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A B S T R A C T   

The detection of crystalline H2O-ice on multiple surfaces of Kuiper Belt Objects (KBOs) seems to contrast with 
what scientists understand about the surface environment of these objects, as previous estimates suggest that 
radiolysis should have easily amorphized these objects’ surface over their lifetimes. Here, we use a detailed 
laboratory approach to show that crystalline H2O-ice can be amorphized by energetic electrons at temperatures 
as high as 70 K. However, the estimated time needed to completely amorphize the H2O-ice present on the surface 
of a KBO to the depth probed by near-infrared spectroscopy is only slightly less than the age of the solar system. 
Given the uncertainties involved in these types of extrapolations and the possibility of a resurfacing event 
occurring in these objects lifetime, the detection of crystalline or at least partially crystalline H2O-ice on KBOs 
should be expected.   

1. Introduction 

Crystalline H2O-ice has been detected on the surface of a variety of 
objects in our solar system (Pilcher et al., 1972; Fink et al., 1976; 
Cruikshank, 1980; Grundy et al., 1999; Brown and Calvin, 2000; Jewitt 
and Luu, 2004; Merlin et al., 2007; Trujillo et al., 2007). The presence of 
this ordered phase of H2O-ice has been inferred through the detection of 
a strong near-infrared absorption feature centered at 1.65 μm (Pilcher 
et al., 1972; Grundy et al., 1999). Although laboratory studies have 
shown that this absorption feature is still detectable in amorphous H2O- 
ice (Mastrapa and Brown, 2006; Fam�a et al., 2010), the band is much 
broader and significantly weaker than its crystalline counterpart, sup-
porting the previous correlation between the strong and sharp 1.65 μm 
feature and crystalline H2O-ice. 

The persistent detection of crystalline H2O-ice in the Kuiper Belt 
(~40 AU) is perplexing (Brown and Calvin, 2000; Jewitt and Luu, 2004; 
Merlin et al., 2007; Trujillo et al., 2007), given that the surface tem-
peratures of objects in this region are expected to be less than 50 K 
(Jewitt and Luu, 2004). For instance, laboratory studies have shown that 
H2O condensed at these temperatures is amorphous (Sceats and Rice, 

1982). While laboratory studies have also shown that amorphous H2O- 
ice can crystallize in minutes if it is warmed to higher temperatures 
found in many extraterrestrial environments (~130 K), extrapolation 
down to temperatures relevant to Kuiper Belt Objects (KBOs) (<50 K) 
suggests that expected crystallization times would be longer than the age 
of the solar system (Jenniskens and Blake, 1996). Nonetheless, even if 
crystalline H2O-ice was able to form on these cold objects, it seems likely 
that energetic particles impacting their surface would tend to amorphize 
crystalline H2O-ice. 

The assertion that energetic projectiles will amorphize crystalline 
H2O-ice originates from numerous studies dating back as much as forty 
years (e.g., Golecki and Jaccard, 1978; Heide, 1984; Kouchi and Kuroda, 
1990; Moore and Hudson, 1992; Strazzulla et al., 1992; Mastrapa and 
Brown, 2006; Fam�a et al., 2010). Analytical techniques used with an eye 
towards astronomical environments have typically focused on either the 
1.65 μm absorption band (Leto and Baratta, 2003; Mastrapa and Brown, 
2006; Zheng et al., 2009) or the 3.1 μm absorption band (Strazzulla 
et al., 1992), as both of these absorption bands can be observed via 
remote sensing. However, another study used the far-infrared absorp-
tion band centered at 45 μm (Moore and Hudson, 1992). In addition, 
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other techniques such as Rutherford backscattering (Golecki and Jac-
card, 1978) and electron diffraction (Lepault et al., 1983; Dubochet and 
Lepault, 1984; Heide, 1984; Kouchi and Kuroda, 1990) have also been 
used to characterize amorphization of crystalline H2O-ice. The results 
from these studies form a mostly self-consistent picture: at the lowest 
irradiation temperatures crystalline H2O-ice is completely amorphized, 
the rate of amorphization decreases rapidly with increasing irradiation 
temperature and appears to be largely dependent on the total energy 
absorbed in the sample (Strazzulla et al., 1992; Fam�a et al., 2010). In 
addition, there is a critical temperature, where the fraction of crystalline 
H2O-ice that can be amorphized begins to decrease. For energetic ions, 
this temperature appears to vary somewhat between experiments but is 
likely somewhere around 70–90 K (Moore and Hudson, 1992; Strazzulla 
et al., 1992; Leto et al., 2005; Fam�a et al., 2010). For energetic electrons, 
early studies using electron diffraction showed that 100 keV electrons 
could amorphize crystalline H2O-ice up to ~70 K (Lepault et al., 1983; 
Dubochet and Lepault, 1984; Heide, 1984). However, more recently 5 
keV electrons were shown to only partially amorphize crystalline H2O- 
ice at 50 K (Zheng et al., 2009), where near-infrared analysis of the 1.65 
μm band was used to estimate the crystalline fraction in the sample. 
Whether the difference observed between these electron irradiation 
studies is a consequence of the different analytical techniques employed, 
different electron energies used for irradiation, or another factor is un-
clear. Nonetheless, the possibility that this critical temperature may be 
shifted for energetic electrons could potentially explain how crystalline 
H2O-ice could survive on the surface of these cold KBOs, where energetic 
electrons and other particles with low stopping power (dE/dx), are an 
important component of the radiation flux impinging the surface. 

In addition to interest from an astronomical perspective, comparing 
the limits and efficiencies of amorphization by different particles is also 
fundamentally interesting. We note that earlier studies aiming to 
compare effects between energetic ions (hydrogen, helium, and argon) 
and ultraviolet photons at 16 K have shown that, after scaling to the total 
energy absorbed in the sample, the rate of amorphization is within a 
factor of two and the entire sample is amorphized (Leto and Baratta, 
2003). The similarity between different projectiles has also been 
observed when radiation yields have been calculated for new products 
formed in different astrophysically relevant ice samples (Hudson and 
Moore, 2001; Baratta et al., 2002; Gerakines et al., 2004; Loeffler et al., 
2005). However, as both comparisons described above are typically 
made at very low temperatures, it is possible that the differences with 
regards to structural changes become more extreme as the irradiation 
temperature increases. 

The potential difference between energetic electron’s and other 
projectiles’ (ions and ultraviolet photons) ability to amorphize crystal-
line H2O-ice could have implications for interpretation of the wide-
spread detection of crystalline H2O-ice on cold KBOs, as well as other 
cold objects throughout our solar system. Thus, we conducted a set of 
laboratory studies aimed at characterizing the amorphization of crys-
talline H2O-ice induced by energetic electrons. Specifically, we irradi-
ated thin (~55 nm) films of crystalline H2O-ice with 1–10 keV electrons 
at 50 K and with 1 keV electrons at temperatures between 10 and 100 K, 
while monitoring the samples’ 3.1 μm absorption band with infrared 
reflectance spectroscopy. Follow-up irradiation experiments were per-
formed with thicker (~2.17 μm) crystalline H2O-ice samples, such that 
the 1.65 μm band could be studied. This combined approach not only 
allowed us to directly verify that the 1.65 μm band could be effectively 
used to study amorphization in H2O-ice but also enabled us to estimate 
the time needed for amorphization on KBOs, using the sample spectral 
region probed by remote sensing. 

2. Experimental methods 

2.1. Experimental setup 

All experiments were performed inside a stainless-steel ultra-high 

vacuum chamber on a radiation-shielded cryostat (Meier and Loeffler, 
2020). We have recently modified this system to include infrared spec-
troscopy (Fig. 1). The base pressure of the chamber was ~3 � 10�9 Torr, 
and inside the radiation shield it is estimated to be 10–100 times lower. 
Solid H2O samples were vapor-deposited at near-normal incidence at 
150 K with a flux of ~1 � 1015 molecules cm�2 s�1 onto an optically flat, 
gold-mirror electrode of an Inficon IC6 quartz-crystal microbalance 
(QCM). Depending on the spectral range studied, initial column den-
sities of our irradiated samples were either 1.57 � 1017 molecules cm�2 

(55 nm) or 6.17 � 1018 molecules cm�2 (2.17 μm). Film thicknesses 
were estimated from our QCM-derived column densities, assuming a 
density of 0.85 g cm�3 for H2O-ice. We chose this approach, because the 
number of interference fringes observed during growth of our 55 nm 
samples (~0.2) prevented us from confidently estimating the film 
thickness using laser interferometry (Heavens, 1965). 

After growth, samples were cooled down to a pre-chosen tempera-
ture and irradiated with electrons of a specified energy (1–10 keV) using 
an EGG-3103C Kimball Physics electron gun aimed at an incident angle 
of 12.5 degrees. The electron beam was scanned uniformly over an area 
slightly larger than the crystal to ensure the entire sample was pro-
cessed. The beam current was measured before and after the irradiation 
using a Faraday Cup placed in-line with the sample. To prevent loss of 
secondary electrons from the Faraday Cup, we placed a þ 9 V battery in 
series with the electrometer. During irradiation, the stability of the 
electron beam was monitored by a thin biased wire collector placed in 
the electron beam path and biased at �9 V. During the experiments, the 
beam current typically varied by less than 5%. 

The specular reflectance of the H2O-ice was measured at an incident 
angle of 37.5�, using a Thermo-Nicolet iS50 Fourier transform infrared 
spectrometer at 2 cm�1 resolution. To obtain a reflectance spectrum of 
our H2O-ice sample, we divided the reflectance of the sample (Iice) by the 
reflectance of the gold mirror substrate taken before film deposition 
(Igold). The resulting spectrum, R ¼ Iice / Igold, was then converted into 
optical depth, � ln R, before analysis. 

Fig. 1. Experimental setup.  
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2.2. Reference experiments 

A key goal in our experiments is to determine the amorphous fraction 
of our irradiated crystalline H2O-ice sample, which relies on comparing 
its infrared spectrum to the spectrum of amorphous H2O-ice. Although 
amorphous H2O-ice can be produced by vapor depositing H2O below 
~130 K (Sceats and Rice, 1982), the characteristics of the infrared ab-
sorption bands of amorphous H2O-ice can vary slightly with tempera-
ture. Thus, we measured reference spectra under conditions as close as 
possible to that of the irradiated sample, which we discuss below. 

For the set of experiments focusing on the 3.1 μm absorption band, 
we prepared 55 nm films of amorphous H2O-ice by vapor depositing 
H2O at the lowest irradiation temperature (10 K). We subsequently 
warmed the ice at 1 K / min to the temperature where we performed 
irradiation. We note that 3.1 μm absorption band warmed from 10 K 
looked very similar to that of one vapor deposited at the temperature 
where we performed irradiation (see Fig. 2). This similarity is expected, 
since the onset of crystallization in amorphous H2O-ice grown at these 
low temperatures has been observed to be around ~140–150 K (Pryde 
and Jones, 1952; Beaumont et al., 1961; Ghormley, 1968; Olander and 
Rice, 1972; Jenniskens and Blake, 1996), a value that depends strongly 
on the experimental conditions (see Baragiola (2003) for a review). 

For the set of experiments focusing on the 1.65 μm absorption band, 
we attempted to prepare the 2.17 μm films in the same manner as we did 
the 55 nm films. However, we found that during warming the near- 
infrared absorption bands became distorted. Thus, we prepared our 
reference spectra by depositing at the temperature where irradiation 
was performed (50 K). The difficulty in growing the thicker reference 
spectra underscores why there has been some debate regarding the 
presence of a 1.65 μm absorption in amorphous H2O-ice (Mastrapa and 
Brown, 2006; Zheng et al., 2009; Fam�a et al., 2010). In light of this, we 
vapor deposited a relatively thin film (1.16 � 1018 H2O cm�2; 410 nm) 
at 10 K and warmed it at 1 K / min to 50 K. While this sample thickness 
may not be ideal for monitoring the amorphous fraction of our sample 
during irradiation, it was thin enough that the spectral distortion during 
warming was minimal, allowing us to assess whether the 1.65 μm band 

was present in amorphous H2O-ice. These spectra are shown in Fig. 3 
and compared with our 2.17 μm samples deposited at 50 K. At 10 K, 
there is a very weak feature present near the noise level, which, 
admittedly, by itself may be difficult to identify. However, warming the 
sample causes this feature to increase slightly, so that it is clearly 
evident. As in the case of our 55 nm sample, the spectra of the 410 nm 
sample warmed from 10 K is very similar to the thicker film reference 
spectra deposited at the higher temperatures. 

2.3. Data analysis 

Previous studies that have used infrared spectroscopy to quantify the 
amorphous fraction (φa) of crystalline ices during irradiation have 
typically either fit the spectrum under question with a linear combina-
tion of the amorphous and crystalline end members (Moore and Hudson, 
1992; Strazzulla et al., 1992; Fam�a et al., 2010) or evaluated the de-
rivative of the infrared spectrum (Loeffler and Baragiola, 2009; Loeffler 
et al., 2015), taking advantage of the observation that many features are 
sharp when the sample is crystalline but broaden as the sample becomes 
amorphous. We note that a few studies on crystalline H2O-ice have also 
attempted to monitor the band area of the 1.65 μm absorption band 
(Mastrapa and Brown, 2006; Zheng et al., 2009). However, we decided 
against this approach, because the amorphous sample also contains a 
broad absorption band in this region, which could lead to an erroneous 
result (Fam�a et al., 2010). 

Initial analyses of our laboratory data using both the end member 
and derivative approaches yielded similar results, and thus we opted to 
use the derivative approach for subsequent analysis of φa. Specifically, 
we quantified the sharpness of the 1.65 μm and 3.1 μm absorption bands 
by taking the derivative of each spectrum and measuring the peak to 
peak intensities during irradiation. Fig. 2 (inset) shows an example of 
the derivative spectrum for the 55 nm H2O-ice sample irradiated at 50 K, 
along with the corresponding amorphous spectrum. Using the derivative 
spectra, we define 

φa ¼ 1�
IpðFÞ � IpðaÞ

Ipð0Þ � IpðaÞ
(1)  

where Ip(a) is the peak to peak intensity of the amorphous spectrum of 

Fig. 2. Infrared spectra of a 1.57 � 1017 H2O cm�2 (55 nm) crystalline sample 
during irradiation with 1 keV electrons at 50 K compared with that of an 
amorphous H2O-ice sample grown at 10 K and warmed to 50 K (2nd from 
bottom) and deposited at 50 K (bottom). The curves, displaced vertically for 
clarity, correspond to (from top to bottom) fluences of 0, 1.02, 3.10, 7.22, 12.8, 
21.8, 41.0, 323 in units of 1014 electrons cm�2. Inset: Corresponding derivative 
spectra, which were used to quantify the amorphous fraction of the sample. 

Fig. 3. Near-infrared spectra of amorphous H2O-ice. The bottom three spectra 
are a 1.16 � 1018 H2O cm�2 (410 nm) sample deposited at 10 K (bottom) and 
warmed at 1 K / min to 50 K (2nd from bottom) and 70 K (3rd from bottom). 
The top spectrum is a 6.18 � 1018 H2O cm�2 (2.17 μm) sample deposited at 50 
K. To facilitate better comparison, the top spectrum has been divided by a factor 
of 3.5. 
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the sample, which is typically very close to zero, Ip(0) is the peak to peak 
intensity of the unirradiated sample and Ip(F) is the peak to peak in-
tensity of the sample after a measured electron fluence, F. 

2.4. Stopping power and absorbed energy estimates 

Since we are interested in comparing the efficiency of amorphization 
for different electron energies, we need to estimate the total energy 
absorbed in the sample. We note that over the energy range in our 
studies (1–10 keV), the energy transferred to our ice sample is over-
whelmingly through inelastic collisions within the solid, which is 
quantified through the inelastic stopping cross section (Se). To estimate 
these values, we averaged values of Se from two publications (Ashley, 
1982; Francis et al., 2011) and those calculated from ESTAR (Berger 
et al., 2005). We note that the values derived from each reference over 
the energy range used in our study are within ~10% or better of the 
calculated average. 

Another aspect to consider is that the 1–10 keV electrons do not 
deposit energy uniformly as they pass through our sample, because as 
they lose energy, Se increases. Thus, simply multiplying the initial 
stopping power of the electron (Table 1) by the sample thickness would 
result in a significant underestimate of the total energy absorbed in the 
sample. To properly estimate the total energy absorbed in the sample, 
we wrote an iterative program that integrated the energy transfer to our 
ice as the electron passes through the sample, assuming a continuously 
slowing down approximation (CSDA), i.e. that the rate of energy loss 
along the path is equal to the stopping power (Berger et al., 2005) and 
internal scattering was negligible. As a test of validity, we used our 
program to estimate the energy transfer for keV – MeV protons and 
compared our results to those obtained from SRIM program (Ziegler, 
2010), finding excellent agreement between the two. The results for our 
energetic electrons, along with their initial stopping powers, are given in 
Table 1. 

A final aspect to consider is that in these experiments we are eval-
uating the phase (amorphous vs. crystalline) of the H2O-ice sample using 
infrared spectroscopy, which will probe our entire sample. Thus, we 
were careful to choose sample thicknesses, where our electrons would 
pass entirely through the H2O-ice. An unavoidable consequence of this is 
that the electrons will interact with our substrate, some being scattered 
back into the ice and others producing low-energy secondary electrons 
that can interact with the ice. We estimate that the latter effect will 
minimally contribute to the total energy absorbed in the sample, as these 
secondary electrons are, by nature, low energy (~3–5 eV) and that the 
secondary electron yield from gold at our electron energies is ~1 
(Bronshtein and Fraiman, 1969; Walker et al., 2008). On the other hand, 
over our electron energy range, backscattering of electrons from gold 
has been measured to be somewhere between 30 and 50% for a sputter- 
cleaned gold sample (El Gomati et al., 2008). Thus, assuming a worst 
case scenario (i.e. 50% backscattering), the total energy absorbed value 
given in Table 1 may be underestimated by as much as 30%. 

3. Results and discussion 

3.1. Amorphization as a function of electron energy 

We irradiated crystalline H2O-ice at 50 K with electrons at energies 
of 1, 2, 5 and 10 keV, while monitoring the sample with infrared spec-
troscopy. Fig. 2 shows the evolution of the infrared spectrum for a 1.57 
� 1017 H2O cm�2 (55 nm) crystalline sample during irradiation with 1 
keV electrons. Here, as well as when we irradiated with other energies, 
irradiation causes the initially sharp features to attenuate until only one 
broad feature is evident. The resulting spectrum at the end of irradiation 
closely resembles our reference spectrum of amorphous H2O (Fig. 2 
bottom spectrum), indicating that energetic electrons have amorphized 
our sample. 

Using the approach described in Section 2.3, we determined the 
amorphous fraction vs. electron fluence at each energy studied (Fig. 4 
left). We find that in all cases studied, the sample is amorphized 
completely, regardless of the electron energy. However, the rate at 
which our sample is amorphized increases with decreasing energy. For 
instance, the fluence to amorphize half the sample is ~10 times lower 
for the 1 keV electrons compared to the 10 keV electrons. This difference 
is expected, as the 1 keV electrons deposit significantly more energy in 
the sample (Table 1). Thus, for a better comparison we plot the amor-
phous fraction of our sample vs. the energy absorbed in our 55 nm film 
in Fig. 4 (right). After this scaling, the differences between the different 
irradiation energies are much smaller. For instance, the absorbed energy 
needed to amorphize the sample is within ~10% for the experiments 
performed at 1, 2, and 5 keV, while the energy needed in the 10 keV 
experiment is about 50% higher than the experiments at the lower en-
ergies. The similarity observed here is consistent with previous 
amorphization studies comparing ions and UV photons (Leto and Bar-
atta, 2003), reinforcing earlier suggestions that the main driver of 
amorphization at low temperatures is the total amount of energy 
absorbed in the sample. 

3.2. Amorphization as a function of temperature 

After studying how the amorphization of crystalline H2O-ice 
depended on the incident electron energy, we investigated how sensitive 
amorphization was to the irradiation temperature. In these studies, we 
irradiated crystalline H2O-ice with 1 keV electrons at temperatures be-
tween 10 and 100 K, while monitoring the sample with infrared spec-
troscopy. Fig. 5 shows the evolution of the infrared spectrum for a 1.57 

Table 1 
Total energy absorbed.  

Energy 
(keV) 

Initial stopping 
power (eV/nm)a,b 

Estimated sample 
thicknessb 

Absorbed energy/ 
electron (keV) 

1 9.6 55 nm 0.644 
2 6.1 55 nm 0.362 
5 3.2 55 nm 0.179 
10 1.9 55 nm 0.103 
10 1.9 2.17 μm 5.18  
a Estimated by taking an average of calculations made by (Ashley, 1982; 

Berger et al., 2005; Francis et al., 2011). 
b Assuming density of H2O-ice is 0.85 g cm�3. 

Fig. 4. Fraction of amorphous H2O vs. electron fluence (left) and absorbed dose 
(right) during irradiation of a 1.57 � 1017 H2O cm�2 (55 nm) crystalline sample 
at 50 K. Symbols correspond to incident electron energies of 1 (●), 2 (○), 5(▴) 
and 10 (◊) keV. 
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� 1017 H2O cm�2 (55 nm) crystalline sample during irradiation at 10 K 
(top left), 70 K (top right), 80 K (bottom left), and bottom right (100 K). 
As is the case at 50 K (Fig. 2), the sharper crystalline features of the 
samples irradiated at 10 and 70 K evolve into one broad feature that 
closely resembles the reference spectrum of amorphous H2O sample 
measured at the irradiation temperature. However, the observed change 
in the IR spectra at the higher irradiation temperatures (80 and 100 K) is 
much less significant at the highest fluences studied, as the IR spectrum 
of the sample irradiated at 80 K still contains sharp absorption features, 
and the sample irradiated at 100 K closely resembles that of the unir-
radiated spectrum. 

These spectral changes were quantified as in Fig. 4 and are shown in 
Fig. 6, where we plot the amorphous fraction vs. electron fluence for 
temperatures between 10 and 100 K. These results indicate that com-
plete amorphization of our sample occurred at temperatures as high as 
70 K but the fraction of material that could be amorphized dropped 
significantly as the temperature was increased above 70 K. For instance, 
while ~75% of the sample amorphized at 75 K, only ~30% amorphized 
at 80 K and <10% could be amorphized at 100 K. It is also evident that 
the rate at which the sample is amorphized is strongly dependent on 
temperature. For example, the fluence needed to amorphize half the 
sample is ~60 times lower at 10 K compared with 70 K but only ~3 
times lower at 10 K compared with 50 K. 

3.3. Amorphization using the 1.65 μm band 

Once we established the energy and temperature dependence for 

Fig. 5. Infrared spectra of a 1.57 � 1017 H2O cm�2 (55 nm) crystalline sample during irradiation with 1 keV electrons at 10 K (top left), 70 K (top right), 80 K 
(bottom left), and 100 K (bottom right). All panels show a spectrum of amorphous H2O-ice sample grown at 10 K and warmed to the respective temperature. The 
curves, baseline corrected and displaced vertically for clarity, correspond to fluences of (from top to bottom in units of 1014 electrons cm�2): top left (10 K): 0, 0.45, 
0.98, 1.93, 3.58, 6.52, 12.5, 198; top right (70 K): 0, 1.2, 3.98, 8.96, 50.4, 125, 526, 2030; bottom left (80 K): 0, 1.04, 4.14, 9.95, 49.6, 106, 553, 2320; bottom right 
(100 K): 0, 1.19, 3.52, 10.4, 49.3, 132, 506, and 2130. 

Fig. 6. Fraction of amorphous H2O vs. electron fluence (bottom) and absorbed 
dose (top) during irradiation of a 1.57 � 1017 H2O cm�2 (55 nm) crystalline 
sample with 1 keV electrons at temperatures between 10 and 100 K. Data from 
left to right at an amorphous fraction of 0.70 correspond to: 10, 30, 50, 60, 65, 
70, and 75 K. Experiments at 80 and 100 K are labeled in the figure. 
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amorphization of the fundamental absorption of H2O-ice, we turned our 
attention to the 1.65 μm absorption band, which is often used to char-
acterize the phase of H2O-ice on objects in the outer solar system. Fig. 7 
(top) shows the evolution of the near-infrared spectrum of a 6.17 � 1018 

H2O cm�2 (2.17 μm) crystalline sample during irradiation with 10 keV 
electrons at 50 K. Irradiation causes the sharp feature at 1.65 μm to 
decrease in intensity and broaden until it closely resembles that of our 
reference spectrum for an amorphous H2O-ice sample, consistent with 
our mid-IR studies as well as previous ones with ion irradiation (Leto 
et al., 2005; Fam�a et al., 2010). These spectral changes were quantified 
as in Figs. 4 and 6; the results for the amorphous fraction vs. electron 
fluence are shown in Fig. 7 (bottom), where they are overlayed with our 
mid-IR results at 10 keV. Given that the distribution of deposited energy 
is different for 55 nm and the 2.17 μm samples, the similarity of the data 
is quite satisfactory, supporting the assumption that either absorption 
band can be used quantify the amorphous fraction in H2O-ice. 

3.4. Comparison to previous studies 

Besides comparing the amorphization of H2O-ice using two different 

spectral regions in our own experimental setup, we can also compare our 
results with previous studies. Two aspects of interest for comparison are 
how quickly the sample amorphizes at different temperatures and the 
approximate temperature when crystalline H2O-ice can no longer be 
completely amorphized. 

The rate at which the sample amorphizes can be estimated by fitting 
the experimental data with an exponential function of the form: 
φa ¼ φamax

�

1� e�kD
� (2)  

where φa is the fraction of amorphized ice, φamaxis the maximum value 
of amorphized ice, k is the rate constant in units of molecule eV�1 and D 
is the absorbed dose in units of eV molecule�1. We note that although 
previous studies have typically adopted an equation of the same form as 
(2), some have used a variable ‘K’ or ‘K�1’ to compare amorphization 
rates (Strazzulla et al., 1992; Fam�a et al., 2010). To avoid confusion with 
equilibrium constants, which are typically denoted by ‘K’, we compare 
our derived values using ‘k’ given in (2). 

In our experiments, we noticed that the fit shown above got pro-
gressively less satisfactory as the irradiation temperature increased. 
Thus, we also estimated k by determining the dose when 63.2% of the 
sample had been amorphized (i.e. kD ¼ 1). Up to ~60 K, this direct 
approach yields a k-value within 10% of that derived from the fit but was 
only within ~30% at temperatures up to 75 K. The derived values from 
our experiments using the direct extrapolation are shown in Fig. 8 and 
the error bars indicated the deviation between our direct approach and 
our fit using (2). 

Before we compare our values to those in literature, a few comments 
are needed. Reports with 100 keV electrons only gave the dose for 
complete amorphization (Lepault et al., 1983; Dubochet and Lepault, 
1984; Heide, 1984). Thus, we adopted the approach used in Fam�a et al. 
(2010) to derive k, assuming that φa ¼ 0.99 at the reported fluence and 
φamax ¼ 1. We note that although this approach matches the values given 
for Heide (1984) in Fam�a et al. (2010), it is about a factor of eight 
different for the values given for Dubochet and Lepault (1984). This 
discreprency is because the values given for Dubochet and Lepault 
(1984) were taken from an estimate by Strazzulla et al. (1992), assuming 
that the dose given for amorphization was equivalent to 63.2% of the 
sample was amorphized (kD ¼ 1). The results given in Golecki and 
Jaccard (1978) were taken by evaluating the dose at which 63.2% of 

Fig. 7. Top: Near-infrared spectra of a 6.18 � 1018 H2O cm�2 (2.17 μm) 
crystalline sample during irradiation with 10 keV electrons at 50 K compared 
with that of an amorphous H2O-ice sample grown at 50 K. The curves (from top 
to bottom in units of 1014 electrons cm�2), displaced vertically for clarity, 
correspond to fluences of: 0, 0.95, 2.61, 6.95, 28.0, 101, 341, 510 and 1590. 
Bottom: fraction of amorphous H2O vs. absorbed dose during irradiation with 
10 keV electrons at 50 K for samples with column densities of 6.18 � 1018 H2O 
cm�2 (●) and 1.57 � 1017 H2O cm�2 (◊). Inset: corresponding derivative 
spectra, which were used to quantify the amorphous fraction of the thicker 
sample (●). 

Fig. 8. Comparison of our derived k-value (●) as a function of temperature 
with previous studies: (�) 100 keV Hþ (Golecki and Jaccard, 1978); (▸)100 keV 
electrons (Dubochet and Lepault, 1984); (◊) 100 keV electrons (Heide, 1984); 
(þ) 3 keV Heþ, (Δ) 1.5 keV Hþ (Strazzulla et al.1992); (○) 700 keV Hþ (Moore 
et al. 1992); (▴) 30 keV Hþ, (□) 30 keV Heþ, (◆) 60 keV Arþþ, (◄) 10.2 eV 
photons (Leto and Baratta, 2003); (■) 200 keV Hþ (Leto et al., 2005); (▾) 225 
keV Hþ (Fam�a et al., 2010). 
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their sample amorphized. Finally, the work by Moore and Hudson 
(1992) assumed that φamax ¼ 1. While this assumption appears to be 
correct for temperatures �46 K, it is unclear whether it holds for higher 
temperatures, as at the highest doses studied the crystalline fraction is 
still decreasing. Thus, we only use their values up to 46 K for 
comparison. 

As can be seen in Fig. 8, at low temperatures (< 50 K) k is often 
similar and no worse than a factor of two to three regardless of projec-
tile, as has been noted previously (Strazzulla et al., 1992; Leto and 
Baratta, 2003). Our electron irradiation results are consistent with these 
previous observations. For example, at 50 K our derived k-value varies 
by about a factor of two between 1 and 10 keV electrons (Table 2) and is 
no worse than a factor of two compared with estimates for keV Heþ and 
Hþ ions. The similar k-values for the different projectiles is somewhat 
surprising given that the density of energy deposition is so different. 
However, it suggests at these lower temperatures, how quickly the ice 
structure will reach equilibrium can be reasonably approximated by the 
total energy absorbed in the sample. 

As the irradiation temperature is increased above 50 K, k in our ex-
periments decreases more rapidly, which is consistent with previous 
studies involving 100 keV electrons (Heide, 1984) and appears to be 
consistent with the compiled ion irradiation data, although the rapid 
decrease in k appears to be shifted upwards by ~30 K. However, we note 
that the rapid decrease at higher temperatures observed for ion irradi-
ation derives from analysis with Rutherford Backscattering Spectrom-
etry (RBS), which was estimated to be sensitive to the top 20–60 nm of 
the H2O-ice (Golecki and Jaccard, 1978). As it was shown that 
amorphization occurred at temperatures as high as ~130 K, we suspect 
that the damage observed via RBS was not solely structural amorph-
ization but rather a consequence of a compositional change in the 
irradiated H2O-ice. Although H2O-ice is relatively stable under irradia-
tion, the O2 and H2 products that form in the sample are largely 
concentrated near the surface (Teolis et al., 2005; Teolis et al., 2009) and 
increase with increasing temperature (Boring et al., 1983; Reimann 
et al., 1984). Thus, these RBS results may be less applicable to 
amorphization of the entire ice depth as compared to previous studies 
with infrared spectroscopy, which probed the entire sample depth. 

Without the Golecki and Jaccard (1978) data, it appears that the ions 
show k to decrease steadily with temperature. The cause of differing 
trend observed between ions and electrons at high temperature is not 
obvious. However, we speculate that the stopping power (dE/dx) of the 
projectile becomes an important factor in determining how quickly the 
sample reaches equilibrium at these higher irradiation temperatures. 
This may be a consequence of the increase in the sample’s specific heat, 
as described by Fam�a et al. (2010) in reference to the thermal spike 
model’s explanation of amorphization (Szenes, 1995). Whether the 
difference in dE/dx for 1 keV electrons (~10 eV / nm) and energetic ions 
(3 keV Heþ, ~200 keV Hþ) studied is enough to cause this divergence at 
higher temperatures is unclear but could be tested in future experiments. 
In that light, we point out that even though the difference in electronic 
stopping power is less than a factor of two for 3 keV Heþ studies (~18 eV 
/ nm) and our 1 keV electrons, the nuclear stopping power component 
for 3 keV Heþ (~16 eV / nm) should drive amorphization, as previous 
studies have estimated that elastic collisions are ~4 times more efficient 

than inelastic ones in converting the absorbed energy into heat required 
for amorphization (Fam�a et al., 2010). 

It is important to point out that k is insightful for comparing how 
quickly equilibrium in the sample is reached, it gives no information 
about how much of the sample is amorphized. However, this informa-
tion can easily be derived by looking at the amorphous fraction of the 
sample after equilibrium has been reached. Our observation that com-
plete amorphization could only occur �70 K is consistent with previous 
studies using 100 keV electrons (Lepault et al., 1983; Dubochet and 
Lepault, 1984; Heide, 1984) but is inconsistent with a more recent study 
using 5 keV electrons that showed only ~40% of the sample could be 
amorphized at 50 K (Zheng et al., 2009). We suspect that this discrep-
ancy may be partially due to how the crystalline fraction was estimated. 
In that study, the crystalline fraction was defined as the ratio between 
the 1.65 μm band area in the irradiated sample and the band area in the 
unirradiated sample. Yet, as mentioned in Section 2.2, amorphous H2O- 
ice has a broad feature in this location at 50 K. Applying this method to 
our data in Fig. 7, we would have estimated that only ~80% of the 
sample was amorphized. While this alone cannot explain the apparent 
discreprency, we note that the 1.65 μm absorption band in crystalline 
H2O-ice at 50 K appears to be ~2–3 times stronger in our study than in 
Zheng et al., 2009. As strength of this absorption band appears to vary 
among studies (Leto et al., 2005; Mastrapa and Brown, 2006; Fam�a 
et al., 2010), it seems reasonable that another method, such as what has 
been used here or in previous studies (Strazzulla et al., 1992; Fam�a et al., 
2010) would be a more accurate approach to quantify the amorphiza-
tion of crystalline H2O-ice. 

For energetic ions, a single transition point does not seem to be as 
well defined as it is with energetic electrons. For instance, although 
complete amorphization was observed for 3 keV Heþ and 800 keV Hþ at 
T < 55 K, above this temperature the amorphous fraction of the sample 
was still changing at the end of the experiment (Moore and Hudson, 
1992; Strazzulla et al., 1992). However, other experiments using ~200 
keV Hþ showed that at the highest temperature studied (80–90 K) 
complete amorphization of crystalline H2O-ice was observed (Leto et al., 
2005; Fam�a et al., 2010). 

4. Astronomical implications 

Our results show that crystalline-H2O ice can be amorphized by 
irradiation with 1–10 keV electrons at temperatures as high as 70 K, 
which is consistent with previous studies using 100 keV electron irra-
diation (Lepault et al., 1983; Dubochet and Lepault, 1984; Heide, 1984), 
as well as those with keV ion irradiation (Leto et al., 2005; Fam�a et al., 
2010). Thus, we expect that crystalline H2O-ice present on the surface of 
an icy body at T < 70 K will be amorphized if given a sufficient radiation 
dose, leaving a weak but broad absorption feature at 1.65 μm. However, 
as the time needed to accumulate a specific radiation dose can vary 
significantly, it is not a foregone conclusion that all icy surfaces should 
be dominated by amorphous H2O-ice. Below we extrapolate our results, 
focusing on regions near 40 AU, where icy surfaces are expected to be 
cold (T < 50 K; Jewitt and Luu (2004)) and crystalline H2O-ice has been 
detected previously (Brown and Calvin, 2000; Jewitt and Luu, 2004; 
Merlin et al., 2007; Trujillo et al., 2007). 

The estimated radiation flux in this region of the solar system has 
been estimated previously (Cooper et al., 2003; Strazzulla et al., 2003; 
Hudson et al., 2008) and is significantly lower than what has been 
observed on Saturnian and Jovian icy satellites (Cooper et al., 2001; 
Cooper et al., 2009). In Fig. 9 (left), we provide an updated estimate to 
the radiation flux for this region of the solar system and also show the 
derived dosage time vs. depth curve (Fig. 9 right; see Appendix A for 
details). Clearly, the dosage time vs. depth profile shows a huge varia-
tion with depth, sharply decreasing below 0.01 cm and sharply 
increasing above 100 cm, but nearly constant between these depths. This 
trend is due to the combination of the flux of heliospheric protons 
increasing rapidly with decreasing energy below 10 MeV and the 

Table 2 
Estimated k-value at 50 K.  

Energy (keV) k (H2O-molecule eV�1)a 

1 0.37 
2 0.32 
5 0.31 
10 0.20 (55 nm ice) 
10 0.15 (2.18 μm ice)  
a Estimated by determining dose, where 63.2% of sample have 

been amorphized. 
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presence of higher-energy galactic cosmic ray protons above 100 MeV. 
The thickness ~ 1 m of the constant dose region roughly corresponds to 
the nuclear interaction lengths of the high-energy protons and the 
electromagnetic interaction lengths of secondary protons, neutrons, 
electrons, positrons, muons and gamma rays. At larger depths, there is 
an exponential increase in dosage times as primary and secondary par-
ticle fluxes are attenuated in the upper layers. At some depth we have 
not yet determined, the natural radioactivity of mineral contaminants, e. 
g.40K, limits the maximum dosage time. It is important to point out that 
the radiation effects induced by cosmic rays, secondary particles pro-
duced by higher-energy cosmic rays, and our low energy electrons are 
expected to be similar after scaling to the absorbed dose. All these 
particles lose energy by producing thousands of ionizations and excita-
tions as they pass through the solid, and many of these ionizations will 
ultimately produce secondary electrons, which deposit energy into and 
drive the observed changes in the target medium. 

To properly evaluate whether we should expect crystalline-H2O ice 
on the surface of these objects, we consider the depth probed by near- 
infrared spectroscopy, where crystalline H2O-ice has been detected. A 
conservative estimate for this depth is ~100 μm (10�2 cm), as the ex-
pected depth of penetration by solar radiation at near-infrared wave-
lengths is on the order of tens of microns. At this depth, we estimate that 
it will take ~5 � 107 yrs. to reach the dose needed to amorphize half of 
the surface (~1 eV molecule�1) and ~ 1.3 � 109 yrs. (~20–30 eV 
molecule�1) for complete amorphization if we only consider the 3.1 μm 
absorption feature. However, the timescale for complete amorphization 
could be a factor of two to three longer if we consider the results from 
our 1.65 μm absorption band study (see Fig. 7 bottom). We point out 
that these time estimates are ~two orders of magnitude longer than was 
given previously (Jewitt and Luu, 2004), as only the time to alter the top 
100 nm was considered. However, they are consistent with estimates 
made by Pinilla-Alonso et al. (2009), who estimated the surface of 
Haumea could be best fit with a ~ 1:1 mixture of amorphous and 
crystalline H2O-ice. 

It is possible that our time estimates could be shortened if other 
components of the radiation flux are included besides the dominant 
proton component, as has been suggested for other extraterrestrial en-
vironments (Bringa et al., 2007; Raut et al., 2008). Nonetheless, given 
that these estimates are probably no better than a factor of two, we 

conclude that the time needed to amorphize crystalline H2O-ice with a 
surface temperature near 50 K is surprisingly close to the age of the solar 
system. Thus, detecting a crystalline or partially crystalline H2O-ice 
surface in the outer solar system, may not be that surprising, especially 
considering impact events, such as those by micrometeorites, are likely 
to refresh the surface during the icy object’s lifetime. 

5. Conclusions 

We have measured the amorphization of crystalline H2O-ice for 
1–10 keV electrons at 50 K and 1 keV electrons between 10 and 100 K, 
using infrared spectroscopy as an analytical tool. We find that at all the 
energies studied, electrons can amorphize crystalline H2O-ice and the 
fluence needed for amorphization is ~10 times lower in samples irra-
diated with 1 keV electrons than with 10 keV electrons. However, after 
scaling experiments to the total energy absorbed in the sample, i.e. by 
plotting the amorphous fraction vs. absorbed dose, we find that the 1, 2 
and 5 keV experiments produce curves that are within 10% of one 
another, while the 10 keV experiments are within 50% of the other 
experiments, supporting previous suggestions that the main variable 
driving amorphization at low temperatures is the total energy absorbed 
in the sample. In addition, comparing experiments with crystalline H2O- 
ice samples about ~40 times different in thickness, we find that analysis 
of the amorphous fraction using either the 1.65 μm or 3.1 μm absorption 
band produces similar results. Finally, using 1 keV electrons we also find 
that we can completely amorphize crystalline H2O-ice at temperatures 
as high as 70 K and the rate of amorphization increases significantly as 
the irradiation temperature is decreased. Above 70 K, we find that the 
total fraction of the sample that can be amorphized decreases rapidly. 

Generally, our results suggest that any icy body existing at temper-
atures lower than 70 K will be amorphized, assuming the flux of ener-
getic electrons at the surface is sufficient. Of course, given the similarity 
observed in our experiments compared with the previous ones involving 
other energetic particles, we suspect that any surface exposed to radia-
tion will be amorphized at these low temperatures given enough time. 
However, for the specific question of the presence of crystalline-H2O on 
Kuiper Belt Objects, we estimate that the time needed to completely 
amorphize the material to the depth probed by near-infrared spectros-
copy is nearly the age of the solar system. Given the uncertainties 
involved in these types of extrapolations and the possibility of a resur-
facing event occurring in these objects’ lifetimes, the detection of crys-
talline or at least partially crystalline H2O-ice on their surface should be 
expected. 

Data availability 

¼Data from this publication can be found in Northern Arizona Uni-
versity’s long-term repository (https://openknowledge.nau.edu/5515/ 
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Appendix A 

We have compiled the proton flux model in Fig. 9 (left) for 10�2 - 104 

MeV protons in the Kuiper Belt Object (KBO) region at 30–50 AU from a 
variety of data sources. The spacecraft source data points are from the 
Virtual Energetic Particle Observatory (VEPO) at https://vepo.gsfc. 
nasa.gov/ and are averaged for the years when measurements are 
taken in the KBO region, 1983–1991 for Pioneer 10 and 1989–1996 for 
Voyager 2. We do not include also-available Pioneer 11 and Voyager 1 
data taken away from the Ecliptic. The bulge in the spectrum at 10–100 
MeV is from contributions near solar minimum activity of “anomalous 
component” protons accelerated in the outer heliosphere. The two 

Fig. 9. Left: Proton differential flux model (solid curve) derived from spacecraft 
measurements (various symbols) at 30–50 AU and modulated spectra near solar 
minimum activity for galactic cosmic ray protons (dashed and dotted curves). 
Spacecraft measurements correspond to the following sources: Pioneer 10 
Cosmic Ray Telescope (Δ), Voyager 2 Cosmic Ray Subsystem (○), Voyager 2 
Low Energy Charged Particle Experiment measurements of protons (▴) and 
total ions (●). Right: Time to accumulate an absorbed energy dose of 1 eV per 
H2O molecule at a specified surface depth, assuming a surface ice density of 1 g 
cm�3. See Appendix A for more details. 
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dashed curves from Vos and Potgieter (2015) are for galactic cosmic ray 
(GCR) spectra also near minimum activity levels. There is a divergence 
in Voyager 2 LECP data points from the model for protons below 1 MeV, 
since the data are from total ion (H þ He þ …) measurements and we 
have extrapolated the proton model spectrum from higher-energy 
measurements 

Modeling the dosage time vs. surface depth (Fig. 9 right) requires 
propagation of differential flux spectra into surfaces with the GEometry 
ANd Tracking Detector Description and Simulation Tool (GEANT (Brun 
et al., 1994, Cooper and Sturner, 2018)) radiation transport code. The 
10�2–104 MeV incident protons are assumed to be isotropically incident 
onto a flat ice surface of sufficient depth that most of the energy depo-
sition from primary and secondary radiation is contained. We did not 
include heavier primaries, as the main flux component at the 90% level 
comes from the protons. 
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