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Entanglement distribution over quantum networks has the promise of realizing fundamentally new
technologies. Entanglement between separated quantum processing nodes has been achieved on several
experimental platforms in the past decade. To move toward metropolitan-scale quantum network test beds,
the creation and transmission of indistinguishable single photons over existing telecom infrastructure
is key. Here, we report the interference of photons emitted by remote spectrally detuned NV-center-
based network nodes, using quantum frequency conversion to the telecom L band. We find a visibility
of 0.79 ± 0.03 and an indistinguishability between converted NV photons around 0.9 over the full range
of the emission duration, confirming the removal of the spectral information present. Our approach
implements fully separated and independent control over the nodes, time multiplexing of control and
quantum signals, and active feedback to stabilize the output frequency. Our results demonstrate a work-
ing principle that can be readily employed on other platforms and shows a clear path toward generating
metropolitan-scale solid-state entanglement over deployed telecom fibers.

DOI: 10.1103/PRXQuantum.3.020359

I. INTRODUCTION

A future quantum Internet [1,2], built using quantum
processor nodes connected via optical channels, promises
applications such as secure communication, distributed
quantum computation, and enhanced sensing [3–5]. In
recent years, the generation of entanglement between
remote processor nodes has been realized with ions and
atoms [6–9], nitrogen-vacancy (NV) centers in diamond
[10,11], and quantum dots [12,13]. Moreover, other plat-
forms such as rare-earth-doped crystals [14–16], atom-
cloud-based memories [17,18], and mechanical resonators
[19] have been used to explore distributed entangled states.

Central to commonly used remote-entanglement genera-
tion protocols [6,8–13] is the propagation and interference
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of single photons that are entangled with stationary qubits
in the nodes. Scaling these schemes to many nodes and to
long distances poses two main challenges. First, any source
of distinguishability between the emitted photons needs
to be removed to generate high-fidelity entangled states.
Especially for solid-state emitters, this requirement is dif-
ficult to meet for a large number of nodes due to variations
in the local environment of the emitters. Second, for long-
distance connections, photon loss in fibers is a dominant
factor determining the rate at which the entanglement gen-
eration succeeds. Leading platforms for realizing processor
nodes [9,20–24] in a future quantum network have natural
emission frequencies in the visible spectrum; fiber losses at
these frequencies hinder scaling beyond a few kilometers.

In this work, we show that both challenges can
be addressed simultaneously by converting the coher-
ent single-photon emission from NV centers (637 nm)
to a single target wavelength in the telecom L band
(1565–1625 nm) [Fig. 1(a)]. Using the pump lasers to
compensate for local detuning and using active stabi-
lization of the frequency of the converted field, we are
able to decouple the natural emission wavelength of the
emitters from the wavelength used for propagation and
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interference and build fully independent modular quan-
tum nodes. We demonstrate that this method enables the
removal of spectral offsets over a broad frequency range (>
3 GHz). Moreover, the chosen interference wavelength has
low propagation losses over commercially available opti-
cal fibers, making it suitable for long-range single-photon
transmission.

We validate our approach by measuring quantum inter-
ference [26] between telecom photons that are frequency
converted from the emission of two remote NV centers
that are detuned by more than 100 linewidths. By compar-
ing the data to a detailed model, we extract both the major
noise sources and the underlying indistinguishability of the
converted NV photons.

II. INDEPENDENT QUANTUM NETWORK NODES

We employ two independently operated quantum net-
work nodes separated by a few meters on different optical
tables. The nodes are connected to a midpoint located
in two separate 19-in. racks. The relevant elements are
depicted in Fig. 1(c). Each node operates a single diamond
NV center as stationary qubit, hosted in a closed-cycle
cryostat at T ≈ 4 K. The relevant energy levels and opti-
cal transitions of the NV qubit are depicted in Fig. 1(b).
The spin-reset transition is used for spin initialization into
ms = 0 (fidelity > 0.99). We use the transition to the Ex/y
excited state to generate single photons: a coherent optical
π pulse (approximately 2 ns) brings the NV center to the
excited state, followed by spontaneous emission (lifetime
approximately 12 ns [27,28]). Both setups employ their
own lasers and optical components that deliver and collect
light to the NV center.

The nodes are equipped with a (nominally identical)
quantum-frequency-conversion (QFC) module. Here, the
light at 637 nm is converted to 1588 nm via a single-step
difference-frequency-generation (DFG) process. This pro-
cess has previously been shown to preserve entanglement
between the photon and an NV-center qubit [29]. The QFC
modules are based on waveguides in a periodically poled
lithium niobate (ppLN) crystal, where the large nonlinear
coefficient facilitates conversion of single photons using a
strong 1064-nm pump field. Various remotely controllable
components allow for the remote and automated optimiza-
tion of the QFC modules. While this single-step conversion
has the upside of using a prevalent commercially available
pump laser, it has the challenge of introducing spontaneous
parametric down-conversion noise at the target wavelength
by the pump laser due to imperfections in the crystal
domains [30].

After free-space filtering to remove the bright pump
light, the frequency-converted light is guided to a central
midpoint. At the midpoint, a series of filters separate pho-
tons at the target wavelength from stabilization light and
filter out noise photons. To achieve a high suppression of

any broadband background light, we use a two-step filter-
ing process. First, we use a reflection off a narrow band-
stop filter of 0.35 nm, followed by transmission through
an ultranarrow [a full width at half maximum (FWHM) of
approximately 50 MHz] fiber Bragg grating (abbreviated
using UNF). The filters are connected via circulators and
an in-fiber polarizer is used to ensure optimal performance
of the UNF [Fig. 1(b)]. After filtering, we interfere the two
paths using a 50:50 beam splitter and detect the photons
using single-photon superconducting nanowire detectors
(SNSPDs).

III. REALIZING SPECTRAL STABILITY VIA
FEEDBACK

For solid-state emitters, the local environment can influ-
ence the emission properties directly via electric, magnetic,
or strain fields. For instance, for NV centers in nomi-
nally low-strain samples, the local strain environment can
shift the emission frequency by more than 1000 times the
linewidth [31]. While direct tuning of emission wavelength
is in principle possible on several platforms, e.g., by strain
[32], via static electric fields [10,13], or by using Raman-
tuned emission for emitters embedded in a cavity [33,34],
the range of tunability is generally limited. Also, direct tun-
ing brings additional complexities in the device fabrication
and can add significant experimental overhead.

We show that we can use the QFC process to remove the
spectral offset between the NV emission without the need
for direct tuning of the optical transition. An analogous
scheme has recently been used on spectrally distinct quan-
tum dots [35,36]; a key difference is that the NV-center
host diamond also contains a long-lived matter qubit[37]
and can function as a processing node in a quantum net-
work [23]. Using resonant-excitation spectroscopy, we find
the optical transition frequency used for single-photon gen-
eration at each node [Fig. 2(a)]. We observe that these
transition frequencies are separated by approximately 3
GHz (about 100 natural linewidths), as shown in Fig. 2(b).

To bring the NV photons to the same target frequency,
we realize a scheme that locks the pump laser at each node
to the frequency difference between the excitation laser at
that node (and hence the NV emission frequency) and a
joint telecom reference laser at the midpoint. To achieve
this lock, we use a split-off of the excitation laser, offset in
frequency by a fixed 400 MHz, as stabilization light [see
Fig. 2(d)]. We propagate this stabilization light through the
same frequency-conversion path as the NV photons. Due
to the frequency offset, the stabilization light is reflected
at the UNF, traveling backward toward the first circula-
tor, where it exits [see Fig. 1(c)]. Light from the joint
reference laser is inserted at the second circulator, from
where it propagates in the opposite direction through the
transmission flank of the UNF, also exiting on the first cir-
culator. Here, the interference with the stabilization light
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(a)

(c)

(b)

ppLN

FIG. 1. The layout of the two independent network nodes and the midpoint. (a) A schematic of the main components of the setup.
Pulses excite the NV center, which emits single photons through spontaneous decay. The photons are converted to telecom wavelength
and guided toward a midpoint placed in the neighboring laboratory, where they interfere on a beam splitter (for more details on optics,
see the Supplemental Material [25]). (b) The NV-center level structure, showing the spin levels in the ground state and the relevant
optical transitions. The optical transitions of the two nodes have different energies due to local variations in strain (see text). (c) A
detailed schematic showing the optics used for full operation of the system. The nodes are identical and no hardware is shared between
the systems. Each node has a set of charge reset, spin reset, and excitation lasers, which are modulated, combined, and focused via a
high-NA objective onto the NV center. The phonon-side-band (PSB) [zero-phonon-line (ZPL)] emission from the NV center is filtered
using frequency (polarization) filtering and coupled into a multi- (single-) mode fiber. The PSB emission is measured locally on an
Avalanche Photodiode, while the ZPL emission is sent to the quantum-frequency-conversion (QFC) module. Stabilization light is split
off from the excitation path and brought into the single-photon path via a polarizing beam splitter. The QFC module contains remotely
controllable optics to align the input, pump, and converted fields to the waveguide on the periodically poled lithium niobate (ppLN)
crystal that converts both the single photons and stabilization light. Polarization-maintaining (PM) fibers transport the photons to a
midpoint where the single photons are filtered and separated from the stabilization light using a combination of in-fiber filters. The
single photons interfere on a beam splitter and are measured by single-photon superconducting nanowire detectors (SNSPDs), while
the stabilization light interferes with the reference laser and is measured on a photodiode.

is measured on a photodiode, yielding the error signal for
the lock (see the Supplemental Material [25]). We close
the loop by applying feedback to the pump laser, imprint-
ing the same frequency shift on both the single photons
and stabilization light. By transmitting the reference laser

25 MHz detuned from the transmission peak of the sec-
ond UNF, the dc amplitude on the same photodiode serves
as an error signal for active temperature stabilization of
the UNF. Typical transmission profiles of the temperature-
stabilized UNFs and the respective light-field frequencies
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FIG. 2. The removal of spectral offset using conversion. (a) The fluorescence measurement sequence used in (b). A charge-reset
pulse is followed by repeated resonant excitation, during which fluorescence in the PSB is monitored. (b) Resonant excitation spectra
at node 1 (node 2) shown in blue (orange) diamonds, revealing the frequencies of the optical transitions (vertical lines) used for photon
generation. The horizontal axis shows the optical excitation frequency with respect to a 470.477-THz offset. The gray dotted lines are
Lorentzian fits. The right vertical axis shows the frequency of the QFC pump with respect to a 281.635-THz offset. The blue and orange
dots show the QFC pump-laser frequency when the stabilization is active. The solid gray line is a linear fit. (c) A pulse schematic for
measuring the transmission through the ultranarrow filter (UNF) shown in (d). Reflections from the excitation light off the sample
surface, which follow the same path as the resonant NV emission, are converted to the target telecom frequency and measured on the
SNSPDs. The excitation frequency is swept by modulating the AOM frequency [see Fig. 1(c)]. The transmission data are corrected
for the frequency dependence of the losses in the AOMs. (d) The layout of relevant laser frequencies and the transmission data of
the UNFs. The UNF transmissions (blue and orange dots) are actively stabilized via their temperature to half the transmission of the
reference laser (gray vertical line). The stabilization light (red vertical line) is detuned from the target (green vertical line) and therefore
reflected off the UNF (see main text).

are shown in Fig. 2(d). The small deviation from ideal peak
transmission at the target frequency is due to unaccounted
background voltage of the photodiode and the slight dif-
ference in the full width at half maximum (FWHM) of the
two UNFs. The remaining thermal drifts of about 1 MHz
have only a minor (approximately 1%) effect on the trans-
mission (see the Supplemental Material [25]). Note that
the part of the reference light that is reflected off the UNF
exits the circulator toward the SNSPDs and thus needs to
be taken into account when designing the experimental
sequence (see Sec. IV).

We verify our frequency locking by sweeping the exci-
tation laser and monitoring the resulting pump-laser fre-
quency in Fig. 2(b). We observe the expected linear
relationship: a change in excitation laser frequency is
precisely compensated by the pump-laser frequency to
always yield the same target frequency across the full
tuning range. A linear fit yields the target frequency of
1587.5298 ± 0.0001 nm. This data demonstrates the abil-
ity of our frequency-locked down-conversion system to
robustly compensate for a wide range of detunings.

IV. PHOTON GENERATION AT THE TARGET
TELECOM WAVELENGTH

We now turn to the generation of single telecom pho-
tons by the nodes as used for the measurement of two-
photon quantum interference at the midpoint. The mea-
surement sequence involves four stages (see Fig. 3), which
are synchronized across the nodes by a fixed electronic
“heartbeat” every 200 μs. This heartbeat is derived from
a Global-Positioning-System- (GPS) disciplined atomic
clock positioned at the midpoint, which is distributed over
telecom fibers via the White Rabbit precision time pro-
tocol [38]. The first 2.5 μs following each heartbeat are
used for the error-signal generation for the frequency lock.
This scheme allows the frequency lock to operate with-
out knowledge of the state of the nodes, which reduces
the complexity and the rounds of communication needed.
Moreover, it enables the autonomous operation of each of
the nodes, using their own independent hardware to control
the NV center and generate single photons.

In the first stage of the measurement sequence, a charge-
resonance (CR) check is performed at each node to ensure

020359-4



TELECOM-BAND QUANTUM INTERFERENCE. . . PRX QUANTUM 3, 020359 (2022)

(b) (c)

Heartbeat

(ns) (ns)

Detector A
Detector B

(H
z)

Stabilization

10
Excitation

Spin Reset

Charge Reset

Until Success 

t

p

g

Marker

CR checking Comm. Stabilization Photon Generation
(a)

39
2

FIG. 3. The generation of single photons using a fixed heartbeat. (a) The measurement sequence for synchronized generation of
single photons using a distributed heartbeat. For detailed timing, see the Supplemental Material [25]. (b) A histogram of the SNSPD
counts in a single excitation round, averaged over approximately 2.8 × 1011 repetitions and analyzed in 80-ps bins. The measured count
rate (green) is a combination of background (gray) and NV fluorescence (red), which is calculated by subtracting the background from
the total counts. The dotted line depicts exponential decay with a 12.5-ns lifetime and serves as a guide to the eye. The NV signal
before time 0, the peak of the excitation pulse, is due to the nonperfect extinction ratio of the devices generating the optical excitation
pulse. The background data are taken continuously over 24 h to include any drifts that occur over the same time scale as the signal data.
(c) The signal-to-background ratio (SBR) for both detectors as calculated from data in (b) (solid lines). The solid vertical gray line
shows the start of our chosen detection window, whereas the dashed (dash-dotted) line shows the end for the data shown in Fig. 4(a)
[Fig. 4(b)]. The difference between the two curves is due to nonequal detector performance.

that the NV centers are in the correct charge state and their
transitions are on resonance with their respective spin-reset
and excitation lasers [10,39]. In the event that a CR check
fails, a charge-reset laser pulse is applied and a new CR
check is started; this protocol is repeated until success.
Importantly, the CR check can be run in parallel with the
frequency locking, as the stabilization light for the lock
does not reach the NV center or the local PSB detec-
tors; hence the CR checks can run independently of the
heartbeat. The second phase starts once the CR check is
passed on a node, where a digital trigger from the micro-
controller signals the readiness to the other node. After the
readiness of both nodes has been communicated, the heart-
beat at which they move to the third stage is agreed upon
[Fig. 3(a)] and the Supplemental Material [25] for timings
and more information.

The third stage of the measurement sequence is used for
the time-multiplexed frequency stabilization, as described

above. In the fourth stage, we repeatedly apply a block
consisting of a spin-reset pulse (1.5 μs) followed by ten
optical π pulses, ideally generating a train of ten NV pho-
tons. A time-tagged digital signal marks the times at which
the photon generation takes place. This block is repeated
39 times per heartbeat period. After two heartbeat peri-
ods, the system returns to the first stage (CR checks). Note
that during the third and fourth stages, time multiplex-
ing the operations on the NV center and the error-signal
generation for the frequency lock is critical, as the sta-
bilization light and the reference light both leak into the
single-photon detection path.

We analyze the resulting telecom-photon detection rate
in Fig. 3(b) (green line). We show the events observed
in a single detector, aggregated over all single excitation
rounds and both nodes. We denote t = 0 as the relative
time of excitation. A sharp increase in the count rate
is observed when the approximately 2-ns-wide optical π
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pulse starts, followed by a slower decay dominated by
spontaneous emission of the NV centers.

A data set displaying only the noise counts and the
counts due to leakage of the excitation π pulse (gray
line) is independently generated by detuning the excitation
laser by 1 GHz. The observed uniform background con-
sists of intrinsic detector dark counts (5 Hz per detector),
counts induced by detector blinding from leaked reference
and stabilization light (35 Hz per detector), and SPDC
photons from the QFCs (approximately 150 Hz per detec-
tor). The leakage of the excitation π pulse reflected off
the sample is clearly visible. By subtracting this back-
ground from the data, we isolate the frequency-converted
NV signal (red) displaying the characteristic exponential
decay.

In remote-entanglement experiments, the effect of noise
counts can be mitigated by defining a heralding detection-
time window: only photon counts in this window are taken
as valid entanglement-heralding events [10]. In general,
setting the heralding window involves a trade-off between
high signal to background and thus high fidelity (favor-
ing shorter windows) and success rate (favoring longer
windows). In Fig. 3(c), we plot the signal-to-background
ratio (SBR) for the two detectors as a function of the
photon detection time. The SBR is bounded on one side
by the leaked excitation pulse and on the other side
by the NV signal approaching the uniform background.
For the analysis of the two-photon interference visibility
[Fig. 4(a)], we apply a detection window in which the
average SBR exceeds 10 (Fig. 3(c), up to dashed line).
For a more detailed comparison of our model to the data
[Fig. 4(b)], we use an extended window (up to the dashed-
dotted line). In order to maintain the same SBR throughout
the experiment, we employ a system of automatic opti-
mization based on the live monitoring and processing of
the single-photon detection events (see the Supplemental
Material [25]).

V. TWO-PHOTON QUANTUM INTERFERENCE

Next, we investigate the distinguishability of the pho-
tons emitted by the two nodes by analyzing their quan-
tum interference. For two fully indistinguishable photons
impinging on the input ports of a balanced beam split-
ter, quantum interference leads to a vanishing probability
of detecting one photon in each output port [26], while
for fully distinguishable photons this probability is 0.5
[40,41]. From the (properly normalized) coincidence
counts in the two detectors, we can thus extract the dis-
tinguishability of the photons.

Figure 4(a) shows the measured coincident detections
between the two output arms without any background sub-
traction. Each excitation round is treated as a “detection
bin” in which a photon can arrive. We analyze the coin-
cidences per block of ten excitation pulses, defined as a

click in both detectors in the same or two different detec-
tion bins. This leads to a maximum-detection absolute bin
difference of 9 and a coincidence probability increasing lin-
early toward 0 bin difference. We overlay the data with
a model based on independently determined parameters,
treating the photons as completely distinguishable (see the
Supplemental Material [25]). For the nonzero bin differ-
ences, in which the NV photons are fully distinguishable
by their arrival time difference of at least 10 times the
lifetime, the model shows excellent agreement with the
measured coincidences. In stark contrast, we observe a
strong reduction in measured coincidences compared to the
model for the zero bin difference. This drop in coincidences
when the photons arrive in the same bin is the hallmark
of two-photon quantum interference and forms the main
result of this work.

The observed visibility is defined as V = 1 − (CM/Cdist),
where CM is the measured number of coincidences and
the Cdist are the coincidences we would have measured at
zero bin difference in the event that the photons were com-
pletely distinguishable. In the inset of Fig. 4(a), we show
the method of extracting the visibility. First, we use a linear
fit to the total distinguishable coincidences per detection-
bin difference to obtain CE , the extrapolated coincidences
for 0 bin difference. From this value we extract Cdist,
by correcting for the imbalanced emission rates (see the
Supplemental Material [25]). The resulting visibility is
V = 0.79 ± 0.03, which is well above the classical bound
of 0.5 [40,41], proving the successful demonstration of
quantum interference of single photons in the telecom L
band.

A more detailed picture of the temporal shape of the
coincidences allows us to test our model with more preci-
sion [Fig. 4(b)]. The accumulated coincidences for nonzero
bin difference (top panel) show a characteristic shape dom-
inated by the exponential decay of the NV emission. The
data are described well by our model, which takes into
account the temporal shape of the NV-NV, background-
NV, and background-background coincidence contribu-
tions (derivation in the Supplemental Material [25]). The
temporal histogram of coincidences within the same bin
(bottom panel) shows a good match with the temporal
shape predicted by our model. In particular, we observe
no reduction of coincidences at 0 time delay, consistent
with the visibility being limited by background counts
rather than frequency differences between emitted photons
[42,43].

With our knowledge of the background and sig-
nal rates, we can extract the degree of indistinguisha-
bility of the emission coming from our NV centers.
We perform a Monte Carlo simulation of our data set
using the independently determined parameters and apply
Bayesian inference to find the most likely value of the
indistinguishability, given our measured result (see the
Supplemental Material [25]).

020359-6



TELECOM-BAND QUANTUM INTERFERENCE. . . PRX QUANTUM 3, 020359 (2022)

(a)

(b) (c)

(ns) (ns)

FIG. 4. Two-photon quantum interference at telecom wavelength. (a) The histogram of the measured coincidences (blue) for the
analyzed time bins, overlaid with a model assuming distinguishable photons (orange), based on independently determined parameters.
The histogram bin size is 2.4 ns. The vertical lines depict the time origin of each detection-bin difference. The horizontal scale bars
show the relevant time scales in and between the detection-bin difference. The inset shows the extraction of the interference visibility,
corrected for the imbalance of measured photons per excitation of the two nodes, using a linear fit to the total counts per bin difference
(see text). (b) A histogram showing the temporal shape of the nonzero (zero) bin-difference coincidences shown in the top (bottom)
panel. We overlay the data with the same model (see the Supplemental Material [25]), taking into account brightness and background
rates and the indistinguishability of converted NV photons of 0.9 [see (c)]. The bin size for the top (bottom) panel is 0.8 ns (2 ns).
(c) The measured visibility and extracted indistinguishability of converted NV photons for varying window length. The error bars for
visibility and indistinguishability are 1σ and a 68% confidence interval, respectively. The green (blue) circled points indicate data
corresponding to the window length shown in Fig. 4(a) [Fig. 4(b)].

In Fig. 4(c), we plot the visibility and the extracted
photon indistinguishability for increasing detection-time-
window lengths. While the visibility drops for longer
windows consistent with the decreasing SBR, the indis-
tinguishability of the NV photons remains high, at around
0.9. We note that this latter value is similar to values
found for NV-NV two-photon quantum interference with-
out frequency conversion [11], confirming that our con-
version scheme, including the frequency stabilization to
a single target wavelength, preserves the original photon

indistinguishability and enables solid-state entanglement
generation via entanglement swapping.

VI. CONCLUSION AND OUTLOOK

We show quantum interference of single photons emit-
ted by spectrally distinct NV centers, by converting them
to the same telecom wavelength. We demonstrate an
actively stabilized QFC scheme using DFG on fully inde-
pendent nodes. The design and implementation allow for
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the scheme to be used at large distances. Furthermore,
the techniques can be readily transferred to other quan-
tum emitters in the visible regime with minimal adap-
tations to the conversion optics and control schemes
used.

Future improvements to our system can increase the
performance in multiple ways. First, adapting our opti-
cal design to prevent detector blinding by the stabilization
light can lower the detector contribution to the background
counts to the design level of 5 Hz. Second, a different
approach [44] to the QFC technique based on a bulk crystal
may remove the (currently dominant) SPDC background
noise due to poling irregularities. Third, the signal level
of collected coherent photons from the NV centers could
be improved significantly by the use of an open microcav-
ity [45,46]. In particular, achieving a fraction of coherent
emission of 46% as reported in Ref. [45] would raise the
SBR to above 200. Finally, by extending the hardware, we
can stabilize the optical phase of the single photons emit-
ted by the NV centers, enabling entanglement generation
upon heralding of a single photon [23].

By combining the protocols demonstrated here with
established spin-photon entangling operations and photon
heralding at the midpoint [10,11], remote NV centers can
be projected in an entangled state via telecom photons.
Owing to the low propagation loss of these photons and
the extendable control scheme, our results pave the way
for entanglement between solid-state qubits over deployed
fiber at metropolitan scale.

The data sets that support this paper and the software to
analyze them are available at 4TU.ResearchData [47].
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