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ARTICLE INFO ABSTRACT

Keywords: Photochemical aerosols were detected as high as 350 km of altitude in Pluto’s atmosphere during the New
Pluto Horizons fly-by. These aerosols are thought to affect Pluto’s climate, by acting as cooling agents, and the colours
Pluto, aerosols, haze of Pluto’s surface, in particular in the dark regions named Cthulhu and Krun and at the North Pole. Pluto at-
i}ztz’ :T:;Zzg here mospheric and surface models have so far used the optical constants of Titan aerosol analogues (tholins), whereas
Optic,al constants their chemical composition is known to differ from that of Pluto aerosol analogues.

In order to provide a new set of optical constants for Pluto tholins, we synthesized analogues of Pluto’s
aerosols and determined with spectroscopic ellipsometry their optical constants from 270 to 2100 nm. Three
types of samples were produced from N3:CH4:CO gas mixtures differing in their CH4:Ny mixing ratio, repre-
sentative of different altitudes in Pluto’s current atmosphere or different seasons or epochs of Pluto.

Our analysis shows a strong absorption by Pluto tholins in the UV and visible spectral ranges, with k index of a
few 107! at 270 nm, in agreement with N- and O-bearing organic molecules. Pluto tholins are less absorbent in
the near-IR than in the UV-Vis wavelength range, with k of a few 103 between 600 and 2100 nm. Our
comparative study highlights the dependency of n and k indices to the CH4:N, mixing ratio. Aerosols formed at
different altitudes in Pluto’s atmosphere or during different seasons or epochs of Pluto will therefore affect the
budget of Pluto radiative transfer differently.

The optical constants presented in this study were tested with a Pluto surface model and with a model of light
scattering. The surface modelling results highlight the suitability of these optical constants to reproduce Pluto
compositional observations in the visible spectral range by MVIC and LEISA. The atmospheric modelling results
conclude that Pluto tholins absorb 5 to 10 times less than Titan tholins at 500 nm, and this lower absorption is
consistent with Alice observations of Pluto’s haze.

1. Introduction

Pluto fly-by by the New Horizons spacecraft on July 14, 2015 evi-
denced the presence of aerosols in Pluto’s atmosphere by means of
forward scattering observations and solar occultations. These aerosols,
accounting for 0.05-0.1 ppmy of the atmosphere, enshroud Pluto and
were detected at least as high as 350 km of altitude above the surface
(Cheng et al., 2017; Gladstone et al., 2016; Stern et al., 2015; Young
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et al., 2018).

Two mechanisms are currently proposed for the formation of hazes
in Pluto’s atmosphere.

The first one concerns the formation of aerosols through photo-
chemistry, similar to what occurs in Titan’s upper atmosphere (e.g.,
Gladstone et al., 2015, 2016; Wong et al., 2017; Young et al., 2018).
Pluto’s aerosols are thought to be formed by a complex photochemistry
taking place in the upper atmosphere, below 300 km and up to 900 km
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of altitude (Stern et al., 2018; Young et al., 2018). This photochemistry
is initiated by extreme-ultraviolet (EUV) sunlight and solar Lyman-o
photons. EUV radiation breaks the triple bonds of Ny and CO in the
upper atmosphere, while Lyman-o photons — arriving directly from the
Sun or scattered by the interplanetary medium — breaks the C—H bonds
in CHy at lower altitudes (Gladstone et al., 2015, 2016; Grundy et al.,
2018; and references therein), with a maximum CH4 photolysis rate at
250 km of altitude above the surface (Bertrand and Forget, 2017). Plu-
to’s photochemistry involves neutral and ionic species created by the
ionization and the dissociation of molecular nitrogen N3, methane CHy,
and carbon monoxide CO that constitute Pluto’s atmosphere (Gladstone
et al., 2016; Lellouch et al., 2017; Young et al., 2018). This chemistry
forms complex hydrocarbons, nitriles, and oxygenated molecules,
including some that can further polymerize and generate solid aerosols
(Krasnopolsky, 2020; Wong et al., 2017).

The second mechanism, developed by Lavvas et al. (2020), would be
different from that proposed for Titan’s hazes formation, due to the
temperature difference between Pluto’s and Titan’s upper atmospheres
(~ 70 K versus ~ 150 K, respectively). This mechanism involves the
direct condensation of photochemical gases produced on Pluto, associ-
ated with a coating by undersaturated light molecules (Cy hydrocar-
bons) incorporated by heterogeneous processes (possibly chemisorption
or physisorption). This coating represents ~ 30% of the aerosol material
(Lavvas et al., 2020). These coated aerosols are then subject to a photon
flux causing their ageing, as studied in Carrasco et al. (2018) for Titan’s
aerosols.

Note that the present study focuses on Pluto’s aerosols formed by
photochemistry.

Questions remain regarding the size distribution of Pluto’s haze
particles since no single solution can satisfy measurements from all in-
struments onboard New Horizons. Cheng et al. (2017) pointed out the
contradiction between haze brightness I/F profiles inferred from Alice
imaging spectrograph in the far-UV [52-187 nm] (Stern et al., 2008) and
LORRI (LOng-Range Reconnaissance Imager) panchromatic imaging
instrument in the [350-850 nm] wavelength range (Cheng et al., 2008).
A model of Mie scattering by 0.5 pm spheres reproduces fairly well the
phase function of Pluto’s haze at peak I/F measured in the visible by
LORRI. However, this Mie model gives UV extinction lower by an order
of magnitude than that retrieved from Alice solar occultation. On the
opposite, results from a model of scattering by aggregates with bulk
radius of 0.15 pm composed of several thousands 0.01 pm spherical
monomers agree with the measurements made by Alice. They also match
with the visible phase function measured by LORRI, but only at higher
altitudes in Pluto’s atmosphere (Cheng et al., 2017). At higher altitudes,
Pluto’s haze is thus thought to be mostly composed of aggregates of 0.15
pm particles made up of 10 nm forward-scattering spheres. The haze
particles present in the atmosphere from the surface to ~ 15 km of
altitude probably correspond to spherical particles that got larger by
direct condensation of photochemical products onto nuclei (Cheng et al.,
2017; Gao et al., 2017; Gladstone et al., 2016; Lavvas et al., 2020; Stern
et al., 2015; Young et al., 2018).

The haze particles are suspected to scatter the UV sunlight and to be
the dominant factor of extinction at wavelengths greater than ~ 150 nm,
as the extinctions of hydrocarbons or nitriles become less important with
increasing wavelength. The haze particles thus contribute to the spec-
trum of Pluto observed by the Alice instrument (Cheng et al., 2017; Steffl
et al., 2020; Stern et al., 2008). Pluto’s aerosols are also expected to
significantly absorb in the UV-Visible and in the far-infrared spectral
ranges and to be less absorbent in the near- and mid-IR (Grundy et al.,
2018; Zhang et al., 2017; and references therein).

Recent numerical models have shown that these aerosols deeply
affect Pluto’s atmospheric chemistry, for instance by depleting from the
atmosphere small hydrocarbons that stick to the negatively-charged
aerosols, resulting in the formation of more complex ones (Krasnopol-
sky, 2020; Luspay-Kuti et al., 2017; Wong et al., 2017). Pluto’s climate is
also affected by the aerosols, that can serve as condensation nuclei (Gao
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et al., 2017; Lavvas et al., 2016; Luspay-Kuti et al., 2017; Wong et al.,
2017) or through direct radiative cooling of the atmosphere by the ab-
sorption of solar radiations (Zhang et al., 2017). Pluto’s atmosphere
temperature, at ~ 400 km of altitude, is around 30-40 K colder than
model predictions for an atmosphere in radiative-conductive equilib-
rium without haze (Gladstone et al., 2016; Zhang et al., 2017; Zhu et al.,
2014). Zhang et al. (2017) suggested this cooling to be due to the haze
particles and their optical properties. Due to a lack of both observational
and experimental data on these optical properties, the study by Zhang
et al. (2017) was done using those of Titan aerosol analogues (Titan
tholins) produced on Earth. In addition, these photochemical aerosols
have been suggested to account for all of Pluto’s colours at large scales,
from the dark red colour of Cthulhu and Krun Maculae to the yellow hue
on Pluto’s North Pole (Lowell Regio) (Grundy et al., 2018; Protopapa
et al., 2017, 2020). The modelling studies of Pluto New Horizons data
across the full [0.4-2.5 pm] wavelength range by Protopapa et al. (2020)
used optical constants determined for Titan tholins by Khare et al.
(1984) and Tran et al. (2003), given the lack of optical constants for
Pluto tholins. To explain the different colours on Pluto’s surface, Grundy
et al. (2018) used multiple-scattering radiative transfer models with
optical constants determined for Titan tholins by several groups: Khare
et al. (1984), Ramirez et al. (2002), Imanaka et al. (2004), Vuitton et al.
(2009), and Sciamma-O’Brien et al. (2012).

Protopapa et al. (2020) pointed out the lack of optical constants for
tholins in the Vis-near-IR wavelength range. Additionally, Zhang et al.
(2017) highlighted that the optical constants determined for Titan
aerosol analogues strongly vary with the mode of production and that
the optical constants of Pluto’s aerosols may be very different from those
of Titan tholins. Note that the review by Brassé et al. (2015) discusses
the different optical constants determined for Titan tholins.

Thus, to update and better constrain Pluto atmospheric models and
to model Pluto’s surface spectra, the determination of the optical con-
stants of Pluto aerosol analogues is strongly needed. The aim of our work
is to fill this gap, by providing optical constants of Pluto tholins from 270
to 2100 nm.

2. Experimental setup and protocol
2.1. Production of Pluto aerosol analogues

Following the protocol detailed in Jovanovic et al. (2020), we used
the experimental setup PAMPRE (Production d’Aérosols en Microgravité
par Plasma REactif) (Alcouffe et al., 2010; Szopa et al., 2006), a cold
plasma discharge to simulate the chemistry occurring in Pluto’s atmo-
sphere and produce analogues of Pluto’s aerosols. The gas mixture flows
through a cylindrical metallic grounded cage. Square silicon wafers of 1
cm? were placed at the bottom of the cage. When the plasma is switched
on, tholins form as thin films onto the silicon wafers.

Note that the optical constants of tholins are highly dependent on the
experimental conditions of synthesis and measurements (Brassé et al.,
2015; Zhang et al., 2017). For readers interested in the effect of using a
UV lamp rather than a plasma discharge to synthesize tholins, we
recommend reading the review by Cable et al. (2012). In summary,
tholins formed by UV photochemistry in the laboratory tend to be less
rich in N-bearing compounds, since UV lamps cannot mobilize nitrogen
chemistry. Indeed, lamp windows cut off UV wavelengths below ~ 115
nm, which prevents direct dissociation of Ny, unlike what happens in
natural atmospheres. On the contrary, plasma setups such as PAMPRE
tend to enhance nitrogen inclusion a bit too much. The electron energy
distribution in PAMPRE mimics well at first order the one of solar
photons (Szopa et al., 2006). However, a small difference is due to the
slightly more energetic tail of the Maxwellian energy distribution of the
electrons in the plasma compared to the Planck energy distribution of
solar photons. This slightly higher population of electrons induces a
small bias due to over-dissociation of N, that is well known and has
been extensively studied regarding the tholins chemical composition.
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Since nitrogenous compounds tend to be more absorbent, one could
expect that tholins synthesized in laboratory by UV photochemistry
would probably be less absorbent in the UV-Vis spectral range, due to a
poorer content in N-bearing compounds. Where actual Pluto’s aerosols
would stand in that range is currently unknown (as for Titan’s aerosols),
which is why we strongly encourage any other experimental teams with
similar facilities to perform studies similar to ours to extend the range of
possible laboratory data on this point.

Three types of tholins were synthesized in this work, from gas mix-
tures composed of various Ny (Air Liquide, ALPHAGAZ™ 2) and CHy4 (Air
Liquide, CRYSTAL mixture) percentages and a fixed CO (Air Liquide,
CRYSTAL mixture) amount of 500 ppm (see Table 1), at 0.9 &+ 0.1 mbar
and ambient temperature. For readers interested in the effect of syn-
thesis temperature on aerosol analogues optical constants, we recom-
mend reading Mahjoub et al. (2014) who studied this effect for Titan
tholins. In the present work, experiments were performed at ambient
temperature to avoid heterogeneous chemistry effects as described in
Mahjoub et al. (2014).

The CO atmospheric mole fraction of 515 + 40 ppm (Lellouch et al.,
2017; Young et al., 2018) is not expected to vary much over time and
space. This is due to the volatility of CO being close to that of N3 and the
absence of CO-rich ice deposits on Pluto’s surface (Bertrand and Forget,
2016). The first type of tholins was produced in a gas mixture composed
of N3:CH4:CO at 99.5%:0.5%:500 ppm — we will thereafter call this
material “Py”. Given that the CH4 mixing ratio was found to be ~ 0.3%
below 350 km of altitude (Young et al., 2018), Py is relevant to the
composition of Pluto’s atmosphere as observed in 2015 below 350 km of
altitude above the surface. The second tholins sample was produced in a
gas mixture containing N2:CH4:CO at 99%:1%:500 ppm, mimicking
Pluto’s atmosphere at around 400 km of altitude above the surface —
thereafter called “P4go”. The third one was produced in a gas mixture
made of N2:CH4:CO at 95%:5%:500 ppm, representative of Pluto’s at-
mosphere between 600 and 700 km of altitude — thereafter called “Pgs0”
(Lellouch et al., 2017; Young et al., 2018).

We note that the mean CH,4 atmospheric mixing ratio is predicted to
vary from 0.01% to 5% over annual or astronomical timescales (Ber-
trand et al., 2019; Bertrand and Forget, 2016). The tholins synthesized in
the present work could therefore also serve as analogues for haze par-
ticles produced during past epochs or different seasons of Pluto, with
implications to its past and future climates.

For the three types of tholins, the plasma ran for 90 min, forming
films with thicknesses no more than 1 pm (see Table 1) to ensure the
validity of the spectroscopic ellipsometry technique for the measure-
ments (Fujiwara, 2007; Mahjoub et al., 2012; Sciamma-O’Brien et al.,
2012).

The thickness of the thin films was determined by spectroscopic
ellipsometry with a modified Tauc-Lorentz dispersion model, as detailed
below. We note that for the same synthesis duration, the thin-film
thickness increases when the amount of CH4 injected in the reactive
gas mixture increases significantly, as discussed by Mahjoub et al.
(2012).

Table 1
Table presenting the three types of Pluto aerosol analogues analyzed in this
study.
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2.2. Spectroscopic ellipsometry

The tholins thin films were analyzed by spectroscopic ellipsometry.
Using this analysis technique, it is possible to determine the thickness of
the tholins thin films, as well as their optical constants n and k, the real
and imaginary parts respectively of the complex refractive index.

Spectroscopic ellipsometry measures the change in the polarization
state between incident and reflected light on the sample (the reader is
referred to e.g., Azzam and Bashara (1977), Tompkins and Irene (2005)
and Fujiwara (2007) for complete information on spectroscopic ellips-
ometry technique). Incident light is linearly polarized, while reflected
light is elliptically polarized.

The measured values are the ellipsometric parameters ¥ and A,
related to the ratio of the Fresnel amplitude reflection coefficients of the
sample by fundamental equation:

1, /1, = tanye™ (€8]

for p- and s-polarized lightl with the electric field in the plane of inci-
dence and perpendicular to the plane of incidence, respectively.

Variable Angle Spectroscopic Ellipsometry (VASE) measurements
were carried out using a phase-modulated spectroscopic ellipsometer
(UVISEL, Horiba Jobin Yvon), equipped with a 150 W Xenon light source.
Corresponding ellipsometric parameters were obtained through (I (A), L.
(M) in the spectral range [270-2100 nm] with 5 nm steps according an
integration time of 1000 ms, where Iy = sin (2¥) sin (A) and I. = sin
(2¥) cos (A), respectively. All measurements were performed for inci-
dence angles between 60 and 75 degrees with 5° steps. By way of
comparison, the ellipsometric analyses performed on Titan tholins thin
films by Mahjoub et al. (2012, 2014) and Sciamma-O’Brien et al. (2012)
were conducted for a single incidence angle of 70°.

The parameters of the optical model were adjusted by minimizing
the Mean Square Error (MSE) defined as:

MSE — ﬁ i {(szlu () = P (1) )2 + <IZf1ilc(}\) e vy )2} (2)

where calc stands for the calculated and exp for the experimental values
of (I, I.) and N the number of experimental data (Is (A), I (A)).
DeltaPsi2® software” was used to fit ellipsometric data.
The inversion of ellipsometric data was performed using a model of
the sample [Si substrate / Tholins layer / Roughness layer / Air] as

schematized in Fig. 1.

Air

Roughness
Tholins

Fig. 1. Scheme of the model of the samples analyzed by spectroscopic
ellipsometry.

Composition of the Corresponding Acronym of Thickness of

reactive mixture altitude above the the aerosol the thin film

N, cH, o surface on Pluto analogues

99.5%  0.5% 500 < 350 km Py 549.8 + 0.6 !
ppm nm

99% 1% 500 ~ 400 km Paoo 540.9 + 0.2
ppm nm

95% 5% 500 600-700 km Peso 651.0 + 0.7
ppm nm

rp is the reflection coefficient of the sample for a polarization parallel to the
plane of incidence (“p” for parallel) and rs is the reflection coefficient of the
sample for a polarization perpendicular to the plane of incidence (“s” for
perpendicular, “senkrecht” in German).

2 DeltaPsi2® software: https://www.horiba.com/en_en/products/detail/ac
tion/show/Product/deltapsi2-software-1648/


https://www.horiba.com/en_en/products/detail/action/show/Product/deltapsi2-software-1648/
https://www.horiba.com/en_en/products/detail/action/show/Product/deltapsi2-software-1648/
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In this model, the thickness of the roughness layer, the thickness of
the tholins layer, and the dielectric function of the tholins layer were
unknown, while the roughness layer was modelled by a mixture of 50%
air and 50% tholins, according to Bruggeman Effective Medium
Approximation (BEMA) (Bruggeman, 1935).

2.3. Determination of the optical constants of Pluto tholins with two
different inversion methods: modified Tauc-Lorentz and “wavelength-by-
wavelength” (2-by-1)

Spectroscopic ellipsometry is an indirect technique for determina-
tion of the sample physical properties (i.e. thickness and optical con-
stants). Using a model to describe the ellipsometric response of the
sample by adjusting specific fit parameters is thus necessary. Basically,
the model calculates the reflection coefficients r, and r; to retrieve the
measured ellipsometric parameters ¥ and A. An equation system for
each wavelength A is generated: ¥ = f (n, k, t) and A = g (n, k, t), withn
(4) and k(%) the real and imaginary parts respectively of the complex
refractive index, and t the thickness of the tholins thin film. The thick-
ness t of the thin film and the n index are initially determined in a
transparent region of the thin film. Then, the fixed t-value is used as an
input parameter to determine n and k indices in an absorbing region of
the thin film. The inversion method, based on the natures of the
analyzed material and the underlying substrate, is used to calculate n
and k indices of the material for each wavelength.

In this work, we used sequentially two types of inversion method:
modified Tauc-Lorentz dispersion model to find the proper estimates of
the initialization parameters, and “wavelength-by-wavelength” (A-by-1)
numerical inversion to determine precisely the optical constants n and k
of the tholins material.

2.3.1. Determination of the thickness and the optical constants of Pluto
tholins by a modified Tauc-Lorentz dispersion model

The first model we used is a Tauc-Lorentz dispersion model, based on
the Tauc joint density of states and the Lorentz oscillator, which was
developed by Jellison and Modine (1996). This dispersion model was
developed to better describe the optical properties of semiconductor and
amorphous materials. This fitting model is thus adapted for tholins
produced with the PAMPRE experimental setup, as Hadamcik et al.
(2009) observed these samples with Scanning Electron Microscopy and
showed that they present an amorphous structure.

In this model, the imaginary part ¢t of the complex relative
dielectric constant is given by the product of the imaginary part of
Tauc’s dielectric constant gt (Tauc et al., 1966) with a Lorentzian
oscillator g;;:

2
1 AE\C(E—-E
- %g)z for E > E,

g (E) =& xgL = E (Ez - ES) +CE? 3)

0for E <E,

where E (in eV) is the photon energy; Eq (in eV) is the optical bandgap
energy specifying at which energy the material becomes absorbent; Eq
(in eV) is the energy of the major absorption peak in the UV (the Lorentz
peak) (Eg < Eg); A is the oscillator amplitude; and C is the broadening
term.

The real part e.71, of the complex relative dielectric constant is
derived from the expression of ;11 (Eq. (3)) using the Kramers-Kronig
integration (Kramers, 1927; Kronig, 1926):

li E-gi(€)

sl )

2
srATL(E) =€y +E‘P'

E,

where g4, is the high-frequency real dielectric constant; and P is the
Cauchy principal value.
The optical constants n and k are then deduced from the real and
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imaginary parts of the complex relative dielectric constant (Egs. (3) and
(4)) by the relation:

gL +ixem = (n+ixk)? 5)

In the standard Tauc-Lorentz model, the imaginary part k of the
complex refractive index becomes null for energies below the bandgap
energy. This is due to the resolution of Kramers-Kronig equations, but
not to the intrinsic material properties. However, this k index is neces-
sary for numerical models (e.g, radiative transfer, albedo, surface
composition, haze vertical profile). To overcome this problem, we
modified the standard Tauc-Lorentz model by adding oscillators char-
acterized by eggc:

2
f; Woj

(6)

where g, is the dielectric function; w is the light pulsation; fj is the
oscillator strength of the j™ resonator; Wwoj is the natural pulsation of the
jth resonator; and v;j is the damping rate of the jth resonator (friction
coefficient).

Oscillators were added one by one to the model at different wave-
lengths, until the addition of an additional oscillator had no longer
significant improvement in the MSE (Eq. (2)). In this work, although the
modified Tauc-Lorentz model was adapted for the determination of the
thin-films thickness, the addition of oscillators was not sufficient to
retrieve k indices below the bandgap energy (see Fig. 3).

2.3.2. Determination of the optical constants of Pluto tholins by a “A-by-A”
numerical inversion method

Once the thickness of the thin films and the initial couples [n270nm,
k27onm] characterized by the modified Tauc-Lorentz dispersion model
(values used as input parameters), we used the “A-by-A" numerical
inversion method to determine the optical constants of Pluto tholins.

In the “A-by-A” inversion method (also known as “direct data inver-
sion” or “exact numerical inversion™), n and k indices are calculated for
each wavelength by applying mathematical inversion of the Eq. (1)
(Fujiwara, 2007). Theoretical ellipsometric parameters are calculated
(Weale and Acye) and the values are compared to the experimentally
measured ellipsometric parameters (Wexp and Aeyp). A linear regression
algorithm introduces for the initial couple [n270nm, k270nm] the correc-
tions needed to match (Wealc, Acalc) and (Wexp, Aexp)- Then, the process is
applied iteratively over the whole spectral range (from 270 to 2100 nm):
the values for the couple [n;, k;] are calculated from the values of the
couple [m.s, ki-s] with 8\ the wavelength step between two mea-
surements (here, 5 nm) (Fujiwara, 2007; Keita et al., 2010; Likhachev
et al., 2015).

The “A-by-A" numerical inversion method gives a mathematical so-
lution for [my, k] couples from measured ellipsometric parameters ¥
and A, disregarding the n and k dependency on each other at different
wavelengths. For this procedure, other parameters, such as the thickness
of the thin film, and the optical properties of the underlying silicon
substrate and the overlying roughness layer, need to be accurately
known, otherwise it can lead to multiple solutions, unphysical disper-
sion or discontinuities in the optical constants, generally present at
lower energies in the inversion spectrum (Fujiwara, 2007; Keita et al.,
2010; Likhachev et al., 2015).

2.3.3. Procedure to determine the optical constants n and k of Pluto tholins

In summary, modified Tauc-Lorentz dispersion model is used to
extract both thickness and optical constants n and k by fitting the
thickness values and the Tauc-Lorentz parameters. “A-by-A” numerical
inversion enables an exact modelling of the optical constants n and k in
spectral ranges where the fit is difficult with dispersion formulas and to
check the optical constants results obtained by dispersion formulas
(modified Tauc-Lorentz in this work). A “A-by-)” fit of the experimental
data is performed on the only unknown optical constants n and k of the
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thin film without fitting any parameter. To use this numerical inversion
method, all parameters of the optical model, such as thicknesses, must
be known, which is not the case for tholins material and thus induces
much larger uncertainties. This method requires a (even rough)
knowledge of the order of magnitude of n and k indices for initialization.
We thus used a two-pronged approach, where the modified Tauc-
Lorentz dispersion model is used to determine the initialization pa-
rameters of the “A-by-A" numerical inversion method, which in return
gives us the optical properties with much higher confidence. Therefore,
our procedure, based on two sequential modified Tauc-Lorentz and
“A-by-A" methods, is a good way to determine correctly the optical
constants n and k of the original sample system when the optical re-
sponses are not available in the literature. The reader is referred to Keita
et al. (2010) for more details about these two methods.

3. Results: Optical constants of Pluto aerosol analogues

Figs. 2 and 3 respectively display the real and imaginary parts n and k
of the complex refractive index determined for Py sample with a
modified Tauc-Lorentz dispersion model (in turquoise blue) and with a
“A-by-A" numerical inversion method (in dark blue). The 2c error bars
determined for the “A-by-A" inversion method (see Table SI.4 in Sup-
plementary Information) were calculated based on the uncertainties of
1P and IZ? at different wavelengths. The uncertainties were then line-
arly interpolated between two error bars in order to obtain an envelope
of uncertainty (in light blue). Note that these error bars do not include
all the uncertainties on n- and k-values. Indeed, the uncertainties on the
raw ellipsometric measurements before modelling are known and are
modest, given the quality of the setting of the analytical instrument;
these uncertainties are therefore not included in the error bars pre-
sented. The major source of uncertainties corresponds to the inversion
model used, including e.g., the number of fitting parameters and of os-
cillators used, the problem of presence of local minima during the fit,
and in particular the absence of initial values for the inversion. We can
nevertheless expect that the actual uncertainties on the optical constants
of Pluto tholins would be slightly higher than those presented here.

In Fig. 2, the dark-blue and turquoise-blue curves present the same
profile, with a maximal n-value of about 1.77 at 325-330 nm and
decreasing values of n index between 330 and 2100 nm. In Fig. 3, k-
values determined with the two models are very similar in the
[270-490] and [1150-2100] nm regions. The dark-blue and turquoise-
blue curves share the same slope, indicating similar values for the
bandgap energy (also called “absorption edge”, i.e. the wavelength at
which there is a sharp increase of the k index). The bandgap energy

Wavenumber [x1 0° cm’ 1]

12.5 10.0 8.3 7.1 6.3 5.6

—Modified Tauc-Lorentz dispersion model
— A-by- inversion method

1.64
1.62

1.60
2

00 400 600 800 1000 1200 1400

Wavelength [nm]

1600 1800
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determined with the modified Tauc-Lorentz dispersion model (tur-
quoise-blue curve) is around 575 nm, while it is around 595 nm with the
“A-by-A" numerical inversion method (dark-blue curve). Beyond the
bandgap energy, the behaviour of the k indices is the same, reaching an
asymptotic value of ~ 2 x 10~ between 600 and 2100 nm.

From Figs. 2 and 3, we can conclude that the choice of the fitting
model - modified Tauc-Lorentz or “A-by-A” — has no significant impact
on the n and k indices determined for Py sample in the [270-600] and
[1150-2100] nm regions. Each method has advantages and drawbacks
(specified in Sections 2.3.1, 2.3.2, and 2.3.3). In this work, while the
modified Tauc-Lorentz dispersion model was adapted for the determi-
nation of the thin-films thickness, it could not manage to determine non-
null values for k indices between 740 and 1105 nm. This is due to the
software used, which cannot compute k-values below 10~*. Therefore,
we list in Tables SI.1, SI.2 and SL.3 (found in Supplementary Informa-
tion) the optical constants of Pluto aerosol analogues Py, P49 and Peso
obtained by spectroscopic ellipsometry and determined with the “A-by-
A~ fitting method from 270 to 2100 nm with a 5 nm increment. Note that
nand k indices presented in all the figures of the manuscript and listed in
Tables SI.1-3 were smoothed by a moving mean with a step of 15 data
points. All the subsequent figures display the smoothed optical constants
determined with the “A-by-A” numerical inversion method.

4. Impact of the altitude (or epoch) of aerosol formation on the
optical constants and implications for radiative transfer

Py, P40 and Pgso samples were produced with different N:CH4:CO
ratios. As CH4 mixing ratio strongly varies throughout the atmospheric
column (Young et al., 2018), the purpose of comparing these three
samples is to determine if the altitude of formation of the aerosols in
Pluto’s atmosphere has an impact on their optical constants.

4.1. Effect on real part n of the complex refractive index

Fig. 4 shows the real part n of the complex refractive index of Py, P49
and Pgsp samples as a function of wavelength. In this figure, the blue
curve corresponds to Py sample, the red curve to P4go sample and the
green curve to Pgsg sample. The 26 error bars (see Table SI.4 in Sup-
plementary Information) were calculated based on the uncertainties of
1P and I2? for different wavelengths. The uncertainties were then lin-
early interpolated between two error bars in order to obtain the enve-
lopes of uncertainty (in light blue, light red and light green).

In Fig. 4, we observe that the values of n indices of Py and P4go
samples are relatively similar, but substantially different from those of

Fig. 2. Real part n of the complex refractive index of Pluto
aerosol analogues Py determined by spectroscopic ellipsom-
etry with a modified Tauc-Lorentz dispersion model (in tur-
quoise blue) and with a “A-by-A” numerical inversion method
(in dark blue). The 26 error bars were experimentally deter-
mined for the “A-by-A” inversion method at different wave-
lengths. The uncertainties were then linearly interpolated
between two error bars in order to obtain the envelope of 26
uncertainty (in light blue). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to
the web version of this article.)

5.0 4.5

2000 2200
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Fig. 3. Imaginary part k of the complex refractive index of
Pluto aerosol analogues Py determined by spectroscopic

10500'0 e 61 0 100 €5 vt . " =0 o ellipsometry with a modified Tauc-Lorentz dispersion model
F —Modified Tauc-Lorentz dispersion model (in turquoise blue) and with a “A-by-A" numerical inversion
—A-by-A inversion method method (in dark blue). The 2c error bars were experimentally
1071 E = determined for the “A-by-A” inversion method at different
wavelengths. The uncertainties were then linearly interpo-
lated between two error bars in order to obtain the envelope of
107 20 uncertainty (in light blue). The envelope determined by
[cs] i dashed lines corresponds to 1o uncertainty. Note that the y-
¢ ’Jﬁﬁ? axis was cropped at 107°, while the 20 uncertainties of k-
=107 F E values reach 0 in the [800-850], [1450-1650] and
[1820-2100] nm regions. (For interpretation of the references
4 to colour in this figure legend, the reader is referred to the web
10 version of this article.)
10°F E
10°
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Wavelength [nm]
Wavenumber [x1 03 cm"l] Fig..4. Real pfirt n of the compléx refractive inde.x of“Pluto
500 250 16.7 125 10.0 3.3 71 63 56 50 45 tholins determined by spectroscopic ellipsometry with a “A-by-

400

600 800 1000 1200 1400

Wavelength [nm]

1600 1800

Peso sample. For Py and P4o samples, n-values increase from 1.71-1.73
to ~ 1.77 between 270 and 330 nm. Then, n-values decrease with a steep
slope from ~ 1.77 to around 1.67 between 330 and 650 nm. The slope
attenuates between 650 and 1100 nm. Finally, the n indices of Py and
P4po reach an asymptotic value of 1.62-1.63 between 1100 and 2100
nm. For Pgsg sample, n index increases from 1.72 to around 1.74 be-
tween 270 and 305 nm, followed by a steep decrease from around 1.74
to 1.64 between 305 and 600 nm. The decreasing slope then attenuates
between 600 and 1200 nm, before n index reaches an asymptotic value
of 1.60-1.61 between 1200 and 2100 nm. In summary, the increase of
the CH4:Ny mixing ratio in the reactive gas mixture producing Pluto
tholins leads to a decrease of n index over the entire spectral range
considered. As well, the maximum of n-value is shifted towards shorter
wavelengths.

The bell-shaped appearance between 270 and 400 nm, although not
observed in the studies of optical constants of Titan aerosol analogues
(Brasse et al., 2015), appears to be a consistent trend in Pluto tholins,
whatever inversion model - “A-by-A” or modified Tauc-Lorentz - is used.
In contrast, the small variations observed in the n-curves at wavelengths
above 600 nm should be considered with caution. Indeed, we cannot
totally rule out the fact that these small variations are introduced by the

A" numerical inversion method. The blue, red and green
curves respectively correspond to the samples Py, P4go and
Peso. The 20 error bars were experimentally determined for
different wavelengths and were then linearly interpolated in-
between in order to obtain the envelopes of 2¢ uncertainty
(in light blue, light red and light green). Note that the small
variations observed in the n-curves at wavelengths above 600
nm should be considered with caution. (For interpretation of
the references to colour in this figure legend, the reader is
referred to the web version of this article.)

2000 2200

n index being a function of wavelength A (Mistrik et al., 2017; Moise
et al., 2015). Nevertheless, this dependence is especially observed on a
large scale: when A increases, the n index increases or decreases mono-
tonically. In addition, in the literature concerning the optical constants
of terrestrial aerosols or tholins materials (e.g, Cechalova et al., 2019;
Khare et al., 1984; Liu et al., 2015; Mahjoub et al., 2012; Ramirez et al.,
2002; Sciamma-O’Brien et al., 2012), the n indices are often represented
as a smooth profile, suggesting that there may be no physical reason to
observe fine-scale variations of n index.

The overall decreasing trend of n indices from UV to near-IR was also
observed in the studies of optical constants of Titan tholins, regardless of
the production mode (type of energy source, gas pressure, gas temper-
ature, CH4:Ny mixing ratios...) or the type of measurement (spectro-
scopic ellipsometry, spectrophotometry...) (Brassé et al., 2015; Imanaka
et al., 2004; Khare et al., 1984; Mahjoub et al., 2012, 2014; Ramirez
et al., 2002; Sciamma-O’Brien et al., 2012; Tran et al., 2003). In the
considered wavelength range, n indices of Pluto aerosol analogues vary
from around 1.60 to 1.78. These values are similar to the n-values
determined for Titan aerosol analogues (Brassé et al., 2015). It thus
seems that Pluto tholins, produced in gas mixtures composed of Ny, CHy4
and CO, share first-order similar optical properties with Titan tholins.
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This similarity also extends to the chemical composition. Indeed,
Jovanovic¢ et al. (2020) studied the chemical composition of Pluto
aerosol analogues. They showed that the molecules constituting the
tholins are composed of a repetition of a (CHz)(HCN), random pattern,
such as molecules in Titan aerosol analogues (Gautier et al., 2017;
Maillard et al., 2018; Pernot et al., 2010), with, however, a significant
incorporation of oxygen atoms. van Krevelen and te Nijenhuis (2009)
reported that such n-values can also correspond to organic polymers
including polyamides —C(=0)-NH- and polyethers R—-O-R’.

We also note in Fig. 4 that the n indices are higher for Py and P4go
samples compared to the Pgsg one, with a systematic difference of about
0.05 over the entire wavelength range. This difference between Py/P4go
and Pgs is significant and beyond the uncertainties determined for the
three samples at different wavelengths. Regarding the effect of CH4:Ny
mixing ratio on n-values, our results differ from those of Mahjoub et al.
(2012). In this study concerning the influence of CH4 concentration on
the optical constants of Titan aerosol analogues, the higher the CH4:Ny
mixing ratio, the higher the n-values. In the case of Pluto tholins, the
relation is reversed, suggesting an increasing influence of CO at lower
CH4 concentration.

Aerosols formed in Pluto’s lower atmosphere (< 400 km of altitude)
are thus expected to scatter and polarize the light differently than the
aerosols formed at higher altitudes (> 400 km of altitude), due to their
different n indices (Boucher, 2015; Kolokolova et al., 1997; Kolokolova
and Jockers, 1997; Nakayama et al., 2018, 2012), and therefore differ-
ently affect the photon flux reaching the lower layers of the atmosphere
and the surface.

4.2. Effect on imaginary part k of the complex refractive index

Fig. 5 shows the imaginary part k of the complex refractive index
computed for Py (top panel, blue curve), P4oo (middle panel, red curve)
and Pgso (bottom panel, green curve) samples as a function of wave-
length. The 20 error bars (see Table SI.4 in Supplementary Information)
were calculated based on the uncertainties of IS and IZ® for different
wavelengths. The uncertainties were then linearly interpolated in-
between in order to obtain the envelopes of uncertainty (in light blue,
light red and light green).

In Fig. 5, we observe that the k-values of Py and P4 are significantly
higher for wavelengths between 270 and 600 nm than those of Pgsp.
From 600 to 2100 nm, the trend is less clear, because of larger un-
certainties on k-values. For Py and P4q samples, k-values plummet from
2.7 x 107! to around 4.5 x 10~> between 270 and 590 nm. The bandgap
energy is estimated to be around 590 nm. For Pgso sample, the k index
steeply decreases from 1.5 x 10! down to around 2 x 10~ between
270 and 520 nm. The bandgap energy is estimated at around 520 nm.
Due to the large uncertainties on k-values determined for the three
samples above 600 nm and because this kind of material is weakly
absorbent in the near-IR (Brassé et al., 2015), the large variations
observed in the k-curves should be considered with caution. k indices for
all samples probably reach an asymptotic value of a few 10~ between
600 and 2100 nm.

The two-steps behaviour of k-values — sharp decrease followed by a
plateau — was also observed for Titan aerosol analogues in the consid-
ered wavelength range (Brassé et al., 2015; Imanaka et al., 2004; Khare
et al., 1984; Mahjoub et al., 2012, 2014; Ramirez et al., 2002; Sciamma-
O’Brien et al., 2012; Tran et al., 2003).

We do not have a definitive explanation for the variations observed
beyond 600 nm in the k-curves of the 3 samples Py, P4go and Pgsp.
Nevertheless, assuming that the variations observed are consistent ab-
sorption bands (see Table 2): (1) the absorption band around 725 nm
observed in Pgsg sample could be ascribed to C—H stretching 4™ over-
tone in —-CH, (x = 1, 2 and 3) and in Aromatic-CH and to O—H
stretching 3" overtone in R-OH and in Aromatic-OH; (2) the absorption
band between 900 and 950 nm observed in all samples could be
attributed to G—H stretching 3" overtone and to O—H stretching 2
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overtone; (3) the absorption band between 1100 and 1150 nm observed
in Py and P40 samples could correspond to C—H stretching 2™ gvertone
and to —-C=0 stretching 4th overtone; (4) the absorption band between
1950 and 2000 nm observed in Py and P4o samples could be in agree-
ment with -C=0 stretching 214 gvertone in R—(C=0)-R’, R—-(C=0)-OR’
and in R—(C=0)-NH; and to N—H combination in R—(C=0)-NH; and in
aromatic amines (Stenberg et al., 2010; Workman and Weyer, 2008;
Xiaobo et al., 2010). These overtones are conceivable, given the chem-
ical composition determined for Pluto tholins by Jovanovic et al. (2020).

From Fig. 5, we can conclude that Pluto aerosol analogues signifi-
cantly absorb UV and visible radiations, while their absorption is more
moderate above 600 nm. The strong absorption below 500-600 nm, in
the blue-green spectral range, agrees with a brownish colour for Pluto
tholins. This absorption is likely due to the presence of N- and O-bearing
organic molecules with lone pair, such as -NH, -NH,, -NHR, R-N-R’,
-NO,, -OH, -COOH, —-C=0, R-O-R’ functional groups (Desyaterik et al.,
2013; Imanaka et al., 2004; Liu et al., 2015; Mahjoub et al., 2012; Moise
et al., 2015; Rao, 1975). Due to the delocalization of & electrons, fused
aromatic rings, N- and O-containing polycyclic aromatic compounds and
unsaturated molecules with extensive conjugated multiple bonds also
participate to the strong absorption of UV and visible wavelengths
(D’Amico et al., 1980; Desyaterik et al., 2013; Imanaka et al., 2004;
Lambe et al., 2013; Liu et al., 2015; Moise et al., 2015; Rao, 1975; Tran
et al., 2003; Zhong et al., 2012). Most of these chemical functions were
actually detected in Pluto aerosol analogues by Jovanovic et al. (2020),
who showed the presence of unsaturated N- and O-bearing molecules in
large amount.

When CHy4 concentration increases, the bandgap energy shifts to-
wards shorter wavelengths. k index thus depends on the CH4:N3 mixing
ratio used to produce the tholins. Indeed, from 270 to around 600 nm,
where the uncertainties are low, we can see that Py and P4o samples,
produced with a lower CH4 concentration, present higher k-values than
Pgs0 sample, produced with a higher CH4 concentration.

This anti-correlation between k-values and CH4:N5 mixing ratio was
also detected by Mahjoub et al. (2012) in their study concerning Titan
tholins. They attributed this anti-correlation to the proportion of N-
bearing molecules: when CHy4 concentration decreases, N-containing
molecules increase in proportion and contribute to a higher absorption
of UV and visible radiations (Mahjoub et al., 2012, 2014). This
conclusion was also proposed by Imanaka et al. (2004), when comparing
their Titan tholins with Uranus/Neptune tholins from Khare et al. (1987)
study, produced in CH4:Hs; gas mixtures. They hypothesized that N-
incorporation in Titan tholins could increase k-values in the UV-Vis
spectral range, in agreement with the laboratory experiments realized
by Scattergood and Owen (1977). Indeed, nitrogen promotes unsatu-
ration. When N3 content is increased in the reactive gas mixture forming
Pluto tholins (case of Py and P4oo samples), the formation of sp2 bonds is
favoured. In contrast, when the reactive gas mixture contains more CHy
(case of Pgsp sample), the presence of large amounts of hydrogen pro-
motes the formation of sp® bonds, which have no effect on n-n* elec-
tronic transitions in UV and visible wavelength ranges (Ferrari et al.,
2003; Quirico et al., 2008).

Another explanation to both higher n- and k-values for Py and P4go
could be the higher oxidation of these samples. Indeed, Jovanovic et al.
(2020) showed that P4po sample contains more oxygen in mass than
Pgso. Studies realized on optical properties of terrestrial secondary
organic aerosols (Cappa et al., 2011; Lambe et al., 2013; Moise et al.,
2015; Nakayama et al., 2018, 2012) and of oxidized Early Earth- and
Exoplanets-like aerosols (Gavilan et al., 2017) showed that n indices
increase when the oxidation level of the aerosols increases. Moreover,
the more the aerosols are oxidized, the more they absorb UV and visible
radiations.

We can thus expect that aerosols formed at different altitudes in
Pluto’s atmosphere will differently absorb radiations reaching the at-
mosphere. In particular, Pluto’s aerosols formed at or below 400 km of
altitude above the surface, due to their higher N- and O-content, may
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Fig. 5. Imaginary part k of the complex refractive index of
Pluto tholins determined by spectroscopic ellipsometry with a
“A-by-A" numerical inversion method. The blue (top panel), red
(middle panel) and green (bottom panel) curves respectively
correspond to the samples Py, P4o0 and Pgsg. The 20 error bars
were experimentally determined for different wavelengths and
were then linearly interpolated in-between in order to obtain
the envelopes of 2¢ uncertainty (in light blue, light red and
light green). The envelopes determined by dashed lines
correspond to 1o uncertainty. The y-axis was cropped at 10~%.
The 2¢ uncertainties of k-values reach 0 in the [790-850],
[1450-1650] and [1820-2100] nm regions for Py sample, in
the [1870-1930] and [2020—2100] nm regions for P4oo sample
and in the [980-1180], [1270-1330] and [1880-2100] nm
regions for Pgso sample. Note that the large variations observed
in the k-curves at wavelengths above 600 nm should be
considered with caution. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web
version of this article.)
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Table 2

Overtone and combination near-IR band assignment of potential absorption
bands found in the k profiles presented in Fig. 5. The band assignments are based
on Stenberg et al. (2010), Workman and Weyer (2008) and Xiaobo et al. (2010).

Present in
sample P,

Wavelength Overtone and combination near-IR band
[nm] assignment

725 C-H stretching 4™ overtone in ~CH, (x = 1, 2 Peso
and 3) and in Aromatic-CH

O—H stretching 3™ overtone in R-OH and in
Aromatic-OH

C-H stretching 3™ overtone in —-CH, (x = 1, 2
and 3) and in Aromatic-CH

O—H stretching 2™ overtone in R-OH and in
Aromatic-OH

C-H stretching 2™ overtone in —CH,(x=1,2
and 3) and in Aromatic—-CH

—C=0 stretching 4™ overtone in R-(C=0)-R’,
R—-(C=0)-OR’ and in R—-(C=0)-NH,

—C=O0 stretching 2" overtone in R-(C=0)-R’,
R—(C=0)-OR’ and in R—(C=0)-NH,

N—H combination in R—~(C=0)-NH, and in
aromatic amines

900-950

Py, P400, Peso

1100-1150

Py, Paoo

1950-2000

Py, Paoo

absorb more UV and visible wavelengths than aerosols formed above
400 km of altitude.

Besides, as mentioned in Section 2.1, the samples studied here could
also be considered as analogues of aerosols produced during different
seasons or epochs of Pluto (Bertrand et al., 2019; Bertrand and Forget,
20165 Stern et al., 2017a). In Bertrand and Forget (2016), their Pluto
General Circulation Model (GCM) predicted a mean CH4 atmospheric
mixing ratio in ~ 2200 (terrestrial year; Northern winter/Southern
summer on Pluto) ~ 5 times higher than that observed in 2015. This is
due to the condensation of Ny onto the surface, which also leads to a
decrease in surface pressure as low as 10 °-10~® mbar; the atmosphere
being thinner, the methane is less diluted (Bertrand and Forget, 2016;
Stern et al., 2017a). However, considering that the pressure in the at-
mosphere would still be sufficient to allow the formation of haze par-
ticles (Johnson et al., 2021), one would expect less absorbent aerosols,
such as Pgsp tholins, differently affecting the thermal profile of Pluto and
the photon flux reaching the surface.

5. New input parameters for Pluto atmospheric and surface
models

In this section, we first compare the optical constants determined in
this study with those from the study by Khare et al. (1984). Then, we
discuss the application of our Pluto tholins optical constants to the
modelling of Pluto’s surface and atmosphere.

5.1. Comparison of our optical constants with those of Titan tholins from
the study by Khare et al. (1984)

Khare et al. (1984) did a pioneer work to determine the optical
constants n and k of Titan aerosol analogues from soft X-ray to micro-
wave frequencies. For this purpose, they combined transmittance,
specular reflectance, interferometric, Brewster angle and ellipsometric
polarization measurements on thin films synthesized on various sub-
strates. Although the large considered wavelength range is valuable, the
employed method — combination of different thin films and different
measurement techniques, with interpolations - induces major un-
certainties. Moreover, Brass¢ et al. (2015) reviewed why Khare et al.
(1984) optical constants are not representative of Titan’s aerosols at
different wavelengths.

Even though several other teams have since then determined optical
properties of Titan aerosol analogues (Imanaka et al., 2012; Mahjoub
et al., 2012, 2014; Ramirez et al., 2002; Sciamma-O’Brien et al., 2012;
Tran et al., 2003; Vuitton et al., 2009), optical constants from Khare
et al. (1984) are still widely used by the modelling teams to explain
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atmospheric and surface properties of Titan, often by introducing ad hoc
modifications to them to fit the observations better (Brossier et al., 2018;
Fan et al., 2019; Griffith et al., 2012; Lavvas et al., 2009; Liang et al.,
2007; Lopes et al., 2016; Seignovert et al., 2017), but also of Pluto
(Cheng et al., 2017; Grundy et al., 2018; Protopapa et al., 2017, 2020;
Young et al., 2018; Zhang et al., 2017). This is partially due to the lack of
optical constants of tholins-like materials covering a wide wavelength
range.

Only the data by Khare et al. (1984) and Tran et al. (2003) for Titan
tholins cover the same wavelength range as the Pluto optical constants
determined in this work, and therefore are used for comparison pur-
poses. In Figs. 6 and 7, we respectively compare the n index and the k
index of Pluto aerosol analogues P4go (red asterisks) to Khare et al.
(1984) data (black asterisks), from 270 to 2100 nm. Note that Titan
tholins from Khare et al. (1984) were produced in a reactive gas mixture
composed of 90% of Ny and 10% of CHg.

In Fig. 6, we observe that the n index of Pluto tholins P4 is similar to
that of Khare et al. (1984) Titan tholins from 450 to 2100 nm. Below
450 nm, the behaviour is reversed. While n-value reaches a maximum
near 330 nm for Py4gg, Khare et al. (1984) data present a minimum n-
value near 350 nm. We do not have a definitive explanation for this
behaviour of Khare et al. (1984) n index, but it could be due to a low
sampling combined with interpolation, a poor definition of the optical
properties of the substrates used for the synthesis of the tholins thin
films, or the light source used for the measurements being at the limit of
its range.

Concerning the k indices (Fig. 7), the bandgap energy of Khare et al.
(1984) tholins is shifted towards longer wavelengths (around 1200 nm)
compared to P4gp sample (around 590 nm). k-values of P4go are higher
than those of Khare et al. (1984) below 380 nm and in the near-IR (>
900 nm). These higher values can be explained by higher N- and O-
content of Pluto aerosol analogues P4g¢ (Cappa et al., 2011; Gavilan
et al., 2017; Imanaka et al., 2004; Jovanovic et al., 2020; Lambe et al.,
2013; Mahjoub et al., 2012; Nakayama et al., 2018, 2012; Quirico et al.,
2008). From 380 to around 800 nm, k-values of P4qo are lower than
those of Khare et al. (1984), due to the shifted bandgap energy which is
caused by higher k-values in the UV and a steeper slope in the UV-Vis for
our P4o sample.

Even though k-values of P4y sample are one order of magnitude
higher than those of Khare et al. (1984) between 1000 and 2000 nm,
they are constant and do not present the anomalous sharp increase
beyond 1800 nm presented by the Khare et al. (1984) k-values. The fact
that our k-values are one order of magnitude higher in the near-IR is
consistent with published literature on Titan’s aerosols. For example,
Lavvas et al. (2010) and Larson et al. (2015) reported that the actual
optical properties of Titan’s aerosols should be about an order of
magnitude larger in the near-IR compared to the optical constants from
Khare et al. (1984).

5.2. Application of our optical constants to Pluto’s surface modelling

Recently, Protopapa et al. (2020) studied the colouring materials
across Pluto’s surface. To support the conclusion developed by Grundy
et al. (2018), Pluto’s photochemical aerosols were considered as po-
tential surface colouring agent. Thus, in their model, they implemented
the k indices determined for Titan tholins by Khare et al. (1984) and
Tran et al. (2003). Nevertheless, in order to fit their models to spectra
acquired in the regions of Cthulhu Macula and Lowell Regio by the
imagers MVIC (Multispectral Visible Imaging Camera, a Vis-near-IR
[400-975 nm] imager) and LEISA (Linear Etalon Imaging Spectral
Array, an IR [1.25-2.5 pm] spectral imager) constituting the Ralph in-
strument (Reuter et al., 2008), some modifications of k indices by Khare
et al. (1984) were necessary. Specifically, Protopapa et al. (2020): first
applied no change to the n index of Khare et al. (1984); secondly
decreased the k-value of Khare et al. (1984) at 690 nm by ~ 55% to
match the observations of Pluto in the RED filter between 540 and 700
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Fig. 6. Comparison between the real part n of the complex refractive index of our Pluto tholins P4 (red asterisks) and Titan tholins from Khare et al. (1984) study
(black asterisks). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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| Zhang et al. (2017) sented by the yellow rectangle) in order to adjust Pluto’s
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in this figure legend, the reader is referred to the web version
of this article.)
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nm (note that Protopapa et al. (2020) preserved the original sampling of Therefore, Protopapa et al. (2020) modified the k-values by Khare et al.

Khare et al. (1984) explaining why the k-value was modified at 690 nm); (1984) beyond 1.8 pm assuming them to be constant with wavelengths
and thirdly assumed k index to be constant between 1800 and 2200 nm, up to 2.4 pm and equal to the mean value computed between 1.35 and
given that the increase displayed by the k-values of Khare et al. (1984) 1.45 pm (see Fig. 8, sample B from Protopapa et al. (2020)). This is
beyond 1.8 pm was not consistent with the observations. consistent with our direct values for Pluto tholins P4qg. Indeed, as noted

Fig. 8 was adapted from Protopapa et al. (2020). It displays the above, while the k-values of P4op sample are one order of magnitude
imaginary part k of the complex refractive index (right y-axis) of our P4qq higher than those of Khare et al. (1984) between 1000 and 2000 nm,
sample (red curve, with an envelope of uncertainties represented in they are constant with wavelengths and do not display the sharp in-
salmon pink), compared to those of the Titan tholins from the studies by crease beyond 1.8 pm presented by the Khare et al. (1984) k-values.
Khare et al. (1984) (orange triangles) and Tran et al. (2003) (blue dots). In Fig. 8, we observe that the change to the Khare et al. (1984) data
Additionally, the set of k indices determined by Protopapa et al. (2020) implemented at 690 nm by Protopapa et al. (2020) (black squares) to
(black squares) that best fits the MVIC and LEISA New Horizons mea- match the Pluto New Horizons observations is consistent with the k-curve
surements acquired in the regions of Cthulhu Macula and Lowell Regio of our Pluto tholins P4oo (red curve, with the salmon-pink envelope).
are shown, as well as the MVIC transmission filters (left y-axis). The Also, sample B from Protopapa et al. (2020) shares the same slope in the
reader is referred to Protopapa et al. (2020) for details about the UV-Vis as our P4g9 sample and is in agreement, within the uncertainties,
modelling of MVIC and LEISA spectra. with our data between 0.8 and 1.0 pm.

Protopapa et al. (2020) recognized that the k-values of Titan tholins These considerations support the suitability of our optical constants
by Khare et al. (1984) present a sharp increase beyond 1.8 pm (Fig. 8, to reproduce Pluto compositional observations at least in the UV and
orange triangles), inconsistent with the Pluto New Horizons data. visible spectral ranges. Nevertheless, from 1.1 to 1.8 pm, our k-values

10
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are obviously larger by an order of magnitude with respect to the k-
values adopted to reproduce Pluto New Horizons data by Protopapa et al.
(2020). An in-depth modelling analysis of the Pluto New Horizons ob-
servations using as inputs our Pluto tholins optical constants throughout
the full wavelength range, from 0.4 to 2.5 pm, is required to confirm that
Pluto’s colouration and composition can be attributed to the photo-
chemical aerosols that we reproduced in our laboratory.

5.3. Application of our optical constants to Pluto’s atmosphere modelling

In order to evaluate the effect of our Pluto tholins optical constants
on aerosol properties, and to compare with those of Titan, we display the
extinction coefficient Qex (Fig. 9), the single-scattering albedo ®
(Fig. 10), and the absorption coefficient Q,ps (Fig. 11) for a spherical

Spheres of 10 nm (v = 0.03)
Mie model (Bohren & Huffman, 1983)
Khare et al. (1984) / Zhang et al. (2017)

This work, sample Py

This work, sample P400

This work, sample P650

Extinction Coefficient cht [-]
3

S
£~

<
o U

Wavelength [pm]

Fractal aggregates of 3375 spheres of 10 nm
Rannou et al. (1997, 1999)

—XKhare ef al. (1984) / Zhang et al. (2017)

""" Rannou ef al. (2010) + Vinatier ef al. (2012) —Rannou ef al. (2010) + Vinatier et al. (2012)

—This work, sample PH

—This work, sample P400

—This work, sample P()50

Icarus 362 (2021) 114398

Fig. 8. Figure adapted from Protopapa et al. (2020). Imaginary part k
of the complex refractive index (right y-axis) is represented as a func-
tion of wavelength. The red curve with the salmon-pink envelope cor-
responds to the k index of our sample P4o0. The orange triangles
correspond to the k index determined by Khare et al. (1984), while the

10° blue dots are from the study by Tran et al. (2003). The black squares are
the k-values determined by Protopapa et al. (2020) that best fit the
MVIC and LEISA data. The MVIC transmission filters (left y-axis) are

10" shown for reference. The reader is referred to Protopapa et al. (2020)
for details about the modelling. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

107 x

107

107

particle of 10 nm according to Mie theory (formalized in Bohren and
Huffman (1983)) and for a fractal aggregate of 3375 spheres (Rannou
et al., 1997, 1999).

These parameters are key in the atmospheric radiative transfer
(Bohren and Huffman, 1983). Qey is the ratio of the extinction cross
section (Gexr) and the geometric projection of the particle (cgeo). It
characterizes the extinction, i.e. the absorption and scattering of radia-
tion by aerosols. o represents the fraction of scattered radiation, while (1
— o) represents the fraction of absorbed radiation. o is equal to 0 for a
perfect absorber and equal to 1 for a perfect scatterer. These two co-
efficients control the amount of energy absorption by aerosols at solar
wavelengths through Qaps = (1 — ®) X Qext and the emission in thermal
infrared Qemi = Qabs = (1 — @) X Qext- They participate to the thermal
balance of Pluto’s atmosphere, as demonstrated by Zhang et al. (2017).

Fig. 9. Extinction coefficients Qey determined for
spherical monomers of 10 nm radius (log-normal
distribution, with effective variance v = 0.03) with a
Mie model formalized in Bohren and Huffman (1983)
(dotted curves) and for fractal aggregates of 3375
monomers of 10 nm radius with the model developed
by Rannou et al. (1997, 1999) (plain curves). The
black curves were generated with the optical con-
stants determined by Khare et al. (1984) for Titan
tholins. Note that these Khare et al. (1984) optical
constants were adopted in Zhang et al. (2017) study.
The pink curves were generated with the optical
constants determined by Rannou et al. (2010) and
Vinatier et al. (2012) for Titan’s aerosols. The blue,
red and green curves were generated with the optical
constants determined respectively for our samples Py,
P400 and Pgso. The yellow rectangle indicates the re-
gion where solar heating dominates. The dotted
curves (spherical monomers) give information on the
radiative transfer in the upper layers of Pluto’s at-
mosphere (> 350 km of altitude), while the plain
curves (fractal aggregates) give information on the
radiative transfer in Pluto’s lower atmosphere (be-
tween 100 and 300 km of altitude). (For interpreta-
tion of the references to colour in this figure legend,
the reader is referred to the web version of this
article.)
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Fractal aggregates of 3375 spheres of 10 nm
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Fig. 10. Same as Fig. 9, but showing the single-scattering albedo w.
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Mie model (Bohren & Huffman, 1983)
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Fig. 11. Same as Fig. 9, but showing the absorption coefficients Qaps.

At first glance, the scattering of haze at Pluto’s limb in the forward
direction indicates particles having radii in the range 0.1-0.5 pm
(Gladstone et al., 2016; Stern et al., 2015). Further detailed analyses and
arguments from microphysical models (Cheng et al., 2017; Gao et al.,
2017; Zhang et al., 2017) yielded a better result with fractal aggregates
of small grains. In these studies, a fractal dimension D¢ = 2 was assumed,

12

the morphology of the haze particles is thus more like that of snowflakes
instead of solid spheres. The study by Cheng et al. (2017) showed that
spherical monomers should have ~ 10 nm radius (Ry,) and aggregates
should have a “bulk radius” (or “volume equivalent radius”) of about R},
= 0.15 pm, corresponding to ' = (Rp/Ry)° ~ 3375 monomers per
aggregate. Such a fractal structure globally satisfies, although not
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perfectly, the main requirements to explain Pluto New Horizons obser-
vations (Cheng et al., 2017). This aerosol structure was also used by
Zhang et al. (2017) to study Pluto’s thermal balance. Note, however,
that in the study by Gao et al. (2017), the particle size distributions of
their model are displayed as a function of the “effective radius” R¢. Since
their aerosols grow up to R¢ = 0.15 pm, with a fractal dimension D¢ = 2,
the corresponding aggregates appear much smaller (N = 225) than those
considered by Cheng et al. (2017), Zhang et al. (2017) and Lavvas et al.
(2020) (N = 3375). The most probable reason for this difference stands
in that Cheng et al. (2017) and Lavvas et al. (2020) matched data from
New Horizons containing information about the aerosol size, with ob-
servations made at different phase angles, while Gao et al. (2017) used
data that are not sensitive to the aerosol size. Since aerosols are pro-
duced from growth mechanisms, they are expected to start as small
spherical particles at high altitudes and continuously get larger by
coagulation (direct gas-particle interactions) while sedimenting (Cheng
et al., 2017; Gao et al., 2017; Zhang et al., 2017). Thus, both the prop-
erties of small spherical monomers and fractal aggregates are
interesting.

In Figs. 9 and 10, we compare, for several sets of optical constants,
the parameters Qext and ® computed for spherical monomers of 10 nm
radius, distributed with a log-normal distribution and an effective
variance v of 0.03 (dotted lines), and for fractal aggregates of 3375
monomers of 10 nm radius (plain lines). We used the optical constants
determined in this work (Py, P4go and Pgsp, in blue, red and green
respectively), optical constants determined for Titan tholins by Khare
et al. (1984) (in black) and for Titan’s aerosols from observations by
Rannou et al. (2010) and Vinatier et al. (2012) (in pink).

In Fig. 9, we remark that the extinction coefficients Qey for spherical
particles or fractal aggregates computed with tholins relevant for Pluto
have a steepest spectral slope at visible wavelengths (broadly from 0.2 to
0.8 pm, where most Pluto New Horizons photometrical data were taken,
and where solar heating occurs) than those computed with optical
constants relevant for Titan’s aerosols.

In Fig. 10, considering single spheres or fractal aggregates, we see
that the single-scattering albedo o is significantly higher in the UV and
visible spectral ranges with the optical constants of Pluto tholins than
with Titan optical constants. In the near-IR, ® of Pluto tholins are lower
than that of Khare et al. (1984) Titan tholins. This suggests that Pluto’s
haze absorbs less in the UV-Vis wavelength range than Titan’s haze.

However, to really assess the absorption efficiency of each type of
particles, one has to compare the absorption coefficients Qaps = (1 — ®)
x Qext (displayed in Fig. 11).

The absorption coefficients Q,ps (Fig. 11) computed with Pluto tho-
lins optical constants are about equal to those computed with Titan
optical constants at 0.3 pm. Nevertheless, they drop much faster with
wavelengths and are lower by a factor 3 to 10 at wavelengths larger than
~ 0.4-0.5 pm. This is true for small spherical particles and fractal
aggregates.

Beyond 1 pm, the marked structures of Pluto tholins set the extinc-
tion coefficients Qex (Fig. 9) between those obtained with optical con-
stants of Khare et al. (1984) and Rannou et al. (2010), but this has less
consequence on data analysis or on the thermal balance. On the other
hand, the scattering efficiency Qsca = ® X Qext, the phase functions and
the asymmetry parameters are not modified at all by optical constants
(see Supplementary Information, Figs. A and B).

This has an important consequence: using other optical constants
than those already used to analyze scattering photometry at Pluto’s limb
(Cheng et al., 2017; Gao et al., 2017; Gladstone et al., 2016; Stern et al.,
2015) would not change the result about aerosol size and vertical pro-
file. Nevertheless, optical constants of Pluto tholins presented in this
study deeply modify the link between the scattering properties and the
absorption properties, compared to Titan tholins. That is, for the same
scattering efficiency, Pluto tholins absorb about 5 to 10 times less than
Titan tholins at 0.5 pm (effective wavelength of solar input).

To adjust Pluto’s thermal balance, Zhang et al. (2017) used the

13

Icarus 362 (2021) 114398

optical constants from Khare et al. (1984), and had to decrease signifi-
cantly (up to a factor 4) the absorption efficiency of aerosols in the
visible wavelength range (see Fig. 7, black dashed arrow), to increase it
in thermal IR and grossly keep the same extinction properties to match
Alice UV spectrometer retrieval for the haze extinction (Stern et al.,
2015). Here we see that low absorption is a natural outcome of Pluto
tholins produced for this study with chemical conditions representative
of Pluto’s atmosphere.

6. Conclusion and Perspectives

In this study, we determined the optical constants of Pluto aerosol
analogues. Three types of tholins were produced from gas mixtures with
different No:CH4:CO proportions, in order to mimic aerosols formed at
different altitudes in Pluto’s current atmosphere. The sample Py is ex-
pected to be representative of aerosols formed below 350 km of altitude
above the surface. The sample P4 is expected to mimic the aerosols
formed at around 400 km of altitude. The sample Pg5 is expected to be
analogous of aerosols formed between 600 and 700 km of altitude. These
three gas mixtures differing in their CH4:N2 mixing ratio can also be
considered as analogues of Pluto’s atmosphere at different seasons or
epochs.

Our results show:

(1) A strong absorption of UV and visible radiations by Pluto tholins,
attributed to their N-bearing and O-bearing organic molecules.

(2) A moderate absorption in the near-IR spectral range by Pluto
tholins with k indices of a few 1075,

(3) A dependency of n and k indices to the CH4:N5 mixing ratio, and
thus to the altitude of aerosol formation in Pluto’s atmosphere.
The N- and O-content in Pluto low-altitude aerosols is enhanced,
leading to an increase of both n- and k-values. This dependency of
the optical constants to the CH4:Ny mixing ratio has also impli-
cations for the seasonal and past epochal radiative transfer of
Pluto.

The comparison of our data with the optical constants determined for
Titan tholins by Khare et al. (1984) shows that Pluto tholins present
globally similar n-values to those of Titan. However, differences are
observed concerning the k indices. In particular, k-values of Pluto tholins
are one order of magnitude higher than those of Titan in the near-IR. In
the UV spectral range, k indices of Pluto tholins are also higher, which is
probably due to the reactivity of nitrogen and carbon monoxide in the
gas mixture producing Pluto’s aerosols.

The optical properties of tholins depend on their chemical compo-
sition, and particularly on the N- and O-content. As Pluto tholins are
compositionally different from Titan tholins, we propose the optical
constants determined in this study as new input parameters from 270 to
2100 nm to model Pluto’s atmosphere and surface properties.

Our Pluto optical constants were used as input parameters in a Pluto
surface model developed by Protopapa et al. (2020). The modelling
results concluded on the suitability of our optical constants to reproduce
Pluto compositional observations by MVIC and LEISA, at least in the
UV-Vis spectral ranges. Moreover, results from a model of light scat-
tering developed by Rannou et al. (1997, 1999) concluded that Pluto
tholins absorb 5 to 10 times less than Titan tholins at 500 nm. This lower
absorption is consistent with Alice observations of Pluto’s haze.

Our study focused on Pluto’s aerosols formed by photochemistry.
However, we remind that an additional process for the formation of
aerosols in Pluto’s atmosphere was recently proposed by Lavvas et al.
(2020) due to ice condensation on photochemical nuclei. In their hy-
pothesis, the first photochemical ice to condense in the upper atmo-
sphere (near ~ 500 km of altitude) would be HCN. Then, other
photochemical gases, such as C3H4, CeHg and predominantly C4Ho,
would condense and coat the HCN ice particles formerly formed. Note
that, as Pluto’s most abundant gaseous photochemical products — CoHoy,
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CoHy, and CyHg — condense only a few kilometres above the surface
(Stern et al., 2017b), they should not take part in the homogeneous
coating of HCN particles occurring at higher altitudes. Nevertheless,
those C; hydrocarbons, as well as CH3C2H, are suspected to be subject to
heterogeneous adsorption/desorption processes on the ice particles,
between 100 and 200 km of altitude above the surface (Krasnopolsky,
2020; Luspay-Kuti et al., 2017; Wong et al., 2017), inhibiting the sub-
limation of the condensed ices.

Such condensation of gaseous molecules, resulting in coated photo-
chemical aerosols (Krasnopolsky, 2020; Luspay-Kuti et al., 2017; Wong
et al., 2017), would occur on preexisting Pluto’s aerosols formed by
photochemistry, requiring to know their properties as well, as studied in
the present work. The differences observed between our data and the
New Horizons observations could be explained by this contribution of
coated aerosols. By analogy with the C4H> ice studied in Lavvas et al.
(2020) presenting lower n- and k-values than those determined for our
Pluto tholins in the common wavelength range [270-1000 nm], we can
suppose that if gaseous molecules condense or adsorb on Pluto’s
photochemical aerosols, their optical constants n and k could be slightly
lowered.

However, assessing the exact effect on the optical constants of
[tholins/ices] mixture will require in depth modelling and experimental
investigation, far beyond the scope of this study.
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