Letter ‘

Optics Letters 1

Experimental quantum entanglement and teleportation
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Quantitative control of spatial indistinguishability of
identical subsystems as a direct quantum resource at
distant sites has not been yet experimentally proven.
We design a setup capable to tune remote spatial in-
distinguishability of two independent photons by in-
dividually adjusting their spatial distribution in two
distant regions, leading to polarization entanglement
from uncorrelated photons. This is achieved by spa-
tially localized operations and classical communication
(sLOCCQ) on photons which only meet at the detectors.
The amount of entanglement uniquely depends on the
degree of spatial indistinguishability, quantified by an
entropic measure 7, which enables teleportation with fi-
delities above the classical threshold. The results open
the way to viable indistinguishability-enhanced quan-
tum information processing. © 2020 Optical Society of America

http://dx.doi.org/10.1364/a0. XX. XXXXXX

Discovering how fundamental traits of quantum constituents
can facilitate preparation and control of composite systems is
strategic for the scientific progress. In fact, this achievement
impacts both on the advance of our knowledge of the basic fea-
tures of the natural world and on the development of quantum-
enhanced technologies. Many-body quantum networks are usu-
ally made of identical building blocks, such as atoms, electrons,
photons or generic qubits [1-5]. Indistinguishability of identical
subsystems thus emerges as inherent quantum feature that may
play a role in quantum information processing.

The usual request to implement quantum tasks in many-
body systems is that qubits are individually addressed, which
have been experimentally realized with various apparatuses

[6]. For nonidentical qubits, this requirement is fulfilled by
local operations and classical communication (LOCC), where
the term “local” refers to particle-locality independently of their
spatial configuration [6]. Differently, identical qubits are not in
general individually addressable [7], spatial distribution of their
wave functions becoming crucial. Despite the long debate about
formal aspects on entanglement of identical particles [7-20] and
some proposals using particle identity for quantum protocols [5,
21-25], experimental evidence of spatial indistinguishability as
a direct resource has remained elusive, because of the lack of its
proper informational measure and a suitable control technique.

Here we experimentally implement the operational frame-
work based on spatially localized operations and classical com-
munication (SLOCC) which, at variance with the idea of particle
locality, relies on the concept of spacial locality of measurement
as in quantum field theory [24]. The setup is capable to con-
trol the distribution of the wave packets of two independent
initially-uncorrelated identical photons towards two separated
(remote) operational regions where the photons are collected.
This allows for continuously adjusting the degree of their remote
spatial indistinguishability, quantified via a suitable entropic-
informational measure [26]. The two photon paths remain sepa-
rated along the setup and only meet in the operational regions.
By single-photon localized measurements, we prove that the two
uncorrelated photons with opposite polarizations get entangled,
the amount of entanglement being only related to the degree of
spatial indistinguishability. We show that the nonlocal entan-
glement so generated violates the Bell inequality and activates
conditional teleportation of the state of an additional photon
with fidelities higher than the classical threshold.

Theory. We start describing the basic theoretical setup, de-
picted in Fig. 1A. Two identical particles, coming from inde-
pendent sources, are in the initial uncorrelated state | 1,9 |),
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Fig. 1. (A) Theoretical setup. (B) Generic spatial distribution of
particles in the state |¥) = |¢p 1, ¢[, 1), with [¢p) = I [yr) +
rlpr) and [pp) = I"[y) + 7" [yr) 0 < T <1).

written in the no-label formalism [17] (see section A in Sup-
plementary Material (SM)). Each particle wave packet is then
distributed in a controllable manner towards two remote opera-

tional regions L and R by a beam splitter (BS), |¢) 55, |¢p) and

[y LN [¢5). The sSLOCC measurements, represented by the
two detectors in Fig. 1A, are realized by localized single-particle
counting in each region (sLO) and coincidence measures (CC).
Taking photons as identical particles, this scheme can be seen as
a modified Hanbury Brown and Twiss experiment [27, 28], the
modification consisting in initially polarizing the photons and
in controlling their spatial distribution. Before sSLOCC, the two-
particle stateis [¥) = |¢p 1, ¢, 1), where [¢p) = [¢r) + 7 |¢r)
(12 + /2 = 1) and [gh) = I [9}) + ' [g) (1 + 172 = 1),
with |x), |$%) (X =L, R) indicating the two wave packets lo-
cated in the operational region X. Particle paths do not share
any common past and meet only at the detection level, so that to
the eyes of the localized measurement devices the particles are
indistinguishable and individually unaddressable. The question
arises whether [¥) contains useful pseudospin entanglement
in L and R, a longly debated conceptual issue [24]. Particle
spatial overlap occurs at distant sites, defining a remote spatial
indistinguishability quantified by the entropic measure [26]
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where p(L [1r'12/(|1r'12 + |I'r|?) and p(LZR) =1- pﬁg (see
section A in SM for details). Here |Ir|? is the joint proba-
bility of finding a particle in L coming from |¢p) and a par-
ticle in R coming from |¢,), whilst |I'r|? is clearly the vice
versa (see Fig. 1B). This measure ranges from Z = 0 for sep-
arated wave packets (|I|> = [r/|> = 1or [I|>? = |[/|> = 0)
to Z = 1 for equally distributed wave packets (|I[|> = |I'|?)
(see section B in SM). Any other particle degree of freedom,
apart spatial location, has no effect on Z. Applying the projec-
tor [Tig = ¥y ;-1 | |Lo, RT) (Lo, Rt|, which defines localized
single-particle counting in L and R, on |¥) gives [24]

[¥ir) = (WL, R L) +yrl [LLR D))/ (/|17 2+ ]r1]2),

with probability Pig = |I#/|?> + |rl’|?, where = +1 for bosons
and fermions, respectively.

Experiment. The experimental setup realizing this theoretical
scheme is displayed in Fig. 2A. Two (uncorrelated) heralded sin-
gle photons are emitted independently via spontaneous paramet-
ric down conversion (SPDC) from two BBO crystals, designed to
satisfy beamlike type-II SPDC [29] and pumped by pulsed ultra-
violet light at 400 nm. The two photons (of wavelength 800 nm)
are initially polarized in |H) (horizontal, H =7) and | V) (vertical,
V =]) polarization, respectively, and then collected separately
by two single-mode fibers via fiber couplers (FCs). At this stage,
the photons are completely uncorrelated in the state |H) ® |V),
as verified with high fidelity (95.2 £ 0.7)% (see section C in SM).
Before the main experiment, we perform usual two-photon in-
terference to reveal the identity of the employed operational
photons characterized by visibility of Hong-Ou-Mandel (HOM)
dip [30], giving a value of ~ 83.8% (see section C in SM). The BSs
of Fig. 1A are actually substituted by the sequence of a half-wave
plate (HWPi, i = 1, 2), a polarizing beam-splitter (PBS) and two
final HWPs at 45° before the location L. By rotating HWP1 and
HWP?2 at angles (/2 — «)/2 and —p/2, respectively, we can
conveniently adjust the weights of the linear spatial distribution
of the photons on the two measurement sites, while the PBSs
separate the different polarizations. The final HWPs at 45° are
needed to maintain the initial polarization of each photon un-
varied. In each region L and R a beam displacer (BD) makes
the paths of the two photons meet at the detection level. It is
straightforward to see that this setup prepares the desired state
[¥prep) = [YpH, pp V) with [¢p) = cosa [¢r) +sina [r) and
[pp) = sinpB |9 ) + cos B |Pg). By setting a and B, we can pre-
pare a series of |‘~Pprep> for different spatial distributions and
thus for various values of Z. All the optical elements of the setup
independently act on each photon, so the photon states |ypH),
|y V) are independently prepared regardless of the specific
photon spatial mode (e.g., transversal electric magnetic mode
like Hermite-Gaussian mode or Laguerre-Gaussian mode). The
sLOCC measurements are implemented by single-photon de-
tectors (SPDs) placed on L and R for single-particle counting
(sLO) and by a coincidence device (CD), which deals with the
electrical signals of SPDs and the trigger signals outputting coin-
cidence counting on L and R, for classical communication (CC).
An interference filter, whose full width at half maximum is 1 nm,
and a single mode fiber (both not shown here) are placed before
each SPD. A unit of polarization analysis detection (PAD), made
of a quarter-wave plate (QWP), a HWP and a PBS (see inset of
Fig. 2A), is locally employed to verify the predicted polarization
entanglement by tomographic measurements and Bell test.

The setup generates from |¥prep) by SLOCC the distributed
resource state |¥1r) of Eq. (2), with 7 = 1 (bosons), I = cosa,
r =sina, I’ = sin B and ' = cos B. This polarization entangle-
ment is revealed in coincidence post-selection as in a common
type of polarization-entangled photon source [31]. However, its
origin is fundamentally different, arising from independently-
prepared photons which do not share any common past but only
need to meet at detectors. This entanglement is zero when the
two spatial distributions remain separated each in a local region,
being 7 = 0 since the photons are distinguished by their loca-
tions (see section D in SM). We verify the entanglement versus
T by adjusting different spatial distributions |¢p), |f,). To this

= (lyL) +[¢r))/ V2 and

[¥1r) = cosp |[LH,RV) +sinp |LV,RH), (3)

aim we fix « = 71/4, implying |¢p)

whose concurrence quantifying entanglement [6] is C(Y1r) =
sin2p, while Z = — cos? B log, (cos? B) — sin? B log, (sin” B), as
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Fig. 2. Experimental setup. (A) Using fiber couplers (FCs), half-wave plates (HWPs) and polarized beam splitters (PBSs), two
oppositely-polarized independent photons generated from two BBO crystals go to the separated regions L and R, where a beam
displacer (BD) makes the photon paths meet at detectors. The inset displays the unit of polarization analysis detection (PAD), in-
cluding a quarter-wave plate (QWP) and a single-photon detector (SPD). (B) Teleportation part. PAD is removed and the photons in
L proceed to the Bell state measurement (BSM) with coincidence device (CD). The photon state to be teleported is generated in L.
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Fig. 3. Concurrence C for « = /4, versus B (A) and 7 (B).
Blue (upper) curves are ideal theoretical predictions, red
curves are the performance of the setup considering reduced
visibility. Red dots (with error bars) are experimental results.

obtained from Eq. (1), coincides with the entanglement of forma-
tion E¢(¥1R) of [¥1r) [24]. Thus, a monotonic relation C = f(T)
exists between concurrence and spatial indistinguishability. The
experimental results of C, obtained after state reconstruction,
versus both B and Z are shown in Fig. 3A and B where the ex-
perimental points are lower than the ideal theoretical prediction
due to the reduction of visibility while fit with the performance
of this setup (see section C in SM). For = /4 (Z = 1), |¥rRr)
in Eq. 3 becomes the Bell state [¥;;). The generated state, in cor-
respondence of f = 0.808 % 0.041, whose reconstructed density
matrix is shown in Fig. 4A, has fidelity (88.3 & 2.5)% compared
to [¥[z). We also perform the Bell inequality violation test
(S > 2) [6] on this distributed resource state to directly prove
the presence of nonlocal entanglement [32]. We experimentally
achieve S = 2.32 4 0.12, violating the Bell inequality by about
2.7 standard deviations. Moreover, when B = 371/4, that is
when [¢}) = (|¢]) — [¢k))/V2 and |¢yp) are orthogonal yet
completely spatially indistinguishable (Z = 1), the Bell state
[¥ ) is expected. In the experiment, this state is created with
fidelity (88.3 & 2.4)% for B = 2.406 & 0.040 (see Fig. 4B) and Bell
inequality violation S = 2.33 = 0.16. These results prove that
nonlocal entanglement is activated only by the remote spatial
indistinguishability of independent photons.

Due to reduced visibility of the two heralded single photons,
the experimental results that fit well with the performance of
the employed setup are obviously lower than the theoretical

RV LHRH

Fig. 4. Real and imaginary part of the reconstructed density
matrix for « = 71/4 and: (A) B = 0.808 £ 0.041 (expected state
[¥1r)); (B) B = 2.406 + 0.040 (expected state [¥;3)).

prediction. Redoing the experiment with two photons from one
BBO crystal, instead of two independent sources, allows us to
obtain data closer to theory (see section E in SM).
Teleportation. We now show the indistinguishability-
enabled entanglement is large enough to realize quantum tele-
portation. We can follow the standard protocol [6, 33] once
the cases when both photons are either in L or in R are dis-
carded. Following the above setup preparing the entangled state,
the setup implementing teleportation is displayed in Fig. 2B.
One of the two photons used as the trigger signals in Fig. 2A
is sent to the side of L’ as the target to be teleported. The
combination of a HWP and a QWP prepares the photon in
a state |¢p) = a |H) +b |V) (|a> + |b|> = 1). For teleport-
ing the state |¢) to the photon in R, we perform a Bell-state
measurement (BSM) between L and L/, where the Bell state
|®11) = (|LH,L'H) + [LV,L'V))/+/2 is measured by using
a PBS and two HWPs at 22.5° [34, 35]. Correspondingly, the
operation in R rotating its photon state to the desired one is
ox = |H) (V]| +|V) (H|, implemented by a 45° HWP. The signals
from two SPDs are processed by a CD to coincide with the sig-
nals from R and triggers. Teleportation is achieved exploiting the
distributed Bell state [¥;), generated by Z = 1 of the original
photons. We set &« = B = 77/4 to maximize the generation proba-
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state |H) V) |+)
Fexp (%) 904+44 84.6 £59 78.7+5.0

state |- 9-) |9+)
Fexp (%) 79.3+49 93.2+57 882+54

Table 1. Fidelities of the six states pex, with respect to the ideal
state in the quantum teleportation process.

bility (PLr = 50%). The six eigenvectors of 0; (i = x,y, z) are the
photon states in L’ to be teleported: |¢iqeal) € {|H),|V), |£) =
%UH) +|W)), [p+) = %(|H) +i|V}). Performing quantum
tomography of single-qubit state in R, the experimental tele-
ported states pexp are reconstructed based on four-photon co-
incidence. Fidelity Fexp = (¢ideal|Oexp|¢Pidea) compared to the
ideal state pjqeq is the figure of merit of teleportation efficiency.
The measured fidelities, without background subtraction, are
reported in Table 1, being higher than the classical fidelity limit
of 2/3 [36]. The quantum process matrix x of teleportation is
reconstructed by comparing p;qea1 and pexp (see section D in SM),
giving fidelity F, = (73.6 == 7.7)%. All error bars are estimated
as standard deviation from the statistical variation of the photon
counts, assumed to follow a Poisson distribution.

Discussion. We have designed a neat all-optical experiment
generating nonlocal polarization entanglement by only adjust-
ing the degree of remote spatial indistinguishability Z of two
initially-uncorrelated independent photons in two separated re-
gions of measurement. This is basically different from swapping
or heralded sources strategies, requiring initially entangled pairs.
The value of 7 is tuned by controlling the spatial distribution of
each photon wave packet towards the two operational regions.
The photon paths only meet at the detection level. The setup im-
plements the sSLOCC [24] necessary to directly assess the relation
between Z and the amount of produced entanglement, verified
by both state tomography and CHSH-Bell test. We remark that
the SLOCC framework cannot produce any entanglement if the
photons remain separated in the two regions, differently from
optical interferometry with spread detection [37]. Notice that
if the setup was run by two initially uncorrelated nonidentical
particles, no entanglement would be obtained by measurements
distinguishing particles from one another (LOCC). We have per-
formed teleportation between the two operational regions, with
fidelities (78-93%) above the classical threshold, by just tuning
spatial indistinguishability of photons, with the advantage of not
requiring inefficient or demanding entanglement source devices.

Our experiment fulfills an elementary entangling gate by
bringing (uncorrelated independent) photons with opposite po-
larizations to the same local regions (nodes) and accessing the
(nonlocal) entanglement by sSLOCC measurements (see also a re-
cent independent experiment [38]). So, entanglement activated
by spatial indistinguishability is the product of both state struc-
ture and local measurements. Multiphoton entanglement can
be produced by scalability of this elementary gate. The results
open the way to viable indistinguishability-enhanced quantum
information processing and quantum networking.
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