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ABSTRACT

Context. The observed presence of pure € in protostellar envelopes, revealed by a double peakadilband, is often attributed
to thermally induced ice segregation. The temperatureimedjfior segregation is however unknown because of lack ahtitative
experimental data and this has prevented the use of icegseigne as a temperature probe. In addition, quantitatigeegm@tion studies
are needed to characterizdfdsion in ices, which underpins all ice dynamics and ice ckami

Aims. This study aims to quantify the segregation mechanism arréebain diferent HO:CO, and HO:CO ice mixtures.

Methods. The investigated ice mixtures cover a range of astrophigicelevant ice thicknesses and mixture ratios. The ices ar
deposited at 16-50 K under (ultra-)high vacuum conditi@egregation is then monitored, at 40-70 K in the,@@xtures and at
23-27 K in the CO mixtures, through infrared spectroscojme TQ and CO band shapes are distinctlffeiient in pure and mixed
ices and can thus be used to measure the fraction of segitdgatas a function of time. The segregation barrier is detexdhusing
rate equations and the segregation mechanism is invesdigfatough Monte Carlo simulations.

Results. Thin (8-37 ML) KO ice mixtures, containing either GOr CO, segregate sequentially through surface processksyéd
by an order of magnitude slower bulkfiision. Thicker ices100 ML) segregate through a bulk process, which is faster ¢van
surface segregation in thin ices. The thick ices must tbheeee either more porous or segregate throughfardint mechanism,
e.g. a phase transition, compared to the thin ices. Thegatipa dynamics of thin ices are reproduced qualitativeliyibnte Carlo
simulations of surface hopping and pair swapping. The éxymatally determined surface-segregation rates folla&hrrenius law
with a barrier of 108& 190 K for H,0:CG,; ice mixtures and 30@ 100 K for H,O:CO mixtures. Though the barrier is constant with
ice mixing ratio, the segregation rate increases at leastratically with CQ concentration.

Conclusions. Dynamical ice processes can be quantified through a conrainat experiments and fierent model techniques and
they are not scale independent as previously assumed. Tivedisegregation barrier for thin @:CO, ice mixtures is used to
estimate the surface segregation temperature during lagsratar formation to be 305 K. Both surface and bulk segregation is
proposed to be a general feature of ice mixtures when thagedrond strengths of the mixture constituents in pure iceads the
average bond strength in the ice mixture.

Key words. Astrochemistry; Line: formation; Molecular processes;tiMels: laboratory; Circumstellar matter; ISM: molecules

1. Introduction tions along the line of sight cannot be excluded from cloueg: co
) , observations alone. In pure G@e spectra, the bending mode

Ices form in dark clouds through accretion of atoms anghs a characteristic double peak (Sandford & Allamando®®19

molecules onto cold (sub)micron-sized dust particles.atbens e.g.). This double-peak is not observed towards star-fogire-

and molecules are subsequently hydrogenated and oxygengigns before the protostellar collapse and the turn-oneptio-

on the grain surface to formices such a€HMerrilletal. 1976; {ostar. This agrees with current astrochemical models,revhe

Tielens & Hagen 1982; Watanabe et al. 2003; loppolo et &yre CQ can only form through thermal processing of previ-
2008). This surface formation process #ia@ent enough that oysly mixed HO:CO, and CO:CQ ices.

in the densest star-forming regions up to 90% of all molesule

except for H exist in ice form (e.g. Bergin et al. 2002). Heating of ice mixtures results in both sequential desorp-
Observations of dense clouds show that two of the most abtion, starting with the most volatile molecules, and in iee r
dantices, HO and CQ, form already at low extinctions, while structuring, including ice segregation (e.g. Collingsle204;

the third major ice component, CO, freezes out in the clohrenfreund et al. 1998). In GQOce mixtures with HO or
core (Bergin et al. 2005; Pontoppidan 2006; Sonnentrudkar e CH3OH, ice segregation is identified from the growth of pure
2008). These results predict a bi-layered ice compositigitn, CO, ice features, especially the characteristic @B double

a bottom layer dominated by a,8:CO, mixture of ~5:1 and peak. Desorption of CO from CCce mixtures also results in
top layer consisting of CO-rich ice. Infrared observatiohthe the same pure CQOdouble-peak feature (van Broekhuizen et al.
CGO; ice bending mode around 1&n towards dark clouds con-2006). These two mechanisms can result in pure @@ in

firm this scenario; the C&spectral band consists of two or morestar forming regions as well once the protostar turns on and
distinct components consistent with laboratory ice speofr the original ice mixtures are heated. Ice heating is theesfo
H,0:CO; and CO:CQ ice mixtures (Knez et al. 2005). This isferred towards low and high-mass protostars wherever pGge C
consistent with a bi-layered ice, thougtfdrent grain popula- ice is observed (Gerakines et al. 1999; Nummelin et al. 2001,
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Pontoppidan et al. 2008; Zasowski et al. 2009). Towards madiserved a faster growth of the pure £f@ature, and also an in-
of the protostars, low- and high-mass sources alike, thenityaj creased final segregated fraction, at higher temperatlinesce
of the CQ ice is still present in the two phases typical for darkeposition temperature was important above 50 K in thisystud
cloud cores, suggesting a range of ice temperatures in tie-pr while lack of quantified uncertainties prohibited an estinaf
stellar envelope (Pontoppidan et al. 2008). The G@ectra then its significance at lower temperatures.
contain information about the temperature structure optio¢o- Building on these previous results, we aim to systematicall
stellar surroundings. Maybe more importantly, the spextira  investigate the segregation behavior of@4CO, and HO:CO
tain information on the maximum temperature to which the ice mixtures under astrophysically relevant conditiortse To-
icy grain mantles in the envelope have been exposesince cus is on the C@ mixtures because of their previous use as
ice processing is irreversibl@he fraction of pure CO; ice, temperature tracers around protostars. The CO mixtures are
with respect to the total CO, ice abundance towards a pro- included to test whether the deduced segregation mechanism
tostar, can therefore be used to constrain its thermal histgy,  for H,O:CO, mixtures is molecule specific or if it can be ap-
and its variability compared to current stellar luminosity mea- plied more generallyThe H,0:CO segregation temperature
surements. Attempts to use this information quantitagigeif- and mechanism are however astrophysically relevant as well
fers from dificulties in determining the origin of the pure @O since H,O:CO ice is present in star-forming regions (Chiar
ice, which is either due to CO desorption from the CO-rictetay et al. 1994). For both ice mixtures, the segregation rates are
or due to segregation of the,B-rich layer. This is mainly be- measured under a range of experimental conditions, whieh ar
cause of a lack of quantitative data op®HCQO;, ice segregation, discussed in Section 2. The experiments are complimented by
i.e. the segregation temperature ofGHCO, mixtures at these Monte Carlo simulations, introduced in Section 3, to test th
time scales is unknown. theoretical outcome of fferent segregation mechanisms. The
Segregation is expected to occur whenevefudion of results of ultra-high- and high-vacuum experiments onesgay
molecules in the ice is possibéad it is energetically favorable tion are presented together with the deduced segregatidaisa
for molecules of the same kind to group together; for exampi@d the simulation results in Section 4. Based on the simula-
H,O molecules form stronger hydrogen-bonds with each othiémns and the experimentally determined segregationdegten-
than with molecules such a CO and £0hus, ice segregationdencies, the possible segregation mechanisms are didcinsse
studies provide information onfiliision barriers. These barriersSection 5 followed by astrophysical implications.
are currently the most important unknowns in models of com-
plex organic ice formation, where large molecules form tgto
recombination of smaller molecules and radicals thitide in
the ice (Garrod et al. 2008). Iceffiision barriers also governQuantitative experiments are carried out with thin ices,
selective desorption from ice mixtures, which is respdesir 40 monolayers (ML), under ultra-high vacuum (UHV) condi-
much of the chemical structure in protostellar envelopesil&V tions (~10-1° mbar) on the set-up CRYOPAD. Complimentary
experiments on ice chemistry and desorption provide some #xperiments on thick ices-(00 ML) are performed under high
formation on dffusion, the &ects of difusion are diicult to vacuum (HV) conditions {107 mbar) at a dferent set-up.
disentangle because of the additional dependencies okfiee-e CRYOPAD is described in detail by Fuchs et al. (2006). The
imental results on desorption and reaction barriers. $@@jen set-up is equipped with a Fourier Transform InfraRed (FTIR)
studies @fer a comparatively ‘clean’ environment to quantifyspectrometer in reflection-absorption mode (called Réfiect
diffusion within. Absorption InfraRed Spectroscopy or RAIRS), which covers
Segregation of thick ices (0.1-1n or 500-50,000 mono- 4000-800 cm' with a typical spectral resolution of 1 cth The
layers) has been studied qualitatively under high-vacuomdie HV experiment is described in detail by Gerakines et al. 699
tions by multiple groups (Ehrenfreund et al. 1998, 1999t@iar and is equipped with a FTIR, set up in transmission mode, hwhic
et al. 1999; Palumbo & Baratta 2000; Bernstein et al. 200§pans 4000-600 cthand is run at 1 crr resolution.
Oberg et al. 2007). The resultsfldir somewhat between the In all experiments, the ices are built ugfdsively on a gold
different studies, but in generab®:CO, ice mixtures are ob- surface (UHV) or a Csl window (HV) by introducing pre-mixed
served to segregate between 60 and 75 K at laboratory tigeeses into the chamber at the chosen deposition tempertligre
scales for mixtures between 9:1 and 1:1. Some of the ajas mixtures are prepared frd?CO, and*3CO (Indugas, 98—
served diferences are probably due to théfelient mixing ra- 99% isotopic purity) and deionized,B, which is further pu-
tios, since Ehrenfreund et al. (1999) demonstrated thaegag rified by several freeze-pump-thaw cycles. Because all riéxpe
tion in CH;OH:CO;, ice mixtures depends on the original icanents are with*CO and'3CO,, the isotope mass is not written
mixture composition; at 60 K only ice mixtures with ten timesut explicitly in the remaining sections. The final mixtui r
more CQ than CHOH segregate, at 100 K GBH:CO;, 1:3ice tio is determined in each experiment using infrared spectrpy
mixtures segregatefeciently as well. and previously determined CO, G@nd HO transmission band
Recently Hodyss et al. (2008) investigated segregatioman t strengths with~20% uncertainty (Gerakines et al. 1995). The
0.15um thick, H,O:CGO, ice mixtures (9:1 and 4:1, respectively)same band strengths are used to calculate absolute ice thick
under high vacuum conditions. They observed an onset in segsses, but in the thin ice experiments the band strenggtiisstr
regation at 60 K, which they interpreted as resulting from trscaled to account for the longer absorption pathway in RAIRS
known, slow HO phase change from high density to low densitfOberg et al. 2009), which results in~&0% uncertainty in the
amorphousice between 38 and 68 K. The immediate segregatinsolute ice thickness in these experiments. Based on the re
of an ice mixture deposited at 70 K shows, however, that segseilts of previous spectroscopic studies on mixed ices, #@ H
gation may also occur throughftilision. Consistent with previ- abundance is determined from the bending mode rather tiean th
ous investigations they found segregation to be méieient in  stretching feature@berg et al. 2007; Bouwman et al. 2007).
the 4:1 compared to the 9:1 ice mixture. Hodyss et al. (2008) In each segregation experiment the ice mixture is deposited
also investigated the growth of segregated, purg @Qhe 4:1 at a temperatur&ge, and then quickly heated-p K min-1) to
ice mixture with time at three fierent temperatures and theya chosen segregation experiment temperalgge The relative

2. Experiments
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temperatures are controlled to a fraction of a degree, whéde Table 1. UHV ice-segregation experiments.

absolute temperatures have 2 K uncertainty. The segregation

is measured by acquisition of infrared spectra during 244410 " Exp. CGQ/CO H,0:X Thick. (ML) Tgep(K)  Texp (K)
60

the spectral profiles of pure and mixed £@e are distinctly 1 CO, 10:1 37 19
different and can thus be used to measure the amount of seg- COo, 3:1 36 19 60
regated ice. In the thin ice experiment segregation is evatl 3 CG, 2:1 8 19 53
by using the CO and Cfstretching bands and in the thick ices 4 CO, 21 8 19 58
by combining information from the C{stretching and bending 2 g% gi ﬁ ig gg
features. . . 7 co 2:1 11 19 60
Table 1 lists the experiments carried out under ultra-highg Co, 21 13 19 50
vacuum conditions. The ice-mixture thickness is variestveen g co, 21 18 19 55
8 and 37 ML to explore the thickness dependence in the iceig CO 2:1 18 19 60
thickness regime accessible by RAIRS; the,Gtetching fea- 11 CO 2:1 20 19 53
ture is linear in absorbance for the firsb—10 ML CG; ice 12 CO 2:1 27 19 56
(Teolis et al. 2007Qberg et al. 2009). At higher coverage both 13 CG 2:1 30 19 50
the spectral shape and absorbance &extd by interference. 14 Co 2:1 17 40 55
This is only true for pure CQ thus a 30 ML thick 2:1 HO:CO, 19 CO 21 21 50 55
ice mixture is still accessible. Most,0:CO, experiments are 1$ gOZ 31 1705 1199 g’g
carried out with a 2:1 mixture, but four other mixing ratiog a 18 C% 111 913 19 50
included as well (Exps. 1, 2, 18 and 19). The 2:1 mixture was; CO, 11 13 19 55
chosen as a standard experiment to facilitate the studygf se 5 co 2:1 22 19 27
regation dependencies over a range of conditions, whicbtis n 21 co 11 10 16 27
possible for more dilute mixtures at laboratory time scalde 22 CcoO 1:1 32 19 23
deposition temperature is varied between 20 and 50 K and se@3 co 1:1 31 19 25
regation is investigated between 50 and 60 K. Two additionak4 CO 1:1 29 19 27

experiments (Exps. 16 and 17) explore the impact of fast ther
mal annealing and of using an ice substrate instead of déppsi ®The ice was annealed at 60 K for less than a minute before dbalek

the ice directly on the gold surfac&he ice substrate is con- [° tEe segregation temperatufre. deposited ¢
structed by depositing a thick layer of H;O ice onto the gold HTO?c:z(')r.r?eolzjg?crej]\li)\jtatjsr?:lgp(?siwa g?iooelgc;glfchic()er\]/eto;)c%nzgalt\:/'lfLice
surface before depositing the ice mixture. The segregating _?2 y e ; :

ice mixture is thus ?solate% from the gold surfaceFivg e)g(]per-g substrate and then cooled to 19 K before depositing the igguress.
iments on HO:CO segregation (Exps. 20—24) affdrent tem- ) _ _

peratures and for fierent ice thicknesses and mixture ratios arkPle 2. HV ice-segregation experiments.

included to test whether the;®:CO, segregation results can be

generalized to other ice compositions. Table 2 lists th@180, Exp. HO:CO Thick (ML) Taep(K) Texp (K)
experiments carried out under high vacuum conditions, khic :I 2’;% gi’g %g’ Sg
are set up to explore temperature- and mixture-dependeotie i 21 140 15 20
ice segregation for thick ices between 100 and 300 ML and how  , 21 160 15 45
this compares with the UHV thin ice experiments. Vv 2:1 240 15 50
Vi 2:1 160 15 60
Vil 2:1 180 15 70

3. Monte Carlo simulations

Monte Carlo simulations are used to qualitatively invesg

ice segregation through twoftrent difusion mechanisms. The

stochastic method employed here builds on the lattice-gast®/ filled and the lash + 1 layer is 25 % filled. The partial fill of the
Carlo technique used by Los et al. (2006, 2007) and Cupperf@ layers simulates the expected roughness of a surfage. Th
Herbst (2007). In the simulations G@nd HO molecules are ratio between the two molecular species occupying the isites
followed individually as a function of time, both positiom@ given input parameter.

environment, as they fluse through the ice and desorb fromit.  The molecular distribution changes with time through two
The probability of a certain event in the simulation is goweat  diffusion mechanisms, hopping of molecules into empty sites
by its energy barrier, which depends both on the kind of evefd swapping of molecules between sites, and through desorp
and on the total energyfiierence before and after the event takei#on into the gas phase. The rates for these three procBgses
place. Exothermic events are therefore overall more likelyc-  andRq (where h is for hopping, s for swapping and d for desorp-
cur. Diffusion thus drives ice segregation when it is energeticalign) are defined by

favorable for molecules of the same kind to bind togethdrenat

than to bind with other types of molecules. The specific epergR = v; x e 5/Tew, (1)
conditions for diferent types of dfusion is discussed further be-
low. where ih, s or dy; is the vibrational frequency of the molecule

In the simulation, the ice structure is modeled as a reguiarits binding site, which is~10'2 s7* for physisorbed species
lattice with dimensions 2% 25 (extended infinitely by periodic (Cuppen & Herbst 2007), is the temperature at which the
boundary conditionsx (h + 1), whereh is the ice thickness in ice mixture is kept, ané; is a barrier height in K for process i.
monolayers. The lattice is initially filled randomly withehwo All barrier height depend on theftiérence in binding energy
molecular species investigated for segregation, suchihtbdirst before and after an event. In a binary mixture of moleculead a
(h— 1) layers are fully filled with molecules, thelayer is 75 % B, the total binding energlf, depends on the number and nature
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of (next)-nearest neighbonsy,, 2., n4. ., andng. ) surrounding more experimental and theoretical investigations. Untihsdata
the considered molecule and also on the specific molecule-éxist, segregation through hopping cannot be excluded tand i
molecule binding energieg ™, 58 ands2-8. The binding en- is thus included in the simulations, though segregatioouthh
ergy for next-nearest neighbors is defined t¢ lveeaker than for swapping alone is simulated as well. .

nearest neighbors because of the cubic geometry of thedatti  In contrast to C@ hopping, swapping only requires that the
There is also an additional bulk energy teEr,,, accounting average pure ice band strengths are greater than the avenage
for longer range fects. The total binding energy of a molecul&trengths in the mixture to drive segregation. In other wdcd

Ais thus described by the swap ofa C@moleculg from an IglO dominatgd environ-
ment with a HO molecule in a C@dominated environment to

A aaa M e s B be energetically favorable)2® 20 + g2 % % > 2 x £207C%,
Ep =&, (M, + ?) +ep (N + ?)+ Ebulk- (2) This is expected to hold, since.B can form considerably

stronger hydrogen bonds to othes® molecules compared to
The total hopping energy barrier for a molecule A into a neighvith CO.. In addition hopping of HO drives segregation under

boring site is defined by the conditione[ 297 > £l29-C® though this process was less
importantin driving segregation at the temperatures anddra
EA = A 1 A chosen for the simulations. Thudidision in the ice will drive

segregation under a range offdrent conditions with regards to
N ) . _relative energy barriers, and the dominating segregatiechar-
whereg is the barrier energy for a molecule to hop into a sitgism may difer between dierent ice mixtures.
where the total binding energy is the same before and after th The hopping energies are multiples of the binding energies
event andAEp is the diference in binding energy between theimilarly to Cuppen & Herbst (2007) and Garrod et al. (2008),
new and the old site. Hopping one site further has a barr@r pivhile the swapping barrier is unknown and we chose to setit to
portional to 2. The total swapping energy barrier is definegactor three higher than the G®opping barrier. To investigate

by segregation through only hopping and only swapping, we also
run simulations with only one of the mechanisms turned ots Th
EAB = AB }AEQ n }AEE, (4 is done computationally by increasing the barrier heightaby
2 2 factor of 10 for the excluded process compared to Table 3.

wheree2 B is the barrier energy for two molecules A and B to
swap into sites where the total binding energy is the sammrdefTable 3. Defined binding, hopping and swapping energies g®tand
and after the event. The desorption endEQ)equals the binding CO,.

energyEA
OyED. _

With the rates and barriers thus defined, the Monte Carlo Barglg['gygé Energy/ K
method is used to simulate which of these processes ocaurs fo & 1000
a specific molecule through the random walk method. The sim- g 2 C> 500
ulation starts with choosing time steyi by picking a random £H20-CO, 400
numbery between 0 and 1 and calculating the event tikhgen: ® o
from Shz 2400

| &% 1200

—In
Atevent= RhT(y-sz (5) £h207C02 3600
° ££02+20 3600

for all molecules in the ice. The molecule with the smallestra o . .
time is selected and its event time defines the calculatioe ti “? = binding, h=hopping, s= swapping.
step. This molecule will then hop, swap or desorb@fent+ At

depending on the value of a second random nuralietween

0 andR, + Rs + Ry. The molecular configuration in the lattice is ]
subsequently updated to start a new calculation cycle. 4. Results and analysis

In the simulation the energy barriers are chosen to rept@seq . results and analysis of,B:CO, segregation under UHV

H20:CQ; ice mixture (Table 3). Since this is a qualitative model, 1\ conditions, HO:CO segregation under UHV conditions
the values are approximate. '(I)'?Ceozblndllng energies are based,fq vionte Carlo simulations are presented sequentiallybel
TPD experiments, except fef" » whichis assigned alower The CQ UHV experiments form the central part of this section,
value thans"%°% to make CQ segregation through hoppingwhile the other studies present supporting informatioruatize
energeticaIFy favorable within the framework of the sintida. segregation mechanism.

This may be counter intuitive since G@nd HO should form

a hydrogen bond, which is stronger than the van-der-Waals i . . .
teractions between two G@nolecules. From TPD experimentsjﬂl' UHV CO; ice mixture experiments

there is however no evidence fef*° % > £ > inices Figure 1 shows the evolution of the G@tretching mode with
(Collings et al. 2004). This may be due to steriteets, i.e. time in a HO:CO, 2:1 ice mixture at 55 K during four hours.
CO, molecules may be able to bind to more molecules in a pufellowing deposition at 20 K, the ice is first heated to 50 K,
CGO;, ice compared to in a $#0-rich environment, resulting in an where the ice mixture spectra is acquired, and then further t
overall stronger bond for a GOnolecule that hops from ajd® 55 K. At 55 K a new feature appears within a few minutes at
dominated site to a COdominated site despite the lower bon®310 cn1!, which is attributed to pure CQce (Fig. 2). The ice
strength between individual GOnolecules. This requires bothsegregates quickly during the first hour before the ratdsenfg
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Fig. 1. Spectra illustrating the changes in the £sretching feature as Fig. 3. The spectra of an 18 ML thick }#D:CG; ice with the initial com-
the ice segregation proceeds in a 18 ML thick 2:0:CO, ice at 55 position of 2:1 (black) is fitted with a pure G@pectra (2311 cn) and

K (Exp. 9) over the course of 4 hours. The spectra are acqeivedy a H,0:CO, 2:1 mixture spectra at 50 K (red solid) afteB hours at a
5-15 minutes. The stretching band is shifted compared tmalo€0,

becausé3C0O, is used.
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Fig. 2. The spectraillustrate the level of segregation thece reached
in 2:1 H,0:CO, ice mixtures of different thicknessedn a) after~3

hours at 55-56 K and in b) after2 hours at 60 K. The ice thicknesse

are 27 ML (black solid), 18 ML (blue dashed) and 11 ML (greet:d
ted). The partly segregated ices are plotted together witpeatra of
pure CQ ice at 50 K (red dashed dotted line) in panel a).

segregation temperature of 55 K. The combined fit is the restheth
line.

The early, fast segregation is inferred to be a surface pro-
cess; the observed level of segregation does not depencton th
initial ice thickness between 8 and 27 ML at early times fér al
ice temperatures, and also at late times for experiments Kt 5
or colder. Figure 2a demonstrates this for 2;04C0O, ice mix-
tures of three dferent thicknesses after three hours of segrega-
tion at 55 K, when the absolute amount of segregated ice is the
same for all three ice mixtures within the experimental unce
tainties. Segregation is somewhat thickness dependefit Kt 6
between 11 and 18 ML, which is indicative of a second bulk
segregation process becomini@ent at this higher tempera-
ture (Fig. 2b).

Quantitatively, the amount of ice that is segregated at any
time is calculated by simultaneously fitting a pure Qe spec-
trum and an appropriateJ@:CQ, ice mixture spectrum — both
acquired at 50 K, where segregation is still slow — to theesegr
gating ice using an IDL script. During the automatic fit, thet
plate spectra are allowed to shift with at most a few wavenum-
bers to obtain an optimal fit as examplified in Fig. 3. The fits
are generally good except for a slight low-frequency misimat
indicating that the structure of the mixed ice changes sdmtw
during heating. The resulting amount of segregated icenisqul
as a function of time in Fig. 4a for three 13-18 ML thick 2:1
H,0:CQG; ice mixtures at 50, 55 and 60 K, demonstrating that
the segregation rate increases with temperature. The sane t
is present for both thinner and thicker ices (not shown).

The segregation rate also depends on the ice mixing ratio as
shown in Fig. 4b for 1:1 and 2:13®:CO, mixtures at 55 K. The

(finitial rate is~3 times higherinthe kD:CO, 1:1ice. Thisis also

the case when comparing the 1:1 and 2:1 mixtures at 50 K. The
upper limit on the segregation rate in the 10:1 mixture iscéofia

of 10 lower than the 2:1 rate. The segregation rate thusasese
with a power 2—3 with the C@concentration in the ice mixture
(where the concentration is with respect to the totaDHCO,

after four hours the segregation still proceeds slowly hare ice amount). Furthermore the steady-state segregatiah iev

Similarly to this experiment, all investigatedb@:CO, 2:1 and 70% higher in the 1:1 ices compared to the 2:1 mixtures, which
1:1 ice-mixture spectra change consistently with ice sgaiien
when the ice mixtures are heated to 50-60 K and kept at ttiat the same total amount of ice is available for surfacesggg
chosen segregation temperature for a minimum of two hours.tion in all ice mixtures and that the final level of ice segitega

is comparable to the CQconcentration increase. This suggests
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segregation at 55 K for a quickly annealed ice (red diamondks) amorphous ice deposited at the ‘normal’ 19 K and at 40 %0 (& and 16).
Finally the curves in d) show the segregation at 53 K for 8-9thkick ices deposited directly on the gold substrate and prof@5 ML compact
H.,0 ice respectively (exp. 3, 16 and 17). In each experimesatséyregation during the first 40-240 min is fitted with a fiomch\, (1 — e *sed)
(solid lines).

only depends on the amount of ¢ the top available ice lay- scribing the segregation process. Such a functional forex-is
ers. pected for a process that eventually reaches a steadyastdte

In contrast to temperature and composition, the segragatR® c_iemonstrated in_Section 4, this is cor_1_sisten_t with the sim
rate is independent of the other experimental variablefyding Ulations of segregation through surfacéusion. Fig. 4 shows
thermal annealing, deposition temperature below 50 K aad tiat the equation fits the early segregation well but at ktess,
nature of the substrate (Figs. 4c and d). Figure 4c showsithath® experiments and exponential fits deviate, especiatlytie
ice segregating at 55 K after a 1 min warm-up to 60 K behavd@rmest ices (Fig. 4a, 60 K). This suggests two types of segre
as a corresponding amorphous ice at 55 K, except for the figgtion mechanisms with fierent energy barrlgrs, which are as-
point, which can be attributed to segregation at 60 K. Theesarp{gned to surface and bulk processes in Section 4. Thereare h
figure shows that increasing the deposition temperature @ €Ver too few points to fit both types of segregation in most ex-
to 40 K does not fiect the segregation, while at 50 K the icd€fiments and thus we focus on the initial segregation tafeea
segregates during deposition (not shown). Afiget by the sub- This is done by fitting the exponential growth function tolgar
strate on the segregation was investigated by comparirggtpe times, Wh.ICh is defined as 240 min at 50 K 90 min at 52—.56 K
regation of two thin ices (8-9 ML) after deposition directy and 40 min above 56 K. At these times a single exponent fits the
the gold substrate and on top of®lice; there is no measurabledrowth equally well as two exponents and the segregatidmnis t
difference between the outcome of the two experiments. domlngted by thg fast procedm test the sensitivity of the f!ts

The initial segregation rate is measured quantitativedyi to the fitting time mterv_als,. these were vaned_byJ_rSO%. Th!s
experiment by fitting an exponential functis,(1—e k) etomthceh does not dfect the derivation of the segregation barrier, sig-

; . . ; nificantly, as shown further below. The results of these fits are
first 40-240 minutes of the segregation, whéseis a steady- gy for all experiments in Table 4. The rates are condisten
state amount of segregated ités the segregation time in sec-

onds andkeeg is a temperature dependent rate fEigéent de- for 8—20 ML thick ices, while the thickest ice mixtures segre
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Table 4. UHV ice-segregation cdicients for HO:CG; ices. overestimates the uncertainties. Still it is comforting ttat the
derived value is well within the uncertainty of the segrega-
Exp. A./ML k/s? tion barrier derived from the optimal fitting time intervals ,
1 - - and the presented barrier for surface segregation is thus ro
2 17401 (14+03)x10°3 bust. The barriers are also not significanthfféirent for the two
3 0.8:01 (54+24)x10* mixtures, even though the rates are higher for the 1:1 ites; t
4 12601 (17+£05)x10° pre-exponential factors amount tox210°*D for the 2:1 mix-
5 <4 (31+£6.3)x10° tures and 6< 104+1) for the 1:1 mixtures. The pre-exponential
6 1301 (79+£19)x 107 factor can be understood as d@udsion frequency multiplied by
7 1701 (33+08)x10~ the fraction of difusion events that results in segregation. Its in-
g 2% (1)3 gi?i 2?3 i ig4 crease between the two mixing ratios is thus consistenttivéth
10 20:01 (21+04)x 107 increase in the number of GOnolecules available in the top
11 1401 (49+10)x 10 layers. _
12 1.3:0.4 (26+14)x 10 Table 4 shows that the steady-state amount of segregated ice
13 <4 <17%10% from the fast segregation mechanism is consistently betviee
14 1.4:01 (99+21)x10% and 2 ML in all experiments, except for the 1:1 mixtures as
15 - - discussed above. The steady-state amount increasesyshight
16 1.2+ 0.1 (11+£03)x10°3 tween the 50-55 K and the 60 K experiments. This increase is
17 1.6:0.1 (59+17)x10* however low enough that an average value over all ice temper-
18 1.6:04 (42+18)x10* atures and thicknesses can be used when quantifying the-segr
19 24:01 (29+04)x10° gation process. Combining the information in this sectiie,
amount of segregated icd in ML after a timet in seconds at
an ice temperatur® in K is well described by
e ] N Trrr e Trrr e Trrr e T ]
—6F H 3 e _ 13+o7(1_e—ksegr)x(i) and 6)
c 3 co — Tr o 0.33
-7F T k= 2 105D 5 o (1080190)T o ( X )Z'Sﬂ )
c ] 69 0.33 ’
—~ -8F .
Z - 1 wherexis the CQ concentration in the ice with respect to the
g 9 - 4  total CG::H20 ice amount (in astrophysical settings this will be
C 3] dominated by the kD ice fraction). At 60 K the second, slower
-10F <  bulk segregation is an order of magnitude lower than the ini-
C 1 3 tial surface segregation rafEhere are too few measurements
-11F - to quantify the bulk segregation further, but this difference
C ]  suggests that the barrier to segregation in the bulk is more
R b b i d than g factor of two larger than for the surface segregation
0.017 0.018 = 0.019 0.020 evaluated hereln Section 4.4 this bulk segregation is simulated
/T /K through molecular pair swapping with a three times higher en

Fig. 5. The natural logarithm of rate cfiigients for segregation in thin €rgy barrier compared to GQurface hopping.
ices (8-13 ML) is plotted versus the inverse of the segregaémpera-
ture for HO:CO, 2:1 (black crosses) and 1:1 mixtures (red diamond

S . . .
The black line is fitted to the 2:1 experiments. )'('2' HV CO; ice mixture experiments

Transmission spectroscopy in the HV set-up allows for the in
vestigation of segregation in an order of magnitude thiéger
gate somewhat slower compared to thinner ices kept at the sahan is possible in CRYOPAD. Figure 6 shows the segregation
temperature. This decrease is barely significant, howawerjt of H,O:CQ;, 2:1 mixtures through spectroscopy of both the,CO
is probably due to RAIRSfEects, which become important atbending and stretching modes. Some ice rearrangemenbis als
these thicknesses as discussed in Section 2, rather thaalto visible in the 4:1 mixture but there is no clear indicatiorsefy-
differences in the segregation behavior above 20 ML. regation into two dierent ice phases. Thus, similarly to the thin
Assuming that the segregation-rate fimgents can be de- ice experiments, the segregation rate depends on the icanmix
scribed by the Arrhenius equatiok,= I' x e 5/T wherel' ratios.
is the pre-exponential factoEseq the segregation barrier in K The amount of segregated ice at each time step is derived
andT the ice temperature, the segregation energy can be asing the same procedure for the thick ices as describedeabov
tracted by plotting InK) versus 1T and fitting a straight line to for the thin ices. Figure 7 shows the fraction (not the nundfer
the points; the slope of the line Bsey This is shown in Fig. 5 ML) of the ice mixture that is segregated as a function of time
for the rate cofficients belonging to the 8—13 ML experimentsat segregation temperatures between 40 and 70 K. Above 50 K
resulting in a segregation barrier of 1080190 K for the 2:1 the segregation of the140 ML ices reaches 50%, from which
and 1050+ 220 K for the 1:1 HO:CQ, ice mixtures, where we infer, in agreement with previous studies, that segrega
the uncertainties include both experimental and fit eribthe  a bulk process for thick ices deposited under high-vacuum co
time intervals chosen to fit the first exponential is allowed® ditions. It also shows however that a large fraction of theeigc
vary by +50% from the optimal value, the derived barrier protected from segregation at all ice temperatuttes,gh this
is instead 120@-250 K for the 2:1 mixtures. This probably fraction is smaller than in the thin ice experiments that are
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Fig. 6. CO, bending ¢635 cnt!) and stretching 42270 cm') spec- Fig. 8. Ice segregation in a 10 ML 4#0:CO mixture observed through
tral features at the onset (black solid) and after 2 hourseafihg at a) the changes in the CO stretching feature with time (frooe kib
the segregation temperature (red dashed) for three 160ME1thick  orange), plotted together with b) the original ice mixtupedtra (black

H,0:CG; ice mixture experiments. solid) and c) a pure CO ice spectra (black dashed). The spactrdi-
set compared to the normal isotope band positions, becdGs® is
used.
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4.3. UHV CO ice mixture experiments
0.3

Because of the high volatility of CO, #0:CO segregation is
investigated between 23 and 27 K. This is significantly below
the temperature range for the® ice transition between high
and low density amorphous phases, which occurs gradually be
. tween 38 and 68 K (Jenniskens & Blake 1994). The temperatures
R investigated for HO:CO and HO:CO; segregation are similar
0 20 40 60 80 in terms of % of the CO and CQdesorption temperature; CO
Time / min desorbs a+30 K and CQ at ~70 K from a KO ice substrate.
Fig. 7. The segregated ice fraction, with respect to the totap @® Hence, if segregation occurs through a simpléudion process
amount, as a function of time at 40 (black stars), 50 (bluengies), With barriers proportional to the binding energy in CO and,CO
60 (red diamonds) and 70 K (green circles) for 140-240 MLKkhicice mixtures, this is the predicted range of temperaturesrevh
H20:CO;, 2:1 ices. The solid lines show the exponential fits from whicthe H,O:CO ice should segregate. Figure 8 shows th®180
the rate coficient is derived for each experiment. ice evolution when quickly heated from 16 to 25 K and then
maintained at 25 K for four hours. The new band appearing
around 2094 cm at 25 K has the same width and a compa-
dominated by surface difusion. The segregated amount of iceable position to a pure CO ice feature and this is interprrete
as a function of time is fit to an exponential function in thedo as resulting from ice segregation. Segregation thus oegfst
temperature experiments — above 45 K, segregation is tofofas occurs only in a part of the ice, similarly to the g@ixtures.
areliable rate determinatiore. the final segregated amount is The segregation is quantified by fitting three Gaussian’s to
reached within a couple of measurementdn contrast to thin the spectral feature, two belonging to CO ice in gZ0Hmixture
ices the segregation can be fitted with a single exponentiatf and one corresponding to the pure CO ice band (Fig. 9). The
tion for all temperatures and the determined steady-stateiat two mixed ice Gaussians have been observed previously in sev
of segregated ice depends on the ice temperature; the atgplegeral studies and are attributed to twdtfdient CO-HO interac-
fraction varies between 20% and 55% at the investigated tetions (Collings et al. 2003). The Gaussian parameters aee fr
peratures. The resulting bulk segregation rates at 40 aril 4%variables during the fit except for the FWHM of the pure CO
are (2+ 6) x 10~* and (5+ 3) x 1073 s71, respectively. Since the Gaussian, which is constrained to be within 0.5 & the pure
rates describe the segregation of a fraction of the icer#itia@ CO ice value in Bouwman et al. (2007). The resulting Gaussian
a number of monolayers they cannot be directly comparedpgarameters for all HD:CO experiments are reported in Table
the thin ice surface segregation ratesis, however, clear that 5. The widths of Gaussians 1 and 3 are similar to those used
steady state is reached in a shorter time in the thick ice ex- to fit the same HO:CO ice-mixture feature by Bouwman et al.
periments compared to the thin icesThe derived barrier from (2007). Figure 9 shows that the spectral fit cannot excludsva f
the 40 and 45 K experiments is 127860 K, which is than in the % of ice segregation at deposition. This does rad the re-
thin ice segregation barrier of 108090 K. The thick ice segre- sults since the reported level of segregation during theegxp
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Fig. 9. The resulting fit of three Gaussians to a) a partially sedeeba Fig. 10. The amount of segregated ice as a function of time in four
10 ML H,0:CO ice at 25 K and b) the original ice mixture at 16 KH,O:CO mixtures: a) 1:1, 27 K, 29 ML, b) 2:1, 27 K, 22 ML, c) 1:1,
The green dotted Gaussians correspond to mixed ice featbeeblue 25K, 31 ML and d) 1:1, 27 K, 10 ML.
dashed-dotted to pure CO ice and the combined fit is plotteddn
dashed lines.

presented in arbitrary units. With the specified energyibwy
ment is calculated from the increase of Gaussian 2 comparedggdregation at 55 K occurs through a combination of hopping
deposition. and swapping; removing one of the mechanisms decreases the

total segregated fraction (Fig. 11).

The segregation through hopping is well defined by an

Table 5. Parameters for the three Gaussians used to fit the CO featuegponential function, i.e. it is a single process appraaghi
steady-state, while segregation through swapping, anegag
tion through swapping hopping are both not. Instead segrega-

Gaussian  Peak position (cly FHWM (cmT)

1 2103.0-2102.4 6.1-6.4 tion through swapping is initially fast and then continuegto-
2 2094.6-2093.8 2.1-2.5 ceed slowly until the end of the simulation, long after thgree
3 2093.4-2092.7 8.4-8.7

gation through hopping has reached steady-state. Thal ifaitit
swapping is due to swapping with surface molecules, whiech ex

Using the Gaussian fits, Fig. 10 shows the time evolution Bf2inSs that segregation through hopping and swapping iaot
the amount of segregated ice in theéfeiient CO ice mixtures, ditive. It also explains why segregation through only swagp
except for the 23 K ice where no segregation is observed (ff&not be fitted by a single exponential function, since @ pr
shown). The segregation time series have the same shape a§§gds through two fferent processes, surface and bulk swap-
CO; segregation ones, with a fast initial segregation resylti?ing- Of the three curves the swappirigpping one is qualita-
in <2 ML segregated ice, followed by a slower segregation pr8vely most similar to the 55 and 60 K GAJHV experiments
cess at the highest temperature. The ice composition depead @1d hopping alone cannot explain the non-exponential behav
seems weaker, but is still present, compared to the &Be. 10F of the experimental segregation curves during late girftés
The segregation at 27 K is thickness dependent, which stigg@@Veverimportant that swapping alone may be able to repedu
that bulk difusion has already become important at this tempéef€ Segregation behavior observed in the experiments asid th
ature, though the initial rate should still be dominatedinjace MPlies that the C@-CO;, binding energy is not required to be
processes. Comparing the early-time rates of the 1:1 nastufligher than the C&H,0 one for segregation to occur through a
at 25 and 27 K results in an approximate barrier for the ihiti§omPination of surface and bulkftlision. _

H,0:CO segregation of 360100 K, using the same fitting tech-__The Segregation rate increases with segregation temperatu
nique as for the COmixtures. This is significantly lower than In the simulation when both hopping and swapping are indyde

the HO:CO, segregation barrier, as would be expected for i IS observed in the experiments. Figure 12 also showstthat t
more volatile CO ice. curves at higher temperatures, i.e. 55 and 60 K, divergeg mor

from an exponential growth compared to the 50 K simulation,

suggesting an increasing importance of bulk-swapping t&ith
4.4. Monte Carlo simulations perature. This is also consistent with the experimentalli®s
(Fig. 4a). The segregated fraction in the simulations iases
more clearly with temperature than in the experiments, esgg

hopping, and theféect of temperature on the segregation beha{!d that the bulk process, swapping of bulk molecules, may be
ior. Figure 11 shows the simulateg®:CGO; ice segregationin a somewhat tooféicient in the simulations.

5 ML thick 1:1 mixture using the Monte Carlo technique and in-

puts described in Section 3. The segregated ice fractioman-q 5. Discussion

tified through an increase in the number of nearest neighifors™

the same species, which is not directly comparable to the-spEollowing a brief comparison with previous experiments,
troscopic segregation observed in the experiments, ththugh this section combines the results from (U)HL®GICO, and

two are linked. The simulated amount of segregated ice is thd,O:CO segregation experiments and Monte Carlo simulations

This section presents the results from siefient ice segrega-
tion simulations, investigating the importance of swagpamd
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Fig. 11. Simulations of ice segregation in ®:CO, 1:1 mixture at ¢
55 K due to a) swapping and hopping, b) only hopping, and ¢y on
swapping. The dashed lines show exponential fits to the firshi8.

———————— Fig.13. The segregation mechanism in a) ices below 40 ML to-

gether with the two proposed segregation mechanisms fok thes

=5 (>100 ML), through b) internal surface segregation and c) hem-
o sitions. Black indicates segregated £i©e and stripes the #D:CO,
~ ice mixture. Each step is marked with the approximate teatpez at
< which the mechanism becomes important at the time-scalewahass
= star formation, as discussed in Section 5.3.
o
£
«© .
o ]
% 0.10 — o . .
s 1 Qualitatively, the studies also agree on the segregatiperde
o 4 dence on composition. A quantitative comparison is notipess
2 0.05 7 since such data have not been reported previously.
n .
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0 50 100 150 200 250 5.2. Segregation mechanisms

Time / min The possible segregation mechanisms for thin and thick ige m

Fig. 12.Simulations of ice segregation in @:CO, 1:1 mixture at 50, tures are summarized in Fig. 13. Thin binargHCQO; ice

55 and 60 K due to a combination of swapping and hopping. Teleeth mixtures, 8—-37 ML, segregateftirently compared to thick,

lines show exponential fits to the first 30 min. >100 ML, ices. This implies either a thickness dependent seg-
regation mechanism or aftérent ice structure above 100 ML

] ] ] ] compared to<40 ML. Segregation in thin ices is qualitatively

to constrain the segregation mechanics and the meaningof tproduced by Monte Carlo simulations including surfacg-ho

empirically determined segregation rates and barrierss ifR  ping, surface swapping and the slower molecular swapping

formation is then used to discuss the astrophysical imiitioa  throughout the bulk of the ice. If thicker ices are more parou

of quantifying the segregation of binary ice mixtures. because of cracking, hopping and surface swapping may be pos
sible throughout the ice resulting in the observed fast batire-

5.1. Comparison with previous experiments gation. Previous studie;s, ir_1c|uding Hodyss et al. (2008;),eiao_|
suggest that segregation is the product of ®Hbhase transi-

Previous studies have focused on segregation in thick id@m around the segregation temperature. Phase trarsitiary

(>100 ML) under HV conditions. Of these studies, Hodyss et akquire a certain ice thickness to becornffeetive and thus may

(2008) carried out the most similar experiments to our HVsonenly be important for thicker ices; the,®:CO results show that

and thus we only compare these two sets of experiments. ldodghase transitions are not responsible for segregationrindbs.

et al. (2008) reported an increase in the segregated icédinac The similar segregation barrier in thicker ices, compaogtiin-

and in the segregation rate between 55 and 70 K fos@:8BO, ner ones, does, however, suggest that the mechanism istiee sa

4:1 mixture, which is comparable to what we observe betweahall thicknesses and that the ratf@liences have a structural

40 and 60 K for a 2:1 mixture. The lower temperatures requiredigin. The shorter times required to reach steady-statieidk

in our experiment to achieve the same result are consistéimt wompared to thin ices indicates, however, the opposite.eMor

the observed dependence on composition for segregatiailin kthick ice experiments containing molecules witlffelient seg-

studies. Similarly to Hodyss et al. (2008), we do not observegation temperatures are thus required feedéntiate between

any dependence on the ice deposition temperature in our ttiiese two segregation scenarios. In either case, thé&seeait

ice experiments, as long as the deposition temperatureves lo segregation processes in thin and thick ices show that iee dy

than the lowest temperature for which segregation is oleservnamics, including ice chemistry, is not necessarily thedain-
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dependent as has been previously assumed in the astroeherti@ characteristic temperatufgeg at which segregation is im-

literature. portant can be calculated as a function of this heating tirates
The segregation growth curves of thin,®tCO, and 7 = k™! for a known ice composition

H,0:CO ices have the same shape with an initial exponential

growth up to 1-2 ML, followed by a slower growth at Iongel:l_ : 1080+ 190 8
time scales. The segregation temperatures and inferreisar "9~ 1 % \25+1 ‘ (8)
differ by a factor 2—3. The desorptjtwnding energies of pure log (2 X 10°+t x (0_33) X TCfit)

CGO, and CO ices are similarly a factor of 2—3teirent (Collings
et al. 2004). The derived segregation barriers for the twedy wherex is the CQ concentration in the y0:CGO; ice phase,
of mixtures are thus consistent with segregation througlkecao which is set to 0.16 from the 5:1 ice mixture observed by
ular hopping and swapping, with hopping and swapping barpontoppidan et al. (2008). Pontoppidan et al. (2008) alknica
ers proportional to the desorptitiinding energy of the most lated that under the assumption of free-fall accretion sa grain
volatile mixture component. The similar ratio between the s is heated to 25-50 K by a solar-mass protostar#000 years,
face segregation barrier and desorption energies in théywas  while in a recent infall model it is at least a factor of 5 longe
of ice mixtures, suggests that ice surface dynamics can be @@sser et al. 2009). Taking the lower limit 4000 yrs time Isca
proximately parameterized based on desorption energigsref for segregationTseqis 305 K. This is low compared to previ-
ices alone. ous estimates, of 50—100 K, and comparable to the temperatur
Physically, it is not obvious from the simulations whethefor CO distillation from CO:CQ ice mixtures, which is a com-
this initial surface segregation is dominated by surfageplity petitive mechanism to form pure G@xe. With this segregation
or surface swapping or whether it is even the same in both tfegnperature, segregation 0p®:CG; ice is no longer excluded
H,0:CG, and HO:CO mixtures. Swapping is certainly requirechs a source for pure GQOce around low-mass protostars. This
to explain the long-time growth of the segregated ice foacti temperature is only for surface segregation however. Toerd
Depending on the relative barriers for hopping and swapaimy more than 2 ML of pure Cgis present towards a low-mass pro-
the diferent binding energies in the ice, it may also be respotstar, distillation is still required. Observations shiat in the
sible for at least a part of the surface segregation as showrsample of Pontoppidan et al. (2008), the average ice abgedan
Fig. 11. The similar behavior of the®:CO, H,0:CO ices ac- of pure CQ with respect to HO ice is 2.4:-2.4%. Similar values
tually suggests that surface swapping rather than hoppingsd are also found towards the low-mass and high-mass sources in
surface segregation in both ices, since there is experahevit the sample when calculated separately for the two types -of ob
dence for a higher 0-CO binding energy compared to the COjects. With a total ice thickness of less than 100 ML, the antou
CO one in ices (Collings et al. 2003) and surface hopping cafsegregated Cotowards most sources is thus consistent with
only drive segregation if the hopping molecules forms gjen surface segregation as long as the observations are deuhinat
bonds with its own kind. QuantitativeJ@:CQO, desorption data ice at> 30 K.
is however required to exclude surface segregation thr@gh To understand the origin of pure G@e towards individual
hopping. A more quantitative simulation study of ice segregobjects requires estimates of the infall rate, the stellarihos-
tion is currently being pursued, which will address thisstign ity and the origin of the ice absorption features in the eope)
(Cuppen et al. in prep.). Until then, Egs. 6 and 7 describena navhich is outside of the scope of this study. Such a model could
specified surface segregation, while bulk segregationpsc however use pure Gbbservations to constrain the thermal his-
imately an order of magnitude slower in thin ices. From the etory of the protostellar envelope. While the characteritim-
perimental studies and the simulations, segregation is&@&d peratures of C@segregation in a 50:CO; ice mixture and CO
to occur in all ices, through swapping, where the binding edistillation from a CQ:CO ice are too close to fierentiate their
ergies of A-A+ B-B are greater than>2A-B. The segregation relative contributions towards most objects, their sinitijes ac-
barrier is expected to be mixture dependent, but relatetido tually an asset when using pure €i0e as a thermal probe. Both
pure ice binding energies. types of ice processing are irreversible; hence once sagagr
distilled, the CQ ice will remain pure. Careful modeling of the
amount of pure C@ice in a protostellar envelope may then re-
veal the maximum size of the envelope that has been heated to
Nature is ‘non-cooperative’ in that the typical astroplegsice 25-30 K. This inferred heating of the envelope in the pastan
thicknesses 0£100 ML are not guaranteed to be in the thin iceompared to the current luminosity of the protostar. A stiatbn
regime where hopping and swapping alone are responsible e discrepancy between the two would constrain the vditiabi
ice segregation. Yet, since 100 ML is the upper limit assgmirof protostars during an otherwise observationally inasibés
spherical grains, most astrophysical®HCQ, ice mixtures are period of the stellar evolution.
probably closer to the thin ice regime than the thick ice one. This picture may be complicated by the presence of
Therefore this section will discuss ice segregation dustay strong UV fields, which can produce CQ in CO- and H,0-
formation under the assumption that this can be describédey rich ices through photochemistry, photodesorb pure CQice,
same equations as thin ice surface segregation. and photodissociate CQ into CO and thus transforming the
During star formation ices are heated in the collapsing envyeure CO; ice into a CO,:CO mixture (Watanabe & Kouchi
lope to a certain temperature, depending on their distanoee f 2002; Loefer et al. 2005;0berg et al. 2009; Gerakines et al.
the protostar. The amount of time they spend at these etbval®96). The dficiencies of all processes depend on the penetra-
temperatures before desorbing depends on the infall rate ttion depth of UV radiation into the envelope, which may be
transports ices from the outer to the inner parts of the gteto significant towards especially high-mass sources. Even tteg
lar envelope. This time scatgy;; for ice heating in the envelopethe photochemistry resulting in CO, formation should not
during low-mass star formation thus depends on seveffardnt affect the amount of pure CQ, ice, since CQ will only form
parameters of which the stellar luminosity is the most iniggatr  mixed with its parent ice. Assessing the impact of the other
one and will vary between fierent objects. Building on Eq. 7, two processes requires a full collapse model that includese

5.3. Astrophysical implications
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chemistry. Without any model results, using the observed Collings, M. P., Anderson, M. A., Chen, R., et al. 2004, MNR/A&S4, 1133
amount of pure CO; ice towards high-mass protostars di- C"g@gség"?; P., Dever, J. W., Fraser, H. J., & McCoustra, MSR2003, Ap&SS,
rectly as a heating tracer may u_nderesumate the_past heatim Cuppen, H. M. & Herbst, E. 2007, ApJ, 668, 204

of the envelope because of UV-induced destruction of some ofp4r6is ‘£ - Demyk, K., d’Hendecourt, L., & Ehrenfreund 1899, A&A, 351,
the produced CG; ice. Thus, without any knowledge about 1066

the ice UV-processing, pure CQ ice still provides a lower Ehrenfreund, P., Dartois, E., Demyk, K., & D’Hendecourt, 1998, A&A, 339,

limit to the amount of heat experienced by the ices in the _ L17
Ehrenfreund, P., Kerkhof, O., Schutte, W. A,, et al. 1999,A&50, 240

protostellar envelOpe' Fuchs, G. W., Acharyya, K., Bisschop, S. E., et al. 2006, deydDiscussions,
133, 331
. Garrod, R. T., Weaver, S. L. W., & Herbst, E. 2008, ApJ, 683 28
6. Conclusions Gerakines, P. A., Schutte, W. A., & Ehrenfreund, P. 1996, A&A2, 289

e L . . . Gerakines, P. A., Schutte, W. A., Greenberg, J. M., & van &ési, E. F. 1995,
Quantifying ice dynamics is possible through a combinatita A&A, 296, 810 9

relatively large set of laboratory experiments, spannieggvail- Gerakines, P. A., Whittet, D. C. B., Ehrenfreund, P., et 889, ApJ, 522, 357
able parameter space, rate-equation modeling and Monte Céiodyss, R., Johnson, P. V., Orzechowska, G. E., Goguen, & Kanik, 1. 2008,
simulations. This process is more time consuming than taé qu_ 'carus, 194, 836 _ . .

itative studies we have been building on, but has the ctitida 'Opg&l)% SA'F;JC%%%E%%M” Romanzin, C., van Dishoeck, F&finnartz, H.
vantage of providing actual rates, which can be incorpdriat® jenniskens, P. & Blake, D. F. 1994, Science, 265, 753

astrochemical models. These rates can then be used to testknyz, C., Boogert, A. C. A., Pontoppidan, K. M., et al. 200$JA635, L145
potheses about ice dynamics in space. Quantified ice prsedgefier, M. J., Baratta, G. A., Palumbo, M. E., Strazzulla, G., &4ggola, R. A.

ot : 2005, A&A, 435, 587
can also be used as quantitative probes, and thus provm@rpovl\_/o& 3..van den Heuvel, M., van Enckevort, W., et al. 2008plg, 30, 216

ful tools to investigate processes during star formation. | 5 3.'H., van Enckevort, W. J. P., Meekes, H., & Viieg, E. 20the Journal of
For the specific dynamical processes investigated in thisphysical Chemistry B, 111, 782
study our main conclusions are: Merrill, K. M., Russell, R. W., & Soifer, B. T. 1976, ApJ, 20763

Nummelin, A., Whittet, D. C. B., Gibb, E. L., Gerakines, P, & Chiar, J. E.

1. Thin (8=37 ML) HO:CQ, and H0:CO ice mixtures segre- .. i?glk'“lmlvzf’;%rlﬁ% Boogert, A, C. A, ot al. 2007 5 1187
gate through surface processes followed by an order of m%—erg: K. 1., van Dishoeck, E. F.. & Linnartz. H. 2009, A’&‘A"géﬁng’SI

nitude slower bulk dfusion. _ o Palumbo, M. E. & Baratta, G. A. 2000, A&A, 361, 298
2. The thin ice segregation process is qualitatively reprBentoppidan, K. M. 2006, A&A, 453, L47
duced by Monte Carlo simulations where ices segregét@]gappédasn'AK-&MA”BOOQ%WIA- S-JAigFggsif,JHé 35-56;29&0“!331678, 1005
H H H inRandaiora, S. A. amandola, L. J. , ApPJ, y
throth a Combmatlon gf mgleCUIe hOppII?g and S\;Vappmgbnnentrucker, P., Neufeld, D. A., Gerakines, P. A., et@G082 ApJ, 672, 361
Segregation is expected to be a general feature of ice Mfjis B. D., Lodiler, M. J., Raut, U., Fama, M., & Baragiola, R. A. 2007,
tures where binding energies of all the mixture constitsient icarus, 190, 274

are higher on average in the segregated ices compared tdiéfens, A. G. G. M. & Hagen, W. 1982, A&A, 114, 245
the ice mixtures. van Broekhuizen, F. A., Groot, I. M. N., Fraser, H. J., vantoisck, E. F., &

. . . Schlemmer, S. 2006, A&A, 451, 723
3. The surface segregation barrier is 188090 K for the Visser, R., van Dishoeck, E. F., Doty, S. D., & Dullemond, C2609, A&A,

H>0:CG, ice mixtures and 30& 100 K for H,O:CO seg- 495, 881
regation. Watanabe, N. & Kouchi, A. 2002, ApJ, 567, 651
4. H,0:CO, surface segregation is ice-mixture ratio dependenyatanabe, N., Shiraki, T., & Kouchi, A. 2003, ApJ, 588, L121

B 25+1  Zasowski, G., Kemper, F., Watson, D. M., et al. 2009, ApJ,, 859
quantified askseg = 2 x 105D x g 1080190 5 ()™

whereksegis the rate at which the top few monolayers seg-
regate,T the ice temperature andthe CQ concentration in
the ice with respect to the total ice amount.

5. Segregation in thick( 100 ML) ices involves the bulk of the
ice, which can be explained by ice cracking ofGHphase
transitions or both. Ice dynamics thus depends on the thick-
ness of the investigated ice.

6. During low-mass star formation the surface segregation t
perature of a typical thin $0:CQO; 5:1 ice mixture is reduced
to ~30 K, because of the longer time scales.
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