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Trends in photonic quantum information follow closely the technical progress in classical optics and
telecommunications. In this regard, advances in multiplexing optical communications channels have also
been pursued for the generation of multidimensional quantum states (qudits), since their use is advan-
tageous for several quantum information tasks. One current path leading in this direction is through the
use of space-division multiplexing multicore optical fibers, which provides a platform for efficiently con-
trolling path-encoded qudit states. Here, we report on a parametric down-conversion source of entangled
qudits that is fully based on (and therefore compatible with) state-of-the-art multicore-fiber technology.
The source design uses modern multicore-fiber beam splitters to prepare the pump-laser beam as well as
measure the generated entangled state, achieving high spectral brightness while providing a stable archi-
tecture. In addition, it can be readily used with any core geometry, which is crucial since widespread
standards for multicore fibers in telecommunications have yet to be established. Our source represents a
step toward the compatibility of quantum communications with the next-generation optical networks.
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I. INTRODUCTION

In quantum information, there are several protocols that
have an improved performance when implemented with
multidimensional quantum systems (qudits). For instance,
single-qudit states can be exploited for building quan-
tum cryptographic schemes supporting more component
imperfections [1], for efficient strategies solving communi-
cation complexity problems [2,3], and for advanced phase-
estimation algorithms [4,5]. Moreover, multidimensional
entanglement allows for two critical advantages related
with Bell tests of quantum nonlocality [6], which are the
building blocks of entanglement-based quantum informa-
tion protocols [7]. Specifically, some Bell inequalities for
qudits have the property that their genuine quantum viola-
tion can still be achieved while working with lower (com-
pared to qubits) overall detection efficiencies [8], which
is arguably the main technological challenge of loophole-
free Bell experiments. Second, there is a family of Bell
inequalities specially tailored for entangled qudits [9,10],
the quantum violation of which can still be achieved in a
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regime where noisy setups would be regarded as useless if
based solely on the famous Clauser-Horne-Shimony-Holt
Bell inequality [11,12].

Traditionally, the transverse momentum of single pho-
tons has been used for encoding qudit states for over
almost two decades now [13—17]. The distribution of pho-
tonic quantum states using optical fibers is a fundamen-
tal building block toward quantum networks, but due to
effects such as decoherence-inducing mode coupling and
the limited number of modes supported, the transmission
of such spatially encoded qudits over conventional multi-
mode and single-mode fibers has always been considered
a formidable challenge. Interesting strategies in this direc-
tion have been presented recently [18,19] but they are still
limited to the transmission in the range of a few meters for
multimode fibers and they are unable to fully exploit the
advantages provided by qudits in the case of single-mode
fibers (SMFs). Alternatively, there is a new trend emerg-
ing for the fiber propagation of spatially encoded qudits
that is based on new types of optical fibers developed for
space-division multiplexing (SDM) in classical telecom-
munications [20]. Basically, SDM technology increases
data transmission in classical networks by adopting fibers
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capable of simultaneously supporting several transverse
optical modes, where the information is then multiplexed
[21]. Since the mode coupling in these fibers is minimal,
high-fidelity coherent transmission of entangled and single
spatially encoded qudits has been already demonstrated up
to a few kilometers [22-24].

In this work, we introduce a source of entangled path-
encoded qudit states, which is fully based on SDM
multicore-fiber (MCF) technology. Multicore fibers have
several cores within the same cladding and each core mode
can be used to define the logical basis in the path-encoding
strategy, as we explain below. Moreover, the relative phase
between two different cores of a MCF has been shown
to be orders of magnitude more stable than two single-
mode fibers [24]. Consequently, these fibers have already
been exploited for multidimensional quantum cryptogra-
phy [25,26], quantum random-number generation [27],
quantum computation [5], and Bell inequality violation
[28,29]. Path encoding has the significant appeal that d-
dimensional arbitrary operations can be implemented with
conventional linear optical elements [30] and this has now
become the standard encoding strategy in experiments
with integrated photonic circuits [31,32]. Therefore, our
source of path entanglement can be used as a resource
for the implementation of entanglement-based quantum
information protocols in experiments based solely on new
MCEF technology [27] or also to efficiently distribute mul-
tidimensional entanglement between integrated circuits,
which are proven to be compatible with MCFs [26]. Our
source compares favorably in terms of integrability and
brightness with previous works for fiber-based genera-
tion of multidimensional path entanglement [28,29,33] and
represents a step toward the compatibility of quantum
communications with the next-generation SDM optical
networks.

II. QUANTUM INFORMATION WITH MCF
TECHNOLOGY

Multicore fiber is currently being pursued for its capa-
bility to increase communications rates in telecommunica-
tions [21]. At the same time, several authors have investi-
gated MCF technologies in photonic quantum information
platforms (for a review, see Ref. [20]). Here, we employ
four-core fibers (4CFs). Figure 1(a) shows an image of
the facet of a 4CF taken with a standard fiber-inspection
microscope and a camera. The cores are approximately
8 um wide, corresponding to single mode at 1550 nm,
arranged on the vertices of a square with 50 um sides,
which is large enough so that cross-core coupling is greatly
reduced. This allows us to treat the spatial modes of each
core as independent. For the 4CF, we thus define the
path logical basis consisting of the core states |j), (j =
0,...,3), as also shown in Fig. 1(a).
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FIG. 1. (a) A photograph of a multicore fiber with four cores

(a 4CF) taken with a camera and a fiber microscope (left) and
a diagram of the path-encoding strategy for defining the logical
states in dimension d = 4 (right). (b) The demultiplexer device,
coupling single-mode fibers to a multicore fiber (here, 4CF). (¢)
A 4 x 4 beam splitter constructed within a 4CF.

In addition to patch cords of MCF, crucial MCF-
compatible optical devices have recently been devel-
oped that will allow widespread use of MCF technol-
ogy in photonic quantum information. The first is the
demultiplexer (DM) device, as exemplified in Fig. 1(b),
which allows one to couple N single-mode fibers to an
N-core fiber. With this, light can be sent from a standard
single-mode fiber into one core of a MCF or vice versa,
providing compatibility with standard optical-fiber com-
ponents. For example, we can couple a photon in mode
|j) of an MCF via a DM to a fiber-ready single-photon
detector.

Another notable device is the MCF-based beam splitter
(MCF-BS), shown in Fig. 1(c) for a 4CF. The beam splitter
is produced by heating and stretching a section of homo-
geneous MCF (without refractive-index trenches), so that
the cores become closer together, enabling evanescent cou-
pling between the cores [34]. The 4CF-BS and a 7CF-BS
have been characterized experimentally in Ref. [27]. When
the proximity region is small, one can achieve an approx-
imate 25% coupling between all four cores of a 4CF [27].
In the experiment reported here, we use two types of 4CF-
BS devices. The first is designed for use at 775 nm and
the second at 1550 nm. More technical details are given
below. To a reasonable approximation, the 4CF-BS can be

034024-2



MULTIDIMENSIONAL ENTANGLEMENT GENERATION...

PHYS. REV. APPLIED 15, 034024 (2021)

represented by the unitary matrix

1 1 1

1
11 -1 -1
1 -1 1 -1 (1)
1

-1 -1 1

U 1

BS = 5
The 4CF-BS thus takes a photon in path state |j) to an
equally weighted superposition state of the form [v;) =
1/2 ", uy k), where uy; = +£1 are the entries of the matrix
given in Eq. (1). Likewise, the 4CF-BS can be used to
map superposition states into logical basis states: Usg
V) =17)-

These MCF devices can be connected with relatively
low losses (about 2%—5% at 1550 nm) using standard
FC/PC fiber connectors [27]. We note that the future
development of one more MCF-based optical primitive,
namely MCF-integrated phase shifters, will allow for
entire multipath optical circuits to be created entirely
within multicore fibers. This will allow for the imple-
mentation of complex interferometers in a relatively sta-
ble MCF platform [24], for use in both quantum and
classical optics applications such as communications and
metrology. Moreover, multiport beam-splitter devices have
recently been shown to provide advantages in quantum
logic operations [35,36]. This motivates the development
of entangled-photon sources that are compatible with MCF
technology.

III. EXPERIMENT
A. Setup

Spontaneous parametric down-conversion (SPDC) is a
nonlinear optical process that has traditionally been used
to produce correlated photon pairs [37,38]. Here, we use
SPDC to construct a source of entangled path qudit states,
which is fully based on (and therefore compatible with)
state-of-the-art MCF technology. The adopted setup is
shown in Fig. 2(a). A fiber-based continuous-wave diode
laser operating at 773 nm is used to excite a 1-cm-long
type-0 periodically poled lithium niobate (PPLN) crystal,
generating down-converted photon pairs at a center wave-
length of 1546 nm. The primary goals for the design are for
the source to be scalable and to have high spectral bright-
ness and stable performance. The main idea is to coher-
ently illuminate the PPLN crystal in four regions corre-
sponding to the cores of the fiber, following the same core
layout as that of the face of the 4CF shown in Fig. 1(a).
We note that multispot coherent illumination of nonlin-
ear crystals for the generation of path-entangled photons
was presented in the 1990s [39] and has been used fre-
quently since then [29,32,33,40]. However, in our source,
the preparation and measurement stages are fully built
using SDM optical-fiber technology, aiming for compact-
ness and connectivity with next-generation optical-fiber

networks. To coherently illuminate our PPLN crystal in a
robust and efficient way, we take advantage of the devel-
oped MCF beam splitters described above [27]. The pump
laser is connected to a SMF of the DM and consequently
coupled to a single core of the 4CF at its output side. Then,
the pump beam is sent through a custom-made 4CF-BS,
designed to operate at 775 nm, that coherently splits the
pump beam among the four cores of the 4CF. The recorded
split ratios of this 4CF-BS are 23.79%, 24.88%, 27.19%,
and 24.14% at 773 nm. A fiber polarization controller
(PC), placed before the DM, is used to guarantee that the
pump polarization can be aligned with the extraordinary
axis of the PPLN crystal, to maximize the photon-pair
generation rate.

The output face of the 4CF-BS is imaged using the
2f — 2f’ imaging configuration onto a plane at the center
of the PPLN crystal using lenses L; (focal length f/ = 11
mm) and L, (f = 50 mm), arranged confocally, giving an
approximately 4.5 x magnified image of the 4CF face. The
down-converted pairs are produced at each one of the illu-
minated regions corresponding to the four fiber cores of
the MCF [see the crystal inset of Fig. 2(a)]. The gener-
ated photon pairs are then sent through confocal lenses
Ly (f =50 mm) and L4 (f = 11 mm) that perform the
inverse operation, creating a demagnified image of the
down-converted pairs at the face of the output 4CF and
coupling them into the fiber. We note that the propaga-
tion direction through the crystal should be the same for
each core, due to the symmetry of the cores and the design
of the imaging system. Moreover, since our PPKTP non-
linear crystal is cut for type-0 SPDC, the down-converted
photons have the same polarization and therefore suffer the
same walk-off from birefringence. Due to the symmetry
of the source, this should also be independent of the core
in which the photons are produced. Thus, walk-off should
not be an issue and, indeed, we do not observe any notice-
able effects. A band-pass and interference filter centered at
1540 nm are used (between the lenses, not shown for sake
of clarity) to remove the remaining light from the pump
beam.

Considering the split ratio recorded of the 4CF-BS and
the fact that it is not possible in principle to distinguish
which region of the crystal produces the photon pair, the
generated two-photon state can be approximately written
as a coherent superposition of the form

1
W) =500} + [11) +122) 4 133)), 2

where we use the shorthand notation |jj) = |j), ® |j)g-
After the source, the down-converted photons are sent
to one of two measurement devices shown in Figs. 2(b)
and 2(c). In each of these, photon pairs are detected by
measuring coincidence counts Cy;, (j,k =0, 1,2, 3), where
here j and £ refer to the core modes of the down-converted
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(a) The schematics of the experimental setup. Entangled qudit states are generated by resorting to coherent illumination of

multiple regions of a nonlinear crystal and MCF technology. The generated entangled qudits are sent to one of the detection systems.
(b) The detection system for Z measurements, in which each core of the source output MCF is coupled to a SMF via a demultiplexer
DM. Single-photon detectors register coincidences between the photon pairs. (¢) The detection system for X; basis measurements. In
this case, the output of the entanglement source is first coupled to a 4 x 4 MCF-BS and its output fiber is the coupled to SMFs using a

DM.

idler and signal photon, respectively. To detect the pho-
tons in the path (Z) basis, we use the measurement system
sketched in Fig. 2(b). The output 4CF of the source is
connected to a DM, coupling each core to a SMF. To
detect photons propagating over the SMFs a home-made
coincidence-count system is used, which works as follows:
a free-running trigger single-photon detector (Idquantique
ID220) is connected to one of the SMFs, let us say the fiber
“0” (associated to core “0”), as shown in Fig. 2(b), using a
standard beam splitter (SMF-BS). When it registers a pho-
ton, a sync electrical pulse is sent to the four externally
gated detectors (Idquantique ID210) for coincidence detec-
tions. These detectors are connected to the SMFs using
optical delay lines such that coincidence counts can be
registered using the sync signal. The ID210 detectors are
configured with 25% detection efficiency and 5-ns gate
width, while the ID220 detector is configured with 15%
detection efficiency and 5 us of dead time. To observe all
of the 16 possible coincidence events Cy, the ID220 is con-
nected through a SMF-BS to each of the four SMFs and
counts of the form Cj, Cj1, Cj2, and C;3 are recorded for
all values of j, with an integration time of 5 s.

For measurements in bases complementary to the Z
basis, we first connect the output 4CF of the source to a
4CF-BS, as shown in Fig. 2(c). The MCF output of the
4CF-BS is then routed through a DM and each core cou-
pled again to the SMFs. The coincidence detection scheme
is the same as in Fig. 2(b). Including the relative phases
corresponding to propagation in each core, the 4CF-BS

allows us to measure in superposition bases of the form

000 = 3 (10) + 111 + 6%12) + 913)), ()
1p = 5 (10) + #11) — 12) — #13), - (3b)
2o = 3 (10— 111) + &%12) — 913) (o)
Bip = 5 (10) = 11) — 212) £ 913), (4)

where |j)p refers to the state at detector Dj after the
4CF-BS and the ¢; are the relative phases acquired over
core j. One can switch between four mutually unbi-
ased bases X; by choosing different values of the phases
¢;. We define the bases as Xo — ¢ = ¢ = ¢ = ¢p3 =
0, X1 > ¢o=0,01 =7, =3 =7/2, X3 - ¢ =0,
hr=¢3=7/2, pp=7, X3 > ¢p=0, and ¢ = ¢ =
/2, ¢3 = w. The X; bases are mutually unbiased to the
Z basis and also to each other.

B. Source characterization

Now we describe several characteristics of the source.
To ensure the spatially homogeneous generation of down-
converted photons over the entire transverse profile of
the crystal, we perform a separate experiment in which
the 773-nm laser is sent through a single-mode fiber and
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FIG. 3. Normalized single counts while scanning the vertical
(y-axis) transverse direction of the PPLN crystal, recorded by a
pointlike single-photon detector. The shaded regions correspond
to the dimensions of the crystal and the image size of the 4CF.

used to illuminate the center of the crystal through the
imaging system composed by lenses L; and L,. The down-
converted light is coupled into a pointlike detector, com-
posed of another single-mode fiber for 1550 nm connected
directly to an ID210 detector. We scan the crystal along the
(transverse) horizontal (x) and vertical (y) axes, recording
the corresponding detector single counts. As an example,
Fig. 3 shows the spatial distribution of the down-converted
photons with the crystal scanned in the y direction. Simi-
lar results are obtained for the x direction. We recognize
an approximately 380-um-wide region where the photons
can be created. Considering the core size and the separa-
tion between them, we choose a magnification factor of
4.5 such that the image size of the 4CF at the PPLN crystal
is approximately 350 um. In this way, the crystal gener-
ates photon pairs in the four different illuminated regions
defined by the image of the 4CF.

Further, since quasi-phase-matching conditions are
achieved by adjusting the temperature of the crystal, we
test that the optimal temperature is the same for each of
the regions corresponding to the four cores. We adjust the
PPLN crystal temperature by placing it in an electronically
controlled oven. Figure 4 shows the normalized coinci-
dence counts in each core, as a function of the temperature,
recorded using the measurement scheme of Fig. 2(b). We
observe that at 112 °C, a nearly optimized coincidence rate
of SPDC in all cores is reached, in correspondence with
the pump and down-converted photon wavelengths and the
crystal poling period (19.8 um). Moreover, the fact that the
four regions produce intensity peaks centered at the same
temperature indicates that the frequency light spectra from
each core are similar, since the interference filter selects
photons near 1540 nm for all cores.

The brightness of the source is a notable characteris-
tic, if entanglement is to be distributed over long-distances
through optical fibers. Our entanglement source operates
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FIG. 4. The coincidence rate in each independently illumi-
nated core as a function of the crystal temperature. The optimal
temperature to satisfy the phase-matching conditions for all cores
is 112°C.

with a pump-laser power of 1 mW per core. Taking this
into account, plus the insertion losses of the optical devices
and detector efficiencies (approximately 4% in coinci-
dence), the observed spectral brightness of the source is
approximately 350 000 photon pairs (s mW nm)~!, which
is comparable with optimized sources for polarization
entangled photons [41]. Considering the typical loss in
multicore optical fibers of 0.4 dB per km for 1550 nm, it
would be possible to distribute multidimensional entangle-
ment over at least approximately 75 km of fiber. Thus, this
source can be readily employed to investigate the propa-
gation of spatial entanglement over long multicore fibers,
which has yet to be realized.

Another notable feature of our source is the phase stabil-
ity provided by coupling the pump and the down-converted
light directly in and out of 4CFs, which are inherently
robust against thermal fluctuations and mechanical stress
since the cores lie within the same cladding [24,25]. The
relative phase between two different cores of a MCF can be
at least 2 orders of magnitude more stable than two single-
mode fibers over a 2-km length [24]. When the X; measure-
ment bases are implemented, the last 4CF-BS combines
together the incoming down-converted photons, forming
an interferometer that is sensitive to phase fluctuations.
Due to the stability of the 4CF, without any fiber-isolation
system or active-phase stabilization, we observe that phase
oscillations typically occur with a period of several min-
utes. To test this, we record coincidence measurements
for more than 10 min. We then perform a Fourier analy-
sis of the coincidence counts recorded over time, which
reveals the relevant frequency components. Figure 5 shows
the absolute value of the frequency spectrum for sample
coincidence measurements recorded at different times. The
peaks of these distributions correspond to oscillations with
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FIG. 5. The spectrum of frequency components of the coin-
cidence counts between different detectors using the detection
system shown in Fig. 2(c), taken at different times. Fluctuations
due to phase changes occur on a time scale of several minutes.

a period between 2 and 6.5 min. We can see that there are
essentially no frequencies components larger than 0.008
Hz, meaning that the interferometer is stable on the scale of
a few minutes. Our goal here is to present the fundamental
characteristics of the source but we note that, if necessary,
one can employ the technique of Ref. [27] to phase lock
the source.

C. Entanglement certification

We measure coincidence counts Cj as explained in Sec.
IITA. Accidental coincidence counts aj; arising from dark
counts and ambient light are evaluated by recording the
average count rate with a large relative electronic delay
between detectors. The corrected coincidence counts,
given by Cj, = Cj — aj, are used to estimate the joint
probability distributions: Py = Cy/ ij Cji- The experi-
mental error is calculated by assuming Poissonian count
statistics and Gaussian error propagation. The recorded
probability distributions while measuring both photons in
the Z basis is shown in Fig. 6(a), with photons always
found in the same core.

For measurements in the X; bases, there are two-photon
coalescence effects on the 4CF-BS that impose a conve-
nient symmetry to the coincidence counts. By considering
the state of Eq. (2) and the measurements of Egs. (3), we
see that the coincidence-count probabilities at detectors j
and k (j,k=0,1,2,3) are given by

the
Jk -

E ”mj Z’tmkelijm

“)

where u,,;,u,; = £1 are the sign of the entries in the
matrix given in Eq. (1). In this case, when the rela-
tive phases are such that complete constructive and/or
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FIG. 6. The joint probability distributions obtained while mea-
suring both photons in the (a) Z basis, (b) X, basis, (c) X; basis,
(d) X, basis, and (e) X3 basis. The error bars are obtained con-
sidering Gaussian error propagation and Poissonian photocount
statistics.

destructive interference occurs, only four of the 16 prob-
abilities P,,, are nonzero. For example, when all of the
phases are equal, the four probabilities Py = Pj| = Py =
P33 = 1/4. Since these four probabilities sum to one, all
the rest are zero. This case corresponds to detection of
both photons in the Xj basis. For the phases correspond-
ing to the X; basis, only probabilities Py; = P19 = Pz =
P31 = 1/4 are nonzero. Likewise, for the X, basis, we have
Py, = Py = P13 = P3; = 1/4 and all others equal to zero,
while for X3 we have Py3; = P39 = P1; = P, = 1/4 with
the rest equal to zero. In this fashion, observing a maxi-
mum in one coincidence-count group while observing all
of the others near zero allows us to identify the relative
phase values.

The measurements in the X; bases are identified using
the coincidence-count signatures described above, while
applying a controlled bending to the 4CF fiber at the out-
put of the source, causing mechanical stress that changes
the relative phases between cores [42]. The joint probabil-
ity distributions obtained from the four X; measurements
are shown in Fig. 6. The similarity, Cg, of the recorded
and theoretical probability distributions can be quanti-
fied using the Bhattacharyya coefficient [43]. In our case,
it reaches Cg = 0.91 £0.02, showing good agreement
between theory and experiment. The unwanted nonzero
terms in Figs. 6(b)—6(e) arise due to phase fluctuations as
well as imprecision in setting the relative phases between
the four cores. We use the dependence of the phase on
the bend and orientation of the optical fiber to adjust
the phase, which though not very precise, is sufficient to
adjust the four complementary coincidence signatures. The
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more relevant issue is that of phase instability. Though the
interferometer is quite stable, as shown in Fig. 5, there can
still be some slight phase variation over the measurement
acquisition time (20 s), which reduces the interference vis-
ibility. The phase instability results in a slight dephasing
of the state, which is reflected in the nonzero probability
elements and reduces the fidelity with the ideal state. Both
of these phase errors can be reduced by constructing active
phase control, which at present requires removing the light
from the MCF and into single-mode fiber phase modula-
tors, which is undesirable. We note that this is completely
feasible and has been done in Ref. [27].

1. Fidelity

To certify the multidimensional entanglement of the
generated state p, we use its fidelity F'(p, |¥)) = (V|p|¥)
to the target state | W) in Eq. (2). Explicitly,

3 3
F(p, 1) =Y Gilolii) +2 Y Rel{jilplkk)]. (5)
Jj=0 Jj=0
k=j+1

The first term can be obtained directly from the
measurements in the Z basis, where we have P; =
(i7lplij). The second term corresponds to the coher-
ence between states |jj) and |kk). These can be cal-
culated by defining Pauli operators for the j,k sub-
space as follows [44,45]: ox(jk) = |j )kl + k), ay(jk) =
i) (k| — ilk)(j|. Then, Re[(jj|plkk)] = (0" ® o) —
(Uy(] Y Uy(j ")) /4. These expectation values can be evalu-
ated directly from the X; measurements, as we describe in
detail in the Appendix. Using the recorded data of the five
mutually unbiased measurements, we obtain F = 0.789 +
0.007. Since any state with F'(p, |¥)) > 3/4 is incompat-
ible with a Schmidt number < 3 [44,45], we can confirm
the four-dimensional nature of the entanglement produced
by the source.

2. High-dimensional steering

Another interesting approach to certify multilevel entan-
glement generation is that based on quantum steering
[46], which is a distinct correlation that lies between
entanglement and Bell nonlocality and has been related
to one-sided device independent quantum cryptography
[47] as well as one-sided device independent randomness
generation [48—51]. For two mutually unbiased bases cor-
responding to observables P and Q, quantum steering can
be identified using the entropic criterion [52]

SO — H(Py|Py) + H(Oy10x) — log, D = 0,  (6)

where the J,K = A,B (J # K) denote the subsystems.
H(P;|Qk) is the conditional Shannon entropy calculated
over the joint probabilities associated to measurements in
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FIG. 7. The xperimental values for the EPR-steering criterion

S for steering from A to B, denoted (B|4) and from B to 4,

denoted (4|B). When S;iQ) < 0, we can confirm that the state

is entangled in the one-sided device independent scenario.

the P and Q bases on subsystems J and K, respectively.
Steering can be an asymmetrical correlation and violation
of inequality Eq. (6) indicates steering from subsystem
K to subsystem J when S}ﬁQ) < 0, which also indicates
that the two systems are entangled. Identifying P = Z
and Q = X;, we apply these inequalities to our experi-
mentally obtained probabilities of Fig. 6. The conditional
entropy is calculated using H(P;|Ox) = H(P;,Qk) —
H(Qk), where H(P;, Qk) is the joint Shannon entropy and
H (Qk) is the marginal entropy corresponding to local mea-
surement Q on party K. The results are shown in Fig. 7.
We obtain negative values for all correlations tested, show-
ing that the generated qudit state exhibits steering from
A to B as well as from B to 4. We obtain mean values
S4p = —1.01 £0.06 and Sps = —1.04 + 0.08. Identifica-
tion of steering allows us to confirm that the generated state
is entangled in a one-sided device independent scenario
[53], meaning that full knowledge of the inner workings of
one of the system’s devices is not necessary. Moreover, the
dimensionality of each subsystem can be observed through
the Shannon entropies H (P;) and H(Q;) of the marginal
distributions, which are all very close to the maximum
value of log, D = 2 bits for a D = 4 dimensional subsys-
tem. The mean value is 1.99 & 0.02 bits, which is twice the
limit of qubit subsystems.

IV. CONCLUSION

In this work, we present a design of a source of multidi-
mensional photonic entanglement that is based on SDM
optical fibers, thus being fully compatible with next-
generation telecommunications fiber networks. The source
uses state-of-the-art multicore-fiber technology to illumi-
nate a nonlinear crystal and to measure the generated
down-converted photons [27]. The design is flexible, since
it allows for the core geometry of the fibers to be changed
without realignment of the source, a crucial feature since
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MCF technology is in a rapid stage of development
and widespread standards have yet to be established. To
demonstrate its viability, we prepare an entangled state of
two four-dimensional systems, encoded in the path degree
of freedom of the down-converted photons, and certify the
multidimensional entanglement generation. In addition,
quantum steering is identified, indicating entanglement in
a one-sided device-independent scenario.

The source presents several technical advantages,
including high spectral brightness—comparable with that
of modern polarization-entangled-qubit sources—and rel-
atively long phase stability, due to the use of multicore
fibers. Consequently, our scheme has several potential
applications. For instance, one can exploit the verified mul-
tidimensional steering for implementing one-side device-
independent quantum protocols such as quantum cryptog-
raphy or quantum randomness generation [47—51]. The
spectral brightness achieved, of 350 000 photon pairs gen-
erated (s mW nm)~!, will allow for future investigations
demonstrating the viability of long-distance distribution
of multidimensional entanglement over multicore fibers.
Finally, we note that the presented scheme is readily avail-
able for use in quantum enhanced metrology beyond the
standard quantum limit. In particular, the entangled state
produced by our source is nearly optimal for multiparame-
ter phase estimation [54].
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APPENDIX: FIDELITY CALCULATION FROM
PROBABILITY DISTRIBUTIONS

The fidelity is calculated from the experimental
data by defining the Pauli operators for the j,k sub-
space as [44:451: oy = /) (k] + 1K) ], 07" = il ) (k] —
s .. o GR (k) (k)
ilk){j|. Then, Re[(jj|plkk)] = ((ox o) = {0y ®
ay(j k))) /4. Let us denote the probabilities from the X; mea-

surements as PY) = {Pg)}, with x,y =0, ...,3. We also
define the correlation functions

Ci(a, B,y,8) = [PY) + P + Py} + P§) + PO) + PY) + P + P

sy

(A1)

) ) _ pU) _ pi) _ pU) i) pli) _ pl)
= PJ) = Poy) = Py) = Pus = Py = Py — Py’ — Py,

fora, B,y,8 =0,1,2,3. Then, it is a straightforward but lengthly calculation to show that we can use the X; measurement
probability distributions in the above correlation function to determine the terms in the Fidelity. Explicitly, we have

2Re[(00]p|11)] + 2Re[(22|p|33)] = 1

2Re[(00]p]22)] + 2Re[(11]p]33)] = !

2l

ZRe[{001p133)] + 2Re[(11]p]22)] =

1
[CO(O’ 1525 3) + Cl (0’ 1325 3) - Cz(oz 1’25 3) - C3(Oz 1)23 3)]’

(A2)
€o(0,2,1,3) + Ci(0,2,1,3) — (0,2, 1,3) — G5(0,2,1,3)], (A3)

1
[C()(O, 35 152) + C3(03 35 152) - C1(0335 152) - C2(0335 152)] (A4)
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These expressions can be used directly in Eq. (5) to
calculate the fidelity.
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