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Abstract

Clouds of CQ ice particles have been observed in the Martian mesosphere. These clouds are
believed to be formed through heterogeneous nucleation pb@@anometer-sized meteoric
smoke particles (MSPs) or upward propagated Martian dust particles (MDPs). Large
uncertainties still exist in parameterizing the microphysical formation process of these clouds
as key physico-chemical parameters are not well known. We present measurentbets on
nucleation and growth of GOce on sub 4 nm radius iron oxide and silica particles
representing MSPs at conditions close to the mesosphere of Mars. For both particle materials
we determine the desorption energy of .C@ be AF,. = (18.5 + 0.2) k] mol™?!
corresponding t&\F,;,; = (0.192 + 0.002) eV and obtainn = 0.78 + 0.02 for the contact
parameter that governs heterogeneous nucleation by analyzing the measurements using
classical heterogeneous nucleation theory. We did not find any temperature dependence for
the contact parameter in the temperature range examined (64 KKjo Bg applying these

values for MSPs in the Martian mesosphere, we derive characteristic temperatures for the
onset of CQ ice nucleation, which are 8 - 18 K below the Li@st point temperature
depending on particle size. This is in line with the occurrence of highly supersaturated
conditions extending to 20 K below frost point temperature without the observation of clouds.
Moreover, the sticking coefficient of G@n solid CQwas determined to be near unity. We
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further argue that the same parameters can be applied ton@&eation on upward
propagated MDPs.

1 Introduction

Reflections at 4.3 um in the infrared spectra recorded by Mariner 6 and 7 were the first
measurements which indicated that solid ,G€ could actually be present in the upper
atmosphere of Marg [Herr and Pimentel, 1970]. A mesospheric cloud was then observed
from the planet surface by the Mars rover Pathfinder in 1997 [Smith et al), 1997]. Since the
temperature profile measured by Pathfinder during its entry process revealed temperatures
well below the frost point temperature of €@ a height of about 80ki{T},,s; = 102 K)
[Magalhdes et al., 1999], these clouds were argued to consist dC&@cy and Sandof,
199§], the main constituent of the Martian atmosphere (95%). The first conclusive proof of
the existence of COclouds in the Martian mesosphere was then provided by the imaging
spectrometer OMEGA on board Mars Exprgss [Montmessin et al.| 2007].

After the Pathfinder discovery, G@e clouds have been observed many times in the Martian
mesosphere [e.¢Clancy et al., 200qMaattanen et al., 201{Montmessin et al., 2007
[Montmessin et al., 20(|#incendon et al., 2011]. These clouds mainly appear during pre- and
post-aphelion season, which are the coldest periods in the mesosphere of Mars. Thermal tides
and gravity waves are strongest at tropical latitydes [Creasey et al., 2006] and ard helieve
cause cold pockets with temperatures well below the fe@3t point temperature in the
mesosphere, thereby inducing the heterogeneous formation,afl@@s|[Gonzalez-Galindo

let al., 201{Spiga et al., 2012]. Two main types of mesospheric clouds have been reported,
one during day at equatorial latitudes at heights between 60 km and 85 km with mean particle
radii exceeding 1 pun_[Montmessin et al., 2007], and the other during night at subtropical
latitudes at heights between 80 km and 100 km with particle radii of about 100 nm
[Montmessin et al., 2006]. In addition, Maattanen ef al. [P010] identified three mesospheric
midlatitude autumn clouds. The variation in cloud pattern between day and night was
reproduced in a recent model study by Listowski et|al. i|2014], in which nucleation was
activated by gravity wave-perturbed temperature profiles.

Vincendon et al.[[207]1] found that G@louds are the dominant type of clouds in the
mesosphere of Mars, but also water ice clouds can occur up to a height of 80 km. This result
is'In agreement with a water vapor measurement performed by Maltagliati [2013]
showing water vapor concentrations above ice saturation up to this height during southern
spring. However, during that time of the year almost ng €& clouds have been observed.
Within the main occurrence period of €f0e clouds no KD supersaturated conditions could

be detected above a height of 50 km [Maltagliati et al., PRlaltagliati et al., 2013].

Although great progress has been made in the last decade in monitoring and modeling
mesospheric COclouds on Mars, large uncertainties remain regarding the microphysical
formation processes of the ice particles: Homogeneous nucleation,ah @@ mesosphere
would require extremely cold conditions (about 50 K below frost point temperature)
[Maattanen et al., 2010], and these have never been observed. Also, ion-induced nucleation
requires CQ@ saturation levels too high to compete with heterogeneous nucl¢ation [Listowski
[et al., 2014]. Consequently, the most likely formation process of mesospheriddD@s on

Mars is heterogeneous nucleation, with the nature of theic&uclei still under discussion.

In addition to upward propagating Martian dust particles (MDPs), meteoric smoke particles
(MSPs) produced from the ablation and recondensation of meteoric material could potentially
serve as ice nuclei. The peak meteoric ablation height on Mars is estimated to occur at a
height between 50 km and 90 Km [Adolfsson et al., Jl99Galley and Plane, 2010], being
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consistent with the altitude where ¢€®©louds have been observed. The major elemental
constituents of meteoroids (besides O) are Fe, Mg and Si, which should ablate with similar
efficiencies|[Vondrak et al., 20p8]. The resulting atoms are then oxidized, l;M,0 and

CO, to form oxides, hydroxides and carbonates which are presumably the building blocks of
MSPs|[Plane et al., 20[L5]. The produced MSPs with radii between-110nmm (if assumed

to-be as large as on Eartp) [Bardeen et al., 2008] are believed to be about one order of
magnitude smaller than MDHs [Listowski et al., 2014]. The ability of a particle to nucleate
CQOy is described in classical heterogeneous nucleation theory by the desorption/ggrgy

and the contact parameter m. If these parameters are known for MDPs as well as MSPs,
measured temperature and £€oncentration profiles during the observation of,@®@uds

in the mesosphere of Mars could be used in models like the 1D microphysical model of
Listowski et al[[2014] to evaluate the respective particle sizes and concentrationsiremuire
form the observed clouds. In this way, it might be possible to unravel the major type of nuclei
forming Martian mesospheric G@louds.Here, the most critical unknown is the nucleation
ability of the particles, due to a lack of g@ucleation measurements on realistic particle
materials, C@concentrations1(0*° to 102'm~3) and temperatures (70 to 1K5.

Currentlya contact parameter of 0.952 determined experimentally by Glandorflet al] [2002]

is predominantly used to describe nucleation in the mesosphere of| Mars [Colaprete et al.
{2008 |Listowski et al., 201#]. This value for the contact parameter was measured on a water
ice.covered planar surface at temperatures between 130 and 140 K, which are about 20 to 50
K above the temperatures at which Lduds were observed in the Martian mesosphere. If
this contact parameter is applied to Martian mesospherig d@@centrations and particle

radii between 2 and 100 ni80O, nucleation would become efficient at temperatures between

2 and 11 K below saturation (i.e. frost-point) temperature. In conffasget et al[[2009]

and Montmessin et al[ [2011] observed night time temperatures down to 20 K below frost
point in the absence of clouds. These observations can either be explained by a lack of nuclei,
or by alower CQ nucleation ability of the present nuclei. The latter could be a resalt of
decrease of the contact parameter with temperature or because the nuclei are not water ice-
covered and exhibit a lower contact parameter.

The discussion above highlights the need of laboratory experiments examining nucleation
and growth of C@ on MSP and MDP analogues at Martian mesospheric conditions.
Furthermore, such experiments may help to understand the influence, @d@s on past

and current Martian climate, sin€e0, ice clouds might have played an important role in
heating up the Martian atmosphere about 4 billion years ago so that liquid water was present
at the surfacd [Forget and Pierrehumbert, 1¥®fget et al., 2018Vischna et al., 2040
[Wordsworth et al., 2013].

In this contribution, we present laboratory results on the nucleation and growth afeCéh

singly charged nanometer-sized silica and iron oxide particles. These studies utilize a novel
experimental setup which allows us to observe and analyze MSP analogues at conditions
reasonably close to the Martian mesosphere. In section 2, we briefly review this setup.
Section 3 gives the experimental results in terms of desorption energy, contact parameter and
sticking coefficient. Finally, in section 4 we discuss the results and their implications to our
understanding of cloud formation in the Martian mesosphere. Appendix A explains in some
detail the growth rate and nucleation theory used to analyze the experimental data.

2 Experimental Method

We use a non-thermal low pressure (60 mbar) microwave plasma particle source (max. power
1250W at 2.45 GHz) to produce MSP analogues in the sub-4 nm radius regime. The synthesis
of microwave-generated metal oxide particles and their characterization by particle mass
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spectrometry (PMS) and transmission electron microscopy (TEM) are well described in the
literature [e.g Baumann et al., 2Q00Biesen et al., 200Rlanzen et al., 2002]. A flow of 3
standard_liters per minute (slm) of helium carrying trace amounts of organometallic
precursors and oxygen is passed through the microwave plasma source to produce sub-4 nm
radius MSP analogues. The precursors Ferroc€a€C4Hs),), Tetraethyl orthosilicate
(CgH304Si) and MagnesocenMg(CsHs),) are separately evaporated and mixed into the
helium flow. The concentration of precursor molecules in the microwave plasma is controlled
by adjusting the precursor reservoir temperatures. We assume that the precursor molecules
completely decompose in the plasma. Addition of 0.3 slm of an oxygen/helium mixture
(20 % of oxygen) upstream of the plasma results in oxidation of the Fe, Si and Mg atoms
released from the break-up of the organometallic precursors at the microwave discharge and
the subsequent generation of particles based on these oxides. In addition, carbon-bearing
break-up products are oxidized to £Qwhich precludes their insertion in particles.
Microwave-generated particles produced in similar experimental arrangements have been
shown to be single charged, compact and spherical with a very small degree of agglomeration
[e/gd Baumann et al., 20{)6iesen et al., 2008anzen et al., 2002]. Since the composition of
mixed Mg+esilicate particles produced with this method has not been sufficiently
characterized, in this work we present only experiments usifig (o = 2.3 kgm~3) and

Fe,0, (p'=5.2kgm™3) particles. In the future we will also perform experiments on
magnesium oxide and mixed Mgesilicate particles which will be accompanied with an
analysis of their stoichiometric compaosition.

A detailed description of the Trapped Reactive Atmospheric Mass Spectrometer (TRAPS)
and the Molecular flowde Cdl (MICE) employed in this study can be found elsewHere [buft

let al., 2015 Meinen et al., 2010]. Briefly, the produced MSP analogues are transferred and
focused via the gas flow into a vacuum chamber using an aerodynamic lens accompanied
with differential pumping. Within the chamber the single positively-charged particles are
mass selected using a quadrupole deflector, and subsequently stored in MICE. This device
consists of a linear ion trap which applies mesospheric conditions of pressure, temperature
and supersaturation to the electro-dynamically trapped particle cloud. As discugsed in|[Duft et
[al., 201%], MICE has CgQice covered surfaces acting as a sourced® molecules
according to the vapor pressure at the adjusted wall temperature in the range between 60 and
90 K. The CQ concentration at the particle location is calculated from the geometry of MICE
and the vapor pressure of €@t the wall temperature. For the vapor pressure over a solid
CO, surface we use the parameterization given |by [James et al.|. 198&] wall
temperatures in MICE are always kept above the @i@ss transition temperature at K0
[Souda, 2006] to avoid ambiguity 8O, ice structure and hence to €@apor pressure,
density and surface tension. During storage in MICE the trapped particles are thermalized by
collisions with an additional superabundant Helium background gas of about 0.3 Pa. The
Helium gas temperature is determined by the temperature of thec€@overed surfaces
surrounding the particles. Slight temperature gradients across MICE and a measurement
uncertainty of about 0.1 K result aparticle temperature uncertainty of about 0.4 K and an
uncertainty of the C@concentration of about 1.

In a typical experimental run about’iass selected singly-charged particles are filled into
MICE within one second and are stored for a selectable amount of time at constant particle
temperature and COconcentration. Depending on the applied conditions, adsorption,
nucleation and subsequent depositional growth of the supersaturated atmospheric component
(in this case Cg) occurs. These processes can be observed by extracting small samples of the
particle population during each run after periodic trap residence times to a time-of-flight mass
spectrometer (TOF-MS) for analysis of the trapped particle mass distribution. As there are
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only slight inhomogeneities of particle temperature and €@hcentration across MICE

[Duft et al., 201%], which are considered in the given measurement uncertainties, the
extracted samples can be regarded as representative for the whole particle population trapped
in' MICE. The distribution of recorded patrticle time-of-flights is converted to a particle mass
distribution, which can be fitted reasonably well using a Gauss curve. The approximately
Gaussian shape of the distribution and deviations from it result from the specific design of the
ion acceleration zone in the TOF-MS. For the analysis of the particle mass data we used the
maximum of the recorded mass distribution as the most frequent particle mass (modal value)
with the standard deviation (5 to%) of the Gaussian fit as a 1o uncertainty interval. The
measured TOF spectra result from the convolution of the instrumental sampling function and
the mass distribution of particles trapped in MICE. The actual width of the particle mass
distribution trapped in MICE is thus smaller than the width of the measured TOF spectra.
Using the standard deviation of the measured TOF spectra as an uncertainty guarantees that
we do not underestimate the width of the particle mass distribution.

As described earligr [Duft et al., 2415], the device is subject to some limitations depending on
the type of vapor that is to be deposited onto the trapped particles. For the cased\lCEO

is able to produce supersaturated conditions at temperatures between 60 and 90 K. Due to the
high supersaturation required for the onset of nucleation, the range of particle temperatures
nucleation and growth was actually examined in MICE was limited to temperatures between
62 and. 73 K. These temperatures are somewhat colder but reasonably close to the
temperature range of interest in the Martian mesospheit€ {7800 K).

3 Resaults

Singly charged iron oxide and silica particles of variable but well known initial mass were
exposed to a controlled supersaturation o @Qemperatures between 62 and 73 K. Time-
dependent particle mass distributions were recorded in the TOF-MS as a function of
residence time under supersaturated conditions. The resulting mass growth curves have been
analyzed using classical heterogeneous nucleation and growth theory, which is not reviewed
here, but detailed in Appendix A. Tables 1, 2 and 3 list the experiments carried out
respectively for the determination of the desorption energy, the sticking coefficient and the
contact parameter. Each run consists of filling MICE and recording the time resolved mass
of the trapped particles by extracting small samples of the trapped particle mass population
after periodic residence timé&sthe TOF spectrometer. All runs performed at the same day
belong to one experiment number. Figure 1 shows a series of measuremengs of CO
nucleation and depositional growth on silica particles of 2.5 nm initial radius at three
different particle temperatures. For this series of measurements theo@ntrationas set

to a constant value, in this cagg,, = 5 105 m~3, while the particle temperature and
therefore saturatiowas varied. Saturation values have been calculated according to:

Pco, _TNco, - k- Thart (1)

Psat (Tpart) Psat (Tpart)

using the mean C{roncentration and the mean particle temperature. Due to the strong
dependence of vapor pressure on temperature, the relative uncertainty in S amounts to about
25 to 30%. At each experimental condition several runs were carried out and averaged.
Three different growth modes can be distinguished in Figure 1. Curve a (Exp. 136, run 123-
125in| |

S =
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Tablel) corresponds to a situation where the supersaturation is too low to activate nucleation
and only adsorption of COnolecules on the particle surface is observed. The amount of
adsorbed C®molecules increases with time until an equilibrium of adsorbing and desorbing
molecules on the surface of the nucleus described y Ed. (A3) is reached. Note that for a
particle temperature of about 68 K and saturation as high as 900, no nucleation occurs. At
slightly lower temperature (curve b, Exp. 136, run 104-1P&bie 3 the supersaturation is

high enough to activate nucleation followed by the depositional growth af&@he lowest
temperature shown (curve ¢, Exp. 136, run 80-B@abie 3, the nucleation rate is very high

and the particles follow the growth regime from the beginning.

3.1 Desorption Energy

To describe the microphysical nucleation process in the Martian mesosphere we use classical
heterogeneous nucleation induced by surface diffusion, which is summarized in Appendix
A.1l. This approach assumes that the adsorbedn@®cules diffuse on the surface of the

particle and can collide and combine to clusters of different sizes, which may eventually

reach the critical size resulting in a nucleation event. Consequently, the concentration of
monomers; ¢ on the surface of the nucleus is a critical parameter governing nucleation. This
concentration is calculated from the incoming and outgoing flux efr@&@ecules, where the
outgoing flux depends on the desorption enéBy,,, which is a characteristic property of

the nucleus material. Measurements of particle mass as a function of residertgg, time

under nucleation-free conditions (curve a in Figure 1) exhibit adsorption behavior only. Such
measurements allow us to determine the desorption eAéggy of CO, molecules on the

particle material. In this case, the dependence of particle mass on residence time is described
reasonably well by an empirical expression of the form

m(t) = mo+megs * <1 — exp <_2’es)> (2)

Equatiot) B) allows determining the total mass of adsorbed @@lecules in equilibrium

m,q4s and therefore the amount of adsorbed @®lecules on the surface of the particles
with initial mass m The fit of curve a) to Equatipn](2) is shown in Figure 1 by the green
dotted line, which yields1,;, = 53.8 - 103 atomic units corresponding to about 1200 €O
molecules. Corrected’Ralues of the exponential fits are typically larger than 0.99.
Assuming sub-monolayer coverage, the surface concentration of adsorped CO
monomers; s can be calculated. This has been done for silica particles with radii between
2.4 nm and 3.2 nm, and iron oxide particles with radii between 1.8 nm and 2.2 nm, at particle
temperatures between 66 K and 73 K. Every value is divided by the C{zoncentration

in the gas phase yielding a quantity which, according to Eqliatioh (A3), only depends on
temperature andF,,,. Experiment number, run number, particle size, particle temperature,
CO, concentration, adsorbed mass of,®@leculesn,,; and the normalized, s ,orm

values used for the desorption energy analysis are giyen in |
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Tablel. The normalizedc; ; values as a function of particle temperature for silica and iron
oxide particles are shown(in Figyre . For each material, the averags,,, values have

been fitted separately to Eq. (4A3) using the Levenberg-Marquardt algorithm (LMA). The

fitted curves are the red (iron oxide particles) and black (silica particles) I[nes in Figure .
Corrected Rvalues of the fits are 0.92 for silica particles and 0.82 for iron oxide particles. In
order to determine the uncertainty of the desorption energies, the same fitting egercise i
carried out for the upper and lower limits of the normalizggd values, resulting idF;,; =

(18.43 + 0.15) k] mol~* for iron oxide particleand AF,;,, = (18.52 + 0.15) k] mol~? for

silica particles. The two values are in very good agreement within uncertainty, which leads to
conclude that there is no significant difference between the desorption energy of both
materials. Therefore, we recommemcommon value oAF,,, = (18.5 4 0.2) k] mol~! for

both materials, corresponding(@.192 + 0.002) eV . In order to account for the possibility

of porous or fractal-shaped particles and agglomerates, the same analysis has been conducted
assuming the particle surface area to be twice as large as for spherical particles, which yields
a desorption energy that is only 2 % smaller.

3.2 Sticking Coefficient

The sticking coefficient is defined as the probability that a molecule is adbeh@n hitting

a surface and is the equivalent of Maxwell’s mass accommodation coefficient. This is

equivalent to defining as the ratio of total subliming flux with no impinging molecules

present to the flux of impinging molecules at equilibrium vapor pressure. Thus, the sticking
coefficient governs the rate of depositional mass accretion under conditions where mass
accretion'is not otherwise limited, e.g. by diffusional transport of the adsorbing molecules.
The sticking coefficient is not required for nucleation theory but the precise measurement of
particle mass as function of time under growth conditions allows us to determine the sticking
coefficient for CQ. In order to do this, the G@eposition experiments at high

supersaturation and thus high nucleation rate (e.g. curve c) in Figure 1 have been used. The
deposition growth ratdm/dt has been evaluated at each point from the slope of the
measuredn(t,.s) curve. The theoretical description of the deposition growthdatédt is
described in detail in Appendix A.2 where Eq. (A5) has been used to fit the determined
growth rate data using as the free paramet&kle only consider data where the particles

gained at least the mass corresponding to one monolayer,agh@€cules. Additionally,

only measurements with S values ab8ve 03 have been analyzed, such that the flux of
desorbing malecules is much smaller than the flux of adsorbing molecules. It has been
assumed that particles are spherical and fully ice-covered. For not fully ice-covered particles
we most likely underestimate the sticking coefficient. Measurements were performed on
silica and iron oxide particles at G@oncentrations betwedr 10'* m~3 and2 - 101* m~3

and particle temperatures between 61 K and 69 K. Experiment number, run number, initial
particle size, particle temperature, £&ncentration and the determined sticking coefficient

o are given ifrable 3

The values for the sticking coefficient are shown[in_Figure as a function of particle
temperature. The major contribution to the error bars is a 10% uncertainty in the CO
concentration. The variation of the measured values is likely to result dcbitional
measurement uncertainties as explained above. The paucity and scatter of the dataset do not
allow any conclusions to be drawn about temperature dependence. In addition, it is
reasonable to assume that the sticking coefficient of @0OCQ ice-covered nuclei should

be independent of the nucleus material. Therefore, the mean value of the combined dataset of
iron oxide and silica particles has been computed. The mean value-®81 + 0.17 is

shown in[ Figurk as a dashed blue line. Note that Weida [1996] use an identical

© 2016 American Geophysical Union. All rights reserved.



definition for the sticking coefficient and determined= 1.0 £ 0.2 on a planar GQurface
at temperatures between 90 and KO7

3.3 Nucleation Rate and Contact Parameter

Nucleation rates on particles trapped in MICE at defined €@centration and patrticle
temperature have been estimated and classical nucleation theory (Appendix A.1) has been
used to_determine the contact parameter m. The surface diffusion approach of classical
nucleation theory assumes that the adsorbed i@Qecules diffuse on the surface of the
particle and can collide and combine to clusters of different sizes, which may eventually
reach the, critical size resulting in a nucleation event. The concentration of morgmens

the surface of the nucleus is a critical parameter governing nucleation rates wit/t a
dependency. In classical nucleation theorys is calculated by assuming a steady state
equilibrium, where the flux of vapor molecules impinging and being adsorbed on the surface
equals the flux of vapor molecules desorbing from the particle surface asbgi#guation
In_contrast, in our experiments the trapped nanoparticles are not in steady state initially
as they are not covered with gCbut acquire C® molecules over time. The actual
concentration of C&monomers on the particle surface is thus a function of residence time in
the particle trap in the presence of 6@, vapor phase. Therefore, the nucleation rate is a
function of time in our experiments and increases during the adsorption process until either
the “critical surface concentration to induce nucleation or the equilibrium surface
concentration is reached.

These arguments enable an insightful description of three different adsorption and mass
growth regimes shown in Figure 1. Curve a) corresponds to adsorption growth only, i.e. after
reaching the equilibrium state nucleation rates are too low to induce nucleation on a
significant number of particles within the experimental time frame of 140 s. In this case, the
mass growth is described by a simple exponential expression as discussed above (dotted
green linenFigure 1). According to Equatipn (A3) the equilibrium surface concentration
increases at lower particle temperature as shown by curve b). In this second regime, the mass
growth curve initially follows a simple exponential growth (blue dotted line), and then

diverges from the adsorption mode behavior at about 67 s residence time. Such deviation is
interpreted as nucleation occurring on the trapped particles, enabling the transition to the
mass growth regime under highly supersaturated conditions. Following the above argument
that nucleation in adsorption mode is triggered by reaching a critical surface concentration,
we can infer the critical surface concentration from the total mass of adsorbedoBules

at the transition point at 61 s (heng,, = 75.9 - 102 atomic units). It has to be noted that
anincrease in the width of the measured particle mass distributions of curve b) is not
observed. This leads to the conclusion that nucleation-induced broadening of the particle
mass distribution is insignificant, and nucleation on the majority of particles sets in within a
time interval smaller than a few experimental time steps. Therefore, we estimate the
nucleation rate at the critical surface concentration to be on the order of 1/(time step) which

in this case is 1/(6 s). The nucleation rate and critical surface concentration can now be used
with particle radius, temperature, ambient @0Oncentration and their uncertainties to

calculate the contact parameter m by numerically solving Eq (Aik)eStmation of

the nucleation rate is justified by the fact that by solving Equation (Al) the contact parameter
is only a weak function of the nucleation rate, i.e. changing the nucleation rate by one order
of magnitude results in a 1% change of m at the experimental conditions, which we add as an
additional error in m in order to account for errors made in estimating the nucleation rate.
Finally, at the lowest particle temperature and hence highest saturation corresponding to
curve c) in Figure 1, transition to the growth regime cannot be observed anymore. At such
high supersaturation nucleation already occurs during the adsorption process, i.e. in the first
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steep section of the curve. The rate of mass accretion in this first part of the growth is limited
only by the supply of molecules from the vapor phase and is hence a function of particle
surface area and G®apor pressure only.

Experiments to determine the nucleation rate and contact parameter were conducted with
silica particles with initial radii between 2.4 nm and 3.1 nm, and iron oxide particles with
initial radii between 1.9 nm and 2.1 nm. The L€ncentration was varied betweén

10 m=2 and 4- 10" m~3 at particle temperatures between 64 K and 73 K. Experiment
number, run number, initial particle size, particle temperaturg,d@@centration, saturation,
measured critical adsorbed mass of ,Q@olecules, determined nucleation rate and the
calculated contact parameter m are givefTable 3 The contact parameters are shown in

as a function of particle temperature. Since the nucleation rate is very sensitive to
particle temperature, the error of about 0.4 K in particle temperature is mainly responsible for
the uncertainties in m. There is no significant trend of the contact parameter with the particle
temperature and no difference can be determined between the particle materials. The mean
value of m is determined to 978 + 0.02. In order to account for the possibility of porous

or fractal-shaped particles and agglomerates, we performed the desorption energy analysis
assuming the particle surface area to be twice as large as for spherical particles. This resulted
in a 2% smaller desorption energy. Performing the contact parameter analysis assuming the
particle surface area to be twice as large yields a mean contact parameter of 0.74 being only
5% smaller.

4 Discussion
4.1 Sticking Coefficient, Desorption Energy and Contact Parameter

We have studied the nucleation and subsequent growth processes ai G&hometer-sized

silica and iron oxide particles representing MSPs in the temperature range from 62 and 73 K.
The sticking coefficient of COwas determined to be 0.81 £ 0.17. The determined value
compares well to a previous measurement of 1.0 £ 0.2 at temperatures between 90 and 107 K
[Weida et al., 1996]. The two results combined indicate a near unifyst@Ring coefficient
between 60 and 110 K. The desorption energy is essentially identical for iron oxide and silica
particles and has been determined toAhg,, = (18.5 + 0.2) k] mol~! corresponding to

AF4.. = (0.192 £+ 0.002) eV. Additionally, the mean value differs only by about 6 % from

the valueAF,,; = 19.6 k] mol~'determined for Mauna-Kea palagonite [Zent and Qdinn,
[1995] which is regarded as a terrestrial analogue for MDPs. Palagonite mainly consists of
silica (=45%), Fe,O3 (=15%) and AbOs (=20%) [Morris et al., 2000]. The contact parameter
describes in step with the desorption energy how strongly an@lecule is bound to the

nuclei surface. Thus, we assume that the tendency of the contact parameter between two
materials behaves the same way as the desorption energy. Since iron, silicon and oxygen
make up a large component of MDPs and the measured contact paraneis ©10.02

does not differ for iron oxide and silica particles as well, we conclude in line with the
desorption energy that the contact parameter of MDPs should also be close to the here
determined contact parameter. However, the contact parameter measured in the present study
differs significantly from the value of 0.952 determined by Glandorf dt al. [2002] for a water
ice covered silicon surface which has been used in other studies,ofu€{@ation in the
Martian atmospher¢Colaprete et al., 20Q8.istowski et al., 201¥Maattanen et al., 2007
[M&attanen et al., 2005]. From the discussionGlandorf et al.[[2002] we estimate an
uncertainty in their m value of approximately 2 %. The discrepancy to the value determined
in this work could have several experimental reasons. The most obvious difference is that
Glandorf et al[[200R] covered their surface with water-ice prior to introducing T®@ high
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contact parameter of 0.952 should then only be applicable to MDPs or MSPs which have
acquired layers of water ice prior to the nucleation of.GRater ice could nucleate prior to
nucleation of C@ in the mesosphere of Mars. The lack of measurements of supersaturated
conditions of water vapor above 50 km during the main occurrence seasory afo0@ds
however renders such a scenario unlikely [Maltagliati et al., |Pdatagliati et al., 2013]
strengthening the relevance of our contact parameter for pure MSPs and MDPs in the
mesosphere of Mars. Nevertheless, Vincendon dt al. [2011] observed a water ice cloud at a
height between 70 and 80 km, proving that under special conditions such a scenario could
indeed be realistic. A second scenario for water ice covered particles would include MDPs
acquiring a layer of water ice at altitudes below 50 km and getting advected,toldti@

heights rapidly enough to avoid complete evaporation during subsaturated conditions. During
the night, the combination of the dust maxima being located at heights betweed0 K
|Guzewich et al., 2018Heavens et al., 201{laleavens et al., 20]dHeavens et al., 201lLb
[McCleese et al., 2010] and the £€oud height of 80- 100 km cast this scenario into doubt,
strengthening the possible importance of MSPs as nuclei. During daycl@Q@ls occur at

lower heights between 60 and 85 km and a second dust maximum at heights between 45 and
65 km [Guzewich et al., 2013] is present, allowing MDPs to be potential nuclei. In addition,
Heavens et a| [2015] observed extreme detached dust layers up to a height of 75 km near
Olympus Mons and Tharsis Montes. However, the survival of water ice particles up to a
height above 60 km would require very rapid convection.

Another possible explanation for the discrepancy with [Glandorf et al.,| 2002] is that they
determined the contact parameter by observing i@@leation on a planar surface and not on
nanometer-sized particles. The contact parameter m is a material property which, in theory,
should be independent of the curvature of the substrate. It has to be noted that Glandorf et al.
determined m at temperatures between 130 and 140 K, so a temperature dependence
of m may be als@ possible explanation. Indeed, a temperature-dependence of the contact
parameter has been reported for water|ice [Fortin et al., . Maattane
[and_Douspis, 203Phebus et al., 20][Shilling et al., 200pTrainer et al., 20d9]. In order to
explain the difference between our £iGe measurements and Glandorf et al. [2002], a linear
dependence of m on T should have a slope of approximately 0.0b2Ge the temperature

span encompassing the ranges of both experiments (60 to 140 K). Within the 10 K range
considered in each work, this would correspond to a change in m of the same order as the
experimental uncertainty and could therefore have been obscured by noise. Thus, although a
temperature dependence mfwas observed neither by Glandorf et hl. [4002] nor in our
experiments, it cannot be excluded that the difference between the values of m determined in
both experiments is caused by a temperature dependence.

4.2 Extrapolation to Martian mesospheric conditions

To put our results into context of the Martian atmosphere, we assume that the contact
parameter as well as the desorption energy are independent of particle temperature. We use
the parameters determined in this work and the nucleation theory described in Appendix A to
extrapolate our results to Martian mesospheric conditions. Doing so, we calculated the
nucleation activation temperature for a height profile in the Martian mesosphere. The term
activation temperature is justified by a strong dependence of the nucleation rate on the
particle temperaturf. Figule shows nucleation rates calculated using Eguatipn (A1) and the
measured mean desorption energy and contact parameter for different particle radii as a
function of particle temperature. The calculations were performed at a constant CO
concentration of 13 m* which corresponds to a height of approximately 70 km. A particle
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temperature change of 1 K modifies the nucleation rate by about 3 orders of magnitude for all
particle sizes. Consequently, there is a very well defined temperature for each CO
concentration and particle size at which nucleation is induced. Since cold pockets in the
Martian mesosphere have a lifetime in the order of hpurs [Listowski et al) 2014], we assume
that a nucleation rate ¢f= 0.01 s~! on abundant nuclei (3% activated particles after 69 s)

is sufficient to form clouds. The temperature at whjick 0.01s™?! is in the following
referred to as the nucleation activation temperature, which exhisiteng size dependence

for particles smaller than about 30 nm. iAsan be seen [n Figule , activating nucleation on

2 nm radius patrticles requires temperatures about 7 K colder comp&drtoparticles.

We have used an exponential fit to the variation of density with height measured during the
entry process of Pathfinder in 1997 [Magalhies et al.,|1999] and assumedrix@Q ratio

of 95 % in order to produce a G@oncentration profile of the Martian mesosphere. Then w
have applied the nucleation parameterization presented above to calculate the height
dependence of a representative activation temperature in the Martian mesosphere assuming a
2 nm radius particle representing MSPs. The result is shown as the green

where the shaded area represents the uncertainty range evaluated by varying the desorption
energy as well as the contact parameter within their uncertainties. The saturation temperature
is shown as a blue line according to which nucleation on a 2 nm patrticle is activated 14 to
18 K below the saturation temperature. We have also calculated the nucleation activation
temperature as a functiofi leight for a 30 nm patrticle, which is shown by the cyan colored
curve iffFigure] Here, nucleation is activated 8 to 10 K below saturation temperature. Since
there is no strong dependence of activation temperature on particle sizes above 30 nm, the
calculated nucleation activation temperature profile for a 30 nm particle can be seen as the
upper nucleation activation temperature limit of pure MSPs as well as MDPs.

We have carried out the same calculations with a contact parameter of 0.952 representing
water ice-covered particlgs [Glandorf et al., 4002]. In this case, nucleation would occur at
about 5 to 7 K warmer temperatures as compared to particles without ice cover. One
uncertainty in dealing with CQOice clouds in the mesosphere of Mars is whether MSPs or
MDPs act as nuclei. Night-time observations of temperatures as lowkabéldw saturation

in the absence of clouds [Forget et al., 3(@8ntmessin et al., 2011] can be explained by 3
scenarios:)inot enough nuclei are presemj,a sufficient amount of potent nuclei is present

but the particles cannot grow to sizes large enough to be observed due to a short exposure
time to supersaturated conditions, amyl a sufficient amount of nuclei is present, but the
nucleationability of the particles is too low to activate nucleation even in a highly
supersaturated environment. The latter scenario indicates that during the night the nuclei are
rather small (MSPs) and/or not covered with water ice. If the latter conclusion also holds for
day-time, then the contact parameter and desorption energy describing the nucleation ability
would be almost identical for both particle types and the importance of each particle type as
nuclei would depend mainly on their particle size distribution in the mesosphere.

In'summary, temperatures at least 8 K below the saturation temperature are needed in the
Martian mesosphere to activate nucleation on nanoparticles which are not covered with water
ice. Such cold temperatures are indeed observed. The Pathfinder entry temperature profile is
shown by the black curve in Figule representing rather common temperatures below frost
point at a height of about 80 kin [Forget et al., 2(M6ntmessin et al., 2011]. In this case
nucleation would not occur. We additionally plotted in red the temperature profile of orbit
1205 (occ. #1205) obtained from [Montmessin et al., P006], which represents an
extraordinarily cold event. Here, according to our measurements, nucleation would be
activated assuming that pre-existing particles larger than 2 nm in radius are present. This
indeed could have been the case, since a detached layer at lower altitudes between 75 and
95 km (red shaded area) was observed, which was probably caused by nucleation in the cold
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pocket above. The cold temperatures required to activate nucleation can explain the night-
time observations of temperatures well below saturation temperature in absence of clouds
[Forget et al., 20d9Montmessin et al., 2011]. In the discussion above, we assumed a
constant contact parameter, which is justified by our observations and the results reported by
Glandorf et al[[200PR]. Howevea change of m with temperature could have been obscured

by noise. A mean contact parameter of 0.85 would be valid at Martian mesospheric
supersaturated conditions if we assume a linear change of m between the temperature range
of Glandorf et al.[[2002] and our measurements. Then, activation temperatures would be
about 2 to 3 K warmer as compared to a contact parameter of 0.78.

4.3 Summary and Outlook

In this manuscript we presented pioneering measurements on heterogeneous nucleation on
nanometer sized particles performed with the novel MICE-TRAPS apparatus. We determined
the desorption energy tdF,., = (18.5+0.2) kJ mol™! and the contact parameter to

0.78 + 0.02 for CO, nucleation on iron oxide and silica particles at temperatures close to the
conditions encountered in the Martian mesosphere. In future, we will also be able to observe
nucleation on magnesium oxide and mixed FMgsilicate particles in order to extend the set

of parameters governing nucleation for a larger spectrum of possible MSP compositions
[Saunders and Plane, 2011]. If the particle size distribution of MSPs and MDPs in the
Martian mesosphere during day and night and the probability of their ice coverage in
combination with typical temperature profiles are known, the major type of nuclei could be
evaluated with the desorption energy and contact parameter presented here. Additionally, we
suggest that these parameters are used in future model studies in order to compare the results
with observations. MICE-TRAPS allows us to observe adsorption and nucleation on freely
levitated particles in the size regime of several nanometers. To the best of the authors
knowledge, measurements comparable to those presented here have never been performed
before. Additionally, MICE-TRAPS allows the production of supersaturated conditions of
other condensable gassuchasH,0 vapor and hydrocarbonsleasurements on water vapor
adsorption and nucleation are of great importance for water ice nucleation in the Martian
atmosphere as well as for the formation of noctilucent clouds in the mesosphere of Earth and
will be presented in forthcoming publications.

Appendix A: Nucleation Formalism and Growth Rate Theory

The nucleation and growth rate theory used throughout the literature differs in many details
and aspects depending on the physical situation under investigation. In order to keep our
results comprehensible we give a rather extensive account of the formulations used in our
analysis-of the nucleation and growth experiments in the following section. All parameters

which are used in the data analysis and not explicitly described in the text are listed in Table
Al

Appendix A.1: Nucleation Theory

We use classical heterogeneous nucleation induced by surface diffusion to describe the
microphysical nucleation process in the Martian mesosphere. This approach assumes that the
CO, molecules collide with the condensation nucleus and reside on it for a certain amount of
time. Due to diffusion on the surface, €®olecules can collide and combine to produce
clusters-of different sizes, which may eventually reach the critical size resulting in a
nucleation event. We will discuss the most essential parts of this theory briefly here (a
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detailed description of the basic theoretical concepts can for example be found in
[Pruppacher and Klett, 19p7] or [Keesee, 1989]

The heterogeneous nucleation rate induced by surface diffusion on the surface of a spherical
nucleus is written as:

~Fier |
net = Anfor ZnetBneccrs - exp (—p ) 571 (A1)
N

Ay = 4mri is the surface area of the condensation nucfgpishe non-isothermal coefficient

and c;5 the concentration of monomers on the particle surface. The diffusional flux of
molecules on the particle surface to the critical cluster is describef,y and the
heterogeneous Zeldovic factds,,., accounts for the dissociation of super-critical clust®ys.

is the temperature of the condensation nucleus, k the Boltzmann constaii,gnthe free
energy of forming a critical cluster on the surface of the condensation nucleus, described by:

Ator?.,
AF;{et = f(m, x) ' AF}tom = f(m' x) P (AZ)

3

The homogeneous free energy of formaidij,,, of a spherical cluster with radiug.;; is

deduced from the Gibbs-Thomson equation. The reduction of the free energy of formation for

heterogeneous nucleation is described by, x), wherem = cos 6 is the contact parameter

which is a measure of the nucleation ability of the particle material and is related to the

contact angle between the condensation nucleus and the nucleating phass,thadatio of

the size of the condensation nucleus and the corresponding critical cluster size.

The concentration of monomersg; on the surface of the nucleus is calculated from the

incoming and outgoing flux of COmolecules by assuming a steady state
_ Pco, (AFdes>

C = rex
Ls v,/ ancoz kTN p kTN

wherev is the vibrational frequency of a G@nolecule on the surface of the condensation
nucleus. The desorption enerfj§,;., is a characteristic property of the condensation nucleus
material. A change iAF,;,., of only 20 % results in a variation of the nucleation rate by about

5 orders of magnitude at typical conditions in the Martian mesosphere. This demonstrates the
need forAF,,, to be determined for each nucleus material.

The non-isothermal coefficienfs: accounts for the released heat of sublimation during
embryo growth, which offsets the embryo temperature with respect to the ambient
temperature. As a result, the nucleation rate is reduced by a figter 1. In the
experiments described below, a binary gas mixture of Hei€@resent at a pressure ratio of
100:1 and higher. This ensures isothermal conditions as validated in [Duft et al., 2015], and
fsr may be assumed to be unity for the analysis of the experimental results. The efb€iency
heat dissipation from the embryo is greatly reduced when the nucleating species is also the
main atmospheric component. This is the case in the atmosphere of Mars, where CO
constitutes about 95% of the gaseous compounds. Anyway, for heterogeneous nucleation, the
close contact of embryo and nucleus increases the efficiency of heat dissipation sfjgh that
can be assumed to be 1 for condensation nuclei larger as the critical cluster [Maaténen e

2007:
Appendix A.2: Growth Rate Theory

Through dynamic processes such as sedimentation and temporal temperature variations, the
time for nanoparticles to grow to detectable sizes in supersaturated conditions in the Martian

(A3)
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mesosphere is limited. The sticking probability or sticking coeffickens an important
parameter governing the rate of depositional mass accretion on nanoparticles. The sticking
coefficient is defined as the probability that a molecule is addavhen hitting a surface and

is the equivalent of Maxwell’s mass accommodation coefficient. Data on the sticking
coefficient of CQ as function of the temperature is rare, but can be evaluated by analyzing
the depositional C&growth rate on nanoparticles as we will show below.

Our experiment operates in the free molecular regime, i.e. the mean free path of molecules in
the gas phase is larger than the spatial distance between the source of thel€cOles (the
ice-covered surfaces) and the particles. The depositional growth of vapor phase molecules on
the particle surface is thus not limited by diffusion of molecules through a viscous medium.
As shown in[[Duft et al., 2015] and detailed above, the background pressure of helium gas is
still high enough to ensure isothermal conditions during, @Ocleation and growth.
Therefore, a simple growth model is used which compares the flux of incoming to the flux of
outgoing CQ molecules:

d
=@ Jin = Jow (D] Ac®) -, (A%)

Here,m,, is the mass of a GOmolecule A.(t) = 4n(rp + rcoz)z is the effective surface
area-describing the collision of a g@olecule with the particle ang is the time dependent
particle radius. The hard sphere collision radius of a @Gleculer;,, may not be neglected
here due to the small size of the particles investigatee- € nm). The incoming flux
densityj;, = nco, * Ven/4 IS given by the concentration,,, and the mean thermal velocity
Vi of CO, molecules. The flux density emitted from the curved particle surfgds piven

by the Kelvin Equation. It can be expressed using the sticking coefficient and the saturation
vapor pressuresg at particle temperaturgygf: resulting in

dm Ve Psar
- _th fsat o [¢ . . Ab5
&t = Tk T a [S Seq (t)] A (1) - meo, (AS)

Here,S = pco,/psqc denotes the nominal saturation at particle temperatur§gad) is the
equilibrium saturation over the curved particle surface. In growth regime, the equilibrium
saturation is a function of the changing particle size and therefore not constant in time.
Assuming-spherical particle growth, the only unknown quantity is the sticking coefficient. It
must be pointed out that the growth rate parameterization shown above cannot be applied to
the Martian mesosphere, where near-pure vapor condensation at high supersaturation takes
place|[Listowski et al., 2013].

Appendix A.3: Influence of Particle Charge

Charged particles as used in the presented experiments further interact with adsorbed
molecules than neutral particles due to the interaction of the particle charge with the
permanent or induced molecular dipole moment. This can lead to an increase in nucleation
and growth rates gaining importance for smaller particles, @0lecules do not have a
permanent dipole moment, but can be polarized in the electric field of the charged particle
with-a mean polarizability of a GOnolecule 0f2.6 A 3 [Alms et al., 1975]. Consequently,
charge-dipole interaction can be neglected and only charge-induced dipole interastion ha

be considered. However, the energy of the induced dipole in the electric field on the surface
of a singly charged r=2 nm particle is about 2% per molecule which compares to
desorption and sublimation energy of 0.2eV and 0.26 eV, respectively. We therefore
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conclude that charge-induced dipole interaction can be neglected for nucleation and growth
of CO, vapor in our experiments.
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Table 1: List of measurements carried out for the determination of the desomatiergy (far =
particle radius, J.: = particle temperature,cg, = CO, number density, S = saturation at particle
location,. mgs = measured adsorbed mass of ,Q@olecules, and ;G norm = NOrmalized surface
concentration).

Experiment  Run I—ru%ﬂl Toar [K] Mo, [1015 m=3] s Mads [10722 kg] €15 morm [10° m]

Silica particles

133 86-90 2.82 £ 0.05 69.44 + 0.35 102 +1.1 567 + 142 9.02 +£0.27 1.21 +0.14
133 71-73 2.44 1+ 0.04 67.2 +0.35 3.98 + 0.40 961 + 251 7.43 £ 0.27 342 +0.34
133 68-70 2.77 £ 0.05 67.18 + 0.35 3.92 £ 0.39 985 + 258 8.72 £ 0.25 3.17 £ 0.32
134 92-95 3.05 £ 0.05 68.82 + 0.38 6.14 + 0.58 510 + 136 10.7 £ 0.1 2.05+0.20
134 96-99 3.32+0.06 69.09 + 0.38 6.13 + 0.59 428 + 113 119+ 0.2 1.92 +0.19
134 128-131 3.55 + 0.06 69.55 + 0.35 6.14 + 0.59 318+ 78 13.1+0.3 1.85+0.18
134 110-112 3.55+ 0.06 69.55 + 0.35 6.25 + 060 323+£79 13.6 £ 0.5 1.88 £ 0.20
136 123-125 2.42 £+ 0.04 67.66 + 0.35 4.86 +0.48 881 + 227 8.93+0.17 3.42 £ 0.34
136 126-127 2.52+0.04 67.65 £ 0.35 494 + 0.48 900 + 232 9.82+0.14 3.40 4+ 0.33
136 130-131 2.70 £ 0.05 67.95 + 0.34 4.85 + 0.48 718 £ 179 11.1+ 0.4 3.434+0.36
140 82-84 2.51+0.04 66.25 + 0.35 2.65 + 0.29 1274 + 346 9.71+0.12 6.33 +£0.70
140 110-112 2.50 £ 0.04 69.41 + 0.36 102+ 1.1 578 + 148 7.57 £0.17 1.29 + 0.14
140 132-135 2.48 + 0.04 71.99 + 0.37 35.7+3.4 405 + 98 6.99 + 0.21 0.35 £ 0.03
140 113-115 2.76 £ 0.05 69.44 + 0.35 102+ 1.1 567 + 142 8.55+ 0.72 1.20 + 0.16
Iron oxide particles
112 134 1.89 + 0.03 68.65 + 0.36 10.0+ 1.1 935 + 245 4.53+0.12 1.38 £ 0.16
112 208 1.95 + 0.03 68.70 £ 0.36 979+ 1.1 881 + 232 4.01+0.14 1.17 £ 0.14
112 162 2.00 £ 0.03 68.78 + 0.36 9.96 + 1.1 850 + 222 4.27 £0.13 1.16 £ 0.13
112 198 2.09 £+ 0.04 68.70 + 0.36 9.83+1.1 883 + 226 410+ 0.17 1.04 + 0.12
112 176 2.15 + 0.04 68.83 £ 0.36 973+ 1.1 802 + 210 4.36 £ 0.16 1.06 + 0.13
113 74 2.20+ 0.04 68.67 £ 0.37 105+ 1.1 859 + 255 5.41 + 0.21 1.17 +0.13
113 164 2.29 £ 0.04 68.81 + 0.36 104+ 1.0 873 £223 5.49 +0.18 1.10 + 0.11
114 66 1.87 £ 0.03 68.22 £+ 0.40 10.2+1.0 1269 + 361 476 £ 0.18 1.45 £+ 0.15
117 189 1.97 + 0.03 69.58 + 0.41 19.2+1.8 977 + 274 5.08 £ 0.19 0.74 £ 0.08
117 197 1.99 + 0.03 69.41 1+ 0.41 19.2+1.8 1086 + 305 5.18 + 0.49 0.74 £ 0.10
117 205 2.04 £0.03 69.83 + 0.41 193+ 1.8 831 £ 231 6.16 + 0.29 0.83 £+ 0.09
117 214 2.11 £ 0.04 69.75 + 0.41 19.1+1.8 869 + 242 6.78 + 0.27 0.87 £ 0.09
130 112 1.97 + 0.03 66.90 + 0.36 3.94 + 0.39 1203 + 324 7.14 + 0.21 5.10 £ 0.53
130 116 2.09 + 0.04 66.90 + 0.36 3.90 + 0.38 1188 + 319 7.29 £ 0.15 4.65 + 0.46

Table 2: List of measurements used for sticking coefficient analygis & particle radius, gk =
particle temperature,cB, = CO, number density, S = saturation at particle locatwn; sticking
coefficient).

Experiment Run I—rlm—"%’&l Tpart [K] Nco, [10%° m™3] S a

Silica particles

133 59-61 2.78 + 0.05 64.55 + 0.39 4.01+0.40 6690 + 2060 0.62 £+ 0.06
133 1074111 2.78 £ 0.05 68.64 + 0.41 4.10 + 0.37 3840 + 1100 0.48 £+ 0.04
133 56-58 2.47 £+ 0.04 64.53 + 0.39 3.98 + 0.39 6720 + 2070 0.69 £+ 0.07
133 102-106 2.47 £+ 0.04 68.63 + 0.41 412+ 0.36 3890 + 1110 0.53 £ 0.05
134 65-68 3.00 + 0.05 63.28 + 0.44 6.36 + 0.57 27800 £ 9900 1.04 £ 0.10
136 147-149 2.75 £ 0.05 67.14 + 0.39 146 +13 3750 £ 1070 0.78 £ 0.08
136 141-143 2.44 + 0.04 67.11 £ 0.39 15.0+ 4.3 3950 + 1550 0.80 + 0.08
136 144-146 2.53 + 0.04 67.11 + 0.39 146 +1.3 38660 + 1100 0.81 £ 0.08
136 80-83 2.44 + 0.04 64.05 + 0.41 4.75 £ 0.45 11540 + 3760 0.92 + 0.09
140 58-60 2.51 4 0.04 62.02 + 0.42 2.52+0.25 30100 + 10700 0.86 + 0.09
140 90-92 2.50 + 0.04 66.20 + 0.39 9.96 + 0.98 4980 + 1470 0.75 £ 0.08
140 93-95 2.78 + 0.05 66.25 + 0.39 9.90 + 0.97 4760 + 1400 0.79 £ 0.08
140 119-122 2.54 + 0.04 68.42 + 0.41 34.8+3.2 3780 + 1090 0.69 £ 0.07
Iron oxide particles
115 62-67 1.89 +0.03 64.27 £+ 0.41 4.06 + 0.39 8360 + 2710 1.02 £+ 0.10
117 122-129 2.10 +0.04 67.11 + 0.44 19.0 £ 1.7 5000 + 1590 0.99 £+ 0.09
117 98-105 2.12 +0.04 67.11 + 0.44 193 £ 1.7 5080 + 1610 0.80 £ 0.07
117 114-121 1.89 +0.03 67.08 + 0.44 191+ 1.7 5160 £ 1640 0.90 £+ 0.09
117 138-145 2.05 £0.03 67.08 + 0.44 191+ 1.7 5160 £ 1640 0.91 £ 0.09
130 77-84 1.97 £0.03 63.07 + 0.32 3.79+0.35 19610 + 5240 1.02 £ 0.10
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Table 3: List of measurements carried out for the determination of the nucleatiomdatleeacontact
parameter (,; = particle radius, J = particle temperature,cg, = CO, number density, &
saturation at particle location = measured critical adsorbed mass of, @0lecules, J = estimated
nucleation rate anch= contact parameter).

Experiment  Run H%%I Toart [K] Nco, [10*° m™3] S Maas [10722 kg] ] [s7Y] m
Silica particles
133 7477 2451004 67.85+0.37 120+ 1.1 1914 + 510 1.05 0.20 0.777 £ 0.026
134 7982 3.04+0.05 68.03+0.38 6.18 + 0.58 873 + 238 1.44 0.14 0.790 £ 0.026
136 104105 2.44+0.04 66.42+0.37 4.94 £+ 0.48 2104 + 587 1.26 0.17 0.783 £+ 0.026
136 132134 2.53+0.04 68.73 +£0.37 147 £ 1.4 1295 + 339 1.27 0.33 0.788 £+ 0.026
136 138-140 2.75+0.05 68.70 £ 0.37 14.6 + 1.4 1295 + 339 1.34 0.40 0.778 £ 0.025
140 75-76 2.52+0.04 65.09 +0.37 2.58 £ 0.24 2869 + 841 1.23 0.08 0.772 £ 0.026
140 102-105 2.53+0.04 67.60+0.37 9.97 £ 1.00 1882 + 511 1.14 0.29 0.778 £ 0.025
140 127-130 2.54+0.04 69.57 + 0.87 344 £ 3.2 1756 + 459 1.09 0.67 0.769 + 0.025
Iron oxide particles
114 7685 1.89+0.03 66.54+0.41 9.92 £ 0.95 3885+ 1181 0.83 0.5 0.793 £0.027
115 47-55 1.93+0.03 66.57 +£0.41 10.06 £ 0.94 3857 + 1169 0.70 0.5 0.791 £ 0.027
115 62-67 1.89+0.03 64.26 + 0.41 4.06 + 0.39 8361 + 2710 0.69 0.17 0.772 £ 0.027
117 223-230 1.99+0.03 70.29 +0.45 70.0 £ 5.9 2259 + 668 0.50 0.5 0.787 £ 0.027
117 231-238 2.13+0.04 70.46+0.44 69.8 + 5.9 2030 £+ 586 0.38 0.67 0.785 %+ 0.026
117 239-247 199+ 0.03 73.04+£0.48 346.3 £ 26 2113 £ 612 0.59 0.67 0.768 + 0.027
117 248-253 2.13+0.04 73.00+ 0.48 346.7 £ 26 2172 + 630 0.24 0.67 0.764 + 0.027

Table A.1: Summary of parameters not described explicitly in Section 3

Parameter Symbol Unit Value Reference
Equations
8KT,
Thermal velocity Ven ms~! e -

TMeo,

) —3182.48 Azreg-Ainou, 200%

. 12
Saturation vapor pressure Dsat Pa 1.38-10 exp( Tyure ) [James etal., 1992]

Equilibrium saturation over the s ) ex 2mep,0 Pruppacher and
curved particle surface L P kTpartPco,Toart [ Klett 1995]

CGO; vapor pressure Pco, Pa Neo, KTpare -
Number of molecules in a critical 5
cluster i : 4nrcritp(]02/(3mcoz) =

Critical germ radius m _ Mo, Pruppacher and
g Terit Poo, KTy In(S) |__|:K|ett 1995]
Surface diffusion growth

- B st 2mT e Sin@ dcy s - v - exp (_AFSd) Eruppacherand
coefficient het crit C2 kTy Klett, 1997]

1o (1 = mx)3
05- o

+x3(2 — 3k + k)

Reduction of the free energy of +3")lcxi(£€n -1
formation for heterogeneous f(m,x) - k=——0 Eletcher, 1958]
nucleation P
@ =4/1—-2mx + x?
N
X =
Terit
4 Nehlamak etal ]
. . a .
Heterogeneous Zeldovich factor Zret - Znom . (1 — mx)[2 — 4mx — (m? — 3)x2] | Vehkjg?;glq etal
* (1 —2mx + x2)3/2
: AFjom
Homogeneous Zeldovich factor Zyom - m Klett, 1997
Constants
Surface tension of dry ice o Nm™ 0.08 [Wood, 1999]
Density of dry ice at (T=55-80) K Pco, gcm™3 1.5 [Cuna et al., 200p]
CO;, vibrational frequency v st 2.9-10"2 Allasn?;r?é%rlg alngc
Energy of surface diffusion AFg, ] molec™* %
Mean Jumprlr?cg)gledélsltlznce of a GO d nm 04 Wood, 1999]
Hard sphere collision radius of GC 7, nm 0.197 H'rSChlfggdr eta
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Figure 1: Series of CQ deposition measurements on 2.5 nm radius silica particles at constant CO
concentration. By decreasing temperature, and thus increasing saturation, thigodegggsme can

be changed from adsorption only (curve a) to delayed nucleation and subsequent growth édve b)
to immediate growth (curve c).
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Figure 2: Surface concentration of adsorbed SCfolecules normalized to the ambient L£O
concentration as a function of particle temperature. Measurements were perfornted oride
(triangles) and on silica particles (squares). The lines represent sepiaratéhfe desorption energy
to the measurements on iron oxide particles (red) and silica particles (black), regpectivel
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Figure 3: Sticking coefficient of C@as a function of particle temperature. Shown are measurements
on iron oxide (triangles) and on silica particles (squares). The blue dasbeantl shaded area
represent the determined mean value of 0.81+0.17.
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Figure 4: Contact parameter as a function of particle temperature for iron oxitielgsaftriangles)
and silica particles (squares). The blue dashed line and shaded area representnimedeteran
value of 0.78+0.02.
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Figure 5. Calculated nucleation rates at typical Martian mesospheric conditiggs € 1029 m™3)
as a function of particle temperature for several particle sizes. The expatiyndatermined mean
values ofAF ;. and m are used.
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Figure 6: Calculated nucleation activation temperature with height for a 2 nm (greee) and
30 nm patrticle (cyan curve). For comparison, the Saturation temperature (blue curvi)aastwe
measured temperature profiles, the Pathfinder entry priofile [Magalhdes E29§] and orbit 1205
(occ. #1205) of| [Montmessin et al., 2006], are shown. Additionally, the area ditaehed layer
observed during the measurement of occ. #1205 is indicated with the red shaded area.
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