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A B S T R A C T

Infrared lidar systems are powerful tools in many environmental applications where high accuracy level, real
time observations and eye safe operations are essential. The main challenge for infrared lidar systems rests on the
lack of high-performance detectors operating at such wavelengths. A promising solution is represented by
Superconducting Nanostrip Single Photon Detectors (SNSPDs), thanks to their optimal efficiency and noise at
infrared wavelengths with a system detection efficiency close to one, a dark count rate of less than 1 count/s as
well as few nanoseconds dead time and picosecond time resolution. Here, we report on the use of SNSPDs for
atmospheric lidar observations at 1064 nm and compare the results with those obtained simultaneously at 532
nm using a photomultiplier (PMT) as detector. Our experimental findings show the potentiality of SNSPDs for
future lidar applications in the infrared domain.

1. Introduction

Lidar (LIght Detection And Ranging) is a well-known remote sensing
technique mainly used in the environmental monitoring and in all the
fields where range resolved capabilities and fine spatial aand temporal
resolutions are required [1]. Lidar is demonstrated to be a powerful tool
in atmospheric studies where real time observations with a high accu-
racy level are essential to follow atmospheric and air pollutant con-
centration dynamics. The great potential of lidar technology depends on
the laser emitter wavelength and generally the 300–1100 nm spectral
range is used in its main atmospheric applications, e.g. the study of
aerosol and clouds. The near and mid infrared spectral range (MIR) is
used for a large number of applications as near real time monitoring of
hazardous substance in the atmosphere [2], telemetry and airborne
topographic mapping [3], wind profiling or monitoring of atmospheric

gaseous component as CO2 [4]. In addition, the water vapour absorption
cross section is small in the infrared region, allowing continuous low
noise detection of clouds and fog during day and night, because of the
lower influence of the solar background radiation on the lidar signal to
noise ratio at these wavelengths [5]. Finally, infrared sources have many
advantages, such as higher atmospheric transmission, larger particle
detection and safer operation, since lasers in this wavelength range are
typically eye-safe [6,7]. Eye-safe lidar systems are also preferable for
urban and industrial areas, where continuous measurements of pollut-
ants and greenhouse gases are needed, but the safety of people must be
ensured [7].

However, the combination of high sensitivity and long wavelength
poses stringent demands on the detector performances. Indeed, the main
challenge for infrared lidar systems is the limited availability of high-
performance detectors that operate at these wavelengths. One
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promising solution is represented by single photon detectors, rather than
analog ones [6]. The use of single photon lidar, combined to advanced
computational imaging techniques, allows the target reconstruction
using one photon per pixel on average, thus reducing the measurement
time. Moreover, the detector can distinguish the signal from the back-
ground even when the former is very weak, as it happens when the lidar
light beam travels long distances or encounters high atmospheric
attenuation [7]. Nevertheless, the detectable wavelength range of the
most common detectors, namely Si single photon avalanche photodi-
odes (SPADs), is limited and they are not suitable for use in the near- and
mid-infrared. InGaAs SPADs can detect single photons up to 1.7 µm, but
they are affected by a large dark count rate (DCR) [6]. In this scenario,
Superconducting Nanostrip Single Photon Detectors (SNSPDs) seems to
be an optimal choice for infrared applications in terms of efficiency and
noise performances. These devices offer a near unit detection efficiency
in the infrared and less than 1 count per seconds (cps) DCR, in addition
to a dead time of few nanoseconds and a time resolution in the pico-
second range [8,9]. Timing jitter of 30 ps has been measured up to 3.5
µm wavelength [10].

In lidar measurements, a low timing jitter is important to maintain
high spatial resolution. Moreover, compared to semiconductor de-
tectors, SNSPDs can quickly return to operating state after detecting
other photons, so that they are not affected by after pulsing. Finally,
closed cycle cryostats provide a practical use of SNSPDs in a variety of
applications, such as experiments in space to ground communication,
quantum information processing, etc. The combined ability to detect
single photons with very high efficiency and very low noise, even in the
infrared region, constitutes one of the main benefits of using a SNSPD for
lidar applications.

In 2013 a Time-of-Flight scanning depth imaging system with a
centimeter resolution depth in the acquisition of images of non-
cooperative objects up to a kilometer was for the first time applied at
a wavelength of 1.56 µm utilizing a SNSPD [11], whereas a first proof of
principle of a single-photon lidar system at 2.3 µm using SNSPDs was
reported in 2019 [12]. Recently, a 1064 nm lidar using a SNSPD was
used to detect the stratospheric aerosol layer at altitudes of about 25 km
[6,13]. In this work, we report on the use of a very performant SNSPD
based on NbN technology as detector within a multiwavelength atmo-
spheric lidar system, the importance of this instrument lies in the fact
that it is possible to characterize the optical and/or microphysical pa-
rameters of the aerosol simultaneously analysing the different wave-
lengths. The SNSPD was installed in the MALIA system observational
station operative at the University of Naples. The SNSPD was used to
measure the atmospheric aerosol profile at λ = 1064 nm, comparing it
with the one registered by a PMT at λ = 532 nm. Moreover, the retrieved
backscattering coefficients at the two wavelengths were also compared
addressing the potential of these SNSPDs for atmospheric aerosol
monitoring in the infrared future lidar applications.

2. Materials and methods

2.1. Lidar setup

MALIA (Multiwavelength Aerosol LIdar Apparatus) lidar system is
part of EARLINET (European Aerosol Research Lidar NETwork) [14] and
ACTRIS (Aerosol, Clouds and Trace Gases Research Infrastructure) [15].
It is located at the Department of Physics “Ettore Pancini” of the Uni-
versity of Naples Federico II. The system is based on a 1 kHz pulsed Nd:
YAG laser source emitting the first, second and third harmonics at 1064,
532 and 355 nm with a power of 1.5, 2.5 and 2.0 W, respectively.

The laser pulses are sent into the atmosphere and the backscattered
light is collected by a Newtonian telescope, with a focal length of 120 cm
and a diameter of 30 cm. The collected light is split by a polychromator
unit using dichroic mirrors, polarizing beam-splitters, and narrowband
interferential filters. The signal detection in the 300–800 nm range is
achieved, both in analog and photon counting modes, by means of

photomultiplier tube (PMT) modules, whereas backscattered photons at
1064 nm are typically detected in analog mode by an APD. The detected
signals are acquired using an acquisition board Configurable Lidar
Acquisition SyStem (CLASS) specifically designed by ALA s.r.l. [16].
This device presents an innovative motherboard able to acquire the
signals of up to 5 detectors simultaneously in analog and digital modes.
Moreover, each module is a multiscaler device that counts every back-
scattered light pulse initialized by an external trigger. The lidar system is
fully managed by a control board, the LidAR controller board (LARA)
electronic board, provided with user-friendly software. In its full
configuration MALIA is a state-of-the-art system, capable of measuring
the elastic signals at 1064 nm, 532 nm (as derived from P and S polarized
components) and 355 nm (again in P and S components), the N2 Raman
echoes at 386 nm and 607 nm and the H2O Raman signal at 407 nm. Raw
data are acquired with typical temporal and spatial resolutions of 60 s
and 7.5 m, respectively.

The possibility to detect the infrared signal in photon-counting mode
is one of the main innovations of the SNSPD for atmospheric lidar. In
order to evaluate the performances of such detectors, the MALIA
experimental set-up was modified by inserting commercial SNSPDs
developed by Photec [17] in place of the APD analog detector.

The experimental setup is schematically illustrated in Fig. 1. The
lidar system operates in biaxial configuration. Two different SNSPD
detectors were tested, and the obtained results were compared with the
measurements registered by a PMT at λ = 532 nm.

2.2. SNSPD setup and characterization

Two SNSPDs were used in the measurements. Both detectors consist
of a 6 nm twin-layer of NbN separated by 3 nm of SiO2 [8] and receive
the photons through a multimode (MM) or single mode (SM) fiber with a
core diameter of 50 μm and 7 μ m, respectively. Therefore, in the
following the two detectors will be indicated as MM-SNSPD and SM-
SNSPD, respectively. Both devices are optimized for detecting photons
at 1064 nm by using a distributed Bragg reflector optical cavity directly
deposited on the chip [18]. The SNSPDs are mounted in a closed-cycle
Gifford-McMahon cryocooler operating at a base temperature of 2.2 K.
To monitor the temperature a silicon drink thermometer is used. The
SNSPDs are biased close to their critical current value so that, when an
incoming photon hits the nanostrip, a hotspot is created producing the
switch of the nanostrip from the superconducting state to a resistive
state. In this regime, a voltage signal appears across the strip and is
detected by the readout system. The readout and bias controller, which
includes bias tees, amplifiers, filters, and photon counters, is connected
to a computer which control the electronic part of the system. The
electronic connections inside the cryostat are provided by BeCu coaxial
cables, while outside stainless-steel coaxial cables are used.

The 1064 nm backscattered light for the SNSPDs detection channel is
gathered at the polychromator exit by a 600 µm core fiber whose output
is eventually connected to the input fibers of the SNSPDs. The core
diameter of the fiber gathering the optical signal was chosen to match
the characteristics of the MALIA setup. However, due to the mismatch in
the core diameters of the gathering and SNSPDs fibers, a geometric
attenuation factor of at least 3 orders of magnitude is expected. In
particular, the mismatching effect on the coupling efficiency has been
calculated as the ratio between the core areas of the two coupling
elements.

Prior to the lidar measurements, the response of the SNSPDs in
different conditions was studied to select the optimal bias current Ib; an
example for the MM-SNSPD is displayed in Fig. 2.

First the count rate without any fiber connected to the cryostat was
recorded (Fig. 2, black circles). For the lowest values of the bias current,
the count rate is almost constant, and this constitutes the background
contribution to the DCR. However, when the current approaches the
critical value, the exponential behaviour of the intrinsic DCR becomes
prevalent [19].

S. Spinosa et al. Infrared Physics and Technology 141 (2024) 105468 

2 



Then, the count rate due to the sunlight background was investi-
gated. For these measurements, the sunlight collected by the telescope
was sent to the SNSPD. Due to the high sensitivity of the detector, two
broad band attenuators were inserted in the infrared detection channel
of the optical spectral selection box. The first, with an attenuation of
100, was placed ahead of the fiber when we recorded the measurements
with the MM-SNSPD; the second attenuator, with an attenuation of 440,
was used during the second acquisition with the SM-SNSPD. In this way,
the residual component of sunlight at 1064 nm passing through the
interferential filter reaches the SNSPD [12], and the count rate increases
by few orders of magnitude (Fig. 2, light blue triangles).

Finally, the laser was turned on, thus observing an increase of the
count rate due to the backscattered light at 1064 nm (brown stars). The
final backscattered signal at 1064 nm is then obtained as the difference
between the count rates recorded with the laser on and off (purple
squares).

As observed in Fig. 2, the count rate tends to saturate as the bias

current Ib increases. Hence, the working point of the MM-SNSPD was set
at 21 µA, assuring a stable response, even in presence of bias current
fluctuations, and a DCR of 50 Hz. Moreover, the detection efficiency at
the setpoint of the MM-SNSPD is 75 %, whereas the one provided by the
SM-SNSPD is 81%. The working point corresponds to 93% of the critical
current of the detector. As for the SM-SNSPD, the working point was also
set at 21 µA with a DCR of 50 Hz, by following the same procedure.

In addition, we measured the count rate as a function of power. The
maximum count rate is 8.4 × 106 Hz, as shown in Fig. 3. It is worthy to
note that although the SNSPDs can record millions of counts per second,
here we have worked at a base count rate of two orders of magnitude
lower. Indeed, if we worked with the detector at its upper limit of mil-
lions of counts per seconds and a structure in the atmosphere made the
incident photon rate higher, the detector would have switched to the
normal conducting state without restoring the superconducting one. In
order to avoid such an eventuality, we put the broad band attenuator,
working at a lower count rate.

Fig. 1. Schematic of the experimental setup. The backscattered light is collected by a Newtonian telescope, and then it is split in the signal at 1064 nm recorded by
the SNSPDs, and the one at 532 nm (P and S polarized components) recorded by the PMTs..

Fig. 2. MM-SNSPD count rate as a function of the bias current: dark (black circles), ambient sunlight (light blue triangles), total count rate with the laser on (brown
stars). The purple squares show the backscattered signal at 1064 nm obtained by subtracting the ambient background contribution from the signal registered at 1064
nm with the laser on. The dashed vertical line marks the optimal bias current Ib set as working point.
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Devices like multi-channel SNSPD can also improve this limit.
Indeed, this kind of detector proved to be able to record a count rate
even higher than 100 MHz [20,21].

After the working point settings were selected, lidar measurement
were carried out simultaneously at 1064 nm with the SNSPDs and at
532 nm with the PMTs.

3. Results

The two detectors were tested on the MALIA lidar system. Hereafter
we illustrate the results of exemplificative atmospheric measurements
carried out on 28th July 2023. During themeasurements, a Saharan Dust

(SD) event reached the observational site. HYSPLIT backtrajectories
[22], displayed in Fig. 4, address the transit over Naples of an aerosol
layer coming from the Saharan region and located between 3.5 and 5.0
km. The presence of the SD was also confirmed by the DREAM-8b model
forecast [23] (not shown). However, over the day the meteorological
conditions progressively changed with the appearance of clouds that
partly masked the SD aerosols layer. Hereafter, we will illustrate two
cases: i) the SD aerosol backscattered signal at 1064 nm registered by the
MM-SNSPD; ii) the backscattered signal at 1064 nm due to the SD and
clouds contributions recorded by the SM-SNSPD. In both cases, the lidar
signals at 1064 nm and the corresponding retrieved backscatter co-
efficients (β) are compared with the simultaneous observations at 532
nm. The signal and β at this wavelength are reported as the combination
of P and S signals.

We will first discuss the lidar signals registered by the MM-SNSPD
when only the SD was present. Then, we retrieve β and, in order to es-
timate the performances of our superconductive detector, we calculate
the backscattering ratio (BR) between the two investigated wavelengths.
The same procedure will be reported for the SM-SNSPD in presence of
clouds to give an estimation of the performances of the detector with a
single mode fiber.

Fig. 5 reports the range corrected lidar signals (RCS) registered at
1064 nm by the MM-SNSPD from 07:56 to 08:11 UTC, in the form of a
false color map, in arbitrary units (a.u.). The colour bars, representing
the intensity of the backscattered signals, range from blue (low intensity
signals) to red (high intensity signals). The corresponding map acquired
at 532 nm is also reported for comparison. Both maps in Fig. 5 evidence
a structure in the atmosphere at an altitude of about 4 km due to the
aerosol transported during the SD event. The maps clearly show that the
different detectors can display the same structures in the atmosphere.
However, the lidar signal at 1064 nm appears to be noisier than the
corresponding one at 532 nm. This is mainly ascribed to different nu-
merical apertures and cores matching between the fibers used to bring

Fig. 3. MM-SNSPD count rate as a function of the power of the incident light
normalized to the highest value.

Fig. 4. The HYSPLIT-NOAA model shows the backtrajectories of the air masses in the last 6 days that arrived on the Naples site on 28th July 2023 for an altitude of
3.5 (blue line), 4.0 (red line) and 5.0 km (green line), respectively.
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the signal from the output of the spectral selection box to the SNSPD, as
well as to the lower backscattering efficiency at longer wavelengths. The
former effect can be surely improved in the future by an appropriate
selection of the fibers and their coupling.

Fig. 6 reports the RCSs integrated over 15 min within the range 1.5 –
9.0 km at both wavelengths, which clearly evidence the SD layer
structure. In both panels, the black line represents the profile expected
from a pure molecular atmosphere at that wavelength. Furthermore,
symbols show the RCS mean value at specific altitudes and the reported
error bars were calculated as standard deviation assuming a normal
distribution due to the large number of photons, as reported in literature

[24]. The plots of Fig. 6 clearly show that even if the signal of the MM-
SNSPD is noisier, the main features of the SD layer evidenced at 532 nm
are well recognized also at 1064 nm with the main part peaking at about
4.5 km and two shoulders at lower and higher altitudes.

In an attempt to further highlight the performance of the MM-
SNSPD, the lidar data were analysed retrieving the backscatter coeffi-
cient β at both 1064 and 532 nmwavelengths. The Klett-Fernald method
was used to estimate β for daytime measurements [25–27]. In the SD
layer, values of Lidar Ratio (LR), that is the extinction to backscatter
ratio [28], of 42 sr and 30 sr at 532 and 1064 nm were used, respec-
tively, as reported in the literature for this kind of aerosol [29]. Fig. 7

Fig. 5. False colour maps of the range corrected lidar signals registered from 07:56 to 08:11 on 28th July 2023 by the MM-SNSPD at 1064 nm, (panel A) and by the
PMT at λ = 532 nm (panel B), respectively. The colour bars, representing the intensity of the backscattered signals, are in arbitrary units.

Fig. 6. In red the RCS integrated over 15 min from 07:56 to 08:11 on 28th July 2023 of the MM-SNSPD at λ = 1064 nm is reported (panel A) in comparison with the
RCS acquired by the PMT at λ = 532 nm in green (panel B). The error bars were calculated as standard deviation assuming a normal distribution due to the large
number of photons. The black lines represent the profiles expected from a pure molecular atmosphere.
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reports the profiles of β for the MM-SNSPD at 1064 nm and the corre-
sponding one at 532 nm, showing in both cases a dust layer between 3.0
and 5.0 km, in agreement with the backtrajectories shown in Fig. 4.
Here, the reported error bars were calculated by a Montecarlo method as
reported in Ref. [24].

The β values registered at the two different wavelengths allow esti-
mating the BR, with its own error:

BR =
β(1064)
β(532)

(1)

ΔBR =
1

β532

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Δβ21064 +
β21064
β2532

Δβ2532

√

(2)

Taking into account the altitude range from 10 % of the peak’s
maximum value, and extending up to the other 10 % of the same
maximum value (3.83 – 5.49 km), the BR corresponding to the dust layer
results to be (0.8 ± 0.5); such a value results in good agreement with
those reported in literature for SD particles [30,31]. For example, values
of the backscatter ratio (1064/532) of 0.72 – 0.75 for SD were reported
in Ref. [32], whereas mean values of 0.8 were stated for pure dust
aerosol in Ref. [30].

In order to test the SNSPD performance, the second detector coupled
with a single-mode optical fiber was also used. The lidar signals at 1064
nm and 532 nm were acquired from 11:50 to 12:05 UTC. During these
measurements, the atmospheric conditions changed, and the SD was
covered by a cloud located within the range of 3 – 5 km.

The time variability of the lidar profiles is depicted in the false colour
maps of Fig. 8, where both detectors exhibit two peaks due to the
presence of clouds. The former peak is observed in the region between 3
and 5 km, whereas the latter is detected at higher altitudes, around 7 km.
It is worth noticing that the signal of the SM-SNSPD in the panel A of
Fig. 8 is weaker than the one of the MM-SNSPD shown in Fig. 5. This
disparity is due to the smaller fiber core and to the difficulties in the
coupling from telescope to single mode fiber resulting in a decrease of
the signal-to-noise ratio.

Despite this effect, when we examine the integrated signal over 15
min reported in Fig. 9, the SM-SNSPD is still able to detect the atmo-
spheric profile features in a very reliable way, as addressed by the
comparison with the corresponding signal registered at 532 nm. In such
a case, the cloud in coincidence of the SD layer and the cloud at larger
altitude are both well recognized. As before, symbols are used to address
the signal uncertainties, with error bars reporting the standard deviation
of a normal distribution [24].

Also for this case, the β profile at both wavelengths were retrieved
using LR values of 20 sr and 10 sr at 532 and 1064 nm, respectively [33],
as depicted in Fig. 10.

The mean values of BR inside the clouds, assuming the same

Fig. 7. Profiles of β retrieved from the signals, integrated from 07:56 to 08:11
on 28th July 2023, registered by the MM-SNSPD at 1064 nm (in red) and the
PMT at 532 nm (in green); the error bars were calculated by a Mon-
tecarlo method.

Fig. 8. False colour maps of the range corrected lidar signals registered from 11:50 to 12:05 UTC on 28th July 2023 by the SM-SNSPD at 1064 nm, (panel A) and by
the PMT at λ = 532 nm (panel B), respectively.
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conditions ascribed before for the MM-SNSPD, results to be 0.8 ± 0.7
and 0.6 ± 0.5, for the first and second layers in the ranges (3.81 – 4.11
km) and (6.27 – 7.71 km), respectively. The obtained values agree with
those typically reported in the literature for clouds [34,35].

4. Conclusions

In this work tropospheric lidar measurements carried out at 1064 nm
using two SNSPDs devices are reported. Measured profiles allowed to
characterize atmospheric layers in terms of their optical properties. The
comparison with the measurements carried out at 532 nm using a
commercial PMT with well-known performances highlights the good
performance of the SNSPDs devices when applied to the atmospheric
lidar technology. This study shows that superconducting detectors can
effectively contribute to atmospheric lidar applications due to their high
performances in the infrared spectral range.

Our experimental findings seem to be very promising and further
improvements can be achieved in the future with new tests in the
infrared eye-safe region, where distinctive absorption features of
important atmospheric constituents, such as water vapor and carbon
dioxide, are present. Indeed, the use of SNSPD in lidar systems operating
at 1.5–2 μm still represents a challenge due to the limited availability of
high-performance detectors operating at these wavelengths and could
enhance the performance and the safety of the lidar applications
expanding the range of detectable wavelengths and atmospheric species.
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