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A memory-based quantum repeater architecture provides a solution to distribute quantum information
to an arbitrary long distance. Practical quantum repeaters are likely to be built in optical-fiber networks
which take advantage of the low-loss transmission between quantum memory nodes. Most quantum
memory platforms have characteristic atomic transitions away from the telecommunication band.
A nondegenerate photon pair source is therefore useful for connection of a quantum memory to optical
fibers. Here, we report a high-brightness narrowband photon-pair source which is compatible with a
rare-earth-ion-doped crystal Pr*:Y,SiOs. The photon-pair source is generated through a cavity-
enhanced spontaneous parametric down-conversion process with the signal photon at 606 nm and the
idler photon at 1540 nm. Moreover, using the telecom C-band idler photons for heralding, we demon-
strate the reversible transfer of orbital-angular-momentum qubit between the signal photon and the
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quantum memory based on Pr3*:Y,SiOs.
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1. Introduction

Interface between a non-classical state of light and matter sys-
tem is a fundamental requirement for many quantum information
processing protocols [1]. Quantum repeater [2], for instance, is one
of typical applications which can overcome the exponential trans-
mission loss of single photons and extend the distance of entangle-
ment distribution. Quantum repeaters are based on many qubit-
hosting nodes separated by dozens or a hundred of kilometers
and quantum channels which transport flying qubits to establish
entanglement between quantum nodes [3,4]. The flying qubits
are tended to be carried by photons. To afford low-loss transmis-
sion, the quantum channels should be in the telecommunication
wavelength range [5,6].

Though the telecom quantum memories exist, e.g., erbium
doped solids [7,8], the current efficiency and storage time are
severely limited. Most of the platforms that serve as quantum
nodes operate with photons at visible to near infrared regime
which is apart from the telecom window [9-11]. Approaches
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including quantum frequency conversion (QFC) [12] and employ-
ing nondegenerate photon-pair source [13,14] can both build a
nonclassical correlation between a stationary quantum node and
a flying telecom photon. QFC has already been demonstrated in
various platforms including atomic gas [15-17], nitrogen vacancy
(NV) defect in diamond [18,19], trap ions [20,21] and rare-earth-
ion-doped crystals (REICs) [22]. Quantum entanglement between
a telecom photon and a REIC Nd3':Y,SiOs or a Ti:Tm:LiNbO;
waveguide has also been demonstrated using the photon-pair
source generated by spontaneous parametric down-conversion
(SPDC) [23,24].

Compared to the quantum memory achieved via the materials
of Nd3*:Y,SiOs or Ti:Tm:LiNbOs, the quantum memory based on
Pr3*:Y,SiO5 has better performances in the storage efficiency and
the storage time [25,26]. Particularly, it has the required energy
levels for conducting a spin-wave storage for longer and pro-
grammable storage time [27,28]. To meet the requirements of this
particular material, cavity enhanced nondegenerate narrowband
photon-pair sources were created [14,29,30]. Nonclassical correla-
tion between an E-band telecom photon with a collective optical
excitation or a collective spin wave in Pr3*:Y,Si05 crystals has also
been established by using the quantum light source [31,32].
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The C-band photon has lower loss in fiber delivery compared to
the E-band photon and is preferable for long-distance transmis-
sion. Therefore, in this paper, we report a praseodymium-based
memory-compatible narrowband photon-pair source with
C-band heralding photons. A single cluster spectral distribution
and a high spectral brightness are observed of the quantum
light source owing to cavity configuration with the type-0
quasi-phase-matching crystal. Furthermore, we demonstrate the
quantum storage of heralded single-photon orbital-angular-
momentum (OAM) qubit in a Pr3*:Y,SiOs crystal. Using the OAM
degree of freedom of photons, it is promising to carry more quan-
tum information owing to its high-dimensional property [33].
Although storage of OAM qubit or entanglement in OAM degree
of freedom has been proven experimentally [34-36], the lacking
of telecom heralding photons in these experiments [34-36]
reduces the practicality of the quantum memories for quantum
repeaters. The current work combines advantages of high-
capacity information encoding by using OAM and C-band heralding
for directly interfacing with telecom fibers, which can both
enhance the data rate for the memory-based quantum network.

2. Creation of the cavity-enhanced single-photon source

The schematic diagram of the single-photon source is shown in
Fig. 1. The laser at 606 nm is frequency-stabilized to a high-finesse
cavity which ensures a spectral bandwidth of below 10 kHz, whose
center frequency is compatible with the 3H, - 'D, transition of
Pr?*:Y,SiOs. This narrowband laser forms the basis for all the fol-
lowing processes of cavity length locking and the frequency stabi-
lizing of another laser at 1540 nm. The pump light for the

nondegenerate narrowband photon-pair source has a wavelength
of 434.8 nm which is produced from a sum-frequency generation
process instead of using an ultraviolet laser directly. The sum-
frequency generation is accomplished by using a 2 cm-long period-
ically poled lithium-niobate (PPLN) waveguide (WG, HCPhotonics
Corp).

The cavity-enhanced parametric-down-conversion process [37]
is mainly composed of a 2-cm long PPLN crystal with type 0 quasi-
phase-matching condition and a bow-tie cavity. The cavity and the
crystal therein give a free spectral range (FSR) of approximately
340 MHz. The cavity has three mirrors (M2, M3 and M4) with high
reflectivity for both target wavelengths (up to 99.95% for 606 and
1540 nm) and another output coupling mirror M1 with a reflectiv-
ity of 98%. Anti-reflection coating for all these mirrors at 434.8 nm
ensures a high transmittance (>95%) of the pump light. Both of the
606 and 1540 nm photons should be resonated with the cavity to
enhance the generation rate. This is achieved by the following
procedures. Two reference beams with target wavelengths are cou-
pled into the cavity individually using different lens groups. The
transmitted signal of the 606 nm reference beam detected by the
photodetector 1 (PD1) is used to lock the cavity length through
the M2 mirror controlled by a piezoelectric ceramics. The
electro-optic modulator (EOM) in this path is used to generate
sideband for the Pound-Drever-Hall locking technology [38]. The
transmitted signal of the 1540 nm light from the cavity is detected
by photodetector 2 (PD2), thus stabilizing its frequency through
the self-contained module of the laser. The pump light is coupled
into the cavity through M3 mirror. The generated photon pairs
escape the cavity from M1 mirror which is copropagating with
the reflections of the reference beams.
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Fig. 1. (Color online) Diagram of the experimental setup of the cavity-enhanced SPDC. The pump light is generated through a sum-frequency generation process and
connected to the cavity through an SMF. The polarization beam splitter (PBS) and half wave plates (HWPs) control the polarization of the pump light. Two reference beams at
two wavelengths are combined with a DM. The lens groups in the two paths accomplish the mode matching to the cavity of the two wavelengths. Meanwhile, the lens groups
also focus the two beams at the same position where the optical chopper is placed. In fact, when the signal and idler photons escape from the cavity through M1 mirror, there
are also a series of lens (not shown on the figure) which make the photon pairs focus at another side of the chopper. The chopper works with a frequency of 200 Hz to separate
the photon pairs from the reference beams. The photon pairs are then divided by another DM and coupled into SMFs for connection into single-photon-detectors.
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Therefore, the next essential step is separating the photon-pair
source from the classical reference beams. An optical chopper is
introduced to isolate the photon pairs with reference beams and
protect the single-photon-detectors. The reference beams with
two target wavelengths are focused at a common position where
the chopper is placed and the photon pairs are focused at another
side of the chopper. The chopper separates the photon pairs from
the reference beams through alternately letting the reference
beams or photon pairs pass. It works with a duty cycle of 4:6. That
is, the locking system works for a 40% time and the measurement
time occupies a 60% time of the experimental sequence.

The signal and idler photons are separated by the dichroic mir-
ror (DM) which has a high transmittance at the wavelength of
1540 nm and high reflectivity at the wavelength of 606 nm. Band-
pass filters are employed to restrict the bandwidth of the signal
and the idler photons to approximately 3 nm. The signal photons
are then reflected by a Bragg grating with a full width at half max-
imum (FWHM) of approximately 10 GHz and then detected by a
Silicon single-photon-detector (Si-SPD, detection efficiency
approximately 60%). The total transmission loss between the out-
put coupling mirror and the single-photon-detector is approxi-
mately 30%, which is measured using the signal reference beam.
The idler photons are filtered by a 700-MHz etalon (FSR ~ 30 GHz)
and then coupled into a single mode fiber (SMF) for spatial mode
cleaning. The output of the SMF passes through a home-made
Fabry-Perot cavity and is then detected by a superconducting
single-photon-detector (SSPD, detection efficiency approximately
35%). The filter cavity is continuously locked by another beam at
606 nm. When the filter cavity is locked, it has a linewidth of
approximately 30 MHz and a transmittance of 80% at 1540 nm.
The total transmission loss between the output coupling mirror
of the bow-tie cavity and the single-photon-detector is approxi-
mately 58% considering the transmission loss and the fiber cou-
pling efficiencies before and after the filter cavity, which is also
measured using the idler reference beam.

3. Quantum characteristics of the single-photon source

The quantum characteristics of the photon pairs can be ana-
lyzed by time-correlated measurements, typically, through the
second-order cross-correlation function G?;. The normalized form

of 62 can be expressed as [3,23]:

2 _ (E" (DE" (t+ DE(t+ DE(D)) )
B TR T (1 DE" ((4 1))(E," (DE(D)’

where Esj and E; are the electric field creation and annihilation
operators for the signal and idler fields. It is widely known that
the photon pairs emitted from the cavity consists of multiple spec-
tral modes, despite that the nondegenerate parametric process have
reduced photon-pair generation probability to limited clusters, each
of which consists of several longitudinal modes [14]. To explore this
multiple-mode property, the Bragg grating, etalon and the filter
cavity are removed. The signal and idler photons are separately fil-
tered by band-pass filters and then coupled into the SMFs for detec-
tion. To obtain a high timing resolution, both the signal and idler
photons are sent to two SSPDs and their arrival times are recorded
by the time-to-digital converter (TDC Picoquant 400). The coinci-
dence dependence on the arrival-time difference (7) is shown in
Fig. 2a.

The outline of the curve gives a FWHM correlation time of
approximately 90 ns which indicating that the single mode bipho-
ton bandwidth of 2.45 MHz. By fitting the function exp(—2mAvt)
on the two sides of the outline of this figure, we can infer a spectral
bandwidth of 2.15 MHz for the signal photons and 2.84 MHz for
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Fig. 2. (Color online) Quantum characteristics of the multiple-mode state. (a)
Measured correlation function G?;(t) of the multiple-mode state. The figure is
measured at the pump power of 1 mW with a bin size of 256 ps and an integration
time of 300 s. The inset is a zoom to 20-50 ns window. (b) |g!" (At)] measurement
result of this multiple-mode state.

the idler photons. The escape efficiencies are estimated to be
approximately 54% and 34% for the signal photons and idler pho-
tons since the internal round trip loss can be inferred through
the bandwidths and FSR of the cavity [29]. However, neighboring
modes of the state make the figure presents a comb-like structure.
The insert figure intercepts a 30 ns interval of the G;(t) measure-
ment where we can clearly see that these peaks have a period of
2.94 ns which corresponds to the FSR of 340 MHz of the bow-tie
cavity.

Compared to the degenerate cavity-enhanced SPDC state, the
two wavelengths we choose are quite different so that the FSRs
have a little difference. Therefore, the state is typically consisted
of several clusters considering the phase matching condition
[39,40]. The cluster effect can be analyzed by exploring the first
order autocorrelation (coherence) function V = |g\" (At)| of the sig-
nal photons heralded by the idler photons [41]. A Michelson inter-
ferometer is built for signal photons before the optical fiber. We
first examine the performance of this interferometer by scanning
the length of one arm of the interferometer in a range of 15 mm
range (corresponds to a time of 100 ps) with a precision of
0.5 mm. The reference classical light gets a near unity visibility
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so the interferometer is reliable. When the heralded signal photons
are put to tests, the visibility is shown in Fig. 2b. We find that the
visibilities remain above 80% without oscillations observed in an
interval of 100 ps. No oscillations observed in the figure indicate
that there is only one cluster surviving of this multiple-mode state.
It may be attributed to the slight difference of the FSRs between
the signal and idler field that leads to an ultra-wide cluster spacing
[40]. The unique cluster is also beneficial to the following process
of extracting the single longitudinal mode from the multiple-
mode state.

In absence of the frequency multiplexing operation of the quan-
tum memory [42], the multiple-mode state cannot be applied
directly. Most of the current experiments of spin-wave storage
only support light sources with bandwidths of approximately
3 MHz [27,28]. Therefore, a single mode operation achieved of
the photon-pair source is more important. It can be simply realized
by putting back of the Bragg grating, etalon and the filter cavity. A
filter cavity in cooperation with the etalon for the idler photons can
guarantee the coincident counts consisted of only one longitudinal
mode, but the huge unilateral counts of signal photons cause mas-
sive random coincidences that influence the result of the time-
correlated measurement. So, a Bragg grating is placed before the
SMF for signal photons to reduce the unilateral counts. The mem-
ory crystal can further suppress the unilateral counts completely in
the practical application of interfacing the light source with the
quantum memory [31,32].

The second-order cross-correlation function of single-mode
state is shown in Fig. 3a. A cross-correlation function with an
8-ns bin size and 256-ps bin size (inset figure) are both measured
at the pump power of 1 mW. From the inset figure we can find the
oscillation at the 2.94-ns period disappears which proves that the
neighboring modes are removed by our filtering operation. The
g2,(0) value is 13.73 + 0.9 (measured in a time window of 32 ns).
Due to the fact that signal photons (or idler photons) itself exhibits
photon statistics typical of thermal light, so that the autocorrela-
tion function should be less than 2 [43]. So the non-classicality is
proved to measure the g2;(0) value greater than 2 and the current
state exceeds the classical limit [44,45]. The memory crystal can be
employed to remove other modes of the signal photons by spec-
trally preparing a transparent window with a bandwidth of several
MHz through spectral hole burning so that a higher gZ,(0) value
will be expected [28,31,32].

A higher value of g§7i(0) can also be obtained by reducing the
pump power to decrease the creation rate of multiphoton emis-
sion. We measure the g2;(0) values as well as the coincidence rate
at different pump powers. The results are shown in the Fig. 3b
without subtracting any background counts. g2;(0) value decreases
with the increasing pump power and the coincidence rate has an
opposite trend. A g2,(0) value of 33 +2.9 has been obtained at
pump power of 200 uW. The result with lower pump power is
not measured considering the dark counts. Moreover, we obtained
a normalized spectrum brightness of approximately 25.3 photon
pairs/(ss-mW-MHz) which is more than two times brighter than
the result in Ref. [29]. This high brightness is mainly benefited
from the type 0 quasi-phase-matching.

The heralding efficiency is another important technical indica-
tor of the photon source for practical applications. The heralding
efficiency is defined as 1 = % where Ps; and P; is coincidence
probability and the probability to detect a herald photon. #y is
the detection efficiency of the Si-SPD for signal photons. In our
experiment, # is 17.5% + 0.2% at the pump power of 1 mW. The
heralding efficiency is primarily limited by the escape efficiency
and transmission loss of the signal photons. Besides, the wider
bandwidth of the idler photons compared to that of the signal pho-
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Fig. 3. (Color online) Quantum characteristics of the single-mode state. (a)
Measured correlation function GZ;(t) of the single-mode state. The figure is
measured at the pump power of 1 mW with a bin size of 8.192 ns. The integration
time is 1200 s. The inset is a zoom to 20-50 ns regime with a bin size of 256 ps. As a
comparison, we also show the result (blue dashed line) of the multiple-mode state
measured in Fig. 2a. (b) The pump-power dependence of the g2,(0) value and the
coincidence rate.

tons may also restrict the heralding efficiency. It can be improved
by slightly changing the reflectivity of M1 mirror to achieve similar
bandwidths of the two wavelengths.

4. Storage of photonic OAM qubit

The interface between the single-photon source and the quan-
tum memory is the basis of construction of a quantum-repeater-
based network. Here, we choose the OAM of photons to encode
quantum information. This degree of freedom has shown great
opportunity for high dimensional encoding and large multimode
capacity in a multiplexed quantum memory [33,46-48]. The
capacity of storing temporal or spectral modes will be restricted
by the bandwidth and absorption depth of the memory, but there
are no such limitations when the quantum memory is multiplexed
using the spatial modes, e.g., the OAM [36]. We present the exper-
imental realization of storing heralded OAM qubit in the memory
crystal (MC), as shown in Fig. 4a. The MC in this experiment is a
6-mm-thick Pr3*:Y,SiOs crystal (Pr>* concentration of 0.05%)
whose inhomogeneous linewidth is approximately 5 GHz. The
pump power of the photon-pair source is 2 mW in the following
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Fig. 4. (Color online) Storage of heralded photonic OAM qubit. (a) The schematic of
storing heralded OAM qubit in a Pr3*:Y,SiOs crystal. The AFC preparation time is
approximately 300 ms in an experimental cycle of 713 ms. The arrival time of
retrieved signal photons and idler photons are recorded by a TDC. The measurement
time is 325 ms in each experimental cycle after the AFC is prepared. An electric gate
(Ortec model 935) is placed after the SSPD to eliminate the noise of the
coincidences. The gate is off during the AFC preparation or implementation of the
locking system. (b) The coincidence histogram heralded by idler photons when the
signal photons are encoded with the mode LG:;“,J) using SLM1. Black dotted line is
the result (divided by 5 times) that signal photons pass through a transparency
window and the orange solid line represents the result that signal photons go
through a 4-MHz AFC. The SLM2 is set with the same mode as input state. (c) The
coincidence histogram heralded by idler photons when the signal photons are
encoded with the superposition state of 2 using SLM1. Black dotted line is the
result (divided by 5 times) that signal photons pass through a transparency window
and the red solid line represents the result that signal photons go through an AFC. In
the above two situations, the SLM2 is set with the same mode as the input state. The
line marked with blue diamonds is the result that signal photons pass through an
AFC while the SLM2 is set with the mode 1%

experiment. To check the compatibility of the photon-pair
source with the MC, we create a 12-MHz-wide transparency
window in the memory crystal. The signal photons are sent to this

transparency window and the coincidence histogram heralded by
the idler photons is measured. The FWHM of correlation time
between the telecom photons and signal photons is approximately
105 ns (as seen from the black curve in Fig. 4b), leading to a bipho-
ton bandwidth of 2.1 MHz [29]. The decreasing of the biphoton
bandwidth may due to the fact that the memory crystal with a
12-MHz-wide transparency window does not contain all the fre-
quency components of the signal photons completely. But consid-
ering the transmission loss of the signal photons, we infer that the
12-MHz-wide transparency window extracts most signal photons
of the central mode, so this result can be used as an input trace.
The atomic frequency comb (AFC) [49] protocol is employed to
store the heralded single photons. A 4-MHz AFC is created in the
MC with a periodicity 4 =125 kHz, which introduces a pro-
grammed storage time Tarc=1/4 =8 ps. The preparation proce-
dure of the AFC is described in Refs. [28,42]. The signal photons

LGS) [34]
by the spatial light modulator 1 (SLM1) and the spatial light mod-

are first encoded with Laguerre-Gaussian (LG) mode

ulator 2 (SLM2) is set to mode LGL::%) as well. The coincidence his-

togram before and after storage are recorded in Fig. 4b, which is
measured with a bin size of 32 ns and an integration time of
3000 s. By comparing the coincidences of AFC echo to the counts
of the input state, we obtain a memory efficiency #1arc = 12.6%.
Bandwidth matching degree between the AFC (total width of
4 MHz) and the input photons is estimated as 85%.

To prove the non-classical correlation between the signal pho-
ton and the telecom C-band idler photon during the storage pro-
cess, the correlations between the signal photon and the idler
photon are measured by the normalized second-order cross-
correlation function g2; value before and after the storage process.
The measurement results are shown in Fig. 4b. For the transmitted
signal photon from the transparency window, the g2; value is esti-
mated to be 41.3 + 1.1, which is significantly greater than the clas-
sical bound of 2. This g2, value also leads to an upper bound of the
autocorrelation of heralded signal photon to be gﬁs_’S <0.095 [45],
which indicating that the photon source itself is closed to the ideal
single photons (gﬁ&S =0). Compared to the photon source that the
signal photons are unfiltered to single longitudinal mode, the g2,
value rises significantly due to the filtering effect of the memory
crystal, though the signal-photon loss during transmission reduces
the value to a certain extent. The gf ; value can be further
decreased through reducing the pump power of the single photon
source, but it will lead to low photon counting rate that is disad-
vantage to the application in quantum communications. Further
enhancing the photon rate and the quality of correlation are
required for practical applications such as the quantum repeater.
The correlation between the retrieved signal photon and the idler
photon is g2 . ;, which has a value of approximately 11.4 + 0.4 after
a storage time of 8 us. The drop of the g2, value is mainly due to the
low recall efficiency of the memory. The upper bound of the auto-
correlation of the heralded AFC echo is 0.175, which demonstrates
that the quantum memory well preserved the single-photon
statistics.

A superposition OAM qubit state of 2" is then encoded into the
signal photons using SLM1, where |L) (|R)) is deﬁned as LG modes
ILG,4") (|LGygh). SLM2 s set to 2% or Lo
memory performance of maintaining the coherence of encoded
quantum information. This is achieved by assessing the visibility
of the readout state, which is defined as; p*"” = where p, is the prob-

IL) +|R

) to benchmark the

abilities of detecting readout photons Wlth states of 2%, The mea-
sured results are shown in Fig. 4c, which use the same b1n size and



1582 Y.-L. Hua et al./Science Bulletin 64 (2019) 1577-1583

integration time as Fig. 4b. We observe a memory efficiency of
Harc = 8.5% for the OAM qubit state “F and g2,,,=10.9+1.1.
The decrease of the efficiency is mainly owing to the fact that the
OAM qubit state % has a larger beam diameter than that of the

mode LG;%). Since the preparation beam has a limited diameter

at memory crystal, when a good overlap with the mode LGI;OO) is

achieved, it may result in imperfect pump effect for the mode

I8, This limitation can be overcome by increasing the beam diam-

eter or using a super-Gaussian spatial profile for the preparation
light [36]. Moreover, the measured visibility of the AFC echo is
94.0%+1.1%, which indicates that the coherence of the superposi-
tion state is maintained well during the storage process.

In this experiment, a heralded single photon encoded with OAM
qubit is stored as a collective optical excitation with a predeter-
mined delay. We note that the similar cavity enhanced photon
sources have been stored as a collective optical excitation and a
spin excitation by another group [31,32]. There are some technical
promotions about the quantum light source in this experiment.
The telecom C-band idler photon is used to herald the existence
of signal photon, which is more compatible with fiber network
compared to the E-band idler photons. Besides, a single cluster
and a higher spectral brightness of the single photon source are
observed in our experiment, which make our source more superior
and convenient for single-mode applications. Ref. [22] shows the
capability of converting the memory compatible photons to tele-
com C-band photons through a nonlinear waveguide, but the over-
all conversion efficiency of the device is restricted. From this
aspect, our work is the first combination of the advantages of
high-capacity information encoding by using OAM and C-band
heralding for directly interfacing with telecom fiber network in a
single experiment.

Our work can also be extended to store a heralded single photon
as a spin wave by applying two control pulses which enables an
on-demand readout. However, using this approach, the pump
power of the source should be reduced and the transmission loss
of signal photons during the storage process should be controlled
to improve the second-order cross-correlation function and the
heralding efficiency. In addition, the noise caused by the control
pulses should be effectively suppressed to ensure the final signal-
to-noise ratio [28,32]. The probabilistic single photon source in our
experiment can therefore be converted to a deterministic source by
storing the heralded single photon in a memory cell and releasing
it when needed. Besides, the temporal and/or spectral multimode
operations are widely implemented in the AFC protocol based on
REICs [28,50-52]. These DOFs of photons are independent with
photonic OAM, so that the spatial mode encoding in our experi-
ment can be parallelly utilized with temporal mode encoding
and frequency mode encoding [42], which will greatly enhance
the capacity of a quantum memory and the data rate of a quantum
repeater.

5. Conclusion

In conclusion, we have prepared a C-band telecom heralded
single-photon source with a high brightness which is compatible
to the state-of-art quantum memory based on Pr’*:Y,SiOs. Using
the AFC protocol, we prove non-classical correlation between a col-
lective excitation of the memory crystal and a telecom photon. By
employing OAM encoding of the signal photons, we demonstrate
the reliable storage of superposition qubit state heralded by
C-band telecom photons.

The current protocol can combine with spin-wave storage to
extend the memory time and achieve an on-demand readout, given

that the storage time of 8 pis can already enable the generation of
an entanglement between two quantum memories with a distance
of several kilometers. A promising approach of entanglement gen-
eration is creating OAM entanglement of narrowband photon-pair
source. The signal photons can be stored by the quantum memory
[34,42] while the telecom photons can be transmitted through
few-mode fiber [53] or free space [48,54]| to establish high-
dimensional entanglement between remote ensembles.
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