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Crystalline and amorphous structure of astrophysical ices
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The structure of water and other ices strongly depends on the temperature at which they formed, e.g., by va-
por deposition. It is amorphous if ices are formed at low temperature (e.g., 10-30 K for water ice), or crystalline
if the deposition temperature is higher (140-150 K). Ices have a “polycrystalline” structure at intermediate tem-
peratures. The crystalline structure of ices can be damaged up to a complete amorphization by processes such as
those due to energetic ion bombardment. Here | describe some experimental results obtained by ion irradiation of
water and ammonia ices, two species particularly relevant in astrophysics. The results are discussed in the light
of the relevance they have in astronomical environments where the actual structure of the ices depends on a
competition between energetic processing that induce amorphization and thermal annealing that favors the tran-

sition towards more ordered structures.

PACS: 92.40.Vv Ice cores, ice sheets, ice shelves;

61.50.Ks Crystallographic aspects of phase transformations; pressure effects;

61.66.—f  Structure of specific crystalline solids.
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1. Introduction

Earth based and space observations indicate that low
temperature solids exist in many astrophysical environ-
ments. Condensed gases (ices) are present both in the inter-
stellar medium as mantles on interstellar and circumstellar
dust [1,2] and in/on many objects in the Solar System [3].
Ices are exposed to irradiation by energetic particles of dif-
ferent origins such as low energy cosmic rays, magnetosphe-
ric ions, solar flares and solar wind particles [4]. The struc-
ture (amorphous vs crystalline) of the astrophysical ices and
other solids (silicates and carbons) depends on many param-
eters such as temperature and pressure at the time of their
formation and the evolution during their long stay in space.
There are several processes that drive structural changes, in
particular those that induce crystalline order, as e.g. thermal
annealing and those that favor damage and amorphization of
the materials, as e.g. cosmic ion bombardment.

Here | present some results that have been obtained at
the laboratory of experimental astrophysics (LASp) of
INAF-Catania (ltaly) by irradiating crystalline water or
ammonia ices with energetic ions to study the induced
damage and progressive (with ion flux) amorphization
Some of the data have been previously published [5,6]
other data are presented here. Also described are the results
obtained after irradiation of HoO:N2 mixtures.

Water ice is, by far, the most abundant icy species in as-
trophysical environments [1,2]. Ammonia has been detect-
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ed in star forming regions [7] and it is very likely to be or
to have been present at the time of the formation, on the
solid surfaces in the Saturnian system (e.g. Clark et al.
1986). In particular, the bright moons (Mimas, Enceladus,
Tethys, Dione, and Rhea) could be covered by magma
ejected because of tidally driven heating [8]. Recently, the
first firm identification of ammonia ice that has been found
in the plumes emitted by Enceladus has been reported [9].

2. Experimental apparatus

Experiments have been performed at the Laboratorio di
Astrofisica Sperimentale of INAF-Osservatorio Astrofisico
di Catania (Italy) where a stainless steel high-vacuum, re-
cently upgraded to ultra high-vacuum (P < 107° mbar) is
used. The chamber is faced to a Danfysik 200 kV ion im-
planter (for details see [10]). Targets are mounted at an
angle of 45 degrees with respect to both the ion beam and
the infrared beam of a FTIR spectrophotometer faced to
the vacuum chamber. This allows to obtain in-situ" spec-
tra before and after each step of ion irradiation, without
tilting or rotating the sample.

The thicknesses of the samples studied here are less
than the penetration depth of the ions used (200 keV H" or
60 keV Ar++) that deposit a fraction of their energy in the
ice and are stopped in the substrate (silicon or KBr). The
ion current density has been maintained low enough to
avoid a macroscopic heating of the samples. The spectra
were taken with a resolution of 1 cm .
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Water and or ammonia vapors were deposited at such
a temperature (150 and 90 K respectively) that their struc-
ture is crystalline. The samples then have been cooled
down to the chosen low T (16-80 K). At these tempera-
tures they preserve crystalline structure and are irradiated
to study the amophization process. We use the FTIR tech-
niques because the band profiles are very sensitive to the
structure of the species.

Mixtures HpO:N2 = 1:1, deposited at 20 K, have an
amorphous and porous structure. They have been irradiated
to study the induced chemistry and the expected “compac-
tion” of ice.

Fast ions penetrating solids deposit energy in the target
by elastic and inelastic interactions that cause the breaking
of molecular bonds. This produces physico-chemical modi-
fications, erosion of material from the target and damage to
the structure of the irradiated targets [4,10-12]. The energy
released in the sample by impinging ions (dose) is given in
eV/16u since this is a convenient way to characterize
chemical changes and compare the results obtained when
irradiating different samples [13].

3. Results

In Fig. 1, the IR spectra of water ice in the range 8000—
4000 cm ! (1.25-2.5 um) at 80 K are shown. The three
spectra, shifted for clarity, refer to (from top to bottom)
amorphous ice, crystalline ice and irradiated (200 keV H+)
crystalline ice at a dose of 3.2 eV/16u. A few facts are
clear from the figure: (a) both the peak position and the
profile of the crystalline water ice bands are different from
those of amorphous water ice; (b) particularly important is
the appearance, in the crystalline ice, of a band centered at
about 6050 cm ~ (1.65 um); (c) upon irradiation crystalline
water ice becomes progressively amorphous.

The variation of the ratio of the area of the band at
6050 cm * (1.65 um) to that of the band at 6660 cm
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Fig. 1. IR spectra of water ice in the range 8000-4000 cm*
(1.25-2.5 um) at 80 K. The three spectra, shifted for clarity, refer
to (from top to bottom) amorphous ice, crystalline ice and irradi-
ated crystalline ice (200 keV H+) at a dose of 30 eV/16u.
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Fig. 2. The ratio of the area of the band at 6050 cm_1 (1.65 pm)
o that of the band at 6660 cm (1.5 um) is plotted versus the
dose released by 200 keV protons irradiating a crystalline water
ice film at 80 K. The solid line is an exponential fit shown in the
inset.

(1.5 um) is a good indicator of the effects induced by
bombarding. In Fig. 2 this ratio is shown versus the dose
released by 200 keV protons irradiating a crystalline water
ice film at 80 K. Data points have been fitted by an expo-
nential law as shown in the Figure. A progressive, with
increasing dose, transition towards an amorphous phase is
evident.

In Fig. 3, IR spectra of water ice in the range 3800—
2800 cm * (2.63-3.57 um) at 80 K are shown. The spectra
refer to the as prepared crystalline ice, to the same sample
irradiated (200 keV H+) at different doses (up to of
3.2 eV/16u). The spectrum of an amorphous sample of the
same thickness is also shown for comparison.

Also for this band, due to the O-H stretching modes,
the peak position and the profile of the crystalline water ice
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Fig. 3. IR spectra of water ice in the range 3800-2800 cm
(2.63-3.57 pum) at 80 K. The spectra refer to the as prepared crys-
talline ice, to the same sample irradiated (200 keV H+) at differ-
ent doses (up to of 3.2 eV/16u). The spectrum of an amorphous
sample of the same thickness is also shown for comparison.
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Fig. 4. IR spectra (in optical depth units) of a H,O:N, mixture
as deposited at 20 K and after having been irradiated by
60 keV Ar?".

bands progressively changes to become almost identical to
that of amorphous ice, testifying for the ion induced struc-
tural change.

One question is to understand if the amorphous struc-
ture produced by irradiation of crystalline ice is identical to
that of the amorphous state obtained after gas deposition at
low temperature. The answer is no, they are not identical.
As deposited amorphous ice is in fact porous as evidenced
by the appearance in the spectrum of the O-H dangling
bond (db) bands. These bands are attributed to three- and
two-coordinate water molecules [14]. The peak positions
of those features vary and for pure water ice is different
from those for mixtures with other species (see Table 1 in
[15]). Upon irradiation, ice is compacted and those features
disappear [15,16].

As a further proof of the induced compaction that testi-
fies for the generality of the process, IR spectra (in optical
depth units) of a HoO:N2 mixture as deposited at 20 K and
after having been irradiated by 60 keV Ar?* are shown in
Fig. 4. The spectral range is that corresponding to the
stretching modes of frozen water that gives rise to the
broad band. Also evident are bands at 3672 and 3694 cm -
that as said, are due to the O-H dangling bonds in porous,
amorphous water ice. It is clear that in bombarded ice the
db bands, which characterize frozen mixtures water/nitro-
gen, disappear due to the ice compaction.

The IR spectra of ammonia ice (80 K) in the range
3600-1400 cm * (2.78-7.14 um) are shown in Fig. 5. The
spectra refer to the as prepared cr%/ftalline ice, to the same
sample irradiated with 60 keVV Ar~ " ata dose of 33 eV/16u.
The spectrum of an amorphous sample is also shown for
comparison. In this case the conversion of the original
crystalline structure to an amorphous one is evident.
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Fig. 5. IR spectra of ammonia ice in the range 3600-1400 cm
(2.78-7.14 pum) at 80 K. The spectra refer to the as prepared crys-
talline ice and to the same sample irradiated (60 keV Ar2+) at a
dose of 33 eV/16u. The spectrum of an amorphous sample is also
shown for comparison.

4. Discussion

IR spectroscopy is a powerful technique to investigate
the structure of the ices as shown above for water and am-
monia ice. It is used in astrophysics to investigate the
structure of ices in astrophysical environments and their
evolution. The structure of the ice depends in fact on the
temperature and pressure at the time of their formation, on
the subsequent thermal evolution and, as discussed above,
on the amount of processing (ion bombardment, but also
photoprocessing, see e.g. [17]) they are exposed to.

Ice mantles of grains in dense clouds in the interstellar
medium are amorphous and compact. Most likely, this
reflect the fact that they are formed at low temperature by
surface reaction of O (and/or O, and/or O3) and H (or OH)
on the cold refractory dust as experimentally evidenced
[18-21]. Particularly relevant is the recent finding that mo-
lecular hydrogen reacting with OH can also produce com-
pact amorphous ice [22].

The structure of the ice can change when clouds col-
lapse to form young stars, which heat up their circumstellar
envelopes. Under such circumstances a transition to a crys-
talline structure (or to evaporation when the temperature
increases further) is expected [23]. At the same time, parti-
cle and photon fluxes increase and this also also favors
amorphization of the crystalline ices. Such a scenario has
been recently observationally evidenced [24]. These au-
thors observed a T Tauri star (YLW 16 A in the p Ophiuchi
molecular cloud) and showed that crystallinity increases in
the upper layers of the circumstellar disk, while only amor-
phous grains exist in the bipolar envelope. This implies
that water ice crystallizes and remains crystallized close to
the disk atmosphere where it is shielded against hard irra-
diation.
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The competition between crystallization and amorphi-
zation also occurs on some objects in the Solar System (see
e.g. [3]). In fact, ices on the surfaces of the moons in the
external solar system exhibit a variety of structures [25].
The three major Jovian icy moons exhibit different struc-
tures: ice is mostly amorphous on the superficial layers of
Europa (where the temperature is lower and ion fluxes are
high) and crystalline on Callisto (that has the highest tem-
perature), while both structures are found on Ganymede
[26]. Roughly, the distribution of crystalline and amor-
phous surface ice on Ganymede is consistent with the ex-
pected distribution of energetic magnetospheric ions and
neutrals, although there are not yet enough spatially re-
solved data to confirm the relation between the local fluxes
of energetic particles and the structure of the ice.

In conclusion, | believe that laboratory data like those |
discussed here are of the great relevance for understanding
how astronomical observations can be used to reconstruct
the evolution of ices in many astronomical environments.
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