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Practical quantum networks require interfacing quantum memories with existing channels and sys-
tems that operate in the telecom band. Here we demonstrate low-noise, bidirectional quantum frequency
conversion that enables a solid-state quantum memory to directly interface with telecom-band systems.
In particular, we demonstrate conversion of visible-band single photons emitted from a silicon-vacancy
(SiV) center in diamond to the telecom O band, maintaining low noise (g2(0) < 0.1) and high indistin-
guishability (V' = 89 £ 8%). We further demonstrate the utility of this system for quantum networking
by converting telecom-band time-bin pulses, sent across a lossy and noisy 50-km deployed fiber link, to
the visible band and entangling them with a diamond quantum memory with fidelity F > 87 4+ 2.5%.
These results demonstrate the viability of Si}” quantum memories integrated with telecom-band systems

for scalable quantum networking applications.

DOI: 10.1103/PRXQuantum.5.010303

Many promising applications of quantum information
systems [ 1—4] require the ability to transmit quantum states
over long distances. Quantum memories with efficient,
high-fidelity photon interfaces are a crucial enabling tech-
nology for long-distance quantum communication. They
can serve as quantum network nodes, enabling single-
photon generation [5], realization of quantum repeaters
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[6-8], and deterministic quantum operations between
photonic qubits [9]. While most promising quantum mem-
ories operate in the visible band, standard communi-
cation infrastructure typically operates in the telecom
band, designed for compatibility with existing com-
munication channels such as low-loss deployed fibers.
For these reasons, the realization of interfaces between
visible-band quantum systems and telecom-band clas-
sical systems is crucial for development of practical,
networked quantum systems. Accordingly, interfaces for
converting between visible and telecom wavelengths, gen-
erating entanglement between quantum memories and
converted telecom photons, and memory-memory entan-
glement mediated by converted telecom photons have
been explored for a number of prominent quantum
memories, including trapped ions [10,11], neutral atoms

Published by the American Physical Society
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[12—14], solid-state color centers [15,16], and quantum
dots [17].

Here, we combine low-noise quantum frequency con-
version (QFC) with a diamond silicon-vacancy (SiV) cen-
ter coupled to a nanophotonic cavity to realize a system for
telecom-band networking of a solid-state quantum mem-
ory. We demonstrate that this scheme can operate bidirec-
tionally: first, we show that single photons generated by an
SiV can be converted to 1350 nm while preserving their
quantum properties. Next, we demonstrate that time-bin
qubits generated at 1350 nm and subsequently converted to
match the Si)”s optical transition can be entangled with the
SiV electron spin with high-fidelity, a resource for heralded
state transfer.

In QFC, an input quantum field is overlapped with a
strong pump field (frequency w,) inside of a nonlinear
material, shifting the frequency of the input while other-
wise preserving its quantum properties [18]. This is often
performed as depicted in Fig. 1(a), using difference (sum)-
frequency generation in a x® material such as periodi-
cally poled lithium niobate (PPLN) to achieve frequency
down- (up-) conversion between visible (w,) and telecom
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(wy) frequencies. While such nonlinear frequency conver-
sion is routinely employed in classical applications for
the production of coherent radiation at novel wavelengths
or for detecting long-wavelength signals, in quantum
applications, noise photons from spontaneous parametric
down-conversion (SPDC) and Raman scattering [19,20]
generated by the strong pump field (typically 100-mW
class) lower the resulting fidelity of the transduced quan-
tum state [21]. At frequencies below the pump frequency
w; < wy, Stokes Raman and SPDC processes result in a
broadband noise plateau, whereas at higher frequencies
w; > w,, the comparatively weaker anti-Stokes Raman
signal typically tapers off for separations Aw, = w, —
wp, > 30 THz [22]. This leads to two noise regimes—one
lower-noise, anti-Stokes regime where w, < w;, and one
higher-noise, Stokes and SPDC-dominated regime where
wp, > ;. Since w, is fixed by the choice of quantum mem-
ory, conservation of energy w, = w, — w; restricts the
design of QFC schemes to only one degree of freedom.
Moreover, the need for a strong pump laser introduces
an additional engineering consideration due to availabil-
ity of common gain materials. The resulting trade space
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(a) Quantum networks based on a spin-photon interface with a single atomlike defect center such as silicon-vacancy centers

in diamond coupled to a nanophotonic cavity. Such memories often exhibit visible emission frequencies w,, necessitating quantum
frequency conversion (QFC) to a telecom frequency w, mediated by a pump at w, . (b) The parameter space for low-noise QFC using
a single x @-based conversion step. The red line indicates conversion schemes that can be performed for the Si?”s 737-nm transition,
the blue shaded regions indicate the low-loss telecom O and C bands, and green shaded regions indicate what conversion processes
can be easily pumped given common gain materials. The black star indicates our conversion scheme. (c) SiV emission modality: an
SiV in an overcoupled cavity and a transverse external magnetic field can be driven coherently with alternating initialization ($2jpi)
and control optical pulses (Q2¢ontr) to emit single photons near 737 nm (w, ). (d) SiV absorption modality: an SiV in a critically coupled
cavity and an axial external magnetic field exhibits spin-conserving optical transitions that yield spin-dependent cavity reflectivity,
enabling entanglement with an incoming photonic qubit at w,.
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[Fig. 1(b)] permits selection of a frequency conversion
scheme based on the desired telecom wavelength, the noise
requirements of the application, and the availability of
pump laser amplifiers.

The negatively charged diamond Si/ center is a promis-
ing candidate for the realization of quantum networks. Its
solid-state nature enables on-chip integration and pack-
aging [23-25], its electronic spin degree of freedom can
store quantum information over millisecond timescales
at dilution refrigerator temperatures [26] or single-Kelvin
temperatures when strained [27], and its optical transition
exhibits nearly lifetime-limited spectral stability due to its
inversion-symmetric electronic structure [28]. This stabil-
ity permits integration into nanophotonic crystal cavities,
which provide an efficient interface for spin-photon state
transduction. For example, as shown in Fig. 1(c), an over-
coupled photonic crystal cavity enhances emission of the
incorporated Sil into the desired optical mode. Under an
applied transverse magnetic field, the Sil” exhibits allowed
transitions between spin states that can be driven to ini-
tialize the spin state via optical pumping, or to generate
high-quality, shaped single photons [29]. This “emission
modality” is a resource for quantum networking or quan-
tum photonic processing applications, which benefit from
sources of high-quality single photons [30]. Alternatively,
an SiV can operate in an “absorption modality” when
incorporated into a critically coupled photonic crystal cav-
ity and placed in an axial magnetic field as shown in Fig.
1(d) [31]. This results in spin-dependent cavity reflectivity

that can be used to generate entanglement with a reflected
time-bin photonic qubit.

The Sil”s 737-nm optical transition wavelength at
which these protocols operate experiences strong loss in
standard single-mode optical fiber (>5 dB/km), necessi-
tating QFC to a low-loss telecom band. Examining the
trade-space curve corresponding to the Sil in Fig. 1(b),
we identify a point (black star) where a long-wavelength
pump at 1623 nm facilitates conversion to the edge of the
O band at 1350 nm (typical loss approximately 0.3 dB/km
in standard single-mode telecom fiber), permitting oper-
ation in the lower-noise anti-Stokes regime. This point
maximizes Awy, within the parameter space in order to
minimize pump-induced noise. See Supplemental Material
[32] (as well as Refs. [33—35] therein) for a similar analysis
using other emerging quantum memories, as well as with
multipump conversion schemes [16,36,37]. Transmitting
quantum signals at 1350 nm offers an additional advantage
when co-propagating quantum signals alongside classical
telecommunication signals, which typically occupy the C
band around 1530—-1565 nm. This large spectral separation
allows for efficient and high-extinction separation of quan-
tum and classical data, preventing cross-talk noise that can
degrade protocol fidelity [38].

Figure 2(a) depicts our experimental setup for gener-
ating and converting single photons using a Sil center
incorporated in an overcoupled photonic crystal cavity, fol-
lowing the approach used in Ref. [29]. A tapered optical
fiber is coupled to the device to deliver optical control
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(a) An SiV in emission modality is driven to produce single photons near 737 nm, which are efficiently collected by an

overcoupled nanophotonic cavity then filtered from the driving fields with a free-space Fabry-Pérot cavity before being sent to a
frequency down-conversion setup. A pump laser at 1623 nm is amplified by a fiber amplifier (BKtel photonics) then coupled to free
space. Half- and quarter-wave plates on both the pump and signal paths optimize coupling into the TE mode of the PPLN waveguide.
The pump and signal are overlapped on a dichroic mirror (DM) and coupled into the PPLN waveguide where conversion occurs. The
converted output is collected and filtered by a 25-nm-bandwidth bandpass filter (BPF), a Pellin-Broca prism, and ultimately a 50-GHz
filter formed by a circulator and fiber Bragg grating (FBG). (b) Total external conversion efficiency (green) measured using a classical
737-nm input, and pump-induced noise (blue) as a function of pump power inside the PPLN waveguide. The noise shown here is
calculated for the output of the conversion setup, accounting for the efficiency and dark counts of our SNSPDs.
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pulses, as well as to efficiently collect single photons. We
apply optical control pulses to produce a shaped single-
photon output with a temporal width of 30 ns at a repetition
rate of 670 kHz. A Fabry-Pérot filter removes residual
optical excitation light from the emitted photons, result-
ing in a final single photon generation efficiency of n =
5.0 £ 0.1% within a 75-ns collection window.

Next, we convert these single photons to the tele-
com O band using a custom-fabricated PPLN waveguide
device (see Supplemental Material [32] as well as Ref.
[39] therein). Our input fields are a pump laser at 1623
nm amplified by a fiber amplifier and a 737-nm signal,
either from a laser for QFC efficiency characterization,
or from the output of our Sil/ emission setup for single-
photon conversion experiments. An aspheric lens couples
both fields into separate waveguide modes of the PPLN,
where an on-chip wavelength division multiplexer (WDM)
combines the two modes. The PPLN waveguide output is
collimated by a second aspheric lens, and residual pump
light is removed by a 25-nm bandpass filter followed
by a Pellin-Broca prism with a pinhole after 40 cm of
propagation length. Finally, the converted light is sent
through a fine filter setup comprising a circulator and a 50-
GHz-bandwidth fiber Bragg grating to remove broadband
anti-Stokes Raman noise.

In the strong-pump limit, the total external conver-
sion efficiency is dependent on the pump power in the
waveguide P and the length of the interaction region L
[40]:

Next = MNoptint Sil’l2 (L U0P> s (1)

where 705 is the combined efficiency of all optical compo-
nents and filtering, 1, is the maximum internal conversion
efficiency of the PPLN, and 7y is the normalized internal
efficiency, which is determined by the nonlinear mate-
rial, mode overlap, etc. We measure 1y ~ 19%, limited
by coupling losses between the crystal waveguide mode
and optical fiber (32% total) and the fiber Bragg filter
(59%). By measuring the maximum depletion of the input
737-nm signal, we estimate an internal efficiency ni, ~
65%. This conversion is maximized at an internal pump
power of approximately 130 mW, which for our inter-
action length L = 35 mm indicates a normalized internal
efficiency 19 ~ 1.54 x 10* W~! m~2. Sweeping the pump
power [Fig. 2(b)] and fitting the 1350-nm output power
to Eq. (1) shows a maximum conversion efficiency of
Next = 12.2 2 0.1%, consistent with the losses described
above. This overall efficiency is within a factor of 3 to
4 of leading demonstrations [11,13,14,21] limited by our
waveguide coupling and device efficiency, both of which
could be improved to the state of the art by further device
optimization [32,41].

We probe the noise generated by the strong pump by
measuring the setup output on superconducting nanowire

single-photon detectors (SNSPDs) with zero 737-nm input
power, plotted in Fig. 2(b) after correction for the SNSPD
detection efficiency and dark counts. The noise profile fits
to a linear dependency of 6.8 £ 0.9 Hz/mW of noise pho-
tons generated by the pump, indicating anti-Stokes Raman
scattering is the primary source. This noise reaches a count
rate of 1.0 = 0.1 kHz when the conversion efficiency is at
its maximum. Due to the broadband nature of this pump-
induced noise, a useful metric is the noise spectral density
at maximum conversion p = 21 £ 2 Hz/GHz, which com-
pares favorably to other systems designed for diamond
defect centers [42] and indicates the ultimate fidelity limits
for a QFC system given optimal filtering.

We characterize our QFC system’s ability to preserve
quantum states by measuring the second-order correla-
tions of the single-photon output. First, we benchmark
our single-photon source at its native visible wavelength,
finding good single-photon character of g?(0) = 0.0092 +
0.0002 without background or detector dark-count subtrac-
tion [Fig. 3(a)]. Next, we convert these single photons to
the telecom O band, then send them through a 0.1-km-
long fiber network (69% efficient) between two buildings
before detection on SNSPDs (29% efficient). During the
single-photon conversion experiments, we measure a mean
QFC efficiency of 6 &+ 2%, attributing the additional loss
and high variance compared to the classical case to polar-
ization drift in the fibers between the Si) and our QFC
setup. As a result, the SNR within our 75-ns gated time
bins is 14.5 £ 0.1. For the converted photons, we mea-
sure g@(0) = 0.090 % 0.025, again without background
or detector dark-count subtraction [Fig. 3(b)], indicating
good preservation of quantum properties through QFC.

The quantum properties of our converted photons can be
further probed via Hong-Ou-Mandel interference between
subsequent Sil emissions, using a 1-km delay line as
shown in Fig. 3. A polarization controller in the short
arm of the resultant interferometer permits us to adjust
the relative polarizations between the two arms and com-
pare between the distinguishable case, where the photons
arriving from both arms at the final beam splitter are
cross-polarized [Fig. 3(c)], and the indistinguishable case,
where the photons arriving at the final beam splitter are
co-polarized [Fig. 3(d)]. We measure a HOM interference
visibility ¥ = 1 — g{(0)/g'” (0) = 89 & 8%.

We next demonstrate that our scheme is compatible with
absorption-based quantum memory protocols by perform-
ing frequency up-conversion on a telecom-wavelength
qubit. Figure 4(a) depicts our experimental setup for gener-
ating telecom time-bin photonic qubits, upconverting them
to match the Si)”s visible transition, and generating spin-
photon entanglement. For this experiment, we use an SilV’
in a critically coupled photonic crystal cavity [27] and
an axial magnetic field, resulting in spin-dependent cav-
ity reflectivity that can be used to generate entanglement
with a reflected time-bin photonic qubit.
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Hanbury Brown-Twiss (HBT) interferometry of single photons emitted by an SiV (a) before and (b) after frequency down-

conversion, without correction for background noise or detector dark counts. In spite of the noise induced by the frequency converter
due to our modest filtering, the g?(0) remains below 0.1, indicating strong single-photon quality. We further perform Hong-Ou-Mandel
(HOM) interferometry between successive emissions of the Si}/ using a 1-km delay line, with a polarization controller in one arm of the
delay line to compare between (c) distinguishable and (d) indistinguishable cases. The resultant visibility is measured to be 89 £ 8%,
in line with expectations from the background noise. In all plots, the error bars correspond to the normalized standard deviation due to

shot noise.

We use a 1350 nm laser to generate coherent time-
bin pulses with a full-width at half-maximum of 45 ns
and separated by 144.5 ns. These pulses are generated at
MIT Lincoln Laboratory in Lexington, MA, 15.4 km away
from the QFC receiver at Harvard University in Cam-
bridge, MA. A 50 km deployed fiber link connects the
two sites and attenuates the pulses by 33.7 dB such that
they ultimately arrive at the SiJ device as qubits with
mean photon number (#) &~ 0.1 per pulse. This channel
also imparts noise associated with deployed fiber com-
munications, including polarization drift, timing drift, and
Doppler shifts. To coordinate between the two sites, we
co-propagate a 1550 nm clock signal which synchronizes
the experiment between the two sites, as well as a peri-
odic 1350 nm reference signal to correct for polarization
drifts over the deployed fiber and to serve as a reference for

any drift in the photonic qubit’s optical frequency. Details
about the link as well as our classical communications pro-
tocol for synchronization and stabilization can be found in
Ref. [43].

We modify our QFC setup from Fig. 2(a) to upconvert
light from 1350 to 737 nm via sum-frequency generation
using an identically fabricated PPLN device. Compared to
the previous setup, we replace the lenses and filters to be
wavelength appropriate, and propagate the optical fields
in reverse through the PPLN so that the on-chip WDM
is at the output rather than the input. Importantly, the
increased spectral separation between the pump and con-
verted wavelength for up-conversion relaxes our filtering
requirements, such that the converted light is only filtered
by a 13-nm-bandwidth bandpass filter and a prism, with-
out any fine filtering stage. As shown in Fig. 4(b), we are
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(a) A 1350-nm data laser located at MIT Lincoln Laboratory is carved into time-bin pulses, multiplexed with signals for

classical communications, then sent over a 50-km fiber link (green path: solid line exact route, dashed line approximate), which
attenuates these pulses by 33.7 dB and adds environmental noise associated with deployed fiber. These data pulses are sent to a
frequency up-conversion setup designed similarly to the setup for down-conversion [Fig. 2(a)], but without the narrow final FBG filter.
The resultant visible time-bin qubits are sent through a circulator and reflected off an Si/ in absorption modality. Reflected light is
collected and measured on a time-delay interferometer, heralding protocol success. (b) The relaxed filtering requirements permit an
increased conversion efficiency of 18 & 0.2%, while maintaining a low noise count rate of 1.6 &= 0.03 kHz.

thus able to attain an increased conversion efficiency of
18.0 & 0.2% while maintaining a low noise count rate of
1.63 £ 0.03 kHz after correcting for detector dark counts.
We note that here, the noise profile fits well to a quadratic
power dependency, suggesting these noise counts are dom-
inated by up-conversion of anti-Stokes photons rather than
direct Raman noise [22]. The output of the conversion
setup is sent through a fiber-optic circulator and deliv-
ered via a tapered fiber to the Sil cavity, where light is
transmitted or reflected depending on the SilV spin state.
Reflected light is routed to a time-delay interferometer
(TDI) that measures the photonic qubit using avalanche
photodiodes. Using this system and the pulse sequence
shown in Fig. 5(a), we generate the spin-photon entangled
state |Y) = (|1E )+ L 1)) /«/5 conditioned on success-
ful detection of a reflected photon. Here, |E) and |L) denote
the presence of a photon in an early or late time bin, respec-
tively. We characterize this entanglement by measuring the
photon and the spin in the joint ZZ and XX bases. Figure
5(b) shows the retrieved spin-photon correlations, limited
primarily by residual reflectivity of the || ) state [32]. Fol-
lowing Ref. [44], we use these correlations to calculate an
entanglement fidelity of F > 87.0 & 2.5%; we note that
this is a lower bound, taken without correcting for read-
out errors. This result constitutes a heralded transduction

protocol that reveals no information about the absorbed
state, providing a key resource for quantum repeaters and
other quantum networking protocols.

Taken together, these experiments demonstrate bidi-
rectional quantum interface between a diamond quantum
memory and telecom photons. In particular, the Sil’s
737-nm transition wavelength and our choice of conver-
sion between the telecom O band enabled the use of a
long-wavelength pump, reducing the noise induced by the
conversion process. Our heralded state transduction from
a telecom photon to a diamond memory, incorporating
classical telecommunication signals for timing synchro-
nization and stabilization over deployed fiber, highlights
the compatibility of the Sil platform with telecommu-
nication infrastructure. This work can be extended and
improved along several directions. The conversion effi-
ciency was limited by coupling losses and nonunity
internal conversion efficiency, and could be improved
by further device optimization to realize up to nex ~
70% [41]. Our down-conversion demonstration utilized
a broad filter over 100x the Sil’s lifetime limited
linewidth; using a narrower final filter thus offers a clear
avenue for further SNR improvement. While our proto-
col fidelity was limited by the finite cooperativity of the
device used here (max C ~ 1.6), other works have shown
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or Z basis, as appropriate for the photon state sent.

higher cooperativities C > 100, enabling higher fidelities
F > 94% [45].

The ability to transduce single-photon quantum states
between visible and telecom wavelengths with high fidelity
has implications across quantum information science
applications. Single telecom photons are an important
resource for photonic quantum computing; replacing cur-
rent resource state generators with single telecom photon
sources would improve processing efficiency and reduce
errors from multiphoton events [29,46—50]. Furthermore,
our system can be used for generating multiphoton entan-
gled states when interfaced with a second cavity-coupled
SiV [45]. When used as an input to a photonic proces-
sor, such cluster states can dramatically improve the effi-
ciency and fidelity of photonic quantum computers [5].
When combined with access to nuclear memories [27]
and improved nanophotonic devices, these results offer a
path towards more general deployed quantum network-
ing. The high-bandwidth nature of our conversion system
[32] enables bridging of the frequency difference between
individual SiVs due to the natural inhomogeneous distribu-
tion [51-53], and provides an avenue for taking advantage
of the built-in spectral multiplexing of solid-state memo-
ries [54]. This approach also allows for interfacing SiVs

with other quantum information platforms such as neu-
tral atoms [35], trapped ions [10,55], or other color centers
in diamond [56,57], where performing frequency conver-
sion to a common wavelength would facilitate photonic-
mediated entanglement generation between these systems.
This could enable quantum networks comprising diverse
physical qubits, where different applications including
computing, communication or sensing could be performed
by physical systems best tailored to the task.
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