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The main gas-phase constituents of Titan’s upper atmosphere,
N2 and CH4, are photolyzed and radiolyzed by solar photons and
magnetospheric electrons, respectively. The primary products of
these chemical interactions evolve to heavier organic compounds
that are likely to associate into the particles of haze layers that
hide Titan’s surface. The different theories and models that have
been put forward to explain the characteristics and properties of
the haze composites require a knowledge of their optical properties,
which are determined by the complex refractive index. We present
a new set of values for refractive index n and extinction coefficient
k calculated directly from the transmittance and reflectance curves
exhibited by a laboratory analogue of Titan’s aerosols in the 200–
900 nm range. Improvements in the aerosol analogue quality have
been made. The effects of variables such as the uncertainty in sam-
ple thickness, aerosol porosity, and amount of scattered light on the
final n and k values are assessed and discussed. Within the studied
wavelength domain, n varies from 1.53 to 1.68 and k varies from
2.62 × 10−4 to 2.87 × 10−2. These final n and k values should be con-
sidered as a new reference to modelers who compute the properties
of Titan’s aerosols in trying to explain the atmospheric dynamics
and surface characteristics. c© 2002 Elsevier Science (USA)

Key Words: Titan; Titan’s aerosols; tholins; complex refractive
index.

1. INTRODUCTION

515
Solar photons with wavelengths between 100 and 160 nm pho-
tolyze methane and its principal products, the C2 hydrocarbons,
in the upper atmosphere of Titan. Energetic electrons coming
from Saturn’s magnetosphere dissociate molecular nitrogen, the
dominant background constituent, leading to reactive N atoms.
The primary products of these chemical interactions evolve to
heavier organic compounds composed by C, H, and N that are
likely to associate to form the particles of the haze layers that
hide Titan’s surface. Three haze layers have been recognized:
two of them located between the 0.1 and 0.01 mbar pressure
and the detached one visible in the ultraviolet, located above
the 0.002 mbar pressure (Atreya 1986, Morrison et al. 1986).
The variation in brightness in Titan’s disk was the first source
utilized to get information on the nature, distribution, and prop-
erties of aerosols as summarized in Hunten et al. (1984). This
0019-1035/02 $35.00
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information has been complemented with experimental work.
Laboratory simulations of Titan’s atmosphere environment have
demonstrated that long-time irradiations of CH4 and N2 mix-
tures with different energetic sources yields sticky, dark-color
condensed materials proposed as good candidates to character-
ize Titan’s aerosols (Sagan and Thompson 1984, Khare et al.
1984, Scattergood et al. 1989, Thompson et al. 1991). However,
important differences in their properties have been found be-
cause they strongly depend on the experimental conditions used
to obtain the tholin materials, such as initial gas mixing ratios,
irradiation time, and energy source, leading to differences in
parameters such as the size, shape, chemical composition, and
optical properties. The correct characterization of the properties,
especially the optical ones, of an analogue that well resembles
Titan’s stratospheric aerosols is highly essential owing to the
important role that the aerosols have in the radiative transfer pro-
cesses in the atmosphere, which are responsible for, among other
things, the atmospheric temperature profile (McKay et al. 1989,
McKay et al. 1991, Samuelson and Mayo 1991) and surface
temperature value (Danielson et al. 1973, Samuelson, 1983).
The interpretation of a variety of atmospheric remote-sensing
data also requires knowledge of the optical properties of the
aerosols, which can be described in terms of the complex re-
fractive index, to compute good reference models (McKay et al.
1989, Griffith et al. 1991, Cousténis et al. 1995). Direct charac-
terization of Titan’s aerosols is currently impossible; therefore,
the experimental approach becomes the best way to understand
the physical and chemical properties of the aerosols and to make
progress in the interpretation of their role in Titan’s upper atmo-
sphere.

Khare et al. (1984) performed the first study under well-
controlled experimental conditions and specially designed for
the characterization of the complex refractive index of an ana-
logue of Titan’s aerosols. These authors determined the real (n)
and imaginary (k) parts of the complex refractive index of the
resulting product from a 15-mA direct current (DC) electrical
discharge through a 0.2 mbar N2 : CH4 (9 : 1) gas mixture main-
tained by a 200-V potential difference between the electrodes
and constantly flowing through a 1-l chamber at a rate of approx-
imately 0.05 cm3 s−1. This material was referred to as “Titan’s
tholin” (Sagan and Thompson 1984) and was believed to ade-
quately reproduce the aerosols expected for Titan’s atmosphere.
Khare and co-workers performed independent transmittance, re-
flectance, interference, and polarization measurements of Titan’s
tholin films deposited on glass or alkali halide substrates to ob-
tain n and k from the soft X-ray to the microwave region. Due
to the wide wavelength range studied, they made some sets of
measurements within different spectral ranges and then used a
Kramers–Kronig treatment to adjust the experimentally deter-
mined values to the calculated ones to get the entire n and k
spectrum. These results have been used during the past seven-
teen years by several investigators and have formed the basis

for a long series of interpretations (see, for example, the works
of Rages and Pollack (1980) for the geometric albedo, Griffith
ET AL.

et al. (1991) for the surface and tropospheric characteristics,
and Lorenz et al. (1999) for the HST images) and microphys-
ical models (for instance, the ones presented by McKay et al.
(1989), Toon et al. (1992), and Rannou et al. (1995)). The ex-
perimental work performed by Khare et al. (1984) in calculating
the complex refractive index of Titan’s tholins was scrupulously
organized. Their values, correct within the experimental error
of ±3% in the measured n values and ±30% in the measured
k values, have been useful for the majority of the modeling
works. Nevertheless, the use of a correction factor that varies
with wavelength is always necessary to accomplish a good fit of
the data. In the frame of the program to study the characteristics
of Titan’s aerosol analogues, Coll et al. (1999) characterized, by
their infrared spectrum, the solid phase synthesized during sim-
ulation experiments performed under the most realistic possible
laboratory conditions. When comparing their tholin spectrum to
that of the tholins synthesized at Cornell University and used
by Khare et al. (1984) for the calculation of the complex re-
fractive index, several qualitative differences were encountered.
This unexpected outcome led us to initiate a detailed study of
the optical characteristics of this material. We present here a
new set of values for the real and imaginary parts of the com-
plex refractive index, defined by m = n + ik, of a laboratory
analogue of Titan’s aerosols. Improvements in the aerosol ana-
logue quality have been made. We recovered the aerosol films
directly deposited on quartz plates, under an inert atmosphere.
Our n and k values are directly calculated from the transmittance
and reflectance values exhibited by our samples in the 200–
900 nm range and include 160 experimental points. The in-
fluence of sample thickness uncertainty, aerosol porosity, and
amount of scattered light on the final n and k is calculated and
discussed. Instead of presenting absolute values for the com-
plex refractive index parameters, we have determined an interval
within which they can be located. Our data can be seen as a new
point of reference to modelers who compute the properties of
Titan’s aerosols and can be used to see how their optical proper-
ties influence the matching of the observed atmospheric spectra.
This article is organized as follows: Section 2 describes the syn-
thesis of the aerosol analogues. Section 3 briefly describes the
optical methods utilized and the calculations performed for the
calculation of n and k. The results are presented and discussed
in Sections 4 and 5. Section 6 summarizes our conclusions.

2. AEROSOL ANALOGUE SYNTHESIS

An N2 : CH4 (98 : 2) gas mixture was subjected to a DC cold
plasma discharge, resulting in the production of thin films of
yellow to light brown solid reaction products. We selected the
methane content in our mixture from its mole fraction value es-
timated for Titan’s stratosphere after the reanalysis of Voyager
1 measurements by different techniques (Lellouch et al. 1989,
Kouvaris and Flasar 1991, Strobel et al. 1993, Courtin et al.

1995). The simulated atmosphere has therefore a closer similar-
ity to Titan’s stratospheric conditions than does the crude mixing
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FIG. 1. Schematic representation of the experimental continuous-flow setup used to produce Titan’s aerosol analogues after irradiation of a N2 : CH4 (98 : 2)

mixture by a glow discharge. Inset: Z plane of a Titan aerosol analogue film, as observed under the confocal microscope showing the granular morphology of the

deposit.

ratio of 10% methane used in the simulation experiments per-
formed during the 1980s. The implications of this selection are
discussed in Section 5.

The experimental setup is shown in Fig. 1. The mixture
(99.99995% purity from Linde) continuously flowed to a Pyrex
reactor in which the cold plasma discharge took place. The reac-
tor vessel was 25-cm long with 18- and 9-mm internal diameter
upper and lower arms, respectively, and extensions of 18-mm
internal diameter with condensing spirals for the input and out-
put of the reactant gas mixture. A rotary pump was used to allow
the transit of the gas mixture. The pressure, 1 mbar at room tem-
perature, was controlled with a needle valve attached at the exit
of the reactant mixture tank and its value was read in a low-
pressure sensor. A stainless steel flexible hose and stopcocks
were used to fasten the reactor to the mixture’s tank and to the
rotary pump. The DC cold plasma discharge was generated by
a potential difference of ∼4 kV between two iron electrodes,
covered with mica to avoid metal contamination. Iron was se-
lected for its good physical and electrical properties, its high
melting point, and low ionization potential. The electric poten-
tial difference is established by a high-impedance DC generator
with maximum current output of 200 mA. The reactor was toped
with a plastic cap that permitted placement of adequate optical
quality substrates on the upper arm for the solid-product depo-
sition and later analysis. Films of the solid products were also
observed on the reactor arm walls.

Thin films of our aerosol analogues produced with different
irradiation times with the cold plasma discharge maintained at

280 W were deposited on quartz slides (12 × 45 mm, Suprasil).
For a sample exposed during 1-h irradiation time, a pale orange-
brown transparent homogeneous film could be seen by the naked
eye. Stronger coloration intensities could be observed when the
irradiation time was increased. Due to the spectroscopic tech-
nique selected to perform the study, we can only work with
transparent samples. After analyzing the transmittance curves
obtained for 1-, 2-, 4-, 8-, and 10-h, irradiation, we decided to
perform the calculations of n and k only on the samples pro-
duced after 120 and 240 minutes of irradiation (samples 2H and
4H respectively) because they exhibited the best transparency.
The region of the plasma discharge remained in close contact
with the slide surface during the entire irradiation time. It was
observed that in the course of an experiment the current input
had to be increased to maintain a constant power value. This can
be attributed to an increase in the total resistivity of the system
(i.e., the gas-phase reactant mixture and the formed solid film).
Increments of some 2 to 4 mA were necessary to keep a constant
value of 280 W during the entire irradiation time. Although a
formal estimation of this variation was not performed, for the
2H sample the final current value was around 82 mA, while for
the 4H sample it was around 92 mA.

The protocol developed at LISA allows sample recovery with-
out terrestrial atmospheric contamination. An elemental compo-
sition analysis was performed on one of our samples, produced
as described above, in the Microanalysis Service of CNRS, Gif-
sur-Ivette, France. The amounts of carbon, nitrogen, and hydro-
gen, were determined by combustion and that of oxygen was
determined by calculation (completion to 100%). Samples are
prevented, as much as possible, from any contact with poten-

tial atmospheric contaminants (O2, CO2, H2O vapor). Once the
irradiation was stopped, the samples were kept in polystyrene
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bags, under an inert atmosphere of nitrogen, and these remained
closed until the spectroscopic measurements were done. One
oxygen atom for every 150 atoms of C, H, and N was found.
These results seem very low compared with those reported by
previous experimental syntheses of Titan’s aerosols. Sagan et al.
(1984) reported an oxygen content of 17% in the Titan’s labora-
tory tholin. McKay and Toon (1992) suggested that the presence
of oxygen was the result of oxidative processes occurring when
the tholin was allowed to have contact with the atmosphere.
McKay (1996), using an experimental setup similar to that of
Sagan et al. (1984), produced a brown material that still had a
high oxygen content. He reported values of up to 12% oxygen
atoms, which means the presence of 1 oxygen atom for every
15 C, H, and N atoms. The implications of these differences are
discussed in Section 5.

3. OPTICAL MEASUREMENTS AND CALCULATIONS

The heterogeneity of our samples, their roughness, and their
nonuniform thickness limited the choice of the optical tech-
niques and methods usable to correctly determine the complex
index value. We therefore chose reflectance and transmittance
measurements and solved the Abelès equations (Abelès 1967)
for thin films provided the film thickness is known.

3.1. Film Thickness Measurements

The fluorescence of the aerosol analogue films was excited
with a wavelength of 488 nm (argon laser) and the films were
observed with a confocal microscope (Zeiss LSM 410) to de-
termine their thickness. A lens with a 63× magnification and a
1.4 aperture was used. The pinhole was set to give resolutions
of 0.21 µm in the XY plan and 0.52 µm in the Z direction. The
inset shown in Fig. 1 represents a Z section of an aerosol film.
Film thicknesses of 3 ± 1 µm for the 2H irradiation sample and
4 ± 1 µm for the 4H irradiation sample were deduced from the
Z confocal images. Even if limited in its intrinsic accuracy, this
method gives a good estimate of the mean thickness because its
variations along the film are directly visualized. Moreover, these
confocal images point out the porosity of the aerosol analogue
films, allowing a rough estimate of its value at less than 0.3 to
be made in these samples.

3.2. Transmittance and Reflectance Measurements
(Specular and Diffuse)

Specular transmittance and reflectance measurements were
performed on samples 2H and 4H from the near ultraviolet
(200 nm) to the near infrared (900 nm) by using a Cary 5 (Varian)
spectrophotometer. The corresponding 4-h irradiation sample
plots are shown in Fig. 2. Typically, the specular optical prop-
erties are observed on mirrorlike surfaces. This does not mean,
however, that the aerosol analogue films behave like mirrors.
They are transparent enough to allow the transit of the inci-
dent radiation through the quartz plate, behind which a standard

mirror is placed. In this way, the one-to-one correspondence
ET AL.

between incident and reflected or transmitted rays can be ob-
tained. During the reflectance measurements the incident ray,
the corresponding reflected rays, and the normal to the surface
at the point of incidence all lie in the same plane. This is the tradi-
tional way of measuring the reflectance of a surface or medium.
In our samples, transmittance measurements were made under
normal incidence while reflectance measurements, performed
with a V-W attachment, were made under an 8◦ incidence. To
check the reproducibility of our deposition technique, we mea-
sured the specular transmittance of two different 4H samples
prepared under the same deposition conditions, but at different
times. Figure 2a points out the excellent similarity displayed by
the two samples and achieved by our experimental technique.
This similarity is a remarkable achievement of the present work,
since previous experimental simulations have not obtained good
reproducibilities of the transmittance measurements, even when
performed on the same sample. Such is the case of the set of
transmittance graphs determined by McKay (1996) from sam-
ples of different methane mixing ratios (see Fig. 6).

We also performed transmittance and reflectance hemispher-
ical measurements on sample 4H with an integrating sphere to
measure the light scattered by the sample, which is not taken into
account in the specular measurements. The term hemispherical
is applied to the fraction of a given incident flux that is usually
reflected to all directions from a mirror like surface or medium.
This fraction of flux corresponding to a given wavelength range
is captured by a special device known as an integrating sphere.
In this way, it is possible to complement the one-to-one measure-
ments performed in the specular mode. The amount of scattered
light is less than 0.05 in transmittance and less than 0.015 in re-
flectance, corresponding to scattering ratios respectively of the
order of 5.5% and 19%. The scattering is therefore not negligible
and must be taken into account in the complex refractive index
calculations.

The curves in Fig. 2, especially the reflectance ones, show
oscillations due to interference in the thin films. Theoretically,
the product n × d (refractive index multiplied by thickness of
the film) might be deduced from these interference patterns
(Swanepoel 1984). However, one can notice that the transmit-
tance and reflectance interfringe peaks and valleys do not match.
This is due to the nonuniform thickness of our low-quality opti-
cal samples (which nevertheless do not destroy the interference
phenomenon) coupled with the fact that the area sampled by the
measurement beam is slightly different in transmittance and re-
flectance. The presence of inhomogeneities drastically changes
the spectra, and the formulas used for uniform films are no
longer valid (Swanepoel 1984). We therefore got only an es-
timate of the product n × d by using this interference pattern.
To make our measurements independent of these incompatible
interference patterns in the optical spectra for the calculation
of the complex index, we treated these measurements to sup-
press the effect of coherence (Grigorovici et al. 1982, Swanepoel
shown on the 4H reflectance curve in Fig. 2b.
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FIG. 2. Transmittance (a) and Reflectance (b) values as a function of wavelength of Titan’s aerosol analogues produced from a 2% CH4 in N2 gas mixture
after a 4-h irradiation with a DC cold plasma discharge. The thickness of the aerosol analogue layer is 4 ± 1 µm. Figure 2a shows the transmittance curves of two
different 4-h samples. They exemplify the reproducibility and high accuracy of our experimental techniques. Figure 2b shows the oscillations in the reflectance
t
m

values due to the interferences that the aerosol analogue films induce in the ligh
also shown. The lowest curve in Fig. 2b represents the reflectance data of an 8-µ

3.3. Complex Refractive Index Calculations

In addition to the wavelength the reflectance (R) and the trans-
mittance (T ) values depend on the following parameters:
1. refractive index, n,
pathway. The reflectance graph obtained after suppressing this coherent effect is
sample.

2. extinction coefficient, k, and
3. mean thickness of the film, d.
Following the Abelès formulas established for the case of inco-
herent thin films (see Appendix) n and k values are extracted
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wavelength by wavelength in the range 200–900 nm, from the
160 experimental points using a weighted gradient method. This
is clearly a difference from the multiple methods used by Khare
et al. (1984) (Kramers–Kronig, ellipsometry, interference,
Brewster angle), which allowed these authors to get a continuous
determination of k from 10 measurements in the 200–900 nm
spectral range.

4. RESULTS AND DISCUSSION

4.1. Transmittance and Reflectance

Qualitatively, it can be seen (Fig. 2) that our films absorb
light below 500 nm and their transparency increases beyond this
wavelength. Therefore, they display a behavior similar to that
observed in Titan’s aerosols (Rages and Pollack 1980, Neff et al.
1984): They are highly absorbing in the ultraviolet. A deposition
rate, under our experimental conditions, of approximately 1 µm
film thickness per irradiation hour was also estimated.

If a comparison between our resulting transmittance curves
and those reported by previous experiments is done, there are
some particularities about the aerosol films that we must recall.
It has been suggested that the optical properties are highly de-
pendent on a number of experimental consideration such as the
N2 : CH4 initial gas mixture ratio, the selection of energy source
and its intensity, the pressure and temperature of the reactant
mixture, and the contamination of the samples by the laboratory
atmosphere (Coll et al. 1999). It seems that the differences in
the conditions under which aerosol analogues are produced is a
barrier to the complete understanding of the solid organic phase
produced in the laboratory. Despite this problem, the transmis-
sion curves of thin films of tholin produced by irradiation with
a Tesla coil (McKay 1996) and by a radio-frequency discharge
(Khare et al. 1987) in N2 : CH4 mixtures with different ratios
and thickness have been compared by McKay (1996). The pro-
cedure used in that paper for comparing the transmittance curves
of samples with different thickness and compositions consisted
in normalizing the transmittance of the different samples to the
fixed value of 0.9 at a reference wavelength of 750 nm. This
comparison is meaningless for the transmittance and reflectance,
which depend on the thickness of the films (see Appendix). The
thickness value is unknown in McKay’s samples and is con-
siderably variable in Khare’s samples. A correct comparative
discussion of the intrinsic optical properties of these samples
can only be made on their complex index or dielectric func-
tion. Nevertheless, a comparison is possible on the transmittance
(or the reflectance) curves if the samples to be compared have
the same thickness, or, at least if their thickness is known. In
the latter case, a comparison of the extinction coefficients (k) can
be made, through a crude evaluation of its values from the trans-
mittance by using the approximation T = T 2

0 exp(−αd) with
α = (4πk)/λ and T0 being the transmittance at the interfaces,
assumed to be the same for the different films and independent

of the wavelength (Abelès 1967). Because the thicknesses of
the films compared by McKay (1996) in his paper were not
ET AL.

determined, it is impossible to apply this approximation to the
treatment of their transmittance values. We will therefore only
compare, at the end of this paper, our results on the complex
index with similar results available in the literature.

4.2. Complex Refractive Index

We present n and k spectral variations of two samples (2H
and 4H) in Fig. 3. They qualitatively look like quantities related
by causality (Kramers–Kronig relations), which means that n
presents an inflection point at a wavelength where k exhibits a
maximum. This happens while n decreases from low to high
wavelengths. From Fig. 3b, the maximum k value (0.051) is lo-
cated at 315 nm for sample 2H; for sample 4H it is located at
290 nm and has a value of 0.044. The inflection points in the
n graphs, even when they are not very evident in Fig. 3a, must
be located around the wavelenghs of these k maximum values.
The two samples are supposed to differ only in their thickness.
They should therefore exhibit the same n and k values within
the experimentally determined thickness uncertainty. It is well
verified on n, where the values show errors of 0.022 ± 0.04%
for the 2H sample and 0.026 ± 0.04% in the case of the 4H
sample. However, k spectral values differ more perceptibly. The
calculated error value for the 2H sample is 35.24 ± 0.12%, while
for the 4H sample it is is 25.98 ± 3.23%. These discrepancies
can be attributed either to different chemical compositions or
to different morphologies of the samples. They can also, more
simply, be due to the effect of the uncertainties in the knowl-
edge of some parameters or effects that act on the measured
optical properties. The observed similarity in the transmittance
values of samples 2H and 4H (Fig. 2a) obtained from different
deposited films eliminates the validity of differences in the com-
position of our samples. On the other hand, the roughness and
nonuniformity in thickness displayed by our aerosol analogues,
parameters directly related to the morphology, made us consider
the influence of thickness uncertainties, porosity, and light scat-
tering to explain the discrepancies on the value of the complex
index.

4.3. Influence of Sample Thickness Uncertainty

Due to the relatively large uncertainty in the thickness mea-
sured from our samples, we have made the calculation of n and k
for the mean and extreme values of d to get boundaries for their
variation (Figs. 3a and 3b). On sample 2H, d = 3 ± 1 µm. On
sample 4H, d = 4 ± 1 µm. The n values are not strongly affected
within the range of variation (Fig. 3a). In contrast, k strongly de-
creases as thickness increases (Fig. 3b). These results follow the
qualitative dependence of R and T on n, k, and d in the frame-
work of the incoherent optical treatment that we applied to our
samples. On the one hand, R = [(n − 1)2 + k2]/[(n + 1)2 + k2]
essentially depends on n for small k values. As k values are two
orders of magnitude smaller than the n values, the equation for
R can be rewritten as R = [(n − 1)2]/[(n + 1)2]. On the other

hand, T = T 2

0 exp(−αd), with α = (4πk)/λ, depends on the
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FIG. 3. Influence of the film thickness uncertainty on the evolution of n (a) and k (b) as a function of wavelength. Solid curves correspond to a 2-h irradiation
sample; dashed curves are from a 4-h irradiation sample.
product k × d. Therefore, for a given experimental value of T ,
a variation of d will essentially affect the k values to keep the
product k × d constant. The behavior of n is very similar for
the two samples; in both cases it monotonically decreases from
1.68 to 1.53 between 200 and 900 nm. The behavior of k shows
a displacement in the maximum value occurring, respectively,
at 325 nm and 300 nm for 2H and 4H samples. Nevertheless,

the position of this maximum is not affected by the variations of
the thickness. Other parameters not directly involved in the for-
mula of n and k, for example, the porosity and roughness of the
samples, may influence their values and their spectral variations.

4.4. Influence of Porosity

Coll et al. (1998) had previously pointed out the porous nature
of the aerosol analogues using scanning electron microscopy.
The same was observed by de Vanssay et al. (1999) who studied

the variation of tholins morphology under different experimental
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TABLE I
Maximum Values of Refractive Index (n) and Extinction Coefficient

(k) for Titan’s Aerosol Analogues as a Function of Porosity (p)

Air content, p 0.0 0.1 0.3 0.5
Refractive index, n 1.000 1.038 1.144 1.370
Extinction coefficient, k 1.000 1.111 1.408 2.163

Note. Values are normalized to 1 for p = 0. The figures represent the multi-
plicative factor that must be applied.

conditions. These authors find that the CH4/N2 ratio has a strong
effect on the tholin morphology. Neither differences in the total
pressure nor in total flux affected particle size. Nothing is con-
cluded about the porosity values of the samples. However, some
of the pictures included in their paper show the porous nature of
the tholins. Those observations have been confirmed using the
present experimental simulation by observing different samples
under confocal microscopy (see the inset in Fig. 1, for example).
We thus have deduced very approximate values of the porosity
in the 2H and 4H aerosol analogue samples from their micro-
graphs. We evaluated the variations of n and k for a range of
air content between 0 and 50%. We used the effective medium
model of Maxwell-Garnett (Maxwell-Garnett 1904) for this cal-
culation. The effect is essentially a uniform increase of n and k
with increasing porosity values and a very slight shift of the k
maximum toward short wavelengths. We therefore approximate
this uniform increase by a multiplicative factor. Its maximum
values, for the two samples in the porosity range from 0.0 to 0.5,
are represented in Table I. One can observe that the air content
has a strong influence on n and k. For example, increasing the
porosity in the sample to 0.3 induces an increase of 41% in k
and of 14% in n.

4.5. Influence of Light Scattering

The calculations of the complex refractive index values pre-
sented above were performed using the specular measurements.
We have shown in Section 3.2 that the amount of scattered
light measured on our samples is not negligible and must be
considered in the calculation of the complex index parameters.
The calculations performed with specular measurements take
into account reflectance and transmittance measurements lower
than the total values measured when using an integrating sphere.
This leads to an underestimation, mainly of the absorption co-
efficient k. Figure 4 shows the n and k values computed from
the specular and hemispherical measurements of transmittance
and reflectance performed to sample 4H. A qualitative com-
parison between the two sets of values can be made. As ob-
served from Fig. 4a, the n values are not so strongly affected.
They exhibit a relative uniform increase of about 5% through the
entire wavelength range. Figure 4b shows two important things:
(i) that the maximum k value increases at approximately twice
its specular value and (ii) that its position has been shifted

from 350 to 300 nm. The decreasing effect vanishes toward long
wavelengths.
ET AL.

5. DISCUSSION

To summarize the effects of the different parameters envis-
aged above we have plotted mean values of n and k in Fig. 5. The
graphs are the result of 160 transmittance and reflectance exper-
imental measurements. The error bars resulted from the effect
of the sample thickness uncertainty and of the scattered light on
the n and k calculated values. In the same graphs, we show the
results of Khare et al. (1984). In this section we present some
arguments to explain the observable differences. One must first
recall that the two plotted sets of values were calculated from
different protocols and from samples synthesized under different
experimental conditions. As mentioned in Section 4.1, previous
experiments (McKay 1996) have demonstrated a strong varia-
tion of the transmittance values on thin films of tholin material
produced from mixtures with different CH4 concentrations, as
illustrated in Fig. 6. There is also a disagreement in the transmit-
tance values between the tholins produced with the same initial
CH4 mixing ratio but using different techniques, as demonstrated
in the same paper by McKay when he compares his work with
that of Khare et al. (1984). We have no evidence to state that
the differences between our calculated complex refractive in-
dex values and those existing in the literature are due only to
the difference in composition. No reported study exists where
a wide systematic variation of methane content and calculation
of the complex refractive index have been performed following
the same experimental and mathematical procedure. We present
here the first attempt to initiate such a study. We imply that
there must be a relationship between the initial methane con-
tent and the final optical properties of Titan’s aerosol analogues,
but we would need to produce an exhaustive experimental and
mathematical work before arriving at a confirmation. Before
proceeding to a direct comparison of our results and the val-
ues of Khare et al. (1984) we must take into account that the
porosity will apply a multiplicative factor larger than 1 to these
values (see Table I), especially to the extinction coefficient val-
ues that remain one order of magnitude lower with respect to
those of Khare et al. (1984). This correction does not modify,
however, the shape of the curves. Consequently, our results look
considerably different from those of Khare and co-workers. The
variations in our n values are much less contrasted and weaker.
The resulting graph lacks the structure between 100 and 400 nm
observed in Khare’s et al. (1984) graph. A maximum in k in the
near UV (300 nm) is observed in our values but is not present in
Khare’s et al. (1984) results. These characteristics indicate that
our values follow more closely the causal relationship between
n and k curves even when they were not calculated using the
Kramers–Kronig technique.

We have pointed out the main differences that exist between
our work and previous determinations of optical properties of
Titan’s aerosol analogues. We now attempt to explain the way
by which the intrinsic parameters of our aerosol analogues can
contribute to these differences. The difference in the methane
content is considered first. One of our main objectives was to

perform the synthesis of the aerosol analogues in an environment
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FIG. 4. Evolution of n (a) and k (b) as a function of wavelength for a 4-h irradiation sample. The two sets of graphs resulted from transmittance and reflectance
measurements performed in the specular and hemispherical modes.
that resembles that of Titan’s stratosphere. Besides tempera-
ture, the other more significant parameter in the synthesis of
the aerosol analogues is the initial methane content. We have
selected the methane mixing ratio of our simulated stratosphere
based on existing information. Several different reanalyses of the
Voyager data can exemplify this: Lellouch et al. (1989) deter-

mined a wide methane mole fraction range (0.5 to 3.4%) for the
stratosphere of Titan from the refractivity profiles of the radio-
occultation experiment. Kouvaris and Flasar (1991) delimited
the values to a CH4 mole fraction of 1.7 ± 0.1% from the cold
trap up to the stratosphere. Strobel et al. (1993) determined a
stratospheric methane mole fraction ≤2.6% from a reanalysis
of the Voyager UVS solar-occultation measurements. The most
recent determination is the one done by Courtin et al. (1995),

who, upon reanalyzing the Voyager infrared measurements, ex-
panded the range of the CH4 mixing ratio from 1.7 to 4.5%
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FIG. 5. Final values for the n and k parameters determined from our Titan aerosol analogues including the thickness and scattering effects. Khare et al. (1984)

values correspond to the curves without error bars.

in the stratosphere. Thus we selected the value of 2% methane
content as the most representative for Titan’s upper atmosphere,
according to the actual estimations.

Scattergood et al. (1988) were the first to suggest that the op-
tical properties of Titan’s tholin depend on the CH4 to N2 ratio in

the initial gas mixture. Some years later, McKay (1996), using
an experimental setup similar to that of the Cornell group, pre-
pared thin films of the “Titan tholin.” The films were deposited
on quartz slides and were prepared with CH4 mixing ratios vary-
ing from 3 to 100%. A plot of transmission versus wavelength
shows reproducible curves when the measurements were per-
formed on different locations in the same sample, as illustrated

in Fig. 6 by the different curves of 20 and 70% CH4 content.
However, variations of more than a factor of 2 were found on
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FIG. 6. Transmittance curves as a function of wavelength of the solid material produced from mixtures with different methane mole fraction. Modified from

McKay (1996). The curve labeled as “This work” has thickness of 4 ± 1 µm.

samples that had the same initial amount of methane but had been
deposited on different slides. This is the case of the 10, 50, and
100% CH4 curves presented in the same figure. McKay (1996)
compared his results with those of Khare et al. (1984) and found
that the Cornell’s tholins were darker for similar experimental
conditions (see Fig. 6). From these results McKay confirms that
the optical properties of laboratory tholins strongly depend on
the CH4 to N2 ratio. He found a darkening in the tholin ma-
terial with increasing methane concentration. However, he did
not find an explanation for the disagreement between the opti-
cal properties of his tholin and that produced by Khare et al.
(1984). Our transmittance results for a 2% methane content are
within the range of values reported by Khare et al. (1984) and
McKay (1996), as shown in Fig. 6. All sets of data have a similar
wavelength dependence. This is important because the observed
slope has been considered as a fingerprint for Titan’s aerosols.
However, it is not possible to perform a direct comparison of the
results, as explained in Section 4.1, owing to the lack of thick-
ness measurements in the case of McKay’s study. In contrast,
a wide range of thicknesses, from 0.6 to 20 µm, is reported
for the samples of Khare et al. (1984). This causes a problem
when trying to compare the magnitude of the absorption using
the Abelès formulas, since Khare et al.’s (1984) samples do not
exhibit single values but an extended interval within which we
can place the absorption of our 2H and 4H samples.

Another parameter that can contribute to explaining the ob-
served differences is the absence of contamination. From the el-
emental composition analysis we can affirm that our samples do
not significantly incorporate terrestrial atmospheric gases (O2,

CO2, H2O vapor). As explained in Section 2 this kind of con-
tamination was not determined in Khare et al’s (1984) work.
We cannot establish any correlation between the shapes of our
n and k graphs and the absence of contamination. We infer that
they can, in part, be explained by this fact, which at the same
time strengthens the quality of our aerosol analogues. Another
difference that must be mentioned is the time the samples were
exposed to the discharge irradiation. The “Titan tholin” (Khare
et al. 1984) was irradiated by three days and resulted in sam-
ples of 0.6- to 20-µm thickness. McKay (1996) irradiated his
samples for three weeks but did not determine the thickness of
his samples. We performed the irradiation during 2 to 4 h and
got samples 2- to 5-µm thick. It is evident that the main effect
of over-irradiation is the growth of the sample. This has, as a
consequence, a darkening that is evident from the transmittance
graphs (see Fig. 6). The reflectance data for the 8-µm sample
have been added to Fig. 2b. They represent an upper limit of the
reflectivity that may exhibit a layer of a solid material, similar
to the aerosol analogues that we have synthesized in the present
work, deposited on the surface of Titan.

The chemical transformation of the simulated stratosphere
was performed by a glow discharge. The main propagation
mechanism for this type of discharge is the electron impact.
In addition, it emits a considerable fraction of radiation that
corresponds to wavelengths in the visible and ultraviolet do-
main (Chang et al. 1991). The cold plasma generated by the
glow discharge is very active and energetic and allows the dis-
sociation of the initial CH4 and N2 molecules. At the same
time it avoids the existence of the very high temperature gas
environment typical of the hot plasmas produced by electri-
cal discharges generated by Tesla coils or by laser beams. The

main driving mechanism in Titan’s upper atmosphere is UV
radiation; this means an energetic source that produces cold
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plasmas. By using a glow discharge we are ensuring that we
are not initiating a chemistry different from that produced by
energetic saturnian electrons and short-wavelength UV solar
radiation.

6. CONCLUSIONS AND APPLICATIONS TO TITAN

We synthesized Titan’s aerosol analogue films free of lab-
oratory contamination using an initial gas-phase mixture that
closely resembles the satellite’s stratosphere. The heterogene-
ity and roughness recognized in our samples guided our selec-
tion in the optical techniques used to more accurately estimate
their complex optical index. We discussed and graphically rep-
resented the influence of film thickness uncertainty, amount of
scattered light, and porosity in the n and k values, with the ex-
tinction coefficient (k) being the most affected. As observed in
Figs. 3 and 4, an increase in the film thickness and a smaller
amount of recovered scattered light resulted in a decrease in
the maximum k value. As the k curves decrease toward long
wavelengths the effect weakens. Table I shows that the porosity
affects k in a reverse way and considerably higher values are
calculated for high porosity levels. We summarize the effect of
the studied parameters in Fig. 5 and tabulate the n and k values
with their uncertainties in Table II. The data are available on the
Internet at http://www.astroquimica.nuclecu.unam.mx/Titan nk.
html. Within the wavelength domain of 200–900 nm n varies
from 1.53 to 1.68 and k varies from 2.62 × 10−4 to 2.87 × 10−2.
It is important to notice that, regardless of the differences in
magnitude, our work shows a k slope similar to that displayed
by the “Titan tholin” synthesized by Khare et al. (1984). This
slope has been considered as a fingerprint for the stratospheric
aerosols of Titan. Sagan and Thompson (1984) demonstrated
that no other material, different from the solid produced by
irradiation of methane and nitrogen mixtures, exhibits the re-
flectivity necessary to match the observed reflectivity of Titan
at wavelengths uncontaminated by methane absorption bands.
The slope observed in the solid produced by laboratory simu-
lations is consistent with available observations of Titan in the
infrared and ultraviolet. The visionary nature of the work of
Khare and Sagan performed seventeen years ago remains. They
anticipated astrobiology and used the best cutting-edge tech-
niques in pioneering research available at their time to obtain
useful results. We have demonstrated, however, that improve-
ments in the synthesis methodology, simulation machinery, and
calculation methods yield different but also valid results. Infor-
mation about Titan’s atmosphere and surface is constantly being
derived from direct or ground-based observations. To satisfac-
torily explain these observations, models need to be computed
with information that comes, in most of the cases, from exper-
imental simulations. The results that we present here need to
be tested against the latest Titan’s geometric albedo curves to
verify agreement.
As pointed out by Taylor and Cousténis (1998), for the past
seventeen years Khare et al’s (1984) data were the only optical
ET AL.

TABLE II
Calculated Refractive Index (n) and Extinction Coefficient (k)

alues of Titan’s Aerosol Analogues Produced after Irradiation of
Simulated Titan Atmosphere (N2 : CH4; 98 : 2) by a Cold Plasma
ischarge at 2 mbar Pressure and at Room Temperature

avelength Wavelength
(nm) n 	n (nm) k 	k

199.5 1.6805 0.0204 200 0.0197 0.0075
204.5 1.6671 0.0135 205 0.0202 0.0076
209.5 1.6600 0.0122 210 0.0207 0.0078
214.5 1.6537 0.0153 215 0.0212 0.0080
219.5 1.6515 0.0143 220 0.0217 0.0082
224.5 1.6490 0.0136 225 0.0222 0.0084
229.5 1.6463 0.0125 230 0.0227 0.0086
234.5 1.6436 0.0113 235 0.0232 0.0088
239.5 1.6411 0.0093 240 0.0238 0.0090
244.5 1.6380 0.0088 245 0.0243 0.0092
249.5 1.6354 0.0070 250 0.0248 0.0094
254.5 1.6329 0.0058 255 0.0253 0.0096
259.5 1.6306 0.0043 260 0.0258 0.0098
264.5 1.6284 0.0035 265 0.0263 0.0100
269.5 1.6265 0.0022 270 0.0268 0.0102
274.5 1.6246 0.0018 275 0.0273 0.0104
279.5 1.6229 0.0020 280 0.0278 0.0105
284.5 1.6211 0.0029 285 0.0281 0.0107
289.5 1.6196 0.0034 290 0.0285 0.0108
294.5 1.6180 0.0042 295 0.0287 0.0109
299.5 1.6165 0.0047 300 0.0287 0.0109
304.5 1.6150 0.0054 305 0.0286 0.0109
309.5 1.6137 0.0057 310 0.0283 0.0107
314.5 1.6123 0.0063 315 0.0278 0.0105
319.5 1.6111 0.0065 320 0.0271 0.0103
324.5 1.6100 0.0069 325 0.0262 0.0099
329.5 1.6090 0.0071 330 0.0253 0.0096
334.5 1.6080 0.0072 335 0.0242 0.0092
339.5 1.6072 0.0072 340 0.0231 0.0088
344.5 1.6064 0.0073 345 0.0220 0.0083
349.5 1.6056 0.0073 350 0.0208 0.0079
354.5 1.6048 0.0073 355 0.0197 0.0075
359.5 1.6040 0.0075 360 0.0186 0.0071
364.5 1.6032 0.0076 365 0.0175 0.0066
369.5 1.6024 0.0078 370 0.0165 0.0063
374.5 1.6015 0.0080 375 0.0155 0.0059
379.5 1.6006 0.0083 380 0.0146 0.0055
384.5 1.5996 0.0086 385 0.0137 0.0052
389.5 1.5986 0.0091 390 0.0128 0.0049
394.5 1.5975 0.0096 395 0.0120 0.0046
399.5 1.5964 0.0102 400 0.0113 0.0043
404.5 1.5952 0.0107 405 0.0106 0.0040
409.5 1.5939 0.0115 410 0.0099 0.0038
414.5 1.5926 0.0122 415 0.0093 0.0035
419.5 1.5912 0.0130 420 0.0087 0.0033
424.5 1.5898 0.0139 425 0.0082 0.0031
429.5 1.5884 0.0148 430 0.0077 0.0029
434.5 1.5869 0.0157 435 0.0072 0.0027
439.5 1.5854 .00166 440 0.0068 0.0026
444.5 1.5839 0.0175 445 0.0064 0.0024
449.5 1.5825 0.0184 450 0.0060 0.0023
454.5 1.5811 0.0193 455 0.0056 0.0021
459.5 1.5798 0.0201 460 0.0053 0.0020
464.5 1.5784 0.0209 465 0.0050 0.0019

469.5 1.5771 0.0217 470 0.0047 0.0018
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TABLE II—Continued

Wavelength Wavelength
(nm) n 	n (nm) k 	k

474.5 1.5758 0.0226 475 0.0045 0.0017
479.5 1.5746 0.0233 480 0.0042 0.0016
484.5 1.5734 0.0240 485 0.0040 0.0015
489.5 1.5726 0.0244 490 0.0038 0.0014
494.5 1.5719 0.0246 495 0.0036 0.0014
499.5 1.5716 0.0246 500 0.0034 0.0013
504.5 1.5714 0.0245 505 0.0032 0.0012
509.5 1.5711 0.0244 510 0.0031 0.0012
514.5 1.5708 0.0245 515 0.0029 0.0011
519.5 1.5704 0.0245 520 0.0028 0.0010
524.5 1.5699 0.0247 525 0.0026 0.0010
529.5 1.5693 0.0251 530 0.0025 0.0009
532.5 1.5692 0.0251 535 0.0024 0.0009
537.5 1.5691 0.0251 540 0.0023 0.0009
542.5 1.5688 0.0250 545 0.0021 0.0008
547.5 1.5685 0.0252 550 0.0020 0.0008
552.5 1.5681 0.0252 555 0.0020 0.0007
557.5 1.5677 0.0254 560 0.0019 0.0007
562.5 1.5673 0.0254 565 0.0018 0.0007
567.5 1.5669 0.0257 570 0.0017 0.0006
572.5 1.5664 0.0257 575 0.0016 0.0006
577.5 1.5660 0.0259 580 0.0016 0.0006
582.5 1.5655 0.0258 585 0.0015 0.0006
587.5 1.5653 0.0257 590 0.0014 0.0005
592.5 1.5650 0.0254 595 0.0014 0.0005
597.5 1.5648 0.0255 600 0.0013 0.0005
602.5 1.5644 0.0252 605 0.0013 0.0005
607.5 1.5639 0.0250 610 0.0012 0.0005
612.5 1.5629 0.0240 615 0.0012 0.0004
617.5 1.5613 0.0226 620 0.0011 0.0004
622.5 1.5600 0.0217 625 0.0011 0.0004
627.5 1.5592 0.0218 630 0.0011 0.0004
632.5 1.5584 0.0211 635 0.0010 0.0004
637.5 1.5578 0.0211 640 0.0010 0.0004
642.5 1.5571 0.0205 645 0.0010 0.0004
647.5 1.5566 0.0203 650 0.0009 0.0004
652.5 1.5561 0.0196 655 0.0009 0.0003
657.5 1.5553 0.0186 660 0.0009 0.0003
662.5 1.5543 0.0176 665 0.0009 0.0003
667.5 1.5533 0.0166 670 0.0008 0.0003
672.5 1.5527 0.0165 675 0.0008 0.0003
677.5 1.5520 0.0158 680 0.0008 0.0003
682.5 1.5515 0.0157 685 0.0008 0.0003
687.5 1.5509 0.0151 690 0.0007 0.0003
692.5 1.5504 0.0150 695 0.0007 0.0003
697.5 1.5497 0.0143 700 0.0007 0.0003
702.5 1.5493 0.0143 705 0.0007 0.0003
707.5 1.5487 0.0136 710 0.0007 0.0003
712.5 1.5482 0.0136 715 0.0007 0.0003
717.5 1.5475 0.0129 720 0.0007 0.0003
722.5 1.5470 0.0129 725 0.0006 0.0002
727.5 1.5464 0.0123 730 0.0006 0.0002
732.5 1.5459 0.0123 735 0.0006 0.0002
737.5 1.5454 0.0117 740 0.0006 0.0002
742.5 1.5449 0.0117 745 0.0006 0.0002
747.5 1.5443 0.0112 750 0.0006 0.0002
752.5 1.5438 0.0112 755 0.0006 0.0002
757.5 1.5432 0.0106 760 0.0006 0.0002

762.5 1.5429 0.0105 765 0.0006 0.0002
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TABLE II—Continued

Wavelength Wavelength
(nm) n 	n (nm) k 	k

767.5 1.5424 0.0100 770 0.0006 0.0002
772.5 1.5420 0.0100 775 0.0006 0.0002
777.5 1.5414 0.0095 780 0.0006 0.0002
782.5 1.5410 0.0095 785 0.0006 0.0002
787.5 1.5405 0.0090 790 0.0006 0.0002
792.5 1.5402 0.0089 795 0.0006 0.0002
797.5 1.5397 0.0084 800 0.0006 0.0002
802.5 1.5394 0.0083 805 0.0006 0.0002
807.5 1.5389 0.0077 810 0.0006 0.0002
812.5 1.5387 0.0076 815 0.0006 0.0002
817.5 1.5383 0.0071 820 0.0005 0.0002
822.5 1.5380 0.0069 825 0.0005 0.0002
827.5 1.5377 0.0064 830 0.0005 0.0002
832.5 1.5374 0.0063 835 0.0005 0.0002
837.5 1.5371 0.0057 840 0.0005 0.0002
842.5 1.5368 0.0057 845 0.0005 0.0002
847.5 1.5364 0.0052 850 0.0005 0.0002
853 1.5362 0.0051 855 0.0005 0.0002
858 1.5358 0.0047 860 0.0004 0.0002
863 1.5355 0.0046 865 0.0004 0.0002
868 1.5352 0.0042 870 0.0004 0.0002
873 1.5349 0.0041 875 0.0004 0.0002
878 1.5346 0.0036 880 0.0004 0.0002
883 1.5343 0.0036 885 0.0004 0.0002
888 1.5340 0.0032 890 0.0004 0.0001
893 1.5338 0.0031 895 0.0004 0.0001
898 1.5336 0.0027 900 0.0004 0.0001
903 1.5334 0.0026 905 0.0004 0.0001
908 1.5331 0.0023 910 0.0004 0.0001
913 1.5330 0.0022 915 0.0004 0.0001
918 1.5327 0.0019 920 0.0004 0.0001
923 1.5325 0.0018 925 0.0003 0.0001
928 1.5323 0.0016 930 0.0003 0.0001
933 1.5322 0.0015 935 0.0003 0.0001
938 1.5320 0.0012 940 0.0003 0.0001
943 1.5318 0.0012 945 0.0003 0.0001
948 1.5317 0.0009 950 0.0003 0.0001
953 1.5316 0.0008 955 0.0003 0.0001
958 1.5314 0.0005 960 0.0003 0.0001
963 1.5314 0.0004 965 0.0003 0.0001
968 1.5313 0.0001 970 0.0003 0.0001
973 1.5313 0.0002 975 0.0003 0.0001
978 1.5312 0.0003 980 0.0003 0.0001
983 1.5312 0.0006 985 0.0003 0.0001
988 1.5311 0.0007 990 0.0003 0.0001
993 1.5311 0.0010 995 0.0003 0.0001
998 1.5310 0.0096 1000 0.0003 0.0001

Note. 	n and 	k numbers correspond to absolute limits. They are calculated
from the variation in the n and k values obtained after considering the effect of
the thickness uncertainty and the amount of light scattered by the two samples
(2H and 4H).

constants available to be used in radiative transfer studies of
Titan’s haze and have remained as the “typical” laboratory ref-
erence. We expect that the data of the present work will be par-

ticularly useful for explaining Titan’s albedo behavior, specifi-
cally the flat appearance observed in the UV domain. They can
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also help to clarify the nature of the dark and bright regions
observed on Titan’s surface. According to Griffith et al. (1991)
and Smith et al. (1996) calculated albedos of Titan’s surface
are consistent with a surface in which regions of water ice or
weathered high terrain can be differentiated from dark material.
Possible candidates for the dark material are ethane–methane
lakes or sediments of organic solids with a low reflectivity. Our
aerosol analogues display a monotonic reflectance value of 0.07
for wavelengths longer than 700 nm, and exhibit reflectance val-
ues as low as 0.03 around 450 nm, as shown in Fig. 2b. If one as-
sumes that this reflectance value is low enough and geologic time
has allowed the formation of a thin aerosol coating, our aerosol
analogues can qualify as an appropriate material for explaining
the presence of dark features on Titan’s surface. Our results can
also contribute to the interpretation of the data collected by the
different scientific instruments onboard the Cassini-Huygens
spacecraft such as the DISR (descent imager/spectral radiome-
ter), the ACP (aerosol collector and pyrolyzer), the UVIS (ultra-
violet imaging spectrograph), and the VIMS (visible and infrared
mapping spectrometer). Among the many scientific objectives
of these instruments are the determination of the satellite’s at-
mospheric composition and the study of the physical, chemical,
and optical properties of the aerosols. Current work is being de-
veloped to extend the calculations of n and k to the 0.9–2.5 µm
range. These measurements will be useful in constraining the
observations of Titan’s surface through some of the methane
windows, mainly present in the IR domain. Values of the optical
constants of the aerosols and ices expected to exist on Titan’s
surface will be needed to constrain all the data received from the
Cassini-Huygens mission.

APPENDIX

Formulas used in the incoherent treatment of transmittance and reflectance
data (Abelès, 1967):

R = [a.b.d2kη +a.c.d−2kη +2.r. cos (2.n.η)+2.s. sin (2.n.η)]/D
T = [16.no.ns(n2 + k2)]/D

where:

D = b.e.d2kη + a.c.d−2kη + 2.t. cos (2.n.η) + 2.u. sin (2.n.η)
a = (n − no)2 + k2

b = (n + ns)2 + k2

c = (n − ns)2 + k2

e = (n + no)2 + k2

r = (
n2

o + n2
s

)
(n2 + k2) − n2

on2
s − 4nonsk2 − (n2 + k2)2

t = (
n2

o + n2
s

)
(n2 + k2) − n2

ons
2 + 4nonsk2 − (n2 + k2)2

s = 2.k.(ns − no)(n2 + k2 + nons)
u = 2.k.(ns + no)(n2 + k2 − nons)
η = 2.π.d/λ

k = extinction coefficient
n = refractive index

no = incident medium refractive index
ns = substrate refractive index
d = aerosol film thickness

λ = wavelength
ET AL.
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