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Quantum networks can enable various applications such as distributed quantum computing, long-
distance quantum communication, and network-based quantum sensing with unprecedented performances.
One of the most important building blocks for a quantum network is a photonic quantum memory which
serves as the interface between the communication channel and the local functional unit. A programmable
quantum memory which can process a large stream of flying qubits and fulfill the requirements of multiple
core functions in a quantum network is still to be realized. Here we report a high-performance quantum
memory which can simultaneously store 72 optical qubits carried by 144 spatially separated atomic
ensembles and support up to a thousand consecutive write or read operations in a random access way, 2
orders of magnitude larger than the previous record. Because of the built-in programmability, this quantum
memory can be adapted on demand for several functions. As example applications, we realize quantum
queue, stack, and buffer which closely resemble the counterpart devices for classical information
processing. We further demonstrate the storage and reshuffle of four entangled pairs of photonic pulses
with probabilistic arrival time and arbitrary release order via the memory, which is an essential requirement
for the realization of quantum repeaters and efficient routing in quantum networks. Realization of this
multipurpose programmable quantum memory thus constitutes a key enabling building block for future

large-scale fully functional quantum networks.
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I. INTRODUCTION

Quantum memory is a basic ingredient for quantum
information technology and plays a key role in quantum
computing [1,2], communication [3-6], and networking
[5—-14].In aquantum network based on the quantum repeater
architecture, photonic quantum memory serves as the local
quantum nodes to connect the communication channels and
thus provides the key building block, as shown in Fig. 1(a).
For future applications in large-scale quantum computing
and networking, it is desirable that the quantum memory is
versatile to support application-oriented operations and fits
for tasks in different scenarios [7,8,15,16].

Substantial advances have been made for the realization of
various quantum memories. Photonic quantum memory with
long coherence time has been achieved based on atomic or
spin ensembles [17-21], single atoms or ions [22,23], and
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single vacancy centers [24]. To scale up the capacity of
quantum memory and boost the performance of a quantum
repeater [13,25-27], multiplexed quantum memory has been
proposed and implemented via spatial modes [28,29],
temporal modes [30,31], orbital angular momentum modes
32,33]], wave vector directions [34,35], and other dimen-
sions [31,36,37]. In the multiplexed quantum repeater
protocol, a quantum memory capable of reading out the
stored qubits on demand is an indispensable ingredient to
achieve the full-scale acceleration in entangling rate
[13,25,26]. Random access quantum memories (RAQMs)
[36,38-40] developed recently are perfectly suitable for this
task. To achieve a reasonable entangling rate over a
metropolitan size of 100 km via the quantum repeater
protocol, one has to combine long coherence time, large
memory capacity, and high-fidelity operations all together.
Although there are demonstrations for each individual
technique, how to make them compatible with each other
and integrate all these elements into a single quantum
memory setup remains a challenging goal in experiment.
In this work, we realize a photonic quantum memory
with a capacity of 72 qubit cells (size of a state-of-the-art
quantum processor), coherence time above 0.5 ms for
almost all cells (corresponding to the transmission time
in a 100 km fiber), and 1000 consecutive operations in a
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Multipurpose photonic quantum memory and experimental setup. (a) Quantum network architecture with a communication

backbone based on a quantum repeater, and many local quantum nodes. The red dashed lines demonstrate the connection scheme for
distributed quantum computing based on this architecture. QKD represents quantum key distribution. (b) Different types of quantum
data containers and their utilizations. (c),(d) Schematic of the multipurpose quantum memory. The system consists of two encoding
converters, two addressing units, and a two-dimensional memory array based on a 8’Rb atomic cloud. Both the input and output qubits

are encoded in polarization.

random access way (sufficient to generate any of the 72! ~
10'% output sequences for a 72-qubit input), 2 orders of
magnitude larger than the previous record [39,40]. We
further demonstrate quantum queue, stack, and buffer,
which are the quantum counterparts of the corresponding
widely used classical memory devices. Finally, as an
example of applications, we demonstrate the storage and
reshuffle of four entangled photonic pairs with probabilistic
arrival time and arbitrary release order for the first time,
which can find applications in several scenarios of a
quantum network including entanglement generation, con-
nection, and routing. The photonic quantum memory
implemented here, which is scalable, long-lived, fully
controllable, and combines unprecedented versatility, pro-
vides key enabling ingredients for the implementation of
quantum repeaters and large-scale quantum networks.

II. RESULTS

A. Experimental setup

The multipurpose quantum memory consists of a two-
dimensional quantum memory array, two addressing units,
and two qubit encoding converters, as illustrated in
Figs. 1(c) and 1(d). The 2D quantum memory array is based
on a macroscopic ¥’Rb atomic cloud divided to 12 x 12 =
144 pieces spatially, and each of the 144 microscopic
ensembles represents a quantum memory. Here, different
memory cells are different parts of a single atomic cloud,
and these 144 cells are not loaded into optical trap arrays,
which is different from the tweezer array experiments
[41,42]. Three pairs of crossed acoustic optical deflectors
(AODs) act as addressing units and are exploited to direct

the input or output photon and control beam (not shown in
Fig. 1) to different memory cells. Here we use a pair of
microensembles to store a qubit, and the detailed pairing
strategy of the 72 qubit cells out of the 144 microensembles
is illustrated in Fig. 2(d). The detailed implementation of
the experimental setup is described in Appendix A.

In the storage process, the photonic qubit is coherently
converted to a spin wave excitation by electromagnetic
induced transparency (EIT) [43]. Here, we use a pair of
clock states |58 5, F=1,mp=0) and |5, 5, F=2,mp=0)
to cancel the decoherence induced by magnetic field noise,
and a collinear configuration for the optical beams to
suppress the decoherence caused by atomic random motion,
respectively, which elongates the coherence time of each
memory cell to over 500 ps [Fig. 2(a)]. Together with a much
faster access time of 1 ps through upgraded optical design
(see Appendix D), we can significantly improve the max-
imally allowed operations limited by the ratio of memory
coherence time to the access time, from previously state of
the art 12 to 1000. We further measure the storage efficiency
(including both write and read in atoms; the detailed
efficiencies of all components are listed in Table I) in each
of the 144 microensembles, as illustrated in Fig. 2(b). We also
measure the storage fidelity in 6 qubit cells located in
different regions, with 4 complementary states |H), |V),
[+) = (|H) +|V)/V2), and |L) = (|H) +i|V)/V2) as
input [44], and different storage time from 100 to 500 ps,
as shown in Figs. 2(e) and 2(f). Note that the input
polarization can be arbitrary, as shown in Fig. 2(c). The
average fidelity over 4 different input states is above 95%.
Furthermore, the crosstalk is measured to be about 1% by a
round of operations on the 6 neighboring microensembles
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FIG. 2. Performance of individual memory units. (a),(b), Coherence time and storage efficiency of the 144 microensembles. (c) The
storage and retrieval of an arbitrary polarization qubit. We first convert a polarization qubit a|H) + b|V) = cos(8)|H) + ¢’ sin(6)|V) to
a time-bin qubit with an encoding converter. Then the time-bin qubit is further converted into a path qubit to be stored in two memory
cells and finally read out and converted back into a polarization qubit a,|H) + b4|V) = cos(6,)|H) + '+ sin(6,)|V), which has a high
overlap fidelity with the input state if 8, = 0 and ¢, = ¢. This can be achieved by calibrating the amplitude and phase in the readout
AODs. PBS represents polarizing beam splitter and EOM represents electro-optic modulator. (d), The index of the 72 qubit cells paired
from 144 microensembles. (e),(f), State fidelity of the retrieved qubit in six typical qubit cells 1, 4, 20, 22, 34, and 53. Fidelities for
different input polarizations with 15 ps storage are in (e), and average fidelities over 4 polarizations at different storage time are in (f).
The crosstalk error induced by accessing nearby microensembles of the stored qubit. The green microensemble pair represents the qubit
for storage, and we iteratively access the 6 neighboring regions marked in gray for different rounds to characterize the fidelity loss. Note
that the storage time is fixed to 55 ps with variable round number. A round of operations on the 6 neighbors leads to about 1% infidelity.
The error bars represent one standard deviation in (e)—(g).

surrounding the target qubit [Fig. 2(g)]. Finally, repeated
writing and reading on the same qubit cell is found to have
negligible influence on the performance.

B. High-performance random access
quantum memory

The structure of the random access quantum memory is
illustrated in Fig. 3(a). Two qubit channels are used for

TABLE I. List of efficiencies for all components in the write
and read of an optical qubit.

Efficiency/

Components Transmission
Input fiber coupling 85%
Input encoding converter (including AMZI, 51%

EOM, and locking AOM)
Input AOD pair 85%
Storage and retrieval in atoms (on average) 5.5%
Output AOD pair 85%
Output encoding converter (including AMZI, 5%

EOM, and locking AOM)
Output fiber coupling 85%
Three filter etalons 73%
Other optical elements transmission (mirrors,

. 90%

lenses, vacuum chamber window, etc.)

End-to-end efficiency 0.50%

the input and output of photonic qubits. The classical
instructions including write or read (W/R) and the index
of qubit cell are sent to the addressing units via control
channels, as shown in Figs. 3(a) and 3(b). Accomplishing a
write or read operation for a qubit takes 2 ps to access a pair
of microensembles successively via upgraded optical
design, which is about 10 times faster in switching than
the previous work [38]. Programming of this memory is to
arbitrarily assign tasks in each 2 ps cycle of the memory
clock, quite similar to piling up a Lego, with one condition
that the stored qubit cannot be read out multiple times due to
the quantum No-cloning theorem [45].

We first characterize the performance of this RAQM with
a randomly generated 500 ps (250 operations) sequence.
Here we set the total length of the sequence within the
coherence time to guarantee the faithful storage for each
stored qubit. All the domains in each of the 250 operations
are randomly generated, including write or read, index of
qubit cell, and the polarization for each input qubit, as
illustrated in Figs. 3(b) and 12. Here the input qubit is
carried by a weak coherent state (7 = 0.5). We use several
metrics to demonstrate the sequence and characterize the
performance of the memory. The dynamic filling number
representing the real-time number of stored qubits, the
number of total accesses at each of the 72 qubit cells, and
the distribution of storage time and fidelity for each
retrieved qubit are illustrated in Figs. 3(d)-3(h). In this
sequence, the most frequently accessed cell is visited
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FIG. 3. Random access quantum memory. (a) Snapshot of the RAQM with 72 qubit cells. (b) A random sequence of 500 ps. All the
domains in each 2 ps operation are randomly generated including write or read (W/R), qubit cell index, and input polarization. (c) A
similar random sequence of 1000 write or read operations with a length of 2 ms. We update the storage time of each stored qubit within a
scrolling window of 500 ps, and execute forced readout to the stored qubits about to expire in the next clock cycle. (d)—(h) The filling
number of the memory, the total accesses in each qubit cell, the distribution of storage time of all output qubits, and the distribution of the
state fidelities of all output qubits, for both 500 ps (red) and 2 ms (blue) cases. The inset in (g) shows the forced readout happens at a
chance of 0.4%. The inset in (h) demonstrates the corresponding fidelity for each input polarization. The error bars represent one

standard deviation.

12 times, compared to the average number of 3.74
[Fig. 3(f)]. The average storage time for all the 108
retrieved qubits is about 68.6 ps. The fidelity distribution
of the retrieved states is shown in Fig. 3(h), with average
fidelity of 93(3)%, 97(1)%, 90(7)%, and 88(7)% for
different input polarization |H), |V), |+), |L), respectively.

Limiting the running time within qubit coherence is a
strong condition but not necessary. Instead, we only need to
fulfill a weaker condition that each in-memory qubit stays
within the coherence time. To prevent the storage time from
exceeding the coherence time, we maintain a scrolling
window of 500 ps, which keeps track of the storage time of
each occupied qubit cell inside the window, and force the
quantum memory to execute readout if a stored qubit is
about to reach the maximum storage time of 500 ps in the
next cycle. In this way we further elongate the sequence to
2 ms, corresponding to a total number of 1000 continuous
operations in one run, which is almost 2 orders of
magnitude larger than the previous record [39,40]. We
characterize the performance of this memory with a
randomly generated sequence. In total, 478 output qubits
are read out, with average fidelity of 92(3)%, 96(2)%, 91
(6)%, and 90(7)% for each input polarization |H), |V), |+),
and |L). Each qubit cell is accessed 13.9 times on average
[Fig. 3(f)]. We find the forced readout happens at a quite
rare chance below 1% [Fig. 3(g)], which has negligible
influence on the programming of sequence or the perfor-
mance of memory. More details regarding the sequences
and results can be found in the Appendixes.

The fidelities of |+) and |L) are slightly lower than the
fidelities of |H) and |V) as they suffer from the phase

uncertainty in the encoding converter due to imperfect
interferometer locking but |H) and |V) do not. The higher
fidelity in |V) versus |H) mainly originates from the slight
mismatch of the memory array center with the center of the
atomic cloud, which induces higher efficiency in the |V)
basis than the |H) basis thus better signal-to-noise ratio.

C. Quantum queue, stack, and buffer

A queue, also known as a first-in-first-out (FIFO) data
structure, follows a special operation rule that the input
(enqueue) and output (dequeue) of data can only happen at
the tail or head of the queue, as illustrated in Fig. 4(a). With
modifications in the control logic, we implement a quantum
queue based on the RAQM, to receive and release photonic
qubits in a first-in-first-out style. Unlike the sequences in
the RAQM where the inputs and outputs are intertwined,
here we choose to demonstrate a special case in which 72
continuous enqueues are first performed to fully fill the
72 qubit cells, followed by 72 consecutive dequeues, to
demonstrate the feature of FIFO maximally, as illustrated in
Figs. 4(c) and 14. In each clock cycle of 2 ps, the input
qubit is chosen from |H), |V), |+), |L) with uniform
probability. In this special sequence, all the 72 input qubits
are read out in the end and each of them has the same
storage time of 144 ps, due to the rule of FIFO [Fig. 4(d)].
The fidelities of individual input qubits are listed in
Fig. 4(e), and the average fidelity for each input polariza-
tion is illustrated in Fig. 4(b).

As a counterpart to a queue, a stack is another abstract
data structure which has only one data entrance (top), for
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FIG. 4. Quantum queue, stack, and buffer. (a) Quantum queue (FIFO). We demonstrate a special sequence of 72 contiguous enqueues
followed by 72 contiguous dequeues under the rule of a queue. (b)—(e) The polarization distribution of the input states and average
fidelity for each input polarization, the real-time filling number, the distribution of storage time for individual qubits, and the fidelities
for individual qubits and corresponding threshold for quantum storage (the orange lines) [38], respectively. (f)—(j) Schematic and results
for a quantum stack. Again we use a special sequence in which we first push 72 qubits and then pop them out in a reversed order.
(k)—(0) Schematic and results for a quantum buffer. The distribution of time intervals between successive input qubits is shown in (1).
The error bars represent one standard deviation in (b), (e), (g), (j), and (0).

both input (push) and output (pop), as shown in Fig. 4(f). In
a stack, the most remarkable property is that the input data
received later will be output earlier; thus a stack is also
known as a last-in-first-out (LIFO) data structure. Here we
still employ a special sequence in which 72 qubits are first
pushed in a row, and later popped out continuously. A
general sequence with pushes and pops interweaved is
described in detail in Fig. 17. In the case we present here,
several statistics and measured results are illustrated in
Figs. 4(g)—4(j). The storage time of the 72 output qubits
follows a uniform distribution ranging from 2 to 286 ps, in
sharp contrast to the constant 144 ps for the queue, as a
result of the FIFO and LIFO features of these two data
structures. The fidelities of the 72 output photonic qubits
are shown in Fig. 4(j). We note that there is slight fidelity
decay for the earlier pushed qubits due to longer storage
time in the stack.

Buffer, a memory which usually receives data at one rate
and releases them at another rate, is often used to bridge
different components in the network, such as online video
streaming and distributed computing in classical informa-
tion technology. In analogy to the classical bufter, here we
demonstrate a quantum buffer which can receive qubits

from a sparse stream, synchronize them, and then flush all
qubits out as a block in an arbitrary order, as illustrated in
Fig. 4(k). The sequence for characterizing the buffer is
generated with random arrival times and input polariza-
tions. We can clearly see the rate difference in the 356 ps
receiving stage and the following 144 ps flushing stage in
Fig. 4(m). The average fidelity for each input polarization is
demonstrated in Fig. 15(b).

Here we find a couple of qubits in the 72-qubit sequences
may fall below the threshold of quantum storage [38], as
illustrated in Figs. 4(e), 4(j), 4(0), 16(e), and 17(e). These
occasional low-fidelity points are mainly induced by
imperfect calibration in the experiment, which does not
influence the quantum nature of the corresponding qubit
cells. A detailed discussion about this issue is in
Appendix E.

D. Storage and reshuffle of multiple
quantum entanglements

Finally, we demonstrate the catch and storage of 4
heralded entanglements from a probabilistic entanglement
source, and later the release of them in an arbitrary order
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regardless of the incoming sequence, through the program-
mable multipurpose quantum memory implemented here. It
is noteworthy that the combination of an entanglement
source and a write-read quantum memory is sufficient for
heralded entanglement generation [13,30,31], which serves
as one of the core functions in a quantum repeater.

The entanglement source is based on the Duan-Lukin-
Cirac-Zoller (DLCZ) protocol [4], in which repeated write-
read laser pulses probabilistically excite an entangled state
between a signal photon and an idler photon |y)=
(|H,V;) + |V H;)/\/2), as illustrated in Fig. 5(a) and the
Appendixes. Here we can receive an entangled signal-idler
pair from the source in about 70 ps, and 4 signal-idler
entangled pair in 500 ps with high probability. The fidelity
of the signal-idler entangled pair from the source is
measured to be 94(1)% via quantum state tomography.

Unlike the weak coherent state used in the RAQM and
quantum queue, stack, and buffer, here the quantum
information is carried by single photons. As illustrated
in Figs. 5(a) and 5(b), the protocol begins with repeated
excitation of signal-idler entangled pair. Upon a success is
heralded by the detection of a signal photon, the control
unit dynamically prepares the quantum memory for the
incoming idler photon and stores it into a qubit cell. We call
this “catch” and “freeze” in a vivid way. We repeat “catch-
freeze” 4 times to store the idler photons from 4 randomly
generated entangled pairs S;-1, ..., S4-1, into the memory.
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The measured distribution of arrival times for the 4 idler
photons is illustrated in Fig. 5(c). After all the 4 idler
photons are stored in the quantum memory, the control unit
steers the memory to read out all the stored qubits in a row
(4 consecutive clock cycles) with any desired order, and we
call this “reshuffle” and “release.” Here we demonstrate a
reshuffled order of 2-4-1-3, which means the second
arrived idler photon from the entanglement source will
be first read out from the memory in the final release stage,
and so on. Therefore, the final entangled pairs are S,-I5,
Sy-I4, Si-I, and S;3-I5, sorted by idler photon release
time, as shown in Figs. 5(a) and 5(b). We measure the
fidelities for these reshuffled entangled photon pairs and
the distribution of the storage time for each pair, as
shown in Fig. 5(d). The fidelities of the 4 entangled pairs
after “catch-freeze-reshuffle-release” are between 83(6)%
and 92(3)%, with slight decay due to the increasing
storage time.

Here we also present two potential applications via
entanglement storage and reshuffle in a quantum network,
as illustrated in Fig. 5(e). (Note that these two applications
have not been implemented in this work.) In the first
potential application, Alice and Bob each create an
entangled photon pair and send one photon to the quantum
memory. The memory synchronizes [46] these two photons
with different arrival times and performs Bell state meas-
urement between them to further entangle Alice and Bob.
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Storage and reshuffle of multiple entangled photon pairs. (a) Four Einstein-Podolsky-Rosen (EPR) pairs are sequentially

generated through the DLCZ protocol and are heralded by the detection of signal photons. The 4 idler photons with random arrival times
are stored into the quantum memory and are read out together in an arbitrarily chosen order (2-4-1-3). (b) The sequence of the
experiment. (c) The distribution of the random arrival times of the four idler photons 7, I,, I3, and /4. Note that the four EPR pairs are
generated sequentially so that the distributions are not independent. The error bars represent one standard deviation. (d) The
entanglement fidelity of the four EPR pairs S-1{, S5-I}, S5-I}, and S4-I); after storage and reshuffle. The fit follows an exponential decay
with the gray shaded area representing the 68% confidence interval. The error bars also represent 68% confidence interval. (e) Two
potential applications in a quantum network, i.e., entanglement connection of two quantum repeater segments and entanglement routing

between different network nodes.
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This resembles the entanglement connection [47,48]
between two repeater segments, which is also a core
function in a quantum repeater. A possible method to
output two photons at the same time is proposed in
Appendix G.

In the second potential application, Charles and David
want to share their entanglements with Frank and Emily,
respectively; however, they only have quantum channels to
an intermediate quantum memory. Thus Charles and David
each send one photon from their entangled photon pair to
the memory. The memory receives two photons, stores
them, and sends the photons to their destinations by reading
them out at appropriate clock cycles when Frank and Emily
are ready to receive, respectively, as illustrated in Fig. 5(e).
In this potential application, the quantum memory can
serve as a router which establishes quantum links inside a
group of quantum nodes with full connectivity and sub-
stantially saved resources such as quantum channels.

II1. DISCUSSION

In summary, we demonstrate a high-performance multi-
purpose quantum memory which can be adapted for
various core applications in a quantum network. The
quantum memory presented in this work provides a
promising platform for the implementation of quantum
repeaters, quantum network, and networked quantum
computation, considering the optical qubit processing
ability demonstrated in this work. In the future, it is
possible to further improve the coherence time to over
0.1 s [17,18] and efficiency above 0.5 [44,49] with much
higher optical depth by loading the atoms into an optical-
lattice array, which will greatly improve the performance of
photonic quantum logic [50]. We can also exploit wave-
length conversion techniques [48,51-53] to achieve a
quantum repeater network for long-distance communica-
tion. Finally, if in-memory quantum gates are further
equipped via Rydberg interactions [54] or spin super-
exchange [55], a nearly universal platform can be realized
which will support the implementation of fully connected
quantum logic, error-corrected quantum network, or even a
global quantum Internet [7,8,56,57].
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APPENDIX A: EXPERIMENTAL METHODS

Here we describe the experimental realization of a long-
lived spatially multiplexed quantum memory array with 144
individually addressable microscopic ensembles in detail. In
the beginning, we load a macroscopic ®’Rb atomic cloud in a
vacuum chamber by magneto-optical trap (MOT). The
macroscopic atomic ensemble consists of about 10° atoms
and the temperature is estimated to be 300 pK. We further
apply molasses cooling (sub-Doppler cooling) for 1 ms to
reduce the temperature to 20 pK. We use a two-dimensional
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FIG. 6. Quantum memory array and EIT storage. (a) The two-
dimensional quantum memory array with 144 microscopic
ensembles. The AOD frequencies for X and Y dimensions
corresponding to each microscopic ensemble are marked in
the figure. (b) The energy level configuration for the EIT process.
(c) A schematic for the photon write-in process and read-out
process through EIT.
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addressing unit (AOD, DTSXY-400) to access different
regions of the macroscopic atomic cloud. The AOD scan-
ning frequency ranges from 85 to 118 MHz with a step of
3 MHzinboth X and Y directions, as illustrated in Fig. 6. The
step of 3 MHz is chosen based on a trade-off between faster
access time and larger memory capacity, which will be
further explained in Appendix D. By tuning the rf frequen-
cies on the AOD, one can access each of the 12 x 12 = 144
microscopic ensembles with a constant time of 1 ps. Every
two adjacent microscopic ensembles are paired to constitute
a qubit cell, as shown in Fig. 2(d).

APPENDIX B: LONG COHERENCE TIME

The decoherence in the atomic-ensemble-based quan-
tum memory is mainly induced by atomic random motion
and magnetic field noise. To suppress the magnetic
field influence, we employ the clock transition between
|9)=15S81)2.F=1,m=0) and [s) = |58,/,, F = 2,m = 0).
The initial state |g) is prepared through a 20 ps optical
pumping process in which two ¢ lasers and one z laser are
used. The two ¢ lasers are resonant to |58 ,,, F = 2) —
|SP, /5, F = 2) transition and |58} 5, F =2) = |5P5,, F=2)
transition, respectively. The =z laser is resonant to
15812, F = 1) = |5P; 5, F = 1) transition. We employ a
collinear beam configuration to suppress the effect of
atomic random motion and use three cascaded etalons to
filter out noise. The transmission efficiency for signal
photon is 90% in each etalon while the coupling light is
suppressed by 500 times. The probe light is H polarized
and the coupling light is V polarized. The probe (coupling)
light focuses on the center of the atomic microensemble
with a beam waist of 125 (160) pm. The energy level for
the EIT process is shown in Fig. 6(b). With all these efforts,
we extend the storage time of each microscopic ensemble
to 500 ps level.

APPENDIX C: ENCODING CONVERSION

Polarization is one of the most widely used encodings for
a photonic qubit. However, it is not straightforward for our
multiplexed memory array to store polarization qubits
because the addressing unit (AOD) is polarization selective.
One solution to this problem is to convert the polarization
encoding to time-bin encoding. As shown in Fig. 7(a),
we design an asymmetric Mach-Zehnder interferometer
(AMZI) to carry out this task [58]. The AMZI consists of
two fiber beam splitters and two polarization-maintaining
(PM) single-mode fibers with a path difference of 200 m.
The path difference of 200 m corresponds to the time
interval of 1 ps for the time-bin qubit. 1 ps is also the
access time for each microscopic ensemble. The interfer-
ometer is integrated in an aluminum box and the temper-
ature is stabilized with a fluctuation less than 0.004 °C. The
path difference of the AMZI is actively locked by stretching
the fiber stuck to a piezo. The locking laser is the +1st

(a) Polarization qubit in

CHA ﬂ Y AMZ| (Asymmetric Mach-Zehnder Interferometer)
i LN BS
)
YAR] 200 m PM fiber
i )
Ry BN | ime-bin qubit out
i )
i )
i )

Single mode fiber

; Piezo
Fiber beam splitter _

FIG. 7. The asymmetric Mach-Zehnder interferometer and fast
switch network for input state preparation. (a) The AMZI is
temperature stabilized to avoid phase drift. It is sealed in an
aluminum box. The half-wave plate (HWP) and quarter-wave plate
(QWP) are inserted to compensate for the polarization change in
fiber transmission. The fiber beam splitter is PBC780SM-APC
(Thorlabs). (b) The fast switch network for different input states.
Here we first split the input laser into four different paths as
different polarization input states, and then control the on-off of
each path by controlling four different acoustic optical modulators
(AOMs) as fast switches. Note that in each clock cycle, no more
than one AOM should be turned on. Then we combine the four
input coherent states by a NPBS (nonpolarizing beam splitter) and
send it into the input channel of the memory. Each polarization can
be carefully adjusted by a pair of HWP and QWP before the NPBS.
BS represents beam splitter, TEC represents Thermoelectric cool-
ing, and ND represents neutral density.

order diffraction of the acousto-optic modulator (AOM)
and is coupled into the AMZI. Finally, it comes out from
the +1st order of the AOM on the other side. During the
memory operation, the AMZI locking is paused, the lock-
ing laser is temporally turned off, and the signal light passes
directly through the zero order of the two AOMs. The servo
of the AMZI works during the MOT loading and molasses
cooling stage.

We achieve the fast preparation of weak coherent pulses
for different input states via a switch network. The switch
network consists of 4 acoustic optical modulators, each for
turning on or off one of the four polarization inputs, as well
as several beam splitters and wave plates for beam
combining and polarization adjustments [Fig. 7(b)]. The
turn-on delay of the AOM is less than 200 ns and the rise-
fall time is 30 ns, which is fast enough compared to the
AOD switching time (~1 ps).
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We use an arbitrary input state a|H) + b|V) as an
example to illustrate the addressing and storage process.
As shown in Fig. 2(c), if an arbitrary input polarization
a|H)+b|V)=cos(0)|H)+e?sin(0)|V) enters the memory,
it is first converted to a time-bin qubit a,|E) + b;|L) =
cos(0,)|E) + e'? sin(0,)|L) at the input encoding con-
verter. Here(0, ¢) and (0,,¢;) can be different as the
efficiency imbalance and a constant phase offset induced
by the encoding converter. Then the AOD sequentially
deflects |E) to |U) and |L) to |D), and stores the time-bin
qubit into the atomic ensemble as a spatial qubit a,|U) +
b,|D) after two successive EIT storages. After some
programmable storage time, the stored qubit is read out
and converted back to time-bin encoding as|E) + bs|L)
again by AODs and EIT, as a reversed step in EIT storage.
Finally, the qubit is converted back to a polarization qubit
as|H) + by|V) = cos(0,)|H) + e sin(6,)|V) after the
output encoding converter. One can see that if (64, ¢y4) is
very close to (€, ¢), we can guarantee that the output state
has a high fidelity with the input state. In this work this is
achieved by carefully tuning efficiency imbalance and
phase in the two paths (|H) — |E) - |U) - |E) — |H)
and |V) - |L) - |D) - |L) — |V)) via tuning the rf
signals sent to AODs.

APPENDIX D: FAST SWITCHING BETWEEN
DIFFERENT MICROSCOPIC ENSEMBLES
AND MEMORY CLOCK

In this appendix, we discuss the switching time
between different microscopic ensembles. The switching
time results from the time for the sound wave to pass
through the laser area of the AOD. Roughly, we have the
following relationship:

g . w
switching time ~ —,
vS

(D1)
where w is the laser beam waist on the AOD and v, is the
velocity of the sound wave in the AOD crystal. Since v, is
determined by material (650 m/s), we can only reduce the
light beam diameter on the AOD. However, the light beam
diameter cannot be too small because a smaller diameter on
the AOD results in fewer resolvable points on the macro-
scopic atomic ensemble as well as lower AOD diffraction
efficiency. Given this trade-off, we set the switching time
between the adjacent microscopic ensembles to 800 ns and
use the following 200 ns for qubit storage or retrieval. As
shown in Figs. 8(a) and 8(b), the access time is 1 ps for one
microscopic ensemble, and thus 2 ps for one qubit cell. The
scanning frequency step from one microscopic ensemble to
its nearest neighbor is 3 MHz in both X and Y directions.
The maximally allowed addressing capacity is 12 x 12 =
144 microscopic ensembles. The optical configurations are
shown in Fig. 9.

@) O Microscopic ensemble (106,103)
e
le) O Microscopic ensemble (109,103)

106 MHz 109 MHz
200 ns :::::::i le) 1us 1lus :
800 ns I
o ﬂ ''' 1)
(b) AOD addressing point

fe= 106 M f, = 109 M

AN

(109,103)
® /[
0)
@
(106,103)
(103,103) Time (ns)

800 1000 1800 2000

@ Switching time between adjacent microscopic ensembles
® Access time for one microscopic ensemble
® Access time for one qubit cell

FIG. 8. Storage of a time-bin qubit into two adjacent micro-
scopic ensembles. (a) The schematic for AOD addressing. The rf
signals are generated by the arbitrary waveform generators and
go through a switch and an amplifier to drive the AOD. (b) The
move of the AOD addressing point as rf signals of different
frequencies are fed into the AOD. Every time we visit a micro-
scopic ensemble, the AOD addressing point keeps stationary for
200 ns. During the 200 ns, the EIT process happens and the
photons are stored in or retrieved from the memory.

APPENDIX E: SOURCES OF CROSSTALK
AND INFIDELITY

The crosstalk in this experiment originates from three
sources. The first and dominating source is the leakage light
of coupling pulse during the operation on the neighbor
cells, which could ruin the stored quantum state in the
current cell. This source of crosstalk is characterized by the
linear decrease in the fidelity when the number of oper-
ations (to deliberately induce crosstalk by operating the
surrounding cells) increases as illustrated in Fig. 2(g). Note
that the storage time is fixed when we increased the number
of rounds in Fig. 2(g); thus the fidelity decay due to
decoherence can be ruled out. We find that one round of
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FIG. 9. Optical configurations in detail. We use multiple sets of
telescopes that adjust the beam waist, in front of and behind each
AOD. The units of all the focal lengths are in millimeters. The
telescope system in front of the AOD (100 and —50 mm) is to
narrow the beam waist for faster switching time on the AOD. The
telescope system behind the AOD (50 and 150 mm) is to enlarge
the beam waist to obtain a small focus radius on the atoms. The
150 mm lenses on the left- and right-hand sides of the atomic
ensemble constitute a 4 f system. The design of the coupling light
path is similar to that of the signal light, the only difference is the
magnification factor of the telescope. The encoding converters
are not shown for simplicity.

operations on the 6 neighbors leads to about 1% infidelity
due to this crosstalk source.

The center-to-center distance between two microensem-
bles is 190 pm, the 1/¢? radius of the coupling beam is
80 pm, and the 1/e? radius of the input or output photonic
modes (equivalent to the size of each microensemble)
is 63 pm.

The second source of crosstalk is the atomic diffusion.
This influence will become significant if the storage time
reaches 1 ms, but has negligible influence in the current
experiment considering the typical storage time in our
experiment is about 200 ps [see Fig. 3(g)]. As the temper-
ature of the atomic cloud is 20 pK in our experiment, we
estimate the 1/e¢* radius of the microensemble increases
slightly from 63 to 65 pm after 200 ps of atomic thermal
motion, which is not enough to induce observable crosstalk
as the center-to-center separation between two modes
is 190 pm.

The third source is the drop of the microensemble due to
gravity. As we did not load the microensembles into optical
traps like in the tweezer array experiments, the micro-
ensembles experience free fall during the storage. This
crosstalk source is even less significant than the atomic
thermal motion under the current situation, as the displace-
ment due to gravity is only 5 um after 1 ms of free fall. This
source of crosstalk will become significant when the
storage time reaches several milliseconds.

Here we also discuss the sources of the low-fidelity storage
in a long sequence, as shown in Figs. 4(e), 4(j), 4(0), 16(e),
and 17(e). These low-fidelity cases are mainly induced by
the imperfect calibration for a long sequence. In all the

measurement results in our earlier work [38] and Fig. 2 in this
work, the storage fidelity of each qubit is measured sepa-
rately (i.e., only one qubit is measured in a single measure-
ment, and careful calibration by hand is applied before each
measurement is taken). Thus careful calibration including
the relative phase compensation of the two paths and the
efficiency balance [see Fig. 2(c)] can be applied to the AOD
addressing unit to optimize the storage fidelity. However, in
the measurement results shown in Figs. 3-5, 16, and 17 in
this paper, the fidelities for all the qubits in the whole
sequence are measured in one continuous run, which is much
more advanced than our previous work. However, in this
case, careful calibration for each qubit cell becomes very
difficult, as it is now very time consuming to adjust each cell
by hand. Thus we only did a fast and rough calibration of
each cell before measurement, which can induce occasional
low-fidelity cases. If each qubit cell is carefully calibrated,
there is no doubt all the qubits can surpass the quantum
bound. For example, the first qubit in Fig. 4(e) which has a
fidelity of 77.5 4= 13.8% is stored in qubit cell no. 1, and this
point fails to surpass the bound. However, when we measure
this cell separately in Fig. 2(e), the fidelities for all polar-
izations are over 90% and all above the bound. In the future,
we could switch the calibration from manual to automatic for
better calibration. Other infidelity sources include crosstalk,
storage time, and inhomogeneity of memory efficiency, and
all of these experimental imperfections need to be improved
to reduce the probability of low-fidelity cases.

APPENDIX F: LIMITING FACTORS FOR
STORAGE TIME AND IMPROVEMENT
STRATEGIES

The dominating limiting factors for storage time in the
current experiment are the atomic diffusion due to thermal
motion and free fall due to gravity. Because of these two
factors, the atoms in the spin wave will leave the spatial
extent of the signal mode and compromise the readout. The
typical timescale for these two factors is about a couple of
milliseconds.

In our minds, the first measure to improve the storage
time in the future should be holding the microensembles
with optical lattice array. With optical lattice holding the
atomic ensemble and applying magic-valued magnetic field
which can cancel the differential ac Stark shift in the optical
trap, the atomic thermal diffusion and free fall can be
significantly suppressed and the storage time would be
improved from ~1 ms (in this experiment) to ~100 ms
[59]. Our plan would be to first load the atoms into a 2D
optical trap array [60] to solve the problems of atom
diffusion and gravity, and see whether we can extend the
storage time of each cell to about 100 ms.

In the second step we would try dynamical decoupling or
spin echo to further extend the storage time to beyond one
second. However, it is difficult to apply dynamical decou-
pling to a microensemble array via rf pulses, due to the
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Algorithm 1. RAQM sequence (500 ps).

Data: operation, qubit, address
filling < 0, i « 1
while i <250 do
if filling = O then
operation[i] « write

address[i] « a qubit cell randomly selected from 1 to 72

qubit[i] « a polarization randomly selected from {|H), |V),|+),|L)}

filling « filling + 1
else if filling = 72 then
operation[i] « read
address[i] < a qubit cell randomly selected from 1 to 72
filling « filling — 1
else

operation[i] « write or read randomly determined by a probability distribution specified in Fig. 11

if operation[i] = write then

address[i] « a qubit cell randomly selected from the empty cells

qubit[i] < randomly selected from{|H), |V), |+), |L)}
filling < filling + 1
else

address|i] < a qubit cell randomly selected from the occupied cells

filling « filling — 1
end if
end if
i<—i+1
end while
Results: operation, qubit, address

potential inhomogeneity of the rf amplitude across the large
array (the spatial extent of the whole array is 2-3 mm in our
case) and lack of the ability to individually address each
cell (without influencing other cells). Although there was
an experimental realization to use dynamical decoupling
based on rf pulses to extend the storage time of an atomic
ensemble quantum memory to 16 s [17], how to adapt this
method to a memory array with larger size and enable
individual control of each microensemble across the array
is not an easy task. A possible solution to this problem
could be replacing rf with laser. The dynamic decoupling
pulses can also be implemented via Raman transition [61]
with a small beam size which can individually control each
cell to avoid crosstalks. On the other side, the laser-based
gates usually have lower fidelities than the rf-based gates,
which can be a problem if the number of flips goes large in
the dynamic decoupling sequences. Replacing the Raman
with STIRAP (stimulated Raman adiabatic passage) may
be a good idea to mitigate this problem.

APPENDIX G: PROPOSED SCHEME TO OUTPUT
TWO PHOTONS SIMULTANEOUSLY

The AODs can only address a single microensemble at a
time, and there is only one output fiber in our current setup;
thus simultaneous output of two photons is difficult. Here

we can make this possible by adding a switch network to
our setup in the future, as illustrated in Fig. 10. With the
help of an optical switch and a delay fiber in the switch
network, we can implement simultaneous output of two
stored photons.

Two consecutive
output photons
_—

LI Ll \
1
® Quantum
memory l (S ))
L L L L L
\ / \
Optical Delay  synchronized
switch fiber photons

FIG. 10. Potential method for simultaneously output two
photons. As our multipurpose quantum memory has only one
output channel, we cannot output two stored photons at a time.
Here we propose to add a combination of an optical switch and a
delayed fiber, in order to solve this problem. The memory first
outputs two photons consecutively, with the green photon 2 ps
ahead of the yellow photon. Then the optical switch directs the
green photon to the lower path, and 2 ps later directs the yellow
photon to the upper path. Because of the delay fiber, the lower
path is ~400 m (corresponds to ~2 ps delay) longer than the
upper path; thus the two photons exit the two paths simulta-
neously.
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APPENDIX H: LIMITING FACTORS FOR
EFFICIENCY AND IMPROVEMENT
STRATEGIES

The efficiency of the EIT storage is strongly dependent
on the optical depth of the memory cell (about 5 in the
center and gradually decreases to about 3 at the corner).
This is the main reason for the efficiency inhomogeneity in
different memory cells across the array. A minor source of
this inhomogeneity is the degradation in the AOD mode
matching efficiency (about 85% in the center and 70% at
the corner, can be improved by better adjustments of optics)
which characterizes the overlap of the input and output
spatial modes. These efficiency inhomogeneities could be
mitigated by more homogeneous distribution of the optical
depth in each mode with a larger-sized atomic cloud, as
well as better adjustments of the AOD addressing optics in
the future.

To further improve the efficiency while keeping the
current features, we can load the atoms into a 2D optical-
lattice array to achieve high optical depth in each cell. We
estimate that an EIT efficiency around 50% can be reached
with a moderate optical depth around 50. A potential
fundamental limitation can be induced by four-wave mixing
when the optical depth gets very high (OD > 300), which
leads to noise in the output spatial mode and limits the fidelity
of storage [49]. However, this limit can be largely suppressed
via phase mismatching. EIT storage efficiencies over 85%
and fidelity over 99% have been achieved at the same time
in Ref. [44].

Another important factor which equally influences the
efficiency in every memory cell lies in the temporal wave
packet shape of the input and coupling pulses. In our
experiment, the input and coupling pulses are too short
(~200 ns) which induces a large frequency broadening
(~5 MHz) comparable to the EIT transparency window,
and this reduces the storage efficiency. Additionally, wave
packet shaping is not applied in our experiment as the input
and coupling light pulses are both square pulses; mean-
while, a Gaussian shaped pulse is found to be necessary for
the optimal efficiency (see Ref. [44]). This limiting factor
can be solved in the future with careful wave packet
shaping and longer pulse length.

We also add a detailed list of the efficiencies of all the
components in the whole optical path in Table I. The
efficiency can be improved in the future with better trans-
mission in all the optics (by using antireflection coated
fiber, better transmission in fiber beam splitter thus better
transmission in encoding converter, etc.)

APPENDIX I: CONTROL SEQUENCES
FOR THE RAQM

To characterize the performance of the RAQM, we
generate a 500 ps sequence including 250 random access
operations. The algorithm for generating each sequence is

summarized in the pseudocode in Algorithm 1. The RAQM
runs with a clock cycle of 2 ps, which is also the access
time for one qubit cell. At every rising edge of the memory
clock, we first choose whether to write a qubit into the
memory or to read out a qubit from the memory. The
prerequisite for this choice is that the memory array is
neither empty nor full. The probability of write in or read
out is dependent on the filling rate of the array, as shown in
Fig. 11. The consideration for this probability distribution
is that we want to write in qubits as quickly as possible
when the array is relatively empty, but read out qubits when
the array is nearly saturated. This causes the filling number
to oscillate around the half, as shown in Figs. 3(d) and 3(e)
of the main text. It should be noted that this probability
distribution is not a necessary condition and all self-
consistent sequences can run on our RAQM. If the
operation is to write in a qubit, further choices are to
select one qubit cell from currently unfilled cells and the
polarization of the input qubit from {|H),|V),|+),|L)},
with equal chances. If the operation is to read out a qubit,
we just need to choose the address of the qubit cell from the
occupied cells with equal chances.

In the further demonstration of the 2 ms sequences with
1000 random access operations, we maintain a 500 ps
scrolling window to ensure each stored qubit stays within
the coherence. We monitor if the storage time of any stored
qubit is about to exceed 500 ps. If the answer is yes, the
next operation is to read the qubit out. The detailed
sequences for these two cases used in the main text are
illustrated in Figs. 12 and 13. Because of the free falling
and thermal expansion of the atomic cloud in the experi-
ment, the memory array can survive as long as 5 ms. Thus
we set the maximum operation number to 1000, which
corresponds to 2 ms of experiment. This time can be
elongated by setting the optical paths along the gravity
direction, as well as better cooling of the atomic cloud. In
the future, we expect to greatly improve the operation
capacity by trapping microensembles in optical lattice
arrays [60]. Moreover, repeated write or read operations

A

1.0

Read

Probability
o
[$,]

Write

0 36 72
Filling number

FIG. 11. The probability for determining write or read oper-
ations. The write probability is 1 when the filling number is 0,
while the read probability is 1 when the filling number is 72. In
other cases, the probability is 0.65 — 0.3n/72, where n is the
filling number.
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FIG. 12. The sequence for RAQM with 250 operations. The
detailed sequence with all the domains in Fig. 3(d) in main text.
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FIG. 13. The sequence for RAQM with 1000 operations. The
detailed sequence with all the domains in Fig. 3(e) in main text.

on the same cell do not affect its later performance
including retrieval efficiency and storage fidelity.

APPENDIX J: QUANTUM QUEUE,
STACK, AND BUFFER

Here we present the detailed sequences for the quantum
queue, stack, and buffer used in the main text, as shown in
Figs. 14 and 15. In the realization of quantum queue, stack,
and buffer, the ith input photonic qubit is stored in the ith
qubit cell. The memory can simultaneously store 72
photonic qubits at maximum.

In the main text, we show two special cases of quantum
queue and stack, in which the 72 flying qubits fill the
memory array at first, and then are read out. As shown in
Figs. 16 and 17, we demonstrate the quantum queue and
stack containing 72 flying qubits with a general sequence in
which the inputs and outputs are interweaved. At every
rising edge of the memory clock (500 kHz), we decide
whether to input a qubit or output a qubit with equal
chances. As in the main text, here we present the input
distribution over 4 polarizations, the real-time filling
number of the memory array, the storage time of each
photon, and the fidelity of each retrieved photon.

(a) - The ith photon enqueues
:2;45: . The ith photon dequeues

i

H
H
Memory clock
Operation 12|34 |5 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49

50 |51 52|53 54 (55 (56 57| 58 59|60 61 62 (63 64| 65 66 6768 69 |70 71|72 1 2 3 4

5 6 7 8 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58

59 60 61 62 63 64 65 66 67 68 69 70 71 72

- The ith photon pushes

- The ith photon pops

Operation 1123 4 |56 7 8

MU

14 18 [12 11 109 '8 |7 6 [§ [4 |3 2 1

10 110 12 13 M4 115 116 17 (181 19 |20 121 22

FIG. 14. The sequence for quantum queue and stack in the main
text. (a) The sequence for quantum queue in the main text [Figs. 4
(b)-4(e)]. (b) The sequence for quantum stack in the main text

[Figs. 4(2)-4()].
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m Receive the ith photon
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FIG. 15. The sequence and fidelity for quantum buffer in the
main text. (a) The sequence for quantum buffer in the main text
[Figs. 4(1)~4(0)]. (b) The fidelities for each input polarization.
The error bars represent one standard deviation.

APPENDIX K: DLCZ ENTANGLEMENT SOURCE

In this appendix, we describe the details of the entan-
glement source where a variation of the DLCZ protocol is
used to generate the entangled photon pairs encoded in
polarization [47]. The setup of the entanglement source is
shown in Fig. 18(a). The atomic ensemble is initially
prepared to |5S,,,, F = 1) state by optical pumping. A
100 ns weak write pulse drives the [5S;,,, F=1) —
|SPy/,, F = 2) transition and is focused on the atomic
ensemble with a beam waist of 230 pm. The frequency
detuning between the write laser pulse and the transition is
20 MHz. As shown in Fig. 18(a), we collect the scattered
signal photon along two symmetric spatial directions and
combine the two possible signal paths with a polarization
beam splitter (PBS). The excitation probability is 1.1%.
Once a signal photon is detected, the atom-photon
entangled state can be written as

1
at-ph — 7§
where |L) (|R)) represents the spin wave excitation in the L

(R) spatial mode, |H) (|V)) represents the signal photon
with horizontal (vertical) polarization, and ¢, is the relative

'¥) (IL)H) + ™ R)[V)). (K1)

(a) - The ith photon enqueues
. The ith photon dequeues
e
1
Memoryclock“l||||||||||||||||‘||‘||‘|||||||||||||
[OfT=TCOI 1 FOH B3N 1 BaR SN 2 B8N 3 7 4 5 6 7 B8 8 |98 MO

9 M1 121 10 11 12 M8 13 4] 14 1§ 15 6] 16 7| 148|119 17 18 19 |20 |21

20 21 [22123| 22 23 |24 |25 24 25 |26 |27 26 |28 27 129 |30° 28 29 30 |31 31

32 32 133 134 33 [35 |36 34 35 |37 38 36 37 [39 38 |40 41| 39 40 41 |42 |43

44 |45\ 42 (46 43 |47 44 45 46 47 [48|/49 |50 |51 48 [52| 49 |53 |54 50 [55{ 51

56 52 53 |57 581159 54 55 56 60|61 57 62 58 |63|64|/65| 59 60 66| 61 62

63 [67| 64 65 66 |681/69 67 70' 68 69 71|72 70 71 72

® @

1(5.4)%

Filling number

0 72 144 216 288

d) (e) Time (us)
30 1.0, —
g
@ 20 zo'g
£ 3
- - 0.8
= ©
& 10 =
5 07
4]

% 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Photon index Photon index

FIG. 16. A general sequence for quantum queue. (a) A ran-
domly generated sequence for quantum queue. (b) The input
distribution and fidelity of 4 polarizations. (c) The filling number
of the memory array during the experiment. (d) The storage time
of 72 photons. (e) The fidelities of the retrieved photons and
corresponding quantum bound (the orange lines). The error bars
represent one standard deviation in both (b) and (e).

phase caused by the path difference between two signal
paths. After a controllable delay, a strong read laser couples
the |58/, F =2) — |5P,,, F = 2) transition and coher-
ently converts the spin wave excitation to an idler photon.
The entanglement between signal and idler photon is
encoded in polarization and can be written as

_ b

|qj>s—i \/z

(|H)|V) + P50V |H)).  (K2)

where the relative phase (¢, + ¢;) is compensated to be
zero in experiment. The diamond optical configuration
constitutes an Mach-Zehnder interferometer and the path
difference is actively stabilized by real-time feedback. The
lock laser is turned off during the entanglement generation
to avoid destroying the atomic internal state and to
eliminate the noise. We reduce the write-clean cycle to
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(a) - The ith photon pushes
The ith photon pops
2es
i
Memory clock [ MM LML LU MU

Operation

1 12 12 11 13 13 14 15 15 16 17 18 18 19 20 20 19 21 21 17 16 22

23 23 22 14 24 24 10 25 25 26 27 27 28 28 29 29 26 30 31 32 33 34

34 35 36 36 37 37 35 38 39 39 38 40 41 42 43 44 44 45 46 46 45 43

47 48 48 47 42 41 40 33 32 49 50 50 49 51 52 52 51 53 54 55 55 54

56 57 58 58 59 60 60 61 61 62 63 63 62 64 64 59 65 65 66 66 57 56

53 31 30 7 67 68 68 67 69 69 70 71 72 72 71 70

(b) () 12
9]
28
=}
c
o
2.
=
% 7z 144 216 288
(d) (e) Time (is)
250
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o Z
2 150 %o
2 100 2
g
o
& 50
010 20 30 40 50 60 70 °% 10 20 30 40 50 60 70
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FIG. 17. A general sequence for quantum stack. (a) A randomly
generated sequence for quantum stack. (b) The input distribution
and fidelity of 4 polarizations. (c) The filling number of the
memory array during the experiment. (d) The storage time of 72
photons. (e) The fidelities of the retrieved photons and corre-
sponding quantum bound (the orange lines). The error bars
represent one standard deviation in both (b) and (e).

700 ns by compressing all delays in the system, as shown in
Fig. 18(b). With the excitation probability set to 1.1%, we
can generate an entangled signal-idler photon pair from the
source in about 70 ps, and 4 pairs of entangled signal-idler
photons in 500 ps with 93.5% probability. We estimate
the entanglement fidelity of the signal-idler photon pairs
from the source to be 94(1)% through quantum state
tomography. The reconstructed density matrix for the
signal-idler entanglement is shown in Fig. 18(c). The
real-time control is implemented by a 100 MHz homemade
field-programming-gate-array (FPGA) board.

APPENDIX L: STORAGE AND RESHUFFLE
OF FOUR HERALDED QUANTUM
ENTANGLEMENTS

Here we describe the detailed sequence for the storage
and reshuffle of 4 heralded entanglements. As shown in

(a)

Write (V) ——\ He——— Read (H)
“» | Ae R g
Feedback I U\ , |
% L R ]
= Atoms
Idler dectection Ej}] . i Signal dectection
ase compensatlon
, s (+1)
= Flip mirror Lock beam 4 “1)

Idler output

[ Mirror 11 Etalon
IPiezo = Fiber channel

|HwWP  [1PBS B SPD
|awp  [190:10BS [ PD

(b)
' 700 ns '
: i Signal Idler
s B i A I -/ B 2 8
<l P P <
100 ns 100 ns 100 ns Storage time 100 ns

.IWrite Clean .Read S Signal detection window  / Idler detection window

(C) Real Imag

d
(@) A |52Py); , F = 2) —= I5°P12 F=2)
/
IR\ /
/ Idler
SignaI/ \ Coupling
\ Idler4 Idler3 Idler2 Idler1 /
\ / Probe
5253, , F = 2) - 1528, ,F = 2)
Ve 528172, F = 1) 52812, F = 1) K

Quantum memory

Entanglement source

FIG. 18. The entanglement source and energy levels. (a) The
experimental setup. (b) The experimental sequence for the
entanglement generation. (c) The reconstructed density matrix
for the signal-idler entangled state. (d) The energy level diagram
for entanglement generation, catch, freezing, and release. PD
represents Photodiode.

a
@) Entanglement catch and freeze
(4 entangled photon pairs)

Entanglement
release 1st entanglement

@ generation
Restart

*****
Idler 3
read out
Idler 1"
read out
Idler 4"
read out
Idler 2"
read out

2nd entanglement
generation

Catch and freeze idler1

4th entanglement
generation

3rd entanglement
generation

(b)

Coupling

[V‘ﬂe i s&:l g]E{j"‘f ) \dler %][ﬁoﬂni’% %ﬁ,ﬁ,ﬁ,ﬂ
\

‘Catch-freeze’ x4 ‘Reshuffle’ and ‘release’

FIG. 19. The sequence for the storage and reshuffle of 4
heralded quantum entanglements. (a) The detailed sequence of
the experiment. The real-time feed forward is implemented on an
FPGA. (b) A summarized sequence.
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Fig. 19, we start with repeated write-clean cycles in the
entanglement source based on the DLCZ protocol. Once a
signal photon (signal 1) is recorded, we immediately
convert the spin wave excitation into an idler photon
(idler 1) and store idler 1 in the multipurpose quantum
memory. We repeat this process 4 times and store 4 idler
photons into the multipurpose quantum memory. Note that
due to the probabilistic nature of the entangled photon
source, all the 4 idler photons are captured at random times.
After the catch and storage of 4 entanglements, we retrieve
the 4 stored qubits out with any desired order to demon-
strate the reshuffle. Here we use the order 2-4-1-3 as an
example, which means that the second captured idler
photon (idler 2) will be first read out from the memory.
The real-time feed-forward process is implemented by an
FPGA which dynamically selects one of the desired wave-
forms from arbitrary waveform generators conditioned on
the detection events.

We then evaluate the fidelities of the 4 reshuffled
entanglements [62]. An arbitrary 2-qubit density matrix
can be expressed as

1
p= Zzpi.jo'i o0,
ij

where i,j={0,x,y,z} and o, represents the corresponding
Pauli matrix. In our experiment, the target state is a Bell state
[P = (1/V2)([H)|V)+|V)|H)) = (1/v2)(0.1.1,0)", s0

the estimated fidelity is

(L1)

_ 1 + Pxx +pyy — Pz
n .

The coefficient p;; = tr(ps; ® 6;) can be obtained
through projective measurements under Pauli bases. In
our experiment, both signal and idler photons are projected
by different measurement bases and detected by a pair of
single photon detectors, which represents +1 and —1,
respectively. We collect the coincidence counts under 3
measurement bases {o, ® 6,.0, ® 6,,0, ®,}, with

F

(L2)

_ntn_-n_—ny
n.,.+n_+n_+n_,

ii ; (L3)
where n,,,n,_,n_,, n__ are the coincidence counts. The
fidelities of 4 reshuffled entangled photon pairs are even-
tually estimated to be 83.5% (S1-11), 87.7% (S2-12),
91.9% (S3-13), and 89.0% (S4-14).
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