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Abstract: We report the demonstration of a Franson interferometer for a highly non-degenerate
time-energy entangled biphoton source. A Franson interferometer realizes a Bell test for
time-energy entanglement and can thus be used to verify entanglement distribution in quantum
networks and security in quantum key distribution. The highly non-degenerate source has signal
and idler photons at 810 nm and 1550 nm, respectively, making this source a potential interconnect
between free-space and fiber optic quantum networks. We observe a single channel visibility of
V = 0.992(6) with an average visibility over the four output channels of V = 0.984(3). These
visibilities overcome the visibility threshold necessary in closing the postselection loophole in
the Franson interferometer Bell test.

1. Introduction

Long-distance links between quantum networks have several envisioned applications, including
distributed quantum computing, quantum sensor networks, and enhanced communication security
through methods such as quantum key distribution (QKD) [1–3]. The development of free-space
quantum communications links comprising airborne or spaceborne assets are critical in the near
term to enable these long-distance quantum links between widely separated assets, such as any of
the regional quantum networks currently under development [4,5]. Using direct connections over
terrestrial fiber optic networks, these interconnections are only feasible up to several hundred
kilometers at most before losses become too high [6]. On the other hand, free-space quantum
links have been demonstrated beyond 1000 km [7,8].

If two regional terrestrial networks are connected via an air- or spaceborne link, it is possible
the terrestrial networks and free-space links may utilize different wavelengths. It is likely that one
would choose the terrestrial network to fall within the telecommunications bands near 1300 nm
or 1550 nm, while in the free-space links there would be more freedom of wavelength choice.
Reasons for a specific wavelength selection could include either the targeting of transparency bands
in the atmosphere [9] or taking advantage of smaller divergence angles at shorter wavelengths,
either of which can improve photon-starved space-ground link margins depending on full system
considerations [10, 11], or being resonant with specific atomic transitions to employ quantum
memory within the greater quantum network [4, 5, 12–17]. Thus, a source that generates highly
non-degenerate photons is envisioned to serve as a quantum interconnect between varied networks
comprising space, airborne, and terrestrial assets, or, more generally, any two networks of differing
wavelengths. Pair non-degeneracies spanning nearly four octaves have been demonstrated [18],
enabling wider choice of network architectures. Furthermore, non-degenerate biphoton pairs
have been at the center of recent quantum communications protocol demonstrations featuring
time-bin multiplexing [19], multi-user scenarios [20], and long-distance teleportation involving a
solid-state qubit [16].

Quantum metrologies for free space quantum communication sub-components and systems
are needed to support the development and monitoring of quantum networks. These metrologies
are used in quantifying non-classical properties and are used in trade-studies for verification and
validation of performance applicability to quantum network architectures of interest. Franson
interferometry, one such metrology, realizes a Bell test for quantum correlations in time-energy or
time-bin degrees of freedom [21], and has been shown to demonstrate fundamental non-classical



outcomes in a wide range of biphoton sources, including those based on spontaneous parametric
down-conversion (SPDC) [18, 22, 23], quantum dots [24], and spontaneous four-wave mixing
[25, 26]. Furthermore, Franson interferometers have been implemented partially [25, 27–29] and
completely [30–32] in fiber optics and with a solid-state quantum memory comprising one arm
of the interferometer [15, 17].

Franson interferometers quantify the fidelity of time-energy or time-bin entanglement in
quantum networks or their proximate components [33], as well as the security of time–energy
entanglement-based QKD protocols [31] (the latter can also be addressed via another method
based on dispersive optics [34–37]). In both applications, entangled photons are distributed
to separate receivers – Alice and Bob. The resulting measurement visibility, V, is related to
the fidelity [23] or the quantum bit error rate [38] maintained through the link. Interferometric
visibilities exceeding 94.6% for Bell tests (in certain configurations described below) [39] and
97% in QKD applications [31, 40] are typically necessary. Any reduction in visibility can be
indicative of either noise or the presence of an eavesdropper in the quantum channel; hence,
greater measurement precision generally allows for higher verifiable fidelity and an increased
secure key rate.

Here we present the results of a Franson interferometer measurement demonstrating high
visibility non-classical correlations. Most Franson interferometer implementations to date have
been with degenerate or near degenerate sources [19,22–25,31]. The limited number looking
at highly non-degenerate sources have reported low visibilities, making them unsuitable for
verifying QKD performance or overcoming key Bell test loopholes [13–16,32,41]. The presented
iteration is optimized for use with a highly non-degenerate correlated biphoton source operating
at 810 nm and 1550 nm, making it relevant for nodes that interconnect fiber optic and free space
network links.

2. Methods

2.1. Theory

The general setup from Franson’s original proposal [21] is composed of two symmetrical,
unbalanced Mach-Zehnder interferometer (MZI) measurement stations, with no particular
requirement on photon degeneracy or non-degeneracy. Prior to measurement, pairs of continuously
generated time-energy entangled photons are emitted and spatially separated from one another,
allowing each photon from a pair to travel into an independent interferometer. For highly
non-degenerate sources, such as that used here, the two interferometers are each optimized for
a specific wavelength to improve performance and are therefore not interchangeable. We will
henceforth refer to the 810 nm and 1550 nm photon measurement stations as Alice and Bob,
respectively.

The general experimental layout is depicted in Fig. 1. The interferometer arms have different
lengths, 𝐿, with subscripts denoting the short (𝑠) and long (ℓ) paths. The path length difference
between the arms, Δ𝐿 = 𝐿ℓ − 𝐿𝑠 , nominally the same in both Alice and Bob, has a few conditions.
This distance must be shorter than the pump laser coherence length but longer than the coherence
length of either of the down-converted photons. Furthermore, the path length differences
between the two interferometers must be shorter than the two-photon coherence length. These
requirements ensure that the photons do not exhibit first order interference, which would manifest
in the singles counts, 𝑁𝑠 . Rather, the interference occurs in the rate of coincident detections, 𝐶,
between the biphoton pairs after passing through their respective MZI. The short and long paths
lead to different coincident detection times from the four possible combinations of paths, 𝑠𝑠, 𝑠ℓ,
ℓ𝑠, and ℓℓ. Of these, based on their times-of-arrival, 𝑠ℓ and ℓ𝑠 are distinguishable, while 𝑠𝑠 and
ℓℓ are indistinguishable. The coincidences in the latter interfere, exhibiting the characteristic
non-classical effect of the Franson interferometer. The former do not interfere and their lack of
contribution to the Bell test leads to the necessity of introducing non-local postselection, which
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Fig. 1. Schematic of the Franson system in combination with a highly non-degenerate
SPDC source. The system contains two symmetrical, unbalanced Mach-Zehnder
interferometers, one for each photon wavelength, and a time tagger for photon correlation.
The path length difference of Alice’s interferometer is varied by moving a translation
stage holding the two mirrors (dashed box).

opens the postselection loophole (PSL) [39, 42, 43].
The 𝑠𝑠 and ℓℓ interference is observable in any of the four distinct coincidence rates between

the detectors at Alice (𝑎1 and 𝑎2) and Bob (𝑏1 and 𝑏2). The interferometric phase, Δ𝜙 =

(𝜔𝑎Δ𝐿𝑎)/𝑐 + (𝜔𝑏Δ𝐿𝑏)/𝑐, of the coincident detection depends on the optical frequencies of the
down-converted photons, 𝜔𝑖 , the path length differences, Δ𝐿𝑖 , and the speed of light, 𝑐. The
subscripts 𝑎 and 𝑏 denote the photons sent to Alice and Bob, respectively, as well as their local
phase settings. We can vary the phase difference via changes in long path lengths of either Alice
or Bob. The normalized coincidence rates for the four output channels follow the form [23]

𝐶𝑎𝑖 ,𝑏 𝑗
(Δ𝜙) = 1

4

(
1 + (−1) 𝛿𝑖 𝑗V cosΔ𝜙

)
, (1)

for the detectors 𝑖, 𝑗 = 1, 2 at Alice and Bob, with an overall average visibility, V, and the
Kronecker delta, 𝛿𝑖 𝑗 .

As mentioned above, non-local postselection of the central 𝑠𝑠 and ℓℓ coincidences opens the
PSL. Closing this loophole is an experimentally difficult-to-overcome shortcoming of the original
Franson setup, and, furthermore, it is an exploitable loophole that can undermine determination
of network security using Bell tests [44]. Methods for closing this loophole include modifications
to the source and/or interferometer design through the use of hyperentangled states [45], time-bin
entanglement with fast switching mirrors [46,47], or a hugging interferometer layout [23,48].
Another approach requires the use of chained Bell inequalities [39, 49, 50], which work, in
essence, by requiring more measurement settings, be it polarization projections or, as in this case,
phases of the interferometers. The increase in measurements, in turn, places higher burdens on
either local realism or an eavesdropper [49], depending on the desired interpretation of the test
outcome. Within Franson interferometry, the ability to overcome the PSL comes at a cost, i.e., a
higher visibility threshold requirement of the form [39]

V𝑁 =
2𝑁 − 1

2𝑁 cos 𝜋
2𝑁

, (2)

where 𝑁 is the number of terms in the chained Bell inequality. Eqn. 2 minimizes at 𝑁 = 5 for a



visibility threshold of V𝑁 ≈ 0.9463 [39].
Even with this easing of visibility requirements from the worst case scenario, this violation

threshold is still a significantly higher and more experimentally difficult requirement than in
the more commonly known Clauser, Horne, Shimony, and Holt (CHSH) inequality, derived for
a polarization Bell test, which has a visibility threshold of VCHSH = 2√

2
≈ 0.7071 [51]. The

source under test in this work is not amenable with the PSL closing modifications to either the
source or interferometer due to the high non-degeneracy of the biphoton pair. This leaves the
experimentally challenging visibility threshold of the chained Bell inequality method as the
primary solution. The design considerations outlined in the next section enable realization of
high visibility measurements.

2.2. Experimental setup

Quantum correlations are generated among a biphoton state using SPDC in a type II quasi-phase-
matched periodically poled potassium titanyl phosphate (PPKTP) waveguide [52]. The process
utilizes a 532 nm pump photon, which is down-converted into highly non-degenerate 810 nm and
1550 nm daughter photons. The daughter photons are then sent to Alice and Bob, respectively.
The continuous wave pump laser has a coherence length > 100 m and an average power of
0.5 mW, generating approximately 105 detected correlated pairs per second. The waveguide
source has a fiber-coupled input and free-space output. The pump light and down-converted
photons exit the source colinearly and are quasi-collimated using a lens in the common beam
path. Free-space sorting optics are then used to remove the remaining pump light, separate
the down-converted photons, and route them into their respective single-mode optical fibers.
These fibers distribute the photons to the Franson interferometer where they are coupled back
into free-space. Also included within the sorting optics are interference bandpass filters with
bandwidths of approximately 3 nm and 1.8 nm full width at half maximum (FWHM) for the
810 nm and 1550 nm photons, respectively, to remove unwanted spectral features from the source,
at the cost of a reduced coincidence rate.

The path length differences, Δ𝐿 ≈ 110 mm, of the two MZIs are equalized by coarsely
varying the long path of Alice over several millimeters and taking interference measurements
at multiple offsets. This data is shown in Fig. 2, where the average visibility has a Gaussian
profile. The 2.1 ps FWHM two-photon coincidence time is consistent with the ∼1.6 ps FWHM
temporal widths of the individual photons (estimated based on 1.2 nm and 2.0 nm FWHM
spectroscopic measurements of the 810 nm and 1550 nm photons, respectively, taken separately
with a monochromator). The detectors are composed of single-mode optical fibers connected
to commercially available superconducting nanowire single photon detectors (SNSPDs). Two
sets of SNSPDs are used, each having a different coating designed for increased absorption near
810 nm and 1550 nm, respectively. Their quantum efficiencies exceed 80% and 90%, jitters are
35 ps and 50 ps FWHM, and dark counts are < 100 s−1 and ∼1000 s−1. The pump laser is in
the low power CW regime; therefore, higher order multi-pair emissions from the source are not
significant. Together, these contribute to the high achievable visibilities reported below.

Total system detection efficiencies, measured via the Klyshko method [53], average 0.7% at
810 nm and 4.2% at 1550 nm. These efficiencies can be increased through improved mode
matching between the waveguide and the single mode optical fibers, where in principle, the
collection efficiency can approach unity; demonstrations exceeding 80% have been reported
elsewhere [30]. Improvements within the Franson interferometer are also possible, as transmission
was measured to be < 25%. Electrical outputs from the detectors are sent to a time tagger with
19 ps FWHM jitter and 1 ps resolution for coincidence detection. Local phase settings are set
by changing the long path of the Alice measurement station using a translation stage adjusted
via a closed-loop piezoelectric actuator with a built-in strain gauge. The actuator is capable of
displacements of up to 40 𝜇m with a 10 nm strain gauge readout resolution. The total change in
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Fig. 2. Coarse alignment data. Interference visibility measurements are taken as Alice’s
long path is varied over several millimeters. The data are fit to a Gaussian, and a FWHM
of 0.63 mm is found, corresponding to a two-photon coincidence time of 2.1 ps.

Alice’s path length difference, Δ𝐿𝑎, is twice the piezo’s displacement. We translate in increments
of ∼12 nm (∼0.2 radians at 810 nm) over approximately three full interference fringes. Varying
Alice’s path length difference while leaving Bob’s fixed in this manner can reduce maximum
visibility (see Fig. 2), but over the length scales used here (∼1.2 𝜇m), this effect is negligible at
< 10−5.

The interferometric visibility measurements comprise coincidence measurements taken over a
5 s integration time at 100 distinct phase settings, Δ𝜙. The total number of coincidences at each
setting is determined by summing the counts detected within a 400 ps window around the central
𝑠𝑠 and ℓℓ coincidence peaks. This is done for each of the four coincidence channels between the
detectors at Alice and Bob. Example data showing Δ𝜙 ≈ 0 and 𝜋 are given in Fig. 3. The four
channels have individual coincidence detection rates of between 400 s−1 and 700 s−1. These
differences are attributable to detection efficiencies and non-ideal optical components in the
different paths through the setup and are discussed in more detail below.

Fig. 3. Example coincidence data for 𝑎1, 𝑏1 coincidences taken over 5 s. The red
dashed box depicts the 400 ps window around the 𝑠𝑠 and ℓℓ coincidence peak. a)
Δ𝜙 = 0 and b) Δ𝜙 = 𝜋.

3. Results

Fitting to Eq. 1, we measure a maximum single channel visibility of V = 0.992(6) and an average
visibility over the four coincidences of V = 0.984(3), without background subtraction, as shown
in Fig. 4. The values in parentheses denote the statistical uncertainty of the measurement. The



average visibility exceeds the chained Bell test visibility threshold of V5 ≈ 0.9463 needed to
overcome the PSL by 12 standard deviations.

Fig. 4. Franson interferometer results. a) Total singles counts of the four detectors
with an RMS of 0.8%. b) Normalized coincidence rate between detector 𝑎1 and
the detectors at Bob. c) Normalized coincidence rate between detector 𝑎2 and the
detectors at Bob. The maximum measured coincidences in the 5 s integration time
for the different detector coincidences are 2055 (𝑎1, 𝑏1), 3285 (𝑎1, 𝑏2), 2265 (𝑎2, 𝑏1),
and 3585 (𝑎2, 𝑏2). The gray lines in b) and c) are the fits to Eqn. 1 from which the
visibilities are extracted.

In characterizing the interferometer’s performance, we measure a slow drift in Δ𝜙 on the
order 1/6th fringe per hour when the Franson interferometer is placed within a foam insulation
enclosure on a vibration isolating optical table. The temperature of the Franson interferometer
breadboard is monitored but not actively stabilized. We found that the enclosure was key in
enabling high visibilities as it effectively decoupled the interferometers from external temperature
variations and air currents over the ∼10 minute timescale of the measurements and removed the
need for any active feedback on the path lengths of the interferometers at present. A further
small reduction in the maximal visibility of the SPDC source likely remains due to insufficient
spectral filtering of unwanted down-conversion processes and additional fluorescence within the
source and various optical fibers, as visibility increased 7% when a 1.8 nm bandpass filter is
used in the 1550 nm beam path in lieu of a 12 nm bandpass filter. Spectral filtering leads to a
trade-off between coincidence rate and performance; exploration of optimal spectral filtering for
the source presented here is an ongoing effort [54]. Additionally, a 4 dB neutral density filter is
used in the short path of Alice to equalize 𝑠𝑠 and ℓℓ coincidence rates. The remaining difference
in 𝑠𝑠 and ℓℓ coincidence rates reduces the visibility by less than 0.6% on average [22].



4. Discussion

The high visibility demonstrated here shows both that non-degenerate biphoton sources can
be used in time-energy entanglement distribution and QKD systems and that the quantum
metrologies to characterize such sources are realizable. Furthermore, as waveguide SPDC
sources are highly engineerable, with a wide freedom in choice of pump and emitted photon
wavelengths, from degenerate to highly non-degenerate, they are well-positioned as potential
interconnects between quantum networks of differing architectures. A compelling use case may
be between free space quantum networks, which may operate at shorter wavelengths nearer –
or in – the visible spectrum, and fiber-based quantum networks, which can take advantage of
1550 nm classical telecommunication technologies and infrastructure. A further benefit of such
highly non-degenerate biphoton pairs is the degree to which the photons can be isolated from
each other — as well as any residual pump light — using readily available and affordable optical
components.

As in any Bell test, measurement loopholes can lead to misinterpretation of the data if not
properly considered. Loopholes in a time-energy Bell test consist of those within the locality
and efficiency classes that are common to all Bell tests [42, 55, 56], with the latter including the
previously discussed PSL [39,42,43]. Fortunately, for QKD applications, it is generally more
important to verify the degree of non-classical correlations than it is to close fully the Bell test
loopholes [57], potentially easing some of these onerous requirements. While this experiment
achieves the highest known visibility that the authors are aware of for a highly non-degenerate
biphoton source [13–16, 18, 26, 32] — the highest being 90% between 606 nm and 1436 nm
photons [15] — and reached a comparable visibility to a recent demonstration of up to 99.4%
visibility with a ∼20 nm non-degeneracy [19].

While the measured visibility reaches the threshold for closing the PSL [39], future steps must
be taken to fully close the PSL and remaining loopholes. This may be accomplished through
enforcement of local post selection, a higher end-to-end efficiency from the source through the
interferometers to detection, and faster and randomized choice of phase settings. Maintaining the
performance achieved here with these additional constraints will require further modifications
and improvements over the interferometer described above. Stabilization of the optical path
lengths [50, 58], in particular, may well become necessary to maintain high visibility with
increased path lengths or if deploying the interferometer in a less controlled environment. Finally,
photonic integrated circuits (PICs) may also find use, where their small footprint and potential
for scaling can offer advantages over a bulk optical approach. For example, a degenerate hugging
Franson interferometer layout has recently been demonstrated in a silicon nitride PIC [59]. The
continued development of these, and other, quantum metrologies is important in enabling the
usage of highly non-degenerate sources.

5. Conclusion

Here we have described a source of highly non-degenerate correlated photons and a quantum
metrology needed in verifying its suitability for quantum networking applications. Specifically,
we used a Franson interferometer to characterize a waveguide SPDC source emitting a pair of
correlated photons at 810 nm and 1550 nm, measuring a visibility as high as V = 0.992(6) for a
single channel and V = 0.984(3) averaged over the four output channels. We have therefore
shown that it is possible to realize sufficient visibilities in highly non-degenerate sources to
overcome an aspect of a key Bell test loophole and be applicable to QKD networks.
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