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Multiplexed quantum memories capable of storing and processing entangled photons are essential for the
development of quantum networks. In this context, we demonstrate and certify the simultaneous storage and
retrieval of two entangled photons inside a solid-state quantum memory and measure a temporal multimode
capacity of ten modes. This is achieved by producing two polarization-entangled pairs from parametric down-
conversion and mapping one photon of each pair onto a rare-earth-ion-doped (REID) crystal using the atomic
frequency comb (AFC) protocol. We develop a concept of indirect entanglement witnesses, which can be
used as Schmidt number witnesses, and we use it to experimentally certify the presence of more than one
entangled pair retrieved from the quantum memory. Our work puts forward REID-AFC as a platform
compatible with temporal multiplexing of several entangled photon pairs along with a new entanglement
certification method, useful for the characterization of multiplexed quantum memories.
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Quantum memories are key elements for developing
future quantum networks [1]. Optical quantum memories
[2,3] allow storage of parts of optical quantum states, for
instance, the storage of one photon out of a pair of
entangled photons. This ability can be used to herald
entanglement between stored excitations of remote quan-
tum memories [4-6], which is a basic resource for long-
distance quantum networks. A prominent example is the
quantum repeater [7,8], which in principle, can distribute
quantum entanglement over continental distances, thereby
allowing long-distance quantum key distribution over
scales impossible by current technologies [9].

Most quantum repeater schemes require efficient multi-
plexing in order to achieve any useful rate of entangle-
ment distribution [10], which in turn, requires quantum
memories (QM) that are highly multimode [11]. Quantum
memories based on ensembles of atoms provide such a
resource, where different degrees of freedom can be used
to achieve multimode storage, such as spatial [12-16],
spectral [17,18], or temporal modes [19]. The ensemble
approach also provides strong collective light-matter cou-
pling [20,21], making high memory efficiencies possible.

In this Letter, we address the challenge of demonstrating
and certifying simultaneous storage of several quantum
excitations in different temporal modes of a QM. We focus
on temporal multimode storage in a single spatial mode,
which is compatible with optical fiber technologies and
therefore, attractive for long-distance quantum networks.
We use the atomic frequency comb (AFC) approach [22],
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which can achieve multimode storage for much lower
optical depths compared to other ensemble-based storage
techniques [19]. This protocol is specifically developed for
rare-earth-ion-doped (REID) crystals [23]. Previous studies
have demonstrated temporal highly multimode storage
using the AFC scheme, but these experiments have employed
either strong [24-26] or attenuated laser pulses [27-29] and
true single-photon pulses [30], but without entanglement.
Here we demonstrate simultaneous storage of two entangled
photon pairs. The certification of multipair entanglement
in our experiment requires novel tools, given the limited
available data. This is achieved by constructing indirect
entanglement witnesses, which we use experimentally to
certify the presence of more than one entangled pair retrieved
from the quantum memory.

The setup of our experiment is illustrated in Fig. 1. Two
independent pairs of entangled signal and idler photons
are generated via spontaneous parametric down-conversion
(SPDC) within a time window shorter than the memory
time. The idler photons are at the telecommunication wave-
length of 1338 nm, while the signal photons are at 883 nm
[31]. The two signal photons are stored in the REID crystal
in the same spatial mode, but in two independent temporal
modes that differ by up to ten times their coherence time.
After a predetermined storage time, the two photons are
re-emitted from the memory and detected by the single-
photon detectors (similarly for the idler photons).

The full characterization of the state of both photon pairs
is constrained by the fact that their creation time is much
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FIG. 1. Conceptual scheme of the experiment. Temporally

multiplexed photon pairs generated from spontaneous parametric
down-conversion (SPDC) are stored in a multimode quantum
memory (QM) and released after a predetermined time 7,,. The
pump is pulsed with a 10 MHz repetition rate and with duration
7,. Two polarization-entangled pairs are generated probabilisti-
cally by the same pulse and separated by a time 6t < 7);. The
duration of the pulse equals the storage time such that the stored
photons are both in the QM for a time (z), — dt). To certify
entanglement after absorption and remission by the QM, we
analyze the correlations in polarization of the four-photon state.

smaller than the dead time of the detectors. This is typical
of current single-photon detectors and it can complicate the
analysis of temporally multiplexed quantum memories
storing short (broadband) single photons. One obvious
solution is to double the number of analyzers (and
detectors) or use complex multiplexing schemes in space
or frequency [32,33]. Here, instead, we want to use a pair
of detectors on each side and apply the same projective
measurement needed to analyze a single pair. This leads to
a limited set of measurements and outcomes. Previous
efforts have been devoted to addressing nonlinear functions
of density matrix elements, which due to the lack of
convexity, proved very challenging [34,35] and still lack
assumption-free certification methods. To address this, we
develop a new concept of induced witness operators where
an incomplete set of count rates can conclusively certify
entanglement, or even Schmidt numbers, without any assump-
tions about the state. We then apply this new concept to certify
the presence of two entangled pairs in our experiment.

First, we demonstrate the capability to generate two
independent entangled photon pairs for further quantum
storage. For this, we generate polarization-entangled pho-
ton pairs from SPDC inside two nonlinear waveguides. The
continuous pump laser has a central wavelength of 532 nm
and is modulated in intensity to obtain a 10 MHz train of
50 ns square pulses (Fig. 1). This modulation defines a
temporal window, corresponding to the storage time, inside
which, two pairs can be generated. The configuration of the
nonlinear waveguides, shown in Fig. 2, is such that photons
are created in a coherent superposition of |[HH) from the
first waveguide or |VV) from the second [31]. We approxi-
mate each pair by the state
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FIG. 2. Detailed experimental setup. Our source of polarization-
entangled photon pairs is based on parametric down-conversion
inside two periodically poled nonlinear waveguides (ppnw) phase
matched for Type-0 down-conversion. Both crystals are coherently
pumped by a 532 nm continuous wave (cw) laser. The pump laser
is intensity modulated by an acousto-optic modulator (AOM) at a
10 MHz repetition rate, producing a train of 50 ns square pulses.
Signal (883 nm) and idler (1338 nm) photons are spatially
separated by a dichroic mirror (DM) and spectrally filtered using
a cavity and a volume Bragg grating (VBG) in each output mode.
The signal mode is coupled to a polarization-preserving solid-
state quantum memory (QM), based on two Nd**:Y,SiOs
crystals separated by a half-wave plate. To increase the storage
efficiency, we use a double-pass configuration through the QM.
Finally, we analyze the polarization states of the photon pairs
with a set of half-wave (HWP) and quater-wave (QWP) plates,
polarizing beam splitter (PBS) and single photon detectors D i” ,
fiber-coupled superconducting nanowires on the idler side and
free-space avalanche photodiodes on the signal side.

where 7 is the photon pair creation time within the square-
pump window, s and i subscripts label signal and idler
modes, while |H) and |V) designate horizontal and vertical
polarization states of a single photon, respectively.

Two independent polarization-entangled pairs can be
generated from the same pulse, in the condition that the
delay between the pairs 6t is sufficiently larger than the
coherence time of one pair [36]. In this case, the joint state
of two pairs is described by

|[®(61)) = [(1)) ® |(1 + 61)). (2)

The measured coherence time of a photon pair 7. = 1.9 ns
is defined by the filtering system which is applied to the
both photons (for the details see [31]). Overall, the rate of
twofold coincident detections after storage is 200 Hz for an
average pump power of 4 mW (2 mW at the input of each
waveguide).

The signal mode of each pair is coupled to the QM. The
latter consists of two Nd**:Y,SiOs crystals mounted
around a half-wave plate, together enabling high-fidelity
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polarization storage [37-39]. The absorption profile of the
broad resonant frequency transition of the atomic ensemble
is tailored in a frequency comb using optical pumping
techniques [39]. The prepared AFC fixes the storage time to
7y = 50 ns [22], and the measured total memory efficiency
of the single photon is # =7(1)% in the double-pass
configuration depicted in Fig. 2. To analyze the correlations
between the released signal and idler photons, we use a
combination of quarter-wave plates, half-wave plates, and a
polarizing beam splitter (PBS) on each side.

To detect the stored signal and the idler photons from each
pair, we put two single-photon detectors (SPDs) at the output
ports of the PBS on each side (denoted as “+” and “—" in
Fig. 2). We use superconducting nanowire SPDs (Di)) with
75% efficiency, 100 ns dead time, and 300 ps jitter (tungsten
silicide superconducting nanowire [40]) for the idler pho-
tons. The signal photons are detected with two free-space
free-running silicon avalanche photodiode (D(is)), with 40%
efficiency, 1 us dead time, and 400 ps jitter.

Figure 3(a) shows twofold coincidences as a function of
the delay between the detections of a signal and an idler
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FIG. 3. Temporal multimode storage. (a) The twofold coinci-

dences between detections of the signal and idler photons as a
function of the delay between two detection events. The first peak
at 0 ns stems from the signal photons not absorbed by the QM,
while the second peak at 50 ns corresponds to the signal photons
absorbed by the QM and released after the storage time. Such an
histogram is accumulated for each pair of detectors between
signal and idler photons. A coincidence window of 4 ns (depicted
by the dotted lines) is used to calculate the rates. (b) The total
four-fold coincidences collected during the experiment is plotted
as a function of the delay 6t between photon pairs. The events
corresponding to the stored state (2) inside the storage time of the
QM are delimited by dotted vertical lines from 5 to 50 ns. There
are 9 distinguishable time divisions, demonstrating storage of 10
modes containing single-photon excitations. For longer delay
(> 50 ns), two photons do not overlap at any time in the QM.
Error bars represent one standard deviation assuming Poisson
noise for the counts.

photons. The temporally resolved peak structure corre-
sponds to the transmitted (0 ns) and stored signal photon
in the QM (50 ns) from a single photon pair [Eq. (1)].
However, to detect and analyze the four-photon state
[Eq. (2)], one has to look at coincidences between all
four detectors (four-folds). Our main limitation comes from
the ~1 us dead time of the signal mode detectors. Given
that one photon of the first pair is detected at one output
port of the PBS, the photon of the second pair cannot be
detected in the same output port, as the separation is smaller
than the dead time. For example, if the first photon pair is
detected in (DS‘:) , DS? ), the only way to detect the following
photon pair is with the complementary detector combina-
tion (D(_S), D(_i)). For a given pair of measurement settings
(denoting x and y the choice of measurement setting for
Alice and Bob, respectively), there are thus four accessible
event rates labeled N, ; .., Where a, b = =+. Figure 3(b)
shows the histogram of measured four-fold events for
different delays ot between pairs. The triangular shape is
caused by the square-wave pumping of the SPDC; the
probability to generate two photon pairs with the delay
between them equal to the pump length (in our case 50 ns)
is much smaller for smaller delays.

Two detections on the idler’s side, with delay ot,
herald two signal photons also with delay 6t (within their
coherence times), counted and analyzed after storage in the
QM. In the data analysis, the delay between two pairs is
bounded by the storage time 7,; = 50 ns. Hence, we only
consider the overall range delimited by two dotted vertical
lines on Fig. 3(b). Importantly, by comparing the histo-
grams corresponding to different delays between photon
pairs, we see that the presence of two excitations does not
change the efficiency of the QM. The multimode capacity
of the QM is given by the number of modes (bins on the
histogram) and equal to 10. Those results are direct sig-
natures of temporal multimode capacity of our QM, using
simultaneous storage of two single photons.

The limited set of projection measurements used in this
experiment does not allow us to probe entanglement of the
four-photon state [Eq. (2)] using standard tools. To certify
the presence of two entangled pairs in different temporal
modes, we therefore devise an entanglement witness based
on the event rates N for different pairs of measure-
ment settings.

To distinguish the different temporal modes, the overlap
between adjacent modes should be minimized. The size of
the temporal bins must be larger than the coherence time of
the photon pair generated from the SPDC (~2 ns). For this
reason, we consider only the events when photon pairs are
separated more than 5 ns [Fig. 3(b)], which corresponds to
2.5 times the temporal width of a photon pair. Specifically,
we denote the final quantum state (after the memory) p,
which is of dimension 4 x 4. Our goal is to prove that p
contains two entangled pairs (Fig. 4), without assuming
a priori that it consists of two independent pairs [as in

ab,ab|xy
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FIG. 4. Entanglement witness. From the measured four-fold
correlations, we can compute our central figure of merit 7°
[Eq. (3)]. A value of 7 implies that the operator W, (7) has an
expectation value equal to exactly zero. For a sufficiently large
value of 7, this implies that the expectation value of W(7)
[or W,(7)] is negative. Since we can prove that W, is an
entanglement witness and ¥V, a Schmidt number witness, we can
thus conclude on one or two entangled pairs.

Eq. (2)]. That is, violation of our entanglement witness
certifies the presence of more than one entangled pair, even
if the two pairs may have become correlated inside the QM.
Surprisingly, this is achieved even without direct access to
density matrix elements, but with only proportionality
relations between them [41].

Our witness involves two local measurement settings per
party. Using Bloch vector notation, Alice’s measurements
are given by vectors 6, (for x = 0) and 6, (for x = 1), while
Bob’s measurements are (6, + 6,)/v2 (for y =0) and
(6,—6y)/ V2 (for y = 1). Note that this choice of mea-
surements is typical for Clauser-Horne-Shimony-Holt
(CHSH) inequality tests [39] and suitable for the entangle-
ment witness described below. For a given choice of local
measurements, the event rates N ;. ; are thus proportional
to Tr(P, ® P; ® P, ® Psp), where P, = (1 +abd-5)/2
denote qubit projectors. Our entanglement witness is based
on the expression

1
T:N(Coo+cm+c10—cu)7 (3)
where we have defined correlation functions
ny = z abNab,ZlB\xy (4)
a,b=+1

and a normalization factor
1
N:Z Z Z Nab,&}_1|xy' (5)
x,y=0,1 a,b==1

When p contains one entangled pair (or less), the expres-
sion 7 is upper bounded by

5
T < —==3.535. 6
< (©

Hence, any violation of the witness, i.e. 7 > 5/+/2, implies
the presence of more than one entangled pair in the output

state p. For any separable state p, we prove that the
expression 7 has an upper bound of 2+/2. This allows
us to use the actual value of the witness to certify the
presence of entanglement in general (Fig. 4): the value of 7°
can be attributed to the expectation value of an induced
operator W(7 ). Depending on the value of 7, the fact that
this operator has a vanishing expectation value certifies
entanglement of one or more entangled photon pairs. The
details of the derivation of the bounds are given in the
Supplemental Material [41].

With the recorded four-fold events in hand, we use the
entanglement witness to show that the two pairs used to
probe the multimode properties of the memory are polari-
zation entangled. Each correlator of Eq. (3) is measured
for 900 seconds and the sequence is repeated many times
(see Table I). The experimental value of the entanglement
witness is 7 = 3.67 4 0.06, two standard deviations above
the upper bound (6) of 3.535, attainable when only one pair
is entangled while the other is separable. One can find all
the counts to reconstruct the witness in the Supplemental
Material [41].

To understand what limits our measured value of 7T,
we developed a simple model to predict it, using only the
measurement of the Bell-CHSH parameter S for a single
entangled pair (see the details in the Supplemental Material
[41]). For this, we assume that we are measuring two
independent pairs and a total quantum state of the form
p(V) =pw(V) ® pw(V), where pw(V)=V|p, ) (o |+
(1=V)1/4 is a 2-qubit Werner state with visibility V.
We should measure the value S = 2+/2V for a single
entangled pair in the state py,()), and we can use this to
calculate the expected value of 7. With the photons
retrieved from the QM, we found S = 2.58 £ 0.02, corre-
sponding to a visibility of VV = 0.912 4 0.007, which leads
to an expected value of 7 = 3.64 4+ 0.02, in agreement
with experimentally measured value of 7. We note that in
this model, a minimum visibility of V= 0.85 (for each
identical pair) is required to certify more than one entangled
pair, which is more stringent than the case where all
measurement outcomes are accessible. The maximum
value reachable with a state of the form py is 7 =
8v2/3=3.77 with V =1. The visibility V in our

TABLE 1. Experimental certification of two entangled pairs
after storage. Each correlator C,, is measured as described in the
main text and used to compute the parameter 7 of Eq. (3). 7 is a
model-based estimation of the expected 7 value in our experi-
ment (see text). There is a good agreement between the two.
These results above the bound (6) of 3.535 certify entanglement
for each photon pair released from the QM. The uncertainties
represent one standard deviation, assuming Poisson statistics for
the counts.

Cii T T
—0.88(6) 3.67(6) 3.64(2)

COO COl Cl()
0.98(6)  0.92(7)  0.88(6)

240506-4



PRL 117, 240506 (2016)

PHYSICAL REVIEW LETTERS

week ending
9 DECEMBER 2016

experiment was limited equally by the imperfect prepara-
tion of the polarization-entangled state and multipair
generation from the SPDC source [31].

In conclusion, we quantified the temporal multimode
capacity of our solid-state QM using two entangled photon
pairs as a probe. To ascertain the high-fidelity storage, we
developed an entanglement certification method that can
also be used as a Schmidt number witness. The latter does
not require any assumptions on the quantum state and
works even with a limited set of projective measurements.
Our approach can be adapted to certify entanglement
involving multiple stored excitations in multiplexing quan-
tum memories, harnessing other degrees of freedom such as
frequency and spatial modes of light.

Progress towards a quantum repeater requires the use of
a quantum memory that can retrieve photons on demand,
using a complete long-duration AFC spin-wave storage
[28,29,46] with high multimode capacity [47]. Alterna-
tively, a scheme based on spectral multiplexing, which does
not require temporal on-demand readout, could be used
[17]. Our experiment demonstrating storage of several
entangled excitations in ten different temporal modes of
a quantum memory, together with previous demonstrations,
open promising perspectives in the direction of long-
distance quantum communication.
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