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Abstract--Far-infrared spectroscopy was used to investigate crystalline-to-amorphous phase changes in 
irradiated solids. Radiation-induced changes at T ~< 77 K were studied in four solids of astrochemical 
interest: H20, CH3OH, H2CO, and CO,. Rates of amorphization were compared for H20 and CH~OH. 
The behavior of each irradiated sample was observed on subsequent warming. Applications of the data 
to astronomical problems are given. 

INTRODUCTION 

Small molecules, such as H20 and CH3OH, are 
central to astrochemical studies of objects such as 
interstellar ices, the nuclei of comets, planetary 
rings, and satellites of the outer planets. In each 
case the object of interest is exposed to cosmic 
radiation and suffers radiation damage. Such 
changes can be investigated in the laboratory by 
irradiation of molecular solids at low temperature 
and measurement of some property, such as a spec- 
trum. Of particular interest to astronomers are 
questions such as (i) how the spectra of various 
molecules change as they are irradiated, (ii) what 
phase changes take place during irradiation, (iii) 
how the properties of the molecules are altered with 
increasing radiation dose, and (iv) the specific 
products of solid-phase irradiation and their fates. 
In this paper we report experiments related primar- 
ily to the first two points, how the far-IR spectra 
of polycrystalline solids respond to ionizing radi- 
ation and how crystalline phases of four different 
materials are altered by irradiation. 

Our work has many applications because while 
various astronomical objects have been exposed to 
ionizing radiation, the theoretical models used to 
describe such objects commonly employ data from 
experiments on unirradiated materials. The exper- 
iments we describe contribute to an understanding of 
the behavior of irradiated materials and hence of 
astronomical objects. Furthermore, we believe that 
publication of our work is timely. The ESA/ISO 
space-based telescope to be launched in 1995 will 
have the ability to record high-quality far-IR spectra 
of astronomical objects. Interpretation of such spec- 
tra will require consideration of laboratory data, such 
as we report here. 

The study of phase changes produced by ionizing 
radiation has a long history. In 1901, Becquerel 
reported that ionizing radiation altered the crystal 
structure of white phosphorus (Becquerel, 1901). 
Since the 1940's an enormous amount of work has 
been done on the irradiation of polymers, with much 
attention being given to changes in crystallinity 
(Zhang et al., 1992; Charlesby, 1987; Ahmad et al., 

1980; Slichter and Mandel, 1958). Perhaps less known 
are other radiation studies investigating crystalline- 
to-amorphous phase changes in quartz (Berman 
et al., 1950), lunar dust grains (Bibring et al., 1972) 
and, most recently, C60 molecules (Musket et al., 
1991). 

Given this history of the irradiation of crystalline 
solids, it might be thought that crystalline-to- 
amorphous changes would have been thoroughly 
investigated in any molecule of interest to astro- 
chemists. The opposite is in fact the case, perhaps due 
to the difficulty of preparing, stabilizing, and identify- 
ing amorphous phases of small molecules. An import- 
ant aspect of the present paper is that wc have 
assembled an experimental apparatus in which amor- 
phous and crystalline solids can be prepared and 
identified and the influence of ionizing radiation on 
them examined in situ. It is especially important to 
appreciate this last point, that all of our work is being 
done on solids, since in many previous studies on 
irradiated ices, the solids have been recited immedi- 
ately after the irradiation. While those experiments 
have been invaluable for investigating product yields 
and reaction mechanisms, they are of a very different 
nature and focus from thosc to bc described here. In 
addition, most of the carlicr experiments used ir- 
radiation temperatures at or above 77K, and 
radiation of low stopping power, such as electrons, 
X-rays, or ~'°Co ;, rays. Experiments at lower tempera- 
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tures with radiation of higher stopping powers are 
much more relevant for astrochemical work. 

Our choice of molecules is particularly significant 
in that we have selected small molecules of interest to 
astrochemists, namely water (H20), methanol 
(CH3OH), formaldehyde (HzCO), and carbon 
dioxide (CO2). Finally, infrared (IR) spectroscopy, a 
technique amenable to astronomical usage, was 
selected to study radiation damage. 

E X P E R I M E N T A L  

Many of the experimental details concerning our 
work have been published (Moore and Hudson, 1992, 
1994; Hudson and Moore, 1992). However, some 
description of our procedures and choice of 
conditions may be useful. 

Figure 1 is a schematic of the experimental ar- 
rangement. Briefly, solid samples were prepared by 
slow condensation from the vapor phase (gas- 
handling system) at T ~ 295 K onto the polished face 
(area = 5 cm 2) of an aluminum substrate held at 13 K 
in a vacuum chamber. A Fourier-transform IR 
(FTIR) spectrometer then recorded the spectrum of 
the solid in the region of interest, usually 
100-500 cm-1 in these experiments. Next, the sample 
was rotated 180' to face the beam of our Van de 
Graaff accelerator, irradiated to the desired dose, and 
then rotated back to face the spectrometer where its 
spectrum was recorded a second time. Additional 
irradiations could be performed as desired with IR 
spectra taken after each. Single-beam IR spectra were 
ratioed against the spectrum of the blank aluminum 
substrate to get a transmission-type spectrum which 
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Fig. I. Experimental set-up showing FTIR spectrometer, incoming radiation beam, gas handling system, 
and ice sample (on aluminum substrate and facing FTIR). QMS = quadrupole mass spectrometer. 
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could be converted into an absorbance spectrum. The 
spectral resolution was 4 cm ~. 

A closed-cycle cryostat was used to cool the 
samples to a minimum of 13 K. The sample tempera- 
ture was adjustable before, during, and after the 
irradiation from 13 to about 280 K with an accuracy 
better than +1 K. Each of the four compounds 
studied was irradiated at 13 K and two were studied 
at higher temperatures as well. 

The choice of far-IR spectroscopy to study 
radiation effects deserves comment. Molecular 
spectra in the mid-IR region, ~400-4000 cm i, cor- 
respond to intramolecular vibrational changes. In 
contrast, far-lR spectra of solids are more sensitive to 
i n t e r m o l e c u l a r  changes, such as translational 
motions. These low-frequency vibrations are suffi- 
ciently dependent upon the phase of the sample that 
far-IR spectra of the crystalline and amorphous 
forms of a solid can be quite different from each 
other. In the experiments to be described, far-IR 
spectroscopy was used to probe radiation-induced 
changes in polycrystalline ice samples. 

Sample thicknesses were on the order of a few 
micrometers. They were determined for H20, 
CH3OH , and CO 2 using optical constants (Hudgins 
et  al. ,  1993; Warren, 1986). Optical constants were 
unavailable for H2CO so that the H2CO sample's 
thickness could only be estimated from the pressure 
drop in the vacuum system during deposition. With 
the thicknesses used, the incident 0.7 MeV protons, 
having a range of ~ 13 #m (Northcliffe and Shilling, 
1970), penetrated each solid and came to rest in the 
underlying aluminum substrate where the resulting 
current was measured. 

In our experiments the effects of cosmic ray 
bombardment were investigated with 0.7 MeV 
protons. This choice of radiation was a compromise. 
Protons form the bulk of cosmic radiation particles 
and of these the largest flux is for those with energies 
under 100 MeV (Meyer et  al. ,  1974). Furthermore, 
standard tables show that the maximum stopping 
power for protons by H20 corresponds to an energy 
near 1MeV (Northcliffe and Shilling, 1970). This 
implies that a substantial fraction of the radiation 
damage to astronomical objects is expected to be due 
to ~ 1 MeV protons. Additional factors concerning 
our choice of energy were that too high an energy 
might have induced nuclear transformations in the 
sample while too low an energy would have meant 
that the protons would not have completely pene- 
trated the samples. Additional details can be found in 
earlier papers (Moore et  al., 1983; Moore, 1984). 

Irradiations were performed with a Van de Graaff 
accelerator interfaced to our sample chamber. A 
nickel foil, used to separate the sample and accelera- 
tor vacuum systems, degraded the 1MeV proton 
energy from the accelerator to 0.7 MeV. A beam 
current of 0.1 j~A was used to give incident fluences 
of ] z 1013 p+ cm ~ 2 _ 1 x 1014 p+ cm 2 although 
higher doses were employed in a few experiments. 

Converting the incident proton fluence into an 
absorbed energy dose with units of Mrad, MGy, or 
eV molecule ~ required a value for the sample's 
stopping power which in turn required the sample's 
density. Since the densities largely were unknown 
they were assumed to be l gcm -3. Justification for 
this value comes from structural studies in other 
laboratories (Narten et  al., 1976; Tauer and Lip- 
scomb, 1952). The stopping power (S) of 0.7 MeV 
protons by H20 is 430 MeV cm 2 g- ~ (Northcliffe and 
Shilling, 1970). Standard stopping power theory 
(Magee and Chatterjee, 1987) and mean excitations 
energies (Fano, 1963) were used to compute 
S = 450 MeV cm 2 g- 1 for CH 3 OH. The conversions 
employed in our work with H20 were 1× 
1013 p+ cm -2 = 68.6 Mrad = 0.686 MGy = 0.128 eV 
molecule- ~, and with CH 3 OH they were 
1 x 1013 p+ cm 2 = 72.0 Mrad = 0.720 MGy = 
0.239eV molecule ~. 

RESULTS 

With each system examined, slow condensation of 
the sample gas onto the 13 K substrate produced an 
amorphous solid. Amorphous H20, CH3OH, H2CO, 
and CO2 then could be crystallized by warming to 
155, 130, 85, and 65 K, respectively, and holding at 
the higher temperature for about 5 min before recool- 
ing to the irradiation temperature. The preparation of 
amorphous and crystalline forms of these compounds 
by vapor deposition has been studied and far-IR 
spectra published (e.g. Moore and Hudson, 1994 and 
references therein). Water, in particular, has been 
subjected to a wide variety of spectroscopic, diffrac- 
tion, and calorimetric experiments in the past 
(Hobbs, 1974). Solid CO and CH4 initially were 
considered for irradiation but these two molecules 
lacked suitable far-IR absorbances. 

Figure 2 shows far-IR spectra of amorphous and 
crystalline H:O at 13 K. The amorphous phase's 
spectrum, shown in Fig. 2(a) was converted to the 
crystalline's phase's spectrum, shown in Fig. 2(b) by 
warming the amorphous sample from 13 to 155 K 
and then recooling to 13 K. Irradiation of the crys- 
talline sample at 13 K converted its far-IR spectrum 
into one that was a combination of the spectra of the 
amorphous and crystalline solids. An example is 
shown as Fig. 2(c), the incident radiation fluence in 
the case shown being 8 × l0 L~ p+ cm-2. By assuming 
that only the amorphous and the cubic I t phases of 
solid H20 contributed to the large absorption peak 
at 230cm -~ it was possible to quantify the rate of 
radiation-induced amorphization. The calculated 
quantity was designated f~, the fraction of crystalline 
ice remaining after some radiation dose. The 
Appendix gives additional details of the calculation. 

The semi-logarithmic plot in Fig. 3 demonstrates 
that the amorphization of polycrystalline H20 was 
exponential with dose and follows the simple 
equation f~ = e  ;o where k is a constant and D is 
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Fig. 2. Far-IR spectra of amorphous, crystalline, and irradiated H20 at 13 K. Spectra have been offset 
vertically for clarity. The crystalline sample in (b) was obtained by warming the sample from (a) to 155 K 

and recooling to 13 K. 

dose. The experiment was repeated at 77 K and at 
that temperature virtually no changes were seen up to 
a dose of 1 .6x 10'Sp +cm 2. This 7 7 K  result is 
represented by the dashed horizontal line across the 
top of Fig. 3. 

The constant  k for each of six irradiation tempera- 
tures was obtained from the slopes of the appropriate 
lines, such as those in Fig. 3, and is plotted for H2 0  

0 . 0 1  

0 

~j - 0 . 5  

u - I . 0  

o - 1 . 5  

& - z . o  

- 2 . 5  

t ~  

i= 
- 3 . 0  

• i • i • i - | - i - 

:,7 K 

CHa0H, 13 K 

. | . | . | . : ! 

0 2 4 6 8 10 12 

I n c i d e n t  F l u e n c e  (1 X I0  ta p+ c m  -e) 

Fig. 3. Radiation-induced amorphization of H20 and 
CH 3 OH at 13 and 77 K. Conversion of the incident fluences 
to doses in Mrad requires multiplication by (68.6 Mrad/ 
1 x l0 Isp+cm 2) for H2O and (72.0/1 x 10'~p +cm -2) for 

CH~OH. 

in Fig. 4 against temperature. The appropriate con- 
version in going from Fig. 3's slope to Fig. 4's vertical 
scale is 1.0 eV molecule- '  = 7.8 × l0 's p+ cm -2. The 
constant k, with units of  molecule eV- 1 in Fig. 4, can 
be interpreted as the number  of phase-converted H 20 
molecules for a 1 eV molecule- '  radiation dose. A 
qualitative interpretation of the temperature depen- 
dence of k will be given below. 

An unexpected and unreported oscillatory 
behavior was discovered in the 13 K irradiation 
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Fig. 5. Far-IR spectra of amorphous, crystalline, and irradiated CH 3 OH at 13 K. Spectra have been offset 
vertically for clarity. The crystalline sample in (b) was obtained by warming the sample in (a) to 130 K 
and then recooling to 13 K. Spectra after successive 13 K irradiations are shown along with the 

accumulated incident fluence. 

experiments. At intervals of about 1.1 eV molecule 
(8.6 ×1013 p+ cm -2) the irradiated H20 would 
release a burst of H 2 as detected by a quadrupole 
mass spectrometer. Examination of the spectrum 
immediately thereafter inevitably showed that the 
sample had recrystallized. Further irradiation would 
again amorphize the sample but another H2 burst and 
crystallization would occur after an additional dose 
of about 1.1 eV molecule t. This oscillatory behavior 
was seen only in H20 samples at the lowest tempera- 
tures available. It has been interpreted in terms of the 
build-up and sudden reaction of hydrogen atoms and 
is treated in a separate paper (Hudson and Moore, 
1992). 

Far-IR spectra of amorphous and crystalline 
CH3OH at 13 K are shown in (a) and (b) of Fig. 5. 
The other six spectra, at the bottom of Fig. 5, are for 
increasing radiation doses to the sample. By compar- 
ing (a), (b), and (h) it can be seen that irradiation 
converted the crystalline sample's spectrum into one 
virtually identical to that of unirradiated amorphous 
CH3OH. Figure 6 shows a similar result but at 77 K. 
Spectrum (a) is for the original amorphous sample, 
deposited at 13 K and warmed to 77 K. Spectrum (b) 
also was recorded at 77 K, but after a brief annealing 
at 130 K to crystallize the sample. The other spectra 
again show the effect of increasing radiation dose. As 
with the 13 K irradiation, the spectrum of the crys- 

talline sample at 77 K is converted to one almost the 
same as from the unirradiated amorphous CH3OH. 

The decrease in the intense IR peak for crystalline 
CH3OH near 350 cm ~ was used to follow the rate of 
radiation-induced amorphization. The analysis de- 
scribed earlier for irradiated H20 also was carried out 
for irradiated CH3OH to compute f¢, the fraction of 
crystalline sample remaining after each dose. The 
results are plotted in Fig. 3 for 13 and 77 K exper- 
iments (triangles and solid lines). 

Figure 3 shows that the rate for loss of crystallinity 
on irradiation differed for H20 and CH3OH. There 
were two other ways in which these compounds 
differed. First, irradiated H20 samples could be 
rewarmed and were always found to recrystallize. 
This was not the case with CH3OH. Irradiated crys- 
talline CH~OH samples never were observed to crys- 
tallize on warming. Another difference in the two 
compounds was that some CH3OH apparently was 
lost on irradiation, presumably because of product 
formation. This is most evident in the 77K 
experiment shown in Fig. 6. The spectra at the 
beginning and the end of the experiment are (a) and 
(h) in the figure. Although the shapes are essentially 
the same, the bottom spectrum, corresponding to the 
end of the irradiations, is slightly weaker than the top 
one, indicating conversion of the CH3OH sample into 
molecular products which did not possess strong 
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far-IR absorbances. Product formation during low- 
temperature radiolysis of CH3OH has been verified 
by separate mid-IR studies in this laboratory. In 
contrast, no substantial conversion of sample to 
reaction products was detected in low-temperature 
H20 radiation experiments (Moore and Hudson, in 
preparation). 

Only a few irradiations were carried out on 
crystalline samples of H2CO and CO2, and all were 
at 13 K. Although these experiments were useful for 
showing loss of crystalline material, they were not 
pursued to the degree of those with H20 and 
CH3OH. 

Formaldehyde vapor was produced for our exper- 
iments by the thermal decomposition of poly- 
oxymethylene. Slow condensation of the H2CO 
vapor at 13 K produced an amorphous H2CO solid 
and its spectrum is shown as (a) in Fig. 7. Spectrum 
(b) in Fig. 7 is for crystalline H2CO at 13 K, formed 
by warming the amorphous sample briefly from 13 
to 85 K, and then recooling. Spectra (c) and (d) are 
after incident radiation doses of l x  1013 and 
5 x 1013p+cm 2 to the crystalline sample. The 
spectrum in (d) underwent only slight changes on 
warming the sample to room temperature. More- 
over, the production of spectrum (d) on irradiation 
was accompanied by a visual change in the sample 
from transparent to white. Since the original for- 

maldehyde polymer was white, and since it has 
essentially the same far-IR spectrum as (d) 
(Tadakoro et al., 1963), our conclusion is that pro- 
ton irradiation at 13K caused H2CO polymeriz- 
ation in the solid state. 

Carbon dioxide was the fourth molecule investi- 
gated. Spectra (a) and (b) in Fig. 8 are for amor- 
phous and crystalline CO 2 at 13 K. Spectra (c) and 
(d) are after incident doses of 4 ×  1013 and 
6 x  10~Sp+cm -2. These spectra show that ir- 
radiation of the crystalline CO2 resulted in peak 
broadening and a decrease in the peak absorbance. 
The peak position showed a shift to smaller 
wavenumbers with increasing irradiation, moving 
away from the positions observed for crystalline 
and amorphous CO 2. Warming the irradiated CO 2 
sample sharpened the absorbance and caused it to 
move back toward its original position, and by 70 K 
the absorbanee was essentially the same in shape 
and position as for an unirradiated CO 2 sample. 
However, the intensity of the line after irradiation 
and warming was about 40% less than it would 
have been for an unirradiated sample at the same 
temperature, indicating loss of material during ir- 
radiation. 

Irradiations were not carried out at 77 K for either 
H2CO or CO2. Interpretation of results at 77 K 
would have been complicated by a tendency of any 
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Fig. 7. Far-lR spectra of amorphous, crystalline, and irradiated formaldehyde at 13 K. Spectra have been 
offset vertically for clarity. The crystalline sample in (b) was obtained by warming the sample in (a) to 
85 K and then recooling to 13 K. Spectra after successive 13 K irradiations are shown along with the 

accumulated incident fluence. 

amorphized product to recrystallize at that tempera- 
ture. (This was not the case with either H20 or 
CH3OH due to the much higher temperatures 
needed for their crystallization.) There was also the 
problem that irradiation of neither crystalline H 2CO 
nor CO2 gave simple amorphization of the sample: 
the spectra produced were different from those of 
the unirradiated amorphous materials as shown in 
Figs 7 and 8. 

DISCUSSION 

Figure 3 summarizes the more quantitative aspects 
of our work with H20 and CH3OH. Using the 
conversions given in the experimental section allows 
the incident fluence to be converted into absorbed 
dose in units of Mrad and MGy. However, the trends 
of Fig. 3 are unchanged since the stopping powers of 
the two compounds differ only slightly, and so a 
revised figure is not shown. The conclusion is that at 
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Fig. 8. Far-IR spectra of amorphous, crystalline, and irradiated carbon dioxide at 13 K. Spectra have been 
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both 13 and 77 K, crystalline CH3OH is more rapidly 
altered by radiation than is crystalline H20. 

While Mrad and MGy units are widely used by 
radiation physicists and chemists, the eV molecule 1 
unit is more common in the astronomical community. 
Revising Fig. 3 with the appropriate conversions 
gives Fig. 9. This last figure shows that even on a per 
molecule basis, CH3OH is still more radiation 
sensitive at 77 K than is crystalline H20. However at 
13 K the order is reversed from Fig. 3, although 
admittedly the difference in the two at 13 K is slight. 
The reversal in going from Figs 3 to 9 simply reflects 
the fact that equal masses of the two compounds 
means fewer CH3OH molecules than H20 molecules, 
due to the different molecular masses. 

Although the experiments presented in this paper 
were not designed to probe details of radiation 
chemical mechanisms, or product yields, some 
consideration of reaction mechanisms seems appro- 
priate to interpret the observations. In the past, 
different reaction sequences have sometimes been 
needed to explain experimental results from the ir- 
radiation of amorphous and crystalline materials (e.g. 
Kevan, 1969; Toriyama and lwasaki, 1979). Since our 
experiments involve both types of solids, the situation 
is quite complicated. It is specifically not our 
intention to propose new mechanisms but rather to 
utilize those that have been reported. We consider 
reactions only for our H.,O and CH3OH experiments. 

The first step in the irradiation of our poly- 
crystalline H20 samples is 

H20--+ H20 + + e  (1) 

Other authors have pointed out the importance of the 
recombination of the two products in reaction (1) at 
low temperatures in solid H20 (e.g. Seddon et  al., 

1968; Symons, 1982). Geminate recombination leads 
back to H20 and to possible dissociation. 

H20 + + e -  --+ H20*---~ H" + 'OH (2) 

Alternatively, H + transfer, or equivalently H trans- 
fer, may occur after (1) so that the second and third 
steps will be 

H20 + H:O + --+ "OH + H3 O+ (2a) 

H3 O+ + e --* H20 + H" (2b) 

Regardless of whether (2) or (2a) + (2b) occurs, the 
free radicals that form are H" and "OH. Since the 
stopping power of 0.7 MeV protons for our samples 
is much greater, on the order of two orders of 
magnitude, than in X-ray, 7 ray, or ~ I MeV e- 
experiments (Swallow, 1973), radical-radical reac- 
tions will be enhanced, dropping radical yields and 
raising molecular yields. Possible reactions are 

H" + H' --, H2 (3) 

H" + "OH ---, H20 (4) 

"OH + 'OH --+ H202 (5) 

Beyond considerations of stopping power there is 
irradiation temperature. The dependence of reactions 
(3)-(5) on temperature in irradiated H20 ice has been 
studied by others (Siegel et al., 1960, 1961; Flournoy 
et al., 1962). The result is that reaction (3), H2 
formation, occurs to a much greater extent than (4) 
and (5) for T < ~ 77 K. In our experiments, any H 2 
produced will be retained in the solid H20 sample 
much more efficiently at 13 K than at the higher 
temperatures (Laufer et al., 1987; Kouchi and 
Kuroda, 1990). The higher the irradiation tempera- 
ture, the more H 2 is formed by reaction (3) but above 
about 20 K it is lost from the sample by sublimation 
at the ice-vacuum interface. This sublimation makes 
the ice appear to retain its crystallinity longer at 77 K 
than at 13 K, which in turn causes a variation in the 
constant k with temperature. At 13 K, H' and H 2 are 
retained in the sample during the irradiation, but lost 
on subsequent warming. The irradiated ice thus 
recrystallizes at 155K to give the same far-IR 
spectrum as unirradiated crystalline ice. 

Turning to our results for CH~OH, a new set of 
problems is encountered since more reactions and 
products are possible for CH3OH than for H20. 
Electron spin resonance has been used to study both 
glassy and crystalline samples of CH3OH X-irradi- 
ated at 4.2 and 77 K (Toriyama and lwasaki, 1979). 
At 4.2 K, irradiation of crystalline CH3OH produces 
CH30,  "CH3, and "CH2OH radicals with indirect 
evidence for hydrogen atoms. Warming to 77 K 
causes loss of all CH30" and "CH 3 radicals and 
production of more "CH_,OH. Reactions, roughly 
analogous to (1)-(2b) for H20, have been proposed 
for the 4.2 K experiment with crystalline CH~OH, 
and among these are the following: 

CH~OH ----, CH~OH ~ + e- (6) 
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CH3OH + + e- ---, CH3OH* ---, 'CH3 + "OH (7) 

"CH 3 + CH3OH --~ CH 4 + 'CH2OH (8) 

"OH + CH3OH ---, H20 + 'CH,OH (9) 

CH3OH + CH3OH + ---, "CH30 + CH3OH ~ (10) 

CH3OH+ + e --, CH3OH + H' ( l l )  

Irradiation at 77 K gave only 'CH2OH radicals as did 
warming 4.2 K irradiated samples to 77 K (Toriyama 
and lwasaki, 1979). Glassy samples irradiated at 
4.2 K gave primarily trapped electrons and "CH2OH, 
which in turn gave rise to other reactions. 

While reactions (6)-(11) may also occur in our 
CH3OH experiments, their relative importance re- 
mains unknown. Electron trapping probably in- 
creases as our sample's crystallinity drops, 
particularly at 13 K, so that reactions (7) and (11) will 
decline in importance. What is certainly expected is 
that radical radical combination probably occurs to 
a greater degree than in experiments with radiation of 
lower stopping power. This will enhance the for- 
mation of molecular products such as H2 and ethyl- 
ene glycol, (CH2OH) 2. By analogy with H20 (Laufer 
et al., 1987; Kouchi and Kuroda, 1990), we suspect 
that H2 is more readily held in solid CH3OH during 
13 K irradiations than in 77 K irradiations. 

The greater number of radiation products from 
CH3OH, as compared with the products of H20, are 
probably responsible for these compounds' different 
rates of amorphization. This also probably explains 
our inability to recrystallize irradiated CH3OH: 
reaction products interfered with and prevented the 
crystallization. For the case of H20, the possible 
radiation reactions are more limited, and the prod- 
ucts more easily sublimed, so that irradiated H20 
samples recrystallized on warming. Some support for 
the different amounts of low-temperature radiation 
products is provided by separate mid-lR experiments 
in this laboratory (Moore and Hudson, in 
preparation). These have verified that substantial 
amounts of molecular products, such as CO and 
CH4, are indeed formed during low temperature 
proton irradiation of CH3OH. No radiation products 
are detected from H20, although admittedly H 2, 02, 
and H:Oz are difficult to detect with far-IR spec- 
troscopy in solid H20. 

The outcome of our formaldehyde radiation exper- 
iment was fundamentally different from irradiations 
of the other three molecules since the sample poly- 
merized. No gradual change from the spectrum of 
crystalline H,CO to that of amorphous H2CO was 
observed. Low temperature H~CO polymerization is 
consistent with previous radiation studies 
(Goldanski, 1976) including mid-IR work in this 
laboratory (Moore and Hudson, 1993; Moore and 
Tanabe, 1990). 

Our C02 irradiations showed that the far-IR 
spectrum of crystalline CO 2 was changed on 
irradiation at 13 K to a spectrum that was not 
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matched by either pure amorphous CO2 or a combi- 
nation of amorphous and crystalline CO.,. This im- 
plies that some radiation product was formed, 
altering the CO2 spectrum. Further evidence of this 
came from warming the irradiated sample: a net loss 
of spectral intensity was found due to the irradiation, 
which again implies formation of some product. CO 
is known to be produced by proton irradiation of 
solid CO2 (Moore and Hudson, in preparation), 
although 02 and C302 are possibilities as well. An 
unirradiated mixture of CO2, CO, O.~, and C302 
might conceivably be found whose spectrum would 
match the one we obtained for irradiated crystalline 
CO.,. Additional work is clearly needed. 

To summarize, with each of the four compounds 
studied, proton irradiation resulted in loss of crys- 
tallinity. However crystalline H20 and CH3OH 
behaved differently than crystalline H2CO and CO2. 
Although the first two were largely converted into 
amorphous forms the latter two were not. That 
formaldehyde polymerized was shown by the 
sample's change in visual appearance and the change 
in IR absorbances. The fate of crystalline CO., was 
not as clear, although the results imply that ir- 
radiation produced some material(s) at the expense of 
CO:. It is difficult to believe that substantial amounts 
of any molecular products other than CO2, CO, 02, 
and possibly C302 were present in the final irradiated 
sample. 

Before turning to applications, some comments on 
low-temperature irradiations in other laboratories 
will be made. The experiments closest to ours have 
been those on H20 in Strazzulla's laboratory. In 
those experiments, crystalline H20 was irradiated at 
temperatures from 10 to 100K (Strazzulla et al., 
1992) by 3keV He + . Although a quantitative 
comparison is difficult, the results are in qualitative 
agreement with our own, showing that crystalline 
H20 is more resistant to radiation damage at the 
higher temperatures. Other experiments have used 
mass spectral techniques to determine identities and 
yields of molecules ejected during irradiation 
(Johnson, 1990). The measured yields are far below 
those needed to show changes in the remaining H,O 
solid with our IR technique so again comparison is 
difficult. Moreover, the mass spectral measurements 
are made for irradiations of amorphous H,O ice 
whereas the present paper is concerned primarily with 
irradiation of crystalline materials. 

APPLICATIONS 

There is a vast literature concerning small-molecule 
solids and astronomical bodies. The radiation en- 
vironments of systems as diverse as cometary ices, 
interstellar and circumstellar ice grains, and planetary 
rings and satellites have all been investigated since the 
irradiation of such objects will influence both their 
properties and the appearance of their spectra (e.g. 
Pirronello, 1991). For example, according to our 
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experiments a heavily irradiated object dominated by 
H 2 0  ice at T < ~ 7 7  K will give a spectrum charac- 
teristic of  an amorphous material. Such an object will 
have a lower thermal conductivity than a polycrys- 
talline one (Kittel, 1949), which in turn influences the 
depth to which a thermal wave may penetrate. A 
lower thermal conductivity will affect the sublimation 
of  volatile materials from the object, and thus the 
object 's composition. 

Comets are one example of  a class of  such objects. 
Comets are thought to have been formed at the same 
time as our solar system, 4.6 × 10 9 years ago, and to 
have remained near 10K in a roughly spherical 
region about a light year around our sun. Refractory 
grains and "frozen volatiles" such as H20,  CH3OH, 
H 2 CO, CO 2, CH4, and CO compose cometary nuclei 
with H 2 0  being the dominant  molecule. The ices 
making up these nuclei are thought to be amorphous,  
due to their slow formation at low temperatures, 
although there is no direct observational evidence for 
their amorphous nature. 

Regardless of  the original phase of  cometary ices, 
our radiation experiments suggest a different argu- 
ment for the amorphous nature of  the outer ices of  
comets, an argument based on radiation damage. The 
cosmic radiation dose received by a cometary nucleus 
about a light year from the sun will vary from 
~ 600 eV molecule-t  at a depth of  0.1 m down to 
under 5 eV molecule-  ~ at a depth near 5 m (Strazzulla 
and Johnson, 1991). Our experiments indicate that 
such doses are more than enough to cause crystalline- 
to-amorphous transitions. Thus comets making their 
initial passage about  the sun will have their outer 
layers composed of  amorphous ice, and this will 
influence the observed behavior of  these objects. 

Some years ago the crystallization of  amorphous 
H 2 0  was proposed to account for outbursts in 
comets passing the sun for the first time, so-called 
new comets (Patashnick et al., 1974). The central 
assumption was that the ice on a cometary surface 
would be amorphous and would crystallize violently 
as the comet approached the sun and warmed up. 
However, as argued in the previous paragraph, a 
comet 's  outer layers will be exposed to and amor- 
phized by ionizing radiation. Thus an unstated 
assumption is that irradiated H 2 0  ice will crystallize 
on warming. At the time this picture of  cometary 
activity was proposed there were virtually no exper- 
imental data available on the crystallization of  irradi- 
ated H 2 0  ice. The experiments presented in the 
present paper provide experimental support for this 
view of cometary outbursts. Our laboratory work 
demonstrates that H,_O ice can indeed undergo 
crystallization after irradiation. 

Our results can also be used to obtain information 
concerning the age of  astronomical bodies based on 
a known rate of  radiation-induced change at different 
temperatures. We can deduce the upper age limit for 
cosmic ices from their observed far- lR spectra by 
comparisons with laboratory spectra such as those in 

Fig. 2. This has been done in a separate publication 
(Moore and Hudson, 1992) for H20  ice observed in 
a circumstellar envelope around the giant star 
designated IRAS 09371 + 1212 (Omont et aL, 1990). 
The result was an upper limit of  106 years for the 
object. 

Even the few experiments we have performed with 
H2CO and CO2 have astrochemical applications. 
Since the irradiation of  H2CO causes polymerization 
at 13 K, astronomical observation of  a solid-phase 
H2CO spectrum can be used to place limits on 
radiation exposure, although the reverse may not be 
true for observations of  formaldehyde polymer 
(Schutte et al., 1993). With CO2, our irradiated 
sample had a different spectrum than did the unirra- 
diated sample at 13 K (Fig. 8). Thus an observation 
of  CO 2 in the far-IR should reflect the radiation 
history of  the source. 
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APPENDIX 

The calculation of  the fraction, f~, of  crystalline H~O or 
CH3OH ice present after each stage of irradiation involved 
a linear scaling of absorbance values. The maximum value 
of  the absorbance of  the unirradiated crystalline sample was 
taken as one extreme and the absorbance value of the 
original unirradiated amorphous ice (same wavenumber, 
same temperature) was taken as the other extreme. Other 
methods of analyzing the data could have been used, such 
as the fitting of IR spectral band shapes, but were not found 
necessary in our work on H20 and CH~OH. With our data, 
the fits were sensitive to changes in crystallinity of about 
+ 5 %  in the "middle" region ofcrystallinity (i.e. away from 
the extreme values of  either 100 or 0% crystallinity). This 
uncertainty was not a problem either at the beginning of the 
irradiation, since the initial sample was taken as 100% 
crystalline, or at the end of the experiment, since the change 
in crystallinity was linear on a log scale, as seen in Fig. 3. 

As an example, Fig. 2(a) and (b) are for the same 
unirradiated sample of solid H,_O at 13 K, but in 100% 
amorphous and 100% crystalline phases. Their absorbances 
at 230 cm-~, the maximum in Fig. 2(b), give the extreme 
values between which the absorbance of irradiated H, O will 
be found. The spectrum in Fig. 2(c) has an absorbance 
between the two extremes, the exact absorbance being 
dependent on the fraction, f~, of  crystalline H,O ice remain- 
ing after the irradiation. In other words, 

A (230 cm -i ) for the irradiated sample = f~ A (230 cm ~ ) 

for the unirradiated crystalline ice + (1 - ~) A (230 cm ~ ) 

for the unirradiated amorphous ice 

where A (230 cm ~) is the absorbance at 230 cm 


