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I. DETAILS OF THE SETUP

The master laser is a Ti:Sapphire laser (MBR-110, co-
herent) with a frequency of 340.6966 THz. The frequen-
cy of the master laser is stabilized to a low-drift Fabry-
Pérot Interferometer (FPI). The FPI is constructed from
ultra-low-expansion glass. It is placed in a high-vacuum
housing and its temperature is stabilized. The linewidth
of the master laser is less than 50 kHz, and there is no
observable frequency drift during the experiments.

Part of the laser output is fed into a cavity-enhanced
frequency doubler to generate blue light. The blue light
is controlled with a -200-MHz acousto-optic modulator
(AOM1) in the single-pass configuration. The power of
the 440-nm pump light is maintained at 50 mW for the
measurements unless otherwise noted. The photon pairs
are filtered by etalon1 (free spectral range of 105 GHz,
and linewidth of 1.4 GHz) and the etalon2 (free spectral
range of 50 GHz, and linewidth of 700 MHz). The two
etalons are calibrated using a reference laser beam at a
frequency of ν0 = 340.6965 THz. The temperature drift
of the etalons is less than 10 mK. The resonant laser
transmission efficiency is greater than 95% for both e-
talons. After passing through the two etalons, the two
photons have exactly the same frequency and a band-
width of approximately 700 MHz. This claim is sup-
ported by the low transmission efficiency (< 1%) of the
photons through our memory sample (see Fig. S6(a)).

The detailed lens configuration of the setup is illus-
trated in Fig. S1. The photon source is imaged to the
first polarization beam splitter (PBS) through a lens with
f = 100 mm and another lens with f = 300 mm. After
the PBS, the idler photon is forced to propagate through
a 16.4-m-long delay line. The delay line consists of six 4f
systems, two of which are formed with f = 300 mm, two
with f = 750 mm and the remaining two with f = 1000
mm, resulting in a total propagation distance of 16.4 m.
The quarter-wave plate (QWP) located before the final
reflection mirror is set at 22.5 degrees, thus rotating the
polarization of the photons back to vertical. The photon-
s are therefore reflected when they are again incident on
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the PBS and are analyzed using the spatial light modu-
lators (SLM1, BNS, 512×512) and the single-mode fiber
(SMF). The transmission efficiency of the double-pass
delay line is approximately 68%. The double-pass delay
line ensures that during the storage process of the sig-
nal photon, the idler photon is propagating in free space
rather than being detected.

The signal photons are directed to the quantum mem-
ory through two 4f systems consisting two pairs of lenses
with focal lengths of f = 300 mm and f = 750 mm. An-
other portion of the master laser output is used for prepa-
ration of atomic frequency comb (AFC). AOM2 with a
center frequency of -250 MHz, is used in the double-pass
configuration to down-shift the laser frequency. AOM3
has a center frequency of 200 MHz and is also used in
the double-pass configuration. Thus, the center frequen-
cy for the AFC preparation matches that of the photon
source: ν0 = 340.6965 THz.

The AFC preparation light and the signal photons are
combined by the f = 300 mm lens and overlap at the
sample position. The Gaussian mode of the signal pho-
tons is focused to a diameter of approximately 130 µm.
The beam diameter of the pump light is approximately
2 mm at the sample position. The sample is placed in
a cryostat at a temperature of 1.5 K and under a su-
perconducting magnetic field of 0.3 T in the horizontal
direction. The c-aixs of the Nd3+:YVO4 crystal is ori-
ented in the horizontal direction. The crystal strongly
absorbs only horizontally-polarized light; when the po-
larization of the incident photons is rotated to horizontal,
then the photons are absorbed and stored in the crystal.
The quantum states of the input photons are analyzed by
rotating the polarization of the input photons to vertical
to ensure little absorption.

Photons carrying orbital-angular momentum (OAM)
can be well described in cylindrical coordinates using
Languerre-Gauss modes (LGpl). The index l is referred
to as the azimuthal number, and p is the radial number.
Here, we only consider the case of p = 0. We encode qu-
dits using the LG modes of the photons, with eigenstates
defined in terms of the azimuthal index l. LG beams with
an index of l carry an OAM of l~ per photon [1], and the
Gaussian mode can be regarded as LG0,0. The OAM
states of the transmitted or stored signal photons are an-
alyzed using SLM2 (BNS, 512×512) and the SMF. The
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Fig. S1: Detailed lens configuration. The idler photon is forced to propagate through a double-pass delay line which consists
of six 4f systems. The signal photon is directed to the quantum memory through two 4f systems. The orbital-angular
momentum states of the photon pairs are analyzed with spatial light modulators (SLM) and single-mode fiber.

two SLMs used in the experiment have diffraction effi-
ciencies of 94% and 96% for a laser at 880 nm. The SLM-
s, which have different phase patters, convert different
modes into Gaussian modes, and the SMF projects the
incoming photons into the fundamental mode of the fiber
which is a nearly Gaussian mode with l = 0 and p = 0.
The typical extinction ratio for the LG0,−1, LG0,0 and
LG0,1 modes is greater than 300:1. The extinction ratio
for higher dimensions is typically greater than 100 : 1 for
various l values.

The preparation and measurement timing is con-
trolled by arbitrary function generators (AFG, Tektron-
ix, AFG3252). The AFC preparation requires 12.5 m-
s after which the pump light is completely blocked the
chopper located in the path of the pump beam. To avoid
fluorescence noise caused by the classical pump light, the
measurement phase begins 1.5 ms after the preparation
is complete. The measurement cycle lasts for a time of
10 ms, during which the signal photons are stored in the
crystal. Complete cycles of preparation and measure-
ment are repeated at a frequency of 40 Hz. The chopper
located before single-photon detector (SPD) is opened
during the measurement phase to enable the detection of
single photons.

II. CONCENTRATION OF ENTANGLEMENT

Most of the current applications of entanglement in
quantum information processing function best for the
maximally-entangled state (MES). However, in practice,
most sources can only generate non-maximally entangled
states. Therefore, concentration has been used to en-
hance the quality of entanglement. The experimental
concentration of OAM entanglement has been achieved
by moving the lens [2] and by altering the diffraction effi-
ciencies and different modes [3] for sources based on spon-
taneous parametric down-conversion (SPDC) in short B-
BO crystals. The OAM-entangled photons are typically
generated with thin BBO crystal to increase the mode

capacity. However, the generated photons have a typ-
ical bandwidth of several nm which is not suitable for
interface with other systems.

Here we used a 20-mm PPKTP crystal to generate
OAM-entangled photons with initial bandwidth of ap-
proximately 200GHz. The quality of entanglement is low
for the photon pairs that are directly generated from the
20-mm-long PPKTP crystal. A three-step concentration
procedure is applied to enhance the qutrit-qutrit entan-
glement. A pair of lenses with f = 100 mm is placed
before the fiber coupler for each photon. The spacing
between these two lenses is carefully adjusted to achieve
the first step of entanglement concentration. As shown
in Fig. S2, if the LG0,0 modes are collected with the
the maximum possible efficiency, the the ratios of gen-
eration probabilities of the Gaussian modes and the LG
modes are greater than 11:1, which indicates that little
entanglement can be achieved. A more balanced rela-
tive amplitude can be achieved by decreasing the lens
spacing by 3.25 mm for both sides. After the lens are
adjusted in this manner, the photon pair entanglement
has a fidelity of 0.542 ± 0.002 with respect to the MES
|ψ0⟩ = (| − 1⟩|1⟩ − |0⟩|0⟩ + |1⟩| − 1⟩)/

√
3. The recon-

structed density matrix is illustrated in Fig. S3. Here,
the measurement basis are given in Fig. S11, which fol-
lows the definition in previous work [4]. The phase item
between |−1⟩|1⟩ and |0⟩|0⟩ is determined by definition of
the chosen measurement basis. As discussed in [2], it is
always possible to choose the basis for describing the s-
tate in Eq.1 in the main text so that there are no relative
phases between the components.

Then, the two etalons are inserted in the beam path.
The photon pairs must be resonant with both the two
etalons simultaneously to achieve coincidence. As shown
in Fig. S3, the optimal phase-matching temperature is
slightly different for photons with l = ±1 compared with
that for Gaussian modes. This difference occurs because
the divergence of an orbital-angular-momentum-carrying
beam [5] (further discussions of the photon source will be
presented elsewhere). Note that the application of two
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Fig. S2: Tuning the collection efficiency for the Gaussian
mode and the LG0,±1 modes by modifying the lens spacing.

etalons not only decreases the bandwidth of the photon
source but also allows significant enhancement of the en-
tanglement to be achieved. One possible reason for this
enhancement is the effective increase in the photon coher-
ence time that results from the time-energy uncertainty
relation.
According to Fig. S4, great care must be taken in

tuning the temperature of the PPKTP crystal. If the
temperature is set to 44 degrees which is the optimal
phase matching temperature for Gaussian modes. Then
the strongly imbalance in the probabilities of generat-
ing Gaussian modes and LG modes will again destroy
the entanglement. With the two etalons inserted in the
beam path and the temperature of the PPKTP crystal
set to 42 degrees which is approximately the optimal
phase-matching temperature for LG0,±1 modes, the fi-
delity with respect to the MES significantly increased to
0.666±0.005. Fig. S5 presents the reconstructed density
matrix for such states.
The final step of the entanglement concentration is

achieved by further tuning the temperature of the PP-
KTP crystal to 41.25 degrees. This operation further
balances the relative amplitudes between the Gaussian
modes and the LG0,±1 modes, although at the expense
of a small degradation in photon counts. The final s-
tates have a fidelity to the MES of 0.730± 0.006 and are
presented in Fig. 2a in the main text.
This fidelity is still away from unity. Two

reasons can be considered. The major diago-
nal elements of the reconstructed density ma-
trix are ⟨−1, 1|ρ| − 1, 1⟩=0.206,⟨0, 0|ρ|0, 0⟩=0.466,
⟨1,−1|ρ|1,−1⟩=0.216. The summation of remaining
elements is 1-(0.206+0.466+0.216)=0.112, represents the
components of nonzero total OAM for the photon pair.
From the three-step concentration of entanglement, one
can notice that the imbalance of the diagonal elements
also strongly affects the fidelity. Further improvements

can also be achieved by introducing blazed phase
gratings into the SLMs and altering the diffraction
efficiencies for different modes [3]. For generation at
higher-dimensional entanglement, the pump light should
be collimated to give larger beam waist at the nonlinear
crystal.

For the measurement of the input states, the typical
coincidence rate is 140 per second. Considering the pho-
ton loss during the propagation in the delay line and
in the cryostat, we estimate that the production rate of
the photon source is approximately 500 paris per sec-
ond, which is two orders of magnitude brighter than that
can be achieved via spontaneous Raman scattering in an
atomic ensemble [4]. The typical measurement times for
the quantum state tomography of the input states and
the retrieved states are approximately 50 minutes and 5
hours, respectively.

Photons are the messenger in quantum networks. High
dimensional encoding can significantly improve the data
rate. Such flexible photon source can find important ap-
plications in the quantum interface among various phys-
ical systems in networks, for example, the quantum dot,
NV and trapped ions. These systems have their partic-
ular working wavelength and bandwidth that should be
matched with the user-defined photon source.

III. AFC STORAGE OF PHOTONIC
ENTANGLEMENT

The AFC protocol requires a tailored absorption profile
with a series of narrow, periodic absorption peaks sepa-
rated by ∆. The single-photon input is then collectively
absorbed and diffracted by the atomic frequency grating.
An atomic state with single-photon excitation can be rep-

resented by [6] |e⟩N =
∑N

j cje
−ikzjei2πδjt|g1 · · ·ej · · ·gN ⟩,

where N is the total number of atoms in the comb; |gj⟩
and |ej⟩ represent the ground and excited states, respec-
tively, of atom j; zj is the position of atom j; k is the
wavenumber of the input field; δj is the detuning of the
atom with respect to the laser frequency and the ampli-
tudes cj depend on the frequency and on the position of
atom j. Because of the periodical structure of the AFC,
δj ≃ mj∆, where mj is an integer. In the experimen-
t, AOM3 is controlled by a computer-generated ’image’
that determines both the intensity and the frequency of
the diffracted beam. In this way, a high-contrast comb
with a ∆ of 25 MHz and a bandwidth of 100 MHz is con-
structed. The storage efficiency for weak coherent pulses
with a temporal width of 20 ns is approximately 31%.

To further enlarge the bandwidth of the AFC, a free-
space phase -electro-optic modulator(EOM) with a res-
onance frequency of 300 MHz and a fiber-coupled phase
-EOM with a modulation frequency of 100 MHz are used
to generate frequency sidebands [7]. The driving voltages
Vp−p are carefully adjusted to achieve optimal modula-
tion for both EOMs, with modulation index β close to 1.4
rad. The resulting first-order and second-order sidebands
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Fig. S3: Density matrix of the entanglement without the etalons. The power of the blue pump light is 1 mW, and the
integration time is 3 s.
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Fig. S4: Tuning the production rate of degenerate photon
pairs in different modes by changing the crystal temperature.

exhibit frequency shifts of ±100 MHz, ±200 MHz, ±300
MHz and ±600 MHz. The frequency mixing that occurs
in the two EOMs will also generate sidebands with fre-
quency shifts of ±200 MHz, ±400 MHz and ±500 MHz,
etc. In this manner, the comb at the center frequency is
copied to all sidebands, and an overall AFC bandwidth
of approximately 1 GHz is expected.
An example of the storage and retrieval process for

photons that generated by the narrow-band SPDC source
is presented in Fig. S6. The idler photon is detected with
an OAM state of | − 1⟩+ |1⟩, which collapses the signal-
photon states to | − 1⟩+ |1⟩. The input states are shown
as the black line, and the readout states with | − 1⟩+ |1⟩
are shown as the red line. With a coincidence window
of 2 ns, a storage efficiency of approximately 20% can be
calculated from these results. The small degradation in
efficiency compared with that achieved for the weak co-
herent pulses can be attributed to the lower quality of the
AFC carried by the sidebands. Nevertheless, the storage
efficiency achieved here is several times greater than that
achieved with Nd3+ doped YSO crystals [7]. The read-

out photons with OAM states specified by |−1⟩− |1⟩ are
also present as the blue lines in the figure. Vanishing pho-
ton counts can be observed for such states demonstrating
the high purity of the entanglement and the reliability of
the quantum memory. From the temporal spectrum of
the two photons, the normalized cross-intensity correla-

tion after storage can be calculated g
(2)
i,s = Psi/PsPi. Psi

(PsPi) can be estimated from the number of coincident
counts in a detection window centered one (far from) the
coincidence peak. Using a detection window of 2 ns, a

value of g
(2)
i,s ≃ 330 is obtained for the retrieved photons.

Note that the power of the AFC preparation light here
is selected for optimized and balanced AFC efficiency for
Gaussian modes and LG0,±1 modes. The power con-
sumption is approximately 3 mW (0.6 mW) with (with-
out) the EOMs in operation.

IV. VIOLATION OF A 3-DIMENSIONAL
BELL-TYPE INEQUALITY

The Bell expression in three dimensions is [8]

S ≡[P (A1 = B1) + P (B1 = A2 + 1)

+ P (A2 = B2) + P (B2 = A1)]

− [P (A1 = B1 − 1) + P (B1 = A2)

+ P (A2 = B2 − 1) + P (B2 = A1 − 1)],

(1)

where

P (Aa = Bb + k) ≡
2∑

j=0

P (Aa = j, Bb = j + kmod3) (2)

denotes the probabilities of joint measurements on the
signal and idler photons. A1, A2 and B1, B2 denote
two possible settings of the local analyzers on each side.
Each measurement has three possible outcomes, denoted
by 0, 1, or 2. For theories based on local realism, S
satisfies the inequality S ≤ 2. By contrast, quantum
mechanics suggests that 3-d entanglement should lead to
the violation of this inequality.
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Fig. S5: Entanglement of the photon pairs after spectral filtering by the two etalons. The temperature of the PPKTP crystal
is set to 42 degrees.

P (A1 = B1) P (B1 = A2 + 1) P (A2 = B2) P (B2 = A1) P (A1 = B1 − 1) P (B1 = A2) P (A2 = B2 − 1) P (B2 = A1 − 1)

Ein 0.716± 0.014 0.654± 0.013 0.615± 0.013 0.861± 0.016 0.170± 0.006 0.196± 0.006 0.258± 0.007 0.071± 0.003

Eout 0.712± 0.015 0.704± 0.015 0.565± 0.013 0.889± 0.017 0.195± 0.007 0.153± 0.006 0.320± 0.009 0.050± 0.003

Table S1:Measured correlation coefficients required to test the 3-d Bell inequality. Uncertainties represent one standard
deviation based on Poissonian detection statistics. The measurements for S without memory are are performed for a duration
of 15 min; those with memory are performed for a duration of 2.5 hours.

In accordance with the definition of S, we use the
general steepest descent method to chooses the mea-
surement basis for the violation of the Bell inequality
in 3 dimensions. The reconstructed density matrix
obtained through quantum state tomography is used
as the input state. The steepest descent method may
become trapped at a local minimum (or maximum); it
is not guaranteed that the result will provide the global
optimization. The locally optimized basis corresponds
to the following states. For the idler photon, A11 =
(−0.044,−0.998,−0.044), A12 = (−0.994, 0.039, 0.105)
, A13 = (0.103,−0.048, 0.993), A21 =
(−0.316, 0.691, 0.650), A22 = (−0.655,−0.655, 0.377),
and A23 = (−0.687, 0.306,−0.659). For the
signal photon, B11 = (−0.332,−0.894, 0.300),
B12 = (−0.352,−0.178,−0.919), B13 =
(−0.875, 0.410, 0.256), B21 = (−0.139, 0.961, 0.239),
B22 = (0.338, 0.273,−0.901), and B23 =

(0.931, 0.045, 0.362). The ket space is

 | − 1⟩
|0⟩
|1⟩

.

The expected values of S are 2.164 and 2.189 for the
entanglement before and after storage, respectively.
The measurement basis is not optimized; however, the
experimentally measured value S = 2.152 ± 0.033 is
sufficiently strong to violate the predictions of local
realistic models. The resulting correlation coefficients
are presented in Table S1. The patterns of the SLMs for
achieving these measurements are depicted in Fig. S7.

V. QUANTUM PROCESS TOMOGRAPHY

For the measurements presented in Fig. 3 in the main
text, another 200-MHz -AOM in the double-pass config-
uration is used to generate weak coherent pulses with
a frequency of ν0 and a temporal width of 20 ns. The
pulses are attenuated to approximately 0.5 photons per
pulse using neutral density filters. For this measurement,
10000 trials of single-photon pulses with a periodicity of
200 ns are stored in the sample during the measuremen-
t phase. The mean number of input photons is deter-
mined by measuring the detection probability per pulse
with the polarization of the input photons rotated to V ,
while accounting for the detection efficiency (∼ 0.4) and
the transmission from the sample to the detector (∼ 0.6).
For the measurements presented in Fig. 3, the power of
the pump light is the same as that used for the storage
of three-diomensional entanglement. The probe field is
carefully collimated to achieve a beam diameter of ap-
proximately 2 mm at SLM1 and focused to a diameter
of approximately 130 µm at the sample position. SLM1,
the memory hardware, SLM2 and the two lenses with
f = 300 mm collectively constitute a 4f imaging sys-
tem. SLM1 is the mask plane, the memory is the Fourier
plane, and SLM2 represents the image plane.

The photonic qutrits are generated at SLM1 as shown
in Fig. 3a. The final states are analyzed using the SLM2
and the SMF. This process (with or without the memory)
can be regarded as a state-transfer process and can be
represented by a quantum process χ [10]. The output
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Fig. S6: (a). Coincidence histograms in 1 second for the
photon source in Gaussian mode before and after the sample
absorption. A pump power of approximately 200 mW is
used to achieve high brightness. The cross-correlation is still

very good (g
(2)
i,s > 400 : 1), however the PPKTP crystal can

be easily damaged by the high-power pump laser. The
bandwidth of the photon source is approximately 700 MHz.
More than 99% of the input photons is absorbed by the
sample. (b). Coincidence histograms for the AFC storage of
photonic entanglement. The pump power is maintained at
50 mW. The black line represents the input states with
OAM states projected to | − 1⟩+ |1⟩. The red line represents
the coincidence histogram for a programmed storage time of
40 ns. The blue represents the coincidence for a
measurement basis of | − 1⟩ − |1⟩; as expected, vanishing
coincidence is observed.

state can be represented by

ρout =
9∑

m,n=1

χmnλmρinλ
†
n, (3)

where λm is the basis for operators acting on the in-
put state ρin and † denotes the adjoint operator. The
matrix χ completely and uniquely describes the pro-
cess and can be reconstructed by measuring the out-
put state s ρout for a number of different input states.
The complete operators for the reconstruction of the

matrix χ are as follows [11]: λ1 =

 1 0 0

0 1 0

0 0 1

, λ2 =

 0 1 0

1 0 0

0 0 0

, λ3 =

 0 −i 0

i 0 0

0 0 0

, λ4 =

 1 0 0

0 −1 0

0 0 0

,

λ5 =

 0 0 1

0 0 0

1 0 0

, λ6 =

 0 0 −i
0 0 0

i 0 0

, λ7 =

 0 0 0

0 0 1

0 1 0

,

λ7 =

 0 0 0

0 0 −i
0 i 0

, and λ9 = 1√
3

 1 0 0

0 1 0

0 0 −2

. The

input states |ψi⟩(i = 1, 2, ...9) are chosen to be | −
1⟩, |0⟩, |1⟩, (|0⟩ + | − 1⟩)/

√
2, (|0⟩ + |1⟩)/

√
2, (|0⟩ + i| −

1⟩)/
√
2, (|0⟩−i|1⟩)/

√
2, (|−1⟩+|1⟩)/

√
2, (|−1⟩+i|1⟩)/

√
2,

respectively. By preparing these nine input states and
measuring the corresponding output states in 9 basis
vectors represented by the operators ui ⊗ uj (i, j =
1, 2, ...9,ui = |ψi⟩⟨ψi|), the process matrix χ can be
reconstructed using the maximum-likelihood procedure
based on the 81 measurements according to Eq. 1. The
process matrix without the memory is denoted by χ1

and for the ideal process, this matrix should be χ0 =

1 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0


. The fidelity of this quantum

process can be calculated as [Tr(
√√

χ1χ0
√
χ1)]

2. The
process matrix with the memory, which is reconstructed
through measurements of the retrieved photons, is de-
noted by χ2. An ideal quantum memory should pro-
duce a process matrix that is exactly identical to χ1.
The fidelity of the memory process can be calculated as
[Tr(

√√
χ2χ1

√
χ2)]

2.

The operators ui ⊗ uj are applied by the two SLMs
in combination with the SMF to achieve the quantum
process tomography in 3 dimensions. The patterns ap-
plied on SLM1 and SLM2 to achieve the preparation and
measurement of vectors |ψi⟩ (i = 1, 2, ...9) are depict-
ed in Fig. S12. Notably, the measurement vectors at
the image plane must be converted to the conjugates of
the corresponding input states because of the conjugate
properties between the mask plane and the image plane
in a 4f system.

The reconstructed process matrix χ1 of the setup with-
out the memory is presented in Fig. S8a. The mea-
surements on the transmitted photons are performed by
rotating the polarization of the input photons to ver-
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Fig. S7: SLM patterns for measurements of Bell inequality.
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Fig. S8: Reconstructed quantum process of the setup without (a) and with (b) quantum memory as obtained through
quantum process tomography.

tical to avoid sample absorption. The half-wave plate
(HWP) after the cryostat must also be adjusted to en-
sure that SLM2 is in operation. The fidelity of χ1 is
0.970 ± 0.001, slightly lower than 100%; there are sev-
eral possible reasons for this slight deviation from the
ideal case. First, note that the mode conversions be-
tween the LG0,±1 modes and the Gaussian modes are
not perfect and that the SMF coupling efficiencies for
mode-converted photons are significantly lower than the
coupling efficiency for pure Gaussian modes. In our ex-
periment, the coupling efficiency for Gaussian modes into

an SMF is approximately 90% whereas the coupling effi-
ciency for converted LG0,±1 modes is 80% ∼ 86%. Sec-
ond, non-ideal position matching between the two SLMs
and the beam center could further reduce the fidelity.

Although the setup exhibits non-ideal operation for LG
modes, the memory process χ2 reconstructed from mea-
surements of the retrieved photons exhibits a high fidelity
(0.993± 0.002) with respect to χ1. These results demon-
strate the reliability of the quantum memory for the 3
considered dimensions.
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Fig. S9: Detailed measurements of the superposition state
| − 1⟩+ |1⟩. The black dots represent the measured results,
and the line represents a sinusoidal fit to the data.
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Fig. S10: The AFC storage efficiency for |ψ+(l)⟩ states. The
black squares represent the results obtained by
independently optimizing the pump power for different |l|,
and the red dots represent a balanced AFC efficiency for all
modes with a pump power of approximately 3 mW without
EOM modulation.

VI. STORAGE PERFORMANCE FOR
SUPERPOSITON STATES IN HIGH

DIMENSIONAL SPACES

For higher dimensional spaces, quantum process to-
mography is no longer an efficient method for character-
izing the memory process. The visibility of superposition
states in higher dimensional spaces is used to benchmark
the memory performance. As shown in Fig. 3c in the
main text, our memory exhibits an excellent visibility
performance for states spanning 51 dimensions, indicat-
ing that the coherence among different LG modes is well

preserved during the storage process.

As an example, we present more detailed measure-
ments of the superposition states of | − 1⟩ + |1⟩. The
pattern on SLM1 is programmed to prepare the required
superposition state |−1⟩+|1⟩ (the normalized coefficients
are omitted for simplicity), whereas the measurement ba-
sis, as controlled by SLM2, is | − 1⟩ + ei∗2θ|1⟩, with θ
varying from 0 to 360 degrees. The patterns applied on
the SLM to achieve these measurements are depicted in
Fig. 12b. The measured results are presented in Fig.
S9. The photon counts exhibit a sinusoidal oscillation,
as expected.

A seemingly probabilistic decrease in storage efficien-
cy is observed for higher |l|. This is not a fundamental
problem; it is simply caused by the fact that the power
of the pump light is optimized for storage efficiency for
l = 0 and l = ±1. The different power consumption of
the pump light for different |l| is caused by the increase
in the beam diameter for higher |l| and the spatially non-
flat intensity profile of the Gaussian pump light.

As indicated by the red dots in Fig. S8, balanced
efficiency for all modes can be achieved with a pump
power of approximately 3 mW without EOM modula-
tion. The pump power is saturated for modes of smaller
|l|. The black squares represent the storage efficiencies
achieved by independently optimizing the pump power
for different |l|. A slower decay in storage efficiency can
be observed because of the Gaussian spatial profile of
the pump beam. For a pump light with super-Gaussian
spatial profile, a homogeneous and optimized storage ef-
ficiency should be achievable for all modes.

Some of the SLM patterns for the generation and de-
tection of the superposition states |ψ±(l)⟩ are depicted
in Fig. S13. Clearly, a higher resolution of the SLM is
required for the generation of modes with higher |l|. The
spatial intensity profiles of some of the generated modes
at the sample position are depicted in the Fig. S14. The
measurements are performed by reflecting the beams to
a CCD camera placed at a position corresponding to the
sample but outside the cryostat.

The intensity of the beam center for OAM states of
|ψ±(l)⟩ should always be zero. However, for |l| > 10, a
bright center can be observed for the generated beam be-
cause the small diameter of the beam at the SLM and the
limited spatial resolution of the SLM. This phenomenon
is expected to be responsible for the decrease in visibility
of the input states with higher |l|, as shown by the black
squares in Fig. 3c in the main text.

There is a typical problem when the SLM and SM-
F are utilized to analyze the OAM states. As already
noted in Ref. [12], the conversion between OAM modes
and Gaussian modes cannot be realized completely ac-
curately. This is because that although the phase can
be flattened, the field retains its ringed intensity pat-
tern and is therefore a nontrivial superposition of radial
modes. Due to the fact that only fundamental radial
modes can be coupled into SMF, the coupling efficiency
decreases for converted OAM modes. In our experimen-
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Fig. S11: SLM patterns for quantum state tomography of entanglement. The normalization coefficients are omitted for
simplicity.

Fig. S12: SLM patterns for quantum process tomography (a) and measurements of the storage performance for the input
state | − 1⟩+ |1⟩ (b).

t, the SMF coupling efficiency for converted states with
|l| = 25 decreases to approximately 28%. Because the
SMF post-selects the photons, this problem only affect-
s on the coupling efficiency but does not decrease the
visibility of superposition states. This low collection effi-
ciency suggests that the SLM and the SMF is no longer
a good analyzer for very-high-dimensional OAM states.
The use of an OAM mode sorter [13, 14] and direct de-
tection with a photon detector are likely to be better
solutions in future studies.

Final remarks

Rare-earth (RE)-doped solids have been shown to pos-
sess a considerable capability for storing photons with

extended life time [15], high fidelity (see Ref. [16] and
also this work), large bandwidth (see Ref. [17] and also
this work), high efficiency [18] and multimode capacity
in the temporal domain [19], the spectral domain [20]
and the spatial domain (this work). Recently, remark-
able progress has been achieved, including the spin-wave
storage of single-photon-level pulses [21] and an unprece-
dentedly long spin coherence time achieved in Eu:YSO
crystal [22]. The further exploitation of these remark-
able properties should enable the RE-doped solids to find
fascinating applications in both quantum and classical
information processing.
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