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Abstract:



Practical quantum photonic applications require on-demand single photon sources. As one possible solution, active temporal and wavelength multiplexing has been proposed to build an on-demand single photon source. In this scheme, heralded single photons are generated from different pump wavelengths in many temporal modes. However, the indistinguishability of these heralded single photons has not yet been experimentally confirmed. In this work, we achieve 88% ± 8% Hong–Ou–Mandel quantum interference visibility from heralded single photons generated from two separate silicon nanowires pumped at different wavelengths. This demonstrates that active temporal and wavelength multiplexing could generate indistinguishable heralded single photons.
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1. Introduction


In the past two decades, quantum photonic technology has attracted significant attention due to its huge potential in applications such as secure communication [1], super-resolution metrology [2], and quantum computation [3]. However, the lack of efficient single photon sources is a major obstacle hindering the development of these applications. Several platforms [4,5,6,7] have been proposed to develop efficient single photon sources. One method is to use “single photon emitters” such as quantum dots [4] or nitrogen-vacancy (NV) centers in diamond [5]. Although these “single photon emitters” can generate single photons on-demand, photons generated from separate emitters are highly indistinguishable only after narrowband filtering [6]. Another method is to generate single photons in a nonlinear device via spontaneous nonlinear optical processes, such as spontaneous parametric down conversion (SPDC) [7,8] or spontaneous four-wave mixing (SFWM) [9,10]. In these nonlinear processes, two photons are generated simultaneously, and thus are correlated in time. The detection of one photon from a pair can herald the existence of its partner photon, forming a heralded single photon source. However, this method is intrinsically stochastic, and heralded photons generated in this way are not “on-demand”: one cannot increase the probability of single-pair generation while simultaneously suppressing the probability of multi-pair generation.



Active multiplexing is an attractive way to overcome this intrinsic limitation of photon sources based on spontaneous nonlinear processes. One scheme is active spatial multiplexing, which collects single photons from many spatially-separated sources [11,12]. Similarly, active temporal multiplexing collects single photons generated in one nonlinear device but from many temporal modes [13,14,15]. Both schemes have been experimentally demonstrated [16,17,18,19,20] and have shown that the output probability of single photons can be enhanced [17,18,19,20]. Moreover, the indistinguishability of heralded single photons generated in these schemes has been verified [18,21]. Compared with spatial multiplexing, temporal multiplexing is a more promising solution, as there is a more favorable scaling of the physical resources with the number of modes. Figure 1a shows a schematic of active temporal multiplexing. The optical path of each heralded photon is controlled by a field programmable gate array (FPGA) according to the timing information of the heralding photon. In this scheme, if a large amount of temporal modes are multiplexed and an avalanche photon diode (APD) is used in the heralding channel, the APD can easily be saturated due to its long dead time, limiting the number of modes that can be multiplexed. One solution is to use superconducting single photon detectors (SSPD), which offers a much higher saturation margin, but the complex SSPD system which requires cryogenic temperatures to operate is not always available. Another feasible solution is to combine temporal and wavelength multiplexing, which can avoid detector saturation in the heralding channel [22], as the heralding photons are equally distributed into separate detector channels according to wavelength, as shown in Figure 1b. In our previous work [22], we have shown the advantage of this scheme using a silicon nanowire as the nonlinear device. However, as heralded photons are generated from different pump wavelengths, it is necessary to verify that these heralded photons are indistinguishable from one another. In this paper, we experimentally demonstrate Hong–Ou–Mandel (HOM) quantum interference [23] using heralded photons generated from two separate silicon nanowires pumped at different wavelengths. The interference exhibits 88% ± 8% visibility without subtracting any noise, indicating that these photons are highly indistinguishable. This demonstrates that the active temporal and wavelength multiplexing (ATWM) scheme is a possible solution to develop on-demand heralded single photon sources when only APDs are available.


Figure 1. (a) Schematic of active temporal multiplexing. The light green pulses are pump pulses with narrow spectrum. The red ball represents a heralding photon, the dark blue one is the corresponding heralded photon. A field-programmable gate array (FPGA) controls delay routes of each heralded photon. APD: avalanche photon detector. (b) Schematic of active temporal and wavelength multiplexing. Colorful pump pulses indicate the wide spectrum. Red, yellow, and light green balls indicate heralding photons at different wavelengths. The dark blue ball represents a heralded photon. Blue lines represent optical fiber connections and black dashed lines denote electronic connection. The pulses after arrayed waveguide grating (AWG) indicate their timing information.
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2. Experiment Methods


The enhancement of heralded single photon output rate [22] is not enough evidence to determine that ATWM is another possible multiplexing scheme, as the enhanced output rate does not necessarily indicate that these single photons are indistinguishable from one another. A rigorous verification, such as Hong–Ou–Mandel (HOM) quantum interference, is required to prove the indistinguishability of heralded photons generated from different pump wavelengths. To implement this verification, we use two nominally identical silicon nanowires pumped at different wavelengths and implement HOM interference between the heralded photons from each source. An alternative choice is pumping the same silicon nanowire with different pump wavelength and verifying the indistinguishability of heralded photons generated from different pump pulses and at different times. This would require splitting the heralded photon channel into two and relying on post-selection to overlap them in time for the HOM interference, so here we used two silicon nanowires.



The ATWM scheme requires the source have broadband SFWM so that the probability of creating heralded photons at a particular wavelength is similar for different pump wavelengths. Two silicon nanowires were used for our experiment; they were 3-mm-long, with a cross-section dimension of 220 × 460 nm, fabricated on silicon-on-insulator wafer with a 2 μm SiO2 upper-cladding on top of the silicon nanowires. The transverse electric (TE) mode of silicon nanowires exhibits anomalous dispersion in the telecom band, and their SFWM bandwidth is more than 6 THz [22], potentially allowing for a large number of wavelength channels using standard telecom components.



The experimental setup is shown in Figure 2. The pump wavelengths of source A and source B were 1554.94 nm and 1555.74 nm, respectively. A standard telecommunication Gaussian-shaped arrayed waveguide grating (AWG) and tunable band pass filters (BPF) with a bandwidth of 0.4 nm and 0.8 nm, respectively, were used to separate two pump wavelengths from the same 50 MHz mode locked laser (MLL, original bandwidth 8 nm); then, the pump wavelengths were recombined and amplified in the same Erbium-doped fiber amplifier (EDFA). The pump wavelengths were separated again with an AWG and sent to the two silicon nanowire sources, with optical delay lines (ODL) to control the arrival times of the generated photons. Lensed fibers are used to couple to the silicon nanowires, which have inverse tapers on each end to further reduce the mode area mismatch between the fiber and nanowire. The average coupling loss of each facet was 2.5–3 dB. Polarization controllers (PC) before the nanowire were used to adjust the mode of pump wavelength. Correlated photon pairs from each nanowire were split into signal and idler channels by a Gaussian-shaped AWG and filtered by a tunable BPF with 3 dB and 2 dB insertion loss, respectively. The signal and idler wavelengths from source A were 1549.32 nm and 1560.60 nm, respectively. In source B, the wavelengths of signal and idler were 1550.92 nm and 1560.60 nm, respectively. The signal photons (1549.32 nm) generated in source A were detected by APD1, and the signal photons (1550.92 nm) generated in source B were detected by APD4. The idler photon (1560.60 nm) generated from sources A and B were detected by APD2 and APD3. The additional fibers before APD2 and APD3 behave as buffers, guaranteeing the heralded photons arrive at the detectors at the time when it is triggered by the heralding signals. The APDs were Id Quantique InGaAs ID210, with the detection efficiencies set to 25%, the dead time set to 10 μs, and the effective gate width equal to 1 ns. The total loss in each channel was around 15 dB, or 3.2% overall efficiency for each photon.


Figure 2. Experimental setup. The polarization controller (PC), 50:50 coupler, and additional fiber before avalanche photon diode APD2 and APD3 are only for the Hong–Ou–Mandel (HOM) quantum interference, and are removed for initial characterization of the sources. ATT is a tunable attenuator; BPF: band pass filter; EDFA: Erbium-doped fiber amplifier; MLL: mode locked laser; ODL: optical delay line; PM: power meter; TIA: time interval analyzer.
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Before implementing HOM interference, we characterized both sources in terms of their coincidence to accidentals ratio (CAR) as the pump power is varied [24]. For the CAR measurement, idler photons from each source were sent directly to the APDs without the 50:50 coupler shown in Figure 2. Here, all four APDs were triggered by the electronic output of MLL, and a time interval analyzer (TIA) was used to record the coincidence rate and the accidental rate for each source.



After characterizing these two sources, we implemented both two-fold and four-fold HOM quantum interference, as discussed below. In the HOM dip measurements, idler photons were transmitted into a single 50:50 coupler via PCs, which were used to match their polarizations. In the two-fold HOM dip measurement, only two detectors (APD2 and APD3) were used, and were triggered by the MLL clock. In the four-fold HOM dip measurement, all four detectors were used, with APD2 and APD3 triggered by heralding photon detections from APD1 and APD4.




3. Results


The CAR measurement results are plotted in Figure 3a. The data points of source A and source B are very close to each other, which indicates the two sources are well balanced in brightness and CAR. They are both in good agreement with analytical results using the equation in Ref. [17], shown by the green dashed line. The analytical curve is higher than the experimental results when the coincidence rate is more than 600 Hz, which is caused by the 10 μs dead time of the APDs at high count rates. As the detected photon rate increases, there is more chance that a photon will arrive during the dead time created by a previous detection. This effectively leads to a drop in detector efficiency.


Figure 3. (a) coincidence to accidentals ratio (CAR) vs. coincidence rate. Blue rectangles: CAR measurement results in waveguide A; red triangles: CAR measurement results in waveguide B; green dashed line: analytical plot. Light red bar shows the experimental condition of two-fold HOM dip measurement, and light blue bar points the experimental condition of the four-fold HOM dip measurement; (b) two-fold and four-fold HOM dip experimental results. Black diamonds: two-fold experimental result; black dashed line: fitted curve using a Gaussian function. Blue rectangles: four-fold experimental results; blue dashed line: fitted curve using a Gaussian function.
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After characterizing the two sources, we carry out two-fold and four-fold HOM quantum interference measurements, and the results are depicted in Figure 3b. In the two-fold HOM dip measurement, the average power is set at 100 µW so that the coincidence rate is 156 Hz and CAR is 205, as indicated by the red bar in Figure 3a. Coincidences are accumulated for 4 min per data point, and the relative delay is varied using the ODL connected in source A. Based on a Gaussian function, the two-fold fitted curve in Figure 3b shows 33% ± 4% visibility, close to the theoretical limit of one third. In the four-fold experiment, the count rate is much lower than in the two-fold case, because of the loss and detector efficiency. Hence, we doubled the pump power of each source in order to increase the counts rate to around 600 Hz heralded single photons in APDs 2 and 3, as indicated by the blue bar in Figure 3a. The measurement time per data point is also increased to 105 min. The experimental result for the four-fold HOM dip is shown in Figure 3b with a fitted curve of 88% ± 8% visibility, without subtracting any noise. Here, the ideal maximum visibility should be 100% if there is no noise.




4. Discussion


The two-fold HOM dip is a coincidence measurement between the interfering modes, but without heralding information. In this case, coincidence events arise from three cases: a single photon from each of source A and B; two photons generated in source A; and two photons generated in source B. When the two sources are well balanced in their average number of photon pairs per pulse [image: there is no content], the probabilities of the three cases all scale with [image: there is no content], making the total coincidence events scale with [image: there is no content]. Only the case with one photon coming from each source can show HOM interference. Hence, the theoretical predication of the two-fold HOM visibility is one third, [image: there is no content], where [image: there is no content] is the maximum coincidence rate which is seen away from the dip, and [image: there is no content] is the minimum coincidence rate, seen at the center of the dip. The two-fold HOM dip is a convenient method to find the exact delay at which the dip is positioned, because it can be carried out faster than the four-fold measurement. Here, the visibility is so close to the theoretical maximum that it gives us a good indication that the photons generated by different pump wavelengths are highly indistinguishable. However, four-fold HOM quantum interference requires that the heralding detectors be used, so that we know a single photon was generated in each channel for every coincidence. Hence, the four-fold experiment is a more rigorous demonstration of the quality of the sources.



For the four-fold measurement, only the cases with at least one photon from each channel remain, because of the heralding information. This includes the case with a single photon from each source, scaling with [image: there is no content], which interfere perfectly. The multi-photon contributions—which scale with [image: there is no content] (n ≥ 3)—will degrade the visibility of the HOM dip. Including only the terms of order [image: there is no content], the theoretical visibility is expressed as [21]:


[image: there is no content]











This gives a theoretical value of HOM dip visibility [image: there is no content] for the inferred [image: there is no content] in our four-fold measurement. The n > 3 contributions are expected to be negligible. Another potential error source comes from residual spectral correlations between the signal and idler of a pair (which can reduce the visibility), but these should be avoided by the use of narrow spectral filtering on all of channels in the experiment. The experimental visibility of 88% ± 8% is within the error of this theoretical value (the error is based on the Poissonian statics of the count rates). This result demonstrates that non-classical single photon interference indeed takes place between two heralded single photons generated from different pump wavelengths, as the HOM dip visibility far exceeds the classical limit of 50%. Based on this work, we confirm that the ATWM scheme is a possible solution to building on-demand heralded single photon sources.




5. Conclusions


In this work, we demonstrate that heralded photons generated from two separate silicon nanowires pumped at different wavelengths are indistinguishable through 88% ± 8% visibility of HOM quantum interference. The residual distinguishability is likely due to the multi-pair noise generated at high pump power. This shows that the ATWM scheme is able to enhance the single photon output probability of sources based on SFWM while maintaining the indistinguishability of the photons, which is essential to many applications in quantum communication and quantum computing. This takes us another step towards a practical, room temperature source of single photons.
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