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Abstract

We have found that 0.8 MeV proton irradiation of crystalline H, O—ice results in temperature dependent amorphization. The HyO-ice’s phase
was determined using the near infrared spectrum from 1.0 um (10,000 em™ 1 to 2.5 um (4000 cem~1). In crystalline HyO—ice, the 1.65-um
(6061 cm~1) band is strong while it is nearly absent in the amorphous spectrum [Schmitt, B., Quirico, E., Trotta, F., Grundy, W.M., 1998. In:
Schmitt, B., de Bergh, C., Festou, M. (Eds.), Solar System Ices. Kluwer Academic, Norwell, MA, 1998, pp. 199-240]. In this experiment, at
low temperatures (9, 25, and 40 K), irradiation of crystalline HyO-ice produced the amorphous HyO—ice’s spectrum. However, at 50 K, some
crystalline absorptions persisted after irradiation and at 70 and 100 K the crystalline spectrum showed only slight changes after irradiation. Our
results agree with previous HyO-ice irradiation studies examining the crystalline peaks near 44 and 62 pm by Moore and Hudson [Moore, M.H.,
Hudson, R.L., 1992. Astrophys. J. 401, 353-360] and near 3.07 pm by Strazzulla et al. [Strazzulla, G., Baratta, G.A., Leto, G., Foti, G., 1992.
Europhys. Lett. 18, 517-522] and by Leto and Baratta [Leto, G., Baratta, G.A., 2003. Astron. Astrophys. 397, 7-13]. We present a method of
measuring band areas to quantify the phase and radiation dose of icy Solar System surfaces.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction results to refine the interpretation of HyO—ice’s near-infrared
spectrum. To review this model, we will discuss the phase sta-
bility of HyO—ice on airless bodies, the infrared spectrum of
H>O-ice, the phase and temperature dependence of that spec-
trum, and the effects of irradiation on H,O—ice phase.

The phase of H,O-ice is dependent on the pressure and
temperature conditions at the time of formation, and the tem-
perature history of the ice. On the surfaces of outer Solar Sys-
tem objects, HoO forms a solid that is either in an amorphous
phase (Ia) or in one of two crystalline phases: cubic (Ic) or
hexagonal (/h) (Cruikshank et al., 1998; Jenniskens et al., 1998;
Schmitt et al., 1998). Amorphous H,O—ice converts to the cu-
bic phase in an exothermic reaction near 135 K (Jenniskens
and Blake, 1994; Kouchi et al., 1994; Sugisaki et al., 1969).
The cubic phase of HyO-ice, Ic, is a metastable version of
Ih found in the laboratory at temperatures between 135 and
170 K (Jenniskens et al., 1997; Petrenko and Whitworth, 1999;
Sugisaki et al., 1969). HyO—ices above 170 K are hexagonal in
Tﬂespon ding author. Fax: +1 604 604 6779, phase (/h). Based on the .phase stability of HyO-ice, the pres-

E-mail addresses: rmastrapa@arc.nasa.gov, mastrapa@lpl.arisona.edu ence of amorphous H>O-ice on a surface means that the surface
(R.M.E. Mastrapa). has been colder than 135 K since formation.

The observation of crystalline H,O—ice on Quaoar (Jewitt
and Luu, 2004) has continued the debate about the stability
of amorphous and crystalline HyO-ice in the outer Solar Sys-
tem. This result is particularly interesting because, due to the
phase of the ice, the surface of Quaoar is interpreted to be
young even though it is in a hypothetically primordial envi-
ronment. This interpretation is based on assumptions about the
dominant processes occurring on the objects surface, including
radiation effects. Remote detection of the phase and tempera-
ture of HpO—ice is possible by conducting observations in the
infrared spectrum and comparing them to known samples in
the lab. The near-infrared, 1-3 um, is especially relevant to
outer Solar System objects due to the reflected light flux and the
windows through atmospheric absorptions. We add to previous
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Table 1
Amorphous Hy O-ice infrared bands
Peak position cm™! (um) A (cm/molecule) Assignment Temperature (K) Reference?
6684 (1.496) (8.8+1.0)x 10719 213 10 1
5040 (1.984) (1.2+0.1) x 10718 vy 413 10 1
3280 (3.045) 2.0 x 10716 v 14 2
1660 (6.024) 1.2 x 10717 vy 14 2
760 (13.16) 3.1x 10717 VR 14 2

2 1. 10 K (Gerakines et al., 2005). 2. 14 K (Gerakines et al., 1995).

Table 2
Amorphous HyO-ice bands at 10 K from Hudgins et al. (1993)

Peak position cm™! (um) A (cm/molecule)

3298 (3.032) 1.7x10716
2202 (4.541) 33x10718
1657 (6.035) 1.0x 10717
760 (13.15) 2.8x10717
211 (47.39) 42x10718

H,O-ice is detected on Solar System objects by its distinc-
tive infrared absorptions caused by inter- and intra-molecular
vibrations. For clarity, we divide the infrared spectrum into
three regions: the near-infrared or NIR (1-2.5 um, 10,000-
4000 cm_l), the mid-infrared or MIR (2.5-10 pum, 4000—
1000 cm™ 1), and the far-infrared or FIR (10-100 um, 1000-
100 cm™"). Due to the reflected flux of infrared light and win-
dows in the Earth’s atmosphere, the majority of ground-based
observations of Solar System objects are in the NIR. These
bands are overtones and combinations of vibrations found at
longer wavelengths (Gerakines et al., 2005; Hudgins et al.,
1993; Ockman, 1958). Tables 1 and 2 list the band positions,
assignments, and A-values for the main H,O—ice features, in-
cluding those at longer wavelengths (Gerakines et al., 1995).
The A-values, or the integrated band strength divided by col-
umn density, are included to demonstrate that the NIR features
are by far the weakest of all of the HyO—ice infrared bands.

Although the cubic and hexagonal phases of solid H,O
have identical infrared spectra (Bertie and Whalley, 1967),
the spectra of amorphous and crystalline HyO-ices are easily
distinguishable at all wavelengths (Bertie and Whalley, 1964;
Hagen and Tielens, 1982; Hagen et al., 1981; Ockman, 1958;
Smith et al., 1994; Whalley, 1977). The infrared bands are
stronger and sharper in the crystalline phase than those in the
amorphous phase (Schmitt et al., 1998). We will expand on
these distinctions in Section 3. The infrared spectrum of HyO—
ice is also strongly temperature dependent (Bertie and Whal-
ley, 1967; Smith et al., 1994; Hagen and Tielens, 1982). There
is a strong inverse correlation between temperature and the
strength of the 1.65-um HyO—ice peak (Fink and Larson, 1975;
Grundy and Schmitt, 1998). In monocrystalline samples, as
temperature increases, the bands at 1.5-, 1.56-, 1.65-, and 2-pym
all shift to shorter wavelengths, and the absorptions at 1.56 and
1.65 pum lose intensity (Grundy and Schmitt, 1998).

Lacking an atmosphere, the surfaces of many Solar System
bodies experience a high flux of energetic particles. Radiation
can initiate chemical reactions in exposed ices producing com-

plex organics (Bernstein et al., 2002; McDonald et al., 1996;
Schutte et al., 1993). Several groups have looked at the radiation
effects in HoO— and D,O-ices, such as the amorphization of
crystalline bands, chemical changes, and the escape of materials
(Bednarek et al., 1998; Brown et al., 1982; Ciavola et al., 1982;
Hase and Kawabata, 1976; Johnson and Moulton, 1978; Kouchi
and Kuroda, 1990; Moore and Hudson, 1992; Reimann et al.,
1984; Siegel et al., 1961; Strazzulla et al., 1991b; Watanabe et
al., 2000). We will concentrate on the amorphization of crys-
talline HyO—ice seen in ion irradiation in the MIR (Leto and
Baratta, 2003; Strazzulla et al., 1991a, 1992), FIR (Moore and
Hudson, 1992), and UV photolyzation of the MIR (Leto and
Baratta, 2003) and XRD spectra (Kouchi and Kuroda, 1990),
although the dose of the XRD results has been called into ques-
tion (Jenniskens et al., 1995). One other measurement of amor-
phization has been made in the NIR (Leto et al., 2005) at only
one temperature: 90 K. We expand on their result by irradiat-
ing crystalline HyO—ice at a range of temperatures to see if the
amorphization is temperature dependent.

If we can place constraints on the temperature and radiation
history of an object in the Solar System, we may be able to es-
timate the age of a given surface by determining the phase of
H;O—ice on the surface. This estimate would be a result of bal-
ancing the dominant processes on the surface of these objects,
including irradiation, impact-heating, and thermal variations,
all of which are relevant on the surfaces of Kuiper Belt Objects,
e.g., (Stern, 2003). We contribute to this model by measuring
the doses needed to amorphize crystalline H»O—ice in the NIR.

2. The experiment

The laboratory equipment used for this work has been de-
scribed previously (Moore and Hudson, 1992). In the system
schematic (Fig. 1), HoO—vapor was introduced into the sample
chamber to produce thin films of H,O—ice on an aluminum mir-
ror. The minimum temperature and pressure, 9 K and 9 x 1078
Torr, respectively, were achieved using a Varian Turbo-V 250
mini-pumping station and a closed-cycle helium cooler (APD
Cryogenics INC). The temperature of the mirror was main-
tained to =1 K by a Scientific Instruments temperature con-
troller connected to a heating coil right above the mirror (Moore
et al., 1983).

An infrared spectrometer (Bruker Vector 22) was connected
to the sample chamber so that the IR beam passed into the
system, reflected off the mirror and the sample, and returned
into the spectrometer. All spectra were collected averaging 200

scans over the range 2000-8000 cm ™! at a resolution of 4 cm™!.
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Fig. 1. Schematic of the Extraterrestrial Ice Lab at NASA/Goddard Space Flight
Center. H>O vapor is introduced into the chamber where it deposits on the sam-
ple mirror. The sample can be rotated to face either the infrared spectrometer
for measurements or the van de Graff accelerator for irradiations.

The aluminum mirror was polished for high reflectivity on one
side, while the other side was anodized, providing low thermal
resistivity and high electrical resistivity (Moore et al., 1983).
The substrate was rotated into the beam path of a Van de
Graaff generator, which was the source of 1-MeV protons. The
beam passed through a nickel foil that prevented contamina-
tion from the Van de Graaff chamber and reduced the initial
1-MeV energy of the beam to 0.8-MeV (Moore et al., 1983).
The number of protons incident on the sample was measured
by an electrometer connected to the sample mirror, which was
electrically isolated from the rest of the system. We calculated
the dose in eV /molecule by multiplying the stopping power of
0.8 MeV protons in HyO—ice [381 MeV cm?/g or 11.4 eV cm?
10715 /molecule (Northcliffe and Shilling, 1970)], by the direct
measurement of the number of protons incident on the sample
(p*/cm?).

For all experiments the range of doses was from 5 x 10'3
to 1.4 x 10'3 p*/em?® or 0.6-16 eV /molecule. We performed
background experiments to confirm that the amount of con-
tamination that accumulated in the chamber during a typical
experiment was negligible. We prepared H,O—ice samples from
a liquid—-H>O sample with a resistivity of 18.2 M cm. The
liquid—H;O was degassed using several freeze-thaw cycles with
liquid N, and a mechanical pump. When introduced to the
sample chamber, the HyO-vapor formed a thin film on the
pre-cooled aluminum substrate. We measured sample thickness
with a laser beam that passed through the sample and reflected
off the mirror to a detector. As the sample grew we counted the
interference fringes and calculated the thickness using the fol-
lowing equation: t = mA/2n, where t is the estimated sample
thickness, m is the number of fringes, A is the wavelength of
the laser (0.67 pm), and n is the index of refraction of H,O—ice
(1.32) (Heavens, 1991). The fringes quickly damped down to an
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Fig. 2. Absorbance spectra of the amorphous and crystalline phases of the same
H;O—ice sample at 50 K. The sample was deposited in the amorphous phase
at 50 K, heated to 160 K to crystallize, and cooled back to 50 K. The 1.65-um
band is very strong in the spectrum of crystalline HyO—ice, but is only a weak
shoulder in the spectrum of amorphous HyO—ice. The spectra are stacked for
clarity.

undetectable level, and so we used the rate of deposition for the
first five fringes and timed the remainder of the sample deposi-
tion. This leads to a large estimated error in the thickness of the
sample, but since the thickness of the sample was not needed
for analysis of the data, we accepted this high error. To balance
the time it takes to deposit a sample with the increase in strength
of the bands with sample thickness, we decided to use a thick-
ness of 30 fringes, or 8 & 1.5 um, for all of the experiments.
We did not expect the sample to be heated by irradiation be-
cause the majority of thermal energy is deposited in the last 5%
of an ion’s path (Johnson, 1982), and the thickness of our sam-
ples are only about 50% of the penetration depth of 0.8 MeV
protons in HyO—-ice (~16 um) (Northcliffe and Shilling, 1970).
Also, previous experiments with identical equipment detected
no measurable change in temperature with irradiation (Hudson
and Moore, 1992).

3. Results and analysis
3.1. Change with phase and temperature

The spectra of the amorphous and crystalline phases of an
H>O-ice sample deposited at 50 K are easily distinguished
(Fig. 2). The changes with phase seen in these spectra agree
with previous measurements (Schmitt et al., 1998). The most
striking difference is the strength and sharpness of the 1.65-um
band in the crystalline—ice spectrum compared to its appearance
as a broad shoulder in the amorphous—ice spectrum. The other
H,O-ice features are affected by phase, but not as strongly as
the 1.65-um band. Qualitatively, the HoO—ice absorptions ap-
pear shifted to slightly longer wavelength in the crystalline—ice
spectrum, compared to the amorphous—ice spectrum. Also, all



210 R.M.E. Mastrapa, R.H. Brown / Icarus 183 (2006) 207-214

Wavelength (um)
1.3 14 15 16 17 18 1920 22 24

L L O L L B B L B B

155 K

125 K

100 K

Absorbance

75K

50K

25K

vt b e bt b

8000 7000 6000 5000 4000

Wavenumber (cm™)

Fig. 3. Absorbance spectra of crystalline Hy O—ice deposited at 50 K and heated
to 155 K for crystallization. The spectra were taken while cooling the ice. As
the ice cooled the 1.65-um feature grew stronger. The spectra are stacked for
clarity.

of the features in the crystalline—ice spectrum are stronger and
sharper than those in the amorphous—ice spectrum. The one ex-
ception to this pattern is the 2-um band, which is stronger and
sharper in the amorphous—ice spectrum.

The NIR features of crystalline—ice spectra are strongly tem-
perature dependent (Fig. 3). The most obvious change is that
of the 1.65-um band, which grows stronger and sharper as the
sample is cooled. Also, the 1.65-um band also grows weaker
when the sample is heated, demonstrating the reversibility of
this process. These changes are consistent with those seen pre-
viously (Clark, 1981; Grundy and Schmitt, 1998; Hapke et al.,
1981; Schmitt et al., 1998). In contrast, the combination modes
in the spectra of amorphous-phase H,O-ice only display slight
changes with temperature (Fig. 4).

We measured the changes in peak center for the 2-um band
for amorphous and crystalline H,O—ices at a range of tempera-
tures from 9 to 150 K (Fig. 5). All of these measurements were
made from a single experiment with a sample deposited at 90 K.
The center of the 2-um feature is strongly temperature depen-
dent in the spectra of crystalline H,O—ice while it is indepen-
dent of temperature in amorphous—ice spectra. This temperature
dependence in crystalline HyO—ice is also reversible. The 2-um
peak in amorphous H,O—ice is shifted from the peak center of
the crystalline—ice spectrum by ~130 cm™". This large shift in
peak center is a useful diagnostic tool for identifying the phase
of HyO—-ice. Unfortunately, the noise in the spectra of HyO-ice
deposited at temperatures lower that 40 K was too high to ac-
curately measure the peak center. We list peak centers from the
90 K experiment with phase and temperature in Table 3.

To attempt to quantify the changes between the amorphous
and crystalline HyO-ice we measured the area of the bands
in two regions. First we measured the total area of the fea-
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Fig. 4. Absorbance spectra of amorphous H, O—ice deposited at 50 K and heated
to 75, 100, and 125 K. There are almost no clear changes in the features with
temperature. The spectra are stacked for clarity.
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Fig. 5. Change in the center of the 2-um band with phase and temperature.
Amorphous (closed circles) crystalline (open circles). The Hy O—ice sample was
deposited at 90 K. Note that the y-axis is broken to bring the two plots closer
together.

tures from 1.42 to 1.72 um. We named this region the “big
1.5”-um band, since it includes the features at 1.5, 1.56, and
1.65 pm. We then measured the area of the 1.65-um feature
from 1.60 to 1.72 pm. We estimated the error in these areas
by measuring the area of a spectrum with no sample. Finally,
we divided the area of the 1.65-um band by the area of the
“big 1.5”-um band. We differ in the calculation of the 1.65-um
band area from previous measurements (Fink and Larson, 1975;
Grundy and Schmitt, 1998; Leto et al., 2005) in that we use the
same baseline for both the 1.65-um band and the “big 1.5”-um
band instead of drawing the baseline along the slope underneath
the 1.65-um band. We do not use this method for two reasons:
(1) the error in the measurement is larger than the 1.65-um band
area and (2) small changes in selecting the anchor points of
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Table 3

Near-infrared amorphous (/a) and crystalline (Ic) H, O—ice bands deposited at 90 K

211

Phase Temperature (K) Peak position cm™! (um)
Ia 9 6630 (1.508) - 6075 (1.646) 5007 (1.998)
Ic 9 6657 (1.502) 6378 (1.568) 6045 (1.654) 4868 (2.054)
25 6658 (1.502) 6387 (1.566) 6045 (1.654) 4876 (2.051)
50 6659 (1.502) 6389 (1.565) 6049 (1.653) 4877 (2.050)
75 6661 (1.501) 6389 (1.565) 6060 (1.650) 4877 (2.050)
100 6665 (1.500) 6415 (1.559) 6063 (1.649) 4893 (2.044)
125 6668 (1.500) 6414 (1.559) 6073 (1.647) 4902 (2.040)
150 6671 (1.499) 6423 (1.557) 6075 (1.646) 4902 (2.040)
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Fig. 6. Comparison of a fit of our method of calculating the ratio of the 1.65-
and “big 1.5”-um bands (filled circles) with fits of Grundy and Schmitt (1998)
(filled triangles) and Leto et al. (2005) (filled squares). If we subtract 0.10 from
our fit (open circles), we achieve good agreement with Grundy and Schmitt’s
results and it is slightly higher than Leto et al.’s results. Grundy and Schmitt’s
results diverge significantly from ours at low temperature (not shown) because
they model a variety of grain sizes.

the baseline lead to very large changes in area. Since the areas
are already very small, the tiny changes involved in selecting
different baselines are magnified. We eliminate this error by us-
ing the same baseline for the measurement of both band areas.
We compared a fit of our crystalline HyO—ice results with those
published previously and show that we can reproduce the slope
of the line at a higher y-intercept (Fig. 6). Essentially, our re-
sults are exactly the same as previous work with an offset of 0.1.
We encourage future observers to use either method and simply
add or subtract the offset for comparison.

We plotted the 1.65—“big 1.5” ratio against temperature and
showed that there is a clear difference between amorphous and
crystalline HyO—ice (Fig. 7). The errors are generally smaller
than the data points and always smaller than the scatter between
experiments, so we removed the error bars from the figure for
clarity. The crystalline phase is strongly temperature dependent,
while the results from the amorphous phase are too scattered
to produce any trend. As temperature increases the phases be-
come closer in ratio until they are indistinguishable at 170 K.
This is a useful quantitative measurement to differentiate be-
tween the phases, but it does not fully represent the qualitative
changes seen in the spectra at high temperatures. Our results
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Fig. 7. HyO—ice’s changes with phase and temperature represented by the ra-
tio of areas of the 1.65-um band to the “big 1.5”-um band. See the text for the
definition of the “big 1.5”-band. Empty and filled symbols correspond to crys-
talline and amorphous HyO—ice, respectively. These data were collected from
five different experiments where the samples were deposited at 9 K (circles),
20 K (squares), 50 K (diamonds), 90 K (triangles), and 160 K (inverted trian-
gles). The solid line is the average value of the amorphous data while the dashed
line is a linear best fit of the crystalline data.

produce the same behavior that earlier studies have found but at
a higher scale due to the difference in area calculation (Grundy
and Schmitt, 1998; Leto et al., 2005).

3.2. Change with dose

We irradiated crystalline HyO-ice samples with 0.8 MeV
protons at 9, 25, 40, 50, 70, and 100 K. As in previous ex-
periments (Moore and Hudson, 1992; Strazzulla et al., 1992),
the amorphization of crystalline HyO—ice is temperature depen-
dent. At 9, 25, and 40 K, the irradiated spectrum is almost indis-
tinguishable from the amorphous spectrum (Fig. 8). At higher
temperatures, 50, 70, and 100 K, the crystalline character of the
absorptions remain in the spectrum (Fig. 9). No new features
were seen in the irradiated spectra.

To compare the irradiation results between experiments, we
again divided the area of the 1.65-um band by that of the “big
1.5”-um band (Fig. 10). The lines on the figure connect samples
from different experiments that have been exposed to the same
dose, while the points at the same temperature represent an indi-
vidual experiment. As the dose increases, the ratio in all exper-
iments moved closer to the amorphous line. Using this tool to
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Fig. 8. Absorbance spectra of an HpO-ice sample deposited at 40 K (a),
heated to 160 K, and cooled to 40 K (b) before irradiating to a dose of
13 eV /molecule (c). Irradiation reduces the strength of the 1.65-um band. The
spectra are stacked for clarity.
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Fig. 9. Absorbance spectra of an HyO-ice sample deposited at 50 K (a),
heated to 160 K, and cooled to 50 K (b) before irradiating to a dose of
11 eV/molecule (c). Irradiation reduced the strength of the 1.65-um band, but
did not completely eradicate it. The spectra are stacked for clarity.

measure amorphization, we show that by 11-16 eV /molecule
the HyO—ice is amorphized at 40 K and lower. The experiment
at 50 K does not reach the amorphous line (Fig. 9). Meanwhile,
the 70 K experiment shows that this method is not useful at
high temperatures where the scatter in the results is high and
the changes with dose are negligible. We omit the 100 K results
for this reason.
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Fig. 10. The amorphization of crystalline HyO—ice at low temperature, repre-
sented by the ratio of the areas of the 1.65- and “big 1.5”-um bands.

4. Discussion

We present the results of HyO-ice amorphization experi-
ments at a variety of temperatures in the wavelength range
1.0-2.5 pm. As previously shown (Leto and Baratta, 2003;
Moore and Hudson, 1992; Strazzulla et al., 1992), the low
temperature irradiation experiments were the most effective at
making the crystalline—ice spectrum look like that of amor-
phous HyO—ice. We have also shown that a simple measurement
can be used to differentiate between amorphous and crystalline
phase, and also to identify partially irradiated ices. We provide
this as a helpful tool to astronomers to interpret observations of
icy Solar System objects.

One remaining question is how irradiation is affecting the in-
frared features. In order to weaken and broaden infrared absorp-
tions, irradiation must break the hydrogen bonds, move or break
the O—H bonds, or produce new compounds with new spectral
features. If the peaks of the new compounds are similar to those
of H;O, then no change would be detectable. However, as O-H
bonds are broken, there will be fewer H»O molecules contribut-
ing to the vibrational modes, again weakening the bands. No
new absorptions were produced in the NIR, therefore no new
compounds were identified spectroscopically.

We would also like to explain the temperature dependence
of the amorphization process. Some speculate that the free hy-
drogen is trapped in the HyO—ice lattice up to 70 K (Strazzulla
et al., 1991b). Above that temperature the hydrogen is free to
move around and fill empty lattice sites. However, this tem-
perature is too high to retain significant amounts of free hy-
drogen in the ice. The temperature dependence of amorphiza-
tion varies between different experiments (Moore and Hudson,
1992; Strazzulla et al., 1992). Amorphization of HyO-ice is un-
detectable in the 44- and 62-um features at 77 K, while it is
still significant at 77 K and detectable in the 3.07- and 3.1-um
bands at 100 K. This could be interpreted as a dependence on
spectral range, however this experiment has the same temper-
ature dependence as the FIR, while recent results in the NIR
show complete amorphization at 90 K (Leto et al., 2005). The
only difference in NIR and FIR experiments is the thickness
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of the sample: ~8-um thick in this experiment and 4-pum thick
in Moore and Hudson’s (1992) experiment. The thickness of
the sample would change the ability of free molecules to es-
cape since the thicker the sample, the longer the path to escape.
Therefore, in this experiment fewer of these materials might
be able to escape. This may simply mean that the temperature
dependence is linked to the laboratory set-up and/or radiation
source, so we do not have a hard upper bound on temperature
of amorphization in the real world. Further measurements need
to be made to determine the bounds of amorphization’s temper-
ature dependence before we can determine the full extent of this
process in the Solar System.

Our results are only applicable to Solar System objects with
surface temperatures lower than 50 K. This rules out icy satel-
lites, but includes Kuiper belt objects. To estimate a timescale
to amorphization on icy Solar System objects, we need to bal-
ance it with other relevant processes including sublimation,
spallation, radiation induced chemistry, and resurfacing due to
impacts, tectonism or cryo-vulcanism. Ignoring all processing
except for amorphization, the surface of a Kuiper belt object,
would reach a dose of ~10 eV /molecule in 103 years in the
first 0.1 um of the surface, but may take as long as 10% years
to process to a significant depth (Cooper et al., 2003). The col-
lision rate for 100-km radius Kuiper belt objects has been cal-
culated to be roughly 10’—108 years (Durda and Stern, 2000),
but may be significantly longer (Bernstein et al., 2004). This
still leaves several processes that have no time constraint. That
being said, Jewitt and Luu (2004) conclude that the surface of
Quaoar is fresh, due to the presence of crystalline H,O—ice, and
our results agree with this assessment.
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