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Abstract: There is growing interest in superconducting nanowire single-photon detectors
(SNSPDs) for their high detection efficiency, low noise, and broad wavelength-sensitivity range.
Typically, silica fibers are used to deliver light to the detectors inside the cryostat, which works
well for wavelengths from visible through 1550 nm. To access longer-wavelength infrared
photons, other types of fibers, such as chalcogenide and fluoride fibers, need to be used. Here,
we examine the infrared-wavelength transmission of straight and coiled silica optical fibers
as candidates to couple infrared light to SNSPDs. We find that the silica fibers offer good
transmission up to 2.2 um wavelength. Above this wavelength, the transmission rolls off; the
fibers exhibit 3 dB/m loss at 2.5 yum. High bend-loss sensitivity of some fibers can be used to
adjust the long-wavelength transmission cutoff of the fiber to limit noise photons due to blackbody
radiation.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

Superconducting nanowire single-photon detectors (SNSPDs) have become increasingly attractive
detectors because of their high detection efficiency, low background noise and low timing jitter [1].
System detection efficiencies up to 93% with less than 1 count per second intrinsic detector
dark count rate have been shown at 1550 nm [2]. In contrast with semiconductor detectors that
have an associated bandgap, the drop-off in detection efficiency of SNSPDs seems to occur
more gradually in wavelength [3,4]. Reference [4] observed that amorphous WSi SNSPDs show
decreasing intrinsic detection efficiency of the SNSPDs as the incident photon wavelength was
varied from 2 to 6 um with associated changes in the bias-current response. Reasonably good
intrinsic detection efficiencies can be obtained at 6 um wavelengths with larger bias currents.
Efficient single-photon detection using SNSPDs has been shown up to 5 ym [5], 6 um [4] and
7 um wavelengths [6].

The infrared (IR) wavelength range is very attractive for single-photon detection because
of applications in sensing and spectroscopy. Unfortunately, IR detection using SNSPDs is
challenging because the primary source of noise is blackbody radiation [5—10]. Room temperature
(T = 300 K) blackbody radiation is peaked at 9.7 um with a tail that extends into the near-IR
wavelength range. Bandpass filters have been used to reject the noise photons [9, 11, 12]. Tight
coiling of the optical fiber that delivers the photons to the SNSPDs can also be used to block
the long-wavelength noise photons and reduce extrinsic noise counts [10]. Alternatively, the
entire experiment can be cooled to liquid nitrogen temperatures. Using this strategy, Chen et
al. [6] showed a 100-fold improvement in signal-to-noise ratio using SNSPDs compared to a
conventional liquid-nitrogen-cooled InSb detector.

Silica fibers have long been the workhorse in optical fiber telecommunications, particularly near
1550 nm wavelength. However, significantly less attention has been paid to their performance
beyond 1550 nm but before the material absorption edge. This wavelength range is potentially
of interest for sensing of carbon dioxide, methane or other molecular species [13]; for silicon
photonics [14] and for quantum communications [15]. Silica fibers have advantages over
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Fig. 1. Diagram of the experimental setup. Reflections from two CaF; plates attenuated the
laser to milliwatt level. Detectors 1 and 3 (D1 and D3) were thermal power meters used to
monitor the power while the transmission through the fiber under test was measured with an
InAs detector (D2). The wavelength of the laser was measured with an infrared wavemeter
preceded by a silver turning mirror (M). The transmission is measured by comparing
the power at D2 with and without the fiber under test. Dashed lines indicate electrical
connections. The lower-right inset shows the measured transmission of the fiber splitter.

chalcogenide, fluoride and other infrared fibers in their mechanical robustness and low optical
losses. It is useful to determine the longest wavelength that silica fibers may be used before
absorption losses become large. In this work, we measure the transmission of two silica optical
fibers, SMF-28 and SM2000, between 2000 nm and 2700 nm to observe the absorption edges
of the fibers. We also characterize the transmission for different coiling diameters, which is
important for filtering undesired background counts due to blackbody radiation.

The transmission data of bulk glass and fused silica are widely available in the literature. The
long-wavelength cutoff of silica materials varies by up to 0.5 um in wavelength depending on
processing and dopants [16, 17]. Measurements of silica optical fiber also show variations in
transmission [16, 18-20]. Often these papers focused on long-distance fiber transmission at
wavelengths below 2 um with reported losses below 50 dB/km, which corresponds to transmission
> 98.85% in a 1 meter length of fiber. More recently, Smirnov et al. [10] measured the infrared
transmission of SMF-28 fiber but only at wavelengths shorter than 1.7 um. Our measurements
present transmission of SMF-28 and SM2000 fibers at wavelengths up to 2.7 um.

The experimental setup is shown in Fig. 1. A continuous-wave (CW), narrow-linewidth laser
source tunable between 1950 nm and 2700 nm (IPG Photonics CLT laser) was attenuated and
focused into an optical fiber. The laser produced up to 4.7 W of CW power, which we attenuated
down to milliwatt-level using two consecutive reflections from a pair of uncoated CaF, plates (3%
reflection per face). An infrared wavemeter (Bristol 621B) was used to monitor the wavelength
of the laser. Light reflected off the second CaF; plate was focused into the input of a fiber splitter
using an infrared aspheric lens with 11 mm focal length. The lens was held in a translating
mount to adjust the separation distance between the lens and the fiber tip in order to account for
chromatic aberration of the lens due to the wide tuning range of the laser. The fiber splitter was
made of fused SM2000 fiber and was used to monitor the power coupled into the input fiber. We
were unable to find a fiber splitter with a constant split-ratio over the broad 1950 nm to 2700 nm
tuning range. The transmission of the fiber splitter is shown in the inset of Fig. 1. The power
transmitted through the test fiber was measured using an amplified InAs detector, while two
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thermal power meters were used to monitor the total power of the laser and the power in the
secondary port of the fiber splitter. The laser beam was chopped around 630 Hz (much faster
than the response time of the thermal power meters) and the voltage from the InAs detector was
read by a lockin amplifier.

The transmission was determined by taking the ratio of power readings with the test fiber and
with the test fiber removed. We found that monitoring the power at the secondary port of the fiber
splitter was important for insuring repeatability of the measurements as the laser wavelength
was scanned, especially as the focusing lens was adjusted at each wavelength step to optimize
the power coupled into the fiber. We chose not to normalize the main power reading to the
power measured at the secondary port of the fiber splitter because in certain wavelength ranges,
the transmission of the secondary port of the fiber splitter was very small (see inset of Fig. 1)
and at these wavelengths, the noise of the thermal meter (D3) dominates the reading. We did
normalize the transmitted power readings to the total laser power observed by D1 to eliminate
power fluctuations of the laser itself.

We measured the infrared transmission of two silica fibers: Corning SMF-28 and ThorLabs
SM2000. Figure 2 show results of the transmission measurements. In Fig. 2(a), we compare
several lengths of SMF-28 and SM2000 fiber. We measured 1 meter long fibers as well as a
3 meter long SMF-28 fiber and a 5 meter long SM2000 fiber. The measurements indicate that
1 m long SMF-28 and SM2000 fibers have the same transmission. Both fibers exhibit good
transmission up to 2200 nm. Above this wavelength, there is a gradual decrease in transmission.
3 dB/m loss is observed in the fibers at about 2.5 um.

Even though SMF-28 fiber is designed for low-loss operation at the 1550 nm telecommunications
wavelength, we observed that the fiber has good transmission to at least 2200 nm. Fused silica
and fused quartz materials typically transmit to beyond 2 um wavelength [17], so it is perhaps
not surprising that SMF-28 fiber transmits well to 2200 nm. For coupling to SNSPDs, fibers
are several meters in length rather than kilometers and a few percent loss can be tolerated. It is
attractive to use silica fiber to extend SNSPD systems to 2200 nm because the fiber is robust and
widely available. Beyond 2200 nm, there is higher attenuation; our measurement of 1 m long
SME-28 fiber shows 50% transmission at 2500 nm. For much longer wavelengths, other fiber
materials must be used, such as chalcogenide or fluoride fibers [16].

SM2000 fiber is another commercial silica fiber, which is designed for single mode operation
between 1.7 and 2.3 um [21]. The data in Fig. 2(a) indicate that the transmission of uncoiled
SM2000 fiber is the same as the transmission for SMF-28 fiber, which seems reasonable since
both are silica fibers. However, the fibers behave differently when coiled.

Figures 2(b) and 2(c) plot the transmission of 1 meter long SMF-28 and SM2000 fibers with
different coiling diameters. For these measurements, we coiled a 30 cm section of each fiber.
Figure 2(b) shows results for SMF-28 fiber while Fig. 2(c) shows results for SM2000 fiber.
The data are labeled by the diameter of the fiber coils. As a side note, when probing the fiber
under test, there is an additional FC-FC fiber connection compared to when the test fiber is
removed. We assumed the extra connection leads to a few percent loss that is independent of
wavelength. We disregarded the connector loss by scaling data to obtain transmission of 100% at
short wavelengths. The data for the tightest coiling of the two fibers was not scaled.

The data show that SM2000 fiber has less sensitivity to bending than SMF-28 fiber; tighter
bends in SM2000 fiber are needed to achieve the same long-wavelength attenuation as in SMF-28
fiber. This lower bend sensitivity in SM2000 fiber is related to its larger core size (11 um core
diameter for SM2000 fiber compared to 8.2 um diameter for SMF-28 [21,22]). For SNSPD
systems, bending the fiber is useful for managing blackbody radiation that contributes to noise
counts. Therefore, the higher bend sensitivity of SMF-28 fiber is attractive because looser coils
are needed to obtain the same attenuation of the long-wavelength blackbody radiation. The looser
coils have less strain inside the fiber, which may be useful for avoiding material fatigue.
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Fig. 2. (a) Transmission of different lengths of SMF-28 and SM2000 fiber. Transmission of
(b) 1 m SMF-28 fiber and (c) 1 m SM2000 fiber at different coil diameters. A 30-cm-long
section of each fiber was coiled. The SMF-28 fiber is more sensitive to bending, which is
reflected by the larger coiling diameters in (b) compared to (c).
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Fig. 3. (a) Comparison of transmission for 1 meter lengths of fiber. We compare our measured
transmission for SMF-28 fiber to the transmission calculated from Refs. [18,20,21,23,24].
The line for Ref. [18] represents an extrapolation of data taken below 2 pum, which is in
poor agreement with other measurements. (b) Zoom in of the same transmission data in the
region between 1800 nm and 2300 nm.

In Fig. 3, we compare our measured transmission for 1 meter long, uncoiled fiber to the
transmission calculated from other references in the literature. Figure 3(b) shows a zoom in of
the same data shown in Fig. 3(a). Our measured results are in reasonably good agreement with
Refs. [24] (silica fiber) and [20] (GeO,-SiO; step type fiber). Data in Refs. [23] and [21] are
for SM2000 fiber, but only extend to 2200 nm and 2300 nm, respectively. It is dangerous to
extrapolate to longer wavelengths, which is demonstrated by Ref. [18]. These authors attempt to
extrapolate absorption data taken below 2 um to longer wavelength, which unfortunately do not
agree with other measurements in the literature. As seen in Fig. 3, the loss at 2300 nm reported
by Ref. [21] is higher than our data and other reports in the literature. Extrapolation of results
from [21] to longer wavelengths will likely yield incorrect results.

Our coiled-fiber transmission measurements are mostly consistent with other published
measurements. Smirnov et al. [10] report on coiled SMF-28 fiber at bending diameters 21 mm
and below. These tightly bent fibers show significant attenuation below 1.8 um, which is
consistent with our observed trends for SMF-28. Ref. [21] reports on bending losses for SMF-28
and SM2000 fibers at 1996 nm with 30 mm coil diameter. Converting the loss values in Ref. [21]
to the transmission of a 30-cm-long section of coiled fiber, we calculate 94.7% transmission for
SM2000 fiber and 10.9% transmission for SMF-28 fiber, which are consistent with measurements
presented in Fig. 2. There is some disagreement between our results and coiling loss for SM2000
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fiber described in Ref. [21]. For instance, our data show higher attenuation at 2500 nm for the same
coiling diameters. It is difficult to speculate on the source of this disagreement. Reference [21]
perform measurements on a single loop of fiber while we coiled a 30-cm section of fiber, so the
relative uncertainty in coiled-fiber length is higher in Ref. [21] than the measurements presented
here. Our data present a clearer picture than previously published data of coiled and uncoiled
fiber transmission between 2000 nm and 2700 nm.

In conclusion, we show that SMF-28 and SM2000 fibers can be used with SNSPD systems
to delivery photons up to 2200 nm in wavelength. As also described in Ref. [10], coiling the
fiber is an effective way to attenuate longer-wavelength photons due to block blackbody radiation,
which is the dominant source of noise for SNSPDs. For instance, our measurements show that
coiling SMF-28 fiber to 40 mm diameter will produce 20 dB/m attenuation at 2050 nm. Our
data can be combined with theoretical models of bent fibers [25-27] to better design filtering to
reject blackbody noise photons. Our results present a convenient way to extend superconducting
nanowire single-photon detector systems into the infrared wavelength range (to 2200 nm and
perhaps even slightly beyond this wavelength) by using silica optical fibers.
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