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a b s t r a c t

Porous water ice and water ice mixtures H2O:X (X = CO, CO2 and CH4) produced at 15 K, with film thick-
nesses in the 0.5–1 lm range, were irradiated by swift ions and monitored by mid-infrared spectroscopy
(FTIR). The analysis of the evolution of the pure water ice infrared absorption on ion beam dose reveals a
strong correlation among three quantities: (i) the absorbance of the most intense band (3250 cm�1), (ii)
the wavelength of the maximum absorbance of this band and (iii) the absorbance of the OH-dangling
bonds. This correlation is interpreted as indications of the water ice compaction by irradiation: as the
beam fluence increases, the ice porosity decreases, the dangling bond peaks collapse and the area and
position of the 3250 cm�1 band vary exponentially, all of them evolving with the same compaction cross
section (rc). The linear dependence rc / Se (Se being the electronic stopping power) is observed for both
pure and mixed water ices, confirming previous results. We suggests that the infrared absorption A-value
varies with dose as ð1� fe�D=D0 Þ during the compaction process (D0 ¼ 0:2 eV/molec being the effective
energy density to eliminate the OH-db, and f is a parameter characterizing the porosity). These findings
may be used as a diagnostic tool to probe the morphology of water ices occurring in the outer Solar Sys-
tem and in the ISM.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction irradiation at different temperatures (e.g. Baragiola, 2003; Collado
Water vapor was detected for the first time by Cheung et al.
(1969) in the Orion nebula, Sgr B2 and W49, via observation of
microwave radiation from water molecule rotational transition.
Infrared spectroscopy has shown the presence of water ice in pro-
tostars (Gillett and Forrest, 1973) and in dense interstellar clouds
(Whittet, 2003). Observations of water in gas and solid phases
were also reported by Gibb et al. (2004), Pontoppidan et al.
(2004), Dartois (2005). In the Solar System, water ice is an abun-
dant constituent of the surfaces of some planets or satellites
(Smith et al., 1989) of the trans-Neptunian objects (TNO) and of
some planetary rings (e.g., those of Saturn). Besides, water is com-
monly observed in the coma of comets being the most abundant
volatile molecule (Mumma and Charnley, 2011).

The physical, chemical and morphological changes of water ice
have been extensively studied using charged particle and photon
et al., 2004; de Barros et al., 2011; Johnson, 2011; Yabushita et al.,
2013; Baragiola et al., 2013 and references therein). Surface chem-
ical reactions producing morphological changes have been investi-
gated by Oba et al. (2009) and Accolla et al. (2013). The collapse of
porous in water ice induced by thermal processes have been ana-
lyzed recently by Bossa et al. (2012). To study some of the effects
induced by radiation, laboratory experiments have been carried
out under physical conditions as close as possible to the astrophys-
ical ones, e.g. (Brown et al., 1978; Lanzerotti et al., 1978; Strazzulla
and Palumbo, 1998; Moore and Hudson, 2000; Leto and Baratta,
2003; Ponciano et al., 2005). Fast ions passing through the solid
transfer energy to the target material. For projectile velocities
around or greater than Bohr velocities (vB �0.22 cm/ns), the elec-
tronic stopping power, Se, is the most important contribution.
Atomic cascades and electronic excitations occur, as a consequence,
many molecular bonds are broken along the ion track, generating
rearrangement of the lattice structure and allowing molecular frag-
ments to recombine into new chemical species (Baragiola et al.,
2008; Johnson, 2011).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2014.12.002&domain=pdf
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One of the first phenomena produced by irradiation of initially
crystalline water ice is amorphization (Leto and Baratta, 2003;
Baragiola, 2003); this morphological state is expected to occur
extensively in the astrophysical ices. The water morphological
changes have been largely studied using different techniques and
irradiation sources. Parent et al. (2002) studied the structure of
p-ASW (porous amorphous solid water) using near-edge X-ray
absorption fine structure to determine the size and distribution
of pores. Leto and Baratta (2003) irradiated porous and crystalline
water ice with photons (10.2 eV) and with ions (30 keV H+ and
60 keV Ar++). Baratta et al. (2004) showed that the compaction pro-
duced after ions irradiation of p-ASW is correlated with the
decrease of OH dangling bonds (OH-db). Raut et al. (2008) mea-
sured the porosity of p-ASW during ion irradiation and calculated
the density of the ice film from the reduction of the ice thickness.
In a previous paper, Raut et al. (2007) have shown that the internal
surface area of the pores decreases faster than the volume of the
pores; this morphology change was seen in the fast reduction of
the OH-db band area. Raut et al. (2007) also found that the non
observation of OH-db mode peaks in infrared (IR) spectra does
not imply the absence of pores, because observation of tiny OH-
db signals in reduced porosity films after irradiation is difficult.
Dartois et al. (2013) analyzed the compaction of ice via the evolu-
tion of OH-db features by using light and swift heavy ions gener-
ated by high doses of irradiation. Such experiments simulate the
cosmic ray interaction with ices, causing a synergetic relationship
with the OH-db reduction.

The present work describes and discusses the morphological
changes of the irradiated water (p-ASW) using data obtained by
infrared spectroscopy. The current results demonstrate that spec-
troscopic changes observed in the band 3250 cm�1 are directly
connected with the OH-db collapse when irradiated. In addition,
the effects due to mixtures of several molecular species with H2O
are studied. The analysis demonstrates that (i) the compaction pro-
cess can be associated with the OH-stretch mode peak position of
the water band (around 3250 cm�1), and (ii) after 1012 ions/cm2

the OH-db feature collapses and a compacted structure is formed.
2. Experimental

The experimental setup was described by Seperuelo Duarte
et al. (2009). A high vacuum chamber (�10�7 mbar) has in its cen-
ter a rotatory platform holding a CsI substrate coupled to a closed-
cycle helium cryostat. The water vapor was condensed onto the CsI
substrate at 15 K during a few minutes until an �1 lm thick film
was formed. The substrate can be rotated into three positions:
one for deposition, the second one for irradiation, and another
for FTIR spectroscopy. The ice was irradiated by heavy ion beams
(40 and 52 MeV Ni with flux around 109 ions/cm2 s, as listed in
Table 1) at the GANIL facility in Caen, France. IR absorption spectra
were recorded at different fluences; each spectrum covers the 600–
5000 cm�1 wavenumber range and was acquired through 252
scans with 1 cm�1 resolution.

The H2O:X mixture gases (X = CO, CO2 and CH4) were prepared
in a dedicated chamber where the desired composition was
obtained by setting partial pressures for each gas. Table 1 lists
the mixture concentrations, the film thicknesses, the projectile
species and their energies, as well as the corresponding electronic
stopping power.
3. Laboratory results

The shapes of the infrared absorption features of water ice
clearly depend on its structure (Leto and Baratta, 2003). Fig. 1
shows the evolution of the 3250 cm�1 band (the most intense
one in the mid-IR spectrum) for ice obtained by depositing H2O
vapor at 15 K and irradiating by 46 MeV Ni at several fluences
(Dartois et al., 2013). The inset presents the evolution of the two
dangling bond peaks which are observed in ices formed by deposi-
tion at temperatures lower than about 120 K (Rowland and Paul
Devlin, 1991).

Because of surface irregularities or pore asymmetries, small OH
dangling bonds at 3720 and 3692 cm�1 arise due to unsaturated
molecular bonds, these features can vary with temperature or irra-
diation (Rowland and Paul Devlin, 1991; Palumbo et al., 2010). In
general, the OH-stretch mode peak shape changes during ion bom-
bardment: Leto and Baratta (2003) reported that the 3250 cm�1

band area increases and its position shifts. The current analysis
reveals a direct correlation between these changes observed in
the OH-stretch mode and the OH-db band area; additionally, the
same behavior in water ice mixtures H2O:X is observed.
3.1. Band area increase: phenomenological description

Fig. 2a displays the evolution of the 3250 cm�1 band area when
a p-ASW is irradiated by 46 MeV Ni and by 606 MeV Zn ions. Before
irradiation, the measured area of a given peak of a virgin porous ice
is defined as Sp. Once the irradiation starts, the band area increases
(or decreases) rapidly; after a certain fluence, it decreases slow and
exponentially with the decay parameter rap

d . Extrapolating the
exponential behavior seen at large fluences to F ¼ 0, one obtains
the band area S0 which should correspond to a virgin compacted
ice. Therefore, the difference ðS0 � SpÞ is caused by the ice porosity
and tends to disappear when the sample is irradiated. The depen-
dence of the band area, SðFÞ, on the ion beam fluence, F, is fitted
fairly well by:

SðFÞ ¼ S0e�rap
d

F � ðS0 � SpÞe� rcþrap
dð ÞF ; ð1Þ

The first term describes the two processes responsible for the disap-
pearance of water molecules from the sample: destruction by water
radiolysis and removal by sputtering; de Barros et al. (2012)
described these two processes by dS=dF ¼ �rap

d S, where rap
d is the

apparent destruction cross section defined by the sum:
rap

d ¼ rd þ Y0=N0;rd quantifies the chemical destruction; Y0=N0 is
the sputtering ice factor where Y0 is the number of desorbed mole-
cules per projectile and N0 the initial column density. The second
term of Eq. (1) describes the irradiation-induced compaction with
the same expression Strazzulla et al. (1992) used for amorphization
of crystalline water ice (CW), and also Leto and Baratta (2003) used
to explain the transformation of p-ASW into ASW after irradiation.
They used an exponential function 1� expð�rcFÞ to quantify the
fraction of amorphization and compaction processes in the irradi-
ated water ice. In the case of compaction of p-ASW samples,
S0 > Sp occurs and a fast increase of the OH-stretch band area is
seen at the beginning of irradiation (Fig. 2a). For CW samples,
S0 < Sp occurs and a fast decrease in Eq. (1) is observed, a behavior
also reported by Leto and Baratta (2003) (see Fig. 8 of their paper).
We suggest that the ice compaction can be associated to the change
from the initial band area of virgin porous ice, Sp, to the expected
band area at F ¼ 0; S0, corresponding to the initial area of a virgin
compacted ice. Therefore, the dependence of band area on fluence
is:

ScðFÞ ¼ ðS0 � SpÞe�rcF ; ð2Þ

Eq. (2) describes the fast component of the band area variation, as
depicted in Fig. 2; the cross section rc obtained in the current work
is very close to the value found by Dartois et al. (2013) for the
description of the OH-db collapse (see Table 1). Since the peak shift
also evolves exponentially with the same decay parameter rc , this



Table 1
Summary of compaction data: ice mixture, ion beam and its energy, thickness, electronic stopping power Se, and compaction cross section rc .

Ice Position (cm�1) Mixture Thickness (lm) Ion Energy (MeV) gSe (10�15 eV cm2/molec) rc (10�13 cm2) Reference

H2O:CO 3636 10:1 0.25 H+ 0.2 21.6 3.0 a

H2O:CO2 3657 10:1 0.25 H+ 0.2 22.1 2.5 a

H2O:CH4 3684, 3670 1:1 0.25 He+ 0.2 18.0 3.0 a

H2O:CO2 3657 5:1 0.25 He+ 0.2 56.2 3.4 a

H2O:CO2 3657 1:1 0.25 He+ 0.2 70.8 4.6 a

H2O 3720, 3692 pure 0.44 Ar+ 0.1 53.3 1.5 b

H2O:NH3:CO 3650 10:6:4 1.7 Ni13+ 46 1538 100 c

H2O 3720, 3692 pure 0.64 Zn26+ 606 974 80 d

H2O 3720, 3692 pure 1.1 Ni11+ 46 1469 160 d

H2O:NH3 3692 10:1 1.8 Ni24+ 536 857 100 e

H2O:H2CO:CH3OH 3720, 3692 100:2:0.8 0.33 O7+ 220 71.6 3.0 f

H2O:CO2 3657 1:1 0.6 Ni13+ 52 2048 72 This work
H2O:CO2 3657 10:1 0.5 Ni13+ 52 1576 32 This work
H2O:CO 3636 1:1 �1 Ni13+ 52 1906 120 This work
H2O:CH4 3684, 3670 2:1 �1 Ni11+ 40 1300 71 This work
H2O:CH4 3684, 3670 10:1 �0.6 Ni11+ 40 1402 120 This work

a Palumbo (2006).
b Raut et al. (2007).
c Pilling et al. (2010).
d Dartois et al. (2013).
e Bordalo et al. (2013).
f de Barros et al. (2014).
g The electronic stopping power Se was calculated using the SRIM program (Ziegler et al., 2010).

3600 3400 3200 3000

0.1

0.2

0.3

0.4

0.5

Δν = ν
0
−νeq

58Ni+11 46 MeV
         Fluences 
      [x1010 ions/cm2]

 0
 0.03 
 0.16 
 1.5 
 14 
 140 

νeqν0

Band area 
  variation
ΔS = Sp−S0

   Peak 
red-shift

A
bs

or
ba

nc
e

wavenumber cm-1

36923720

OH-db

Fig. 1. IR spectra of porous amorphous water solid (p-AWS) at 15 K after and before
46 MeV Ni irradiation at several fluences (Dartois et al., 2013). The inset shows the
decrease of the db-OH features, The OH-stretch band position is gradually red-
shifted during irradiation from m0 ¼ 3290 cm�1 to m1 ¼ 3250 cm�1; the band area
change as well. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

224 C. Mejía et al. / Icarus 250 (2015) 222–229
behavior is most likely another manifestation of the compaction
process.
3.2. Spectral changes for pure p-ASW

As presented in Fig. 1, three spectral changes were observed
during irradiation of pure H2O at p-ASW: (i) the increase of the
band area 3250 cm�1; (ii) the shift of its peak position; and (iii)
the collapse of OH-db features.

Fig. 2 shows the evolution of the integrated absorption of the
3250 cm�1 band and its position as a function of the fluence.
Fig. 2a presents the band areas fitted by Eq. (1), while Fig. 2b shows
that the shift of the band peak is approximately described by an
exponential function plus a constant. For both cases presented in
Fig. 2, the obtained cross sections (Ni or Zn) are approximately
equal within the error bar (<5%). Fig. 3 shows the OH-db absorp-
tion, OH-stretch mode and peak position, all of them normalized
at the beginning of irradiation, as a function of the ion dose
D ¼ Se � F, for 606 MeV Zn and 46 MeV Ni ion projectiles. Here Se

is the electronic stopping power (10�15 eV cm2/molec) (Ziegler
et al., 2010) and F is the beam fluence (ions/cm2). The relevant
point is that the variations follow an exponential decrease
expð�D=D0Þ, where D0 is approximately equal to 0.2 eV/molec for
both beams, in agreement with Dartois et al. (2013).

3.3. Porous ices of H2O:X mixtures

OH-db profiles of H2O:X ice mixtures have been studied by
many researchers. One important finding is that the peak positions
of the dangling bonds depend on the interacting of species X with
H2O, in Table 1 are given these peaks positions (for the others
H2O:X ice mixtures see Palumbo et al. (2010)). The normalized
areas of OH-db bands of the ices irradiated with swift heavy ions
listed in Table 1 are depicted in Fig. 4. The box region of this figure
corresponds to irradiations for which the OH-db integrated band
area decreased to a value less than 10% of the initial one after
1 eV/molec of absorbed dose. The compaction cross sections (rc)
are from previous publications. Palumbo (2006) used the light ions
H and He to irradiate H2O:X mixtures. Heavy ions were used by
Raut et al. (2007) to irradiate pure water with 100 keV Ar+. Other
ices were studied by Pilling et al. (2010), Dartois et al. (2013),
Bordalo et al. (2013) and de Barros et al. (2014).

Fig. 5a shows the band shift during the compaction processes
for pure and mixed water ices. This behavior of pure water was
pointed out by Leto and Baratta (2003) in their study on crystalline
ice amorphization induced by UV photons. The exponential
decrease corresponding to each shift for each sample has the same
behavior that those found for the OH-db band area collapse shown
in Fig. 4 and whose rc are listed in Table 1. In Fig. 5, the region
delimited by the dashed box presented between 3250 and
3270 cm�1 ices corresponds to the compaction occurring under
the deposited energy density of 1 eV/molec (this energy is clearly
seen in Fig. 4). In the right side, corner of Fig. 5a, the three points
represent the wavenumbers corresponding of water peak band
after irradiation reported by Baratta et al. (1991), Leto and
Baratta (2003) and Pilling et al. (2010). Additionally, astronomical
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peak position values of OH-stretch mode, extracted from fitting of
the figures of Baratta et al. (1991), Boogert et al. (2011) and Dartois
et al. (2013), are presented in Fig. 5b. This comparison provides
evidence from astronomical observations that astrophysical ices
largely exposed to cosmic radiation are likely ASW compacted with
minimal OH-db features.

In Table 1, the compaction cross sections obtained in the cur-
rent analysis are compared with values reported for other projec-
tile-ice systems. Fig. 6 depicts the same data as a function of the
electronic stopping power Se. As a conclusion, the relation
rc ¼ Se=D0 is approximately valid for pure and mixed ices contain-
ing water (more than 50% of H2O), where D0 lies between 0.08 and
0.5 eV/molec which takes the average value of 0.2 eV/molec.
4. Discussion

4.1. OH stretch area increase in p-ASW

Under irradiation, the OH-stretch mode band area of the p-ASW
ice has been reported to increase up to 10% of its initial value by
Leto and Baratta (2003) and Gomis et al. (2004). These authors con-
cluded that this increase is due to the variation of the A-value (Av )
induced by ion irradiation. Such an apparent increase of the num-
ber of molecules in the irradiated ice has caused a confusion in
choosing correctly the initial column density (Pilling et al., 2010).
In the current data, a 10% increase is also observed for the band
area, indicating that Av must be 10% higher than the value of
2 � 10�16 cm/molec found by Allamandola et al. (1988) for water
ice film obtained at 10 K. This corresponds to the initial value of
Avð0Þ ¼ 2� 10�16 cm/molec for p-ASW. We conclude that the
quantity Av varies during the compaction process and depends
on dose D as:

AvðDÞ ¼ Aeq
v 1� f � e�D=D0
� �

ð3Þ

where Aeq
v is the A-value for the equilibrium ice state, obtained

when F !1. The quantity Ap
v ¼ A

eq
v ð1� fÞ is the A-value for the

virgin porous ice, as usually reported in literature. f is a parameter
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characterizing the porosity fraction of the virgin ice, or more gener-
ally, the relative initial abundance of different phases states. This
connects the phenomenological description treated in Section 3.1
(Eq. (1)) with band strength A-values (IR absorption). The function
AvðFÞ given by Eq. (3) can now be introduced in the Lambert–Beer
law to obtain the correct column density for p-ASW. This law is
expressed by:

NðFÞ ¼ ln10 � SðFÞ
AvðFÞ

ð4Þ

in which SðFÞ represent the peak area of an IR transition. Note that
SðFÞ may vary during the compaction process but NðFÞ should not.
The column density at F ¼ 0 writes Nð0Þ ¼ ln10 � Sp=Avð0Þmolec/cm2.
For p-ASW:
SðFÞ ¼ S0e�rap
d

F � S0fe� rcþrap
dð ÞF ; ð5Þ

which is Eq. (1) if f ¼ ðS0 � SpÞ=S0 ¼ Aeq
v �A

p
v

� �
=Aeq

v . For the current
data, Aeq

v ¼ 2:2� 10�16 cm/molec and D0 � 0:2 eV/molec. The f
value depends on the H2O:X mixture and for pure water ice is equal
to 0.1. This result is supported by the result of Bossa et al. (2012):
they found a 12% (f ¼ 0:12) decrease of water ice thickness during
a thermal process. Leto and Baratta (2003) reported around 15%
for UV irradiation while Raut et al. (2008) determined 26% based
on density changes of porosity (which was measured by specular
light reflectance spectra). In the mixture H2O:CO2 (2:1), Isokoski
et al. (2014) measured a reduction of 12% of porosity during ther-
mal annealing.

4.2. Ion tracks in p-ASW

The interaction of energetic charged particles with surfaces has
been described by Bethe (1932) and Bloch (1933) equation, where
the electronic stopping power is analytically determined by:

Se ¼
4pZB ZAe2

� �2

mev2 ln
2mev

I

� �
� C

ZB
� 1

� �
ð6Þ

ZA and ZB are the atomic number of the target nucleus and projectile
ion, respectively; me and e are the mass and charge of the electron, v
is the ion velocity, I is the average ionization potential, and C is a
factor associated with the shell structure of the target atom or
molecule.

Inokuti (1971) estimated the ionization cross section ri for high
velocities as:

ri �
2me�r2

3�h2 Se ð7Þ

where �r is the mean squared radius of the initial state. Comparing
this equation with rc ¼ Se=D0, obtained with data presented in
Fig. 6, it follows that

ei ¼ D0 ¼
3�h2

2me�r2 ð8Þ

The parameter ei is the effective density of deposited energy by the
ion required to compact p-ASW. Finally, from Eq. (8), considering
ei ¼ D0 ¼ 0:2 eV/molec, �r � 8 Å is obtained. The cylinder radius of
around 10 Å was interpreted by Raut et al. (2008) as the maximum
transverse range of the secondary electrons released by penetrating
ions with hundreds keV of kinetic energy. The same value was
attributed by Parent et al. (2002) to be the average size of pores
diameter in porous water ice at 38 K using X-ray absorption fine
structure technique.

In the literature, the absorption of energy by irradiated water
have been intensively studied. Particular findings are: (i) the min-
imal photo absorbed energy of water ice is �8 eV, as proposed by
Mason et al. (2006); (ii) the threshold electron energy to destroy
H2O in solid phase and to produce H2O2 was found to be �5 eV
by Pan et al. (2004); (iii) the threshold energy for dissociation in
gas phase of �4.7 eV was estimated by Gudipati and Cooper
(2013); and (iv) an effective density of deposited energy of
1.3 eV/molec to reduce the volume of p-ASW using ions with ener-
gies lower than 400 keV was obtained by Raut et al. (2008). Fig. 6
shows that the average deposited dose by ion beam is around
0.2 eV/molec. This value is less than those mentioned before and
is related with the rearrangement of molecules (Dartois et al.,
2013).

The linear dependence given by Eq. (7) has been attributed by
Raut et al. (2008) to two physical effects in the ion track: (a) d-elec-
trons are released in the track after molecule ionization (Ritchie
and Claussen, 1982), and (b) a thermal-spike process would be
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responsible to the increase of the temperature along the track
(Szenes, 1997). The first effect requires the ionization of water mol-
ecule of ions with energies above of ionization energy to generate
d-electrons, while the second effect neglects the nuclear collision
for low energy ion beams (vB < 0:22 cm/ns).

The formalism proposed by Toulemonde et al. (2011) has been
successful in describing the structural modifications of vitreous
SiO2 using a thermal spike model that considers the synergy
between the elastic (Sn) with inelastic (Se) thermal spike model.
This model could explain the scatter data observed in Fig. 6. In
the current work, Eq. (7) is used to describe roughly the compac-
tion processes for ices irradiated with high ion energies where
the nuclear energy loss is negligible. Therefore, the deviation
between model and experiment by a factor of �2.5 (from
D0 ¼ 0:2þ0:3

�0:12 eV/molec) is within the range of acceptance sug-
gested by Klaumuenzer (2006), as seen in Fig. 6.

4.3. Astrophysical consequences

4.3.1. Comparison with observations
The morphology of water ice in space depends on the astro-

physical conditions of the ISM region. Observations indicate the
presence of amorphous water ices (Boogert et al., 2011) in the qui-
escent molecular clouds, where the temperatures are about 10 K,
In the circumstellar envelopes of evolved stars, where tempera-
tures can exceed 100 K, observations indicate the presence of crys-
talline ices. Specifically, Baratta et al. (1991) demonstrated that the
observed 3.1 lm band of the evolved star OH 231.8 + 4.2 can be
approximated by the laboratory band of a crystalline ice condensed
at 140 K, cooled at 77 K and irradiated by 3 keV He ions. Further-
more, Dartois et al. (2002) detected the amorphous and crystalline
phase of ice mantles surrounding GL 989 and GL 2136.

At 10 K, water vapor condenses into an ASW. The ice porosity
depends on the initial conditions of the experiment such as depo-
sition rate, incident angle of the vapor jet, temperature and sub-
strate. See Baragiola (2003) for a detailed discussion of water
phases and microporosity. The absence of the OH-db signature in
the observed IR spectra of ISM suggests that the ASW dust mantles,
with sizes <2 lm (Kim et al., 1994), are non-porous or that the
pores have collapsed by thermal or irradiation process in time
scales lower that the molecular cloud lifetimes (Dartois et al.,
2013 and references therein). Non-porous ASW can also be formed
by surface reactions on dust grains which would explain the lack of
OH-db band observation. However, given the great diversity of
astrophysical environments, p-ASW may exist in the coldest
regions.

Many laboratory experiments have demonstrated that both ice
phases evolve to a common morphology under irradiation
(Baragiola, 2003; Leto and Baratta, 2003; Palumbo, 2006; Dartois
et al., 2013). If the ice is initially crystalline, the band shape broad-
ens and shifts to lower frequencies, similar to the characteristic
shape of an amorphous compact ice. If the ice is initially amor-
phous containing pores, the band becomes shaper and shifts to
higher frequencies. However, regardless of the initial phase of
the ice (amorphous or crystalline), the peak frequency of the
OH-stretch band shifts to a wavenumber around 3260 cm�1 (Leto
and Baratta, 2003). In the present work, similar behavior is demon-
strated for pure and mixed amorphous ices, irradiated by heavy
ions. Fig. 5 shows the peak frequency shift as a function of the
heavy ion dose for all the ices studied here. The peak frequencies
have moved to wavenumbers around 3260 cm�1. This ‘‘intermedi-
ate’’ phase is related to an amorphous compacted ice Baragiola
(2003), Palumbo (2006), Dartois et al. (2013). Palumbo (2006)
showed that CO diffusion is prevented after an initially condensed
p-ASW was subjected to keV–MeV H and He irradiation. This was
interpreted as the collapse of the pores after ion irradiation.
Dartois et al. (2013) studied the pores collapse induced by heavy
ions by measuring the decrease of the OH-db at 2.7 lm.

The decrease of this band area induced by H and He ion irradi-
ation for ice mixtures was previously reported by Palumbo (2006),
and for heavy ion irradiation by Pilling et al. (2010). In the current
work, the decrease of the OH-db area is also related to the peak
shift of the OH-stretch band (Fig. 7). It shows a correlation between
the decrease of OH-db with the peak shift of OH-stretch towards to
the 3260 cm�1 wavenumber.

As shown by Fig. 5, there are a few examples of hot and dense
cores in the ISM where water ice can present some level of poros-
ity: L 1014, Elias 29 and Elias 16. The OH-stretch peaks of those
objects have wavenumbers higher than 3260 cm�1. Guided by
the correlation shown in Fig. 7, the ice mantles present in those
environments may have some porosity. This tentative relation
between porosity and the OH-stretch peak needs to be considered
with caution. There are many parameters that affect the observed
3 lm band position. They are: (i) the presence of crystalline ices in
the line of sight, (ii) the presence of other molecules in the ice and
(iii) the composition and geometry of the substrate (in the ISM the
substrates are composed of dust grains with a complex morphol-
ogy). New experiments need to be performed in order to confirm
the correlation observed in Fig. 7. However, once confirmed, the
astronomers will have another diagnostic tool to probe the mor-
phology of water ice based on the band peak of OH-stretch, which
is the main signature of water ice in ISM.
4.3.2. Compaction by solar wind
In previous work Dartois et al. (2013) calculated the compaction

rates for ices irradiated by galactic cosmic rays (GCR). The half life
(s1=2) found is in the range from 105 to 2� 106 years. The same
procedure is used to estimated the half-life of OH-db, for ices
observed in the outer Solar System. The estimations are based on
the solar wind (SW) distribution of each ion Ui reported by
Mewaldt et al. (2001) and Cohen et al. (2005). The integral of
Ui � rc;i (with rc;i for the ion i) is the compaction rate to each
ion, and the sum of all elements of SW is given by the total com-
paction rate RSW ¼ RRi (Mejía et al., 2013). In Table 2 some exam-
ples are presented. The compaction rate RSW for H, He, C, O, S, Fe



Table 2
Compaction rates, Rj ¼

R
rcj �UjdEndX for H2O:X ices

bombarded by H, He, O, C, S, Fe and Ni ions at the
distance of 5.2 AU from the Sun.

Ion Rj (s�1)

H 1:7� 10�5

He 2:3� 10�6

C 6:3� 10�8

O 1:2� 10�7

S 5:5� 10�9

Fe 4:7� 10�9

Ni 1:6� 10�10

RSW ¼ RRj 2:0� 10�5
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and Ni projectile ion is calculated for ices irradiated at a distance of
5.2 AU from the Sun; the half life of OH-db at this distance is about
9.6 h. The half life of OH-db to more external ices is s1=2 ¼ 260=D2

	
hr with D	 the distance (in AU) from the Sun to the ice irradiated
by the solar wind. Note that s1=2 depends also on variations of solar
activity, photon irradiation (Palumbo et al., 2010), magnetosphere
of some solar bodies and its temperature.

5. Conclusions

Irradiation of solid samples may cause sputtering (removal of
material), chemical reactions (destruction and formation of molec-
ular species) and structural modifications (compaction, amorph-
ization, crystallization). Concerning the structural changes, there
are evidences that MeV ion irradiation of ices takes the sample into
an equilibrium state in which the ice is well compacted but having
a stable mixture of amorphous and crystalline fractions.

In this work, pure water ices and H2O:X (X = CO, CO2 and CH4)
mixture have been bombarded by heavy fast ions. The produced
effects were analyzed by infrared spectroscopy. The main findings
are:


 The compaction process in water ice can be monitored by three
quantities: OH-stretch mode band area increase, OH-stretch
mode peak position shift and areas of the OH-db peaks collapse.
The evolution of these quantities as a function of the beam dose
is analyzed.

 During the compaction process, the band area increases and the

peak position of OH-stretch mode shows a linear correlation
with OH-db peak area.

 The compaction of mixtures H2O:X (X = CO, CO2, NH3, CH4,

CH3OH and H2CO; where H2O is >50%) and pure water follow
a similar dependence with dose.

 The IR absorption A-value, Av , depends on dose, D, as
Av ðDÞ ¼ Aeq

v 1� f � e�D=D0
� �

. D0 is the mean dose value for
the compaction process. The parameter f is defined as
f ¼ ðAeq

v �A
p
v Þ=A

eq
v gives the fraction of the porous ice phase

before irradiation. A typical value is f � 0:1. A more general
interpretation of the same parameter is that it quantifies the
relative absorbance variation observed for the initial deposited
ice, Av ð0Þ, and in the limit of highest dose, Aeq

v .

 Porous ice mixtures H2O:X, exposed to GCR, become compact

within of 1� 105 to 2� 106 years in the ISM (in agreement with
previous calculations). For ices inside the Solar System, the
compaction process depends on the distance from the Sun to
the ice, following the law s1=2 ¼ 260=D2

	 hr (with D	 in AU).

 For high fluences, the peak position of the OH-stretch band

ranges from 3270 to 3245 cm�1 (or wavelengths from 3.05 to
3.08 lm). This behavior is consistent with astronomical
observations.
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