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We report on experiments demonstrating the reversible mapping of heralded single photons to long-lived
collective optical atomic excitations stored in a Pr’*:Y,SiOs crystal. A cavity-enhanced spontaneous
down-conversion source is employed to produce widely nondegenerate narrow-band (~2 MHz) photon
pairs. The idler photons, whose frequency is compatible with telecommunication optical fibers, are used to
herald the creation of the signal photons, compatible with the Pr>* transition. The signal photons are stored
and retrieved using the atomic frequency comb protocol. We demonstrate storage times up to 4.5 us while
preserving nonclassical correlations between the heralding and the retrieved photon. This is more than 20
times longer than in previous realizations in solid state devices, and implemented in a system ideally suited

for the extension to spin-wave storage.
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Many protocolsin quantuminformationsciencerely on the
efficient and reversible interaction between photons and
matter [1]. The interaction lays the basis for the realization
of quantummemories forlightand of their application, e.g., in
quantumrepeaters [2,3]. Possible choices for the system used
tostore lightare single atomsin cavities [4], cold orhotatomic
gases [5—13], or rare earth (RE) doped solid state systems
[14]. Thanks to the weak interaction between the optical
active ions and the environment, RE doped crystals offer,
when cryogenically cooled, the long optical and spin coher-
ence times typical of atomic systems, free of the drawbacks
deriving from atomic motion [ 15]. Moreover they possess the
benefits of the solid state systems, such as strong interaction
with light, allowing for efficient storage of photons [16,17],
and the prospect for integrated devices. Furthermore, their
inhomogeneously broadened absorption lines can be tailored
in appropriate structures, like atomic frequency combs
(AFCs), to enable storage protocols with remarkable proper-
ties (e.g., temporal or frequency multiplexing) [18-24].

Single photon level weak coherent pulses [25,26] and
qubits [18,27,28] have been stored in the excited state of
rare-earth doped crystals using the AFC scheme. This has
recently been extended to the ground state, in the regime
of a few photons per pulse [29]. The storage of non-
classical light generated by spontaneous parametric down-
conversion (SPDC) has also been demonstrated and has
enabled entanglement between one photon and one col-
lective optical atomic excitation in a crystal [30,31],
entanglement between two crystals [32], and single photon
qubit storage [33,34]. However, the mapping of nonclass-
ical light using AFCs in rare earth doped crystals was
obtained so far only in systems with two ground state
levels, thus inherently limited to the optical coherence and
not directly extendable to spin-wave storage.
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On the contrary, Pr** or Eu** doped crystals have the
required level structure for spin-wave storage [22,23,29].

In particular, Pr3* : Y, SiOs is one of the optical memories
with the best demonstrated properties. Storage efficiencies as
high as 69% for weak coherent states [16] and storage times
up to 1 minute (the longest in any system so far) for classical
images [35] have been reported. Despite these extraordinary
performances, which make Pr3*:Y,SiO5 an excellent can-
didate for quantum memories, the storage of quantum light
has never been achieved in this material. As a matter of fact,
the pseudoquadrupolar interaction which splits the crystal-
field singlets into hyperfine sublevels, providing the three-
fold ground state required for the storage in the spin state,
also establishes a tight bound (< 4 MHz) to the bandwidth
of the single photons to be stored. Recently, a SPDC source
was developed to create ultranarrow-band photon pairs, with
the signal and the idler photons compatible with the Pr3*
transition at 606 nm and with telecommunication optical
fibers, respectively [36].

In this Letter we report on experiments where one photon of
the pair (signal), whose presence is heralded by the other
photon (idler), is stored as a collective optical atomic
excitation in a Pr3* :Y,SiOs crystal with the AFC protocol.
We show that the nonclassical correlation between the two
photons is preserved for storage times up to 4.5 us, more than
20 times longer than in previous solid state experiments
[30,31]. The demonstrated nonclassical correlations between
an atomic excitation stored in a crystal and a photon at
telecommunication wavelengths are an essential resource to
generate heralded entanglement between remote crystals [37].

The AFC scheme [19] relies on the creation of a series of
narrow absorbing peaks with periodicity A in a trans-
parency window created within the inhomogeneous profile
of the crystal. The single photon is then mapped onto the
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crystal, leading, in the ideal case, to a single collective
optical  excitation: 2721 e kv g0t g - .. e gn,)s
where N, is the number of atoms, |g) and |e) are the
ground and excited state, respectively, k, is the single
photon wave vector, and X; (§;) is the position (detuning) of
atom j. After an initial inhomogeneous dephasing, the
atoms will rephase after a time 7 = 1/A giving rise to a
reemission of the photon in the forward direction, the so
called AFC echo [18].

Figure 1(a) represents the experimental setup. The
coherent light at 606 nm is obtained by sum frequency
generation of 1570 nm and 987 nm lasers [23]. Its
frequency is locked to a temperature stabilized cavity
placed in a home-made vacuum chamber. Two beams
are spatially separated, the first being used as a frequency
reference for the photon-pair source [36] and the second
for the memory preparation [23]. Their frequency and
amplitude are varied by double-pass acousto-optic modu-
lators (AOMs) driven by an arbitrary waveform generator
(Signadyne). After the AOMs, the beams are coupled into
polarization maintaining single-mode fibers and out-
coupled in two separated optical benches hosting the source
and the cryostat (closed cycle cryogenic cooler, Oxford
V14), which is exploited to cool the Pr3*:Y,SiOs crystal
down to 2.8 K.

The heralded single photons are obtained from the
photon-pair source, whose detailed description is given
in Ref. [36]. A cw pump beam at 426.2 nm, modulated by
an AOM, produces photons at 606 nm (signal) and
1436 nm (idler) by SPDC in a temperature-stabilized
periodically poled lithium niobate (PPLN) crystal. A
bow-tie cavity surrounding the crystal enhances the
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FIG. 1 (color online). (a) Experimental setup. AOM, acousto-
optic modulator (2x when double pass); FC, filter cavity; ETA,
etalon; SMF, single-mode fiber; MS, mechanical shutter; SPD,
single photon detector; 1/2, half-wave plate. (b) Energy level
scheme of Pr3* in Y,SiOs restricted to the fundamental levels of
the ground *H, and the excited 'D, manifolds. (c) Example of
AFC with A = 500 kHz.

SPDC process for the resonant frequencies. The cavity is
stabilized with the reference beam at 606 nm, to ensure the
signal resonance with the Pr’*:Y,SiOs crystal. To main-
tain the cavity resonant with the idler, the pump frequency
is locked using light at the idler frequency created by
difference frequency generation of the pump and the
606 nm reference beam passing through the same PPLN
crystal. The double resonance allows a very efficient
suppression of the redundant spectral modes due to the
so-called clustering effect [36]. The photon-pairs’ spectrum
is thus composed of a main cluster and two secondary
clusters separated by 44.5 GHz, each containing four
longitudinal modes [36]. In order to operate in the
single-mode regime, the heralding telecom photons are
filtered by a home-made filter cavity (linewidth ~80 MHz
and free spectral range (FSR) ~16.8 GHz). They are then
coupled into a single mode fiber and detected by an InGaAs
single photon detector (SPD, IdQuantique id220, detection
efficiency #,; = 10 % and 400 Hz dark count rate). The
heralded 606 nm photons are filtered with an etalon
(linewidth =~ 10 GHz and FSR =60 GHz), resulting in
the mere suppression of the secondary clusters. They are
then sent to the crystal via a single mode fiber. The optical
transmission of the signal (idler) photon from the output of
the bow-tie cavity to the cryostat (SPD) is n, = 0.18
(n; = 0.22). To optimize the detection of the stored and
retrieved photons, we switch off the pump beam using the
AOM after the detection of an idler photon, thus interrupt-
ing the creation of new photon pairs. The correlation time
of the photon pair is measured from the idler-signal cross-
correlation function Gfi) (1) to be 7, = 108 ns, correspond-
ing to a photon bandwidth of év = 2.3 MHz (1.84 MHz)
for the signal (idler) photons [36].

Our storage device is a 3 mm thick Y,SiO5 sample doped
with a Pr** concentration of 0.05%. The relevant optical
transition is at 605.977 nm with a measured absorption
coefficient of @ =23 cm™! and an inhomogeneous line-
width of 5 GHz [23]. A half-wave plate (1/2) ensures the
polarization of the photons is aligned close to the optical D,
axis of the crystal, in order to maximize the absorption. To
prevent noise from the strong preparation beam polluting
the single photon mode, we use two different optical paths
with an angle of 2.5 degrees. The maximum power in the
preparation mode before the cryostat window is 6 mW and
the beam diameter at the crystal is 150 ym. The beam
diameter for the input mode is 50 ym. The single photon
mode is directed to a Si-SPD (Excelitas Technologies,
efficiency 7, = 32% and 10 Hz dark counts) via a single
mode fiber.

To prepare the memory we follow the procedure
thoroughly described in Refs. [23,38]. We prepare a
transparency window within the inhomogeneously broad-
ened Pr** absorption at 606 nm by sweeping the laser
frequency by 12 MHz. The narrow transparency window
contributes to select only one mode among the four
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remaining in the main-cluster of the source spectrum
which are separated by 412 MHz [36]. Afterwards we
tailor a single class AFC on the ££1/2, — £3/2, transition
by first burning back atoms with pulses at frequencies
differing by A and then performing a cleaning sweep in
the region of the +-3/2, — 4-3/2, transition [see Fig. 1(b)].
To ensure the efficient absorption of the photons by the
periodic structure, the total comb width is set to 3.5 MHz
[see Fig. 1(c) for an example with A = 500 kHz]. With the
present preparation procedure (which lasts for 300 ms) we
are able to tailor spectral features as narrow as 60 kHz.
The input photon frequency is selected to be resonant with
the +1/2,—43/2, transition. Note that the procedure
used for the comb preparation empties the +3/2, ground
state. The £3/2,—43/2, transition could then be directly
used to transfer optical excitations to spin excitations, as
demonstrated in Refs. [22,23] for bright pulses.

The arrival times of the photons to the detectors are
recorded with a time-stamping card (Signadyne) and used
to reconstruct the second-order cross-correlation function
between the signal and idler Gf} (t). A figure of merit for
the nonclassical nature of the photon correlations is the
normalized cross-correlation function [3,30]

o =T (1)
PsDi

where p, (p;) is the probability to detect a signal (idler)
photon and p ; the probability to detect a coincidence in a
time window Az,; = 400 ns centered at zero time delay. All
the results presented in this Letter are from raw data,
without any background or dark count subtraction, unless
otherwise stated.

We first characterize the input heralded single photon by
sending it through the memory crystal when only a trans-
parency window is created [see blue histogram centered at
zero time delay in Fig. 2(a)]. The values of gfi) as a function
of the pump power are plotted in Fig. 2(b). Despite the
expected decrease for increased pump power due to the
production of multiple pairs [39], the values remain well
above the classical limit of 2 (dotted line) for two-mode
squeezed states.

In order to unambiguously confirm the nonclassical
nature of the correlation, we also measure the marginal
auto-correlation function for the signal and idler mode, g£22

and 95,2:')' We find, at the pump power of 5 mW, ggzs) =

1.14£0.03 and ¢% = 1.07£0.02, leading to strong

1,1

violation of the Cauchy-Schwarz inequality in the form
R= (gﬁ?)z/(gﬁ) X g§23) =61 +£2#%1 which proves non-
classical correlations without any assumption on the
created state (see Supplemental Material [40]).

The detected coincidence rate (within Az,;) is
C,; = (0.83 £0.14) Hz/mW. From this value, we infer
the generated coincidence rate C, at the output of the source
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FIG. 2 (color online). (a) Gg_zi)(t) histogram without (blue) and
with (orange) AFC. The preprogrammed storage time is 2 us and
the power of the 426.2 nm pump is 2 mW. The time-bin size is
5 ns. The dashed lines and shaded area define the detection
windows for the co1n01dences (At; = 400 ns) and noise, respec-
tively, used to compute g“ (b) The g, l) values as a function of
the pump power for the AFC echo (empty squares) are compared
to those for the input photons (empty circles). The heralding
efficiencies iy are also reported (filled triangles).The integration
times range between 30 and 60 minutes. The error bars are
evaluated from the raw number of counts assuming Poissonian
statistics. The dotted line corresponds to the classical limit gf) =
2 for two-mode squeezed states.

CaVity Cg = Cd/(ni”d,i’?sﬂlossr/d.s) =28 kHz/mW, where
Moss = 0.225 is the transmission from the input of the
cryostat to the signal SPD, including the duty cycle of the
memory (50%, see Supplemental Material [40]). We can
also evaluate the heralding efficiency in front of the
cryostat, ny = py.i/(Pi X a5 X Moss)» Whose values as a
function of pump power are plotted in Fig. 2(b) (full
triangles). Note that 7 is mainly limited by #, and dark
counts in the heralding SPD. Subtracting the contribution
of the 1436 nm detector dark counts we find corrected
heralding efficiencies almost constant, 5°¢ ~ 6.3% (35%
at the output of the source cavity), over the whole range of
pump powers investigated. Finally, we estimate that more
than 95% of the heralded signal photons detected after the
crystal are resonant with the atoms (see Supplemental
Material [40]) [41].

Once the nonclassical nature of the input photons
propagating through the transparency window is demon-
strated, we prepare the AFC and reconstruct the G( >( 1)
function for the stored and retrieved photons. Flgure 2(a)
includes the coincidence histogram when an AFC is
producing a collective re-emission at a delay of 7 =2 us
(orange trace). The values of g£ l) for the AFC echo as a
function of the pump power are reported in Fig. 2(b) (empty
squares). The count rate in the region of the AFC echo is
C = (0.043 £+ 0.03) Hz/mW. We observe that the echoes
exhibit g§ 1) values higher than the input photons. We
attribute this unexpected effect to the fact that the AFC
acts as a temporal filter [42] for nonresonant noise arising
from the SPDC source. Since the SPDC pump laser is
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turned off after the detection of an idler photon, the AFC
delays the signal to a region free of broadband noise, thus
increasing the 95,21‘- A more quantitative analysis of this
effect is presented in the Supplemental Material [40]. When
the pump power decreases, the detection of the echo is
limited by the detector dark counts. This gives rise to a
saturation of the echo gg :) values which hides the filtering
effect of the storage.

In view of applications in temporally multimode quan-
tum memories with on-demand readout, the preprog-
rammed delay 7 must be tunable to allow the application
of control pulses transferring the excitation to the spin
states [23]. Thus, we changed the spectral periodicity A of
the AFC to obtain increased delays. Figure 3(a) shows the
coincidence histograms in the region of the AFC echo
occurring at different predetermined storage times. The
AFC storage efficiency, #pc, is estimated by comparing
the number of counts of the input propagating through the
transparency window and the echo; it decreases for longer
delays, as shown in Fig. 3(b), denoting a reduction of the
comb finesse [18]. We note that the AFC efficiency with
single photons does not decrease with respect to the storage
of bright or weak coherent pulses of similar durations (the
different cases together with a theoretical evaluation are
compared in the Supplemental Material [40]). This con-
firms that there is no significant frequency jitter for the
single photons. We could reach AFC storage times of
4.5 ps, while preserving nonclassical correlations [see
Fig. 3(c)]. As we stop the production of pairs after the
detection of a telecom photon, the region where the echo
lies should not be affected by unconditional noise coming
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FIG. 3 (color online). (a) AFC echoes at different predeter-
mined storage times observed in coincidence histograms mea-
sured at 2 mW pump power (integration time is 40 minutes and
the time-bin size is 5 ns). The curves are vertically shifted for
clarity. (b) and (c), AFC efficiency and gT ; (calculated in a 400 ns
window) of the AFC echo as a function of the storage time.
Diamonds: filter cavity in the heralding photon path; squares:
filter cavity removed from the heralding photon path. The error
bars are evaluated from the raw counts assuming P01sson1an
statistics. The dotted line corresponds to the classical limit gg ;=
2 for two-mode squeezed states.

from the source (see Supplemental Material [40]). Thus,
despite the reduction in the AFC efficiency, the echo should
@) for increasing storage times.

S,
As a matter of fact, the decrease in the gfi) values while

increasing the storage time is less pronounced than the drop
of the AFC efficiency [compare the diamonds in panels (b)
and (c) of Fig. 3] and we attribute the reduction to the
limitation given by the detector dark counts.

We also report the values of #apc and ggl measured
without the filter cavity in the idler arm. The efficiencies in
the two cases agree within the experimental error. On the
contrary, despite the factor 2 gain in the raw number of
counts thanks to the reduced passive losses, the g£ l) without
filter cavity decreases due to the frequency multlmodahty
of the source [36]. In fact, among the four modes coexisting
in the main cluster, only one is resonant with the AFC. The
nonresonant modes in the idler arm join the start signals for
the coincidence histogram without corresponding stops (the
Pr3* absorption acts as a filter for the nonresonant mode in
the 606 nm arm), thus decreasing the heralding efficiency
and contributing to the noise increase. Note that frequency
multiplexed quantum light storage could be obtained by
creating several AFCs at different frequencies separated
by the SPDC cavity FSR [24].

Our experiment could be extended to the storage of
entangled qubits (e.g., entangled in energy time [30] or in
polarization with a suitable modification of the pair source).
Alternatively, by doubling the setup, the demonstrated
light matter quantum correlations would enable heralded
entanglement between remote crystals [37]. For the two
cases, the visibility V of the two-photon interference
would be given by the measured gfi) of the stored and
retrieved photons as (assuming uncorrelated background)

V= (gfi) -1)/ (9523 + 1) [43,44]. For the values of gfi)
measured in this work, this would lead to visibilities
between 0.67 and 0.9. In addition, for the latter experiment,
the demonstrated storage time would allow entanglement
between crystals separated by km range distances.

In conclusion, we have demonstrated the reversible
mapping of heralded single photons to collective optical
atomic excitations in a praseodymium doped crystal. We
observed an increase of nonclassical correlations between
signal and idler photons during the storage, thanks to a
temporal filtering effect due to the AFC. Storage times up
to 4.5 us while preserving quantum correlations were
observed, more than 20 times longer than previous solid
state experimental realizations. Furthermore, the transition
used would readily allow the transfer of the excitation to the
ground state to obtain long-lived spin-wave storage of the
quantum state of light, provided that the noise induced by
the control beams can be sufficiently reduced.
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