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Summary

The delivery of enriched icy grains has been proposed as a mechanism to explain the en-
richment of Jupiter with noble gases measured by the Galileo mission. The enrichment
with noble gases imposes constraints on the formation temperature of these grains, with
some species only adsorbing to amorphous ice at temperatures below 30K. While signif-
icant consideration has been given to the formation conditions of the ices, the release
of species as the grain migrates inward toward the forming planets has been given less
thought. The desorption of the noble gases Ar, Kr and Xe trapped in amorphous ice oc-
curs largely below 80K, while Jupiter formed at a temperature of 130K. The composition of
the icy grains thus changes from formation to deposition.

The accretion and subsequent desorption of noble gas species alongside water into an
enriched icy grain has been simulated using a Monte Carlo model. Particles are deposited
onto a predefined grid at temperatures sufficiently low to retain Ar. The temperature is sub-
sequently increased up to 150K, capturing the temperature range relevant for giant planet
formation. Previously reported experimental measurements of desorption rates are used to
benchmark the model and constrain the diffusion and desorption rates of each noble gas
species. The desorption of each species from the ice is tracked during heating, and used to
compute the temperature-dependent enrichment profile of the grain.

Our simulations show that the composition of an amorphous water ice is dependent
on the formation temperature of the ice. For temperatures below 25K, the ratios Ar/Kr
and Ar/Xe are equal to the ratio of their accretion rates. As the formation temperature
increases, Ar begins to desorb during formation. Both ratios thus decrease as the formation
temperature increases between 25K and 30K. As the ice is heated after formation to 130K,
the noble gas species are observed to desorb from the ice. This desorption occurs mostly
from the top layers of the ice; the effect of desorption on the ice composition is thus less for
thicker ices.

In our simulations, the final composition at 130K of the ice in terms of Ar:Kr:Xe is com-
parable to the composition at formation. However, the temperatures at which the desorp-
tion of each species peaks differs, as was also observed in previous experimental work. Ar is
the most volatile species and readily desorbs between 30K to 50K. Kr and Xe are less volatile
and largely remain in the ice in this temperature range. The Ar/Kr ratio and, more notably,
the Ar/Xe ratio thus show a dip at 50K.

Our simulations show that the delivery of amorphous water ice, under different forma-
tion conditions, could have provided the observed noble gas enrichment ratios of Jupiter.
Similar Ar/Kr and Ar/Xe ratios are expected to be observed on Saturn and Uranus, which
were located at temperatures of ~ 95K and ~ 70K respectively. If the enrichment was deliv-
ered in amorphous water ices with thickness < 1004, an Ar/Xe atmospheric signature lower
than the one observed on Jupiter is expected for Neptune, which was located at a tem-
perature of 50K. This finding can be considered during the interpretation of future probe
measurements of the ice giant planets, and Neptune in particular. If the Ar/Xe ratio is mea-
sured to be lower than on Jupiter, the delivery of enriched amorphous ice is a very possible
scenario for the delivery of noble gases in gas giants planets.
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Introduction

The Galileo mission to Jupiter delivered vast insight into the solar system’s second largest
body and largest planet. Together with the later Cassini mission, it provided perhaps the
largest contribution to the current understanding of the origin of the gas giant planets. The
formation of the solar system from an initial nebular cloud remains an active field of sci-
entific research. Measurement of Jupiter’s composition showed several notable deviations
from the Sun’s composition, despite both bodies having formed from the same nebular
cloud. The measurement of interest which will be studied in this work is the enrichment
of Jupiter with the noble gases argon (Ar), krypton (Kr) and xenon (Xe). The abundance of
these noble gases in Jupiter’s atmosphere is a factor 3 higher than the abundance measured
in the Sun. This enrichment, both by this factor 3 and its approximate uniformity across the
different species, is an active field of study which will be addressed in this work.

Various mechanisms have been proposed for accounting for the delivery of enriched
material to Jupiter as it was forming in the protoplanetary disk. Such mechanisms are all
dependent on density, temperature, and pressure conditions throughout the protoplane-
tary disk. This, in combination with the long time scales of planetary formation, complicate
the translation of experimental results to theoretical models. The processes which form
and alter the composition of material in the disk are an interplay of the accretion of matter,
the movement of matter and angular momentum through the disk, and the sublimation
behaviour of different species. In this work, the mechanism studied is the accretion of the
noble gases in amorphous water ice. This ice would have formed on small dust grains in
distant, cold regions of the solar systems. As the ices drifted inward towards the planets
due to gas drag and collisions, their temperature would have increased.

A near-uniform enrichment suggests that the noble gases were captured in their initial
proportions, but more readily than the lighter elements relative to which their abundance
is measured. In addition, these ratios would have to be preserved over any subsequent
heating. Given the different volatility of the noble gases this may impose constraints on the
ice formation conditions. These constraints are in turn dependent on the formation condi-
tions of the amorphous ice, namely the abundance of water vapour available for freezing.
This work seeks to refine the current constraints imposed on the contribution of amor-
phous water ices to Jupiter’s composition, by testing the preservation of noble gas enrich-
ment uniformity under different formation and heating conditions.

This report is structured as follows. Chapter 2 provides the current relevant state of the
art on the research theme of planetary formation. The formation scenarios of gas giants



2 1. Introduction

from an initial disk of grains and gas are presented. The enrichment of Jupiter with noble
gases, based on the measurements of the Galileo mission, is also presented here. The role
of amorphous water ice as a possible mechanism for this enrichment is then discussed. In
Chapter 3, previous laboratory measurements of species desorbing from amorphous water
ice are presented. These laboratory measurements provide insights into the conditions at
which different species are trapped in, and released from, amorphous water ice. In Chap-
ter 4, a model for simulating the formation and desorption of enriched amorphous water
ice is introduced. The effectiveness of the model is benchmarked by reproducing the pre-
viously presented laboratory results. In Chapter 5, the model is applied to the topic of the
enrichment of the gas giant planets. Mixtures of water and noble gas are simulated. The
ices are first formed at low temperatures, and then heated to replicate the heating which
the grains would undergo during their inward drift. The composition of the ice during this
heating process is tracked. The astrophysical implications of these results are then dis-
cussed. Chapter 6 is a thorough reflection of the conducted work. Consideration is given
to the limitations of the numerical approach used. Recommendations for future study are
then provided. The report is concluded in Chapter 7.



Scientific Background

This study investigates how the delivery of amorphous water ice could have contributed to
a uniform noble gas enrichment of Jupiter. This chapter will provide relevant background
knowledge on the topics of solar system formation from a molecular cloud, different en-
richment mechanisms, and amorphous water ice. Section 2.1 is dedicated to our under-
standing of the solar system formation process from a molecular cloud. NASA’s Galileo mis-
sion contributed significantly to our understanding of this formation process. The section
includes the results of this mission’s probe mass spectrometer study of Jupiter; specifically
the uniform enrichment of the planet with the noble gases argon (Ar), krypton (Kr) and
xenon (Xe) compared to the Sun’s composition. Since the Sun and planets formed from the
same molecular cloud, this enrichment provides a significant reference point for models
of planetary formation. Section 2.2 presents the various mechanisms through which water
ice could have contributed to this noble gas enrichment of Jupiter. Water ice forming in
the cold outer regions of the solar system is believed to have carried noble gases and other
volatiles inward, while leaving lighter species such as hydrogen and helium behind. The
conditions under which an ice formed affects the ability of the ice to trap these species.
The amount of water vapour available for condensation is another determinant of how
much noble gas can be captured, and in what proportion. An overview of the constraints
imposed by each of these mechanisms on planetary atmosphere composition is presented
here. Section 2.3 is devoted to amorphous water ice. Experimental measurements of differ-
ent species desorbing from ice deposited at low temperatures are discussed. The different
noble gases desorb from amorphous water ice at different temperatures, constraining the
conditions in which a uniform enrichment is preserved. In the summary of this chapter,
Section 2.4, the knowledge gap in our current understanding of this noble gas enrichment
is presented. More specifically, the temperature and water abundance constraints which
will be tested and refined in this report are described in detail. The research questions to
be addressed in this work are defined to conclude the chapter.

2.1. Origin of the solar system

2.1.1. From a molecular cloud to a stable planetary system
The Sun like other stars is believed to have formed in a molecular cloud, a relatively dense
region in a galaxy consisting mostly of helium and hydrogen gas [13]. Observation of the

3



4 2. Scientific Background

Milky Way galaxy has revealed many such molecular clouds [14]. These clouds are typically
stable; the inward force of gravity and pressure from gases in the interstellar medium is bal-
anced by the internal pressure. However, a region of the molecular cloud could be triggered
into a collapse. There are broadly two scenarios in which a molecular cloud will collapse
due to self-gravity. The first is the case in which the physical conditions in the cloud, such
as a low temperature or high density, are such that there is enough gravitational energy
in the cloud to induce a collapse. The second possibility is that the cloud is stable but dis-
turbed by a nearby event such as a passing or exploding star [15]. Such an event could cause
temporary pressure or temperature variations in the cloud, large enough to destabilise the
cloud and trigger a collapse. The star system formation process is visualised in Figure 2.1,
starting with an initial molecular cloud (1). As a portion of the molecular cloud collapses
(2), the gravitational energy stored is converted into kinetic energy. As collisions become
more frequent in the core, kinetic energy is converted into thermal energy. The formation
of a dense envelope prevents this thermal energy from being radiated away, causing tem-
peratures in the core to rise (3). When a temperature of the order of 10° K is reached nuclear
reactions start. If there is sufficient further mass to accrete, the star will eventually begin to
fuse hydrogen. If the star is stable, the high temperatures generate enough internal pres-
sure to counteract the inward gravity of the star. The cloud matter which is not drawn into
the star forms a disk around the protostar (4). Accretion of grains and planetesimals can
eventually form planets (5). It should be noted that not all of the collapsing cloud collapses

Figure 2.1: Visualisation of the phases of star formation. Clockwise from top left: (1) initial molecular cloud,
(2) formation of a denser cloud, (3) collapse of the cloud and initial fusion, (4) primitive star with protoplan-
etary disk, (5) stable planetary system. Source: Bill Saxton, NRAO/AUI/NSF

to a star. In a single molecular cloud, local collapses occur and a single molecular cloud
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can thus produce more than one star. When a collapse occurs, only around 8% of the initial
collapsing cloud mass will end up as stellar mass [16]. This is partly due to the conservation
of angular momentum, which would be violated if the outer particles of the cloud would
collapse into a 'slowly’ rotating star. This physical law explains why most primitive stellar
systems also contain a disk of material around their star, holding the majority of the angu-
lar momentum in the system. This disk is shown in phase 4 of Figure 2.1 and is referred to
as the protoplanetary disk.

The particles in the inner regions of the protoplanetary disk have relatively little angular
momentum and will accrete towards the star core, but particles on the edge are restricted by
the outward centrifugal force [17]. Particles falling towards the equatorial plane of the disk
are met by particles from the other direction, causing dissipation of velocity in the direction
perpendicular to the equatorial plane, as indicated by the dust settling in Figure 2.2. Figure
2.2 displays the dynamic processes and materials present in the protoplanetary disk [1].
A snowline marks the midplane radius at which a species freezes out from the gas phase
into solid ice form. The snow line for water around 150K is shown in this figure. Below this
temperature, water vapour condenses, potentially trapping noble gases and volatiles in the
process. It is noted that the location of the snowline, in terms of radial distance, changes as
the disk evolves.

dust
settling -

bt

' ' UV/X- : ;
giant planet rad'ilati:)alr radicals and ions

formation

grain growth

Figure 2.2: Overview of dynamics and forces acting on the protoplanetary disk [1]. The snow line indicates
the region outside of which ices can form.

The formation of planets from this protoplanetary disk could have occurred in a num-
ber of ways. The widely accepted hypothesis is the core accretion model, which suggests
the gas giants started out similar to the terrestrial planets: through the accretion of solid
planetesimals. In the core accretion scenario [18], planets form by attracting a gaseous en-
velope onto a core of rock and ice. This theory is supported by the large amount of heavy
elements found in the giant planets in our solar system [19]. The condensation of gas into
microscopic dust particles is the first step towards the formation of planets. Interactions
between the grains and their environment can affect their orbital parameters. The micro-
scopic grains are most influenced by the following three forces:

1. Drag from the surrounding gas cloud. This is both in the direction of motion as well
as due to inward falling gases [20].
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2. Gravity from the Sun and nearby grains. Gravity of bodies other than the Sun become
more relevant as planetesimals begin to gain mass [21].

3. Mechanical forces due to collisions with other planetesimals.

These forces drive and perturb the motion of the grains, and on long time scales lead to
collisions between them. If after a collision the grains are close enough to be captured by
their gravity fields, they will combine to form a larger body. This process is called accretion.
The accretion process sees microscopic grains coalesce into objects on the kilometre scale.
Bodies that have accumulated sufficient mass, typically at a size of ~ 102 km [22] will clear
their orbital path of matter. The paths of these planetary embryos are not stable on longer
times scales [15]. The infall of material during this phase drags the body inward and the
possible intersection of planetary orbits make gravity interactions more relevant.

As the rocky and icy cores became massive enough they started to capture the nearby
gas in the nebula, further increasing the mass and increasing the temperature of the core.
Jupiter and Saturn are both believed to have captured a large amount of gas during this
phase. The ice giants Uranus and Neptune are envisioned to remain smaller, because the
protoplanetary gas disk dissipates while the gas envelopes are growing [18]. The dissipation
of the gases of the protoplanetary disk in a relatively short time constrains the period of
this enveloping phase [23]. During the heating of the core noble gases which were trapped
in the solid ice planetesimals could have been released, but remained within the planet’s
atmosphere due to gravity.

2.1.2, The Galileo Mission: Jupiter’s enrichment

In its present form, the solar system contains eight planets, many with moons, as well as
thousands of smaller bodies. All these bodies formed from the same molecular cloud, how-
ever differ considerably in their composition and properties. Jupiter, which orbits the Sun
at approximately 5AU, is the largest and heaviest of these planets. In the below discussion,
the Sun’s composition, believed to closely resemble that of the molecular cloud, is com-
pared to Jupiter’s, as measured by the Galileo mission probe.

The elemental abundances in the solar nebula have been estimated using different
datasets. The elemental composition of the Sun and its ejections have been measured us-
ing different spectroscopy techniques, as well as sample analysis of meteorites and aster-
oids [12]. Often the ratio between abundances is determined, rather than a raw percentage
of mass total. A common ratio of abundances can indicate a common origin. Solar spec-
troscopy has been used to determine the composition of the solar nebula: the portion of
the cloud that collapsed to form the Sun system. This is based on the assumption that the
Sun formed from only material in this initial solar nebula and thus has the same elemental
composition. The technique is limited because of the occurence of heavy-element frac-
tionation in the Sun. The abundances of the noble gases He, Ne, Ar, Kr, and Xe cannot be
derived from the photospheric spectrum [12]. Certain noble gas abundances (Ne and Ar)
can be derived from coronal sources such as direct particle measurement of coronae or so-
lar winds. The effect of solar wind on lunar soil has been used to deduce the abundance of
Ar [24]. No solar abundance data is available for Kr and Xe, however their abundances have
been derived theoretically [12] [25]. Table 2.1 provides the estimated abundances in the
initial solar nebula, i.e. the portion of the molecular cloud that collapsed to form the solar
system. The abundances are expressed in terms of H, [12]. Some of these values, i.e. for
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Ar [24], have not been directly measured but are a compilation of estimates from different
data sources.

Species X X/H;

C 5.82x 1074

CO 1.94 x 1074

CH,4 1.94 x 10™*

H,0 5.78 x 1074

Ar 8.43 x 1076

Kr 454 x 1079

Xe 4.44 x 10710

Table 2.1: Gas-phase abundancies of several elements and compounds [11]. Abundances are expressed in

terms of Hy, the most abundant molecule in the solar nebula [12].

The 1995 Galileo mission to Jupiter was the first to place a satellite in orbit around the
planet. It provided extensive data on the composition of the gas giant through its mass
spectrometry probe measurements. Such data of bulk composition cannot be attained
through remote observation. Most volatile species have not yet been succesfully detected
through remote sensing. Noble gases are completely undetectable, as they do not readily
bond to other species, to form molecules which can be detected by e.g. infrared measure-
ments. The measurements of noble gases can be compared with solar abundances, which
are expected to closely reflect the abundances of the protoplanetary disk [26]. Abundances
are measured with respect to a more abundant element or molecule, in this case hydrogen.
The abundance distribution in the atmosphere of Jupiter provides insight into the forma-
tion rate and location of the planet. A relative enrichment of noble gases indicates that the
gases froze onto grains or were trapped in growing ices, which can only have occurred be-
yond the snowline of the respective ice. Differences in the noble gas isotope ratios between
the Sun and Jupiter suggest a fractionation process in the formation of the grains and plan-
etesimals that accreted to form Jupiter [26]. These fractionation processes are not expected
to influence the total amount of the species carried by the grains.

A direct accretion of material in the nebula through gravity only would result in a ratio
of 1:1 for noble gas abundances in Jupiter and the Sun. The Galileo probe measured en-
richment of 3.30, 2.61 and 2.56 for Ar, Kr and Xe respectively in Jupiter’s atmosphere. These
abundancy ratios, and their uncertainties, relative to the solar composition are shown in
Table 2.3. The abundance of helium and neon are significantly lower, however these no-
ble gases are believed to be depleted from the atmosphere through atmospheric processes
on Jupiter [27]. Since Jupiter carries relatively large amounts of noble gas it must have ac-
creted enriched materials during its formation. This imposes a significant constraint on
planetary formation models, since the delivery of enriched materials requires (1) their ini-
tial trapping in the carrier and (2) their retention during any physical processes undergone
during the inward drift. The possible delivery of noble gases in different forms of water ice
are presented in the next section.
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Figure 2.3: Enrichment of Jupiter with noble gases. Enrichment is computed as molar abundance of the
species to the molar abundance of H, divided by the same molar abundance ratio in the Sun [2].

2.2. Enrichment mechanisms

2.2.1. Water ice as a species carrier

The core accretion model as described in the previous section proposes planets grow through
the accretion of grains. A dust grain will initially consist of a silicate or carbonaceous core.
Ice layers can accrete onto this core, and desorption and reaction processes can turn this ice
into a complex mantle containing species other than the base ice. The nature of these reser-
voirs could leave pronounced signatures in the planets onto which they accreted, as differ-
ent types of ice capture and retain species at different rates. Figure 2.2 gives an overview
of the mechanisms through which water ice could have contributed to the enrichment of
Jupiter. The expected atmospheric signatures differ between these mechanisms. The en-
richment signatures which are studied in this work are highlighted in red. This includes the
dependence of the signatures on the formation conditions, as well as any heating the ice
would undergo after formation. Amorphous water ice, the focus of this study, is discussed
in more detail in the next section, and discussed further in Section 2.3.

2.2.2. Amorphous solid water

In amorphous water ice or amorphous solid water (ASW) the molecules are not ordered.
The formation conditions for amorphous ice are less specific as a consequence. Amor-
phous ices are formed temperatures below 135K. Ices formed at higher temperatures take
on an ordered crystalline structure. Ices formed at lower temperatures but heated to this
temperature reorder themselves to become crystalline. This transition temperature is shown
on the H,O phase diagram in Figure 2.4. Amorphous ices have no long-range molecular
order, and in that sense resemble liquids [28]. Most ices in the universe are amorphous,
though large clumps of ice may contain both crystalline and amorphous portions. If the
ice accretes at temperatures below 30K all relevant noble gases would adsorb to the ice
grains [29]. Such low temperatures would only have been found at large distances from
the Sun, in the region of the Kuiper Belt. The inward migration of such particles at those
temperatures would then deliver a uniform enrichment. However, if the ice grains were
heated upon their inward migration a depletion of the more volatile species is expected.
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Source ice type

Material accreted

Constraints

Atmospheric
signatures

Amorphous

Crystalline

Enriched amorphous
pebbles

Condensated, pure noble
gas and volatile ice

Enriched clathrates

Gaseous volatiles and
noble gases, no water
vapour

* Low formation

temperatures (<30K)
required to trap e.g. Ar,
N,

* Accretion occurring

before the
transformation to
crystalline ice at 135K

* Water ice must have

reached a temperature of
135K to release trapped
volatiles during the
crystallisation process

= Condensation of the

noble gas species after
their release at 135K+,
occurring at different,
lower temperatures

Minimum temperature of
135K to release trapped
volatiles

Sufficient water budget
to encage species;
preferential trapping
occurs if the water
budget is limited
Presence of the physical
conditions that allow for
clathrate formation,
which has not been
conclusively observed
experimentally under
disk conditions

Minimum temperature of
135K to release trapped
volatiles

Maximum temperature
of 150K, at which water
ice would vapourise
Sufficient Jupiter mass to
reach the pebble isolation
mass, at which gas is
captured but larger
pebbles do not fall into
the planet

* Uniform enrichment if

accreted at low
temperatures, non-
uniform if heated during
inward motion

» Significant enrichment

with water molecules

= Non-uniform enrichment

of noble gases

* Variable enrichment

depending on formation
and accretion location

Non-uniform enrichment
of noble gases
Significant water
enrichment with water
molecules

Uniform enrichment of
noble gases

Minimal enrichment
with water molecules

Table 2.2: Overview of enrichment mechanisms involving water ice.

The conditions for preserving a uniform enrichment are studied in this report.

At around 135K, amorphous ice rearranges itself into a crystalline arrangement. During

this process, trapped species are released into the gas phase. The crystalline ice structure is
more stable, and released gases may recondense onto the grain. Because the equilibrium
temperatures of the noble gases differ, they are expected to condense at different temper-
atures and thus at different times in the protosolar nebula evolution. The abundance ratio
of species A to species B on the solid grain should be higher than the one in the initial re-
leased gas phase if species A condensates at a higher temperature (and thus earlier as the
disk cools down) than species B. It could also be the case that the particles drift inward at
a sufficiently high rate that the desorbed gas is left behind. This gas would then be highly
enriched with noble gases, but not with water vapour which would be carried inward in its
crystalline form. This does however constrain the forming area of Jupiter. A temperature
of 135K is required to initiate crystalisation and thus release of trapped species. However
at 150K the water ice itself will begin to desorb, leading to both volatile and water enrich-
ment in the gas left behind. In addition to this temperature constraint, Jupiter must have
reached the so-called pebble isolation mass [30]. At this mass, the gas disk around Jupiter
would be sufficiently perturbed to prevent the depleted icy pebbles from falling into the
planet, enriching it with water.

A variant of crystalline ice is the clathrate, which are cage-like structures around guest
molecules. Clathrate formation is a non-chemical process which can influence the abun-
dancies of heavy elements on solar system bodies. A clathrate is a cage of ice molecules
around another molecule. The formation of these clathrates in low-pressure environments
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Figure 2.4: Phase diagram of H»O. The amorphous to crystalline transition temperature shown in purple has
been added to the original [3].

such as interstellar space is believed to occur during the warming of amorphous ices which
have experienced vapor deposition. In these environments clathrates form by rearrange-
ments in the solid state [31]. The role of clathrates has drawn more attention since the
Huygens probe measured the composition of Titan, a moon of Saturn. The atmosphere is
depleted in primordial noble gases other than certain Ar isotopes [32]. These observations
suggest deviations from the widespread abundance of noble gases in other places in the so-
lar system [33]. Thermophysical models of clathrates predict a relatively efficient trapping
of CO, H;S, Kr and Xe in clathrates originating in low temperature zones, at the expense of
N, and Ar [34]. Unless a sufficient budget of water vapour was available to encage all the
present gas, a clathrate dominated grain would thus carry a non-uniform enrichment of
noble gases, and contribute significant water to the planet.

2.2.3. The budget of water vapour

As discussed above, the availability of water vapour is necessary for the formation of any
type of ice capable of carrying species towards the inner regions of the solar system. It is
essential that these water molecules are present in vapour form rather than accreted ices,
as an solid ice could capture at most a single monolayer of adsorbed noble gases. Another
constraint is imposed by the high volatility of Ar in particular, which requires temperatures
below 30K to accrete [5].

A selection of relevant conditions in the protoplanetary disk are shown in Figure 2.5,
based on the work of Woitke et al. [4]. In the top row, the temperature profile of the disk is
shown, showing the <30K region in the midplane of the disk beyond 30AU. In the second
and bottom panel the H,O vapour and ice concentrations are shown, respectively. These
concentrations are relative to the H concentration. Most of the H,O in this region is in ice
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Figure 2.5: Relevant conditions in the protoplanetary disk. From top to bottom: Temperature, H,O vapour
concentration, H,O ice concentration. Concentrations are expressed relative to H [4].
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form, with a concentration of 10~ relative to H. In this model, the concentration of H,O
is ~10719. The infall of UV flux generated by nearby stars onto the protoplanetary disk
has been invoked to derive a mechanism which generated additional water vapour in the
colder areas of the disk [17]. This mechanism would cause a more even balance of H,O ice
and vapour. This process is qualitatively described below.

In addition to the interstellar radiative field that permeates space, the early Solar sys-
tem is believed to have been exposed to UV flux from nearby stars. This stems from the
observation of the birth of stars in relatively dense clusters, making encounters more likely.
This UV flux would have been several orders of magnitude larger than the interstellar flux
if a sufficiently large star had passed the disk at a distance of around 12 lightyears. This
UV flux impinges on the outer regions of the protoplanetary disk, where the optical depth
is lower and temperatures are higher than in the midplane as is shown in Figure 2.2. The
flux can trigger the photodesorption of water molecules from icy grains found in these re-
gions, creating a reservoir of water vapour. Vertically, the disk is mixed by turbulence, and
this vapour will over time thus cross through the cooler midplane. At the midplane it en-
counter the temperatures needed to recondense, as well as trap other species. As the con-
densed grains grow large enough, they start to fall inward due to gas drag. The enriched
water ice grains move inward against the outward flow of lighter gasses occuring in the
midplane. The grains leaving the region of the disk of interest thus carry a net enrichment
with noble gases. The region of interest is confined by the temperature criterion of 30K at
around 30AU and the edge of the protoplanetary disk at around 70AU. Figure 2.2 shows the
widening of the disk in outer regions; the temperature limit of 30K is found at a height of
approximately 6.5AU above the midplane in this region [17].

The ability of this water vapour generation mechanism to deliver enriched materials is
dependent on a handful of assumptions, which are mentioned here to conclude the sec-
tion. These assumptions are a component of the knowledge gap which is discussed in Sec-
tion 2.4. The first assumption is the presence of another stellar body in the vicinity of the
solar system shortly after its initial formation. The second is this body’s UV flux being ca-
pable of generating sufficient water vapour to trap all the heavier gas species. The need
to trap all gasses has been disregarded in previous works, but Ar’s higher volatility in com-
bination with the uniform enrichment measured requires this. Lastly, assuming there is
sufficient water vapour to trap all these species, the uniform enrichment must then be as-
sumed to be preserved after the ice grains have left the formation zone outside 30AU. Due
to the different desorption temperatures of the different noble gases, initial entrapment in
a given ratio does not guarantee delivery to a forming Jupiter in those same ratios. These
amorphous ice desorption mechanics are presented in more detail in the next section.

2.3. Enrichment of amorphous water ice

In this section, amorphous water ice will be discussed in more detail. First, the porosity
which makes amorphous water ice an effective carrier of trapped species is explained. The
release of trapped species as amorphous water ice is heated is then discussed, based on
experimental observations.
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2.3.1. Porosity

In this section the properties of amorphous water ice that make it an effective trapper of
gas species are described. The ice that forms in the region of the protoplanetary disk of
interest, with temperatures below 30K, is amorphous.

Amorphous ice requires less specific conditions to form than crystalline ice. In amor-
phous ice the molecules are not ordered. Amorphous ices have no long-range molecular
order, and in that sense resemble liquids [28]. Crucially, amorphous ice can also be highly
porous, with large voids able to form in the ice as molecules adsorb and desorb from the
surface. Crystalline ices can also be porous on the surface, but are unlikely to carry voids
in their deeper layers. Formation of porous ices can occur as a result of the adsorption of
water molecules released by photodesorption, as explained in the previous section. Wa-
ter vapour can also be released from the ices via sputtering. Sputtering is the removal of
attached molecules by the impact of high energy particles. These particles are then redis-
tributed on the cold surfaces, leaving behind pores. The porosity is the volume of voids or
pores in an ice as a fraction of the total volume. In terms of average and bulk density the
porisity is written as [35]:

p= 1— paverage (2.1)
Pbulk

The porosity of ices plays an important role in the physical and chemical processes that
occur around the ice. A highly porous ice has a higher surface area to volume ratio, allowing
for the easier capture of molecules. Ice porosity thus plays an important role in the ability
of an icy planetesimal to trap noble gases. The porosity is a physical parameter which is
difficult to measure remotely. However remote measurements have provided the inventory
of interstellar ices, and optical constants could allow for the abundances to be deduced in
the future. Recent studies have identified the influence of porosity on optical constants,
and thus allow for deduction of the porosity of interstellar ices [36].

Open pores left behind by desorbing molecules, or naturally formed by the non-uniform
accretion of an ice layer, can be filled by noble gases. Noble gas molecules reside in the
pore for a time that depends on their interaction with the surrounding ice molecules. The
length of the stay is dependent on the sublimation temperature of the gas, the size of the
particle and the pore, its polarizability, the strength of the interaction with the dangling OH
bonds [37], as well as the mass of the molecule or atom [38]. Different noble gases and also
different isotopes of the same noble gas are thus expected to be captured and retained at
different rates.

The unorganised structure of amorphous ice allows for the formation of pores. If a no-
ble gas were to fall into this pore while water continues to accrete on top of it, the noble
gas can be trapped in the ice. The differing residence times of these noble gas atoms in the
pore pose a challenge to the delivery of a uniform enrichment. Given the low sublimation
temperature of Ar, it is expected to be retained less effectively in pores. The release of Ar
and other noble gases from amorphous ice is discussed in the next section.

2.3.2. Release of trapped species

The entrapment and release of Ar in amorphous ice has been studied experimentally. The
entrapment of Ar was studied, both by flowing gas onto settled ice or the simultaneous
deposition of water vapour and the gas [5]. These experiments were conducted at accretion
temperatures of ~20K, in line with the formation conditions proposed in previous sections.
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The release of the gas was measured as the temperature was increased. This revealed seven

regimes of gas desorption, as is shown in Figure 2.6. The flux of Ar and H,O are shown by

seperate curves in this figure. The heating rate in this experiment was 3K min—!.
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Figure 2.6: Different regimes of argon desorption from amorphous water ice. The H,O flux at ~30K is loosely
bound water molecules evaporating with the frozen Ar. The last peak (g) corresponds to the remaining
trapped Ar released only when the water ice itself desorbs [5].

The regimes will be presented in their order of appearance, i.e. from lowest to highest
temperature. Regime (a) occuring at ~35K is the desorption of frozen multilayer Ar. Regime
(c) occuring at ~45K is the desorption of a monolayer of Ar on the ice surface. It is noted
that regime (a) is superimposed on regime (b) and only visible when the volume of desorb-
ing Ar is not too large. Regime (d) is due to the diffusion of the ice molecules and trapped
atoms, which allows trapped species to 'creep’ to the surface from where they can desorb.
The sharp peak (e) starting at ~137K is the transformation of amorphous ice, formed when
the ice is deposited at a low temperature, into cubic ice. The movement of water molecules
forming the cubic lattice, frees some of the trapped argon and squeezes it out. This trans-
formation does not appear to be dependent on the heating rate [5]. The (f) peak starting
at 160K is a gas release associated with the transformation of the cubic-structure ice into
hexagonal-structure ice. The final regime (g) coincides with the desorption of the water ice
itself, and includes all the remaining trapped Argon gas which was not released by any of
the previous mechanismes. It is noted that the flux of water is smaller than the flux of Ar by
several factors throughout the heating process.

At sufficiently low temperatures, noble gases can bind to both water molecules and
other noble gas atoms. The bonds formed with water ice are stronger than those formed
with other noble gases, as will be discussed in Section 4.1. The so-called multilayer noble
gas evaporates from the ice at lower temperatures than the so-called monolayer of ice on
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top of the water ice. These terms will be used often in this work, and the difference between
these two types of noble gas bonds is thus visualised for clarity. Figure 2.7 shows a 2D visu-
alisation of water ice (blue particles) enriched with noble gas (orange particles). The noble
gas bound directly to the water ice is referred to as the monolayer of noble gas, and are
shown as filled circles. Noble gas bound to other noble gas particles are the multilayer no-
ble gas, and are shown as dashed circles. Deeper in the ice more noble gas atoms are seen.
These would not desorb from the ice at any temperature, as they are not on the surface.
However, diffusion through the ice or desorption of the water molecules above them could
bring them to the surface over time.

Multilayer

N

Monolayer

e

Figure 2.7: Visualisation of the mono- and multilayers of noble gas on amorphous water ice.

The key takeaways from these experiments are the distinct regimes of gas release from
amorphous water ice below 100K. The first and second regimes are multilayer and mono-
layer desorption, respectively. The third is due to the creeping of the ice, which leads to
a gradual outflow of Ar from the ice sample. The annealing continuously opens up pores
containing the gas. The temperature range at which the different noble gases are released
is relevant for the study of Jupiter’s noble gas enrichment. This is the temperature range
to which enriched amorphous ice particles are subjected to between their formation and
arrival at the forming Jupiter. The retention rate of a noble gas in a pore is affected by mul-
tiple factors, and the release from said pore differs as a result. As of yet there is no work
that conclusively studies the release of different noble gases, and the relative portions of
retained material during heating. This knowledge gap and its implications are presented in
the next section.

2.4. Knowledge gap

The solar system formed from a molecular cloud, the composition of which can be derived
from the Sun’s present day composition. While the composition of this cloud was initially
uniform, physical and chemical processes drove the non-uniform distribution of species
throughout the solar system. In Jupiter, a near-uniform enrichment with noble gases has
been measured by the Galileo mission probe. A proposed mechanism explaining this en-
richment is the delivery of enriched icy grains from distant, colder regions of the proto-
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Figure 2.8: Overview of the amorphous ice delivery mechanism proposed to explain Jupiter’s noble gas en-
richment.

planetary disk to the forming Jupiter. The reservoir of water vapour required to trap noble
gases in these grains is proposed to have been generated by the photodesorption of water
molecules due to infalling UV radiation. Forming amorphous ice can contain open pores,
into which noble gas atoms may settle, and be trapped if more water accretes onto it. An
as of yet unaddressed issue, as depicted in Figure 2.8, is the expected non-uniform release
of these noble gasses from the grains. Specifically, the assumption of a uniformly enriched
particle heading towards Jupiter at point (1) is not expected to by extent yield an uniform
enrichment upon delivery at (2). Specifically, the more volatile Ar is expected to be de-
pleted relatively quickly from the ice. The research questions to be addressed in this thesis
are thus the following:

1. What are the trapping efficiencies for the different noble gases during the formation
of ices in outer solar system or interstellar medium (ISM) conditions?

(a) What fraction of noble gas is trapped in different temperature conditions?

(b) How does the ice thickness affect the release of species?

(c) How does the water abundance affect trapping during formation, as well as re-
tention during heating?

2. What are the conditions for the release of these noble gases from amorphous ice dur-
ing heating?

(a) How do the fractions of released gas compare?
(b) How do these regimes compare to previous measurements?

3. Based on observed entrapment and desorption mechanisms, what contribution could
enriched amorphous ice have made to Jupiter?

(a) What constraints can be placed on grain accretion and heating conditions for
the mechanism to remain viable?

(b) How much enriched amorphous ice would have to be accreted to explain the
observed enrichment?

(c) What are the implications of these mechanisms for the atmospheres of the other
giant planets Saturn, Uranus and Neptune?



Laboratory Data

3.1. Introduction

This chapter will summarise the relevant experimental work which has been conducted for
the study of noble gas desorption from amorphous water ice. All experiments introduced
in this chapter involve the deposition of species either simulationeously with water (code-
position) or on top of a layer of amorphous water ice. These experiments are conducted
at temperatures at which the species may be bound to the surface of the ice or trapped
inside. Subsequently, the samples are heated and the flux evaporating from the sample is
measured as the temperature is increased.

The purpose of this chapter is thus two-fold. First, the experimental results provide
physical input parameters for the simulations as described in Section 4.1. Second, these
will be used to validate the theoretical model in Section 4.2. The model will then be applied
to mixtures of noble gases in water ice which has not been studied experimentally.

Throughout this report, the experiments and simulations will be described using 4 key
parameters: the deposition temperature, heating rate, ice thickness and water abundance
(per trapped noble gas atom). Where relevant additional parameters may be included.

3.2. Pure noble gas ice
Smith et al. studied the desorption behaviour of several astrophysically relevant species
from amorphous water ice [6]. These species were studied separately from each other, to
isolate their specific desorption properties. The noble gas species were deposited on top
of a prepared layer of amorphous water ice; the gases were not codeposited with the water
vapour. These peaks are thus indicative of the binding energy of the multilayer binding
energy of each species, as the bulk of noble gas atoms would be bound to other noble gas
atoms rather than the water layer underneath. As will be seen in the next sections, the
binding energy of a noble gas species to the amorphous ice (monolayer) is typically higher
than the pure ice (multilayer) binding energy. The difference between these bonds was
visualised in Figure 2.7. The desorption spectra of Ar, Kr and Xe deposited on amorphous
water ice are shown in Figure 3.1. Different thicknesses up to 3 layers of pure noble gas ice
were tested. The samples were deposited at 25K and heated with 1K per second. The colour
coding indicates how many layers (ML) of the noble gas were deposited.

The peaks around 31K, 43K, and 60K for Ar, Kr and Xe respectively reveal the different
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Figure 3.1: TPD of Ar, Kr and Xe deposited on a sample of amorphous water ice [6].

multilayer binding energies of these species. The most probable binding energies were
computed to be 7.2, 11.4 and 16.3 kJ/mol for the species respectively. Below a temperature
of 30K all these species would thus be expected to bind to an amorphous ice water grain,
since the monolayer binding energy to water molecules is higher.

3.3. Codeposited Ar and H,0

Bar Nun et al. studied the release of Ar from amorphous water ice [5]. The entrapment of Ar
was studied, both by flowing Ar onto already deposited ice or by simultaneously deposit-
ing water vapour and Ar. These experiments were conducted at accretion temperatures of
~20K. The release of the gas was measured as the temperature was increased. This revealed
seven regimes of gas release, as is shown in Figure 2.6. It should be noted that these results
were also discussed in 2.3.2 in the context of the present work’s research aims.

The regimes will be presented in their order of appearance, i.e. from lowest to highest
temperature. Regime (a) occuring at ~35K is the desorption of frozen Ar on the surface.
Regime (c) occuring at ~45K is the desorption of a monolayer of Ar on the ice surface. It
is noted that regime (a) is superimposed on regime (b) and only visible when the volumes
of Ar are not too large. Regime (d) is believed to be due to the slow annealing of the amor-
phous ice but has not been studied in detail. The sharp peak (e) starting at ~137K is the
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Figure 3.2: TPD of Ar codeposited with H,O [5].

transformation of amorphous ice, formed when the ice is deposited at a low temperature,
into cubic ice. The movement of water molecules forming the cubic lattice, frees some of
the trapped Ar and squeezes it out. This transformation does not appear to be dependent
on the heating rate [5]. The (f) peak starting at 160K is a gas release associated with the
transformation of the cubic-structure ice into hexagonal-structure ice. The final regime (g)
coincides with the desorption of the water ice itself, and includes all the remaining trapped
Ar which was not released by any of the previous mechanisms. It is noted that the flux of
water is smaller than the flux of Ar by several orders of magnitude for the majority of the
heating process.

3.4. Codeposited Kr and H,0

For the study of Krypton, use is made of unpublished experimental data provided by the
University of Cergy-Pontoise. One set of experiments focused on capturing the monolayer
desorption of Kr from water ice. This is thus the Kr which is bound to the water molecules
rather than other Kr atoms. For this purpose a mixture of Kr and H,O was codeposited
at a temperature of 45K. At this temperature, Kr will form only monolayer bonds and not
multilayer bonds with other Kr atoms, as this pure Kr desorption was found to occur at a
temperature of around 40K (see also Section 3.2). Kr atoms deposited on top of other Kr
atoms would thus quickly desorb back into the gas phase. In the experiments, different
isotopes of Kr were detected; the Kr gas used for experiments contained more than one Kr
isotope. For the purposes of this study these results are consolidated into the total Kr flux.
The flux of all Kr isotopes was added together to compute the total flux. The results are
shown in Figure 3.3.
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Figure 3.3: Experimental TPD of codeposited Kr and H,O.

The flux in the figure has been normalised, with the peak water desorption flux mea-
sured equated to 1. The reason for this is that the number of molecules detected in ex-
periments is several orders of magnitude larger than what can feasibly be simulated. The
absolute number of atoms desorbing is less relevant than the proportional flux in each
regime. The monolayer desorption regime is visible shortly after the heating begins, peak-
ing around 55K. A second regime of Kr desorption can be seen at 150K. At this temperature
water begins to desorb from the ice. As water desorbs previously trapped Kr is able to move
to the surface of the ice and, at this temperature, readily desorbs from the ice. This is codes-
orption, which is only observed when the atom is trapped sufficiently deep in the ice. This
regime is not driven by the binding energy of the Kr atoms to the ice, but by the binding
energy of the water molecules. The creeping regime of the ice is not enough to allow these
atoms to find a path to the surface. When the water itself begins to evaporate, however, the
atoms are able to reach the surface from where they can desorb.
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This chapter covers the theoretical work conducted during this thesis. These simulations
serve to provide conceptual indications of noble gas signatures which would be expected
in planetary atmospheres enriched by amorphous water ice. Simulations allow for easy
adjustment of input parameters, that are difficult or time-consuming to recreate or ad-
just experimentally. However, the accretion and desorption process from amorphous ice is
complex and dependent on a multitude of physical factors. In this study, a Monte Carlo ap-
proach is used to simulate the behaviour of amorphous water ice. The methodology of this
approach is presented in Section 4.1, alongside the physical constants chosen to describe
the different noble gasses. Validation of the model, both from a stability and desorption
mechanics viewpoint, is presented in Section 4.2. The chapter is summarised in Section
4.3.

4.1. Methodology

The theoretical work was performed using a Monte Carlo modelled developed at Delft Uni-
versity of Technology [7], amended for the specific purposes of this study. This Monte Carlo
model simulates ices on a molecular level. A set number of particles are used to form an
ice crystal. The ice then changes based on each individual particle’s behaviour. A particle
could move through the ice, or desorb from it altogether. The workings of the model are
presented below.

4.1.1. Processes in ice formation

The simulation of desorption from amorphous water ice consists of two phases: accretion
and heating. These phases are visualised in Figure 4.1. Below, the accretion process will
first be discussed. The diffusion and desorption processes that occur during the heating
phase are then discussed.

Accretion
In the accretion phase, a set number of water molecules, as well as other species, are de-
posited on a lattice at a low temperature. This phase is shown on the left side of Figure
4.1.

During deposition the accretion site is selected randomly. Once a particle has been as-
signed an accretion site, the binding energy at its new location is computed. The accretion

21
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rate, in particles per second, can be computed as follows:
R,=pvoS 4.1)

Where p is the density of the species, v is the thermal velocity proportional to /Tgas/m
km s~!, where m is the species mass, o is the cross section of the grain, and S is the sticking
coefficient. The sticking efficiency is assumed to be unity at low temperatures. Experiments
have shown that this assumption does not hold for hydrogen atoms at higher temperatures
[39]. If the particle’s velocity is too high, it may be unable to bind to the ice. Wakelam et al.
[40] provided an indicative total nebular gas density of 10° and dust grain temperatures of
10-50K. Two notes are made regarding the density of the species. The first is that the density
primarily affects only the accretion phase of the simulation, particularly the accretion rate.
A higher gas phase density does not influence the desorption mechanics. However, since
the density affects the accretion rate, a lower gas density means there is more time for the
particles in the ice to diffuse or desorb while the ice is forming. The second is that the
density in the gas phase is not necessarily the same as the abundance in the accreted ice.
Due to different atomic masses, the abundance ratio of species 1 to 2 in the ice grain will
scale by 4/ my/m;, owing to their accretion rates as described by Equation 4.1 differing by
this factor.

Accretion phase Heating phase

H,0, noble gas mixture
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Figure 4.1: The two-phase process simulated numerically, showing water (blue) and noble gas atoms (or-
ange). The composition of the gas reservoir as depicted remains constant during the accretion phase. The
key processes of accretion (1), diffusion (2) and desorption (3) are indicated.

Diffusion
After the ice has accreted, the heating phase begins. During this phase, the temperature is
increased at regular time intervals. This phase is shown on the right side of Figure 4.1. The
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heating rates are 0.3 to 30 Kelvin per minute. During this time the molecules in the ice may
move through the ice via diffusion, or leave the surface via desorption. These processes are
respectively marked (2) and (3) in Figure 4.1. The water and noble gas atoms are marked
blue and orange, respectively. The rate at which the different processes occur is dependent
on the species neighbouring a molecule. The diffusion rate is then:

Ef—ES
E;—Es

E
Diffusion rate = 4 x 5 X Vexp (— aa) (4.2)
(1+vF) '

E,—E,

The pre-exponential factor v is the so-called attempt rate; it indicates how often a particular
species will attempt to move or desorb from a site per second. As can be inferred from the
equation, the diffusion rate is an interplay between binding energy and the attempt rate.
The results of experimental thus allow for the computation of the most likely values for
both simultaneously, from the same dataset. Ej,; and Ej, ¢ are the initial and final binding
energy, respectively, and T is the current temperature. Ej; is the saddle energy, defined as:

Es=(1— a)min(Eb,i,Eb,f) (4.3)

E, is the activation energy; besides the difference in initial and final energy, the particle
must overcome an energy barrier. An energy barrier must also be overcome if the final
energy is lower than the initial energy. This barrier is visualised for both cases in Figure 4.2.
The activation energy is:

Eq = amax(Ey,;, Ep, r) + max(Ep f — Ep;,0) (4.4)

1) E;>E; 2) E>E

} E,= ak;
E, — — E;

E,= oE; + (E;- E)

Figure 4.2: Energy barrier that must be overcome for diffusion both if the initial energy is higher (left panel)
or lower (right panel) than the final energy.

The parameter «a is the scaling parameter of the diffusion barrier to the binding energy.
The higher a is, the higher the barrier for diffusion.

An atom may also move through the ice through swapping. Swapping places with a
neighbour molecule sees weakly bound occupants to be 'kicked out’ by more strongly bind-
ing particles. If the atom or molecule attempts to diffuse to a location of the lattice which is
already occupied, the binding energy it would have at that site is compared to the binding
energy of the current occupant. If the binding energy of the current occupant is larger, the
swap does not occur. If the binding energy of the occupant is lower, the swap occurs.
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Desorption
Species on a surface can desorb when they are located at the surface of the ice. The des-
orption rate is:

E
Desorption rate = vexp [ — ?b] (4.5)

The binding energy of a trapped species to the ice is dependent on the number of water
neighbours n. A molecule can have at most 4 direct water neighbours as shown in Figure
4.3. The binding energy is taken to be the monolayer (i.e. noble gas to water ice) bind-
ing energy if the atom has 3 or more water neighbours. If the atom has less than 3 water
neighbours it is only loosely bound to the ice structure and the lower multilayer ice binding
energy is assumed. As can be seen in Figure 2.6, even in an evenly mixed water and Ar ice
the majority of the Ar desorbs in the initial multilayer regime. This suggests that few of the
Ar atoms are bound to the ice with the monolayer binding energy, warranting the relatively
strict criterion of n > 3.

If a molecule or atom desorbs from the top of the ice, it is removed from consideration
for the remainder of the simulation. Desorption within a pore is not possible; if desorp-
tion is the chosen event while the atom is not in the top layer of the ice, the simulation
assumes diffusion to a neighbouring site instead. The direction of diffusion is random, and
the probability for movement in all possible directions is determined entirely by Equation
4.2. As can be inferred from this equation, diffusion to sites with a lower binding energy
Ep, r occurs at a higher rate and is thus the more likely direction of movement.

Figure 4.3: Visual representation of the lattice onto which molecules adsorb. In the left panel a unit cell is
displayed, along with the relevant lengths used to compute e.g. the surface area and volume of pores. In the
right panel the four possible directions of diffusion are shown [7].

4.1.2, Simulation parameters

The binding energy of a species to water is a key driver in the desorption and diffusion
processes, as can be inferred from Equation 4.2 and 4.5. It is assumed that the desorption
energy and diffusion energy scale linearly, with the diffusion energy 40% of the desorption
energy. This is in the middle of a range presented in a study of volatile species on amor-
phous water ice, which suggested values between 29% and 57% [41]. For pure frozen noble
gas, Smith et al. propose a multilayer binding energy of 866K for Ar, 1371K for Kr and 1960K
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for Xe [6]. The same work estimates the pre-exponential factor on amorphous ice corre-
sponding to these binding energies, which are listed in Table 4.1. Ar notably has a lower
pre-exponential factor than Kr and Xe. Based on the desorption curves proposed by Smith
et al. the average monolayer binding energy of Ar to water is set at 1443K. This corresponds
to the findings of Bar Nun et al. [5], identifying a desorption peak of ~50K of a monolayer of
Ar from amorphous water ice. The temperature at which the flux of evaporating molecules
of a species peaks, T}, is expected to scale with the binding energy roughly by Ej, ~ 30T,
[42]. For Kr, the monolayer binding energy is based on the monolayer desorption peak
shown in Figure 3.3 at around 60K. By the scaling relationship this equates to a binding en-
ergy of 1800K. For Xe, it is assumed that the multilayer to monolayer binding energy ratio is
the same as that for Ar. This yields monolayer binding energy of 2940K for Xe. The binding
energy of water is set at 5800K based on the work of Fraser et al [43], which proposed water
desorption as a zeroth order process. Since the Monte Carlo assumes a first order process,
the pre-exponential factor of 103° molecules cm~2s™! is converted to units of s~!. Based
on the grid density visualised in Figure 4.3, the ice has a density of ~ 4 x 10'®> molecules
per cm?. The attempt rate is then approximately 2.5 x 10'4s~!. The effectiveness of this
conversion is tested in Section 4.2.

The binding energies for the noble gases used in this work are summarised in Table 4.1.

Table 4.1: Desorption energies used to model the noble gas-water interaction.

Species Mass [amu] Epmu (K mol ™! Epmui Kl Epmono Kl v [s71]

Ar 40 7.2 866 1443 6.2 x 1011
Kr 84 114 1371 1800 1.2 x 10
Xe 131 16.3 1960 2940 4.6 x 10
H,0 18 5800 2.5x 10

4.1.3. Movement on the grid

It is assumed the water molecules are arranged tetrahedrally. This arrangement is shown
visually in Figure 4.3. The grid of possible positions which a water molecule can occupy
is thus predetermined. A water molecule cannot occupy a grid site with no neighbours
(i.e. be floating in empty space). The locations where a water molecule can be placed
is determined by the hydrogen bonds that holds the water molecules together. However,
not every possible site in this arrangement needs to be occupied. Holes may exist in the
structure if a site was not filled during the accretion of the ice, or if a species desorbs and
leaves behind an empty site. These holes are referred to as pores, which the amorphous
water ice on this grid is thus able to form. This porosity is described in detail in Section
2.3.1.

The mechanics of the model that determine the movement of a particle is visualised in
Figure 4.4. The next event to occur is determined as follows. For every particle present in
the ice, the possible sites of diffusion are identified. It is also checked if the particle is on the
surface of the ice, from where it could desorb. The binding energy in the particle’s current
location is then computed, as well as the binding energy at all the possible destinations
after diffusion. The diffusion and desorption rates as described by Equations 4.2 and 4.5
are then computed. Based on these rates, a time ¢, required for each event to occur is
computed, using a random number generator. The event with the highest rate thus has
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the highest probability of being selected as the next event, but will not always be the event
to occur. Once an event has been executed, the time is increased by the . of the chosen
event. The process is then repeated. The heating rate is implemented by increasing the
temperature 7 used in calculations by a certain interval AT after a certain time At has
elapsed. AT /At is then the heating rate h.

Determining thenextevent @ Inputs used

Check for surrounding available
sites to diffuse to

——v——

Check if evaporation is possible Particle location

——T—

Particle species and
species of current

neighbour particles

Compute binding energy in current
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; T —
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neighbour particles

Compute binding energy at all
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=

Compute rate of diffusion to each
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T —
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|

Execute event with lowest time
needed
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Figure 4.4: Flow-chart of how the model determines the next event.

4.2, Validation

The validation of the model was two-fold. The first set of simulations tested the general sta-
bility of the model through the variation of several input parameters. These included both
model properties, such as grid size, as well as physical inputs such as the diffusion constant
a. These simulations were conducted using a water-methane mixture, and assessed using
the desorption pattern of methane from the ice and the change in porosity of the ice during
the heating. The second set of simulations focused on ensuring the desorption mechanics
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worked as intended. This was done by recreating the experimental conditions, and then
comparing the TPD to the desorption regimes which can be seen in Figure 3.2 and 3.3.

4.2.1. Parameters study

To test the simulation model for stability, several test runs were conducted using a mixture
of water and methane (CH,4) molecules. Only CH4 was chosen alongside water so that the
influence of different simulation parameters on the desorption can be studied separately.
The diffusion parameter a as used in Equations 4.2-4.5, the deposition temperature T, the
ratio of water to methane density r, the heating rate &, and the grid size g was varied. The
variations were compared to a standard simulation with « = 0.4, T; = 10K, H,O:CHy =
10:1, h = 6 Kmin~! and g = 60 x 60 grid sites. Table 4.2 lists the properties of CH, used
in simulation, based on the work of Smith et al. [6] The flux of desorbing CH, and the
ratio of the ice’s surface area to its volume are presented. The latter provides an indication
of the size of the pores; the presence or formation of smaller pores would increase this
ratio. Based on the range of binding energies for methane to water, the peak desorption
is expected to occur between 36K and 53K, following the methodology described in the
previous section.

Table 4.2: Desorption energies and ranges considered for the noble gas-water interaction.

Species Mass [amu]  Emonolayer [K™'  Emuititayer [K™'1 v [s7!]
CH,4 16 1420 1050 9.8 x 1014

The 11 different simulations conducted with the methane-water mixture are displayed
in Table 4.3, with those parameters that have been adjusted from the standard case in bold.
Included in the final column of this table is the fraction of methane remaining in the ice
at the termination of the simulation, F, with a value of 1 indicating full retention of the
initial methane. The results of the parameter variation are shown in Figure 4.5. From top to
bottom, each row of panels shows the effect of variation in diffusion parameter, deposition
temperature, water to methane ratio, heating rates and grid size. In the left panels, the
desorption of methane from the ice is shown during the heating of the ice. In the right
panels, the surface area to volume ratio of the ice is shown.

Table 4.3: List of simulations conducted to verify the influence of different model parameters.

Simulation a T,; K] r h [Kmin™!] g F

Standard 0.4 10 10 6 60 50%
1 0.2 10 10 6 60 57%
2 0.6 10 10 6 60 62%
3 0.4 20 10 6 60 50%
4 0.4 30 10 6 60 53%
5 0.4 10 6 60  45%
6 0.4 10 1 6 60 26%
7 0.4 10 10 3 60 52%
8 0.4 10 10 1.5 60 51%
9 0.4 10 10 6 80  52%

0.4 10 10 6 100 53%

—
o
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Figure 4.5: Output of the Monte Carlo model under the variation of different parameters: diffusion parameter
a (top row), deposition temperature T, (second row), HoO:CH, ratio (third row), heating rate h (fourth row)
and grid size g (bottom row). The flux of evaporating methane molecules (left panels) from the ice and the
area to volume ratio (right panels) of the remaining ice is presented for each set of simulations. All simulations
used a At of 10s. The standard simulation, indicated in violet on each figure, hasa a =04, T; = 10K, r =
10:1, h = 6K min~!, and g = 60. The dashed grey lines indicate the expected multilayer and monolayer
desorption peaks at 35K and 45K respectively.
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The findings from the variation of each parameter are summarised below. The simula-
tions in Table 4.3 will be referred to below by their number.

Diffusion parameter

The diffusion parameter a sets the barrier of diffusion. If « is higher, the barrier for dif-
fusion is higher. The particles are thus expected to be less mobile in the ice grid if a is
increased. This parameter is varied from the standard simulation in simulation 1 and 2 in
Table 4.3. For the standard a = 0.4, three desorption peaks can be seen in the top row, left
panel of Figure 4.5. The first is the multilayer desorption of methane at 35K. The second at
45K is the monolayer methane desorbing directly from the water ice. The third peak around
60K can be attributed to the creeping of the ice, which gradually allows methane particles to
come to the surface. For a = 0.2 (Simulation 1 from Table 4.3), the diffusion barrier is lower.
In this simulation, the multilayer desorption peak is stronger, while the monolayer peak is
not as visible. However, the total fraction of methane desorbed was comparable (57% vs.
50%), suggesting the lower diffusion barrier simply made it possible for most particles to
find a suitable desorption site before higher temperatures had been reached. For a = 0.6,
the diffusion barrier is higher. Only the multilayer and monolayer desorption peaks are
visible for this simulation; the creeping regime is not visible as the particles do not diffuse
enough to allow methane molecules to move to the surface from where they can evaporate.
No notable changes in the A/V ratio can be seen in the top row, right panel. Over the course
of these simulations, no changes in the structure of the ice can thus be concluded.

Deposition temperature

In Figure 4.5, second row, left panel, the methane desorption for three different formation
temperatures is shown. This is the standard simulation and simulation 3 and 4 in Table
4.3. For all three different formation temperatures, the same three peaks can be seen: the
multilayer desorption around 35K, monolayer desorption at 45K and a third attributed to
the creeping of the ice. For lower formation temperatures, these peaks become less pro-
nounced. This is explained by the fact that at higher formation temperatures, some of the
methane falling onto the ice crystal are placed at sites from which they can immediately
desorb. Some of the methane is thus released before the ice has finished forming. The ice
formed at 20K and 30K thus retains less methane during formation, and the desorption
peaks are less high as a result. No notable changes in the A/V ratio can be seen in the sec-
ond row, right panel. Over the course of these simulations, no changes in the structure of
the ice can thus be concluded.

Methane concentration

In Figure 4.5, third row, left panel, the methane desorption for three different heating rates
is shown. This is the standard simulation and simulation 5 and 6 in Table 4.3. Because
the size of the grid was constant, the ice naturally accretes more methane if the ratio is in-
creased. For this reason, the peaks during heating are also higher, as there is more methane
to be released. Qualitatively, the three different methane to water ratios show the same des-
orption peaks. However, a larger fraction of the noble gas material is released the higher the
noble gas to water ratio. As this ratio increases, more of the noble gas atoms are bound to
other noble gas atoms, rather than to water. Less of the noble gas thus remains trapped
in deeper layers of water ice. For the methane:water ratio of 1:1, the third row, right panel
shows a decrease in the A/V ratio during the multilayer and monolayer desorption peaks.
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Evidently, the ice which remains after the methane has desorbed is less porous than the
initial ice structure.

Heating rate

In Figure 4.5, fourth row, left panel, the methane desorption for three different formation
temperatures is shown. This is the standard simulation and simulation 7 and 8 in Table 4.3.
For the different heating rates, the desorption peaks are qualitatively comparable. In ad-
dition, for the different heating rates, around 50% of the initial methane is released during
heating. This is a useful finding, as will be discussed in section 5.2.3. Because the realistic
astrophysical heating rates are too low to be simulated, consideration must be given to the
effect of different heating rates. At this scale the influence of the heating rate is thus not
yet visible. No notable changes in the A/V ratio can be seen in the fourth row, right panel.
Over the course of these simulations, no changes in the structure of the ice can thus be
concluded.

Grid size

In Figure 4.5, bottom row, left panel, the methane desorption for three different grid sizes is
shown. This is the standard simulation and simulation 9 and 10 in Table 4.3. This parameter
was varied to ensure that simulating the ices on a relatively small physical scale does not
deviate too strongly from the realistic scale. As can be seen, the three desorption peaks
are qualitatively very similar. The peaks are higher for the larger grids. Since the methane
to water ratio was constant over these simulations, the larger grids have a larger number
of methane molecules to desorb. The fraction of methane remaining at the end of these
simulations is around 50% for each. This suggests that grid size does not influence the
simulations in such a way that the inferences of the simulations cannot be assumed to
hold to larger areas of ice. No notable changes in the A/V ratio can be seen in the bottom
row, right panel. Over the course of these simulations, no changes in the structure of the
ice can thus be concluded.

The results of these simulations replicate the desired desorption regimes. The approach
is stable for different sets of input parameters. In addition, the changes in the desorption
spectra as parameters are adjusted can be explained conceptually. This indicates the model
may be used for the behaviour of more complex gas mixtures.

4.2.2. Desorption mechanics

The second component of validation is testing of the desorption mechanics. In the model, a
species may be released if it is at the top layer of the ice. It could either have been deposited
there initially, or have moved through the ice by diffusion. How quickly the atom moves
through the ice, and thus becomes eligible for desorption, is dependent on the diffusion
factor a and its attempt rate or pre-exponential factor, v. Once it has reached the surface,
the probability of desorption depends on v as well as the binding energy E;. From the top
layer an atom may also move back into the ice if it is does not desorb rapidly enough. The
eventual TPD spectra, which are produced by tracking the number of evaporated atoms
of each species, are thus influenced by various input parameters. The binding energy and
pre-exponential factor parameters are sourced from results of experiments.



4.2. Validation 31

Codeposited Ar, water

The conditions in the Ar trapping experiments of Bar-Nun et al. [5] were used to recreate the
results in Figure 2.6. This figure is relabelled in Figure 4.6. These experiments revealed dis-
tinct regimes in which gases desorbs from amorphous water ice. Since these experiments
heated the ice up to ~200K, not all regimes are relevant for ices heated up to 130K. In par-
ticular, the release of Ar when water itself begins to desorb around 160K is not relevant for
this temperature range. For the purposes of this study, the Ar multilayer desorption and
the monolayer desorption are most relevant, since these are expected to peak at around
35K and 50K respectively. The experiment in question used a codeposited water mixture
saturated with Ar at a 1:1 ratio, heated at a rate of ~3K min~!. The results of this simu-
lation are shown in Figure 4.7. The total flux of evaporating Ar molecules has been split
into those desorbing from Ar ice directly (multilayer desorption) and those desorbing from
water (monolayer desorption).

The simulation results, shown in Figure 4.7, will be compared to the experimental re-
sults shown in Figure 4.6. The simulation was able to recreate the three key regimes of Ar
desorption at temperatures below 100K. The first is the multilayer desorption of pure Ar ice,
which begins shortly after deposition and peaks at 33K. It is labelled with an A in Figure 4.6
and 4.7. Ar atoms do not desorb from water ice at this temperature as they are too strongly
bound. The second regime, labelled B, of monolayer Ar ice desorbing from water is smaller
in absolute flux and has a broader peak between 45 and 47K. After these first two regimes,
around 20% of the initially deposited Ar remains in the ice. The third regime, labelled C, is
the creeping regime. This is not linked to a specific binding energy, but commences around
65K and declines as the remaining Ar in the ice is depleted. After this regime no Ar remains
in the ice. In the experimental work, this regime lasted to higher temperatures as there was
still Ar left in the ice. It is cautiously assumed that this regime would have continued had
there been more Ar in the simulations; the rapid depletion is attributed to the small num-
ber of Ar atoms. This issue of scale is discussed in Section 6.2. The regime labelled D is the
codesorption regime. This occurs simultaneously with the peak water flux. When the water
begins to evaporate from the ice, previously trapped Ar atoms may now be at the surface of
the ice, and able to desorb. The peak between the C and D regimes is due to the restructur-
ing of the ice to a crystalline structure. Since this will not be simulated, this regime will not
be discussed here. These labels of A, B, C and D will be used in the analysis of simulation
results. For clarity, they are again listed here:

(A) Multilayer desorption
(B) Monolayer desorption
(C) Release due to creeping of the ice

(D) Codesorption when water begins to evaporate

Over the course of this simulation, around 5% of the deposited water desorbs. As was
the case in the experiments of Bar-Nun et al. [5], the flux of water relative to Ar is limited
over this temperature range.

Codeposited Kr, water

To capture as many regimes as possible, ice with a thickness of ~ 30A of evenly mixed Kr
and water were deposited at 45K. As was done for the laboratory results, presented in Sec-
tion 3.4, the resulting TPD flux has been normalised with 1 taken as the peak water flux.
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Figure 4.6: Different regimes of argon release from amorphous water ice. Original figure by Bar-Nun et al. [5]

relabelled for the purpose of this study.
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The results are shown in Figure 4.9 and compared to the experimental results in Figure 4.8.
In the temperature range 45K-60K the monolayer desorption regime is visible, labelled B
consistent with previous regime labelling. As the water begins to desorb, a codesorption
regime of Kr is seen which peaks around 165K. Kr atoms which were previously trapped
in the water ice are now at the surface as the ice above them evaporates. This peak is la-
belled D. It is observed at a higher temperature than the 150K observed experimentally, as
described in Section 3.4. This is attributed to the fact that the desorption parameters used
(binding energy and pre-exponential factor) were translated from an observed zeroth or-
der process to the first order approach that is applied in this model. This slight deviation
is acceptable, as the water desorption temperature falls outside the temperature range of
interest for the applications discussed in Chapter 5. For the lower temperatures studied in
detail, the diffusion behaviour of the water molecules resemble observations sufficiently.

4.3. Summary

The numerical approach presented in this chapter has provided conceptual insights into
the enrichment of amorphous water ice as it is moved from <30K formation zones to tem-
peratures up to 100K. The agreement between desorption regimes observed in experiments
and in these simulations means the model can be applied with confidence to other gas
mixtures. These gas mixture with noble gases are introduced in the next chapter. The lim-
itations which have been partially identified in this Chapter will be discussed in Section
6.2.



Astrophysical Application

5.1. Introduction

In this chapter, the model is applied in the context of the formation of planetary atmo-
spheres. Icy grains forming at low (<30K) temperatures are simulated, and their composi-
tion is tracked during the heating which they would have undergone during their inward
drift. The atmospheres of the giant planets Jupiter, Saturn, Uranus and Neptune will be
studied. These planets consist of a small rocky core enveloped by a thick atmosphere of gas.
This gas envelope consists both of gases accreted directly from the protoplanetary disk, as
well as gases released from accreted solid material. The composition of this atmosphere
can thus provide insights into how the atmosphere formed, and from what materials. The
presence of noble gases in amorphous water ice will be simulated in this chapter. In Section
5.2 the parameters governing the different mechanisms driving the trapping and release of
gases in ices are determined. These are based on the expected physical conditions during
formation and heating of the icy grains, and the different measurements of release of noble
gases. Consideration is given to the potential deviation of these parameters from the real-
istic astrophysical conditions. Based on this, the simulations performed to study planetary
atmosphere composition is presented. In Section 5.3 the results of the simulations are pre-
sented in the form of desorption results as well as the enrichment ratios throughout the
heating process. The results and their astrophysical implications are discussed in Section
5.4. This chapter is summarised in section 5.6.

5.2, Simulation parameters

In this section the simulation parameters are derived based on expected astrophysical con-
ditions in the formation region of the ices, as well as during their inward drift. In order, the
ice thickness, abundances of different species in the gas phase and temperature conditions
will be discussed in the following subsections.

5.2.1. Ice thickness

In this section the possible ice thickness on a dusty grain will be computed. The proto-
planetary disk is considered to be a mix of dust grains and gas. The gas phase consists
predominantly of hydrogen H. Based on the work by Woitke et al. [4] displayed in Figure
2.5, the number density of H in the region of interest is ny; ~ 10'°. The mass ratio of gas to
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dust in the disk is approximately 100 [44]. A given spherical dust particle in the disk has a
mass M, of:

4
My = gﬂrgpd (5.1)

Where r is the grain radius and p is the dust density. The grain radius is taken to be
1 micron [44]. Assuming that H consitutes the bulk of the gas phase mass, the number
density of the dust grains in grains per cm? is then:
nymy

Ndust = N 2.7x10 1 (5.2)

The number of H,O vapour molecules available for this grain is then:

_ oM MHOwpour o g0 (5.3)

Ndust "H,0,ice T PH,0,vapour

where fp,0 is the number fraction of water in the disk reported in Table 2.1, and the
second term is the fraction of H,O in vapour form, with a value of ~ 10~ % based on Figure
2.5 [4].

The number of available binding sites b on the dust grain is the surface area of the grain
divided by the surface area occupied by each binding site:

Amrr?
p—

(5.4)
$2

where s ~ 3A is the distance between binding sites. Assuming all of the available water
molecules accrete onto the grain, the thickness Z in layers of ice is:

Nu,0
b

Assuming that the thickness of each layer is 3A, this is an ice thickness of approximately
80A. This value could be higher due to the influence of the mechanism discussed in Section
2.2.3, as the ice thickness scales with the number of available water molecules. A higher
abundance of water vapour and thus thicker ice will also be considered in the discussion of
the next sections.

For clarity, the following values are assumed:

J =

~ 27 (5.5)

Variable Value Source
r lpum [44]

0d 25gcm™>  [44]
Pg/Pad 100 [44]
fi0 578 x10°%  [11]
NH,0,vapour 1070 cm™3 (4]
NH,0,ice 1074 ecm™3  [4]

s 3A [44]

Table 5.1: Values used to derive the ice thickness.
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It is noted that the potential accretion of other abundant species, most notably CO, is
disregarded in this calculation. CO is able to accrete at temperatures below 30K, so when
the icy grains drift, CO sublimates. CO has an abundance comparable to H,O. The presence
of CO in an ice could lead to both a thicker ice as well as different desorption mechanics,
since noble gases interact differently with a CO-enriched ice. However, the lack of appli-
cable laboratory data means noble gas-CO interactions cannot be simulated at this point.
This limitation is discussed in detail in Section 6.3.2.

5.2.2. Species ratios

Based on the work of Bar Nun et al. [5][45], the molar abundance of H,O in an amorphous
ice would be at least as large as the Ar itself, as atleast one HO molecule is required to trap
an Ar atom. A HyO:Ar ratio higher than 100:1 is unlikely given their gas phase abundances
(see also Table 2.1). The H,O:Ar range considered is thus from 1 to 100. A numerical limi-
tation presents itself in achieving the realistic astrophysical ratio between Ar and the other
noble gases Kr and Xe. The ratio Ar:Kr and Ar:Xe is of order 10° and 10* respectively, as
can be seen in Table 2.1. Considering that the number of particles which can be feasibly
simulated is of the order 104, these ratios cannot be achieved numerically. However, the
interest of this study is to determine the fraction that desorbs of each species, rather than
the absolute amount. For that reason, a 1:1:1 Ar:Kr:Xe ratio is used in all simulations, so
that the fraction of each species desorbed can be simulated.

The enrichment factors presented in Figure 2.3 [11] are relative to the abundance of
each species in the Sun. In the accretion planetary model, the absolute abundance of
species in Jupiter was determined by both pebble and gas-phase accretion mechanisms.
The absolute abundance of the species in icy grains is thus not as relevant, as the final
mass of material has been assembled through different means. As highlighted in Figure
2.3, the abundance of the species relative to each other, that is the ratio of their enrichment
factors, is a better indicator of the delivery mechanisms responsible for the enrichment. As
explained above, for computational reasons we use a 1:1:1 Ar:Kr:Xe ratio in the gas phase
from which the grains accrete. To assess the consistency of results with the Galileo probe
measurements, the enrichment of the grain relative to the gas phase abundances is com-
puted. When referring to the Ar/Kr (or Ar/Xe, equivalently) ratio when presenting results
or in discussion, this ratio is written:

n n
Ar/Kr= <—Ar) / (—Ar> (5.6)
Ny / Grain nxr/ Gas

Where n; is the number of atoms of species i. For the 1:1 ratio used in the gas phase, the de-
nominator of Equation 5.6 is 1. The Ar/Kr or Ar/Xe ratio is thus the ratio of the enrichment
factors of these species. This same methodology was used to derive the ratios presented
in Figure 2.3. The denominator in the astrophysical case is of the order 103-10* for Ar/Kr
and Ar/Xe. For the rest of this work, the ratios simulated will be referred to by 1:1, 10:1 and
100:1. These ratios refer to a gas-phase abundance of H,O:Ar:Kr:Xe of 1:1:1:1, 10:1:1:1, and
100:1:1:1 respectively.

5.2.3. Temperature conditions

Tanigawa et al. propose a temperature profile of T(r) ~ 280/4/r in the protoplanetary disk,
where r is expressed in AU [46]. Based on current position, this equates to a temperature of
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123K for Jupiter, 93K for Saturn, 64K for Uranus and 51K for Neptune. The upper limit of the
relevant temperature range is thus around 150K. Ar accretes onto a grain at temperatures
not exceeding 30K; at higher temperatures the Ar will desorb before a trapping layer of ice
can form on top of it. Accretion temperatures below 30K are thus considered.

The heating rate of the icy grains in the present scenario is around 100K over a period
of 103-10% years, or 0.1K per year at most. Simulating this length of time is not feasible due
to computational constraints. As an indication, the heating of a grain to 150K at a rate of
0.3K per minute takes several days to simulate. In our simulations, the lowest heating rate
used is 0.3K per minute.

The regime of gas desorption which was observed from 80K to 130K in Figure 2.6 is the
result of the gradual creeping of the ice which sporadically opens up gaps for the trapped
species to desorb from. By using a higher heating rate, the time allocated to this regime is
by extent lower. The amount of noble gas species desorbing is thus limited compared to the
astrophysical case. This regime is more duration dependent than the desorption of multi-
layer and monolayer desorption, since the timescale for a particle to desorb is the inverse
of the desorption rate presented in Equation 4.5. This timescale is several orders of magni-
tude smaller than the simulation timescale. Even for the higher heating rates considered,
the noble gas atoms have sufficient time to desorb from the mono- and multilayer regime.
The multilayer and monolayer regimes are thus covered adequately, even for the higher
heating rates used in simulation. From Figure 2.6 it can also be inferred that the total gas
released in the creeping regime is several orders of magnitude smaller than the gas released
in the pure and monolayer desorption regime at lower temperatures. Indeed, subsequent
work by Bar-Nun et al. [45] revealed that the total Ar gas released by the multi- and mono-
layer desorption regimes was a factor 10> larger than the gas released by the creeping of
the ice, for an evenly mixed water-Ar ice. For a more complex gas-water mixture, this factor
was 10, Both results indicate that the dominant desorption regimes which determine the
final composition of the icy grain are those of multilayer and monolayer desorption.

It is noted that these experiments were conducted with heating rates comparable to
those simulated in this work. The expected effect of using a lower heating rate is discussed
in Section 5.4.1. Specifically, the amount of noble gas released during this creeping regime
will be compared for different heating rates and will be extrapolated to the amount of ma-
terial released in the realistic astrophysical scenario.

5.3. Results

Based on the derivations in previous sections, the simulations conducted to study the en-
richment patterns in different formation and heating conditions are summarised in Table
5.2. In our simulations, ices are warmed up until a temperature of 150K in order to mimic
the temperature at Jupiter. All these simulations used an ice thickness of 754, and a grid size
of 100x100 points. As indicated, the results will be displayed in three different sets, where
one variable is adjusted in each set. The variables adjusted are the deposition temperature
T,, the water to noble gas ratio r and the heating rate h. The fraction of the initially trapped
noble gas material remaining after heating to 150K, F is shown in the rightmost column of
the table.

The first set of figures used to analyse the results will now be briefly introduced. These
figures will also be referred to in Section 5.4.

The first interpretation of the data is by computing the Ar/Kr and Ar/Xe ratios from de-
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Figure 5.1: Evolution of the noble gas ratios as different ice samples are heated. Each row shows the results of
adjusting one input parameter, as listed in Table 5.2. Top row: formation temperature [K], second row: water
to noble gas ratio r, third row: heating rate i [K min—!].
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Figure 5.2: Noble gas ratios upon formation, at 50K (approximate temperature of Neptune formation) and
at 130K (approximate temperature of Jupiter formation) for different ice formation temperatures. The values
measured by Galileo on Jupiter is shown as a dotted line.
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Table 5.2: List of simulations conducted to study planetary enrichment signatures.

Simulation T,; K] r h [Kmin~!] F

1 20 10 3 54%
2 25 10 3 21%
3 26 10 3 44%
4 27 10 3 20%
5 28 10 3 20%
6 29 10 3 32%
7 30 10 3 28%
8 20 1 3 41%
9 20 100 3 35%
10 20 10 0.3 30%
11 20 10 30 28%

position to the final temperature of 150K, shown in Figure 5.1. This is done for most of
the simulations listed in Table 5.2. Simulations 1, 2 and 7 compare the different deposition
temperatures T, in the top row of Figure 5.1. For formation temperatures of 20K and 25K,
all noble gas atoms stick to the ice. The initial Ar/Kr and Ar/Xe ratios are thus approximately
equal to the ratios of the thermal velocities (1.45 and 1.81 respectively). This indicates the
accretion process works as intended. As the formation temperature approaches 30K, some
of the Ar already desorbs during formation, and both ratios are lower (<0.5) initially. For
T, = 20K and T,; = 25K, the Ar/Kr and Ar/Xe ratio is observed to decrease as the ice is
heated. The minimum Ar/Kr occurs around 35K. At this temperature, the multilayer Ar has
desorbed while both the multi- and monolayer Kr is still in the ice. As the Kr also begins to
desorb around 35K, the Ar/Kr ratio returns to its initial value. The minimum Ar/Xe occurs
around 50K. At this temperature, the multi- and monolayer of Ar has desorbed while both
the multi- and monolayer Kr is still in the ice. As the Xe also begins to desorb around 50K,
the Ar/Xe returns to its initial value. Because both ratios return to their initial values indi-
cate that a comparable fraction of each noble gas species desorbed from the ice during the
heating process.

Simulations 1, 8 and 9 to compare different water to noble gas ratios r in the second
row of Figure 5.1. The deposition temperature for all these simulations was T,; = 20K. The
initial Ar/Kr and Ar/Xe ratios are approximately equal to the ratios of their thermal veloc-
ities, as was also observed for T; = 20K in the top row of Figure 5.1. The same minima of
Ar/Kr and Ar/Xe at 35K and 50K respectively discussed for these results are also observed
for the different r values used. The minima is more pronounced for a lower value of r. Alow
value r equates to a larger portion of the ice consisting of noble gas atoms. The noble gas
atoms in deeper layers of the ice are thus less thoroughly trapped by water molecules, and
can more easily desorb. A larger absolute amount of Ar desorbs between 30K and 50K for a
lower r, but this is mirrored by a larger absolute amount of Kr and Xe desorbing at higher
temperatures. The final ratios are thus comparable to their initial values, for both r = 1 and
r = 10. For r = 100, the final Ar/Kr and Ar/Xe ratios are higher. In this simulation, relatively
more Kr and Xe atoms desorbed. The number of noble gas atoms of each species simulated
was of order 10%. As a consequence, the resultant Ar/Kr and Ar/Xe ratios can change signif-
icantly with the desorption of each noble gas atom. The result of a single high r simulation
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is not expected to provide binding indications of the final ice composition. This result is
thus attributed not to a physical process, but rather to computational constraints.

Simulation 1, 10 and 11 to compare different heating rates h in the bottom row of Figure
5.1. The initial and final Ar/Kr and Ar/Xe ratios are comparable for all the heating rates
considered. The minima of these ratios around 35K and at 50K are also observed for all the
different heating rates. For the highest heating rate & = 30 K min~!, these minima occur
at a slightly higher temperature. This can be explained conceptually as follows. For a high
heating rate, the noble gas atoms have less time to desorb in each temperature step, as less
time is spent in this step before the temperature is increased. The minima are thus 'delayed’
until a later time, and by extent a higher temperature.

The Ar/Kr and Ar/Xe ratios show a notable dip around 50K for ices accreted at 20-25K.
To visualise this decrease, the ratios are shown at different temperatures in the simulation
in Figure 5.2. This is done for each of the formation temperatures considered, shown on the
horizontal axis. The ice thickness and heating rate of each of these simulations was 75A and
3 K min~! respectively. The ratios at the formation temperature are shown in blue. Below
25K, all noble gas atoms stick to the ice. The Ar/Kr and Ar/Xe ratios are thus approximately
equal to the ratios of the thermal velocities. As the formation temperature approaches 30K,
some of the Ar already desorbs during formation, and both ratios decrease as a result. The
ratios at 50K are shown in violet. Between 30K and 50K some of the Ar has desorbed, while
some of the Kr, and most of the Xe is still in the ice. The Ar/Xe in particular is thus lower.
The ratios at 130K are shown in yellow. At this temperature, Kr and Xe has also desorbed
from the ice. The ratios are thus comparable to their initial values.

5.4. Extension to solar system conditions

In this section, the results will be discussed from an astrophysical perspective. This section
is structured as follows. First, the effect of the heating rate on the desorption is studied in
Section 5.4.1. As discussed in Section 5.2.3, the heating rate used in simulations is lower
than the astrophysical heating rates. The effect of this deviation is discussed. Next, the
effect of ice thickness on the ice composition during heating is studied in Section 5.4.2.
Then, based on Figure 5.1, two temperature ranges will be discussed. The first is the com-
position ratios at a temperature of 130K, at which Jupiter is located. The implications for
Jupiter are presented in Section 5.4.3. The Ar/Kr and Ar/Xe ratios can be compared to the
Galileo probe measurements. This provides insight into the conditions the ices that en-
riched Jupiter formed. Based on the results for different ice properties, an estimate is made
of the ice mass needed to yield the current Jupiter enrichment. In Section 5.4.4, a second
temperature range from 50K to 100K is discussed. This range is relevant to the planets Sat-
urn, Uranus and Neptune. As can be seen in Figure 5.1, the Ar/Kr and Ar/Xe ratios may vary
at lower temperatures which could lead to different atmospheric signatures on Neptune in
particular.

5.4.1. Heating rate

In this section, consideration is given to the effect of the use of a relatively high heating
rate. As discussed in Section 5.2.3, the potential effect of the creeping regime is diminished
when it occurs over a shorter time period. To adjust for this effect we consider the sim-
ulated release of noble gas during this regime specifically, between 80K and 130K. These
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limits are the point at which the monolayer desorption of all the noble gas species (namely
Xe) has taken place, and the temperature at which Jupiter is located. For a heating rate of
0.3, 3 and 30K per minute, the number of noble gas atoms c released in the creeping regime
is respectively 8, 3 and 0. These data points are visualised below in Figure 5.8. Several rela-
tions between heating rate h and c can be justified. For the purposes of this work, it must
be reasonably concluded that using a heating rate lower than the astrophysical case does
not invalidate the conclusions drawn from the simulation results. More specifically, the
amount of particles expected to desorb from the ice in the creeping regime in the astro-
physical case should not be so large as to fully deplete the ice of its noble gas.

In Figure 5.3, the amount of particles ¢ desorbed in the creeping regime is shown for
different heating rates. This refers to Simulation 1, 10 and 11 in Table 5.2.

10
—— Fitted trendline

= Simulation results

0 L] L] L
10°1 10° 10! 10
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Figure 5.3: Evaluation of the effect of the heating rate 4 in K min~! on the number of particles desorbed in
the creeping regime c.

A trend of form ¢ = A+ Blog(h) is evaluated here. This equates to the number of par-
ticles ¢ desorbing in the regime increasing by an amount B for every factor 10 decrease in
h. This is justified as follows. Desorption during the creeping regime is the result of noble
gas atoms reaching the surface through diffusion. Recalling that the diffusion rate ~ v from
Equation 4.2, it is argued that a factor 10 decrease in h gives the noble gas atoms a factor
10 more time to diffuse through the ice. Since the direction of diffusion can be seen as a
random walk across the grid, an increase in duration makes it more likely that noble gas
atom deeper in the ice reach the surface. Based on the simulation results, it is thus inferred
that a factor 10 decrease in h allows B more noble gas atoms to reach the surface.

The function is fitted using the intersection with the c¢ axis as reference. That is, for
h=30Kmin™!, ¢c=0.

A= —Blog(30) — ¢ = B(log(h) —1og(30)) (5.7)

A least-squares fit of Equation 5.7 to the datapoints yields B = 3.8. The expression for ¢
is then:
¢ =5.6—3.8log(h/30) (5.8)
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Evaluating Equation 5.8 for heating rates of 0.1 to 0.01K per year yields that ~ 30 — 35 atoms
would have been released in this regime in for the expected astrophysical heating rates.
This is considering an ice thickness of 75A. These absolute values are expected to apply
both to the ice thickness simulated and thicker ices, as the creeping affects mostly the
atoms near the surface of the ice. Given that the initial number of trapped noble gas atoms
in the ice is of order 103, the effect of the lower heating rate is thus acceptable.

The conclusions regarding the effect of the heating rate are thus twofold. First, the num-
ber of particles released in the creeping regime increases as the heating rate decreases. Sec-
ond, the identified trend suggests that at the realistic astrophysical heating rates, the num-
ber of particles desorbed in the regime is significantly smaller than the number of noble
gas molecules initially deposited in the ice.

5.4.2. Ice thickness

For both scientific and computational purposes the effect of a thicker ice on the desorption
of noble gas is reviewed. To reduce the computational load, simulations are only performed
with ice thicknesses of up to ~ 250A. However, the actual ice could be thicker depending on
the budget of water vapour, as is explained in Section 5.2.1. A larger fraction of the trapped
material is expected to be released from a thin ice, as the probability of a trapped atom
coming to the surface is higher. This distinction is visualised in Figure 5.4. Extrapolating
the results of thin ice simulations to thicker ices is done as follows.

Few grains, thick ice Many grains, thin ice

Top ice layers

- Deeper ice layers :

Figure 5.4: Different cases of particle size and ice thickness .

Suppose it is measured that from unit of thickness a fraction a of the initially deposited
species desorbs. Then if two of those units were stacked, we would expect this same frac-
tion a to desorb from the top unit, while a fraction fa diffuses upward into the first unit.
B is a scaling factor to be determined based on simulation results. Of this diffused mate-
rial, a fraction Sa would then also desorb. In other words, a fraction (Sa)? of the material
contained in the second unit desorbs. Suppose 7 units are stacked on top of each other. By
the same reasoning a fraction of (fa)” would desorb from the nth unit if stacked on top of
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each other. Assuming each of the n units contains 1/n of the initially deposited species, the
total fraction desorbed F is then:

F = % <a+ Z(ﬁa)’) = % (a—i— Z_: (ﬁd)i — (,5“)0 —(Ba) + (:5“)”) (5.9)

Assuming fia < 1, a standard summation may be applied to the right hand side:

F=l <a+ﬂ—1—ﬁa+(ﬁa)"> = % <a+ (ﬁ“)z_(ﬁ@m) (5.10)

n 1—Ba 1—Ba

The parameter f is derived by fitting to a set of results. To derive an indicative value of
B, a 1:10 Ar:H, O mixture was deposited for a thickness of 1, 5 and 10 units. A unit in these
simulations is equivalent to ~ 25A of ice thickness. After the pure ice desorption peak at
around 30K, around 33% of the Ar has desorbed from the 1 unit thick ice, which provides
the value of a. The parameter f is computed using a least-squares fit of the results for 5
units (12.1%) and 10 units (5.8%). The optimal S value is approximately 1.2. The fitted
function and the simulation results are shown below.
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Figure 5.5: Fraction of Ar desorbed F as a function of the numbers of layers n, fitted with a least-squares fit.

The simulations will be performed with ice thickness of 75A, whereas the ice could also
be thicker, as is discussed in Section 5.2.1. The above methodology allows the simulation
results to be applied to such scenarios.

The Ar/Kr and Ar/Xe ratios at a temperature of 50K are relevant for the planetary appli-
cations discussed in Section 5.4.4. In Figure 5.6, the extrapolated ratios at 50K are shown
for thicker ices of 750A, 3000A and 6000A. The simulated results of 75A are shown, as well as
the ratios at formation. As the thickness increases, the ratios approach their initial values,
since desorption occurs mostly from the top layers of the ice. For a thin ice, this desorption
thus has a larger effect on the average composition of the ice during heating.
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Figure 5.6: Noble gas ratios at 50K for the simulated 75A ice (red line). The initial composition is shown by
the blue line. The composition of thicker ices at 50K is extrapolated and shown with dashed lines. The values
measured by Galileo on Jupiter is shown as a dotted line.
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5.4.3. Jupiter

Atmospheric noble gas signatures

In terms of the enrichment of Jupiter, various ice formation conditions are consistent with
the Ar/Kr and Ar/Xe ratio of 1.26 and 1.29 respectively measured by Galileo. At different
formation temperatures, the accretion and desorption rates of each species differ. The ac-
cretion rate scales with /T for all species, but the mass dependence of the thermal velocity
by /m means the accretion rate of Ar to Kr and Ar to Xe is 1.45 and 1.81 respectively.

At temperatures below 25K, none of the species readily desorb from the ice. The Ar/Kr
and Ar/Xe enrichment ratios are thus near equal to the ratio of their thermal velocities.
Ar begins to readily desorb from the ice during formation as the formation temperature
approaches 30K. the Ar/Kr and Ar/Xe thus decreases, as can also be seen in the blue line in
Figure 5.2.

The ratios measured on Jupiter correspond to a formation temperature of 25K-27K, as
can be inferred from Figure 5.2. The ratios during heating for a formation temperature of
25K and 27K is shown in more detail in Figure 5.7. At the Jupiter temperature, the Galileo
measurement for both ratios sits between what was observed in these two simulations. The
formation of the ices is expected to have occurred in a region spanning a temperature range
of 25K to 30K. The possibility of a wider temperature range cannot be dismissed. If the ma-
terial was sourced from both low temperature regions, where Ar/Xe~1.8 and higher (above
30K) temperatures, where Ar/Xe< 1, the average composition of the reservoir can still be
consistent with the Galileo measurements. The thickness of the ice does not influence the
conclusions drawn for Jupiter. The enrichment ratios are representative of the equilibrium
between the accretion and desorption processes of each species during formation. As the
rates of these processes are constant during the formation of the ice, the enrichment ratios
of the ice are constant during the formation process.

From the results of simulations 1, 10 and 11 listed in Table 5.2, no apparent relation
between the heating rate & and the fraction of material retained F can be deduced. The
conclusions are thus assumed to hold for different heating rates. In addition, the creeping
regime discussed in detail in Section 5.4.1 is not expected to influence the final enrichment
ratios of the ice. The reason for this is that in the creeping regime, the desorption rate is
comparable between the noble gas species. Any noble gas atoms that reach the surface of
the ice in this temperature range immediately desorbs. Since this regime is driven by the
diffusion of water molecules, there is no preference for the release of any particular noble
gas species. The relative final abundances of the different noble gases is thus not expected
to be impacted by a lower heating rate, and by extent a more prominent creeping regime.

Mass needed for enrichment
As is summarised in Table 5.2, less than 50% of the initially accreted noble gas material is
released up to the expected Jupiter temperature of 130K for an ice thickness of 75A. This
implies that if the ice that delivered the noble gases to Jupiter behaved similarly, the initial
accreted noble gas mass was more than a factor 2 as much as is found on Jupiter now.
Jupiter consists predominantly of hydrogen and helium, with those two elements ac-
counting for 75% and 24% of its mass respectively. The total amount of hydrogen by weight
is approximately 1.9 x 10?7 kg, which translates to 1.9 x 103° mol of H atoms.
Mahaffy et al. [26] reported an Ar abundance of 9.10 x 10~% atoms per H atom on Jupiter,
compared to 2.75 x 1079 in the solar nebula. The Ar enrichment of Jupiter is thus approx-
imately 1 Ar atom per 157 x 10° H atoms. Jupiter thus carries an excess 1.2 x 10?° mol of
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Ar, which at a mass of 40 g per mol equates to 4.821 x 10?3 kg or 0.08/mg of Ar. Exam-
ining Table 2.1, it can be seen that in the solar nebula, the molar ratio Ar/Kr~ 2 x 10° and
Ar/Xe~ 2 x 10*. The Ar:Kr:Xe ratio can thus be approximated by 2 x 10* : 10 : 1. If the enrich-
ment is uniform, the enrichment in terms of number of moles of Kr and Xe is thus smaller
by this factor. In the rest of this analysis, we disregard the mass contribution of Kr and Xe,
by invoking the approximation:

(2 x 10*) ma; + 10my + mxe ~ (2 x 10*) M, (5.11)

Where m; is the molar mass of species i. The water needed to trap the noble gases,
with a molar weight of 18 g, does however contribute to the mass of material needed. The
molar abundance of H,O would be at least as large as that of Ar. An H,O:Ar ratio of 1:1, 10:1
and 100:1 increases the mass of the delivered material to 0.11, 0.44 and 3.70mg respec-
tively. A higher H,O:Ar is considered unlikely given the abundances presented in Table
2.1. For the ice thickness simulated, the initial mass is thus between 0.53mg and 8.31mg
for a gas:water ratio of 1:1 and 100:1 respectively. Using the derivations of Section 5.4.2,
a thicker ice of 6000A would release significantly less of the initially trapped noble gas, as
is summarised below in Table 5.3. This thus reduces the initial mass required, to between
0.13mg and 3.82mg for an H,O:Ar ratio of 1:1 and 10:1 respectively. The mass required for
a combination of thinner and thicker ices would naturally fall in these two ranges. The ice
masses computed are summarised in Table 5.3. Along the top row the different water to no-
ble gas ratios considered are shown. The mass required for each ratio, assuming no noble
gas desorbs from the ice between formation and deposition, is shown in the second row.
Using the simulations results, the mass needed for an ice thickness of 75A is shown in the
third row. The masses computed for 7504, 3000A and 60004 are computed by extropolating
what fraction of the noble gas would be desorbed for this thickness, using the methodology
of Section 5.4.2. For a given HyO:Ar ratio, the mass required decreases for a higher average
ice thickness. For a thicker ice, relatively less of the initially trapped noble gas desorbs, and
a lower mass is thus required to provide the Jupiter enrichment. The masses computed
are consistent with pebble accretion scenarios, which suggest the accretion of 1 to 10 Earth
masses of pebbles [30]. The mass required for the amorphous ice delivery mechanism to
deliver the measured enrichment cannot be higher than this upper limit of 10 mg. Only in
the case of a thin ice and a high water to Ar ratio does the suggested mass approach this up-
per limit. Most scenarios presented in Table 5.3 suggest the measured Jupiter enrichment
could have been delivered by less than 1mg of amorphous water ice.

The effect of the heating rate is not considered in this analysis. The reasoning for this is
as follows. As discussed in Section 5.4.1, the lower heating rate in the astrophysical scenario
is expected to affect the creeping regime in particular. In the same section an estimate was
made of the number of particles that would desorb in this regime for a realistic astrophys-
ical heating rate. This number was of the order 102, while the total number of noble gas
atoms initially trapped in the ice was of the order 10*. The desorption during the creep-
ing regime does not have a substantial effect on the noble gas abundance in the ice. This
can also be inferred from the experimental results shown in Figure 4.6, which shows the
desorption flux in the creeping regime is several orders of magnitude smaller than the des-
orption flux of the multi- and monolayer regimes. The masses presented in Table 5.3 are
thus not adjusted for the potential effect of a lower heating rate.
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Figure 5.7: Evolution of the Ar/Kr (top) and Ar/Xe (bottom) ratio during heating of an ice formed at 25K (red
line) and 27K (blue line). The formation temperatures of Neptune, Uranus, Saturn and Jupiter are indicated.
The Galileo probe measurement at Jupiter is circled in green.
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Table 5.3: Computed mass (in mg) of icy material needed for the observed Jupiter enrichment, for different
water abundances and average ice thicknesses, in mg.

Ratio H,O:Ar 1:1 10:1 100:1
Mass required (no desorption, 011 0.44 3.70
me)

75A (simulated) 0.53 0.95 8.31
750A 0.48 0.54 6.70
3000A 0.15 0.46 3.95
6000A 0.13 0.45 3.82

5.4.4. Saturn, Uranus and Neptune

Atmospheric noble gas signatures

As the temperature of the ice increases, Ar is first to desorb, followed by Kr and Xe. This
order applies to all the ices, regardless of formation temperature or heating rate. In the low
temperature range up to 50K, the ice is thus depleted of Ar compared to its initial compo-
sition. At 50K both multilayer Ar ice as well as monolayer of Ar on the water crystal has
desorbed, while Kr and Xe remain frozen. This leads to the distinct dip in Ar/Kr and Ar/Xe
as can be seen in Figure 5.1.

The feature is highlighted in more detail in Figure 5.2, where the Ar/Kr and Ar/Xe ratio
at 50K is compared to the initial ratio and the ratio upon reaching Jupiter temperature. The
initial ratios (blue line) obtained when ices form between 20K and 30K are compared to
the ratio obtained when the ices are heated up to 50K (violet line) and up to 130K (yellow
line). For Saturn, which was located at a temperature of ~100K, the dip in Ar/Kr and Ar/Xe
is not relevant. The atmospheric Ar/Kr and Ar/Xe signatures on Saturn are expected to be
comparable to those measured on Jupiter. For the ice giants, and Neptune in particular,
different atmospheric signatures could be expected, as is shown in Figure 5.7.

Figure 5.7 shows the temperature of the giant planets. The top and bottom panel re-
spectively show the Ar/Kr and Ar/Xe during the heating that icy pebbles experience during
their drift in the solar system after forming in cold regions (shown in the blue box on the
top left). The highlighted results are of Simulation 2 and 4 in Table 5.2, which used a depo-
sition temperature of 25K and 27K respectively. For the Neptune temperature of 50K [46],
simulations show that the Ar/Xe ratio could be as low as 0.7 compared to the 1.3 observed
on Jupiter. In that same simulation the Ar/Kr ratio is around 0.8 at 50K. This Ar depletion
is not as apparent for Uranus. The atmospheric signatures in Saturn are expected to be the
same as that of Jupiter. Its temperature around 100K is higher than the 80K up to which the
ratios undergo notable change.

Effect of ice thickness
The inferences of the previous section apply to the ices simulated. The actual thickness of
the ice could have been higher than what was simulated, as is discussed in Section 5.2.1.
For thicker ices, the higher volatility of Ar would have less effect on the bulk composition
of the ice. This is because for a thick ice, atoms trapped in deeper layers of the ice have a
smaller chance of reaching the surface from where they can desorb. This distinction was
visualised in Figure 5.4, which shows the cases of few particles with thick ice and many
particles with thinner ices.

The volatile species desorb primarily from the top layers of the ice. For a thin ice, this
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Figure 5.8: Evolution of the Ar/Xe ratio during heating of an ice formed at 25K (red line) and 27K (blue line).
The evolution is compared to the initial ratio, shown as a dashed line. The grey arrows indicate the dampening
of the features as the ice thickness is increased.

desorption thus has a larger effect on the average composition of the ice. For a thick ice, the
average composition is affected less. This is visualised in Figure 5.6, where the Ar/Kr and
Ar/Xe ratio are extrapolated for different ice thicknesses. As the thickness increases, the
ratios approach their initial values at formation. The atmospheric signatures on Neptune
and Uranus are thus expected to be comparable to their initial ratios for thicker ices. To
illustrate this, the Ar/Xe ratio shown in Figure 5.6 is compared to the initial ratio in Figure
5.8. The initial ratio is shown as a dashed line. If the ice thickness is increased, the Ar/Xe
will be roughly constant during the heating. The dashed line is thus indicative of the limit
of an 'infinitely thick’ ice, the composition of which would be unaffected by the heating
process. The dampening of the Ar/Xe dip as the thickness is increased is shown by the grey
arrows. The same dampening of features is expected for the Ar/Kr ratio. The enrichment
signatures of planetary atmospheres thus depends not only on how much enriched ice was
accreted by the planet, but also how thick the ice was on average.

5.5. Contribution to body of knowledge

In this section, the findings of our simulation results will be compared to previous works
on amorphous water ice as an enrichment mechanism. The atmospheric composition of
Uranus and Neptune is an active field of study. A lack of in-situ measurements means the
atmospheric composition of these planets remains largely unknown, but have been pro-
posed as a priority for future missions [47][8].

In Figure 5.9, the expected enrichment pattern delivered to Uranus and Neptune by
amorphous water ice is compared for other mechanisms, as reported by Atreya et al. [3].
The amorphous water ice enrichment pattern in the pebble accretion model is shown by
the red line. Amorphous ice is suggested to deliver a uniform enrichment of the noble gas
species listed on the horizontal axis. This pattern is based on the assumption the uniform
capture of the species listed. This requires an ice formation temperature of <30K [29], as
was also considered in the present work. The results presented in Section 5.4 showed that
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Figure 5.9: Enrichment patterns expected for different delivery mechanisms. Original figure by Atreya et al.
[8]; purple enrichment pattern has been added based on the findings of this work.

the noble gas signatures can be non-uniform. The different accretion rates of the different
species means the initial Ar/Kr and Ar/Xe will be roughly equal to the ratio of their thermal
velocities (1.45 and 1.81, respectively) for formation temperatures <25K, as was shown in
Figure 5.2. In addition, the enrichment patterns can change during the heating which the
ice would undergo during inward drift. In particular, Ar desorbs readily from the ices in the
30K to 50K temperature range, while Kr and Xe are less volatile. The change in the ratios
during heating is highlighted in Figure 5.7. A notable highlight is the possible Ar/Xe ratio of
0.7 at a temperature of 50K. An indicative atmospheric signature provided by amorphous
water ice based on the results of the present work is shown in purple. This is representative
of the ice with formation temperature 27K heated to 50K, the results of which are shown in,
among others, Figure 5.8. The enrichment ratios Ar/Kr and Ar/Xe of 0.7 and 0.8 respectively
(and by extent, Kr/Xe of ~ 0.9) are applied to the absolute enrichment of Xe proposed in
the original figure. As can be seen, this enrichment pattern differs from the uniform com-
position currently expected from amorphous water ice.

An Ar/Xe ratio <1 is also expected for the clathrate delivery mechanism, as shown by
the blue line in Figure 5.9. Ar is trapped less effectively in clathrates than Kr and Xe [48],
and would thus be underrepresented by this mechanism. The stability of clathrates in PSN
is, however, still a topic of debate. In these environments molecular diffusion is near-zero
preventing the formation of cage structures. Until recently there was no report of clathrate
existence in conditions of relevance to space [49]. However, it has since been argued that
the detection of infrared patterns attributed to clathrates could also be attributed to amor-
phous water ice [50]. Clathrates would also have delivered a water enrichment to the plan-
ets, which translates to an excess of oxygen (O) in their atmospheres. This water enrich-
ment was not explicitly addressed in this work. Also not studied in this work is the enrich-
ment patterns of Carbon (C/CO) and Nitrogen (N). The volatility of these species in the
temperature ranges simulated suggest these species could also leave distinct signatures in
planetary atmospheres. This is discussed in more detail in Section 6.3.2.

The present work has highlighted the non-uniformity and temperature-dependency
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of the noble gas enrichment patterns that amorphous water ice could have delivered to
the gas giant planets. This is an addition to current understanding, which simplifies the
formation and desorption processes that affect the composition of amorphous ice in the
protoplanetary disk. Our results have shown that the enrichment signatures delivered by
amorphous water ice are dependent on a variety of factors. The formation temperature
determines how much of each noble gas is trapped initially. The average ice thickness in-
fluences how much of the trapped noble gas desorbs during heating, and by extent the ice
composition’s sensitivity to this heating. The temperature to which the ice is heated, par-
ticularly in the 30K to 50K temperature range, can alter the Ar/Kr and Ar/Xe atmospheric
signatures deposited in the planets. These observations must be taken into consideration
in the review of eventual probe measurements of Uranus or Neptune.

5.6. Summary

In this chapter, a Monte Carlo approach has been applied to the simulation of amorphous
water ice. The results showed consistency with the measured Galileo probe findings, sug-
gesting a low temperature origin of the amorphous water ice that could have enriched
Jupiter. The results were then applied to other giant gas planets. The scientific conclusions
from these findings are summarised below.

Under several formation conditions, the simulations replicate the Ar/Kr and Ar/Xe ra-
tios measured by the Galileo probe. A formation temperature between 25K and 27K best
fits the Jupiter results. In this temperature range, virtually all the Kr and Xe accreted by the
ice is retained, while some of the Ar desorbs before it can be trapped.

As the ice is heated to the temperatures at which Jupiter is located (~ 130K), the noble
gases may desorb from the ice. Desorption occurs largely from the top layers of the ice.
The composition of the deeper layers of the ice is not affected by the heating. For thicker
ices, the effect of heating on the composition of the ice is thus less. For thicker ices, the
initial composition of the ice is roughly maintained over the course of heating. Because a
comparable fraction of each species desorbs during the heating to 130K, the final Ar/Kr and
Ar/Xe ratios are the same as at the point of formation, regardless of the thickness of the ice.

For thin ice layers (<100A), the different desorption temperatures of the noble gas species
can have a notable effect on the composition of the ice. As the ice is heated, the Ar will
be first to desorb. At higher temperatures, Kr and Xe also desorb. The planets Neptune,
Uranus and Saturn are located at lower temperatures than Jupiter. Saturn has a tempera-
ture at which the composition of the delivered enriched ice is expected to be the same as
those delivered to Jupiter, regardless of the ice formation conditions. Neptune and Uranus
are different cases, due to their lower temperatures of ~ 50K and ~70K respectively. At
Neptune temperatures, Ar will have desorbed from the ice, while Kr and in particular Xe is
still retained. The Ar/Xe ratio could thus be significantly lower on Neptune if the enriched
ice was delivered in thin layers. A note is made here regarding the different desorption
mechanisms presented in Figure 2.2. The delivery of enriched clathrates, which trap Ar
relatively poorly, could also lead to the observation of a lower Ar/Xe ratio. The delivery of
thin amorphous water ices would thus not be the only explanation for an Ar/Xe ratio <1 on
Neptune.

The scientific conclusions can thus be summarised in two key points. First, the simula-
tions show that the delivery of amorphous water ice, under different formation conditions,
could have provided the observed enrichment of Jupiter with noble gases. Second, for thin
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ices, the Ar/Xe can be notably lower (0.7) at the Neptune temperature, while the Ar/Kr ratio
is slightly higher (~ 08). This finding can be considered during the interpretation of future
probe measurements of the ice giant planets, and Neptune in particular. If the Ar/Kr and
Ar/Xe ratios are indeed lower than on Jupiter, the delivery of enriched amorphous ice re-
mains a possible delivery mechanism. If amorphous water ice was the carrier, it must have
formed in thin layers of less than 100A.



Recommendations

6.1. Introduction

This chapter is a critical reflection of the work undertaken in this report. During this work,
several issues and possible extensions of the chosen approach were identified. The lim-
itations of the numerical method used are discussed in Section 6.2. Based on these lim-
itations, a handful of suggestions for future work are made in 6.3. This includes both an
experimental approach, as well as suggestions for improving the Monte Carlo method.

6.2. Limitations

This chapter is concluded with a critical review of the limitations of the numerical approach
taken to study noble gas entrapment and retention. Because the physical processes which
are modelled here occur on an atomic scale, the required input parameters are measured
through complex experimental methods. The input parameters often have an interdepen-
dence, which can be difficult or impossible to discern from only desorption flux. For exam-
ple, the binding energy and the pre-exponential factor are both components of the desorp-
tion flux, but only the actual flux can be measured. This flux, in terms of number of atoms
detected, is in turn several orders of magnitude larger than what can feasibly be modelled in
this study. Thus, while the benchmarking of the model was thorough and largely replicated
experimental results, the numerical approach presented in this chapter carries inherent
limitations. These limitations and their scientific implications are discussed below.

From a scientific perspective, the limitations regard the assumptions which must be
made regarding the movement of particles onto, within, and from the ice. The likelihood of
a particle being trapped in an amorphous water ice depends on both how long an accreted
particle resides on the surface and how quickly the trapping layer forms on top of it. The
residence time of an atom on the ice is dependent on a multitude of factors including its
volatility, its physical size, the interactions with the dangling OH-bonds of the water, as well
as its mass [37]. Through the binding energy and the pre-exponential factor these different
factors are captured, but it is noted that these two parameters are constant and might be
too simplified in a numerical approach. In addition, assumptions are needed to describe
the binding energy of noble gas atoms to other species of noble gas, as no experimental data
is available on this. The movement of particles within the ice is perhaps oversimplified by
the rigid grid which is imposed on the particles. Off-lattice Monte Carlo simulations have
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also been performed, in which the particle locations are determined explicitly, rather than
set at the beginning of the simulation [51]. The presence of foreign species or temperature
changes are not able to alter the tetrahedral structure of the surrounding ices. Given that
water ice has been observed to undergo structural changes [5] as well as form clathrates
around certain species [31], this rigidity could lead to a deviation from actual trapping abil-
ity. Enabling the re-ordering of molecules lies outside the scope of this work.

From a computational perspective, a numerical approach imposes limitations on how
closely astrophysical conditions can be replicated. The simulation of each additional par-
ticle’s movements increase the computational load. For each particle, the probability of
movement or desorption is computed. In the case of movement, all possible directions are
considered, each requiring the calculation of the binding energy at that destination. Con-
sidering that the pre-exponential parameter or attempt rate of all the species considered is
of order 10'1-10'* per second, even simulations of just a few particles over a short time scale
requires a large number of calculations. For this reason, the number of particles considered
is just a fraction of what would be used in a modest experimental setup. The simulations
work with a number of particles to the order of 104, with a surface area of just ~ 10°A2. For
the same reasons longer time scales are difficult to simulate. In the simulations presented
the heating rates of the ice are of order 1K min~! whereas the drifting enriched ice particles
would be heated at a rate of around 1K per thousand years. Since the number of calcula-
tions required scales linearly with simulation time, such lengths are not attainable. This
limitation is partially compensated for by the studying of the influence of different heating
rates as discussed in Section 5.4.3.

6.3. Future work

To conclude this chapter, several topics for future study are addressed. These suggestions
are consistent with the limitations identified in Section 6.2. In Section 6.3.1, an experimen-
tal approach to verify the conceptual findings of this study is presented. Sections 6.3.2 and
6.3.3 introduce two scientific additions to the model which can widen the range of possible
astrophysical applications.

6.3.1. Experimental approach

As part of this thesis, experiments were planned to be conducted at the laboratory of Uni-
versity Cergy-Pontoise using the FORMOLISM (FORmation of MOLecules in the ISM) ap-
paratus. The experiments study the interaction between water ice and noble gases, as
well as other relevant species, in extreme low temperature and pressure conditions. More
specifically, the competition between different species for binding sites in the accretion
phase is to be tested. In addition the formation of clathrates around noble gases could
be experimentally tested. This cage-like structure could not be simulated. The following
experimental procedure for noble gas mixture trapping will be taken:

1. Formation of gas mixtures: gas mixtures with different abundances of noble gases
as well as other volatiles (C, CO, N) will be created. The composition of these gas
mixtures could resemble those simulated in this work, i.e. Ar:Kr:Xe ratios of 1:1:1.

2. Each gas mixture is tested under different temperatures, in the range of 30-90K. The
substrate will be cooled to the desired temperature, after which the gas is admitted.
The pressure of the chamber is then lowered to a low pressure, down to ~ 10~ mbar.
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3. After a period of 12 hours the excess gas in the chamber is evacuated. The formed
ice is then rested for 12 hours, with IR measurements around the wavelengths of the
noble gases taken every hour. This is to test for the signatures of gas trapped in amor-
phous ice, and potential clathrate formation, as has been reported by Gosh et al. [49]

4. After the resting period, the ice is heated at 1K/min to 200K. During this time the
flux of water and each noble gas will be measured. In addition, IR measurements are
taken to test for clathrates as often as possible, ideally every minute.

The sample holder is gold-coated, and mounted onto a closed-cycle He cryostat. The
infrared measurements are conducted using a Fourier Transform InfraRed Spectrometer
(FTIRS), and a quadrupole mass spectrometer (QMS) will be used to measure the flux of
the different noble gases during heating. The full setup of the FORMOLISM apparatus is
shown in Figiure 6.1 [9].
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Figure 6.1: Schematic of the FORMOLISM apparatus [9].

6.3.2. Inclusion of CO

In this work, the noble gas species Ar, Kr and Xe were considered in an amorphous water ice
structure without any impurities. These species were selected based on their low reactivity,
and the availability of an in-situ measurement of their abundances on Jupiter. As can be
inferred from Table 2.1, the accreted ice layer is likely to have contained many other species.
These impurities could affect the retention and subsequent release of the noble gas atoms
from the ice.
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A species that is of particular interest is CO, which is relatively abundant in the nebula
gas phase. The accretion of a significant portion of the CO reservoir could thus materially
alter the composition of the ice. In addition, the CO competes with the noble gas species for
suitable binding sites, as observed in experimental work [5]. The desorption energy of CO
in CO and oxygen ices has been estimated to be around 850K [52], suggesting an accretion
and desorption temperature scale comparable to Ar. The noble gases would thus have to
compete with CO for binding sites at the formation temperatures considered in this work.
The composition of the ice crystal could thus be affected, even before it is heated during its
inward migration.

CO is thus recommended as a focus for future work. By using a gas mixture including
both CO and noble gases, the effect of this species can be tested. If CO competes for binding
sites with noble gases, the noble gases would tend to weaker binding sites. Their release
from the ice would thus occur at lower temperatures. This could influence the composition
of the ice, particularly in the 50K-70K temperature range discussed in Section 5.4.4. The
study of CO is recommended in favour of the noble gas Neon, which would be a natural
extent of this noble gas study. Neon is more readily influenced by atmospheric processes
[27]. The abundance of Neon in an atmosphere thus provides less indication of the source
material.

6.3.3. Isotopic differentiation of noble gases

In this work, only the most common isotope of each noble gas was considered. The atomic
mass was thus constant for any particular species. In reality, the noble gases occur in differ-
ent isotopes, with different masses and sizes. The different isotopes can be detected with
a mass spectrometer flux measurement, as was proposed in the experimental approach
in this Chapter. Including different isotopes in the numerical and experimental approach
would allow for further benchmarking of the model, as well as widen the possible astro-
physical applications. These improvements are discussed below.

In Section 6.2 the limitations of the model with regards to the accretion process were
discussed. In the current setup, the accretion process captures only the species atomic
mass, and by extent its thermal velocity. Different isotopes of the same element would thus
have slightly differing accretion rates, and all else being equal have differing abundances
in the resultant ice crystal. The residence time of a species in an amorphous ice pore can
be affected by a variety of factors, of which the species mass is one. Factors such as atom
size and reactivity are not currently considered during the accretion process. These factors
affect the residence time, and by extent the trapping probability, of a species in a pore.
Between different noble gas species, properties such as mass and atom size differ greatly.
Whether the model accurately captures the influence of these factors is thus difficult to
conclude based on only the results of different species. Between different isotopes however,
these differences are more nuanced, with mass and size differing by only a few percent. If
the different accretion and release rates can be accurately replicated on an isotopic scale,
the robustness and the applicability of the model improve notably.

Isotopic composition is of interest to the study of solar system comets. The 2014 ESA
mission to comet 67P by the Rosetta spacecraft provided substantial insight into the comet’s
origins. Flyby’s through the comet’s coma allowed for spectrometry measurements, during
which isotopes of Ar, Kr and Xe were detected. A recent study by Rubin et al. [10] of this
measurement data revealed that the isotopic abundances of Ar and Kr in the coma resem-
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Figure 6.2: Isotopic composition of different solar system bodies [10]. The purple arrow has been added to
the original by Rubin et al.

bled solar values, while the Xe isotopic composition notably differed. In addition to the rel-
ative abundance of the species themselves, their isotopic distribution thus provides even
further indications of the material’s origin. As is noted in the same study, the release of
volatile species over long time scales could alter the (isotopic) composition of the material.
These insights are summarised in Figure 6.2. The blue line indicates the isotopic composi-
tion of amorphous water ice formed at different temperatures. However, it has been shown
in the present work that this composition need not be constant. The purple arrow has been
added to illustrate the findings of the present work: the change in composition as the ice is
heated. It is noted that the composition of the ice could not be simulated on the scale of the
ratios shown here, due to computational constraints. Measurements of the release rates of
the different isotopes, both through simulation and experiments, would thus be useful for
explaining enrichment or depletion of a specific isotope in a solar system body.

In addition, the work discusses the potential contribution of amorphous water ice to
different solar system bodies. The key parameter driving the noble gas composition of this
amorphous ice considered is formation temperature. As has been shown in this work, heat-
ing of ices formed at low temperatures can alter their noble gas composition. The ratios at
which different (isotopes of) noble gases are found in a body could not indicate only at
which temperature the contributing material formed, but also to which temperature it was
heated. This in turn would provide insight into the distance from the Sun at which the
material was captured.






Conclusions

In this work, the role of amorphous water ice in the noble gas enrichment of Jupiter, and its
implications for other giant gas planets, was studied. Using a Monte Carlo approach, the
behaviour of noble gases in amorphous water ice was simulated, and applied to the topic
of atmosphere formation. To conclude the report, the key findings are summarised below.

The current body of research was addressed in Chapter 2. This began with a fundamen-
tal understanding of the formation of planets from a disk of grains and gas. The forma-
tion of enriched water ices in the outer region of the disk was discussed, and introduced
as a potential mechanism for delivering volatile species to the forming planets. The de-
livery of these enriched grains would leave behind signatures in the atmospheres of the
planets. A high level of noble gases was measured on Jupiter by the Galileo probe. Due to
the different volatilities of the noble gas species, they are released from the ice at different
temperatures. Given that the grains could be heated up to 130K between formation and
deposition on Jupiter, the composition of the grains could change between formation and
deposition. This change in amorphous ice composition, and its implications for planetary
atmospheres, was identified as a knowledge gap for study in this report.

Chapter 3 provided several experimental datasets of amorphous water ice and noble
gases deposited at temperatures below 30K. These results were used to validate the Monte
Carlo approach introducted in Chapter 4. By replicating experimental conditions, the ef-
fectiveness of the model was tested. Experiments have shown that volatile species desorb
from amorphous water ice in different regimes. The accretion site of a volatile species influ-
ences if and at what temperature the species would be released from the ice. Three regimes
were of particular interest: the desorption of noble gas atoms bound to other noble gas
atoms, the release of noble gas bound to water ice, and the release of noble gases due to the
gradual creeping of the water ice. The validation simulations replicated these three regimes
for the different noble gas species. In addition, the different species each desorbed from the
ice at the temperatures expected from experimental results.

The approach was applied to the topic of planetary atmospheres in Chapter 5. The
conclusions from these planetary applications will be summarised here as they pertain to
the research questions identified at the end of Chapter 2.

Our simulations show that the composition of an amorphous water ice is dependent
on the formation temperature of the ice. For temperatures below 25K, the ratios Ar/Kr
and Ar/Xe are equal to the ratio of their accretion rates. As the formation temperature
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increases, Ar begins to desorb during formation. Both ratios thus decrease as the formation
temperature increases between 25K and 30K. As the ice is heated after formation to 130K,
the noble gas species are observed to desorb from the ice. This desorption occurs mostly
from the top layers of the ice; the effect of desorption on the ice composition is thus less for
thicker ices. A higher ratio of water to noble gas means the noble gas will be better trapped
in the ice, but increases the mass of enriched material needed to deliver the enrichment
measured by Galileo to Jupiter.

As the ice is heated to 130K, all species of noble gas are observed to desorb from the ice.
The fraction of the initially trapped noble gas that desorbs is approximately equal between
the different species Ar, Kr and Xe. The final composition of the ice in terms of Ar:Kr:Xe
is thus comparable to the composition at formation. However, the temperatures at which
the desorption of each species peaks differs, as was also observed in previous experimental
work. Ar is the most volatile species and readily desorbs between 30K to 50K. Kr and Xe are
less volatile and largely remain in the ice in this temperature range. The Ar/Kr ratio and,
more notably, the Ar/Xe ratio thus show a dip at 50K.

The simulations show that the delivery of amorphous water ice, under different forma-
tion conditions, could have provided the observed noble gas enrichment ratios of Jupiter.
For several scenarios of average ice thickness and water to noble gas ratios, the suggested
mass of enriched icy material required is computed to be less than 1mg. Similar Ar/Kr and
Ar/Xe ratios are expected to be observed on Saturn and Uranus, which were located at tem-
peratures of ~ 95K and ~ 70K respectively. If the enrichment was delivered in amorphous
water ices with thickness < 100A, an Ar/Xe atmospheric signature lower than the one ob-
served on Jupiter is expected for Neptune, which was located at a temperature of 50K. This
finding can be considered during the interpretation of future probe measurements of the
ice giant planets, and Neptune in particular. If the Ar/Xe ratio is measured to be lower than
on Jupiter, the delivery of enriched amorphous ice is a very possible scenario for the deliv-
ery of noble gases in gas giants planets. A lower Ar/Xe ratio could also be explained by the
delivery of enriched clathrates. Clathrates trap Ar relatively poorly, as was discussed in the
final sections of Chapter 5. Such a signature is thus not be an indicator of thin amorphous
water ice delivery exclusively.

In Chapter 6, thorough consideration was given to the limitations of the approach used
in this work. The numerical approach used was, in certain respects, a simplification of
the processes that occur in amorphous water ices. In addition, the number of particles
that could feasibly be simulated was less than the number of particles that would cover
an icy grain. The incorporation of CO and different isotopes of noble gas were identified
as possible extensions of the numerical approach. In addition, an experimental method
was proposed, which would address the simplified approach to ice formation used in this
work.
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