Chapter 1

Trapping of volatile ices during ice
mixture desorption

Ice desorption determines the evolution of the gas-phasmisiry during the pro-
tostellar stage, and also the composition of comets foramiycumstellar disks.
From observations, most G@re and some CO ice are present isHdominated
ices. This is crucial, since volatile species are easilpgea in BO ice and
thus desorb with BO. Yet, astrochemical models generally treat ice desarf@
originating from pure ices. A few studies instead defirfeedent ‘flavours’ of CO
with different desorption energies, but this approach is limitecbly bf informa-
tion on what fractions of volatile ice are trapped unddfedent conditions. The
aim of this study is two-fold: first to experimentally inviggtte how CO and C®
trapping in BO ice depends on ice thickness, mixture ratio and heatimy aaid
second to introduce a modified three-phase (gas, ice suafatenantle) model
to treat ice mixture desorption with a minimum number of fpegameters. In
the experiments the fraction of trapped volatile speciegeimses with ice thick-
ness, HO:CG,/CO mixing ratio and heating rate, resulting 5-17% trappe@ CO
and 2-5% trapped CO with respect tg®ice. This is reproduced quantitatively
for binary ice mixtures by the modified three-phase modehwitsingle difu-
sion parameter each for CO, G@nd HO; these parameters govern the relative
diffusion rates between the mantle and the surface for the ideimaimolecules.
The model furthermore reproduces the experimental resnlthlute tertiary mix-
tures, but CQ@-rich tertiary ice mixture seems to require a more soplastid
parametrization of diusion between the surface and mantle layers than currently
incorporated. The three-phase model is also used to igagstirapping for astro-
physically relevant ice mixtures and time-scales, resglin ~14% trapped CQ
ice and 1% trapped CO ice for a 100 ML thick®:CO,:CO 10:2:1 ice mixture,
which significantly less than previously assumed in CO flegeur’ models.

OFayolle, E. C., Oberg, K. I., Cuppen, H., Visser, R. and LitmaH., in preparation .
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Chapter 1 Ice mixture desorption

1.1 Introduction

Ice-covered interstellar grains constitute a major rasemf molecules during
star formation; in the dense and cold phases of star andtplameation more
than 90% of molecules, excludingHare found in icy grain-mantles (e.g. Bergin
et al. 2002). These ices form through direct freeze-out sfgjaase atoms and
molecules and through their subsequent hydrogenation ygkoation (Tielens
& Hagen 1982, Chapter 2). The most abundant ice moleculebsl.#g CO and
CO, with typical abundances of210°° — 10~* with respect to molecular hydro-
gen (Gibb et al. 2004; Boogert et al. 2008; Pontoppidan €tCl8). From their
presence in molecular clouds and models, these common @iesymform in the
cold pre-stellar phase (Knez et al. 2005, Chapter 2). Obsienally most CQ
ice is mixed with HO ice. Most CO ice is frozen out on top of this,@-rich
mixture, but a fraction of the CO ice resides in thegHCO, ice mixture (Tielens
et al. 1991; Pontoppidan et al. 2003, 2008, Chapter 2).

Once the pre-stellar core starts to collapse, it heats ufyhgrains and the
ices start to evaporate. The nature of this desorption pspc@. which molecules
evaporate at which temperatures, dominates the evolufitre@as phase chem-
istry around the protostar and later in the circumstellaksl(Aikawa et al. 2008;
Visser et al. 2009). Understanding ice mixture desorptiath ismplementing the
main features of this desorption process in astrochemie@larks is therefore
crucial when modelling the chemical evolution in protdstekenvelopes and in
protostellar disks.

Pure ice desorption energies have been determined exprailgefor most
simple ices, though some values are still contested (erglfSal & Allamandola
1988; Fraser et al. 2001; Collings et al. 2004; Oberg et @&152Brown & Bolina
2007). Laboratory studies on desorption of mixed ices cbasily show that the
desorption temperatures of mixed ices aféedent compared to such pure ice des-
orption (Bar-Nun et al. 1985; Sandford & Allamandola 1988jligs et al. 2003,
2004). The dterences are due to botHldirent binding energies between the mix-
ture components compared to molecules of the same kindfa.§l,0:CO and
CO:CO the inferred binding energies ar&200 and 830 K, respectively Collings
et al. (2003), and because of trapping of volatile specidisarhydrogen-bonding
ices HO and CHOH. In most HO-rich ice mixtures, volatile mixture compo-
nents desorb at a minimum of twdidirent temperatures corresponding to desorp-
tion from a HO surface and from molecules trapped inside th®lite, which
only desorb at the onset of;® desorption. Additional desorption is sometimes
observed at the temperature for pure volatile ice desarmind during ice re-
structuring, e.g. at the #0 phase change from amorphous to crystalline. This
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H,O-restructuring is important in ice mixtures dominated yOHand occurs at
~140 K in the laboratory (at astrophysical timescales thstmeeturing tempera-
ture decreases), close to the onset gbHlesorption (Collings et al. 2004).

Of the three mixture desorption processes, entrapmentlafileospecies in
H,O ice is astrochemically most important to quantify. Traygpof CO results
in a factor of five increase in thefective desorption temperature. In a recent
cloud core collapse model, this would correspond to some €rthing 30 AU
from the protostar compared to pure CO desorption at 3000TAd.case is less
dramatic, but still significant, for C& which desorbs at300 AU when pure and
again would desorb at 30 AU if trapped in@ ice (Aikawa et al. 2008).

Significant entrapment of volatile species ip®lice have been noted in all ice
mixture desorption studies above. In additional Sandfordli@mandola (1990)
found that CO and C@are trapped in dierent manners in $O ice and that the
desorption behaviour depends on whether a dilute mixturesésl or a mixture
rich in volatile species. Building on this Collings et alO@) showed that the
fraction of a volatile ice that is trapped in,B is generally species specific. From
experiments on bD:X 20:1 ice mixtures, 16 astrophysically relevant ice sgec
could be divided into three categories dependent on qtreditdifferences in the
desorption behaviour: #D-like species (N3, CH3;OH and HCOOH) that are
completely trapped in the 40 matrix, CO-like species () O,, CO and CH)
that show some trapping, but all molecules are releasedgteistructuring, and
intermediate species @3, OCS, CQ, CH,, SO, CS, and CHCN) that display
intermediate behaviour.

It is not obvious how this information should be incorpochiieto astrochem-
ical gas-grain models. There are a few studies, which, uam@rray of rate
equations, can account for all the observed evaporatioractagistics of specific,
binary ice mixtures (Collings et al. 2003; Bisschop et alD@0 The molecular
specificity of these models, together with a large numbettiidi parameters has,
however, prevented their incorporation into larger astensical models.

Instead, ice desorption is still mostly included into astremical models of
protostars and disks using the pure ice desorption dateegdigding the possi-
bility of trapping of the volatile molecules in the,® matrix (e.g. Aikawa et al.
2008). A few studies on gas-grain interactions during siemation have instead
considered a few etierent flavours of each volatile ice, e.g. the CO ice abundance
is split up into one part that evaporates at the pure CO tesmiyrer and one part
that evaporates at the,B evaporation temperature (Viti et al. 2004; Visser et al.
2009). This has provided information on how important i@ping may be for
the chemical evolution during star formation. The appraash allows for the use
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Figure 1.1 A cartoon of desorption and accretion in a thiteesp model consisting
of mantle molecules (white), surface molecules (grey) awlrgolecules (black).
Accretion from the gas phase (1.) onto the surface resuliserconversion of a
surface molecule into a mantle molecule, and similarly dagm (2.) results in

the conversion of a mantle molecule into a surface molecule.

of qualitative laboratory results, sinceffdirent flavour fractions can be assigned
to different species based on the classification in Collings e2@04). The un-
certainties induced by this approach are, howevdficdit to ascertain without
knowledge of how the amounts of trapped ice depend fiierént ice variables.
The first aim of this study is to provide such information.

Another problem with current gas-grain codes is that eatpn is often in-
corporated as a first order process, while it is a zeroth qramress with respect
to the total ice abundance for ices thicker than one monalagethree-phase
gas-grain model, where the ice mantle and ice surface atetras two dierent
phases, solves this problem (Fig. 6.1). In a three-phaseshdegorption is only
possible from the surface layer and it is a first order proegtsrespect to surface
abundances. The surface is replenished by molecules frermémtle and there-
fore the desorption kinetics are automatically treatedextly. Such a model also
results in ice trapping, since the mantle is protected frasodotion. The three-
phase model was introduced by Hasegawa & Herbst (1993), dnitnbt been
used generally nor has it been further developed, despitditantages in treat-
ing different ice processes. One urgent development is how to cthkurface
and the mantle correctly; the original model cannot, fomepke, account for the
experimentally observed fiierent trapping behaviour of fiierent molecules be-
cause dtusion rate of all molecules into the surface layer is defindoktspecies
independent.

In this chapter, we suggest that employing a modified fornmefthree-phase
model by Hasegawa & Herbst (1993) allows for a quantitatieattnent of evap-
oration of mixed ices. The model is tested against new datvaporation from
H,0:CO, H0:CO, and HO:CG,:CO ices, which shows that the three-phase
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model can reproduce evaporation quantitatively from lyimaixtures and some
tertiary ice mixtures in a laboratory setting, while sometar improvements are
required to reproduce all tertiary results. The laboratesults are also discussed
separately with respect to thé&ects of ice thickness, mixing ratio and heating
rate on the amount of trapped ice. This is important inforomaéven if another
model scheme is preferred to the three-phase model, sucbrkmg with differ-
ent ice flavours. We finally discuss thetdrences between pure ice evaporation,
flavoured ice evaporation and the three-phase model of mgoeation when the
heating-rate is slowed down to 1 K per 100 years, appropfoatkow-mass pro-
tostars.

1.2 A modified three-phase desorption model

Hasegawa & Herbst (1993) first introduced a three-phase i@asurface and ice
mantle) model to address grain-gas interactions and eslyeicie chemistry. In
the context of desorption, the mantle acts as a reservoirotdécules, which re-
plenishes the surface layer during desorption. In the Hagag Herbst (1993)
model, this replenishment is statistical, dependent onlthe relative concentra-
tions of the diferent species in the mantle; for a binary mixture A:B, theudion
rate for a molecule A to reach the surface depends only oratieaf the mixture
in the mantle phase. This results in some desorption fotil®laolecules around
the pure ice desorption temperature, but also in their trgpince the surface
becomes more and more enriched in the least volatile spasiesore volatile
molecules desorb.

When testing the original three-phase model, it result®armuch trapped
CO and CQ compared to the present experiments. To address this andtiolé
the observed molecular-specific ice trapping into a thiegse model, the ice-
mixture dependent rates for mantle molecules to migratetive surface phase are
modified by an experimentally fitted mantle-to-surfac&ugiion parameter, which
is relative to the relative fusion barriers of the the mixture constituents. Figure
6.2 shows the principal ffierence between desorption in the traditional three-
phase model and a three-phase model, where thesitin rate of the more volatile
species is doubled compared to the less volatile species.isTimcorporated into
the models through a terfd;, for each speciet The equations describing the
changes in surface, mantle and gas abundances during ti@sdop each species
i are then

dniS

nm
_ evap z : evap_, i o
E——R +a RI mela (11)
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Figure 1.2 A cartoon of desorption within the three-phasel@hramework from
a binary mixture with a volatile component (white) and a nvotatile component
(black), which does not desorb at the displayed temperatumge. Only surface
molecules can desorb. In the traditional model set-up @3tinface is replenished
based on the mantle composition alone, resulting in a langeuat of trapped
molecules. In our model the mantle-to-surfacéudiion is modified such that
more volatile species reach the surface faster, reduciagathount of trapped
volatile species to fit experimental values.

dnm evap nm
d—i:—aZa X P, (1.2)
dn?
o =R and 13)
RYP=rexgxes /T (1.4)

wheren?®, n", andnig are the abundances of spedi@sthe surface, mantle and
gas phase respectively "is the evaporation rate for specieshich depends on
a pre-exponential factas;, the evaporation energy barrigf“**and the tempera-
ture T in Kelvin. « is the ice coverage, which is 1 as long as there is more than
one monolayer of ice in the mantle layer, arftlis the total amount of molecules

in the mantle. The modified flusion rate is modelled as

P =bxe& /T, (1.5)

whereb; is a normalization factor such thaj; % x Py = 1, E"%is arelative bar-
rier for replacing a desorbed surface molecule with a mandikcule of speciess
which is derived from comparing the model with TPD experitsehe modified
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diffusion rate is described with an exponential function, stheekind of expres-
sion reproduced the segregation rate as a function of textyserin Chapter 5.

TPD experiments are simulated by solving the rate equafimmeach time-
step (6 seconds) while increasing the temperature linewitly time, using the
same heating rates as applied in the laboratory (0.1-10 K'nifihe other model
inputs are the pure ice desorption energies, tffeiglon energies, total ice thick-
ness and the ice mixture ratio. The same model can also betas#reck the
effect of applying an astrophysically relevant heating rate.

The evaporation energies are determined by comparing aietuand labora-
tory TPD experiments of pure ices and are then set as coastdrein modelling
the mixture desorptions. The™"® factors are determined empirically by com-
paring the simulated TPD and experimental TPD outcomes iféerdnt binary
mixtures. With the model thus constrained, its predictige/gr is tested by simu-
lating the desorption patterns of other binary and tertiixtures using the same
values and comparing the simulated and experimental sesult

The aim of the model is to predict entrapment of volatile g the HO
matrix. In other words, we do aim to perfectly reproduce theegimental des-
orption curves, e.g. the double-peak around th® lte desorption temperature
seen in some experiments. Simulating desorption at sucrebdédetail does re-
quire similar models to what has been used previously to hidel experiments
(Collings et al. 2003).

1.3 TPD experiments

All evaporation experiments are carried out under ultgithtacuum conditions
(P ~ 107° mbar) in the set-up CRYOPAD, which is described in detail bghs
et al. (2006) and Oberg et al. (2005). Pure gas samples anthigases are
prepared separately. The ices are grawsitu by exposing a cold substrate at
the center of the vacuum chamber to a steady flow of gas, ddealong the
surface normal. Evaporation is induced by linear heatinghefsubstrate (and
ice) in Temperature Programmed Desorption (TPD) expetisndrhe evaporated
gas phase molecules are detected by a Quadropole Massdpeter (QMS).
The desorption onset in the TPD curves can be directly eblimi¢he desorption
energy in a pure ice (e.g. Fraser et al. 2001).

The set-up is also equipped with a Fourier transform intgf€TIR) spec-
trometer in reflection-absorption mode (reflection-absorgnfrared spectroscopy
or RAIRS). The FTIR covers 750 — 4000 chy which includes at least one vi-
brational band for each of the investigated molecules, andn with a spectral
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Chapter 1 Ice mixture desorption

resolution of 1 cm!. RAIR spectroscopy, together with previously determined
band strengths for this RAIRS set-up (Oberg et al. 20098 hised to determine
the ice mixture composition in each experiment and to esértiae absolute ice
thickness.

Table 6.1 lists the experiments in this study. The ice ctuestis, abundance
ratios, thickness and heating rate are varied to investife¢ dependencies of
ice mixture desorption on fierent experimental variables. Isotopologues with
13CO were used in some of the experiments to ensure that snm#iromations
in the chamber do not influence the results. The CO and @43 both have a
minimum 99% purity (indugas). TheJ® sample was prepared from deionized
H,O followed by several freeze-thaw cycles.

The trapped fractions of CQand CO are listed both with respect to the ini-
tial CO, and CO abundances and theice abundance, since both measures
are used in the literature. The fractions of trapped ice wateulated by inte-
grating the TPD curves; the fraction of trapped £00D with respect to the initial
CO,/COice content is defined as the ratio of the integrated déeaorpurve above
100 K and the integrated desorption curve between 20 and 18h& trapped
fraction is calculated by multiplying this number with thatial CO,/CO abun-
dance with respect to the initialJ® ice. RAIR spectra were also acquired during
the desorption in some of the experiments, but a lack of atelrand strengths
for trapped CO and C&imits their quantitative use.

The ice thicknesses in Table 6.1 have absolute uncertginfie 50% and
relative uncertainties 0£20%. The heating rate is accurate within a few percent
and the amount of trapped ice withit20% of the reported percentage values.

1.4 Results

The results are presented in three parts, starting withxperenental results on
binary ice mixtures, followed by the model results on binamy mixtures and
experiments and models of tertiary ice mixtures.

1.4.1 Experimental TPD curves of binary ice mixtures

Figure 6.3 shows the desorption curves ofG@d CO from HO dominated ice
mixtures together with pure CO and @OPD curves. As reported in previous
studies on HO-rich mixtures, the volatile species desorb both aroureddis-
orption temperature of the pure ice and around th® ldesorption temperature.
CO and CQ mixture desorption dier, however, in the onset of the first mixture
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Table 1.1 The TPD experiments.

Composition Ratio  Thick. Heating rate Trapped/CQy ice
(ML)  (Kminl) % COy/COice % HO ice

H,O - 24 1

Bco, - 6 1

Bco - 6 1

H,0:CO 10:1 11 1 65 7
H,0:CO, 10:1 18 1 77 8
H,0:CO 10:1 36 1 85 9
H,0:13CO, 4:1 ~11 10 46 12
H,0:13CO, 4:1 ~11 1 40 10
H,0:13CO, 4:1 ~11 0.1 37 9

H,0:13CO, 4:1 ~28 10 68 17
H,0:13CO, 4:1 ~28 1 64 16
H,0:13CO, 4:1 ~28 0.1 60 15
H,0:13CO 5:1 19 1 24 5
H,0:13CO 2:1 16 1 <13 <7

H,0:13CO 2:1 6 1 <12 <6

H,O:.COx:CO ~11:4:1 16 1 327 122
H,0:CO;:CO ~20:1:1 30 1 9/6 55

desorption peak compared to the onset of pure ice desorftienCQ peak is

slightly shifted towards lower temperatures compared &optre ice, while the
CO desorption from the $O mixture is shifted to a5 K higher temperature.
This can be understood if GAorms weaker bonds in a4 ice compared to a
CO; ice, while CO forms stronger bonds withb@ than to itself, confirming the
assumptions made when simulating ice segregation in Ghapte

Similarly to Fig. 6.3, the TPD curves of all investigated roéxtures contain
two desorption peaks, though the fractions of trapped/CO in the HO ice vary
significantly between the fierent experiments, dependent on ice composition, ice
mixing ratio, ice thickness and heating rate during the TREeaments.

These dependencies are displayed in Figure 6.4, which sthenexperimen-
tal CO and CQ TPD curves from most of the binary ice mixture experiments
listed in Table 6.1 together with the pure ice desorptiorvesibottom curves).
The heating rate is 1 K mif}, except for where noted otherwise. Comparing the
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Figure 1.3 Desorption of CO and GG&om pure ices (solid lines) and:CO
5:1 and HO:CGO;, 4:1 ice mixtures (dotted lines). The TPD curves have been
normalized with arbitrary factors for visibility.

TPD curves of CQ@ desorption from the 11 ML thick y0:CO, 4:1 ice mixture
and of CO desorption from the 19 ML thicko®:CO 5:1 ice mixture, shows that
CO; is easier trapped of the two, in agreement with previousiesud

Starting at the top of the figure, a larger fraction of CO icéhwespect to the
initial CO abundance is retained in the®lice in the more dilute ice mixtures.
This is true for CQ as well. The next set of curves show that increasing the
heating rate increases the amount of trapped &t shifts the desorption curves
to higher temperatures — the standard heating rate is 1 Ki'm@uantitatively the
fraction of trapped C@increases from 60 to 68% of the total g@bundances
or 15-17% of the KO abundance when the heating rate is raised from 0.1 to
10 K min~L. This is barely significant, but the trend seems to be reat. riludle
curves demonstrate the previously noted dependence oomarstio by plotting
the TPD curves for C@desorption from HO:CO, 10:1 and 4:1, 11 ML thick ice
mixtures. The amount of trapped volatiles also depends ercéhthickness. The
next to last set of curves shows how the amount of trappeslifdeases for the
H,0:CO, 10:1 ice mixtures between 11 and 36 ML (Fig. 6.4).

As mentioned above, the trapped ice fractions for all expenis are reported
in Table 6.1, where the amount of trapped volatile ice is @efinoth with respect
to the initial volatile ice content and the initial,® abundance. The trapped
fractions of CQ vary between 37 and 85% with respect to the initial,G¢& and
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Figure 1.4 Experimental CO and GAPD curves during warm-up of ice mix-
tures (dfset for visibility), together with pure CO, GGand HO ice TPD curves
(bottom curves). The heating rate is 1 K min The TPD curves are scaled to
correspond to the spectroscopically measured ice abuadamben integrating
the desorption curves.
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between 5 and 17% with respect tg®l The trapped CO amounts betweel?%
and 24% with respect to CO, and 2% and 5% with respect0.H

Simulations of binary ice mixtures

Figure 6.5 shows the simulated CO and L£TPD curves for the ice mixtures
investigated experimentally in Fig. 6.4. The desorptioargies are derived from
the experimental and simulated pure ice TPD curves (bottowes) to beEﬂZf) =

4850 K,Eg%s2 =2475K andEgeOS: 1050 K, assuming a pre-exponential factor of

10'2 s, which are in reasonable agreement with typical literataleies within
the~20% uncertainties, though a higher binding energy has kmmrted for HO
(Fraser et al. 2001). To keep the model simple, these bineheggies are used to
model ice mixture desorption as well, since thatences in binding energies for
CO and CQ in H»0 ice mixtures do notféect the amount of trapped ice in the
model.

Regardless of the choice of relativefdsion rates, the three-phase model re-
produces the experimental trends with respect to mixtuie, raeating rate and
ice thickness, shown here for a specific set dfugion parameters (Fig. 6.5).
This is intuitive when referring back to Fig. 6.2, which stofirst that all ice is
trapped below a certain ice depth and thus the trappeddraatill increase with
ice thickness. Second, reducing the concentration of ttatilocomponent will
result in a faster cover of the surface by® and third, when the heating rate
is increased, the #D desorption temperature will be reached before all valatil
species that could potentially reach the surface layer do so

The shapes of the simulated curves deviate from the expetaneurves for
a couple of reasons. First, the model does not take into attbat the pumping
rate of desorbed species is limited in the experiment, whatly explains the tail
during CO desorption. The model does also no account foripleillesorption
sites with diterent binding energies or the desorption due $@He-structuring
around 140 K.

Similarly to the experiments, the simulated ice trappingrdubinary mixture
desorption are quantified through the fractions of the uelate species that des-
orb below and above 100 K. The trapped CO ang @&xtions in the experiments
and models agree quantitatively for a chosen set of binayichen the relative
‘diffusion barriers’ are set to ﬁ‘z‘g =970K, EQ(‘)ZS =665 KandET® = 617 K.
TheseE™™S values are derived from a subset of experiments and thentosed
model all TPD curves in Fig. 6.5. The G@liffusion barrier is derived from
comparing experiments and simulations of the three 10:&xperiments and the
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Figure 1.5 Simulated CO and GAPD curves from pure ices, fromJ@:CO,
10:1 ice mixture of diferent thicknesses, from 11 ML,B:CGO, 10:1 and 4:1 ice
mixtures, from 28 ML HO:CGO;, 4:1 mixtures heated atftierent rates and from
H>0O:CO ice mixtures.
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Figure 1.6 The experimental and simulated CO ang @@ fractions trapped in
the HO ice during ice mixture desorption for all the investigateel composi-

tions, mixture ratios, thicknesses and heating rates. @kball line indicates the
position of a one-to-one correlation. The crosses indigat&ry ice experiments.

CO value is derived from the 5:1 experiment, while thgCHvalue was arbitrar-
ily chosen ahead of the fitting procedure; other sets fifision parameters may
reproduce the experiments as well, since it is only theiveatiffusion rates of
H,0O and CO or CQthat determines the desorption behaviour in the binary ices

Figure 6.6 shows the fraction of the volatile ice trappedh@ EHO ice for
experiments versus simulations using the derived reldiffasion barriers. The
uncertainties include the measurement of the ice fractamutsthe choice of ice
thickness and mixing ratio in the simulations when aimingnioic the experi-
ments. Within the uncertainties the simulations reprocaltbinary ice mixture
results quantitatively.

1.4.2 Tertiary ice mixtures

Figure 6.7 shows the experimental and simulated TPD curvdwm tertiary
H,0:CG0,:CO ice mixtures with dferent mixture compositions, one G@ch
mixture and one dilute mixture. The simulations are run whhnparameters from
the binary mixtures without any further attempt to optimilze fit.

Qualitatively the 20:1:1 mixture seems well reproducedhgysimulation (top
sets of TPD curves), while the simulation of the 11:4:1 migtreleases too little
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Figure 1.7 Simulated and experimental CO and,d®D curves from tertiary
H,0:C0,:CO ice mixtures. The heating rate is 1 K mirand the ice thicknesses
16 ML for the 11:4:1 ice mixture and 30 ML for the 20:1:1 ice toive.
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CO at the pure CO temperature and too much together with (@@itom sets of
TPD curves). The fraction of CO trapped in®lis also predicted too be large in
the CQ-rich experiment, 38% with respect to the initial CO contemmpared to
the experimentally observed 17%.

The experimental and simulated amounts of CO and €&pped in the KO
ice are are overplotted in Fig. 6.6. Quantitatively the niquiedicts the correct
amounts of trapped CO and G@ the dilute mixture and of trapped G@e in
the CQ-rich tertiary mixture.

1.5 Discussion

1.5.1 Desorption from ice mixtures

Quialitatively the experimental results agree with thoddiphed by Collings et al.
(2004) in the sense that G@& more dficiently trapped than CO. Viti et al. (2004)
guantified the trapped amounts of CO and Q@the experiments by Collings
et al. (2004) to model ice desorption around a protostary Tine that 30% CO
and 90% CQ is trapped in HO ice, which are both high compared to most of
the present experiments. Thdfdrences can be understood from the very dilute
mixtures used by Collings et al. (2004), 20:1, when invesiigy ice desorption.

This difference between the previous and present experimentaisrasygther
with the experimental TPD curves show that the fraction @bpied ice (whether
measured with respect to volatile ice content elOHce abundance) varies de-
pendent on ice thickness, mixing ratio and heating-rateclhwwill vary in astro-
physical environments as well. In other words, there is nustant fraction of
COor CGOice thatis trapped in a #-dominated ice. In addition, the decreasing
amount of CQ trapped in the KO ice as the heating rate is slowed down suggests
that the trapping of volatile species is due to very sloffiudion of volatile species
within a H,O matrix rather than an actual entrapment that moleculesatars-
cape from. The opposite conclusion could be drawn by Saddiokllamandola
(1988) based on high-vacuum experiments with thick icess ¢bnfirms the dif-
ferent dynamics of thin and thick ices found for ice segnegain Chapter 5.

The desorption results are furthermore consistent withsiimellations of ice
segregation in Chapter 5, where swapping of bulk molecukes imvoked to ex-
plain the observed slow bulk fiusion. Slow bulk difusion also explains that
more volatile ice is trapped in the thicker ices where theaye difusion path to
the surface layer is longer. The decrease in the amountpgechvolatile ice with
higher concentrations of volatiles is also consistent whthice segregation ex-
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periments, where the segregation rate increases with otvatien of the volatile
species.

In the tertiary mixtures, C®desorption is not significantlyfiected by the
presence of CO and the amount of trapped,@Oconsistent with a pD:CO,
mixture with the same mixture ratio and ice thickness. CQfiacted by the pres-
ence of large amounts of GO Less CO is trapped in the mixture witt36%
CO, with respect to HO ice than in an equivalent binary,B:CO mixture, in-
dicative of a lower dtusion barrier for CO in the C&rich HoO-mixtures com-
pared to difusion in HO:CO ices. This may be the result of @@isrupting the
hydrogen-bonding network (Sandford & Allamandola 1990agtkr 4).

1.5.2 The three-phase desorption model

The moadified three-phase model was set up to quantify the amaif CO and
CO; ices that desorb at the,B desorption temperature during ice mixture des-
orption with a minimum number of equations and fitting parterse

The modified three-phase model reproduces the fractiormppéd ices in the
experimental binary TPD curves for allftirent ice thicknesses, mixing ratios,
heating rates and compositions with only one free paranpetespecies in addi-
tion to the pure desorption energies. To parametrize bircarylesorption from
H,:CO and BO:CG; ices thus only requires fitting one of the experiments to the
model, though an averaged value from fits with three experisneas used for
the H,O:CGO; ice mixtures. The other experimental results were thenrately
predicted, within the experimental uncertainties, with #ame parameters, ex-
cept for CO desorbing from a C@ich tertiary HO-ice mixture. Overall the
simple parametrization of flusion between the mantle and the surface used in
this version of the three-phase model is thuSisient.

The fact that the current model reproduces desorption frivar ice mix-
tures suggests thatftlision between the top ice layer and the layer right beneath
it is efficient, while bulk difusion is slow — consistent with the analysis of the ex-
periments above. In other words, if @® molecule reaches the surface because
a CQ/CO molecule desorbs from right on top of it, there is a highbplulity
that it will swap places with an underlying G@O molecule. This process is
what the modified three-phase model approximates by inagdke difusion
rate of volatile molecules to the surface and decreasingr iHO, compared to
the original difusion rates based on the mantle composition alone (Hasegawa
Herbst 1993). The decrease in watdfuiion must equal the increase iftdsion
of CO,/CO, since the model in its current state does not allow fok{ahiEusion
between the surface and the mantle.
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Figure 1.8 The amount of CO and G@e during ice warm-up with 1 K per
100 years according to the three-phase model, assumingifieoeat initial ice
mixtures with BO.

Monte Carlo simulation including ffusion and desorption similar to those
performed in Chapter 5 should however be used to demonstratehis simple
scheme of fast surface swapping and slow bulk swapping glwarm-up of ices
is suficient to explain the experimental results and the succedgbe modified
three-phase model in reproducing them.

1.5.3 Astrophysical implications

Trapping of volatile ices in BO ice is a crucial parameter when predicting the
chemical evolution during star and planet-formation. Ustinding the uncer-
tainties in model predictions of ice trapping is therefamgortant in e.g. ice-
flavour models, but has so far not been evaluated. The modified-phase des-
orption model is used here to test théeets of diferent initial ice compositions
and ice thicknesses on ice mixture desorption. This carerelie used to de-
sign ice flavour models. Ultimately the three-phase modelkh however, be
integrated with a protostellar collapse model to model iegodption realistically
during star formation.

Figure 6.8 shows the amount of CO and £€e with respect to the original
H,O ice abundance as a function of temperature, assuming tferetit initial
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binary ice compositions, a total, 8 ice thickness of 100 ML and a heating rate
of 1 K per 100 years. The fiierent initial conditions are based on ice observations
towards protostars (Chapter 2). The £@bservations show thatd®:CO, gener-
ally co-exist and have an abundance ratio of 5 to 1. In cantnast CO ice is in

a pure layer on top of the #D-ice mixture, but some CO mixed in with the @

ice ata 1to 10 ratio.

The initial ice HO:CO, composition is first set to $D:CO;, 5:1, which as-
sumes that all bO and CQ are initially mixed together. A pb0O:CO, 1:1 36 ML
thick ice is also investigated, since from infrared spextopy of protostellar ices,
we do not know whether all $#O and CQ are mixed together or whether,8
forms partly as a pure ice and then aCGO, mixture forms on top, correspond-
ing to an ice composition of $0:CO, 1:1/4 (Chapter 4). Similarly, the initial
H,0O:CO ice conditions are set to,:CO 10:1 100 ML and KHO:CO 1:1 18 ML.

In all four cases the COand CO ice fractions are reported with respect to the
total amount of HO ice, i.e. 100 ML. Thus the initial C&and CO fractions are
always 20 and 10% with respct ta8, respectively.

Starting with these compositions, Fig. 6.8 shows that almowolatile ice is
trapped in the 1:1 ice mixtures — the results of these cortipnsiare not signifi-
cantly diferent from assuming pure ice desorption. TBOHCO, 5:1 ice models
result in that most of the Cfice is trapped; at the onset o8 desorption the
ice mixture contains-14% of CQ ice with respect to the initial O ice abun-
dance. A smaller amount of CO is trapped in the 10:14dé6 with respect to the
H,O ice abundance. This is an order of magnitude lower thandh&esg used in
Visser et al. (2009) and Viti et al. (2004) and shows the irtgpure of modelling
experimental results rather than assuming that a specifierement can be used
to generally predict processes under astrophysical dondit

Based on these results, it will beidtult to explain more than a few percent of
COin comets, from CO trapped inB ice during the pre- or proto-stellar stages.

1.5.4 Future development — towards a four-phase model

While this version of the three-phase model already previsieme advantages
in treating ice mixture desorption compared to previousrafis, it does have
two areas that need further development. The first one i gliviously a more
accurate treatment of desorption of CO and other very Velgtiecies from C®
rich HoO-ice mixtures, whether tertiary ices or more complex. Ty be solved
by having relative dfusion probabilities that are constantly redefined in theehod
based on the ice composition according to some simple famul

A second approach is to allow for continuoustalsion between the surface
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and mantle layer. This would require a revision of the cursemnof rate equations,
since the three-phase model is set up such that the mantlefdaes diftusion rate
is identical to the ice desorptigaccretion rate. It should however be possible to
implement. In addition this more general approach is adgedus when using
the three-phase model in the future to investigate ice chteyni

A second challenge is how to deal with the astrophysicaityeafl two differ-
entice mantle phases, a@-rich ice phase and a CO-rich ice phase (Chapter 2). It
is worth considering whether a four-phase model is necgs$saroduce realistic
ice models both with respect to desorption and ice chemi&tripw temperatures
the complex ice chemistry may for example be vefjedent if CHsOH fragments
can only react with CO and other GBH fragments and not with NHand CH,
fragments. Such a four-phase model would however be morglaated than
most kinds of three-phase models and will only be attemptied diffusion be-
tween the mantle and the surface in the three-phase modékkassuccessfully
modelled.

1.5.5 Conclusions

Desorption from HO-rich ice mixtures is complex in that the amount of trapped
ice depends not only on the species involved, but also on tkieira ratio, the ice
thickness and the heating rate — there is no constant fraofizolatile species
trapped in a HO ice. This ‘complex’ behaviour can, however, be reprodusgd
a small improvement of the three-phase model by Hasegawa r&st€1993).
Using pure ice desorption energies and orfRudion parameter for 4O, CO, and
CO each, the modified three-phase model can reproduce thenamitrapped
ice quantitatively in all binary ice mixtures investigateden though the éusion
parameter was fitted using only a few®:CO, experiments and a singleB:CO
experiment. The same thredfdsion parameters also predict trapping accurately
in HoO-dominated tertiary bD:C0,:CO ice mixtures, while desorption from a
CO,-rich tertiary mixture requires a more sophisticated patisation of dffu-
sion in the ice than is currently implemented.

Extrapolating the model results to astrophysical heatittgsrand a plausible
H,0:C0,:CO 10:2:1 ice composition results #14% CGQ and~1% CO, with
respect to HO ice, trapped inside of the @ ice. Trapping of CO in KO ice
may thus be an order of magnitude lefiscéent than previously assumed. In pre-
vious models, experimental results on gHCO 20:1 mixture were assumed to
translate directly to astrophysical conditions with a m@@-rich ice; the exper-
iments and models here show that this is not a reasonabldifsiatpon. This
further strengthens the underlying theme in this thesis ékperimental studies
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must explore the entire parameter space available befirgpekating the results
to astrophysical settings.
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