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The roadmaps towards a quantum internet [1, 2] envision
revolutionary breakthroughs, like its classical analog had in
our everyday lives. Quantum networks promise to enable
private communication between remote parties through the
distribution of provably secure cryptographic keys, relying
on the laws of quantum physics [3]. Furthermore, they could
help overcome scalability concerns in quantum computers,
as well as allowing the exchange of computation results in
the form of qubits, or sharing entanglement between distant
recipients [4]. Quantum metrology could also benefit from
quantum networks through enhanced precision by combin-
ing the measurements of remote quantum sensors in a net-
work [5, 6].

Quantum networks are composed of nodes that can store
and process quantum information. These network nodes
are linked via quantum channels. Through these flying
qubits, typically single photons, can be sent either to di-
rectly transfer quantum information, share entanglement,
or synchronize probabilistic operations [7]. First realizations
of elementary networks for entanglement distribution have
been demonstrated in a variety of platforms [8]. In [9] en-
tanglement between two remote single atoms each trapped
in a cavity was generated and subsequently manipulated
by local qubit rotations. Event-ready Bell tests have been
performed to verify the entanglement of two trapped atoms
at separated nodes [10]. Hybrid approaches were pursued
as well, as in [11] where two different rare-earth ion based
quantum memories operating at different wavelengths were
entangled through spontaneous parametric downconversion

Quantum Network Building Blocks
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(a) An ideal single-photon source is an apparatus that
emits exactly one photon. The distinction can be made
between deterministic sources, where the photon is
produced at the push of a button, and probabilistic
ones, which emit spontaneously, at random points in
time. The latter type can be just as useful given that
photons are systematically produced in pairs. In that
case one can be detected to herald the generation of
the other [16].

(b) A quantum memory can be described as a device
that takes an input quantum state from a single photon
and faithfully preserves it in time. (If desirable, it might
also perform an operation on the input state.) At a later
point in time, this device should be able to re-emit the
single photon in said quantum state [17].

(SPDC) photons. Moreover, a truly heterogeneous inter-
connect between a cold atomic ensemble and a rare-earth
doped crystal was successfully demonstrated making use
of quantum frequency conversion [12]. Recently, the first
three-node networks for entanglement distribution were re-
alized. This is the state-of-the-art. In cold atomic ensembles,
entanglement of nodes was achieved through three-photon
interference [13]. Further, the heralded generation of a GHZ
state across three independent nitrogen vacancy centers in
diamond nodes was reported on in [14], constituting a small
network with quantum memories at the nodes capable of
storing and processing quantum information. Subsequently,
quantum teleportation between non-neighboring nodes was
also shown in that system [15].

Optical interconnects that reversibly map quantum states
between matter and light are fundamental for the realization
of quantum networks. Single-photon sources and quantum
memories thus constitute their building blocks. Realistic,
large-scale implementations of quantum networks pose
demanding challenges for these elementary components.
They should be easy to operate in environments outside
of a laboratory, while at the same time being scalable and,
preferably, easy to mass-produce.

Due to their simple atomic level structure and strong optical
transitions, alkali metals are a convenient platform for im-
plementing quantum memories. Significantly, their high va-
por pressure allows for operation at room temperature. This
results in relatively simple setups without the experimental
overhead required by cryogenic or ultra-high vacuum sys-
tems. Additionally, bandwidths of hundreds of MHz to single
GHz can be reached in hot vapor memories, allowing them
to be matched with high quality single-photon sources such
as semiconductor quantum dots [18 - 20] or SPDC sources
[21, 22].

Hot alkali vapors are generally contained in vapor cells,
which can range from conventional glass-blown cells, com-

FIG. 1. Artist's depiction of an optical memory implemented in a
MEMS vapor cell. The 2 mm thin cell can store weak light pulses
consisting on average of a single photon and re-emit them at a
later point in time.




monly used for spectroscopy, to wafer-scale microfabricat-
ed cells [23]. Up to now, microfabricated cells were used
predominantly in the field of quantum sensors, for com-
pact atomic clocks, magnetometers and gyroscopes [24].
So far, no quantum memory was implemented in MEMS
(micro-electromechanical system) cells. Nevertheless, the
MEMS fabrication capabilities are promising for the devel-
opment of scalable quantum networks — they could enable
spatial multiplexing of memories with hundreds of independ-
ent vapor cells on a single wafer, and satisfy the miniaturiza-
tion requirements of satellite-borne applications [25].

Storing Single Photons in Hot Vapor

A prominent choice for storage schemes in atomic ensem-
bles are three-level lambda-systems as depicted in Fig. 2.
Lambda systems are composed of two metastable ground-
states and one excited state. The long coherence times of
the atomic ground states aid in preserving the stored infor-
mation. Initially, the atoms are prepared in the ground state
| g). The incoming single photon is chosen to be resonant
tothe |g) — |e) transition. A strong control pulse, resonant
to the second leg of the lambda (| s) — |e)), is shun on the
ensemble as the single-photon arrives, which maps it to a
spin wave between the two ground states. In other words,
the incoming photonic excitation is mapped onto a shared
coherent excitation of the atoms. This process can be rep-
resented as
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The resultant atomic excitation is known as Dicke state, or
as W state in the field of quantum information theory, which
is particularly robust against particle losses [26]. In the ex-
periments described below, the excitation is stored in an
entangled state containing on the order of a billion atoms.

FIG. 2. Lambda-scheme used for light storage in the atomic en-
semble. The atoms are initialized in the ground state | g). The
ground-state splitting determines how easy it is to filter out the
control pulse after the memory and sets an upper limit to the in-
put's bandwidth. The signal input € and the control pulse Q are
on two-photon resonance. The detuning A is optimized empirically.
The incoming photon is mapped onto a spin wave between the two
ground states.

Depending on the exact operating regime (determined by
the power and detuning of the control pulse) the underlying
physical process varies. In our implementations the relevant
phenomenon is called electromagnetically induced trans-
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parency [27], which can be understood as an interference
of different absorption paths that prevents the excitation of
the atom into the short-lived state |e), instead storing the
photon in the ground state. The read-out process works
through time-reversal. Once a photon is stored, it can be
read-out at a later point in time by applying a second con-
trol pulse. Since the phenomenon is based on a collective
effect, due to constructive interference of the single atoms,
the re-emission of the photons is directional along the same
direction as the input (contrary to fluorescence which is iso-
tropic). This important detail makes the process particularly
convenient for collecting the output.

Implementing a quantum memory ground-state scheme in a
warm atomic ensemble comes with some major challenges.
At room temperature, all the ground states of alkali metals
are equally populated. The strong control pulse used for
reading in and out of the memory can couple to these states
and produce additional, typically thermal, light, e.g. through
spontaneous Raman scattering. These noise photons can
be generated with the same frequency and polarization as
the signal photon and can't necessarily be filtered out after
the memory. It is therefore imperative to initialize the atoms
in the desired state to inhibit these processes. However,
even for a perfect initial state preparation, the control pulse
can couple to state |g) and lead to four-wave mixing [21,
28, 29]. Furthermore, real atoms have a far more complex
level structure than the idealized three-level scheme need-
ed for storage. These additional states can contribute to
the read-out noise as well as adding spurious absorption
channels, which absorb the incoming photon incoherently
without storing it [30, 31]. A clever choice of scheme is nec-
essary, e.g. by exploiting selection rules or engineering the
level structure through the Zeeman effect, to suppress such
possible detrimental processes.

Recently, our group demonstrated the successful suppres-
sion of noise processes in a rubidium ground-state memory,
leading to the first storage and retrieval of high-bandwidth
single photons in such a system [32]. That study showed
the feasibility of interfacing hot vapor memories with single
photons by measuring non-classical number statistics of the
memory output. An important challenge is to realize such a
memory in a microfabricated MEMS cell.

MEMS Vapor Cell Memory

In [33], we reported the first experiment demonstrating stor-
age and retrieval of light in a microfabricated rubidium vapor
cell. The cell shown in Fig. 3(b) was originally fabricated by
the University of Neuchatel for miniaturized atomic clocks
[34]. By applying a tesla-order static magnetic field, a clean
three-level lambda scheme was isolated — this reduces the
spurious effects of other energy levels. In the so called hy-
perfine Paschen-Back regime the energy splittings induced
by the Zeeman shift are larger than the hyperfine splittings.
The magnetic interaction dominates and the hyperfine in-
teraction can be treated as a perturbation, leading to the
decoupling of the nuclear spin I and the total angular mo-
mentum of the electron J. This allows optical control and
addressing single transitions even in a Doppler broadened
medium. For further details about the Paschen-Back regime
we refer the reader to [35].



Communications de la SSP No. 73

(®) A PBS B PBS SNSPD
....................... AFAR--

etalons

s | i

FIG. 3. (a) Sketch of the experimental setup. A strongly attenuat-
ed laser generates the single-photon-level signal pulses which are
overlapped with the control pulses on a polarizing beam splitter
(PBS). The heart of the memory — a rubidium MEMS cell —is placed
in a static, tesla-order magnetic field B,,.. The memory read-out is
“cleaned" by suppressing the control pulse through polarization
and spectral filtration. The memory output is finally detected with a
superconducting nanowire single-photon detector (SNSPD).

(b) Front view of the microfabricated vapor cell. The contained 4’ Rb
can be recognized as droplets on the cell window. By homogene-
ously heating the cell windows the Rb condenses on the side walls,
“cleaning" the windows.

(c) An electromagnet is used to generate the strong magnetic field.
The cell is placed between the ferromagnetic cores, where the field
is most homogeneous. For future developments compact perma-
nent magnets are envisioned to reduce the package size drastical-
ly (similar to what is used in [36]).

The efficiency of a quantum memory scales with the optical
depth of the vapor. However, for a vapor cell with a thick-
ness of merely 2 mm, the optical depth is negligible at room
temperature. In fact, for alkali metal atoms the vapor pres-
sure has a strong dependence on temperature. By heating
the MEMS cell the atom number density thus increases, re-
sulting in a higher optical depth. Hence, good memory effi-
ciencies can be reached even in thin cells. In this particular
case the cell was heated to about 90°C by illuminating it with
infrared lasers.

A schematic representation of the experimental setup is
shown in Fig. 3(a). The signal is generated by pulsing and
attenuating a laser to the level that each pulse contains only
one photon on average. These pulses are shaped to have a
FWHM of about 1 ns and to resemble the envelope of pho-
tons from a downconversion source. The necessary strong
control pulses are generated by an optically amplified laser.
Signal and control pulses are timed to arrive simultaneously
at the vapor cell.

Once the input light pulse is stored, we wait for a storage
time of 80 ns before applying the read-out pulse. After re-
trieval, one major experimental challenges is to discriminate
the 108 — 10° photons constituting the control pulse from the
single reemitted photon. For this purpose the memory out-
put needs to be filtered in polarization and frequency. Cal-
cite prisms with excellent polarization extinction ratios of at
least 8 orders of magnitude are used to separate the orthog-
onally polarized control. Furthermore, a cascade of etalons
is used for spectral filtration. The frequency difference be-
tween signal and control is given by the hyperfine splitting of

the atomic species (and the applied magnetic field). In total,
the control light is suppressed by more than 15 orders of
magnitude, while the signal transmission through the whole
setup stays at around 20 %. The detection of the memo-
ry output is performed with superconducting nanowire sin-
gle-photon detectors.

Atypical arrival-time histogram for the storage of laser puls-
es attenuated to the single-photon level in the MEMS cell is
shown in Fig. 4(b). Before each storage attempt, the atoms'
initial state is prepared by optical pumping.

Zero time delay here corresponds to the arrival time of
photons that are not stored in the memory, simply leaking
through to the detector. After approximately 80 ns, the read-
out control pulse is applied. The photons retrieved from the
memory constitute the second peak. In order to estimate
the read-out noise generated by the memory, a second
measurement is performed with the signal input physically
blocked. From the counts accumulated within the retrieval
time-window (shaded area in the figure) of both measure-
ments, the key figures of merit of the memory can be com-
puted. A signal-to-noise ratio SNR = 7.9(8) and a memory
efficiency 78 = 3.12(17) % were achieved. The memory
efficiency is the fraction of noise-corrected counts detected
in the retrieval time window with respect to the total amount
of storage attempts that were made during the integration
time. Although, this latter quantity might seem low, it speci-
fies an end-to-end efficiency that includes all experimental
losses and inefficiencies along the optical path. Correcting
for said losses yields an internal efficiency (extrapolated to
arbitrarily short storage times) 77, = 24(3) %. This value,
which describes the efficiency of the physical process itself
and is often the quantity cited in literature, is reasonably
close to the theoretical maximum [37] for an optical memory
with the given optical depth.

By repeating the experiment for various storage times, a
change in efficiency can be observed. From the efficiency
drop towards longer storage times (see Fig. 4(c)) the mem-
ory lifetime can be extracted. Commonly, the memory life-
time is defined as the storage time at which the efficiency
drops to 1/e of its maximum value. For this first memory
implementation in a MEMS cell, a lifetime of 224(8) ns was
measured.

Outlook

Different applications require different sets of vapor cell
parameters. The proof-of-principle experiment present-
ed here was implemented with a microfabricated cell that
was designed for atomic clocks. This leaves ample room
for improvement in the next iteration. By optimizing the cell
design and its filling specifically for quantum memories, sev-
eral of the current limitations will be overcome and the per-
formance — in terms of signal-to-noise ratio, efficiency, and
lifetime — improved.

The initial state preparation of the atoms is crucial for min-
imizing the read-out noise. If additional states, especially
the storage state |s), remain populated, the strong con-
trol pulse can couple to them and generate read-out noise.
If the Rb number density is too high, the state preparation
becomes less efficient due to an effect called radiation trap-
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FIG. 4. (a) Pulse pattern applied to the memory. After receiving a
trigger, the pump laser initializing the atoms is switched off. Two
control pulses, separated by the storage time, are applied for the
read-in and read-out of the memory. The signal input is timed to
arrive at the atoms together with the first control pulse.
(b) Typical arrival-time histogram of a storage experiment with an
integration time of about 1 min (blue trace). The peak at zero time
delay comes from photons that leak through the memory during
read-in without being stored. After approximately 80 ns, the read-
out control pulse is applied. The photons retrieved from the memo-
ry constitute the second peak. All detection events within the shad-
ed area — the retrieval time-window — contribute to the memory
efficiency and signal-to-noise ratio. A second measurement, where
the signal input is physically blocked, is performed to estimate the
noise contribution (red trace).
(c) By varying the storage time, the memory lifetime can be ex-
tracted from the decrease in efficiency. The change in efficiency is
well fit by an exponential decay, suggesting the lifetime is limited
by loss processes.

ping [38]. When optically pumping a vapor, an excited atom
emits a photon when relaxing back into the desired ground
state. Under moderate conditions, these photons exit the
medium, but in a sufficiently dense vapor these photons
can be reabsorbed by other atoms, leading to a process
which competes with depletion pumping and makes it less
efficient. By adding a buffer gas, e.g. N,, molecular ro-vibra-
tional degrees of freedom provide the atoms with a non-ra-
diative relaxation channel through collisions. This process,
known as quenching, improves the initial atomic polarization
at high density, reducing the read-out noise [39], and poten-
tially reaching a regime as in [32], where actual single-pho-
ton storage was demonstrated.

An alternative to increasing the cell's optical depth without
simultaneously increasing the alkali number density is to
provide a longer optical path through the atomic vapor. The
small size of MEMS vapor cells is key to their good scalabil-
ity. By engineering cells where the light is internally routed
through the vapor by reflections within the cell, path lengths
of the order of 10 mm could be achieved [24].

In a hot vapor the atoms are in motion. A current limitation
of the memory lifetime are the atoms leaving the interaction
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volume during the storage time. The later the control pulse
is applied for readout, the less atoms contributing to the
collective coherent excitation are addressed. Matching the
vapor cell's inner diameter to the transverse beam profile
ensures that the atoms are confined within the interaction
volume. The atoms collide with the cell walls, but remain ad-
dressable as they bounce back into the control beam's path.
To ensure that the atoms' collisions with the cell walls do not
scramble the stored information, spin-preserving coatings
[40], such as paraffin wax, must be applied to the walls. An
improvement of three to four orders of magnitude in lifetime,
depending on the number of collisions for which the spin
is preserved, is expected with this technique. Beyond that,
second-long storage times have been demonstrated in hot
vapors by applying elaborate schemes to combat decoher-
ence [41].

FIG. 5. Hundreds of vapor cells can be fabricated on a single
wafer, potentially constituting hundreds of independent quantum
memories. Photo courtesy of CSEM Neuchatel.

Recently, the Scalable High Bandwidth Quantum Network
(sQnet) project started, funded through the Quantum Transi-
tional Call by the State Secretariat for Education, Research
and Innovation (SERI). It involves a collaboration between
the Treutlein and Warburton groups at the University of Ba-
sel and the CSEM in Neuchétel, combining atomic vapor
quantum memories, state-of-the-art single-photon sources
based on semiconductor quantum dots, and the expertise
in fabricating wafer-scale vapor cells as well as waveguides
on-chip. The goal of this collaboration is to create a scal-
able platform for high-bandwidth quantum networks based
on high performance elements. A hybrid optical interconnect
in which single photons emitted by semiconductor quantum
dots are stored in compatible quantum memories imple-
mented in tailored MEMS cells will be realized by combining
these elements. A further step will be to use on-chip nonlin-
ear optics to efficiently convert the near-infrared single pho-
tons to telecom wavelengths to drastically reduce the losses
in transmission through optical fibers. With such a toolbox,
first quantum networking tasks such as sharing entangle-
ment between quantum memories over telecom links could
be implemented. Demonstrating the feasibility of a scalable
quantum networking platform operating with high efficiency
and at high bandwidth would pave the road for more com-
plex networking tasks and scaling up to multiple nodes.
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