
same idealization is possible for the source described
in Ref.[15].

A detailed description of the high brilliance source
of entanglement was already given in previous papers
[8,9]. Pairs of horizontally ) polarized SPDC pho-
tons are emitted at wavelengtlover the surface of the
phase matching cone of a thin.$amm) type | BBO
crystal which is excited by a cw vertically/() polar-
ized Art laser beamX, = 1/2) (seeFig. 1). A spheri-
cal mirror M with radiusr, placed at a distaneé= R
from the crystal, reflects back both the pump and the
photons. By a zero-ordéer/4 waveplate (wp) placed
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betweenM and the BBO thed — V transformation
for the A photons polarization is performed while the
pump beam is left in its original polarization state.
This excites an identical SPDC process over a new
radiation cone which is spatially and temporally indis-
tinguishable from the previous one. The state of the
overall radiation is then expressed by the entangled
state:

1

@) 7 1)
with phasep (0 < ¢ < ) reliably controlled by mi-
crometric displacements dff. By a positive lens the
overall conical emission distribution is transformed
into a cylindrical one whose transverse circular sec-
tion, spatially selected by an annular mask, identifies
the entanglement-ring (E-ringfrig. 1). After division
of the ring along a vertical axis, the two resulting
equal portions are detected at sitésand B within a
bandwidthAx = 6 nm. More than 4 10% s~ coin-
cidences are measured at a pump pofver 100 mW
over the entire E-ring.

We may analyze the structural characteristics of
the quantum state of any photon pair generated by
our source by accounting first for the excited elec-
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Fig. 1. Layout of the high brilliance source of polarization en-
tanglement. The dimension of the annular mask Are- 1.5 cm,
8 =0.07 cm.
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tromagnetic modes which, in our case are grouped in any pair of photons over correlat&evectors is polar-
correlated pairs by the three-wave SPDC interaction. ization entangled. Nevertheless, in all the non-locality
Assume that each SPDK>cone is represented by a tests realized so far by this source, single mode se-
linear superposition of correlated pairs of e.m. modes lection was performed. As a consequence, this drastic
(k1, k2). Since only one pair of photons is detected at truncation implies necessarilyaixed characteof the
the output of the source, each mode corresponds to aoutput entangled staf&8].
Fock two-mode product state that can be eitlded) These considerations lead to the quasi-purity of
or |1y, 1y) or |1y, 1y). Accordingly, we can express the generated output state. The state purity condi-
the overall entangled-state by the quantum superposi-tion may be simply analyzed as follows. The well-
tion: known unitary character of the SPDC quantum opera-
tor § assures that the purity of the input state implies
1) Z/dkldk2(|lH’ 1H)kikz OV, Ov )ik, also the purity of the output stat¢®)out = S|P )in
+¢"10m, O )kyko 111, 1y kpky) [19]. Adopting the common hypothesis of a unde-
pleted “classical” pump beam, the input pure state
® 108 Or )iy, 1OV, Ov Dy - @ is expressed by the overall vacuum-state character of
(kikp)#(kik2) the full set of input modes acted upon by the SPDC
This state should indeed express the exact form of the process:|®)i, = |vag. Within the single-pair emis-
single photon-pair output state of the source if the full sion approximation, the output pure state is found:
set of mode pairs could be coupled to the detectbrs  |®)out > |®) + |vac, viz. consists of the sum of the
and B. Indeed, it is not difficult to conceive an ideal state given by Eq(2) and of the vacuum-state ex-
experiment (an approximate one is in fact in progress pressing the non-realization of the QED scattering
in our laboratory) by which the full set of modes at process. As a consequend¢®,) given by Eq.(2) is
any wavelength, either degenerate or non-degeneratenot, strictu sensu, a pure state but one out of a two
can be coupled to the detectors without any geomet- components mixture. However, in the common case
rical or frequency constraint, i.e., without any spatial of a conditional experiment where the overall registra-
or A-filtering. In practice, in this case limitations for tion system is activated by a trigger pulse elicited by
an overall full particle detection should come from the source itself, the output sta@) may be consid-
the limited-extension of the photocathod®Es and ered a “post-selected” pure state. This last condition is
of the performance of the optical components (mir- often referred to as expressing the “conditional purity”
rors, lenses, etc.). Nevertheless, this should not af- of the output state.
fectin principle the structural character of the output It is worth noting that single photon events due
entangled-state. to the above described spatial and frequency filtering,
A typical SPDC based experiment uses a type Il cannot be discarded by coincidence post-selection. In
phase matching crystal to generate polarization entan-fact, in this case, one cannot distinguish among these
gled photon$§16], which are emitted over two well de-  two events: (1) Only one photon of the pair is trans-
fined correlated-vectors. Henceforth, the set of mode mitted by the filters and is detected. (2) Both photons
pairs coupled to the detectors is drastically reduced by of the pair are transmitted but only one is detected be-
the use of very narrow pinholg$6] or single mode cause of the limited value afQE. Post-selection in
fibers[17]. However, this operation cannot be real- presence of0, 1) and|1, 0) Fock state contributions
ized but within a mode uncertaintyk because of the s legitimate in the ideal conditiodQE= 1. On the
inescapable effect of diffraction. In these conditions other hand, a loophole-free test can be carried out also
there is a definite probability that only one photonin a with real detectors in the limit conditiocQE= 1. In
pair passes through the spatial filter while the other the general case, this purpose can be accomplished if
one is intercepted. A similar effect can be ascribed cQE-dQE> 2/3[20].
to any frequency filtering operation as well. More re- The experimental interference pattern, with coinci-
cently, a high brightness parametric source has beendence visibilityV > 94%, shown inFig. 2(a) gives a
realized exploiting the superposition of two orthog- strong indication of the entangled nature of the Bell
onally polarized type | emissiond5]. In this case, state|® ), (¢ = ) over the entire emission cone at



26 M. Barbieri et al. / Physics Letters A 334 (2005) 23—-29

05
o 0.4 "
o
. .
f’-ac; 2 0.3-
~4 P
8 K
5 0.2
= 14
e
Q
]
- —]
8 0.1
0
T ¥ L= LT ¥ L B R
1 10 100

K
(b)

Fig. 2. (a) Measurement of the polarization entanglement for the |gbate = %E(\H, H)—|V,V)) obtained by varying the angte, on site

A in the range (45-135’), having kept fixed the angléz = 45° on site 5. (b) Plot of Pg againstK. Black circles: experimental results
for K = 4,5, 10,20 (error bars are lower than the dimension of the corresporalipgrimental points). White circles: experimental results
obtained in Ref[7].

A = 2i,. In this condition it is possible to evaluate beam experiences a polarization rotation 6f, 2e-
thatcQEis enhanced of a factar 70 with respectthe  spect to the optical axes of the NL crystal slab. As
standard pinhole configuration. The dotted line cor- a consequence, the emission efficiency of|tHe H)
responds to the limit boundary between the quantum cone is decreased by a coefficientos 26,. By ad-
and the classical regimg21] while the theoretical  justingé, in the range 0- = /4, the degree of entan-
continuous curve expresses the ideal interferometric glementy = «/f can be continuously tuned between
pattern with maximum visibility’V = 1. By perform- Oand 1.
ing the standard Bell-inequality test we have evaluated A full presentation of Hardy's theorem can be
the non-locality paramete¥ [3]. The measured value found in Ref.[7]. For two photons in the stat3),
S = 2.55644+ 0.0026[8], obtained by integrating the  the polarization measurements performed al&ng 1
data over 180 s, corresponds to a violation as large possible directions at sited and 5 of Fig. 1 give a
as 213 standard deviations respect to the limit value corresponding set of propositiods,, k =0,..., K
S =2 implied by local realistic theories. which imply Ag = Ay = --- = Ak, with the fur-
Hardy’s theorem represents an alternative proof of ther conditionAg = Ak. It can be demonstrated that
non-locality [6,7]. It is obtained in the case of non- the fraction of pairsPx with non-local properties in-

maximally entangled states of two spifi2lparticles: creases withk and is a function of the entanglement
degreey. For each value oK, a propery exists
|®)=«|H, H)— B|V,V), which maximizesPg . Hardy’s ladder proof is purely
O<a<p; a®+p2=1). 3) logical and does not involve inequalities. However,

inequalities are necessary as a quantitative test in a
We have realized these states by inserting a zero-ordemreal experiment in order to avoid the conceptual prob-
Ap/4 wp between, and the BBO, intercepting only  lems associated to the realization ohallum exper-
the UV beam Fig. 1). In our system, by rotating the iment[7]. A proper inequality, violated by quantum
UV wp by an angled,, the back-reflected UV pump  theory, can be derived by combining Hardy’s theorem
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Table 1
Experimental joint probabilities fok = 20
0o 0p  P(04,0p) 0o 0p  P(04,0p) 0o 6  P(04,0p) 0a O  P(0a.0B)
00 60  04132£00053 615 6f; 0.00699£0.00033 63 619 0.01036+0.00040 6} 65  0.00933+0.00038
60 6y 000104:0.00012 67, 615 0.01114£000042 69 63 000440000026 64 63  0.00622+0.00031
fig 20 000298£0.00021 614 675 0.00311+0.00021 63 g  0.00984+0.00039 63 64  0.0101040.00040
f19 6y 000311+£000021 673 614 000907000038 6 67  0.00415:0.00025 63 63  0.00531+0.00028
fiz 019 001166+0.00043 13 6;, 000363:0.00023 67 6 001075£0.00041 63 63  0.00855+0.00036
f1g 07 000207£0.00017 67, 613 001218+0.00044 67 65 0.00389£0.00024 6, 6#i  0.00699+0.00033
0i7 618 001917£0.00057 61, 67 000285000021 63 @7  0.00751£0.00034 6} 6,  0.00933+0.00038
617 6y 0.00363£0.00023 67; 612 0.01088£0.00041 @ 62 000363000023 6¢; 63  0.00674+0.00032
fig 617 001010£0.00040 617 67, 0004404000026 63 0  0.01218+0.00044 63 6;  0.00855+0.00036
f16 6y 000311+£000021 67y 611 0.00984£0.00039 65 6  0.00492£0.00027 6y 6o  0.00699+0.00033
0z 616 001036£0.00040 619 63  0.00285+0.00021

with Clauser—Horne inequaliti2,3]. It consists of the
measurement of R + 2 joint detection probabilities

P(04,0p), whereb,, 0 are the angular settings of

polarizers on sitesl andB in Fig. L

P(GK,GK)<P(90»90)

+Z

=P,

(6K, 67=1) + P(6;-1, 61 ) ]

(4)

where 6 = (—Dfarctariy*+/?), oL = 6, + /2,

with k=0, ...,

K,andPk,0k) = Pg.
The experimental observation of the inequality vi-

olation becomes more and more difficult &s in-

The experiment, realized fat = 4,5, 10, 20, has

given the following violations of the inequali{#):

K =4 (AT =609: Py, = 0.2586+ 0.0041;

P =0.1213+ 0.0022. Inequality violated for 30.

P=

K =5 (AT =609: Ps = 0.3152+ 0.0050;
0.11844+ 0.0022. Inequality violated for 3.

K =10 (AT =1209: P1p = 0.3402+ 0.0045;

P =0.2288+ 0.0015. Inequality violated for 26.

K =20 (AT =1809: Pyo= 0.41324 0.0053;

P =0.2439+ 0.0016. Inequality violated for 24.

The probabilities of each outcome for all the 42 po-

larization settings oK = 20 are reported iTable 1

creases because of an eventually imperfect definition These have been obtained by normalizing the coinci-
of the state and of the experimental uncertainties as- dence measurements to the sum of coincidence rates
sociated to all the & + 2 measurements. The exper- measured in the basjg/ H) and|V V).

iments realized so far were performed only for low The count rates for each value Bf are plotted in
values ofK, in particular forK < 3 [7,22,23] The Fig. 2(b) as a function ok . We report for comparison
above described source possesses unique characterighe results obtained in the experiment of Heéf. The

tics for this experiment. In fact, it allows the direct theoretical curve shown in the same figure indicates a
generation of non-maximally entangled states without very slow convergence to the asymptotic vale =
post-selection. Moreover, the particular configuration 0.5.

of “single arm” interferometer guarantees a very high Finally, additional measurements Bf are plotted
phase stability for long periods-(1 hr). Finally, the as a function ofy for K =4,5,10, 20 in Fig. 3. The
high brilliance character of the source allows to accu- anglefx has been calculated for each valueyoby
mulate large sets of statistical data in a short measure-using the above given expression. The agreement with
ment time AT also with a relatively low UV pump  the theory appears very good.

power. By taking advantage from all these properties  In summary, we have presented two different ex-
of our source, we could successfully test Hardy’s lad- perimental tests of quantum non-locality realized by
der proof for large values of . a high brilliance source of polarization entanglement.
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Fig. 3. Plots ofPy4, Ps, P1g, P>o as a function ofy. The solid curves represent the theoretical predictions. The error bars are lower than the
dimension of the correspondj experimental points.
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