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Abstract
Efficient and long-term storage of quantum information encoded in single photons is crucial for
applications of optical quantum technologies, e.g. quantum repeaters in communication networks.
Obviously, the maximal storage time is an important benchmark for such memories, as it defines
the distances covered by the network or the applicability of quantum communication protocols
therein. In this paper, we present the implementation of an optical memory driven by
electromagnetically induced transparency, permitting the storage of weak coherent pulses
containing on average a single photon with a signal-to-noise ratio of 1.3(3) for a long storage time
of one second. To achieve this goal, we apply decoherence control by static magnetic fields and
robust dynamical decoupling sequences to prolong the coherence time in a rare-earth ion doped
crystal to 14 s. A novel optical preparation scheme serves to increase the optical depth of the
medium, which enables a light storage efficiency of 12.7(5)% at the single photon level and one
second storage time.

1. Introduction

Optical quantum memories are essential building blocks for quantum repeaters in quantum communication
networks [1]. They require an efficient, high-fidelity and multiplexed storage of single photons on a
sufficiently long timescale. In recent years, progress was made with regard to all these parameters. Storage
efficiencies η > 50% [2–14], fidelities of up to 99.9% were achieved [15], the multiplexing capacity reached
storage of up to 1650 modes [16–20], and a storage time of up to 100ms was achieved [21, 22] at the single
photon level. Storage times of ts ≳ 100ms already enable communication over distances of 1000 km between
the network nodes [23, 24]. As the storage time increases, the possible entanglement rate grows [23],
particularly in the low multiplexing regime, and the potential spatial dimensions of networks expand.

Important for realistic implementations, however, is an advantageous combination of all the above
memory specifications. The storage efficiency is obviously important to reach entanglement rates at a
reasonable level for applications. The largest reported storage efficiency at the single photon level is η = 91%,
but the decay (or storage) time of 15µs in this gas-phase experiment was far too short to enable realistic
implementations of a quantum repeater [7]. As typical features of memories in atomic gases, they offer large
optical depth (OD) and therefore also high storage efficiencies, but the storage time is usually limited to (at
most) the millisecond regime due to atomic motion [25, 26].

Rare-earth ion doped crystals (REICs) with their long population and coherence lifetimes (potentially up
to the regime of seconds, minutes, or even hours) are an appropriate medium to implement a memory with
long storage times. Light storage experiments for classical pulses in REICs yielded storage times up to 53min
in Eu3+:Y2SiO5 and 42 s in Pr

3+:Y2SiO5 [27, 28]. However, the efficiency in these experiments was only in
the regime of 0.01%–0.1%, which is an obstacle for storage at the single photon level. We previously
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increased the efficiency up to 76% by application of a multi-pass setup [29]. However, the low transmission
limits the end-to-end efficiency, and the increased solid angle into which noise can couple degrades the
signal-to-noise ratio. This restricted the applicability for single photon storage.

There are a number of protocols to drive a memory for single photons in REICs [30]. In recent years, the
atomic frequency comb (AFC) protocol probably became the most commonly applied storage protocol in
such media. AFCs permit storage of time-bin qubits and the multiplexing of many temporal modes at low
noise [30–34]. However, the AFC protocol requires optical preparation of spectrally narrow absorption
features by a laser system with sufficiently small linewidth. Electromagnetically induced transparency (EIT)
is an alternative protocol, which is also applicable at larger laser linewidth, allowing less strict requirements
on the laser system [35]. Multiplexed light storage with EIT is possible by exploiting the spatial degrees of
freedom [19].

In this paper, we present EIT based storage of weak coherent pulses on the single photon level for a
storage time of ts = 1s, implemented in a Pr3+:Y2SiO5 crystal (termed Pr:YSO in the rest of the paper for
short). To achieve this, we push the coherence lifetime in the medium by zero first order Zeeman shifts
(ZEFOZ) and robust dynamical decoupling pulse sequences to TDD

2 = 14s. To compensate for the large
optical background induced by the control beam required in EIT, we apply a second Pr:YSO crystal as a
spectral filter. To increase the storage efficiency, we introduce a novel preparation scheme which enables
simultaneous preparation of two atomic ensembles. This increases the OD of the memory and, hence,
doubles the storage efficiency to 12.7(5)%. With these measures, we achieve a signal-to-noise ratio (SNR) of
1.3(3) for storage of a single photon at a storage time of one second. We note that the preparation and filter
schemes are also applicable and of benefit to other light storage protocols.

2. Two-ensemble preparation for EIT at ZEFOZ conditions

We implement EIT in a three-level system in Λ-type configuration with a probe transition at frequency νp
and a control transition at frequency νc (see figure 1(e)), which depicts EIT coupling schemes in two
frequency ensembles in Pr:YSO). The theory of EIT light storage is well-established, see, e.g. [35]. We
therefore give only a short summary of the theory here. In EIT light storage, a strong, classical control pulse
with Rabi frequency Ωc generates a transparency window for the probe pulse, which is assumed to be weak,
potentially at the single photon level. If both pulses are adiabatically switched off, the control pulse transfers
the optical coherence induced by the probe field on the probe transition to a spin coherence between the two
ground states in the Λ scheme. After some storage time, the spin coherence can be transferred back to a
signal pulse by applying a control read pulse, i.e. the probe pulse is retrieved from the memory. The storage
efficiency is determined by the available OD on the probe transition [36]. For small storage efficiencies, the
efficiency grows approximately linearly with the OD.

The storage time is limited by the lifetime of the spin coherence among the ground states, which is in
turn limited by the population lifetime. The latter approaches 1–2 min in Pr:YSO [28, 37]. To suppress
perturbing decoherence processes and provide such long coherence time in REICs, the medium is prepared
under ZEFOZ conditions [38, 39] by an appropriate static magnetic field in three dimensions. The induced
Zeeman levels are less sensitive to perturbations (decoherence processes) induced by the host lattice, and
hence the coherence time significantly increases. At the ZEFOZ point, the coherence time is mainly limited
by limited precision, small deviations, fluctuations, or inhomogeneities in the static magnetic field for
ZEFOZ, leading to non-perfect ZEFOZ conditions, i.e. the dependence of the transition frequency on the
magnetic field is very small, but not fully cancelled.

In our case, we apply a field with B⃗0 = (−86,−160,379)G in a coordinate system where x ∥ D1, y ∥ D2,
and z ∥ b, with the crystal axes D1, D2, and b.

The energy levels in REICs are typically split into hyperfine manifolds, and optical transitions in the
dopant ions are strongly inhomogeneously broadened. In Pr:YSO, the transitions in the 3H4 ↔ 1D2 manifold
around the center wavelength of 606 nm have a homogeneous width of a few kHz, with frequency differences
between the hyperfine states on the order of 10MHz, and an inhomogeneous optical linewidth of some GHz.
Hence, a single laser field will drive different optical transitions in different dopand ions of the broad
inhomogenous manifold simultaneously. Thus, we need to prepare the atomic populations in the hyperfine
ground states via optical pumping to obtain a proper three-level system as required by EIT.

We classify all ions in which the same transition is coupled to the same laser frequency as a frequency
ensemble. At magnetic field B⃗0 in Pr:YSO, we get six Zeeman ground states |0⟩g to |5⟩g and six optically
excited states |0⟩e to |5⟩e in each of the two magnetic sites, i.e. 36 optical transitions per site. Figure 1(a)
shows the level scheme in the magnetic site that we use for our experiments. The ZEFOZ condition occurs
between states |3⟩g and |5⟩g (highlighted in green in figure 1(a)). A common technique to permit
experiments on isolated transitions in a well-defined frequency ensemble is to optically pump the population
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Figure 1. Two-ensemble preparation scheme for EIT light storage in Pr:YSO under ZEFOZ conditions. (a) Level scheme of
Pr:YSO with Zeeman splittings. The relevant hyperfine ground states at ZEFOZ are highlighted in green. The excited states used
for EIT in the first and second ensemble are shown in cyan and purple. The center of the optical transition is at 605.98 nm. The
energetic positions of the Zeeman-split hyperfine levels are given relative to levels |3⟩g or |4⟩e. (b)–(d) Preparation steps: class
cleaning, spin polarization, and backburning & cleaning. We indicate the transitions coupled by the laser pulses in the target
ensembles of the preparation as arrows. In order not to overload the plot, we do not indicate chirps on the laser frequencies. We
depict pulses, which only couple (resonantly) to ϵ1 in cyan, and pulses which couple only to ϵ2 in purple. Red and blue arrows
indicate the control and probe transition. Yellow disks represent the population of the ground state after each preparation step.
Numbers above the level schemes give the typical number of repetitions of the preparation steps. (e) EIT coupling schemes in the
two optically prepared frequency ensembles.

in undesired ensembles to other ground states and ‘shelve’ it therein [40, 41]. In order to achieve this shelving
despite the simultaneous coupling of 72 transitions, we apply a scheme based on spectral hole burning first
described by Lauritzen et al [42]. This prepares an isolated absorption peak as part of a Λ-type level scheme
for EIT. We develop an extension of this scheme to simultaneously prepare two ensembles, which results in
an increased OD and higher storage efficiency. In the following, we describe this preparation scheme.

In the first step of the preparation, called ‘class cleaning’ because it removes absorption in undesired
ensembles at the relevant frequencies, we address the populations in all six ground states by using a series of
laser pulses to drive the populations into an excited state (see figure 1(b)). The population then immediately
decays back to the ground states. We chirp the pulses over a frequency range∆ν in order to suppress
off-resonant couplings in later steps. In the target ensemble, the pulses couple five of the six ground state (all
except |2⟩g) to the same excited state (|2⟩e for the first ensemble ϵ1, blue, orange, and red arrows in
figure 1(b)), while we couple |2⟩g to |4⟩e (cyan arrow in figure 1(b)). Thus, the population in the target
ensemble is shuffled between all ground states. However, the main impact of the class cleaning step is not on
the target ensemble but on other ensembles in which the pulses also pump population, but couple to
different ground states and/or to different excited states. In these undesired ensembles, at least one ground
state remains uncoupled and collects the atomic population. Thus, after class cleaning, pulses with any of the
laser frequencies used so far will only couple the populations in the target ensemble. In order to add a second
target ensemble ϵ2, we simply add a chirped pulse to the end of each class cleaning cycle (see the purple arrow
in figure 1(b)). This pulse couples the transition |2⟩g ↔ |4⟩e in ensemble ϵ2. If the frequency shift between
the ensembles is chosen such that the first five pulses also couple to an excited state in ϵ2 (state |1⟩e in our
case), then the population is prepared in both ensembles simultaneously.

In the second step, called ‘spin polarization’, we repeat the first five chirped laser pulses from the class
cleaning step, but in a different order (see the orange, red, and blue arrows in figure 1(c)). The population
thereby accumulates in state |2⟩g, and the spin state of the nucleus is ‘polarized’ to state |2⟩g (see the yellow
disks in figure 1(c)). To conclude the second step, we apply a pulse with a chirp around νp (see the blue arrow
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in figure 1(c)) to ensure full transparency. This enables a probe pulse reference measurement after this step
for later calibration of the storage efficiency.

As a third step, called ‘backburning & cleaning’ (see figure 1(d)), we apply two fixed frequency
backburning pulses (see the cyan and purple arrows in figure 1(d)) to redistribute the population in ϵ1 and ϵ2
from |2⟩g to |3⟩g. Since part of the population decays into the other ground states, we then clean it by
applying chirped pulses to the remaining four states (see the orange and red arrows in figure 1(d)). Now, we
have prepared a background-free absorption peak in the center of the previously prepared transmission
window, which stems only from the |3⟩g ↔ |2⟩e transition in ϵ1 and |3⟩g ↔ |1⟩e in ϵ2. Furthermore, there is
almost no absorption in a spectral range of width∆ν around the EIT control frequency νc, which enables us
to apply the control pulse for EIT light storage (see figure 1(e)). To ensure perfect transmission at νc even for
imperfect pumping, we apply the pulse around νc at the end of the sequence (see the red arrow in
figure 1(d)). We note that backburning via |3⟩e instead of |4⟩e is also possible, but resulted in a small
background absorption of OD∼ 0.1 in our experiments. Although this could possibly be avoided by further
optimization of the preparation parameters, we apply the backburning pulses on the |2⟩g ↔ |4⟩e transition.

We note that in our light storage experiments, we also apply dynamical decoupling of the spin coherence
by radio-frequency (RF) rephasing pulses on the magnetic dipole transition |3⟩g ↔ |5⟩g. Since RF pulse
errors cause a partial population transfer in all ensembles, we will get some undesired absorption at the
control and probe frequency after each rephasing sequence. Absorption of control pulses at νc causes noise
by fluorescence and Raman scattering, while absorption of retrieved signal pulses at νp reduces the storage
efficiency. To avoid these effects, we slightly modify the preparation sequence described above and add two
chirped pulses before each class cleaning cycle (not depicted in figure 1). These pulses are centered at
νc − νRF and νp + νRF, where νRF is the frequency of the transition |3⟩g ↔ |5⟩g. This creates additional
spectral pits such that no population can be driven by the RF rephasing pulses in the ensembles ϵ1 and ϵ2.
The spectral pits are not fully preserved after the remainder of the preparation sequence, but in the two
ensembles ϵ1,2 ± νRF, the states |3⟩g and |5⟩g which contain the spin coherence remain unpopulated.

To implement the preparation scheme as described above, we require the optimal pulse parameters for
the extended pumping sequences, i.e. pulse intensities, duration, chirp range, repetition rate of the
preparation steps, etc. From a numerical simulation of the optical pumping processes, we determine start
parameters, which are refined by an experimental optimization afterward. The parameters obtained may
vary due to changes in the setup and the environment. The goal is to obtain a narrow absorption peak with
large OD and vanishing background absorption, which we monitor by time-resolved absorption
spectroscopy during the preparation sequence. In total, the preparation sequence takes roughly one second,
and we repeat it prior to every single EIT light storage measurement to maintain optimal conditions.

In principle, the concept of simultaneous optical preparation can be extended to more than two
frequency ensembles. In practice, however, the many required additional preparation pulses can interact and
perturb the population distribution in the targeted ensembles. Thus, the maximal number of ensembles will
depend upon the specific medium and excitation scheme.

3. Experimental setup

Figure 2 schematically depicts the experimental setup. The Pr:YSO sample (Scientific Materials) with a
dopant level of 0.02% and dimensions 5mm× 5mm× 3mm (along the D1, D2, and b-axes) is mounted in a
continuous-flow cryostat (ST-100, Janis) for cooling below 4K. We apply three pairs of superconducting
Helmholtz coils to provide the field B⃗0 for ZEFOZ, and an additional pair of Helmholtz coils to provide RF
rephasing pulses. Before each measurement, we optimize B⃗0 via a gradient descent algorithm to compensate
for daily fluctuations in the magnetic background field and other drifts induced by the environment.

Our laser source (DLC TA-SHG pro 24509, Toptica) is an external-cavity diode laser (ECDL) operating at
a wavelength of 1212 nm, equipped with a tapered amplifier and a cavity-enhanced second harmonic
generation stage. This provides the radiation at 606 nm to drive the optical transition 3H4 ↔ 1D2 in Pr:YSO.
The laser system is frequency stabilized to a linewidth of roughly 20 kHz by using a home-made
Pound–Drever–Hall unit involving a reference cavity.

We split the laser beam into a strong control/preparation beam line and a weak probe beam line. We use
acousto-optic modulators in double-pass configuration for frequency and amplitude modulation in the
beam lines. For storage of weak coherent pulses, we attenuate the probe beam by using neutral density filters.
Both beams are polarized along the D2 axis of the Pr:YSO sample and counter-propagating along the b-axis
with a small angle of∼1◦. In the sample, the beam diameters (beam waist 2w0) are 365µm (control) and
180µm (probe). We found that a proper choice of sufficiently small diameter for the control beam
significantly reduced the level of optical noise—probably due to the smaller interaction volume in the crystal
in which noise photons are generated by the control pulse. Therefore, we reduced the diameter of the laser
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Figure 2. Experimental setup. The lower box shows the storage setup, the upper box the filter setup. The blue, red, and orange
lines represent probe, control, and filter preparation beam lines. The cryostats host the crystals (light green) and several coil pairs
for static and RF magnetic fields. Other relevant items in the optical setup are photo diode (PD), single photon counting module
(SPCM), band pass filter (BP), polarizing beam splitter (PBS), and single mode (SM) optical fiber.

beams in comparison to our previous work on EIT light storage [43]. We also optimized the intensity of the
preparation pulses for a low noise level, as incomplete optical pumping (at too low power) or spectral
broadening (at too high power) may lead to noise by Raman scattering in off-resonant ensembles. For
storage of classical probe pulses, we detect the signal using a photodiode (New Focus 2051-FS). For storage of
weak coherent pulses, the probe beam passes a spectral filter to suppress the large optical background
generated by the control beam—which temporally fully overlaps with the retrieved weak signal pulse in EIT.
Thus, suppression of the large noise generated by the strong classical control field with frequency very close
to the probe/signal pulse is crucial to permit observation of a signal at the single photon level. After the
spectral filter, we couple the probe/signal beam into a single mode fiber and use a single photon counting
module (SPCM, Excelitas Technologies SPCM-AQRH-43-FC) for detection.

The spectral filter is based on a second Pr:YSO crystal (Scientific Materials, 5× 5× 3mm, dopant level
1%) in a cryostat. We optically pump the filter crystal to provide a 600 kHz narrow transmission window
centered at νp, which blocks scattered radiation from the control beam but transmits the signal beam. We
added a dielectric band pass filter to further enhance suppression of broader-band optical noise. Compared
to previous work [43], we now apply a band pass filter with a narrower transmission window of 0.34 nm
(FWHM) (Laser Components), and added a polarizing beam splitter cube (PBS) as well as a shutter between
the storage and filter cryostats. The PBS helps to filter unpolarized noise. The shutter blocks stray light
emitted during the optical preparation steps of the storage or filter crystal from reaching the other crystal.
Otherwise, the filter preparation sequence could reduce the OD of the storage crystal at νp and the cleaning
pulses at νc could reduce the filter absorption. The spectral filter permits in total a background suppression
of up to∼60dB at νc in a single pass. This results in a larger suppression (roughly by a factor of∼10dB)
compared to our previous work even though there we used the filter crystal in a double pass configuration.
This improved performance is also due to a lower broadband background of our ECDL-based system, which
replaced the system based on an optical parameteric oscillator (OPO) used in our previous experiments on
EIT light storage. The large acceptance bandwidth of an OPO in the range of several 100GHz (corresponding
to some 0.1 nm in the visible regime) typically produces a spectrally broad pedestal of optical noise—which
is not the case in an ECDL. This broad pedestal from the OPO is very weak, but becomes relevant at the low
light level of single photon storage. Finally, by arranging the probe and control beam in counter-propagating
geometry and spatial filtering of the signal beam by the single mode fiber to the SPCM, we reach a total
suppression of the control field by∼90dB. This is crucial to permit the observation of single photon storage
by EIT. The total transmission of the probe beam (measured from the entrance window of the storage
cryostat to the SPCM) is 18%, yielding a total detection efficiency of 12% after taking the detector efficiency
into account. We note that we could, in principle, even further increase the filter performance by applying
the filter crystal in multi-pass. However, the double pass would also reduce transmission at the signal/probe
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frequency, and hence increase the time required for systematic measurements, which at storage times up to
one second was already very long. As the filter performance in single pass with a suppression of∼90dB at the
control frequency was fully sufficient for single photon storage, we decided to proceed with this simpler
setup.

4. Experimental results

We start our measurements by optimizing the parameters of the preparation sequence in order to obtain
maximal OD at the probe transition frequency νp. To do so, we first individually prepare and optimize the
absorption for each of the two ensembles. The measured absorption spectra are shown in figure 3(a). We
measured the absorption spectra using a chirped probe pulse which we attenuate to the few-photon level
(∼1photonµs−1) using neutral density filters. The chirp must be kept sufficiently slow to avoid distortions
of the spectra [44]. The absorption lines have a spectral width of∼45kHz (FWHM), which is determined by
the inhomogeneous linewidth of the |2⟩g ↔ |3⟩g transition (approx. 10kHz), the laser linewidth (approx.
20kHz), and additional broadening effects, e.g. instantaneous spectral diffusion and power broadening.

The peak ODs for the two ensembles are OD= 3.2 and 2.3 as determined via Lorentzian fits. The ODs
are different because the transition moments in the two ensembles are different, and the population in the
ground states |3⟩g might also differ due to imperfect optical pumping. We could further slightly improve the
OD by 7% and 3% respectively, by increasing the power of the backburning pulses, but this also increased the
spectral linewidths by 46% and 24%, indicating the onset of undesired broadening mechanisms. We note that
in previous work [43], we implemented EIT light storage in a medium with lower optical depth and, hence,
lower storage efficiency. Our improved preparation scheme now enables considerably larger OD and storage
efficiency (see green diamonds in figure 3(a)). The peak OD is OD= 4.7 and the spectral linewidth is 45kHz
(FWHM). The OD is slightly lower than the sum of the OD of the two individually prepared ensembles,
which indicates some perturbing crosstalk during the two preparation sequences. Nevertheless, the
improvement in OD is a factor of 2 compared to the single-ensemble preparation in our previous work [43].

The efficiency of the EIT light storage protocol also depends upon the control Rabi frequency Ωc. It must
be matched to the duration of the probe pulse, i.e. Ωc must be sufficiently large to provide a transparency
window which covers the probe pulse spectrum, but also sufficiently small to provide a steep dispersion and
compression of the probe pulse in the medium [35]. For EIT light storage in two ensembles, we must fulfill
this conditions in each of them, i.e. Ωc should be similar in both ensembles. This would also be advantageous
for simultaneous application of other storage protocols (e.g. AFC spin storage) in different ensembles.
Figure 3(b) shows the absorption spectra under EIT conditions in the two ensembles for two different
control powers Pc. We find that for both low Pc = 60µW and high Pc = 20mW, the splitting of the
absorption peak is essentially the same in both ensembles. This indicates identical transition dipole moments
at the control transitions, i.e. equal Rabi frequencies, which happens to be the optimal case for simultaneous
light storage in the two ensembles (regardless of whether by EIT or other protocols, such as AFC). However,
the basic concept of the two-ensemble preparation also works for ensembles with different transition
moments, provided robust mapping pulses are applied to cover the difference.

We note that for quite high control powers, we observe some Raman absorption within the EIT window,
yielding a small peak with OD≈ 0.2 at a control power of Pc = 20mW. Since we perform the light storage
experiments at moderate powers up to Pc = 2mW, Raman absorption only plays a minor role. It stems from
ensembles which absorb at the edges of the spectral pit of the probe transition, i.e. with a single photon
detuning of at least 200kHz. At a first glance, it might seem that Raman absorption in the EIT window
reduces the storage efficiency due to absorption of the probe and signal pulses. However, Raman-type light
storage (which can be understood as an off-resonant EIT protocol) indeed increases the storage efficiency
[45]. Although simultaneous storage via EIT in the resonant ensembles and via Raman absorption in the
off-resonant ensembles could be used to further increase the storage efficiency, we tried to avoid Raman
absorption by appropriate design of the preparation sequence in order to investigate proper EIT conditions
in our memory. Nevertheless, we always determined the small amount of Raman absorption in our
measurements by skipping the backburning pulses in the preparation sequence, i.e. by not preparing the
absorption peak at νp, and recording a spectrum. We subtracted it from the EIT spectra to obtain the data
shown in figure 3(b).

For further analysis, we fit the EIT spectrum [35] (solid lines in figure 3(b)) and get the control Rabi
frequency Ωc. Figure 3(c) shows the obtained variation of the control Rabi frequency Ωc with the control
power Pc for the two ensembles, as well as for simultaneous preparation of both ensembles. Over a variation
of Pc in three orders of magnitude, there is no difference between the values for Ωc in the two single
ensembles or for their simultaneous preparations. We fit a power law Ωc = a · (Pc)b to the data, since we
expect Ωc ∝

√
Pc, i.e. an exponent of 0.5. The dashed lines in figure 3(c) show the fit results, which confirm
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Figure 3. (a) Absorption spectra after preparation of two individual frequency ensembles (blue disks and orange squares for ϵ1
and ϵ2) and after simultaneous preparation of both ensembles (green diamonds). (b) Absorption spectra at EIT conditions in ϵ1
(blue circles and black triangles) and in ϵ2 (orange squares and red diamonds, shifted up by OD= 3 for clarity) for control power
Pc = 20mW (blue circles and orange squares) or Pc = 60µW (black triangles and red diamonds). Symbols represent
experimental data, solid lines are fit functions according to [35]. (c) Dependence of the Rabi frequencyΩc vs Pc determined from
the EIT spectra, for the individual ensembles and after simultaneous preparation of both ensembles. Note the logarithmic scales
on both axes. Dashed lines show power functionsΩc = a · (Pc)b with a and b as fit parameters.

the exponent b= 0.500(3) and yield a proportionality constant a= 2π× 76.1(4)kHz
√
mW

−1
. The control

Rabi frequency values for ϵ1 and ϵ2 are the same within the precision of our measurement. From this result,
we estimate µ≈ 3× 10−33Cm on the |5⟩g ↔ |1⟩e and |5⟩g ↔ |2⟩e transitions, which roughly agrees with the
values in the range of 1.2× 10−32 to 3.7× 10−32 Cm previously reported for Pr:YSO [41, 46, 47].

We now proceed to EIT light storage of classical probe pulses with a power of Pp = 100µW, first at a
short storage time of 2µs, without rephasing by RF pulses. We set the control power of the rectangular
control pulses to Pc = 2mW (corresponding to a Rabi frequency of Ωc = 2π× 110kHz), which matches with
probe pulses with a duration of 7.5µs. As the storage efficiency depends upon the temporal shape of the
probe pulse, we follow the procedure described in [48, 49] to iteratively optimize the pulse shape towards
maximal storage efficiency. We obtain an efficiency of η0 = 15.5(5)% at the short storage time of 2µs, which
is far below the dephasing time of T∗

2 = 1/Γinh ≈ 200µs due to the inhomogeneous broadening Γinh of the
spin transition |3⟩g ↔ |5⟩g. Therefore, rephasing was not required in this measurement. From theory, we
expect a storage efficiency of∼25% for an OD of∼4.7 [36]. However, the latter theory is valid for zero
magnetic field only. This may already explain a deviation from the observed value of∼15.5(5)% for the
maximal storage efficiency in our experiment. Moreover, we suspect residual background absorption and
interference of EIT with residual off-resonant Raman-type interactions to further reduce the efficiency.

For EIT light storage towards longer storage times, we now apply ZEFOZ and simple ‘spin-echo’
rephasing by two RF π-pulses of duration 35µs. We measure the light storage efficiency vs the storage time.
Figure 4(a) shows the results for classical pulses. A Gaussian fit, which is in accord with the theory given in
[50], yields a 1/e decay time of TSE

2 = 1.83(4) s. Thus, the decoherence control by ZEFOZ and rephasing
permits the prolongation of the storage (or coherence) time by almost four orders of magnitude compared to
T∗
2 . From the storage efficiency of ηSE = 9.8(2)% at ts = 200ms, we estimate the rephasing efficiency of the

π-pulses as ηπ =
√

ηSE/η0 ≈ 80%. Here, we assume pulse errors to be the only deteriorating effect at this
storage time ts, since ts ≪ TSE

2 . We note that we improved ηπ by a factor of 2 compared to our previous work
[43]. We further prolong ts by applying dynamical decoupling, i.e. a sequence of π-pulses in which the time
separation is ideally shorter than the typical timescale of decoherence processes induced by the environment
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Figure 4. (a) EIT light storage efficiency η vs storage time ts (experimental data) for classical pulses and rephasing by two simple
π-pulses (black data points) or a universally robust UR16 composite sequence (red data points) under ZEFOZ conditions. The
black and red lines represent a Gaussian and an exponential fit. Note the logarithmic scale on the time axis. (b) Histogram of
photon counts for EIT light storage of weak coherent pulses under ZEFOZ conditions, but without rephasing pulses. The storage
time was ts = 2µs. Orange, blue and green bars show the counts for different mean number of probe photons n̄. We only show
the probe pulse for n̄= 0.66(4). The data were collected in 1000, 2000, and 3500 experimental runs for n̄= 5.6(2), n̄= 2.1(1),
and n̄= 0.66(4), and scaled to 2000 runs to permit appearance in the same plot. The gray dashed line represents the timing of the
control pulses, and the red solid line indicates the averaged noise level during the signal integration time (gray shaded area). (c)
Photon counting histogram for storage of weak coherent pulses at the single photon level for a long storage time of ts = 1s. Note
that in this plot, we magnify the signal pulses and average noise level by a factor of 2 and interrupt the time axis between storage
and retrieval. We collected the data in 800, 1800, and 4200 runs for n̄= 4.3(2), n̄= 1.3(1), and n̄= 0.45(3), and scaled all data
to 2000 runs. (d) Variation of the SNR vs mean photon number n̄ for storage times of ts = 2µs (green) and ts = 1s (red)
corresponding to the data shown in (b) and (c). The solid lines and shaded areas indicate linear fits with uncertainty regions. The
dashed line marks the threshold SNR= 1. Note the logarithmic scale on the SNR axis.

medium [51]. However, we cannot decrease the pulse separation below∼50ms (or increase the number of
pulses per time interval accordingly) because of heating of the cryogenically cooled crystal by the large
number of RF pulses. Thus, the time separation of the π-pulses is much longer than the typical timescale of
decoherence processes induced by the environment medium, and it is not dynamical decoupling in the strict
sense. Nevertheless, as will be shown below, the technique still improves the coherence time by roughly an
order of magnitude.

To compensate for pulse errors, we apply a robust composite pulse sequence. The UR16 sequence [52]
with a total duration of 1s and pulse separation 62.5ms very efficiently compensates for the amplitude and
detuning errors of the RF pulses. Since the UR16 sequence is most robust for a pulse area slightly smaller
than π, we apply pulses with a duration of 32.5µs, i.e. slightly shorter than π-pulses, to achieve maximal
rephasing efficiency. We vary the storage time ts by increasing the number of cycles of the UR16 sequence
without changing the pulse separation. Figure 4(a) shows the measured variation of the light storage
efficiency η with ts. For ts = 1s, i.e. a single UR16 sequence, we get η = 12.7(5)%. This is only 3% lower than
the efficiency without any rephasing—despite the application of 16 π-pulses and the increase in storage time
by six orders of magnitude. In a conventional CPMG [53, 54] sequence of 16 identical π-pulses, we would get
an efficiency of the rephasing sequence of (ηπ)16 = 0.816 = 2.8% only, compared to a rephasing efficiency of
ηUR = 82(4)% in our UR16 sequence. The composite sequence UR16 obviously compensates very well for
arbitrary pulse errors and outperforms conventional sequences. An exponential fit, as predicted by theory in
[50], to the data in figure 4(a) yields a decay time of TDD

2 = 14.4(3) s, permitting EIT storage of classical light
pulses in the regime well above 10s and with an efficiency well above 10%. Note that the coherence time is
shorter than our record of 42 s for EIT storage of classical pulses in Pr:YSO [28]. The latter work used CPMG
sequences for dynamical decoupling, which preserves the coherence of only a small subset of phases very
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well [55]. The UR16 sequences used in our present experiment for single photon storage are applicable for
arbitrary phase and thus permits a much larger storage efficiency.

We proceed to apply our setup to storage of weak coherent pulses, i.e. to pulses at or near the single
photon level. First, we characterize our setup at a short storage time of ts = 2µs at ZEFOZ conditions, but
without RF rephasing pulses. Figure 4(b) shows the photon counting histogram (i.e. the number of probe
photons and retrieved signal photons vs time, detected at the SPCM) for storage of weak coherent pulses
with different mean number of probe photons n̄. Obviously, the memory is applicable at the level of very few
or single photons, i.e. the retrieved signal pulses for n̄= 2.1(1) and 5.6(2) are very clearly detectable well
above the background noise level (see red line in the graph). Even for the lowest number of probe photons,
n̄= 0.66(4), the retrieved signal is clearly visible above the background noise level of 8(1)× 10−3 counts per
shot. The average few-photon storage efficiency of η ′

0 = 16(1)% is consistent with η0 = 15.5(5)%, which we
measured for storage of classical pulses (see above).

We add now a single UR16 rephasing sequence to enable storage of weak coherent pulses for one second.
Figure 4(c) shows the measured photon counting histogram. As it was to be expected, the noise level at this
long storage time increases to 14(1)× 10−3 counts per shot, which is a factor of 2 larger than for the short
storage time of ts = 2µs. We attribute this to remaining imperfections of the rephasing sequence despite its
robustness [56]. Nevertheless, even at this very long storage time of one second, the retrieved signal pulses at
the few-photon level of n̄= 4.3(1), close to the single photon level n̄= 1.3(1), or even down to n̄= 0.45(3)
are detectable above the background. In the latter case of n̄= 0.45(3), we determine SNR= 0.6(2). The
average storage efficiency in these measurements at the single photon level is η ′ = 13(2)%, which is
consistent with the value of η = 12.7(5)% for classical pulses.

In figure 4(d), we plot the SNR vs the mean number of probe photons n̄ and a linear fit for the two
measurement series at short and long storage times, according to figures 4(b) and (c). From the fit for short
storage time ts = 2µs, we see that for storage of a single photon, n̄≈ 1, we obtain SNR= 2.2(2). From the fit
for long storage time ts = 1s, we find that for single photon storage we still maintain an SNR of 1.3(3). If we
define a detection threshold by the typical condition SNR= 1, we see that this is reached at a probe level of
0.7(2) photons. Thus, the retrieved signal at the level of a single probe photon is well above the background
noise even at this very long storage time. This confirms the conclusion we had already drawn earlier based on
the data in figure 4(c): The EIT-driven memory in the Pr:YSO crystal is applicable for storage of single
photons, permitting a long storage time of one second and efficiency over 10%. This serves as an important
step towards the potential implementation as a quantum memory.

We note that we could even further improve the SNR in our setup by investigating alternative rephasing
sequences and optimizing them towards low noise level. Even if their efficiency is a bit lower than the UR16
sequence, the SNR could improve [56]. However, it is very time-consuming to run such an optimizing
procedure on the long timescale of one second and already low noise level at which we measure a noise
photon only after many trials. Thus, we left this option for future investigations. Also, we must not fail to
mention that both ZEFOZ, as demonstrated in our previous work [43], and dynamical decoupling, as shown
here, increase the noise and thus, decrease the SNR of our memory, which is a price to pay for prolongation
of the storage time by six orders of magnitude in our experiment.

To the best of our knowledge, our experiment is the first demonstration of single photon storage at a long
timescale of one second. Previous implementations of single photon storage by EIT applied in cold atomic
gases and were limited to storage times in the millisecond regime due to atomic motion and magnetic field
inhomogeneity [57]. A storage time of 100ms was achieved in a single trapped Rubidium atom at an
efficiency of 22% using an off-resonant Raman storage protocol and an optical cavity to enhance the OD
[21]. As a particular benefit over gases, solid state systems (or the emitters and memories implemented
therein) do not suffer from atomic motion. They are already ‘trapped’ in space, which is a significant
advantage. In Eu:YSO, storage of weak coherent pulses at the single photon level for as long as 100ms with
2.60(2)% efficiency was implemented using the AFC protocol [22]. Our memory exceeds this storage time
by one order of magnitude and the efficiency by a factor of 5. We note that AFC requires a laser at smaller
linewidth compared to EIT, but on the other hand permits lower background level (as the retrieved signal
pulse is delayed with respect to the control readout pulse) and facilitates temporal multimode storage.
Therefore in future investigations, we plan to apply our setup for single photon storage by AFC towards very
long storage times as well.

5. Summary and conclusion

We experimentally demonstrated an optical EIT-driven memory in a Pr:YSO crystal capable of storing a
single photon for a very long timescale of one second, at a storage efficiency of 12.7(5)%. If we define the
detection limit by a signal-to-noise-ratio SNR= 1, this permits a threshold as low as 0.7(2) photons stored
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in our memory. Thus, the retrieved signal at the level of a single probe photon is well above the background
noise even at the very long storage time of one second. To achieve these results, we prolonged the coherence
time in the medium by ZEFOZ [38, 39] and rephasing with universally robust UR16 [52] composite pulse
sequences to 14 s. Compared to our previous work on EIT light storage [43], we modified our optical setup
to reduce the noise level by a factor of∼5. This was possible by several technical improvements in the setup
of a spectral filter. Moreover, we developed and applied an optimized optical preparation, which permitted
EIT light storage in two frequency ensembles in the doped solid simultaneously. The latter measure doubled
the OD to 4.7 and as well pushed the storage efficiency of the memory by a factor of 2. The concepts are also
applicable to alternative light storage protocols and other REICs.
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