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Diamond tin-vacancy (SnV) centers are promising candidates for building quantum network nodes. However, their
native photon emission at 619 nm is incompatible with metropolitan-scale networks operating at low-loss telecom
wavelengths. To address this, we demonstrate highly efficient, low-noise quantum frequency conversion (QFC) of
619 nm photons to the telecom S-band at 1480 nm. The conversion process combines 619 nm photons with 1064 nm
pump light in an actively stabilized cavity containing a bulk monocrystalline potassium titanyl arsenate (KTA)
crystal. We achieve an internal (external) conversion efficiency of (48 ± 3) % ((28 ± 2) %) and a noise photon
rate per wavelength of (2.2 ± 0.9) cts/s/pm, which is spectrally flat in the investigated frequency range of 40 GHz.
Furthermore, we demonstrate that the efficiency remains above 80% of its maximum over a frequency range of
70 GHz. Finally, we generate a string of photons from a single waveguide-embedded SnV− center using a train
of excitation pulses and send these through the QFC. After the QFC, we observe telecom light displaying the
SnV lifetime, confirming successful conversion. These results represent a critical step towards metropolitan-scale
fiber-based quantum networks using SnV− centers.
Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License. Further distribution of this
work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.
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1. INTRODUCTION
Quantum networks, consisting of quantum processors intercon-
nected via optical links, have the potential to enable a wide
range of applications, including secure communication, dis-
tributed quantum computing, networked quantum sensing, and
novel tests of fundamental physics [1–6]. Significant progress
toward realizing such networks has led to demonstrations of key
building blocks of a metropolitan quantum network [7–12].

To date, the state-of-the-art multi-node quantum network
comprises three nodes [13], with quantum teleportation demon-
strated between non-neighboring nodes [14]. In terms of on-
chip capabilities, Li et al. demonstrated an architecture for
large-scale heterogeneous integration, calibration, and spectral
tuning of spin qubits, and high-fidelity spin state initializa-
tion and readout [15]. Long-distance heralded quantum en-
tanglement over metropolitan scales has also been achieved,
notably using two nitrogen-vacancy (NV) centers in diamond

separated by approximately 10 km and connected via 25 km
of deployed fiber infrastructure [16]. In addition, the entangle-
ment of two nanophotonic quantum memories was demonstrated
between nearby nodes connected by a 35 km deployed fiber
loop [17].

A key element in many quantum networking protocols is the
generation and interference of single photons, so-called flying
qubits, that are entangled with stationary qubits [18]. These
photons are typically transmitted through optical fibers, where
propagation losses ultimately limit the entanglement generation
rate for longer distances. However, most optically active quan-
tum color centers emit photons outside the telecom spectrum
[13,19,20], where fiber transmission loss is significantly higher
than in the telecom band. Quantum frequency conversion (QFC)
offers a viable solution by coherently shifting the photon wave-
length into the low-loss telecom regime while preserving its
quantum properties [17,21,22].
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Fig. 1. Schematic of the frequency conversion setup. Single photons from an SnV− center are launched into free space and mode-matched
via a telescope before entering the KTA crystal. A half-waveplate is used to align the polarization for maximal conversion efficiency. The
converted telecom light is filtered using polarization optics, long-pass filters, and a bandpass filter (FWHM = 12 nm), and then coupled into
a polarization-maintaining fiber. An additional in-fiber bandpass filter (FWHM = 5 GHz) precedes detection by a superconducting nanowire
single-photon detector (SNSPD). The pump light originates from a continuous-wave single-frequency laser, which is beam-shaped to be
coupled to the bow-tie cavity containing the KTA crystal. This cavity is locked via the Hänsch-Couillaud technique to maintain resonance.
When the internal and external conversion efficiency are measured, the SnV−-emitter setup is replaced with a laser, and the converted light
power is measured before the output fiber-collimator and in-fiber, respectively.

Among the emerging spin-photon interfaces, the negatively
charged tin-vacancy (SnV−) center in diamond has gained at-
tention due to its relatively high quantum efficiency [23,24],
large spin-orbit coupling [25–27], and its inversion symmetry
[28], which allows for nanophotonic integration [15,29–32]. The
SnV− center consists of a tin atom positioned at the interstitial
site between two adjacent missing carbon atoms in the diamond
lattice. In the absence of a magnetic field, the SnV− has four opti-
cal transitions originating from spin-degenerate orbital doublets
in the optically ground and excited states. The coherent emis-
sion, which is useful for entanglement protocols and quantum
applications, is the zero-phonon line (ZPL) transition at 619 nm,
also known as the C-transition, which links the lowest branch of
the ground and excited states.

In this work, we demonstrate low-noise, efficient quantum
frequency conversion of single photons emitted from an SnV−

center in diamond. By converting these photons from 619 nm to
the telecom S-band at 1480 nm, our approach overcomes a ma-
jor bottleneck for SnV−-based metropolitan quantum networks
with deployed fiber interconnects.

2. METHODS & RESULTS
2.1. Quantum Frequency Converter
The QFC setup implemented in this work is adapted from the
design reported in [33] and implemented in [16], modified to
enable frequency down-conversion of photons emitted from the
zero-phonon line (ZPL) of an SnV− center at 𝜆SnV = 619 nm by

a change in the crystal’s cut orientation. The process relies on
three-wave mixing in a bulk monocrystalline potassium titanyl
arsenate (KTA) crystal using a strong intermediate-wavelength
pump laser at 𝜆p = 1064 nm (NKT Adjustik Y10 and Boostik
Y10). The output wavelength, 𝜆out, is calculated via energy
conservation as:

𝜆out = (𝜆−1
SnV − 𝜆−1

p )−1 = 1480 nm. (1)

Efficient conversion is achieved via birefringent phase matching
in the KTA crystal, which is placed within a bow-tie cavity to
enhance the pump laser power to the required levels for efficient
conversion. The crystal is cut such that the wave vectors of the
incident light lie in the plane defined by the crystal’s x- and y-
axes at a phase matching angle of 𝜙 = 40∘ (measured from x
towards y), enabling type-II phase matching, where pump laser
(extraordinary) and frequency-converted photons (ordinary) ex-
hibit perpendicular polarization. The nomenclature follows the
convention where 𝑛𝑥 < 𝑛𝑦 < 𝑛𝑧. A schematic of the complete
setup is shown in Fig. 1.

The 619 nm input is coupled from a polarization-maintaining
single-mode fiber to the free-space setup of the QFC via a col-
limator and mode-shaped with a telescope for optimal overlap
with the cavity mode at the focus position located at the crystal’s
center. The polarization of the 619 nm photons is adapted by a
half-waveplate to optimize the conversion efficiency.

One mirror of the bow-tie cavity is mounted on a piezoelec-
tric actuator for active stabilization using the Hänsch-Couillaud
locking scheme [34]. With an enhancement factor of about 40
(60), more than 350 W of pump laser power is available inside
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Fig. 2. Conversion efficiency measured using classical 619 nm laser light. (a) Internal and external conversion efficiencies as a function
of circulating pump power. A maximum internal (external) efficiency of (48 ± 3)% ((28 ± 2)%) is achieved. The error bars represent the
accuracy of the detectors used. (b) Spectral bandwidth of the QFC setup, measured by varying the red laser input frequency while adjusting
the pump wavelength to keep the converted output fixed. Within a 70 GHz range, conversion efficiency remains above 80% of its maximum.

the cavity from the 9 W input power (6 W coupled power) de-
livered by the laser, which was limited by the stability of the
cavity locking system. The enhancement factor and thus con-
version efficiency can be increased further by optimizing the
impedance matching. To suppress noise from pump scattering
and other nonlinear processes (e.g., Raman and spontaneous
parametric down-conversion (SPDC)), the converted light is fil-
tered. The filtering setup consists of a combination of 1400 nm
long-pass filters, polarization filtering, a narrowband bandpass
filter (FWHM = 12 nm), and a narrowband in-fiber Bragg grat-
ing (FBG) bandpass filter (TeraXion, FWHM = 5 GHz).

2.2. Conversion Efficiency and Bandwidth
When the conversion efficiency is measured, a laser emitting
at a wavelength of 𝜆SnV = 619 nm (Toptica DLC TA pro) is
used instead of the SnV− center. The internal (external) con-
version efficiency is then calculated by the ratio of converted
light power in front of the output fiber-collimator (in-fiber be-
hind the narrowband filter) to the red laser power entering the
free-space part of the QFC, corrected for the ratio of photon en-
ergies (𝜂𝑄 = 1480/619). To approximate the internal efficiency
(i.e., the process’s efficiency inside the nonlinear material), the
results are corrected for the residual reflectivity of optical coat-
ings of 8%. Figure 2(a) shows the conversion efficiency as a
function of circulating pump power. At a circulating pump power
of (360 ± 17) W, an internal efficiency of (48 ± 3)% is achieved.
The error bars are calculated from the accuracy of the power
measurements. A maximum external efficiency of (28 ± 2)% is
observed at a pump power of (344 ± 16) W in the cavity. The
conversion efficiency 𝜂QFC for a nonlinear material of length 𝐿 is
expected to exhibit the following dependency on the pump laser
power 𝑃:

𝜂QFC = 𝜂maxsin2(𝐿√𝛼𝑃), (2)

with the maximum conversion efficiency 𝜂max and the normal-
ized power efficiency 𝛼 [35]. The linear increase of the conver-
sion efficiency with pump laser power suggests an unaccounted
dependency on either 𝜂QFC or 𝛼. Thermal effects are a possible
cause for this deviation from the expected behavior. Sweeping
the incident pump laser power affects the thermal load to the

nonlinear crystal, which results in a change of the temperature
distribution in its coatings and bulk material. This could change
both the effective nonlinear conversion efficiency and the refrac-
tive index of the material, which in turn could change the cavity
geometry. Furthermore, the power reaching the photodiodes is
changed while the incident power is swept, which generates the
error signal for cavity locking. Both an additional dependency
in the conversion efficiency from temperature and a potential
change of the spatial properties of the cavity mode might re-
sult in a deviation from the expected sine-squared dependency.
Further careful investigations are necessary to identify the root
cause of this unexpected system.

Next, we probe the spectral bandwidth of the conversion
setup, which is relevant in conjunction with the properties of
SnV− center emission. Due to varying local strain in the dia-
mond lattice, different SnV− centers may exhibit different emis-
sion frequencies, indicated by the inhomogeneous distribution.
Depending on the SnV− center creation process, the inhomoge-
neous distribution can vary from 4 GHz to more than 100 GHz
[15,36–39]. In addition, SnV− centers’ resonant frequencies can
drift over time [30,36]. For both scenarios, these frequency dif-
ferences can be compensated for by simply adjusting the pump
laser wavelength and thereby maintaining converted photons
with the same frequency. We measure the spectral acceptance
bandwidth by scanning the input signal frequency while com-
pensating with the pump wavelength, thus keeping the target
wavelength fixed. As shown in Fig. 2(b), the system maintains
over 80% of its maximum efficiency across a 70 GHz tuning
range.

2.3. QFC Noise Characterization
With the pump laser wavelength being much shorter than the
wavelength of frequency-converted photons, Raman-scattered
pump photons are not expected to contribute significantly to the
generation of noise, leaving SPDC as the expected dominant
source of noise photons. To quantify the noise introduced by the
QFC process, we measure the count rate (averaged over 20 s) on
an SNSPD (Quantum Opus, detection efficiency 𝜂SNSPD= 75%)
connected to the QFC setup after the in-fiber narrowband filter
while only the pump laser is operating and no red light enters
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Fig. 3. Noise characterization. All measurement data depicted here is corrected for the SNSPD-efficiency, detector dark counts, and (if
applicable) thermal noise and losses introduced by the tunable narrowband in-fiber filter. A Bayesian approach to error analysis is implemented
to prevent a non-physical noise density error bar. (a) Noise density as a function of the pump laser power. The noise increases linearly with the
pump laser power up to a value of (2.2 ± 0.9) cts/s/pm. The data depict measurements with (without) the narrowband in-fiber filter, resulting
in a FWHM of the spectral pass-band of 36.5 pm (12 nm). (b) Noise density as a function of center frequency of the narrowband in-fiber filter.
Within the accuracy of this measurement, spectrally flat noise is measured in the investigated regime.

the QFC. All counts in this configuration, therefore, arise either
from SPDC of the pump laser light in the crystal or can be at-
tributed to black-body radiation and detector dark counts. The
noise density is determined by normalizing the count rate, 𝑁, to
the detector efficiency, 𝜂SNSPD, and the bandwidth of the spectral
filter stack, Δ𝜆BP:

𝑑𝑛
𝑑𝜆 = 𝑁

𝜂SNSPDΔ𝜆BP
. (3)

When the additional narrowband FBG is used, the data are
further corrected for its transmission (𝑇FBG = 81%) for compa-
rability between the two filter setups. The results are depicted
in Fig. 3(a). We observe a linear increase of the noise density
with the pump laser power in the cavity up to a value of (2.2 ±
0.9) cts/s/pm, which indicates SPDC as the leading noise contri-
bution [40]. Measurements with and without the 5 GHz in-fiber
bandpass filter yield similar results. Additionally, the center fre-
quency of the FBG is swept at maximum pump laser power
(see Fig. 3(b)), yielding no significant dependency on the mea-
sured noise rate as a function of the center wavelength of the
filter. Both investigations indicate spectral homogeneity of the
SPDC-generated noise.

2.4. Conversion of Single SnV− Center Photons
We finally apply our quantum frequency conversion process to
photons emitted by a single SnV− center. We first describe the
generation and characterization of those photons. The SnV−

center studied in this work is embedded in a suspended diamond
waveguide device fabricated as described in Ref. [31]. In short,
the SnV− centers are created via tin-ion implantation, followed
by acid cleaning and high-temperature vacuum annealing. The
waveguide devices are fabricated by a quasi-isotropic undercut
etch-based fabrication process.

Photon collection from the waveguide is achieved using a ta-
pered single-mode optical fiber. The fiber is chemically etched
into a conical shape via hydrofluoric acid, producing a lensing
effect when positioned in front of the waveguide taper. The dia-
mond sample and fiber are mounted inside a closed-cycle optical
cryostat operating at 9 K, see Ref. [31] for details.

Resonant excitation of the SnV− is performed using a Toptica
DLC TA-SHG Pro laser at 619 nm from a free-space objec-
tive above the sample. Off-resonant excitation is provided using
either a continuous-wave laser (Cobolt 06-MLD, 515 nm) or
a pulsed laser (NKT Onefive Katana Advanced Laser Diode
Systems PiLas, 532 nm, 65 ps pulse width, 1 MHz repetition
rate, attenuated to ∼500 μW average power) for lifetime and
second-order correlation measurements.

Emission is collected via the tapered fiber and separated into
the ZPL and Phonon-Side-Band (PSB) paths using a dichroic
mirror, see Fig. 4. The ZPL photons are further filtered using
a free space etalon combination, consisting of a 40 GHz and a
4 GHz narrowband etalon in series, to suppress photon counts
from other SnV− centers. For the experiments where frequency
conversion is not performed, the photons are detected using
Laser Component COUNT-T avalanche photodetectors (APD)
with a timing-jitter of ∼400 ps, connected to a time-correlated
single-photon counting module PicoQuant MultiHarp 150 for
time-resolved photon detection. For the conversion experiments,
the ZPL photons are routed to the QFC setup via a 35 m
polarization-maintaining optical fiber.

To generate a train of single photons, we apply pulsed
off-resonant excitation at 532 nm and time-resolve the filtered
ZPL emission. The ZPL photons are collected and spectrally
filtered to a window of 4 GHz. Figure 5(a) shows a histogram
of photon detection times relative to the excitation pulse at
𝑡 = 0. The counts are normalized to counts per bin over the
bin width. The probability of photon detection per excitation
pulse is 9.33e-04. An exponential fit indicates that the lifetime
is (7.47 ± 0.11) ns. The signal-to-noise (SNR) right after the
optical pulse exceeds 1000.

Single-photon statistics are validated via a second-order cor-
relation measurement g(2)(𝜏). The emitted photons are split
with a 50:50 in-fiber beamsplitter and detected with two detec-
tors. We determine the time difference between detected pho-
tons in the different detectors. We integrate the photon counts
where the time difference corresponds to a specific pulse in-
dex separation. The resulting histogram in Fig. 5(b) shows a
clear dip at zero delay. Note that the data also shows bunching,
as the off-resonant excitation leads to an imperfect initializa-
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Fig. 5. Lifetime and second-order correlation function g(2)(𝜏) measurements. (a) Unconverted lifetime measurement results of the
SnV− center under investigation. The optical decay is fitted with an exponential function f(t) = A ⋅ 𝑒−𝑡/𝜏 + B, resulting in an optical lifetime of
the SnV− center of 𝜏 = (7.47 ± 0.11) ns and A = (54394 ± 1112) cts/s and B = (22 ± 8) cts/s. (b) The second-order correlation function g(2)(𝜏)
performed in a pulsed fashion. The data is fitted with a bunching model, g(2)(𝑡) = 1 + A ⋅ 𝑒−𝑡/𝜏, following the procedure of Ref. [41] resulting
in g(2)(0) = (0.298 ± 0.004), without background correction. The fit results include A = (0.51 ± 0.04) and 𝜏 = (7.50 ± 0.85) pulses.

tion into the optically bright negatively charged SnV− state. We
obtain g(2)(0) = (0.298 ± 0.004) without any background correc-
tion, confirming single-photon emission.

We send the SnV− center ZPL photons generated by the off-
resonant laser pulses to the QFC setup, where we convert the
photons to the telecom S-band. The pump laser power in the
cavity is maintained at approximately 350 W. Figure 6 shows
the time-resolved histogram of the converted photons, detected

using the SNSPDs. An exponential fit reveals a lifetime of
(7.58 ± 0.14) ns, in line with the unconverted value. We deter-
mine an SNR of 20 right after the excitation pulse. A high SNR
can thus be achieved by trading it off with detection efficiency
through tight temporal gating. The signal is reduced to 0.04 of
the value before conversion, mainly due to the conversion effi-
ciency (0.28), losses at the free space launching (estimated to be
around 0.5), and losses in the 35 m visible and 90 m telecom op-
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Fig. 6. SnV− center emitted converted photons. The photons
from the SnV− center are converted by the QFC setup and measured
with the SNSPDs at a pump laser power of about 350 W. The opti-
cal decay is fitted with an exponential function f(t) = A ⋅ 𝑒−𝑡/𝜏 + B,
resulting in an optical lifetime of the SnV− center of 𝜏 = (7.58±
0.14) ns and A = (243 ± 6)⋅101 cts/s and B = (102 ± 3) cts/s. The
resulting lifetime is similar to the lifetime measured before conver-
sion. This indicates that we have successfully converted photons
originating from an SnV− center to the telecom S-band. We attribute
the small periodic peaks to either electronic or optical reflections.

tical fiber and connectors. In addition, the noise increased from
22 cts/s to 102 cts/s, primarily due to pump-laser-induced noise
which were determined to be around 2.2 cts/s/pm × 36.5 pm ≈
80 cts/s/pm, see Fig. 3(a). The remaining noise counts are at-
tributed to noise photons leaking into the 90 m fiber linking the
QFC setup to the SNSPD and the dark counts of the SNSPD. The
SNR is limited by the SnV photon rate. An SNR of 360 could be
achieved if the efficient SnV photon source reported in Ref. [42],
which has a detection probability of 1.7e-2, were implemented.

3. CONCLUSION
We have demonstrated efficient and low-noise frequency down-
conversion of single photons emitted from an SnV− center in
diamond, translating its natural wavelength from the visible
regime (619 nm) to the telecom S-band (1480 nm). This con-
version process is based on the three-wave mixing between a
cavity-enhanced pump laser and the single photons in a KTA
crystal, with birefringent phase matching enabling high conver-
sion efficiencies.

We achieve an internal conversion efficiency of (48 ± 3) %
and an external conversion efficiency of (28 ± 2) %, while sup-
pressing noise from the scattering process of the high-intensity
pump laser through polarization filtering and extensive spec-
tral filtering to (2.2 ± 0.9) cts/s/pm. The conversion efficiency
can be further improved by increasing the pump laser power or
improving cavity enhancement.

The cavity resonance is tunable to the pump laser frequency,
allowing for spectral tunability of the converted photons. This
flexibility is crucial for generating indistinguishable photons
from multiple quantum emitters with differing emission
wavelengths, a key requirement for entanglement generation
between different quantum nodes in a quantum network. We
demonstrate a conversion bandwidth of 70 GHz within which
the conversion efficiency remains above 80% of the maximum,

enabling compensating for spectral inhomogeneity between
SnV− centers and spectral drift over time while keeping the
target wavelength fixed.

Altogether, these results represent an important step toward
implementing long-distance, deployed fiber-based quantum net-
works based on SnV− centers in diamond.
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