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Abstract A connection between the compaction of amor-
phous solid water (ASW) during energetic ion irradiation
and the disappearing of water dangling bonds (OH-db) has
been analyzed particularly by the Palumbo et al. and by
Baragiola et al. In this work, a further discussion of the process
for inducing the compaction is presented. Simple models for
OH-db evolution for irradiated water ice are discussed. Liter-
ature results on the OH-db disappearance in ices bombarded
by 100–200 keV H+ ions and on the comparison of porosity
and OH-db results for 200 keV Ar+ ions are revisited. It is
observed that for both, porosity decrease (compaction) and
OH-db absorption signal decrease, experimental data can be
well fitted by the sum of two decreasing exponentials with
similar sets of parameters. Although a clear explanation for
this correlation cannot be extracted, it suggests strongly that
compaction and OH-db destruction are both triggered by two
different processes.

Keywords Cosmic rays .Molecules ionization .Modeling
data

1 Introduction

In the interstellar medium (ISM), where temperatures can be
as low as 10K,most of the gases are condensed in grains or on
surfaces of solid bodies. In this environment, ices are

processed by cosmic ray ions and by UV photons. Fast ions
passing through solid transfer energy to the target material at a
rate defined as stopping power. Atomic cascades [1] and elec-
tronic excitation [2, 3] take place and, as a consequence, many
molecular bonds are typically broken along the ion track gen-
erating rearrangement of the lattice structure and allowing
molecular fragments to recombine into new chemical species.
In order to understand the cosmic ray interaction with ices,
experiments have been performed in laboratories to take ad-
vantages of analytical techniques such as Rutherford Back-
scattering—RBS [e.g., [4]], infrared spectroscopy—FTIR
[5–9], interferometry [10], and mass spectrometry—MS [11,
12]. In particular, phase transitions in water ice occur when the
ice is irradiated at low temperature (T<120 K) with fast ions
[12–14]. The use of OH-dangling bond infrared absorption to
probe water ice cluster surfaces and within pores of amor-
phous ice was employed in the early 1990s [6, 15].

Nevertheless, relevant characteristics of ice compaction have
been established by many authors [e.g., 16–19]; the process is
not yet fully understood. It is expected that the energy deposited
by energetic projectiles induces molecular motion that alters the
ice structure and minimizes the internal surface energy via the
collapse of void structures (e.g., micro-pores) of the target.
Compaction should therefore depend on the ion-ice stopping
power. Another relevant aspect is the structure of the pores: are
they spherical (like bubbles), laminar (spaces between close
walls), or filamentary. Are they separated or interconnected?

The main goals of the current article are the following:

(i) Pursue the analysis on the connection between ice poros-
ity and IR absorbance by OH-dangling bonds

(ii) Contribute for the understanding of the compaction pro-
cess by ion irradiation

The current analysis discusses published FTIR results
concerning the OH-db signals from ices bombarded by 100–
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200 keV H+ ions [16]. They are compared with also published
results on porosity and OH-db obtained for 200 keVAr+ ions
[17].

2 Modeling the Evolution of the OH-db Population
and of the Ice Porosity

2.1 The OH-db Population on Target Surface

The model considers that the OH-dangling bonds exist only
for water molecules adsorbed on the ice surface with an areal
density nS. The OH-db are destroyed when the flat ice surface
is bombarded perpendicularly by fast projectiles with flux Φ
(projectiles per area and time units); after a time interval Δt,
the beam fluence is φ=Φ Δt.

The OH bonds are broken if they are inside a circle of
radius rS centered in the impact point; the decreasing rate
dnS/dφ should depend on both rS and nS; nS is expected to
be a decreasing function ofφ but may not vanish if new bonds
are created by the beam. Two extreme cases are easier to be
modeled: nS is very low (the average distance between two
bonds is much greater than rS and one bond at most is
destroyed per impact) or nS is very high (the average distance
between two bonds is much smaller than rS).

If formation of OH-db is neglected, the number dnS of
bonds destroyed per area unit during the time dt is as follows:

dnS ¼ −nSπr2SΦdt ¼ −nSσSdφ; ð1Þ

where σS=πrS
2. The integration of this expression is straight-

forward:

nS ¼ nS0 exp −σSφð Þ: ð2Þ

If Ydb OH-dangling bonds are produced per impact, then
dnS=(−nSσS+Ydb)dφ and the normalized column density of
OH-db writes:

nS
nS0

¼ Y db

nS0σS
þ 1−

Y db

nS0σS

� �
exp −σSφð Þ: ð3Þ

In the low regime fluence, σSϕ<<1, one has approximately:

nS
nS0

¼ 1− σS−
Y db

nS0

� �
φ: ð4Þ

2.2 The Pore Population in the Target Bulk

In general, ice films produced by vapor deposition do not have
a crystalline structure since their molecules are disoriented and
disordered. Voids also exist in the bulk, characterizing a po-
rosity P defined by P=1−ρ/ρc, where ρ is the average film

density of the amorphous sample and ρc is the density crystal-
line structure [18]. Mass densities can be determined directly
via mass (quartz crystal microbalance) and thickness (light
interferometry) measurements. For compact amorphous water
ice, ρc=0.94 g/cm3 [19].

Pore collapse occurs when the ice is irradiated: from the
initial porosity, P0, to the final porosity P(φ) as decreases
continuously with the beam fluence, ϕ. A convenient proce-
dure for comparing porosity and OH-db results is to define the
normalized porosity by the ratio P(φ)/P0.

A porous ice film of thickness h is considered; inside the
ice, identical spherical pores of radius Rp are distributed uni-
formly with density np/h, where np is the column density of
pores (Fig. 1). The film is thin enough to be traversed by
projectiles with approximately constant velocity. It is assumed
that each projectile generates a cylinder of radius b, co-axial
with its trajectory inside, which all pores are destroyed.

Similarly, to the development presented in the previous
section, the number of destroyed pores by dφ projectiles per
area unit is:

dnP ¼ −nPσPdφ; ð5Þ

where σp=πb
2.

Alternative conditions may be taken into account for the
pore collapse, as for instance, the contact between pore and the
projectile track; in this case, σp=π (b+Rp)

2. The number of
surviving pores as a function of fluence is predicted to be:

np ¼ np0 exp −σpφ
� �

: ð6Þ

Formation of pores by irradiation may also occur if mole-
cules of a very low sublimating temperature are dispersed on
the water ice; in the temperature rising after the projectile
passage, these molecules have enough mobility to form
bubbles.

2.3 The OH-db Population on the Pore Surface

Assuming that each pore contains k OH-db bonds and that all
of them are quenched when the pore collapses, the column
density of surviving bonds in the bulk is nb=k np. The evolu-
tion of pore population is described by:

nB ¼ nB0exp −σpφ
� �

: ð7Þ

More realist spherical approaches can be taken to account
an Rp—distribution for which the parameter k varies with R2.
If other pore shapes are considered, k will depend on the
corresponding variables. More complex models are necessary
if the pores are interconnected: the projectile melts and/or
sublimates the ice around its track, causing high-pressure fluid
injection into the neighboring pores or micro-caves. The
flooded region is determined by the fluid re-solidification.
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The pore interconnection is progressively blocked, the perco-
lation ceases, and the compaction process becomes less effi-
cient for higher fluence. Such analyses are however beyond
the scope of this work.

2.4 The OH-db Population on the Surface and in the Bulk
of the ice

The OH-dangling bonds are usually formed on the ice surface
during its grown by the vapor deposition. Their column den-
sity nS should depend on the deposition rate and the ice tem-
perature. In a certain extent, the surface roughness of the ice
film may be considered as constituted by open or unfinished
pore structures; on the other hand, for experiments using ion
beams, such open pores in the surface are always in vacuum,
cannot be flooded, and their OH-db are destroyed not in the
same way as bulk ones are. The processes described by
Eqs. (2) and (7) may occur independently and the total OH-
db column density decreased rate is the sum of the corre-
sponding rates: dn/dφ=dns/dφ+dnb/dφ. Integrating the ex-
pression, one gets:

n φð Þ ¼ nS0−
Y db

σS

� �
exp −σbφð Þ þ nB0exp −σbφð Þ þ n ∞ð Þ

ð8Þ

The OH-db destruction cross-section in the bulk, σb, may
not be the same as the pore destruction σp. For instance, a
weak annealing may destroy the OH-db but not the all the
pores. Anyhow, a double-exponential decrease with an off-
term level is qualitatively predicted.

3 Data Analysis

3.1 OH-db Measurements

Palumbo et al. [16] and Raut et al. [17] have analyzed FTIR
spectra of ASW taken after irradiation at different fluences
with 200 keVH+ and 100 keVAr+ ions, respectively. Palumbo
fitted the H+ data with Eq. (7) and found σp=4.13×10

−14 cm2.
The fitting of the Ar+ data with a single exponential plus a
constant gives σp=10×10

−14 cm2. Both fittings of the normal-
ized OH-db signals are displayed in dotted lines in Fig. 2. For
clarity sake, two different scales are employed: log-log scale
in Fig. 2a and semi-log in Fig. 2b. The dash and solid lines
represent fittings by the sum of two exponentials, correspond-
ing to Eq. (8) with n(∞)=0. The obtained parameters are pre-
sented in Table 1 (σ=2π r2).

The following observations can be extracted from inspec-
tion of Fig. 2:

(i) The 100 keV Ar+ ions are much more efficient than
200 keV H+ ions for destroying OH-db. The correspond-
ing cross-sections of Ar+ are about thre times larger than
the H+ ones.

(ii) For each projectile species, the db band area decrease is
not described correctly by a single exponential (or an
exponential plus a constant) but rather by the sum of
two of them. Particularly from inspection of line shapes
in Fig. 2b, two regimes seem to occur, one at low and the
other at high beam fluence.

(iii) The order of magnitude of the ratio σ1/σ2 is about the
same (∼10) for both projectile species; as a conse-
quence, one curve can be transformed into the other by
re-scaling the fluence axis. In effect, the dash line

Fig. 1 Sketch of an ice film with
spherical pores traversed by fast
atomic ions
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obtained by multiplying the Ar+ fluence values by the
factor 3.3 fits the H+ data as well. Note that this opera-
tion is equivalent of saying that σ1 (Ar+)/σ1 (H+)=σ2
(Ar+)/σ2 (H+)=3.3. The quality of the transformation
can be estimated in Fig. 3, where the same experimental
data is displayed and compared with calculations.

3.2 Porosity Measurements

For amorphous solid water bombarded with 100 keVAr+ ions,
the decrease of porosity and the OH-db destruction have been
measured and compared to each other by Raut et al. [18].
Their results, the normalized functions P(φ)/P0 and n(φ)/
n(0), are displayed in Fig. 3a, and the fitting parameters are
presented in Table 1.

The similarity between the two curves is obvious. The po-
rosity decrease is well fitted by the double-exponential func-
tion, but the pore destruction process is slower than the OH-db
destruction. The σp cross-section values are consequently low-
er than the σb ones. It is worthy of note that the ratio σ1/σ2∼10
is about the same for the OH-db and for the pore destruction.
Again, the re-scaling the fluence axis by a factor 6 brings the
overlapping of the two curves (dashed line), as also shown in
Fig. 3b. Baragiola et al. proposed that during irradiation, coa-
lescence of pores or smoothing of walls occurs causing reduc-
tion of the total surface area faster than the pore volume [14].

4 Conclusion

A simple model predicts a double-exponential decay for the
OH-db signals when an amorphous water ice is bombarded by
fast ions. The FTIR results of two measurements found in the
literature were revisited, and we found that data are compati-
ble with the predicted double-exponential dependence on the
beam fluence. It is expected that the origin of the two expo-
nentials would come from different locations of OH-db, such
as target surface and pore surface positions or from different
destruction processes of the bonds, such melting, shock
waves, or dissociation by secondary electron interaction or
atomic cascade released by the interaction of water molecules
with the ion in the track. These secondary phenomena can
deliver energy to the OH-db dissociation or rearranging in
the ice surface.

Porosity measurements are particularly helpful in the dis-
cussion of the OH-db phenomenon since the pore collapse
reflects a bulk characteristic (ice compaction) but may not
interfere with OH-db at the target surface. Interestingly, exper-
imental data show a close connection between porosity

Fig. 2 Decrease of the OH-db signal when a pure water ice is bombarded
by H+ [16] and by Ar+ [17] projectiles. Curve with dots: fitting by an
exponential plus a constant; dash lines: Ar+ data fitted by a sum of two
exponentials; solid line: H+ data fitted by a sum of two exponentials. a
log-log display; b log-linear display

Table 1 Cross-sections (in 10−14 cm2) for ice water obtained for the double-exponential fitting for H+ and Ar+ beams. The two first lines correspond to
FTIR experiments in which the OH-db signals were analyzed. The third line corresponds to porosity measurement

Projectile E
(keV)

Experim. σ1

(10−14 cm2)
r1
(Å)

σ2

(10−14 cm2)
r2
(Å)

σ1/ σ2 Ref

Ar+ 100 OH-db 33 18 2.5 5.0 13 [18]

H+ 200 OH-db 10 10 1.0 3.2 10 [17]

Ar 100 porosity 6.3 8.0 .55 2.4 11 [18]
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variation and OH-db destruction: they are not proportional to
each other but both decrease as a double-exponential function

with correlated parameters. It is difficult to give a secure ex-
planation based only on the discussed data; however, they
seem to be consistent enough to motivate more experiments
with this goal.
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Fig. 3 In a OH-db band area dependence on beam fluence for
200 keV H+ (black squares) and for 100 keV Ar+ ions (blue circles).
Both exponential components for the Ar+ fitting are shown. The dot
line is the fitting and the dash line is the Ar+ data re-scaled in fluence
by a factor 3.3. Data from [16, 17]. In b Normalized porosity and OH-db
band area dependence on beam fluence for 100 keVAr+ ions. The dash
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[17]. All the curves are normalized to unit atφ=0. The curves are fittings
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