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Here we present the quantum storage of three-dimensional orbital-angular-momentum photonic
entanglement in a rare-earth-ion-doped crystal. The properties of the entanglement and the storage
process are confirmed by the violation of the Bell-type inequality generalized to three dimensions after
storage (S = 2.152 4 0.033). The fidelity of the memory process is 0.993 £ 0.002, as determined through
complete quantum process tomography in three dimensions. An assessment of the visibility of the stored
weak coherent pulses in higher-dimensional spaces demonstrates that the memory is highly reliable for 51
spatial modes. These results pave the way towards the construction of high-dimensional and multiplexed
quantum repeaters based on solid-state devices. The multimode capacity of rare-earth-based optical
processors goes beyond the temporal and the spectral degree of freedom, which might provide a useful tool
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for photonic information processing.
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Photons are the natural carriers of information in quantum
networks. However, because photon loss scales exponen-
tially with the channel length, quantum communication
protocols that utilize the direct transmission of photons
are limited to distances of approximately hundreds of
kilometers [1]. To overcome such limitations, the concept
of a quantum repeater has been proposed that utilizes
entanglement swapping and quantum memory to efficiently
distribute long-distance entanglement [2]. The storage of
entangled photon pairs is a fundamental requirement of such
a quantum repeater, and many experimental efforts have
been devoted to the realization of such light-matter inter-
faces in recent years [3—7]. The light-matter interface can
be further utilized to perform advanced processing tasks
[8-10], which may find applications in both quantum and
classical information processing.

Currently, the memory lifetime and the achievable data
rate represent two major challenges towards the practical
realization of quantum-repeater-based quantum networks
[1]. It is possible to extend the former to a satisfied minute
scale, as already demonstrated for storage of classical
light in a solid-state quantum memory [11]. Two specific
methods have been proposed to enhance the data rate; one is
the utilization of high-dimensional encodings [12,13], and
the other is the use of multimode memories [1,14—16]. The
orbital-angular-momentum (OAM) of a photon has proven
to be an outstanding degree of freedom (DOF) for carrying
high-dimensional entanglement [12,13,17,18] and for spatial
multimode operations [19]. Significant progress has been
made through the storage of OAM states of classical light
[20] and single photons [21-23]. Recently, the quantum
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storage of two-dimensional OAM entanglement has been
reported in a quantum memory based on cold atomic gases
[6]. For quantum memory to become practical, the exper-
imental implementation based on solid-state systems is
appealing because of the reduced complexity of setup and
high robustness. Here, we experimentally demonstrate that
the quantum memory based on a rare-earth-ion (RE)-doped
crystal, which can faithfully store three-dimensional OAM
entanglement and provide large spatial-multimode capacity,
is a promising way towards the construction of a practical
quantum repeater. The faithful storage of spatial information
may significantly improve the information processing capac-
ity of RE-based optical processors.

First, we demonstrate the quantum storage of three-
dimensional OAM entanglement in a spatial-multimode
solid-state quantum memory. A schematic diagram of our
experimental setup is presented in Fig. 1. Our photon pairs
are produced via a type-II SPDC process in a periodically
poled potassium titanyl phosphate (PPKTP) crystal. The
OAM states of the generated photon pairs will be entangled
because of angular momentum conservation [24]. The
photon pair generated in this manner will have the form
(W) = coal = D) + ¢o[0)[0) + cr | = 1) +---, (1)
where |c;|> (i = —1,0,1) is the probability of creating a
photon pair with related states and |/) represents the OAM
eigenstate as defined by the Languerre-Gauss mode LG,
[25]. Photons with considerably higher / can also be created
in this process. However, we restrict the state to three
dimensions because these three components have the most
significant contributions to the produced state [26].
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FIG. 1 (color online). Schematic diagram of the experimental setup. The photon pairs are generated in the 20-mm PPKTP crystal via
spontaneous parametric down-conversion (SPDC). The pump source is obtained by sending the master laser to a frequency doubler.
AOMI and AOM2 are used to ensure the frequency matching between the atomic frequency comb (AFC) and the center frequency
of the photon pairs. The blue pump light is then removed by the dichroic mirror (DM). The photon pairs are spectrally filtered by the
two etalons. The two photons in the pair are separated by the polarization beam splitter (PBS). The signal photon of each pair
is directed to the memory hardware; the idler photon is forced to propagate through a 16.4-m delay line and is then analyzed with a
spatial light modulator (SLM) and a single-mode fiber (SMF). AOM3 and the two electro-optic modulators (EOMs) together generate
the pump light for AFC preparation. The polarization of the signal photons is controlled by the half-wave plates (HWPs). The AFC
preparation light and the signal photons overlap at the sample position, with a small angle (20 mrad) between them. The Nd**:YVO,
crystal is placed in a cryostat (Oxford Instruments, SpectromagPT) with a temperature of 1.5 K and a magnetic field of 0.3 T. After a
programmable delay, the OAM of the retrieved signal photons is analyzed using the SLM2 and a SMF. The single-photon signals are
analyzed using time-correlated single-photon counting system (TCSPC). The phase-locked mechanical choppers (MC) are used to
protect the single-photon detector (SPD) during the preparation procedure. The inset shows the energy structure of Nd*>* ions. The AFC
is prepared in the ground state |g) by frequency-selective optical pumping of atoms from |g) to an auxiliary Zeeman state |aux). An input
photon resonant with the |g) — |e) transition will be stored as a collective excitation of the AFC. The AFC works as a grating in the
frequency domain and diffracts the photon into a temporal-delayed echo emission. Further details are provided in Ref. [26].

The initial bandwidth of the photons is approximately
200 GHz, as determined by the phase-matching require-
ments. The photons are further filtered by two etalons to
achieve a bandwidth of 700 MHz. Note that the etalons are
plane-parallel cavities in which all transverse modes are
degenerate [32]; therefore, the spectral filtering techniques
presented here are also applicable for the entanglement of
higher dimensions. The quality of the entanglement for the
directly generated photon pairs is low. Three procedures are
employed to concentrate the qutrit-qutrit entanglement,
namely, adjusting the lens spacings [24], inserting the
etalons, and tuning the temperature of the PPKTP crystal
[26]. The quantum state of the photon pair is then charac-
terized via quantum state tomography [33,34]. A graphical
representation of the reconstructed density matrix p; of the
photon source is presented in Fig. 2(a).

The memory is based on the AFC protocol, which

FIG. 2 (color online). Graphical representation of the recon-

requires a tailored absorption profile with a series of periodic
absorption peaks separated by A. An incident photon will be
stored as a collective excitation of the AFC and released after
a time delay of 1/A [3,4,7,35]. The memory hardware is a
Nd**: YVO, crystal (5-ppm doping level, 3-mm thickness).
The spectroscopic properties of the sample are available in
[10]. An AFC bandwidth of approximately 1 GHz is achie-
ved in the experiment through the modulation of the light
using one double-pass acousto-optic modulator (AOM3),

structed density matrix of the two photon states before (a) and
after (b) the storage process. The density matrix of the two qutrits
is reconstructed from a set of 81 measurements represented by the
operators u; @ u; (with i,j=1,2,...,9) and u; = [y )(y)).
The kets |y) for both the idler photons and the signal photons are
selected from the following set: {|—1),]0).|1),(]0)+|—1))/v/2,
(10)+1))/v2.(|0)+il=1))/v2.(10)=i[ 1))/ V2.(|= 1) +[1)) /2,
(|=1)+i[1))/v/2}. Detailed descriptions of the tomographic
measurements are presented in Ref. [26].
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TABLEI. Entanglement measures. The negativity is calculated
as (|lpT# I, — 1)/2, where ||p"# ||, is the trace norm of p» and pT*
is the partial transpose of a state p. The fidelity to the MES
is calculated as [Tr(y/\/ppoy/p)*, where po=|yo)(wo| and
lwo) = (| = 1)[1) = 0)[0) +|1)| = 1))/+/3. The fidelity between

the input and output states is calculated as [Tr(y/\/p2p1/P2)]>-
Fidelity Input and
Negativity to the MES output fidelity Measured S
p1 0.643 £0.005 0.730 £ 0.006 2.150 £0.030

p2 0.656 £0.010 0.742 = 0.011 0.991 £+ 0.003 2.152 £ 0.033

one free-space phase EOM, and one fiber-coupled phase
EOM. A storage efficiency of approximately 20% with a
storage time of 40 ns is achieved for the filtered photons from
SPDC. Details of AFC preparation and an example of a
coincidence histogram for AFC storage of OAM entangle-
ment are given in the Supplemental Material (SM) [26].
The reconstructed density matrix of the readout state p,
is presented in Fig. 2(b) and is nearly identical to that
presented in Fig. 2(a). We adopt two entanglement mea-
sures to quantify the 3D entanglement, namely, the neg-
ativity and the fidelity to the maximally entangled state
(MES). The results are presented in Table I. The fidelity of
the states before and after storage is 0.991 =+ 0.003, which
demonstrates that this quantum memory is highly reliable
for storing the 3D entanglement. To further demonstrate
that the observed correlation cannot be explained by local
realistic models, we use a generalized type of Bell inequal-
ity for qutrits [36]. The Bell tests lie at the heart of quantum
physics and serve as a standard method for the identi-
fication of quantum nonlocality. Using the reconstructed

To TCSPC

(a) FC

density matrix, we searched for the specific measurement
settings required for violation of the inequality. The
measured values of § before and after the storage process
are presented in Table I. Violation by more than 4 standard
deviations is achieved after the storage process. The
violation of the Bell inequality in 3 x 3 dimensions directly
indicates the genuine 3D entanglement of the photon
source and the reliability of the quantum memory.

Now we turn to explore the high dimensionality and
spatial-multimode capacity of the memory. A schematic
illustration of the setup is presented in Fig. 3(a). Weak
coherent pulses in the Gaussian mode are sent to SLMI.
Single photons are converted into superposition states in
high-dimensional spaces. The pulses that are incident on the
sample contain an average of 0.5 photons per pulse. After
storage in the memory, the retrieved photon states are
analyzed using SLM2 and SMF. The two SLMs are set
in the 4f configuration. To completely characterize the
memory performance in three dimensions, we performed the
quantum process tomography for qutrit operations [26,37].
We first measure the entire setup without the quantum
memory; the reconstructed process matrix y; demonstrates a
fidelity of 0.970 £ 0.001 with respect to an ideal quantum
process yo. Then, we measure the entire setup including the
memory; the real part of the reconstructed process matrix y,
is presented in Fig. 3(b). For the ideal process, this matrix
should be identical to y|, meaning that the memory does not
modify the input states but only delays it. The measured
fidelity between y; and y, is 0.993 £ 0.002. These results
indicate that although the setup for OAM analysis is not
ideal, the memory performance itself is very close to ideal.

To assess the memory performance for states living
in higher-dimensional spaces, the superposition states

FIG. 3 (color online). (a) The setup
for exploration of the multimode
capacity in the spatial domain of the
memory. The photon source is weak
coherent pulse in Gaussian mode. The
pulse has a temporal width of 20 ns and
contains an average of 0.5 photons per
pulse. Superposition states of OAM are
generated though SLM1 and analyzed
by SLM2. (b) Graphical representation
of the real part of the reconstructed
process matrix y, in three dimensions.

Ay is the identity operator, and the
» detailed definitions of the basis oper-
Jo7 & ators 4; ~ g are provided in Ref. [26].
5 (c) The memory performance for quan-
tum superposition states |y (I)). The
black squares and red dots represent
the visibility of the states before and
after storage, respectively. The blue
0.0 triangles represent the AFC storage

Mode number |/|

efficiency for different values of |/].
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ly, (1)) = 1/v/2(|l) + | = 1)) are prepared and stored in
the memory. The readout photons are detected with |y, (1))
and |w_(1)) = 1/v/2(|l) = | = 1)). Examples of SLM pat-
terns that generate these superposition states are given in
the SM [26]. The storage performance can be assessed
based on the visibility V of the readout photons. V is
defined as (P, — P_)/(P, + P_), where P, and P_ are
the probabilities of detecting readout photons with states
of lw, (1)) and |w_(l)), respectively. In an ideal storage
process, the state after storage would be exactly identical to
lw. (1)) with V = 1. The visibility of the readout photons is
indicated with red dots, and results nearly identical to those
for the input photons are obtained. The value of V after
storage is 0.952 £ 0.008 for |/| = 25, demonstrating the
high reliability of the memory for 51 spatial modes in total.
The current pump power was optimized for storage
efficiency of the / = =1 and / = 0 modes, representing
conditions similar to those for the storage of three-
dimensional entanglement. Note that the storage efficiency
for higher |I| can be significantly improved by simply
increasing the pump power. For a quantum memory that is
actually operating for 51 OAM modes, the storage effi-
ciency should be balanced for various |/| values with a
single pump power. This can be achieved by saturating the
pump power for lower |/| at the expense of slightly lower
efficiencies for all the modes. An example of such a
configuration is presented in Fig. S10 in the SM [26].
Note that the balanced efficiency for various OAM modes is
easily achieved in our solid-state quantum memory; how-
ever, it still represents a considerable challenge for quantum
memory based on cold atomic gases [23]. A balanced and
ideal storage efficiency for all modes can be expected with
an ideal spatially uniform AFC. It can be prepared by
utilizing a pump light with a super-Gaussian beam profile,
which can be obtained by sending a Gaussian beam into an
apodizing filter.

The large multimode capacity of the quantum memory
should enable the construction of a quantum repeater with a
higher achievable data rate and reduced memory time
requirements [1,14,15,38]. On the other hand, if the
quantum memory is used as a portable quantum hard drive
with an extremely long lifetime [39], the storage capacity
would be especially important. The AFC protocol has been
proposed as a temporal multimode memory [35] and has
been shown to possess a large multimode capacity in both
the temporal [38] and spectral [16] domain. As opposed to
other memory protocols, the number of simultaneously
storable modes in the AFC memory does not depend on the
medium absorption depth [40]. Considering the practical
implementations, the temporal multimode capacity is
determined by the ratio of the total AFC bandwidth to
the bandwidth of each absorption peak, and the spectral
multimode capacity is determined by the ratio of the total
AFC bandwidth to the bandwidth of each spectral mode. It
is obvious that the temporal multimode capacity can be

several times larger than the spectral multimode capacity,
and that both of them are limited by the total AFC
bandwidth. We note that the capacity of spatial multi-
plexing through the OAM DOF shows no dependence on
AFC bandwidth; it is only determined by the spatial profile
of the pump beam, which has no fundamental limitations
provided that there are enough absorption centers and the
medium is large enough. The RE-based memory is espe-
cially suitable for spatial multiplexing because it has a
huge number of stable and active centers [41] as well as
unlimited transverse size. For practical implementations,
one may expect more than 10% qubit modes [42] in total by
introducing the OAM modes with radial quantum number
and by utilizing the OAM mode sorters [43,44] to cooperate
with the temporal and spatial multiplexing.

We have shown the storage of 3D OAM entanglement
based on a two-level AFC in a RE-doped solid. There are
two approaches to making the current memory useful in a
quantum repeater. The first is a Duan-Lukin-Cirac-Zoller
(DLCZ)-like protocol, which requires on-demand quantum
memory [14]. Then, the optical excitation should be further
mapped into a spin state to achieve on-demand recall [35].
However, because another ground state is required to imple-
ment such a three-level AFC protocol, one will need to move
to Pr3*-or Eu’*-doped solids [45,46] with limited memory
bandwidth of tens of MHz. To achieve a balanced and high
efficiency of spin transfer for all OAM modes, the control
pulse will be required to have an increased diameter and
hence a significantly higher power. Better filtering tech-
niques would be required to further suppress the scattering
noise from the control beam. The isotope-enriched
SN -or Nd**-doped solids can also be considered
as candidate systems with potentially larger storage band-
width [47]. Further spectroscopic measurements are required
to identify a suitable A system in such material. The other
approach is based on spectral (spatial) multiplexing, which
requires fixed-time quantum memory [16,48] and feed-
forward control of readout. It is important that the memory
should have high efficiency (90%) with a storage time of
hundreds of microseconds. The efficiency of the two-level
AFC memory can approach unity by embedding the medium
into a impedance-matched cavity [49]. The storage time is
limited by the optical coherence time, which can be several
milliseconds for RE-doped solids [50]. Therefore, this
approach can be feasibly implemented through the combi-
nation of these techniques.

RE-doped solids are very promising candidates to permit
implementation of both quantum [51] and classical [52]
information processing. The configurable beam splitter as
well as the arbitrary temporal and spectral manipulations
have been demonstrated with a two-level AFC photonic
processor in Ref. [8]; networks of such devices would allow
scalable photonic information processing [9]. Encoding
information in the spatial domain could significantly
improve the information-processing capacity of such a
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photonic processor. Furthermore, a spatial beam splitter
could be constructed based on SLM and OAM mode sorters
so that spectral and/or temporal information would be
combined into a selected spatial mode at will. As the AFC
protocol is suitable for storage of intense light pulses, the
storage of images may prove useful for classical image
processing and image-correlation applications [53].

The high fidelity of the storage process achieved here
can be predominantly attributed to the fact that the ions
contributing to the AFC storage are all spatially localized
and minimal distortion of the spatial phase profile is
introduced. Quantum memories based on solid-state sys-
tems have many practical advantages for future applications,
including simple implementation, ease of manufacturing
and integration, and unlimited medium size. Future efforts to
combine high efficiency [49], long storage time [11,39,46],
and multimode capacity in a single memory should lead
to fascinating applications in both quantum and classical
information processing.
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Note added.—Storage of high-dimensional OAM entangle-
ment was also recently achieved in a quantum memory
based on cold atomic gases [54].
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