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Lidar measurement are widely used today for remote sensing and atmosphere monitoring. Indeed, depending
on the specific wavelength adopted, it is possible to determine the presence of specific molecules and
pollutants in the atmosphere. Several studies claim that the use of Lidar systems with wavelength larger than
1 um would provide a special tool for aerosols and carbon dioxide observations. Aerosols measurements are
typically performed up to the wavelength A = 1064 nm, while for longer wavelengths they are limited by the
detector noise. In this work the results of a preliminary Lidar measurement at A = 1064 nm by using a
Superconducting Nanowire Single Photon Detector (SNSPD) are presented. SNSPDs are characterized by
high efficiency in the infrared wavelength domain (IR), low noise and dead time, which can in turn enhance the
signal quality in Lidar atmospheric measurements at A > 1 pym, an interesting range for environmental
applications. Preliminary measurements have been performed at the University of Naples Federico Il by using
a NbTiN SNSPD cooled at a temperature of 4.2 K and the Lidar system MALIA. The experimental results at
1064 nm demonstrate the feasibility of the approach for aerosol measurements in the IR, opening the way to
further investigations on the use of these detectors for Lidar atmospheric measurements in the IR. The
backscattering coefficient, B, has been also estimated and its value is around 10° m”sr.

1. Introduction

The observation of atmospheric aerosols and pollutants is a relevant scientific and technological topic since
these elements play a crucial role in climate changes and badly affect human health (Péschl, 2005). Due to
the importance of this topic, many techniques to sense the particulate locally and remotely have been
developed (Lack et al. 2014). In this framework, Light Detection and Ranging (Lidar) technique represents
today an extremely precise ground based remote sensing method for acquiring the spatially resolved profile of
particulate and molecules content in the atmosphere, up to distances of tens of kilometres. The typical Lidar
setup consists of a light emitter (i.e. a high power pulsed laser) pointed toward a target, namely the
atmosphere, and a receiver formed by a telescope, a stage of filters for spectral selection, optics elements to
redirect the collected beam on a detector and the electronic readout. A sketch of the Lidar setup adopted here
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is presented in Figure 1a. As presented in what follows, the analysis of the signal collected by the receiver
provides the aerosol content profile as a function of the distance from the emitter, that is the altitude.
Depending on the specific Lidar technique adopted, it is possible to obtain further information about the
particulate species and shape (Weitkamp, 2006). Concerning the emitter wavelength, it is chosen according to
the species of interest. Indeed, as mentioned by Salvoni et al. (2019), the use of infrared wavelengths can be
significant in the study of pollutants and greenhouse gases such as ozone and carbon dioxide. Moreover, the
use of IR sources would provide other advantages such as a reduced undesired absorption by the molecular
compounds in the air and the reduced risk of injuries, as the lasers in this region are generally eye - safe. The
latter would open the way to continuous measurements in urban and industrial areas and would include the
Lidar as a validating technique for novel carbon dioxide and particulate absorption methods such as the one
presented by Cormos et al. (2019).

The main obstacle in the implementation of IR Lidar systems is represented by the detector efficiency and
noise. A solution could be the use of single photon detectors instead of proportional detectors but, even in this
case, the detectable wavelength range is limited. Indeed, the efficiency of the most used detectors, such as Si
single photon avalanche photodiodes (SPADs) and photomultiplier tubes (PMT), drops down above 1 um,
accompanied also by a significative rise in the noise. It is possible to enlarge the wavelength range up to
1.7 um with the use of InGaAs SPADS at the cost of an increased detector noise but, above that wavelength,
conventional single photon detectors are still missing. In this scenario, SNSPDs represent an optimal
candidate in terms of efficiency and noise for IR and far IR applications. Those devices consist of a thin
superconducting nanostrip whose thickness and width are about 5 nm and 70 nm, respectively. The thickness
and width can vary slightly according with the superconducting material and the wavelength do be detected
(Ejrnaes et al. 2017). SNSPD provide almost 100% system detection efficiency in IR and less than 1 cps dark
counts rate (Hu et al. 2020). These properties are accompanied by few nanoseconds dead time (Ejrnaes et al.
2009), picoseconds temporal resolution and absence of afterpulses. Here a report on the results of a
preliminary Lidar measurement with a SNSPD is presented. The operating wavelength is 1064 nm, a value
typically adopted in Lidar systems for the acquisition of aerosols profiles. The SNSPD is made of NbTiN, a
superconducting material which exhibit particularly high performances also at a temperature of 4.2 K (liquid
helium) and does not require expensive refrigerators. Furthermore, it was demonstrated by Ejrnaes et al.
(2019) that this temperature regime is suitable for this material to reduce the thermal fluctuations contributing
to the noise.

2. Device fabrication and measurement setup

The SNSPD used in this measurement is based on a NbTiN thin film (5 nm thick) deposited onto a double-
side polished thermally oxidized Si substrates by reactive dc-magnetron sputtering in an Ar + N2 gas
atmosphere, under a total pressure of 0.27 Pa at room temperature. A meander shape, i.e. a folded nanostrip,
is transferred to the film with electron beam lithography and UV lithography and the final area is a circle with a
diameter of 15 pm, the strip width is 70 nm and the space among two consecutive strips is 90 nm. A SEM
image is shown in Figure 1b. Further details on fabrication can be found in Yang X. et al. (2017).
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Figure 1: (a) Scheme of MALIA Lidar system. M1, M2, M3 represent the laser wavelengths emitted in the
atmosphere (1064 nm, 532 nm, 355 nm). D1, D2, D3, D4 are the dichroic mirrors used to separate the
different wavelengths. BS and PBS are the beamsplitters adopted to divide the signal and the polarizations.
The red box highlights the channel used in the present work. (b) A SEM image of NbTiN SNSPD.
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The measured critical temperature of the SNSPD is T = 6.6 K, hence the measurement could be performed
by cooling down the device inside a liquid helium dewar (T = 4.2 K), with the use of a cryogenic insert
equipped with a single mode fiber which realizes the optical coupling between the device and the Lidar
system.

According with the current assisted detection model described first by Gol'Tsman et al. (2001), an incident
photon on the SNSPD generates a hot spot on the nanostrip that is, a resistive region where the local
temperature overcomes the critical value T.. If a bias current, lp, is injected along the nanostrip, due to the
presence of the hot spot, it is forced to flow at the edges of the hot spot region where, if |, is sufficiently large,
a growing resistive belt across the strip is generated (Ejrnaes et al. 2010). The result is a photon-induced
voltage pulse (Casaburi et al. 2015) which corresponds to a detection event. The superconducting state is
restored as the current is diverted inside an external electrical circuit.

For the device used in this work, the measured critical current is Ic = 9.85 pA (Figure 2a) and the
measurement was performed at |, = 7.50 pA as, at this bias current value, the dark count rate is low and the
counting rate almost reaches its maximum (see Figure 2b). The dark count rate, i.e. the detector intrinsic
noise, depends exponentially on the bias current (Nasti et al. 2015) and hence it can be drastically reduced by
slightly tuning the bias current even though nontrivial dependence has been observed recently (Salvoni et al.
2020).
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Figure 2: The IV curve is shown in (a). If the current is lower than the critical value, the device remains in the
superconducting state (AV = 0); when Ib > Ic the SNSPD enters in a normal state and a resistive IV curve is
measured. The dependence of the counting rate at 1064 nm and of the dark count rate (intrinsic noise) on the
bias current is shown in (b). The operating current was set to optimise the signal to noise ratio

The Lidar system used in this experiment is the Multi-wavelength Aerosol Lidar Apparatus (MALIA), operating
at the Physics Department of the University of Naples Federico Il (Pisani, 2013). MALIA station, formerly
EARLINET (European Aerosol Research Lidar Network) station since 2000, is a National facility of the pan-
European Research Infrastructure ACTRIS (Aerosol, Cloud and Trace Gases Research Infrastructure). This
system is dedicated to the detection of aerosols masses and water vapor. The setup scheme is presented in
Figure 1a, it operates at fundamental (1064 nm), the second (532 nm) and third (355 nm) harmonics, of a
pulsed Nd:YAG laser source. The three laser beams are fired in the atmosphere simultaneously. The pulse
duration t is 5 ns and the repetition rate is 20 Hz. Maximum pulses energy Pois 0.65 J at 1064 nm, 0.15 J at
532 nm and 0.1 J at 355 nm. The laser light undergoes a series of scattering processes due to the presence
of atmospheric molecules and particles and the backscattered signal P(z, A) is collected by a Newtonian
telescope with a focal length of 120 cm and a diameter of 30 cm. Different wavelengths and polarizations are
then separated by a series of dichroic mirrors and polarizing beam splitters and the signal in each channel is
acquired by a detector. The backscattered signal P(z, A) measured by the detector depends on the setup and
on the target species and distance according with the formula presented in Weitkamp (2006):

PoATZL0(2)

z
B(z, 1) exp [—2[ a(/l,z’)dz'] (1)
0
where z represents the target altitude, A is the telescope area, c is the light velocity, O(z) is the overlap
function, which accounts for the telescope and beam relative alignment,  is the backscattering coefficient
which determines the target species and a is the extinction coefficient and represents the attenuation due to
the atmospheric absorption and scattering.
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As one can notice in Eq. (1), the signal power is a function of the distance of a target (single molecule or
particle) from the Lidar. Indeed, this technique is based on a measurement of delay between the initial time to,
set by the laser trigger, and the time t when the signal is detected. With the straightforward relation Az = cAt/2
it is possible to calculate the distance of the target by the measurement of temporal delay.

The resolution of Eq. (1) in terms of a and 3 coefficients provides range resolved aerosols characterization in
terms of concentration and optical proprieties. A key Lidar parameter is represented by the Lidar Ratio LR =
a/B. LR values are well known in literature for different aerosol’s types and can be calculated theoretically
(Ackermann,1998) as well as being derived directly (Mlller et al. 2007). The extinction and backscattering
coefficients can be determined separately by means of Raman Lidar techniques (Ansmann et al. 1992).

To couple the 1064 nm signal with the SNSPD single mode fiber, the attenuated signal beam was directed on
a telescope formed by two lenses whose focal lengths are 101.6 mm and 25.4 mm. The two lenses are used
to reduce the beam size to one fourth to match the acceptance of a collimator (Thorlabs, F810FC-1064) which
finally couples the Lidar signal to the SNSPD single mode fiber. The fiber is fixed to the sustain embedding the
detector and is equipped with a micro-lens that further focuses the signal on the SNSPD surface.

3. Experimental results

The use of superconducting nanowire as highly sensitive detectors for Lidar measurement is becoming a
relevant topic for atmospheric observations in the infrared (see Taylor et al. 2019). As mentioned before, a
Lidar system operating at A > 1um would present many advantages. First, in such a wavelength region, the
molecular scattering cross section due to N2 molecules in the atmosphere is lower than the one obtained with
A <1 um; hence, the aerosol signal is not hidden by the molecular counterpart and becomes clearer. Second,
working in the IR would open the way to the detection of other pollutants such as carbon dioxide and ozone.
Finally, A > 1.5 ym is an eye-safe regime, allowing the system to operate in urban areas without compromising
public safety and health.

The main issue in moving to longer wavelengths is represented by the detectors, which exhibit a dramatic
drop in terms of efficiency and increased noise in the IR. For this reason, the use of SNSPD seems to be the
simplest solution to increase the performances of aerosols measurements with Lidar technique and to open
the way to the observation of other pollutants.

In this section the results of a Lidar measurement with an SNSPD at 1064 nm are presented. The
experimental setup is described in the previous section, a NbTiN SNSPD was adopted as this material
exhibits lower fluctuations and noise (Parlato et al. 2020) and it can operate also at the temperature of 4.2 K.
During this daytime measurement, it was possible to acquire the signal due to a low altitude cloud and to
calculate the B coefficient. Even though this is just a preliminary result, it proves that SNSPD can represent
good candidates for Lidar measurements in IR.

3.1 Data acquisition and analysis

During the measurement, the NbTiN SNSPD was kept at the fixed temperature of 4.2 K by dipping a cryogenic
insert in a liquid helium dewar and it was polarized at I, = 7.50 pA to optimize the signal to noise ratio (see
Figure 2b). The first operation was to align the laser beam, the telescope and the SNSPD to maximize the
signal incident on the device. Then, as shown for example in Figure 3, it was verified that the signal can be
clearly distinguished from the background noise by comparing signals registered with the laser illuminating the
atmosphere and with the laser stopped but with telescope open. The exemplificative signals reported in Figure
3 refer to an acquisition time of two minutes.
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Figure 3: The red (black) area represents the result of a Lidar measurement when the laser is turned on (off).
The first peak is due to secondary reflections of the laser beam in the lab.
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After this first check, the signal was acquired with two minutes’ time integration and a 7 meters’ spatial
resolution, although low variable clouds were present above the measurement area.

Figure 4 reports the range corrected Lidar signal (Figure 4a) and the aerosol backscattering coefficient profile
(Figure 4b) obtained from diurnal observations carried out from 10:06 to 10:08 a.m. in Naples. The estimated
value of the backscattering coefficient lays between 5 x 10® and 10 x 10°m™'sr”" and it can be compared to
the ones obtained in Naples in similar weather conditions at low altitudes.

It is to be noted that the reported Lidar data are not corrected for the overlap function O (z, A) and they are
then underestimated for altitudes below 300 m. Moreover, as Figure 4a reports, Lidar data well fit with the
molecular profile at 1064 nm (red line) for altitude above 800 m, where no aerosol layer was present.
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Figure 4: (a) Lidar signals at 1064 nm measured with a SNSPD detector. The black line represents the signal
measured within a temporal window of 2 minutes. The red line represents the contribution due to the
molecular atmospheric components, calculated analytically at A= 1064 nm. (b) Backscattering coefficient
estimated from the measurement in Figure 4a. The initial altitude is shifted as the overlap function O (z, A)
approaches the unity for z> 300 m at A = 1064 nm.

Diurnal data retrieval was obtained following the Klett - Fernald inversion procedure (Klett, 1981; Fernald,
1984) and assuming a LR of 20sr in the cloud range (500 - 600 m) and a LR of 50 sr along the vertical profile,
as typically measured in the Naples area at lower altitudes.

The obtained results, even though preliminary and acquired during no clear sky conditions, are promising and
demonstrate the feasibility of the use of this new detector for Lidar measurement in the IR domain.

4. Conclusions

In this work it was demonstrated that it is possible to integrate a Superconducting Nanostrips Single Photon
Detectors in a Lidar setup. Indeed, the results of a preliminary aerosol measurement at 1064 nm with a
combined setup are presented.

It was possible to acquire a clear signal at 1064 nm during two minutes of acquisition, which can be
considered a relatively short time. Despite this fact, the dataset was accurate enough to calculate the
backscattering coefficient below 1500 m, estimated around 5 x 10® and 10 x 10® m™'sr". This value can be
compared to the beta coefficients calculated in Naples at low altitudes in similar weather conditions. This
result sets an optimal starting point for further and more accurate atmospheric Lidar measurements with
SNSPD, such as a comparison with the aerosol signal acquired with conventional detectors and with different
wavelengths.
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