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Abstract: We demonstrate up-conversion single-photon detection for the
1550-nm telecommunications band using a PPLN waveguide, long-
wavelength pump, and narrowband filtering using a volume Bragg grating.
We achieve total-system detection efficiency of around 30% with noise at
the dark-count level of a Silicon APD. Based on the new detector, a single-
pixel up-conversion infrared spectrometer with a noise equivalent power of
—142 dBm Hz " was demonstrated, which was as good as a liquid nitrogen
cooled CCD camera.
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1. Introduction

Single-photon detectors (SPD) operating in the 1.55-um telecom band are a core part of
quantum communication over optical fiber [1]. Currently, SPD performance limits the
transmission distance and key rate of fiber based quantum key distribution (QKD) [2—-8].

Current telecom band commercial SPDs based on InGaAs/InP avalanche photodiodes
(APDs) suffer from low efficiency about 10% and large dark-count rate of 10° count per
second (cps) [9]. In contrast, the efficiency of Silicon APD working in the visible to NIR
windows is up to 65% and the dark count rate is can be lower than 100 cps. Up-conversion
detectors [10-14] utilizing sum-frequency generation (SFG) in periodically poled lithium
niobate (PPLN) waveguide or bulk crystals can convert the telecom-band photons into the
near infrared window and then detect them with a Silicon APD. The detection efficiency of
PPLN waveguide-based up-conversion detectors can be higher than 40% [12]. However, for
early implementations pumped at short pump wavelengths, the noise count rate of the detector
reached 10° cps [12, 13]. Monochromator based filtering has been exploited to decrease the
noise. However, due to the low throughput of the monochromator, the detection efficiency
also reduced dramatically [15].

Noise in up-conversion detectors mainly comes from spontaneous parametric down
conversion (SPDC) and spontaneous Raman scattering (SRS) when the strong pump goes
through the waveguide. A recent experiment demonstrated that a long wave pump can
suppress both spontaneous processes [16,17] without dramatically reducing the detection
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efficiency. Here, we combine the long wave pump and a high efficiency narrow-band filter,
volume Bragg grating (VBG) [18, 19].

Meanwhile, based on up-conversion detector, up-conversion spectrometer has been
invented to measure the infrared spectrum, whereby the pump wavelength is tuned and the
phase-matching acceptance bandwidth of the upconverter acts as a frequency selective
element [20]. The spectrometer had a noise equivalent power (NEP) of —128 dBm Hz " [21]
and found an immediate application in testing quantum dot with a wavelength of 1.3 pm [22].
Based on our up-conversion detector, we improved the NEP by one order of magnitude due to
noise reduction, i.e. —142 dBm Hz"?, which is as good as the liquid nitrogen cooled CCD
camera based spectrometer [23]. Furthermore, the narrow-band VBG helps to improve our
spectrometer’s resolution into 0.16 nm.

2. Upconversion detector

We fabricated PPLN waveguides via the reverse proton exchange technique. The waveguides
are 52-mm long and are poled with a quasi-phase-matching (QPM) period of 19.6um. The
waveguides incorporated mode filters designed to match the mode size of SMF-28 optical
fiber and were fiber pigtailed with coupling losses of approximately 0.7 dB, and had a total
fiber-to-output-facet throughput of —1.5 dB for the telecom band signal. The waveguides were
antireflection coated to avoid interference fringes and improve the system throughput.

A schematic of our experimental setup is shown in Fig. 1. We used a single longitudinal
mode Thulium fiber laser (TDFL) and amplifier (TDFA) manufactured by AdValue
Photonics (Tucson, AZ) as the pump source for this experiment. The laser amplifier emits an
average power of approximately 800 mW with a wavelength of 1950 nm. The pump-laser
power was controlled by adjusting the pump current of TDFA, and noise emission from the
pump laser was blocked using a 1.55-um/1.9-um wavelength division multiplexer (WDM).
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Fig. 1. Schematic of the noise-free up-conversion single photon detector. BS: beam splitter,
M1-M3: mirrors.

A cw, single-frequency, tunable telecom-band external cavity diode laser (ECDL)
provided the signal at a wavelength of 1.55 um. We used a variable attenuator, a 1/99 tap
coupler and a calibrated detector to monitor the input signal power. The signal was combined
with the pump in another 1.55-um/1.9-um WDM and coupled into the PPLN waveguide
through the fiber pigtail. The waveguide only supports TM-polarized light so the
polarizations of both the pump and the signal are controlled by polarization controllers (PCs)
respectively before entering the waveguide. A Peltier cooler based temperature-control
system is used to keep the waveguide’s temperature at 56°C to maintain the phase-matching
condition.

The generated SFG photons are collected by an AR-coated objective lens, and are
separated from the pump by a dichroic mirror (DM). The residual pump is transmitted
through the DM and analyzed by an optical spectrum analyzer (OSA). A 945nm short pass
filter (SPF) and a 857nm band pass filter (BPF) are used to block the second and higher order
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harmonic of the pump. A VBG with a 95% reflection efficiency is exploited to further
suppress the noise from SRS. In our setup, VBG filter’s spectral bandwidth is 0.05 nm at a
center wavelength tunable near 864nm (full width at half maximum), corresponding to a
bandwidth of 0.16 nm at the signal wavelength, which is narrower than our waveguide’s
acceptance bandwidth of 0.5 nm, which helps to reduce the SRS noise. Finally, the SFG
photons are collected and detected by a Silicon APD (SAPD), whose detection efficiency is
up to 45% at 860 nm and dark count rate is 25 cps.

The experimental result is shown in Fig. 2(a). We tune the pump power by adjusting the
variable attenuator and record the detection efficiency and noise count rates. When the pump
power is set at 58 mW [24], the detection efficiency was 28.6%, with a noise count rate of
100 cps. When the pump power is set at 20 mW, the noise is reduced to to 25 cps, while the
detection efficiency is still 15%. This performance is achieved by combining the long-wave
pump and VBG narrow band filtering techniques. In order to show the contribution of each
technique, we also measure the dark count and efficiency curve without VBG. We change the
VBG with a prism, which is a standard configuration [12] and cannot reduce the SRS noise.
The result is shown in Fig. 2(b).

DE(%)
Noise(cps)
DE(%)

Noise(cps)

10 20 a0 40 50 &0 a 20 &l ED &0 100
Pump Power{miw) Pump Power(m)

Fig. 2. The detection efficiency (green line, triangle) and noise count rate (blue line, square)
versus pump power, which is measured just after the waveguide. (a) with VBG, (b) without
VBG.

3. Spectrometer

Previous research utilized the PPLN waveguide’s acceptance bandwidth as a filter in the
frequency domain [20,21]. Scanning the pump wavelength, the center wavelength of this
filter, allows us to trace out the spectrum of the signal light. In order to realize the up-
conversion spectrometer, we slightly changed the setup in Fig. 1 by replacing the 1950 nm
seed fiber laser with a 1.9-um band tunable ECDL. By adjusting the grating inside the 1.9-um
band ECDL, the emission spectrum of pump could be scanned from 1920 nm to 1980 nm, and
thus the spectral range of the up-conversion spectrometer is from 1532.9 nm to 1570.9 nm.

One of the advantages of our spectrometer is its low NEP (NEP =#v+2D /). Here, n|

represents detection efficiency and D represents dark count rate. In our experiment, we set the
pump power at 30 mW and the detection efficiency, dark count rate and NEP are 20%, 60 Hz
and —142 dBm, respectively.

In previous experiments, the resolution of the spectrometer is determined by the spectral
acceptance of the PPLN waveguide [20,21]. Here, our spectrometer’s resolution is decided by
the VBG’s spectral bandwidth for the signal wavelength, 0.16 nm. A point to note here is that
the upconverted wavelength will change with different signal wavelength. For measurements
of signals over total bandwidth greater than 3.09 nm, the angle of the VBG must be adjusted
such that its reflection resonance tracks the changing upconverted wavelength. This can be
achieved by mounting the VBG on a motorized rotation stage.
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In order to test our up-conversion spectrometer, we used the light from a 1.55-um
multimode laser diode as the signal for the spectral measurements. The experimental results
are shown in Fig. 3(a). We first took a spectral measurement (shown in dark solid line) of the
1.5-um laser diode using the commercial OSA when the output power of the laser diode was
—15 dBm. Before injecting the signal into the up-conversion spectrometer, we set the input
signal power to —98.9 dBm, corresponding to approximately 1 million photons per second, by
adjusting the tunable attenuator. We set the pump power at 30 mW and scan the pump laser
and achieve a raw spectrum as shown in Fig. 3(a) (red dot line) [21]. Then we use a standard
Jansson-Van Cittert iteration deconvolution method [25] with VBG’s spectral curve (shown
in the Fig. 3(c)) [21] to achieve the real spectrum (green dotted line). The number of iterations
in our deconvolution process is one hundred.
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Fig. 3. Spectrum detected by the OSA (dark solid line), raw spectrum (red dot line),
deconvolved spectrum (green dotted line) by up-conversion spectrometer. (a) Input signal
power of —110 dBm. (b) Input signal power of —135 dBm. (c) Reflection spectrum from the
VBG. Double-Y axis is used in (a). Left Y axis represents the number of photon detection
events for the up-conversion spectrometer, while right Y axis represents the optical intensity
measured by OSA.

In order to verify the NEP of our up-conversion spectrometer, the peak of the spectrum
was still measured well down to an input power of —135 dBm and the spectrum was Fig. 3(b).

4. Conclusion

We utilized a long-wavelength pump and VBG filter to achieve a high efficiency and ultralow
noise up-conversion single photon detector. The new detector can be directly used in a QKD
system to improve its performance. Based on the detector, we demonstrate an up-conversion
spectrometer with a NEP of —142 dBm Hz'"? and a resolution of 0.16 nm. Moreover, the
ultralow noise frequency conversion technique can find other important applications [26], for
example, erasing the frequency difference between two photons to enable interference
measurements [27] and bridging the quantum memory with the telecom band wavelength
[23,28-31].
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