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Introduction: light scattering measurements in planetary atmospheres

Light scattering observations by a cloud and/or by individual aerosols crossing a light source represent a powerful tool to retrieve some of the physical optical properties of liquid and/or solid particles in planetary atmospheres. In particular, solid particles in the Earth atmosphere are salts, minerals, carbonaceous materials, which may be in aggregates, and sometimes mixed with liquids. In ice giants, solid particles could be expected to be made of carbonaceous material, including diamonds, (Kraus et al., 2017). In the following, solid particles will refer to such carbonaceous compact or aggregated particles, which could be internally mixed with ices and liquids. The main properties that may be addressed are the size and the size distribution, the overall shape and the porosity, the complex refractive index, and thus the geometric albedo of the particles.

Two approaches may be used. The first one concerns the intensity (or brightness) of the light scattered at a given phase angle angle between the directions of illumination and observations) or scattering angle q (equal to 180° -where the forward scattering corresponds to 180° and the backscattering to 0°. It can be proportional to the particle size, although some and the size distribution, the overall shape and the porosity, the complex refractive index, and thus the geometric albedo of the particles.

Two approaches may be used. The first one concerns the intensity (or brightness) of the light scattered at a given phase angle angle between the directions of illumination and observations) or scattering angle q (equal to 180° -where the forward scattering corresponds to 180° and the backscattering to 0°. It can be proportional to the particle size, although some oscillations in the phase curves for axially symmetrical particles could complicate the analysis. Such a relationship is used by aerosols counters to retrieve the concentrations and the size distribution of the Earth' atmospheric aerosols (Grimm et Eatough, 2009;Gao et al., 2016;Renard et al, 2016a). The lower limit of size detection of such instruments is of about /3, where is the wavelength of measurements. For measurements made in the visible domain, the minimum detectable particle size is around 0.15 m.

The second one concerns the change of the scattered intensity with the phase angle (so-called the phase function). The curve representing the phase function is expressed for in the 0°-180° range, and the instruments used for the measurement are often called nephelometers (e. g. Ragent et al., 1998, Gayet et al., 1997). The shape of the bulk phase curve, obtained for a cloud of particles, depends on the size of the aerosols but also on their shape and on their complex refractive index that can be a good indicator of the aerosols' nature.

In the case of liquid quasi-spherical particles, comparison of the measurements with theoretical calculations based on Mie scattering theory (van de Hulst, 1957) allows the retrieval of the size and the complex refractive index of polydisperse aerosols (e.g. Daugeron et al., 2007;[START_REF] Verhaege | [END_REF]. Theoretical calculations have been extended to axially symmetrical particles (Mishchenko, 1991), to icy particles in clouds (Gayet et al., 1998), to cluster of spheres with T-matrix code (e.g. Mackowski and Mishchenko, 2011), and to aggregates of polydisperse monomers with Discrete Dipole Approximation technique (e.g., Draine and Flatau, 1994;Lasue et al., 2009).

In the case of irregularly shaped particles, experimental approaches are often used to compare the measured phase functions to reference phase functions obtained in the laboratory for levitating particles (Muňoz et al., 2012;Renard et al., 2014). Such data bases must contain tens or hundreds of phase functions for most of the particles significantly larger than a few m that can be present in atmospheres and in space. In particular, this approach has been used for a better understanding of the physical properties of Titan's aerosols and of dust in comet 67P/ Churyumov-Gerasimenko (Hadamcik et al., 2013;Levasseur-Regourd et al., 2019). Finally, the reference phase functions for non-spherical particles from a few m down to about 0.1 m can be obtained in the laboratory via the use of the microwave analog method (Vaillon and Geffrin, 2014), as presented at the end of section 3.2.

In the past, nephelometers and particle counters have operated in a variety of planetary atmospheres. On Venus, nephelometers were sent with Venera 9 and 10 (Marov et al., 1980), and with the main sounder and three smaller descent probes of Pioneer Venus (Ragent andBlamont, 1979, 1980). These instruments can make a fine description of the vertical structures of the aerosol and cloud layers that would not have been possible from orbit. Venera's nephelometers utilizing four phase angles (0°, 135°, 165° and 176°) can determine the particle effective radius in addition to the vertical structure. Nephelometers on Pioneer-Venus only had one phase angle (at 15°) to probe the backscattered signal. This also enable the retrieval of the different cloud layers of Venus atmosphere. To complete observations of the Pioneer-Venus backscattering nephelometers, the Large probe Cloud Particle size Spectrometer (LCPS) on board the main sounder provided information of the particle granulometry (Knollenberg andHunten, 1979, 1980). This instrument revealed the existence of two and maybe three particle modes.

A nephelometer was also onboard the Galileo Jupiter descent probe (Ragent et al., 1998) with measuring at five phase angles (2°, 110°, 140°, 164°, 174.2°). This probe descended into an atypical region of Jupiter; known as a hot spot. Although the atmosphere was unusually clear, the instrument nevertheless detected haze particles and several distinct layers of clouds that correlated to expected condensed species. With five angles they were able, as for Venera's nephelometers, to retrieve the extinction, optical constants and information on the particle size distribution (effective radius and variance) as well.

These instruments deployed into planetary atmospheres were only able to monitor the average radiance and could not serve as particle counters. In the three last decades, progress in hardware and material has allowed the development of nephelometers able to probe individual particles and, therefore, to measure particle granulometry. In this paper, we propose a novel space instrument that combines these two approaches, counting and nephelometry, for in situ measurements of the light scattered by individual aerosols in the atmospheres of Uranus or Neptune, to determine their physical properties.
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Aerosols in ice giant atmospheres

A recent review of the atmospheric composition and dynamical process of clouds and hazes in ice giant atmospheres is available in Mousis et al. (2018). This present knowledge comes from ground-based observations, from the Voyager2 flyby and from radiative-transfer modelling. To first order, the structure and properties accessible for clouds in both Uranus and Neptune's atmospheres are similar. They consist of a haze layer topping at 50-100 mbar, located above a thin methane cloud, and a base at about 1 bar. This cloud is itself above another cloud of H 2 S ice located between 2 and 4 bar (Tice et al., 2013;de Kleer et al. 2015;Irwin et al. (2016a,b). Also, due to the low temperatures, icy particles of methane and other hydrocarbons are present in the atmosphere of Uranus and Neptune [START_REF] Sanchez-Lavega | [END_REF][START_REF] Sanchez-Lavega | An Introduction to Planetary Atmospheres[END_REF]. Figure 1 presents the vertical distribution of Neptune haze and clouds proposed by Mousis et al. (2018), based on the work of Baines and Hammel (1994), Baines et al. (1995), [START_REF] Irwin | Giant Planets of Our Solar System[END_REF], Irwin et al. (2017), with temperatures from Lindal (1992).

Fig.1 Vertical distribution of haze and cloud of Neptune (from Mousis et al., 2018)

The effective radius of the particles seems to be in the 0.1 -0.2 μm range for the stratospheric hazes, and in the 1 -1.5 μm range for the methane tropospheric cloud (Baines and Hammel, 1994;Irwin et al., 2017). More precisely for Uranus, the effective radius could increase from 0.05 m at 4 mbar to 0.3 m at 4 bar, with concentrations decreasing from ~10 to ~2 particles cm -3 with increasing pressures (Toledo et al., 2019).

However, since these results are derived from remote sensing measurements, they can suffer some significant uncertainties during the retrieval process. In situ measurements from instrumentation onboard an atmospheric probe would thus be mandatory to accurately determine the vertical structure of the hazes and clouds and their physical properties along the descent path of such a probe. The measurements of the scattering properties of the aerosols, their number density as a function of depth, their complex refractive indexes, and evidence for differences between liquid and icy particles would help to constrain the aerosols composition and the formation processes (Mousis et al., 2018;Hofstadter et al., 2019). Also, it would be possible to access clouds much deeper in altitude than those investigated via remote observations.
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The best method to determine the size distribution and the concentration of aerosols is to use an aerosol counter that counts the particles one by one and classifies them in size classes. Among such instruments, the Light Optical Aerosols Counter (LOAC) has been used in the Earth's atmosphere since 2013 to retrieve the aerosol concentrations and size distributions for 19 size classes in the 0.2 -50 m range (optical equivalent diameter). This instrument was developed to be operated on all kinds of atmospheric balloons, including weather balloons; it can be operated from the ground up to the middle stratosphere at an altitude of at least 35 km or 5 mbar (Renard et al., 2016a). The total weight of the gondola for terrestrial applications, including the optical chamber, the batteries, the pumping system, meteorological sensors and the telemetry, is of 1 kg for an electric consumption of about 3 W.

As typical aerosol counters, the aerosols are injected into a laser beam (here at =650 nm) inside an optical chamber through a pumping system, and the detectors (here photodiodes) record the scattered light. The novelty of LOAC (Renard et al., 2016b), presented in Figure 2, is to perform counting measurements at large phase angles, in the 160°-170° range, where the light scattered is dominated by diffraction and is globally not sensitive to the complex refractive index of the atmospheric aerosols. Simultaneous measurements are also conducted with LOAC at a phase angle in the 100°-130° range, where the light scattered is, on the opposite, very sensitive to the refractive index of the aerosols. These measurements at two very different angles of the phase function immediately provide key information concerning the nature of the aerosols (liquid, transparent solids, semitransparent solids, and absorbing solids) for the size classes where at least several particles were recorded during the integration time (which can be chosen between 10s and 10 min, depending on the aerosol concentrations). Also, no lens is mounted in front of the detectors, to prevent possible misalignment during changes in temperature and in pressure inside the optical chamber, especially during stratospheric balloon flights.

Fig.2 Current design of the LOAC instrument

About 200 weather balloons flights have been conducted since 2013, to monitor the Earth troposphere and stratosphere content; measurements were conducted during the balloon ascent at a vertical velocity in the 4-10 m.s -1 range, although some measurements can be conducted during descent under parachutes at a velocity up to few tens of m.s -1 . LOAC is also involved in the Strateole2 project, with 3-months flights in the equatorial lower stratosphere at a constant altitude (here ~19 km). The technical flight starting in November 2019 has shown that the instrument can work nominally for such a long period with an outside temperature of -80°C and a pressure of 70hPa.

In the free atmosphere, LOAC has allowed us to distinguish between liquid aerosols and solid particles (including ices) coming from Earth or from space. Also, measurements are conducted on the Earth's surface and under tethered balloons to monitor natural and anthropogenic aerosol concentrations. An example of concentration and size distribution measured inside a cloud on 15 May 2013 from the Puy de Dome Observatory (France) located at an altitude of 1465m, is presented in Figure 3; the combination of two angles measurements indicates that the aerosols are indeed liquid droplets. measured inside a cloud on 15 May 2013 from the Puy de Dome Observatory (France) located at an altitude of 1465m, is presented in Figure 3; the combination of two angles measurements indicates that the aerosols are indeed liquid droplets. The current version of LOAC can provide the size distribution and the concentrations of aerosols and can estimate their main typology. Nevertheless, this estimate is not accurate enough to distinguish the various compositions of liquid droplets and icy particles that might exist in ice giant atmospheres. Adding more phase angles of measurements should enable a more accurate determination of the phase function for each size class.

Current nephelometers provide the bulk phase function for a cloud of particles but not for individual particles (Ragent et al., 1992;Barkey and Liou 2001). The mean radius or the size distribution and the bulk complex refractive index of the particles can be retrieved using a priori hypotheses on the shape of the size distribution, typically following a gaussian or a power law, and on the morphology of the particles (spherical, irregular). Then, degenerate solutions can occur while reproducing the atmospheric observations. Also, previous methods assume that the observed population of aerosols is homogeneous, with the same complex refractive index (and composition) for all size classes. In our new concept, the counting and the size distribution are obtained from the first angle measurement at around 165° as already done with LOAC; the other angular measurements are used to retrieve the phase function for each size class. Thus, the refractive index can be directly retrieved for each size class by comparison of the measurements with modelling calculations for quasi symmetrical particles, or with phase functions available in data bases for irregular shaped particles. It is then possible to access to different populations of aerosols depending on their size. This instrumental concept is called LONSCAPE (Light Optical Nephelometer Sizer and Counter for Aerosols in Planetary Environments).

The more phase angles are measured, the more accurately the phase function will be determined. Laboratory, aircraft and rocket nephelometers usually use more than 20 angles, ideally spaced with a 5° or 10° step. In particular, such a small instrument performing measurements on dust samples injected into a chamber with 22 scattering angles has been operated successfully onboard CODAG ESA/MASER rocket flight in 1999 (Levasseur-Regourd et al., 2001). To ensure the mechanical stability and the positioning of the detectors, the weight of the instrument must be of at least several kg, and several tens of cm long and large, which is not compatible with a light space instrument for an atmospheric probe. Then a compromise must be found between the scientific objectives in terms of the accuracy of the phase function retrieval and the weight and size constraints.

An 11-angle instrument could be proposed, the first angle at around 170° for the counting, and 10 following angles, typically with a 15° step, for phase function measurements. Figure 4 presents such a possible optical chamber design having dimensions and weight acceptable for a deep space mission. Obviously, a dedicated electronic controller must be developed to record and analyze simultaneously the signal coming from the different photodiodes, and to control the light source. measurements. Figure 4 presents such a possible optical chamber design having dimensions and weight acceptable for a deep space mission. Obviously, a dedicated electronic controller must be developed to record and analyze simultaneously the signal coming from the different photodiodes, and to control the light source.

Fig.4 Possible design of the optical chamber for the LONSCAPE instrument (sizes are in mm)

With such a number of angles, it should be possible to retrieve the complex refractive index of the particles. Figure 5 presents an illustration of Mie scattering calculations for transparent and strongly absorbing droplets at =650 nm, for 3 sizes of monodisperse particles that are detectable with a conventional aerosol counter. The chosen refractive indexes are 1.45 and 1.45 + 0.5i, respectively, typical of strongly absorbing aerosol like carbonaceous particles, but a large set of values must be considered when comparing the observations to theoretical calculations. The figure illustrates the difference in the phase curves depending on the size but also on the optical absorption properties of the particles (imaginary part of the complex refractive index). The values of the phase function for the 11 selected phase angles are plotted and establish that they can reproduce efficiently the overall shape of the curves.

Icy particles exhibit a large set of sizes and shapes (such as hexagonal, columns, plates, …), thus producing phase curves with different behaviors (Baran, 2004). For some crystals, the curves may exhibit an increase in intensity for phase angles in the 155° angle region (Liu et al., 1996). As for liquid particles the observations can be compared to theoretical calculations as Mie scattering, T-matrix approach, Discrete Dipole Approximation conducted for different shapes and complex refractive indexes. The phase functions for solid irregular particles differ from those of liquid and icy particles. They can provide some indications on the shape and the nature of the particles, but also on the constituent grains (monomers) in the case of aggregates. As an example, figure 6 presents the bulk phase function for levitating aggregates of black carbon particles obtained in the laboratory with the imaging-goniopolarimeter PROGRA2 instrument (Francis et al., 2011;Levasseur-Regourd et al., 2019). The shape of the phase curve is very sensitive to the size of the monomers, the curve being deeper for aggregates with smaller monomers (the values for the 11 selected angle positions are also plotted). Such measurements can be coupled with modelling calculations (Figure 7) to better evaluate the effect of the complex refractive index, the fractal dimension and the number of monomers on the scattering properties of the aggregates.

Finally, a new database for the scattering properties in the visible domain of micronic and submicronic irregular particles having different shapes and refractive indices will be established in the laboratory using the microwave analogy method (Vaillon and Geffrin, 2014). The scattering properties are driven by the size parameter X=2pr/l, where r is the radius of the particle and l the wavelength of measurements; thus, by analogy, micronic particles in the visible domain have the same scattering properties than cm-sized particles in the microwave domain. Such particles can be easily produced by 3-D printers, and their scattering properties will be obtained by the anechoic chamber instrumentation of the Fresnel Institute (Marseille, France). Such approach will allow us to better document the optical properties of compact and fractal particles having sizes typically in the l/5 -5l range (0.1 -3 mm in the visible domain). 

Applications to ice giants and expected instrument performances

In the LONSCAPE concept, it is possible to reduce the number of angles of measurement and to reconfigure their position, depending on the expected particles to be detected and the constraints of the space probe. Nevertheless, the retrieval of the complex refractive index will be less accurate when reducing the number of angles of measurements. Considering the modelling calculations and the experimental data already available in laboratory for the scattering functions (as those obtained with the PROGRA2 instrument and available at http://www.icare.univ-lille1.fr/progra2/indexeng.html), measurements at 4 angle, each with an aperture of few degrees, is the lower limit to be able to distinguish between liquid, icy and solid particles. The angle for counting must be around 170°. The other angles must be around 155° for the detection of icy particles, 120° where the difference between transparent and optically absorbent particles is often at its maximum, 70° where liquid particles are at their minimum scattered intensity. A fifth angle at 20° could be considered, since the phase functions of some particles increase with decreasing phase angle (e. g. Hadamcik et al., 2007).

Conventional photodiodes are sensitive enough to be used. The light source can be a laser working in the visible or near infrared domain, where the efficiency of the photodiodes is at its maximum (600-900 nm spectral region). Based on the present LOAC telemetry constraints for long-duration balloon flights, the data volume including counting from the 4 channels and some house-keeping parameters will be of about 150 kbytes per hour (~40 bytes.s -1 ).

Following the experience gained from LOAC (Renard et al., 2016), about 20 size classes seems a good compromise to describe the aerosol size distribution. The smallest particles that LONSCAPE can detect will be about 0.2 m. This limit allows the detection of constraints for long-duration balloon flights, the data volume including counting from the 4 channels and some house-keeping parameters will be of about 150 kbytes per hour (~40 bytes.s -1 ).

Following the experience gained from LOAC (Renard et al., 2016), about 20 size classes seems a good compromise to describe the aerosol size distribution. The smallest particles that LONSCAPE can detect will be about 0.2 m. This limit allows the detection of haze particles close to the maximum of their size distribution (Toledo et al., 2019). Due to the dynamical range of the detectors, the upper limit of the size detection will be of about 50 m. In the Earth atmosphere, numerous LOAC measurements inside cirrus have shown that ice particles have sizes mainly below 30 mm. Thus, LONSCAPE could detect such large ice particles if they exit in ice giant atmospheres.

For a probe descending under parachutes in the atmosphere of Uranus or Neptune, the aerosols should be collected directly by an inlet parallel to descent motion, implying no need for a pumping system. To retrieve the aerosol concentrations, the relative velocity between the atmosphere and the probe must be accurately known. The descending vertical velocity is expected to be of several tens of m.s -1 (close to those encountered by LOAC during descent under parachutes in the middle stratosphere). Assuming a concentration of at least one particle cm -3 larger than 0.2 mm and based on the LOAC experience, an integration-time of 1 min or less could be sufficient to retrieve the size distribution and the phase function of the particle; this will provide a vertical resolution typically below 3 km (considering a velocity of 50 m.s -1 ). The vertical resolution could be of the order of 1 km for lower vertical velocities and for higher aerosols concentrations.

The maximum concentrations that such an instrument could detect correspond to a few hundreds of particles cm -3 , which seems well above the expected concentrations of the Uranus haze (Toledo et al. 2019). This limitation comes from the fact that the particles must cross the light beam one by one and is linked to the size of the volume sampled by the laser (about 1 mm 3 ) and to the flux velocity. Following Poisson statistic, the concentration uncertainties, defined as the relative standard deviation, should be of 60% for aerosol concentrations of 10 -2 cm -3 , of 20% for 10 -1 cm -3 , and down to about 10% for concentrations higher than 1 cm -3 .

The electronics must be able to record the light scattered by the aerosols when crossing the light beam at a velocity of several tens of m.s -1 . Technical studies have shown that such performances can be achieved with current electronic components.

Considering the space constraints and the expected accuracy, preliminary studies show that the instrument could have a total mass of about 2 kg (5 times lighter than the Galileo Probe Nephelometer (Ragent et al., 1992), a size of 150 x 100 x 100 mm 3 , and an electric consumption of about 2W. Finally, the objectives are to perform the measurements down to the 10-bars level during the descent.

Conclusions and perspectives

We have presented a new concept for a light-scattering instrument, called LONSCAPE, which combines counting, sizing and nephelometric techniques. This concept is based the already existing LOAC instrument used at ground and in the Earth's atmosphere up to the middle stratosphere. LONSCAPE could provide the concentrations of liquid, icy and solid aerosols, typically in the 0.2 -50 m size range; it could also discriminate between their different properties for various size ranges.

Technical studies on LONSCAPE are currently conducted with the support of the French Space Agency CNES. A laboratory prototype is expected to be available in 2020. A space prototype could then be realized in the following years, for technical tests with a CubeSat in Earth's orbit, probably with the two-angles geometry uses by LOAC as a first step to a space-version with several angles. The objective is to be able to propose an instrument well adapted to the study of haze and clouds particles in ice giant atmosphere for a future probe to be launched in the 2030s. The LONSCAPE concept could be also proposed for future explorations of the atmosphere of Venus (e. g. Titov et al., 2018) or Titan (e. g. Hörst and Tolbert 2013), onboard a probe or a balloon, for in situ determination of the concentration, the size distribution and the various natures of aerosols.
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Fig. 3

 3 Fig.3 Example of size distribution and concentration inside a cloud on 15 May 2013 from Puy de Dome observatory (France); LOAC uncertainties are ± 20% for the higher concentrations and ± 60% for the lower concentrations

Fig. 5

 5 Fig.5 Mie scattering calculations for transparent (black lines) and strongly absorbing droplets (red lines) at =650 nm, for 3 sizes of monodisperse particles; the chosen complex refractive indexes are 1.45 and 1.5 +0.5i, respectively, for illustration purpose. The squares represent the values of the phase function for the 11 angle positions proposed for LONSCAPE

Fig. 6

 6 Fig.6 Laboratory measurements of the bulk scattering intensity for levitating aggregates of pure carbon particles with monomers of 14 nm (black lines, including uncertainty measurements) and of 90 nm (green lines) obtained with the PROGRA2 instrument; the squares represent the values of the phase function for the 11 angle positions proposed for LONSCAPE
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