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ABSTRACT 

Infrared detection of water ice phase can reveai the temperature and radiation history of a 

siuface. In tliis dissertation, I will describe and quantify the process of ainoiphizatioii of 

crystalline ice through lab experiments and computer simulations. 1 will then show how 

these measurements can be applied to ground based observations. 

The amorphous phase of solid water forms at temperatures less than 130 K, and con

verts to crystalline ice at 135 K in an exothermic and irreversible reaction. The amorphous 

and crystalline phases have distinctive spectra in the infrared. However, ion irradiation of 

crystalline water ice in the lab makes the infrared spectrum indistinguishable from that of 

amorphous ice. If the process of amorphization can be quantified, the model can be ap

plied to various planetary surfaces, using an estimate of the temperature and the radiation 

environment. 

This work sheds light on the physical processes behind amorphization. I will show that 

the irradiation of crystalline ice does not create the amorphous phase of ice, but produces 

a sample that is spectrally indistinguishable from amorphous water ice. The changes in 

the spectral features are caused by the breaking of OH and hydrogen bonds among other 

processes. The temperature dependence of this process is a function of the ability of free 

hydrogen and oxygen to reform the ciystalline lattice. 
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CHAPTER 1 

Water Ice & Radiation: A Review 

1.1 Introduction 

Infrared spectra of water ice can reveal the temperature and radiation history of an icy 

surface. In this chapter, I will review the importance of water ice in the Solar System. 

Tlie next sections are a review of the phases of water ice and the pressure and teraperature 

conditions where they form and are stable. After that are descriptions of the infrared 

spectra of the different phases of water ice and what those spectra can tell the observer 

about the physical structt»-e of the ice. Finally, I will discuss what happens to water ice 

when it is irradiated. 

1.2 Water 

1.2.1 Water Ice in the Solar System 

Since hydrogen and oxygen are the first and third most abundant elements in the Solar 

System (Anders and Grevesse, 1989), water is ubiquitous on planetaiy bodies. Depending 

on the pressure and temperature conditions, water can be found in gas, liquid, and solid 

form. Due to the decreasing water content of asteroids as they approach the sun, it is 

thought that there was little to no water in the area of the disk where the Earth formed 

and that Earth's oceans were delivered via asteroids perturbed from their orbits by Jupiter 

(Lunine, 200J). A late veneer of HgO was delivered by comets accounting for 10% of the 

Earth's oceans (Owen and Bar-Nun, 1995; Chyba, 1990b). Comets are also thought to be 

a source of organics for the early Earth (Chyba, 1990a). 

Table 1.1 lists the detection of water ice on Solar System bodies. 
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Table 1.1; Bodies in tlie Solar System where ices have been detected from Cruikshank, et 
al. 1993. 

Planet Satellite Ices 
Jupiter lo S02 HS HaO 

Europa H^O 
Ganymede H2O 
Callisto H2O 

Saturn Mimas H2O 
Enceladus H2O 
Tethys H2O 
Dione H2O 
Rhea H2O 
Hyperion H,0 
lapetus H2O 
Rings H2O 

Uranus Miranda H2O 
Ariel H2O 
Umbriel H2O 
Titania H2O 
Oberon H2O 

Neptune Triton CH4, N2, CO, CO2 
Pluto CH4, N2, CO 

Charon H20 
Comets H2O, CO, CO2 
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1.2.2 The Water Molecule 

A free water molecule consists of one oxygen atom and two hydrogen atoms. The hy

drogens are covalently bonded to the oxygen with an 0-H bond length of 0.9572 A at 

an angle of 104.5° (Petrenko and Whitworth, 1999). This bent form gathers the positive 

hydrogens on one side and gives the molecule an overall dipole moment that bisects the 

H-O-H bond angle and is positive in tlie direction of the hydrogens. When die water 

molecules form solid hexagonal crystalline ice (Ih) the bond length is stretched to 0.985 

A and the bond angle is bent to 109.47° therefore individual molecules are distorted from 

their prefeited state (PeiTenko and Whitworth, 1999). This distortion leads to small de

viations in the H-O-H angle in ice as the molecules try to return to their prefeixed state. 

Tliese values are the average for Ih at 250 K and 1 bar and are subject to thermal and 

pressure elTects. 

1.2.3 The Hydrogen Bond 

The glue that holds solid water together is the hydrogen bond. Hydrogen bonds occur 

when a hydrogen atom is attracted to two atoms at once acting as a bond between them 

(Pauling, 1960). The reaction energy of this bond is roughly 2-10 kcal/mole. It is stronger 

than van der Waals interaction, but weaker than the covalent bond (Petrenko and Whit

worth, 1999). Since the bond energy is low hydrogen bonds can occur at normal temper

atures on the surface of the Earth. 

Since the hydrogen atom has only one Is shell, it can form only one covalent bond, A 

hydrogen ion is a bare proton with no electron shell. This tiny cation can attract an anion 

at a distance equal to the anion's radius, leaving the other side of the cation to attract 

another anion. Therefore, the hydrogen bond is approximately linear (Pauling, 1960). A 

third anion would be repelled by anion-anion interactions limiting the hydrogen bond to 

a coordination number of 2 (Pauling, 1960). In the hydrogen bond, the hydrogen is closer 

to one of the two anions that it is bonded to (Pauling, 1960). 

Only the most electronegative atoms form hydrogen bonds and bond sti-ength in

creases with increase in electronegativity (Pauling, 1960). Hydrogen bonds form with 
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fluorine, oxygen, nitrogen, and chlorine with the fluorine bond being strongest, and the 

ciilorine bond being the weakest. 

In Ih, the hydrogen bond occurs between two separate molecules. A hydrogen from 

one moieciile, the donor, bonds to die oxygen of the other molecule, the acceptor (Pe-

trenko and Whitworth, 1999). The covalent bond, 0-H, on the donor molecule remains 

intact. The entire bond is usually shown as 0-H» • •O. In the case of Ih the 0-0 distance 

is 2.76 A and the hydrogen is 1 A from one of the oxygen. The hydrogen bond in hexag

onal water ice is a resonance between three structures; 0-H ;0,0: H+ :0, and O: H—O, 

where they contiibute 61%, 34%, and 5%, respectively (Pauling, 1960). Hydrogen bonds 

also exist in liquid water (Pauling, 1960). 

The physical eftects of hydrogen bonds include increasing the melting and boiling 

points. For example, for compounds of similar structure: H2O, H2S, H2Se, HgTe, the 

melting and boiling points of HgO are twice that of the other compounds on the Kelvin 

scale (Pauling, 1960). NH3 and HF also have higher melting points and boiling points 

than similar compounds. 

Water ice retains entropy at low temperatures. If the ciystal was perfectly ordered 

the entropy would disappear. The acceptor sites on the oxygen atom are in a tetrahedral 

configuration with its covalent bonds which leads to the tetrahedral configuration for ices 

(Petrenko and Whitworth, 1999). Each oxygen is surrounded by four other oxygen in 

tetragonal coordination. Each oxygen is covalently bonded to two hydrogen atoms, and 

those hydrogens are pointed at two of the other oxygens. 

The configuration of the water ice can change by rotating the water molecules or 

having the hydi'ogen move along the 0-0 line from one oxygen to the other. It is likely 

that the molecules can rotate easily since the dielectric constant of water ice near 200 K 

is similar to that of liquid water (Pauling, 1960). 

In theory, the entropy of water ice should be klnW where k is the Boltzman constant 

and W is the number of configurations (Pauling, 1960). For one mole of water ice, there 

are 2N hydrogens. This would give 2 * 2N configurations. In an ice each molecule can 

donate and accept two hydrogens. However, the only resOictions seen in ice structure 

are the ice rules which state that each oxygen can be covalently attached to only two hy
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drogen, and each covalent bond consists of only one fiydrogen (Petrenko and Whitwoith, 

1999). This limits the amount of configurations to (3/2)'^. This gives a value for tlie 

residual entropy of 0.82 cal/mol-degree, which is similar to experimental measurements 

(Pauling, 1960). 

The enthalpy of sublimation of Ih is 12.2 kcal/mole. 2.2 kcal/mole of that is due to 

van der Waals forces, while the rest is due to the breaking of hydrogen bonds. Therefore, 

each hydrogen bond in Ih has an energy of 5 kcal/mole. 

1.2.4 Thermal Properties 

Petrenko and Whitworth (1999) determined the thermal expansion of hexagonal ice by 

tracking the change in size of its unit cell with temperature. The coefficient of linear 

expansion of water ice a near 250 K is 5.3 x 10~® K~' (Petrenko and Whitworth, 1999). 

However, this coefficient also changes with temperature. In the range from 10 to 80 K, 

the coefficient becomes negative contracting to a minimum near 50 K. Above 100 K, the 

coefficient is positive and it steadily grows larger with temperature. 

Also, as the temperature increases, the 0-0 length increases by about 0.009 A from 

15 to 223 K. Meanwhile the 0-H bond length decreases by about 0.004 A over the same 

range. This effectively increases the hydrogen bond length by 0.005 A (Petrenko and 

Whitworth, 1999). 

Another thermal affect is an increase in root mean square displacement < >^1'^ of 

individual atoms with temperature (Petrenko and Whitworth, 1999). The displacement of 

oxygen atoms is 0.095 at 15 K and 0.158 at 123 K. The displacement of hydrogen atoms 

are larger perpendicular to the 0-0 bond axis; 0.67 at 15 K and 0.206 at 123 K, while the 

displacement of hydrogen atoms parallel to the O-O bond axis is 0.114 at 15 K and 0.167 

at 123 K. These displacements include zero-point motion along with thermal motion. 
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1.3 Amorphous vs. Crystalline 

1.3.1 Phases of Solid Water 

Water ice has many stable phases depending on the pressure and temperature conditions 

of formation (Petrenko and Whitworth, 1999), Figure 1.1. Missing from this figure are 

ices Ic and amorphous and also ices IV, IX, and XII which are metastable. The structure of 

these phases have all been confirmed by X-ray and neutron diffraction studies (Petrenko 

and Whitworth, 1999). Ices I-XII were named in order of discovery, dierefore their names 

have no relation to their structure. 

Amorphous 

The amorphous phase of ice resembles the liquid phase in that it has no long range order 

(Petrenko and Whitworth, 1999). However, unlike the liquid, the molecules are frozen 

into place. All amoiphous phases are metastable in relation to crystalline at very low tem

peratures (Petrenko and Whitworth, 1999). The crystalline phase of ice at temperatures 

above 250 K is also disordered hke amoiphous ice. 

Order in a solid depends on the distribution and orientation of the molecules. Both 

kinds of disorder are present in an amorphous ice: 1) the angle of the 0-0-0 orientation 

varies from the crystalline value of 109.5° by as much as 8° (Sivakumar et al., 1978) 

therefore the distribution of water molecules varies throughout the solid and 2) even if a 

molecule happens to be sitting in a crystalline lattice site its protons are usually in a dis

ordered configuration, that is the hydrogen bonds are distorted. Any angular correlation 

between molecules vanishes over distances larger than 7 A (Bergren et al., 1978). 

The two main phases of amorphous ice are based on density: high 1.1 g/cm'^ (Narten 

et al., 1976) and low 0.94 g/cm*'' (Jenniskens and Blake, 1994). However, it has been 

shown that there are many kinds of amorphous ice based on temperature, pressure, and 

style of sample preparation (Johari et al, 1996), Figure 1.2. 
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Figure Li: Diagram of the phases of water ice from Petrenko and Whitworth, 1999. 
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Figure 1.2: Diagram of the amorphous phases of water ice from Johari, 1996. 
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Crystalline I 

The hexagonal phase of water ice, Ih, is the most common form of water ice on Earth 

(Petrenko mid Whitworth, 1999). It is named after its crystallographic structure. The 

cubic phase of water ice, Ic, is a tnetastable version of Ih (Petrenko and Whitworth, 1999). 

They have the same density, 0.9197 g/cm''', and the same hydrogen bond arrangement, 

therefore similar coordination. Also, the hydrogen atoms are disordered exactly as in Ih 

(Petrenko and Whitworth, 1999). Cubic ice is found in the laboratory at temperatures 

between 135 and 170 K. 

Crystalline II-XII 

This project pertains to amorphous, cubic, and hexagonal water ice. I will briefly describe 

ices II-XII. For more details, please see Petrenko and Whitwoxth (1999). Ice II is the only 

truly ordered structure of ice. It is created by compressing Ih at low temperatures. Ice 

III is the least dense of the high pressure phases. Ice IV exists only as a metastable 

phase and is rhombohedral in structure. Ice V has the most complicated ice structure with 

monoclinic coordination. Ice VI has a low density, comphcated structure with tetragonal 

symmetry. Ices VII and Vlll both have broad regions of stability and have the simplest 

high density packing of molecules in a body centered cubic coordination. Ice IX is the 

low temperature proton ordered version of ice III. Ice X has the highest density of all the 

phases. Ice XI is a proton ordered variant of Ih that does not occur naturally. Finally, Ice 

XII is a metastable, fully disordered version of ice V. 

1.3.2 Phase Changes 

High to Low Density Amorphous 

High density amorphous ice (I^h) forms at 15 K and converts to the low density phase in 

the range 38-68 K (Jenniskens and Blake, 1994). Jenniskens and Blake (1994) also claim 

to see a third amorphous phase (I^r) at 131 K right before it converts to cubic. 
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Low Density Amorphous to Cubic 

Sugisaki et al. (1969) perfortned a calorimetric study of the conversion of amorphous 

to cubic ice at 135 K. They calculated a change of heat capacity of 35 J/mole-K with an 

exothermic effect of 1.64 kJ/mole. Jenniskens and Blake (1994) derived the activation en

thalpy of the phase change AH = 44i;2 kJ/inol. Sack and Baragiola (1993) calculated the 

activation energy of the reaction to be 42±4 kJ/mol. Jenniskens and Blake (1996) noted 

two regimes of crystallization: the first had an activation enthalpy of AH = 39±5 kJ/mol 

and the second AH = 58:tlO kJ/mole. They noted that these energies are equivalent to 

those for breaking two hydrogen bonds, i.e. 21 kJ/mol per bond. 

From Kouchi et al. (1994), I calculated the timescale of crystallization, from the 

equation: 

where A is geometrical factor for crystal growth (IT/3 for spherical growth), k is the 

Boltzman constant, T is the temperature in Kelvin, f3l is the volume of a water molecule. 

(7 = DQ is the self-diffusion coefficient, Ea is the activation energy of self-

diffusion, L is the latent heat of crystallization per molecule for T = 0 K, and T„j is 

the melting temperature of water ice (273 K). 

The reaction rate of the amorphous-crystalline phase change is strongly temperature 

dependent. Figure 1.3 depicts the timescale for 100% conversion of amorphous ice to 

crystalline ice dependent on temperature based on the calculation by Kouchi et al. (1994). 

In short, at 100 K amorphous ice will convert to crystalline in 10^ years. Therefore, for so

lar system timescales, amoi-phous ice would be stable on surfaces whose average tempera

ture has never reached above 100 K. Klinger (1980) attempted to use the exothermic phase 

transition as an explanation for gas jets on comets. Kouchi and Sirono (2001) showed that 

the crystallization reaction becomes endothermic when a contaminant is present. 

(1.1) 
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TJinescale to 100% Cr>'stal]izatioii 

k+14 

le+12 

le+10 

le+08 

le+06 

10000 

120 140 

Temperature (K) 

Figure 1.3: Timescale for 100% crystallization of amorphous water ice based on calcula
tions from Kouchi, 1994. 
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Cubic to Hexagonal 

The cubic to hexagonal phase change occurs between 160 and 200 K in two steps with 

activation energies of 21.3 and 44.7 kJ/mole, respectively (Sugisaki et aL, 1969). Tlie 

exothermic effect is 160 J/mole. 

1.4 Spectroscopic Studies of Water 

Spectroscopy is the study of the interaction of light with materials. This interaction occurs 

as emission or absorption at certain parts of the electromagnetic spectrum caused by the 

light responding in phase with molecular and lattice vibrations in the sample. Different 

materials interact with light at different wavelengths, and these differences can be used to 

determine the composition of materials. It can also be used to constrain the motion within 

and between the components making up the structure, therefore revealing its physical 

structure. From this one can interpret thermal and phase properties of the material. 

1.4.1 Types of Spectroscopy 

The main three types of spectroscopy applied to the study of water ice are infrared ab

sorption, Raman spectroscopy, and inelastic neutron scattering (Petrenko and Whitworth, 

1999). All three methods provide information on the density of vibrational mode states, 

but each is sensitive in different ways. Infrared and raman spectroscopy involve coupling 

of electromagnetic waves to the charge distribution of the molecule in the sample. This 

coupling creates selection rules as only motions in phase with the light will be detectable 

(Petrenko and Whitworth, 1999). In Raman spectroscopy, a beam of monochromatic 

light, usually a laser, is passed through a target and the spectrum of the scattered light 

is analyzed. The features in the spectrum are frequency shifted by the amount of energy 

needed to excite the vibrational modes in the target (Petrenko and Whitworth, 1999). In

elastic neutron scattering is conceptually similar to Raman scattering, but it uses a mono-

energetic beam of near-thermal energy neutims to measure the energy distribution of 

neutrons as a function of scattering from the target. The neutrons interact directly with 

nuclei, and so are not dependent on molecular selection rules. 
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1.4,2 Infrared Spectroscopy 

Infrared spectroscopy involves the absorption or emission of infrared light as it interacts 

with a material. In practice, a sample is placed in the path of an infrared source. In 

reflectance spectroscopy the light reflects off of the sample and is collected in a detector, 

while in transmission spectroscopy the light passes through the sample. The material can 

also be its own source of infrared radiation if it emits light in the thermal infrared (Hapke, 

1993). 

Solid water is mostly transparent in the visible spectrum and into the infrared until 1.3 

/j.m (8000 cm""') (Petrenko and Whitworth, 1999). Beyond 1.3 /OT the infrared spectrum 

of HgO is full of complex structures that are the result of a vaiiety of vibrational modes 

within water ice. 

Vibrational Modes 

In the gas phase, a single water molecule can rotate, ftranslate, and the bonds can vibrate. 

In the solid phase, an individual molecule can not complete a full rotation, but it can make 

small turns, or librations. The molecule also can not move very far but it can make small 

shifts. There are also vibrations within the molecule where the bonds stretch and bend. 

The molecular vibrations are split into two kinds, stretching modes where the bonds 

compress and stretch like springs and bending modes where the bonds shake back and 

forth (Petrenko and Whitworth, 1999), Figure 1.4. The stretch can be broken into a sym

metric stretch, i/i, where both bonds stretch in and out at the same time and the asym

metric stretch, lyg, where one bond stretches while the other shortens. The bend is called 

V2- The stretches are dependent on the force constant for stretching the 0-H bond while 

the bend depends on the force constant for changing the angle of the bond (Petrenko and 

Whitworth, 1999). 

Lattice vibrations include libration and translation which are similar to rotation and 

Cranslation, respectively, in a free molecule except that the movements are severely re

stricted by hydrogen bonds with the molecule's neighbors. For a crystal of N HaO 

molecules, each molecule has three nearest neighbors, so there are 3iV interactions oc-
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ciuTiiig. The total number of mleractions is 'iix3N normal modes of vibration (Petrenko 

and Whitworth, 1999). Bonds with the nearest neighbors provide the restoring forces 

acting on a molecule when it librates or translates. Therefore the stronger the hydrogen 

bonds between molecules are, the harder it is for them to move, shifting the vibration to 

higher frequency. 

Solid State Issues 

The original assumption was that water molecules behave like stationary gas molecules 

due to the similarity between the gas and solid water ice spectra (Petrenko and Whitworth, 

1999). However, lattice effects have been shown to be a very important factor in the 

infrared spectrum of water ice (Petrenko and Whitwortli, 1999). TNvo major factors are 

order and coupling. Order refers to the distribution and orientation of the molecules in the 

lattice in a repeated pattern. Coupling is the physical fact that the molecules are attached 

to each other and a movement in one i.s felt by all those connected to it. 

The nearest neighbors of a molecule control the electronic environment of that 

molecule. Each H2O is a dipole and movement of a dipole in an electric field results 

in an induced electric field. The electric field in which the molecule moves is defined 

by the configuration of its nearest neighbors (Petrenko and Whitworth. 1999). The order 

of the lattice structure defines the overall electric field of the lattice. In a perfectly or

dered lattice, the molecule would be positioned and configured in a definite pattern and 

the electrical field would be homogeneous. However, this is not what is observed in water 

ice. 

To describe the translational features found in crystalline water ice Whalley and Bertie 

(1967) developed a model for an orientationally disordered crystal. In this crystal, the 

positions of individual molecules are regular, however their orientations ai'e not. There

fore, the lattice is mechanically regular due to the constant positions of the molecules, 

but electrically irregular due to the random orientations of the individual molecules. For 

comparison, a perfect crystal would be both mechanically and electrically regular, while 

an amorphous solid would be neither. Whalley and Bertie (1967) explain that in a perfect 

crystal, light passing through the crystal would only activate the vibrations that have the 
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same wave vector as the light in the crystal. This is the basis of selection rules in the 

crystal. However, in a disordered crystal, the orientation of nearest neighbors, and the 

electronic environment varies from molecule to molecule. Therefore, the dipole induced 

by movement of each molecule also varies because the dipole is moving in a variety of 

electrical environments. This increases the chances for some contribution to that vector 

to be coincidental to the light wave vector and is therefore optically active. Disordered 

ice is not completely without crystal structure, but it deviates just enough to negate some 

of the selection rules and weakly inhibit coupling (Bergren et al, 1978). 

Coupling can increase the intensity of infrared features by propagating a particular 

vibration through the lattice (Whalley and Bertie, 1967). Coupling is dependent on order 

as the propagation can only travel as far as there are similar connections available. In-

termolecular coupling also causes splitting in vibrational modes (Whalley, 1977), If the 

connection between molecules is viewed as a medium through which a wave can propa

gate, then the coupling is controlled by the distance and direction in which it can travel 

as a wave. If the solids are disordered, they are poorly coupled and the wave can not 

propagate very far. Because of the crystal sti'ucture, if the wave travels along the z-axis, 

the crystal field raises the frequency of the modes. These are called Longitudinal Optic 

(LO) vibrations. If the wave travels in the xy plane, the result is the opposite Transverse 

Optic (TO) vibrations. This effectively splits a single feature into a pair of high and low 

frequency features. 

Molecular vibrations are primarily determined by the properties of the molecular 

bonds. As an analogy, suppose the bonds are similar to springs. In that case, the stretch

ing movement of that spring is controlled by the spring constant. This spring constant is 

a function of the length of the spring and its sfirength. In reality, the stretching movement 

in the bond is dependent upon the interatomic forces and the length of the 0-H bond (Pe-

trenko and Whitworth, 1999), As that bond stretches, the restoring forces weaken and the 

vibration reduces in frequency. It is affected by its neighbors insofar as they change the 

potential well of its protons due to hydrogen bonding (Petrenko and Whitworth, 1999). 

Coupling is relevant for molecular vibrations, but weak compared to internal forces. 
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Phase Dependent Changes 

In crystalline ice the freqtiencies of the vibrations are constrained by the structure of the 

lattice. In amorphous ice this frequency is not constrained because the water molecules 

are located attd oriented randomly. Therefore, the effects of coupling are inhibited or ab

sent. The selection rules are completely eliminated, and the hydrogen bonds are distorted. 

Therefore, a lack of order will broaden bands because of the lack of selection rules. The 

weakness of hydrogen bonds will shift molecular vibration^s to higher frequency and lat

tice vibrations to lower frequency. Between cubic and hexagonal ice, the orientations are 

different but the amount of order between the crystalline phases are the same. 

Temperature-Dependent Changes 

The two major processes occurring in the lattice when temperature changes are thermal 

expansion and reduction of atomic motion. Between 10 and 100 K the lattice contracts 

a bit, and then expands above 100 K (Petrenko and Whitworth, 1999). When the lattice 

contracts the 0-0 space becomes smaller. The hydrogens move away from their oxygens, 

lengthening the 0-H bond and strengthening the hydrogen bonds. This reduces the fre

quency of the O-H vibration. Stronger hydrogen bonds would increase the frequency of 

lattice vibrations by increasing the restoring forces acting on the molecules. 

The root mean square displacement of individual atoms in the lattice increases with 

temperature as noted in Section 1.2.4. As these displacements increase in size, the size of 

individual O-H. bonds will vary. This will lead to a distribution of molecular vibrational 

frequencies, broadening the features. At low temperature, bond lengths will be similar, 

so more of the molecular vibrations will be in phase, shaipening the vibrational features. 

1.4.3 Assignment of Features 

Ockman (1958) made the first attempt to assign all of the infrared bands of water ice. 

Tables 1.2 and 1.3 contains all of the relevant band features and assignments. They were 

determined by calculating the ratio of the frequencies to similar features in DyO ice. The 

ratio remained constant depending on what vibrational region tbey were in. That is, all 
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of the molecular vibrations had the same ratio, as did the translational and librational 

modes. The D^O vibrational modes in the range 2,5-6 ^.m were themselves assigned 

by comparison to the gas phase vibrations, while the combination bands in the range 1-

2.5 [.im were assigned based on comparison with the liquid and vapor phases. Some of 

the translational features were assigned to features that did not change with temperature 

because the librational bands exhibited strong temperature dependence. The librational 

modes are labelled with the terai i>n for rotatatory, although the molecule is not free to 

rotate while in the solid phase, it can only librate. 

Bertie and Whalley (1964) confirmed the assignments of Ockman (1958) by creating 

mixtures of H2O and DgO ice and comparing the features to pure samples of both to dis

tinguish the OH-OH interactions. Whalley (1977) attempted a more physical model for 

assigning features from 2.5-4 (jm. His main assumption was that the spectral features of 

Ic and Ih are caused by the same vibrational modes even though the crystal stractures are 

different. From this he also postulates that the similar features in amorphous ice are also 

caused by the same modes (Whalley, 1977). He showed that the ices Ic and Ih are disor

dered ciystals, that is, they do not have a perfect crystal lattice with an even distribution 

of protons. This means that selection rales do not apply and makes all vibrations active. 

Also, he emphasizes the role of intermolecular coupling in the broadening of features 

(Whalley, 1977). 
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Figure 1.4: Molecular vibrations of the water molecule. From Petrenko and Whitworth, 
1999. 
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The next sections describe the entire range of infrared features from longest to shortest 

wavelength. These are relevant because the combination featxires are dependent on the 

features at longer wavelength. 

I.4.4 Lattice Vibrations >6iim. 

Lattice vibrations are the movements that each molecule experiences in the lattice: trans-

lational and Hbrational vibrations. Bertie and Whalley (1967) documented the main trans-

lational features of ice Ih as a high peak at 43.6 /Mn (229.2 cm~^), a minimum at 52.6 ^m 

(190 cm"^), and a broad peak at 61 /.im (164 cm"')- The peak at 61 /j,m is significantly 

less intense than the 43.6 /im feature. These bands are assigned to fundamental transi

tions that are more dependent on the mechanical structure of the crystal than the electrical 

disorder. The electrical disorder is the cause for the broadness of the features since many 

vibrational frequencies are active, but do not control the sharp maxima (Bertie and Whal

ley, 1967). 

The Hbrational frequencies are a strong function of the local crystal field (Bertie and 

Whalley, 1964). The main hbrational feature is near 12.5 jum (800 cm~^) (Hagen and 

Tielens, 1982). The broadness of the feature is caused by coupling and the elimination 

of selection rules due to short range disorder. Hagen and Tielens (1982) showed that 

the hbrational features are significantly more dependent on hydrogen bonds than the OH 

vibrational features, since the hydrogen bonds increase the restoring forces. 

Phase Dependent Changes 

Bertie and Whalley (1967) showed that the spectra for Ic and Ih in this region are identical 

and the spectrum of amorphous ice is distinctive from them. The amorphous ice spectrum 

has only one broad translational peak near 45 /jm (222 cm '), and is shifted to longer 

wavelength (Bertie and Whalley, 1967). Smith et al. (1994) confirmed the difference 

between the phases. 

In amorphous ice the iibrational feature is at 12.5 /am (800 cm""') while it is shifted to 

II.9 /im (840 cm •"') in Ih (Bertie and Whalley, 1964). Hagen and Tielens (1982) showed 
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Table 1.2: Assignment of Spectral Features 53-2225 cm"' , 4.5-188.7 fim. 

iPrequency (cm 
Infrared Raman 

Wavelength (/OT j Assignment 

"Id 188.7 
97 103.1 ur 
122 82 Vj' 

160 62.5 Ur 
177 56.5 VT 
193 51.8 
212 47.2 fx 
232 43.1 yr 
252 39.7 
272 36.8 VT 
294 34 
457 21.9 vx 
516 19.4 

540 18.5 
600 16.7 

660 15.2 
800 12.5 fR 
1120 8.9 Vn + fx 
1450 6.9 2vji 
1640 6.1 i'a 
2225 4.5 Z/2 4- //R, 1^2 + 
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Table 1.3: Assignment of Spectral Features 3020-12500 cm~' 0.8-3.3 jjm. 
Frequency (cm"^) Wavelength {jxm) Assignment 
3020 3.3 

3143 3.18 
3180 3.14 2V2 

3252 3.08 Pz 

3307 3.02 Pi H-
3352 2.98 + UT 

3402 2.94 +• Vj' 

3955 2.53 Pi + UR, PS + PR 

4150 2.41 Pi + PR + PT, P3 + }^R + VT, SP2 

4530 2.21 Pj -f PR + pR, Pz + PR 4" I^'RI + '2PR, 

Ul 4- PR 4- PR, V\ 4- P2, 3^2 
5005 2 P2 4- V'i 

5600 1.79 Pi 4- V2 4- P'R, P2 4- p  ̂ 4- PR 

6100 1.64 1^2 4~ 1^3 4" PR 4" PT-, P2 4" 2^3 4~ ~^Ry 

P2 4" ̂ *3 4" '^PR, 2PI, PI 4* 2i'25 ^P^ 4" Pzt 

2^3 
6500 1.54 P2 4~ Ps 4" PR, PI 4" 2P2 4" PT, 2Z/2 4" P:^ 4" 

p'f, 2P2 4" p^, iPz, 2i.'i, P\ 4" 2Z/2 
6690 1.5 PI 4- i^3 
7775 1.29 Pi 4- 2^3 4- 2pr, PI + PZ V 'R, 

4" t'a 4~ Pr 4~ Pr, I'l 4* I's 4" '2P'R, 
3P2 4- P3, Pi 4- 21/3, 2PI 4- P2, 4- 31^2 

7940 1.26 P l +  P 2 - \ -  P 3  

9025 1.1 Pi + P2 + Pz -¥ fR, 3Z/2 4- Pz 4- PR, 

PI 4- 3P2 + yR, Pi 4- 2^3 4- PR 

9667 1.03 2pi 4" P3 

11100 0,9 2PI + P2 + P'A 

12500 0.8 31̂ 1 4" Vz 
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an amorphous feature at 13.1 /im (763 cm""') and a crystalline feature at 12 /-tm (835 

cm"'), both at 10 K. Since these bands are very broad, it is not surprising that there are 

some discrepancies in the centers. The ciystalHne feature is stronger and narrower due 

to the optimization of hydrogen bond angles in crystalline ice. Ih also has fine stmcture 

librational features at 18 and 23.5 (.an (555 and 425 cm~^) Bertie and Whalley (1964). 

The most comprehensive examination of the change in infrared spectra with phase 

was conducted by Hardin and Harvey (1973). Table 1.4 includes their results for both 

molecular and lattice modes. I will discuss the lattice modes here, and address the molec

ular vibrations later, although I note that their interactions are very important to consider 

together. Hardin and Hai-vey (1973) showed that both translational and librational fea

tures shift to higher frequency or shorter wavelength in the crystalline phase compared to 

the amorphous phase, with the exception of the shoulder at 6.37 jum (1570 cm'^) which 

shows no change with phase. They claim that these shifts are caused by the increase in 

strength of hydrogen bonding in a crystalline solid (Hardin and Harvey, 1973). 

Temperature Dependent Changes 

Smith et al. (1994) showed that the amorphous feature near 46 /.m is unaffected by 

temperature until it is heated to 100 K. At this temperature they see growth in the feature 

and at 140 K the conversion to crystalline ice. They postulate that the changes near 100 

K are due to increasing order in the lattice as the sample is about to convert to crystalline 

ice (Smith et al, 1994). 

The crystalline translational features at 43.6 /im (229.2 cm "') and 61 /im (164 cm"') 

both shift to lower frequency and intensity as temperature increases, although the changes 

in the 61 jum feature are less drastic (Bertie and Whalley, 1967). Bertie and Whalley 

(1967) postulate that these changes are due to the assignment of these features to fun

damental transitions that are more thermally dependent. This is likely due to hydrogen 

bonds weakening with temperature 

The librational features also shift to lower frequency and lower intensity as temper

ature increases (Hagen and Tielens, 1982). Hagen and Tielens (1982) claim that the 

decrease in frequency is due to the decreasing restriction of strong hydrogen bonds. 
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1.4.5 Molecular Vibrations 2.5-6 //,m 

Molecular vibrations are the stretches and bends within the molecule's bonds. Bertie and 

Whalley (1964) cite coupling as tlie cause for the broadness of the 3.18 (.m vi and 3.08 

lim z/3 features (3250 and 3150 Another explanation is that the lack of order in the 

proton distribution of the ice causes a cancellation of selection rules that also effectively 

broadens the peaks (Bertie and Whalley, 1964). The P2 feature is at 6.1 f.im (1650 cm' '^). 

One major difference between Raman and infrared spectra in this region is that in the 

Raman spectra the 3.18 fjm pi mode is the strongest, while in the infrared spectrum the 

3.08 fim V'i feature is the strongest (Whalley, 1977). This difference is attiibuted to the 

strong coupling of the vi feature in the Raman spectrum, while in the infrared spectrum 

the 3.08 /im is strong because the molecules are all vibrating in a phase correlated to 

their orientation (Whalley, 1977). TO/LO splitting, as described in Section 1.4.2, should 

be seen in both the 3.18 /im vi and 3.08 /im i>s featxires but is only detected in the 3.08 

/im z.'s feature (Whalley, 1977). McGraw et al. (1978) claim that the structure in the 

features depend strongly on intermolecular coupling. These assignments were confirmed 

and further refined in more detail by Buch and Devlin (1999). 

Phase Dependent Changes 

Whalley (1977) attributes the broadness of the amorphous feature near 3 /im to variable 

distortion of hydrogen bonds which cause variation in the frequency of the OH oscillation. 

Madden et al. (1978) confirmed this in their model, showing that the changes were con

trolled mostly by variable stretching constants in the molecules. The feature exhibits 

the opposite behavior, since it is strongest and sharpest in the amorphous spectrum (Ha-

gen et al., 1981). However, it does shift to slightly longer wavelength. Table 1.4 includes 

the results from Hardin and Harvey (1973) for the molecular vibrational modes. They 

show that all molecular vibrations shift to lower frequency or higher wavelength when 

they convert to crystalline. They claim that these shifts are due to stronger hydrogen 

bonding (Hardin and Harvey, 1973). 
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Temperature Dependent Changes 

Ockman (1958) claimed that the vi and j/3 vibrational modes exhibit temperature depen

dent behavior appropriate to hydrogen bonded systems. The features at 3.08 and 3.17 

pim are strongly temperature dependent. They grow stronger and sharper as temperature 

decreases while the feature at 2.96 ixm (3380 cm~ ̂ ) does not change very much (Hagen 

et al., 1981). Also, the feature at 6.1 j.m, the V2 mode is also strongly temperature de

pendent, but exhibits the opposite behavior of the other features. It is broad and weak at 

low temperature and stronger and sharper al high temperature (Hagen et al, 1981). The 

behavior of is contradictory from paper to paper. This is probably due to the feature 

being near the lattice modes so it might have some contribution from lattice vibrations 

which would change the behavior. Also, the features appear on the edge of the spectral 

band width and so they may not be well measured. 

1.4.6 Combination Bands 1-2.5 i.m 

Combination bands are exactly what their name suggests: they are combinations of fea

tures fi-om longer wavelength. These are the features that will be studied throughout this 

project. Table 1.2 lists multiple assignments for the features in the region because it is 

very difficult to tell an exact assignment. The structures in this region ai-e very complex 

and made up of multiple features. The main features in water ice are at 1.5, 1.56, 1.65 

and 2 jjxn. They are veiy weak in intensity compared to the lattice and vibrational modes, 

and necessitate a thicker sample compared to those for the vibrational features to detect 

them. 

Phase Dependent Changes 

Schmitt et al. (1998) comment on the major differences in the combination bands seen 

in the amorphous and crystalline phases of all ices. They state that amorphous features 

are generally broad and poorly structured due to their sti'uctural disorder. Meanwhile, 

crystalline samples show stronger, narrower features that are shifted in frequency, and 

often exhibit features not seen in the amorphous spectrum (Schmitt et al., 1998). 
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Schmitt et al (1998) described the change in the infrared features between amoiphous 

and crystalline water ice. They showed that the 1.5 and 2 f.m\ features shift to shorter 

wavelength by as much as 0.05 //m in the amorphous spectrum. Also, the features at 1.57 

and 1.65 yum although weakly present in the amorphous spectrum are much stronger in 

the crystalline spectrum (Schmitt et al., 1998). They cite disorder in the lattice structure 

as the source of band broadening and loss of intensity, but do not address the issue of 

frequency shift. This behavior is similar to the changes in the vibrational modes, possibly 

ruling out combinations based on lattice modes. The shift in frequency is probably due to 

change in orientation of hydrogen bonds. 

Temperature Dependent Changes 

Fink and Larson (1975) described a strong inverse correlation between strength of the 

1.65 fim feature and temperature. They postulated that it was connected to decreased 

high energy population of the librational modes, effectively narrowing and strengthening 

the features. 

Grundy and Schmitt (1998) performed a detailed study on monocrystalline samples 

and found that features at 1.5, 1.57, 1.65, and 2 jum all shift to shorter wavelength with 

temperature. Also, the features at 1.57 and 1.65 /xm lose intensity with increasing tem

perature. They compared these changes to temperature dependent changes of molecular 

and lattice vibrations, but refrained from making any comments on physical causes of 

these changes (Grundy and Schmitt, 1998). Again, this behavior is similar to those of the 

vibrational features and probably dependent on the hydrogen bonding. 

1.4.7 Other Effects 

Tielens et al. (1983) considered the effects of other compounds on the water ice spectrum 

by creating ice mixtures. They found that tlie presence of non-hydrogen bonding species 

created 1) a new feature at 2.7 /OT (3700 cm""^), 2) a shift of the 3.1 i.m (3250 cm""^) 

feature to shorter wavelength, and 3) an increase in strength of the 6.1 fjim (1650 cmT"^) 

feature. Givan et al. (1997) showed a variety of changes in the amoiphous specO'um with 
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contamination. 

1,4.8 Review 

To summarize, changes in infrared spectra are conti'Dlled by the order of the crystal lattice 

and the strength of the bonds. If a lattice is well ordered the molecules are vibrating 

in phase, which increases the intensity of the features. Also, an ordered lattice is well 

coupled, which can increase intensity and cause splitting. The strength of the 0-H bond 

controls the molecular vibrations. It is in turn controlled by the strength of the hydrogen 

bond. Strong hydrogen bonds shift molecular vibrations to lower frequency by making the 

0-H bonds longer and they also shift lattice vibrations to higher frequency by increasing 

the restoring forces on molecules. 

l.S Radiolysis and Photolysis 

1.5.1 Chemistry 

Ion radiation is a major energy source that drives chemistry on cold bodies, since at low 

temperatures, reaction rates are otherwise vei-y slow. Many groups have shown that ra

diolysis and photolysis can produce complex organics of all types on these surfaces. Or-

ganics such as amino acids, fontialdehydes, and alcohols can be both produced and de

stroyed when mixed molecular ices are exposed to ionizing radiation (Bernstein et al, 

2002; Schutte et al., 1993; Bernstein et al.. 1995; McDonald et al., 1996). 

1.5.2 Water Chemistry 

Several groups have looked at the affects of radiation of HgO and D2O ices. (Johnson and 

Moulton, 1978) in-adiated crystalline water ice at 4.2 K with 3 MeV X-rays. Their Elec

tron Spin Resonance (ESR) spectra detected a therinally reversible radical and hydroxyl, 

hydrogen, and trapped electrons. Bednarek et al. (1998) studied 7-iiTadiation of cubic, 

hexagonal, and amorphous water ice at 77 K using electron spin resonance spectroscopy. 

They found OH and HO2 radicals in irradiated cubic ice and amorphous ice. 
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Several gi'oups studied irradiation of D^O ices to compare to results of HgO ice. Hase 

and Kawabata (1976) studied the infrared absorption and Electron Paramagnetic Reso

nance (EPR) spectra of irradiated D2O ice at 4 K. They detected trapped electrons not 

seen in irradiated H2O at 4 K suggesting that electrons can escape easily from H^O. 

Watanabe et al (2{X)()) studied uv photolysis of amorphous D^O ice. They noted the 

production of Da and that it stayed in the ice at 12 K. 

1.5.3 Amorphfeation 

Another effect of radiation discovered in the lab is amorphization. Several groups have 

discovered that irradiating crystalline ice produces a spectrum that is indistinguishable 

from that of amorphous ice. This experiment has been performed for the far infrared with 

proton irradiation (Moore and Hudson, 1992). It has also been done for the fundamental 

with H"* and He®"'" ions (Strazzulla et al, 1991). Both of tliese experiments determined the 

structure of water ice using its infrared spectrum. One other gi'oup addressed the structure 

of crystalline water ice after photolysis. They showed that photolyzation produced a solid 

with an XRD spectrum similar to that of amorphous ice (Kouchi and Kuroda, 1990). 

1.5.4 Erosion 

Siegel et al. (1961) collected EPR spectra of 7-irradiated H2O and D2O at 4.2 K. The 

hydrogen yield is constant with dose until it slowly decreases at 20 x 10^® eV/G. The OH 

yield is linear with dose at 4.2 K. The curve turns over at 77 K starting at dose of 20 x lOis 

eV/G. Brown et al. (1982) used MeV He+ ions to irradiate DgO. They showed constant 

release of D2O below 135 K and monotonically increasing release of D2 and O2 from 

55 to 150 K. They claim that the temperature dependence is a function of temperature 

controlled diffusion. Ciavola et al. (1982) irradiated H2O and D2O at 77 K with helium 

and argon beams. In the energy range of 20-100 keV, the erosion yields of Hg, H/jO, 

and O2 molecules increase with the energy and mass of the ions. Reimann et al. (1984) 

showed ion ejection of D2O, D2, and O2 from D2O ice from 10-140 K with MeV ions. 

They postulated that the D2 was released faster than O2 due to faster recombination. 
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1.6 Open Issues 

I set out to address the problem of phase stability of water ice in the solar system in rela

tion to radiation. First, 1 conducted an experiment irradiating crystalline ice and studying 

the near infrared spectrum. Since experiments in the lab are limited in size and scope, 

I decided to approach the problem from modeling. There also has not been a careful 

theoretical study of how radiation affects the crystalline structure of water ice. 

Finally, I wanted to know how an understanding of the affects of radiation on water 

ice could affect observations of icy bodies in the solar system. I developed a practical 

application of the experiments and models in relation to solar system bodies. The main 

example is Europa, but I have applied the model to the other Galilean satellites. To apply 

this model to obsei-ving, I collected disk resolved spectra of the surface of Europa using 

the Keck telescope. 
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Table 1.4: The effect of the amorphous to cubic phase change on infrared features 212.8-
3400 2.9-47 fim from Hardin and Harvey 1973. _ __ 

Centers FWHM 
Assignment las Ic Ic - las las Ic Ic - las 

(cm""^) (cm""^) (cm~^^) (cm"^) (cm"^) 
UL + VT 3367±7 3340±7 "27±14 
FZ 3253±5 3217±5 -36±10 
1^1 3191±7 3149±7 -42rhl4 322±7 287±5 -35±12 
SPR 2220±5 2235±5 +15±10 

1660±5 1604±5 -56±10 350±10 365±10 +15±20 
2VR 1570 1570 0 
+ VT' 846±7 881 ±7 +35±14 

VR 802±5 833±5 +31±10 220±5 195±3 -25±8 
VR — VT< 780±7 
UT 212.8±5 227.8±1 +15±6 
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CHAPTER 2 

The Irradiation Experiment 

2.1 Introduction 

Without an atmosphere to screen out particles, airless Solar System bodies experience a 

great deal of radiation on their surfaces. In the case of ices, radiation initiates chemical 

reactions that produce complex organics (Bernstein et al., 2002; Schutte et al., 1993; 

McDonald et al., 1996). For the case of water ice, several groups have studied the effects 

of radiation and photolysis on water ice (Strazzulla et al, 1991; Moore and Hudson, 

1992; Kouchi and Kuroda, 1990). The main result is that ion radiation damage affects the 

infrared spectra of crystalline water ice by making it look like the spectrum of amorphous 

water ice. 

2.1.1 Previous Irradiation Experiments 

Several groups have performed the experiment of irradiating crystalline water ice with 

ions and looking at the changes in the infrared features at 3 and 44 pm (Strazzulla et al., 

1991; Moore and Hudson, 1992). Strazzula, et al. considered the 3.07 ^im feature, the 

0-H stretch, of water ice and discovered that in ion irradiated ciystalline ice this band is 

indistinguishable from that of amorphous ice. Moore and Hudson (1992) showed a similar 

effect on lattice modes. UV photolysis of crystalline water ice has also been shown to 

yield a solid with the X-ray Diffraction (XRD) spectrum of amorphous ice (Kouchi and 

Kuroda, 1990). However, there are no ion irradiation studies that examine the change in 

the 1.65 /zm feature which is present in the spectrum of crystalline ice, but only weakly 

in amorphous ice. 
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2.1.2 Reason for this experiment 

Since there were no previous measurements of the effect of araorphization on the spec-

tram of ice in the wavelength range from 1-2.5 prna, I performed this experiment at 

NASA/Goddard Space Flight Center. This wavelength range is significant because it 

is conducive to ground-based observations which must look through spectral windows in 

the atmosphere. It is impossible to observe the 3 fim fundamental from the ground due to 

sti'ong atmospheric water vapor absorption. The far infrared region is not useful to ground 

based observation of planetary objects because the reflected flux is too low. This region 

can be observed in emission in objects colder than 40 K. It is therefore primarily used in 

the interstellar medium. 

ITie main feature that distinguishes amorphous from crystalline ice in the wavelength 

range available to ground based observations is the 1.65 ;um feature, which is stronger 

and shifted to longer wavelengths in the crystalline ice spectrum (Schmitt et al., 1998). 

There are other differences between amoiphous and ciystalline ice spectra which will 

be discussed in Section 2.3.3 , but the 1.65 jj,m feature is the most distinctive. This 

feature is also temperature dependent; it gets stronger at lower temperatures (Grundy and 

Schmitt, 1998). Because of this temperature dependence, I thought it important to see 

how irradiation changes the featui-e since it can lead to difficulties in interpreting remote 

measurements of the temperature and phase of icy surfaces. 

2.2 The Experiment 

2.2.1 The Experimental Set-Up 

The laboratory equipment used for this work has been described elsewhere (Moore and 

Hudson, 1992). Figure 2.1 depicts the system schematic. In this system, gases are intro

duced into the sample chamber via a series of aluminum tubes and valves to produce thin 

films of ices on an aluminum miixor. Although the schematic shows multiple gas sources, 

only the primary gas system was used. The gases are stored in glass bulbs shown in the 

schematic. It is possible to mix multiple gases together, but our experiments involved 

water only. The water was stored in a specialized glass bulb where the water was in the 
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liquid phase. Tlie water line in the bulb was kept below the bulbs outlet so that only water 

vapor was let into the system. 

The minimum temperature and pressure. 9 K and 9 x 10'"® Ton; respectively, are pro

duced using a Varian l\irbo-V 250 mini-pumping station and a closed cycle helium cooler 

(APD Cryogenics INC). The pressure and temperature are measured by a Barocell capac

itance diaphragm gauge and a silicon diode or Fe-doped gold vs. chromel thermocouple 

that came with cryostat, respectively. The temperature of the mirror is maintained by a 

Scientific Instruments temperature controller connected to a heating coil right above the 

mirror. The temperature stability of cryostat is ± 1 K (Moore et al., 1983). However, the 

cold end of the cryostat is fai* enough away from the mirror to be several K colder than 

the mirror (Moore et al., 1983). The temperature sensor is connected to the mirror, so it 

is a more accurate reading of the mirror temperature. 

An infrared spectrometer (Bruker Vector 22) is connected to the sample chamber and 

the beam passes into the system, reflects off the mirror and sample, and returns into the 

spectrometer. The miiTor is polished for high reflectivity on one side while the other side 

is anodized providing low thermal resistivity and high electrical resistivity (Moore et al., 

1983). The substrate can be rotated into the beam path of a van de Graff generator which 

is the source of 1 MeV protons. The beam passes through a nickel foil that prevents con

tamination from the van de Graff chamber (Moore et al., 1983) reducing the energy of 

the beam to 0.8 MeV. The penetration depth of 0.8 MeV protons in water ice is 13 //m 

(Northcliffe and Shilling, 1970). The sample thickness in these experiments is 8 ± 1.5 

/u.m, significantly smaller than the stopping distance. The majority of thermal energy is 

deposited in the last 5% of the ions path through the sample (Johnson, 1982). There

fore the sample was not directly heated by the proton beam. Also, previous experiments 

with identical equipment detected no measurable change in temperature with irradiation 

(Hudson and Moore, 1992). 
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Figure 2.1: Schematic of the Extraterrestrial Ice Lab at NASA/Goddard Space Flight 
Center 
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2.2.2 Methodology 

Basic Procedure 

Before each experiment, 1 let the system pump down over night at room temperature to a 

pressure of roughly 10"''' Torr. Then the system was cooled to the deposition temperature. 

While cooling the chamber I heated tlie mirror to 200 K and maintained that temperature 

to make sure that any gases still in the chamber condense someplace other than the sam

ple mirror. I would then choose a deposition temperature for that day's experiment and 

let the mirror cool. After cooling, I collected a spectrum to detennine whether there was 

any contamination. Each spectrum was taken with the following parameters; 2000-8000 

cm~\ resolution 4 cm~^, and 200 scans. The spectrometer took 2.5 minutes to collect 

each spectrum. I made sure that the temperature of the mirror and pressure in the cham

ber were both stable throughout the time needed to collect the data. If there was any 

contamination, I heated the sample mirror back up to 200 K and then cooled again. If not, 

this spectrum was used as the background measurement to ratio the rest of the spectra 

against. 

1 prepared water ice samples from a liquid water sample with a resistivity of 18.2 MQ-

cm. The sample was degassed using several freeze-thaw cycles cooling to liquid nitrogen 

temperature, 77 K, and pumping off the gases with a mechanical pump. 

To introduce water into the chamber, I first had to build up a backing pressure of IS

IS Torr in the tubes connecting the gas bulb to the chamber. After doing this. I opened 

a leak valve to the sample chamber. I added another valve right next to the chamber that 

I could close once the sample was created to make sure that no water remaining in the 

tubing could be let into the chamber. When introduced to the chamber the H^O vapor 

forms a thin film on the aluminum substrate. Sample thickness is measured by passing a 

laser beam through the sample, bouncing off the mirror to a detector and measuring the 

interference fringes produced during deposition. To determine the sample thickness, we 

use the following equation. 

t — mA/2(n® — sirt?0)^'' (2.1) 
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where t is the thickness of the sample, m is the number of fringes, A is the wavelength of 

the laser (0.67 microns), n is the index of refraction of water (1.3), and 6 is the angle of 

incidence. For an angle of 0 = 0 the equation simplifies to: 

t  —  m X / 2 n  (2.2) 

The fringes formed when depositing amorphous water ice quickly lose amplitude and are 

unreadable after the first /.tm is deposited. Therefore, the rate of deposition of the first 

four fringes was calculated and used to time the deposition of the rest of the sample. The 

rate of deposition was roughly 1 fringe/minute, where one fringe is roughly 0.26 fim for 

all experiments. Further calculations will include a 5% error estimate for each fringe. 

Once the sample was deposited I took an infrared spectrum to establish the shape of 

the absorption features of water ice at the deposition temperature. The sample temperature 

was then changed to a new temperature and spectra were taken at 15 minute intervals for 

up to an hour. This process was repeated at a variety of temperatures until the sample 

crystallized at 160 K. Then the sample was cooled down again and I collected spectra of 

the crystalline phase at a variety of temperatures. Heating and cooling rates were on the 

order of 1 K/s. In some experiments, I waited at each temperature for up to 30 minutes to 

see if there were any further changes in the spectra. 

The same general procedure was followed for the irradiation experiments. I first de

posited an amorphous sample at low temperature, collected a spectrum, and then heated it 

to crystallize the sample. After the sample was brought to 160 K, I collected spectra every 

five minutes until the crystalline spectrum stabilized. It generally took fifteen minutes to 

stabilize the crystalline spectrum. Heating and cooling rates were on the order of 1 K/s. 

The sample was then irradiated with 0.8 MeV protons from the van de Graff generator. 

The number of protons incident on the sample is measured by an electrometer connected 

to the sample mirror. The mirror is electrically isolated from the rest of the system, so that 

the only signal it gives is caused by the protons impacting on the surface. To convert from 

p'^/cm^ to dose in eV/molecule we used the following equation (Moore et al, 1983): 
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Q M r 
£} — p ^2 3) 

p 

where Sp is the stopping power of 0.8 MeV protons in water ice (381 cm "1), jNp is the 

number of protons incident on the sample (p'^Vcm^), L is the loss due to the foil that the 

beam passes through (8 x 10® eV/p+), and p is the moleciilai- density of amoqjhous and 

crystalline water ice (3.3 x 10'"''^ 18 aniti molecule-cm""®). I collected spectra of the SMiiple 

at a range of doses from 5 x to 1.4 x 10^® p+/cm^ or 1-14 eV/ 18 amu molecule. 

Description of Experiments 

Before beginning the iwadiation experiments, I peiformed a series of measurements to 

determine the best sample thickness for the wavelength range of interest. 1 also wanted 

to carefully constrain the differences between the spectra of amorphous and crystalline 

ices and compare our results with previous work. I deposited water ice at teitiperatures 

ranging from 9 to 160 K and then adjusted die temperature at a rate of 1 K/s to look for 

changes in the infrared spectrum. 

1 verified the temperature dependent changes in the spectra by taking a spectrum while 

heating the sample and also while cooling it. For example, I took spectra at 9, 25, 50, 

and 75 K, then at 75, 50, 25, and 9 K to ensure that the spectra matched at the same 

temperature. This way I could attribute changes in feature amplitude to temperature and 

not to loss of sample due to heating. I also carefully monitored the pressure gauges to 

make sure that there was no loss of sample. 

When I had a clear picture of the structure of the infrared spectrum for amorphous and 

crystalline water ice, I perfonned a series of experiments in which I deposited amorphous 

ice, heated it to crystallize it, and then cooled it back to the deposition temperature for 

irradiation. These experiments were performed at 9, 25, 50, 70,100, and 125 K. 

1 also performed background experiments to assess the amount of contamination that 

can accumulate in the chamber during the average ten hour experiment. A detailed de

scription of every experiment is in Appendix A. 
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2.3 Results 

2.3.1 Determining the Idea! Sample Tlikkness 

Figure 2.2 depicts spectra of water ice samples deposited at different thicknesses at 50 

K. The water ice sample fonned at a rate of roughly one fringe per minute, To limit the 

amount of time added to the experimental procedure, I wanted to create a sample with the 

strongest bands in the region from 1.2 to 2.4 /xm in the shortest amount of time. Features 

did not appear until a sample thickness of at least 10 fringes, or 2.6 f.m. In Figure 2.2 the 

40 fringes sample has a slightly stronger 2 //m featine. Note that one fringe is roughly 

0.26 i.m. However, there is no distinct gain between 30 and 40 fringes in the 1.5 fjm 

feature. Since the 1.65 //m feature is the main focus of this experiment, I decided that the 

gain in the 2 /.tm feature was not as important as the lack of change in the 1.5 /im feature. 

Therefore, to save time and get the best signal, I decided to use a thickness of 30 fringes, 

or 8 ± 1.5 fjm, for all of the experiments. The error in this thickness is less than the 2.6 

jim thickness needed to produce infrared features. See Section 2.2.2 for a description of 

how to convert from fringes to ;um. Equation 2.2. For all of the experiments, the water ice 

sample was thick enough that the 0-H fundamental was saturated in all spectra. 

2.3.2 Continuum Value & Deposition Temperature 

One difficulty I faced in this experiment was that the continuum increases in strength 

when the ice sample is deposited at lower temperatures. Figure 2.3 shows absorbance 

spectra of water ice deposited at 9,25,50,70,100, and 125 K. As the continuum increased 

the noise in the region from 1.5 to 2 ̂ im also increased as seen when the same spectra are 

corrected for the continuum value, Figure 2.4. Thus, the results of the 9 K experiment 

was the most difficult to measure, and has the highest error. This high continuum is likely 

due to scattering caused by cracks or surface microstructure that form in the ice as it 

condenses. I tried slowing the deposition rate by an order of magnitude, but this had no 

noticeable effect on the continuum value. I decided to continue depositing the sample at 

the faster rate and correct the continuum, see Appendix A, 
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Figure 2.2: Absorbance spectra with a wavelength range from 1.2 
samples deposited at 50 K at 20, 30, and 40 fringes thick. 

to 2.4 of water ice 
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2.3.3 Relevant Band Shapes 

Figure 2.5 is an example of water ice spectra. The features that distinguish water ice 

are at 1.5, 1.56, 1.65, and 2 fim. A detailed description of band assignments is in Chap

ter 1. There are many notable changes in the spectra that are a function of phase and 

temperature. 

Phase Dependant Changes 

Figure 2.5 depicts water ice spectra at 9 K in amorphous and crystalline phase. The most 

striking difference between the two spectra is the 1.65 fim feature. There is a strong 

feature at 1.56 fim in the crystalline spectrum which is not in the amorphous spectnun. 

There is a feature at 1.5 fim in both phases. It is stronger in the crystalline ice spectrum, 

but it is broader in the amorphous spectrum. All features are shifted to shorter wavelength 

in the amorphous spectrum. This shift is due to the weakness of hydrogen bonds in 

amoi-phous ice. 

There aj'e some features that only appear in spectra that are deposited at high temper

ature. They may be in all spectra but tliey are lost in the noise created by an increase in 

continuum value with decrease in deposition temperature, see Section 2.3.2. There is a 

small feature at 2.2 jim that is only in the crystalline spectrum. There are a lot of features 

between 1.5 and 2 fim: at 1.76 and 1.84 /im in the crystalline spectrum and at 1.78 jum in 

the amorphous spectrum. These features are only found in experiments deposited at high 

temperature, and arc not found in previous studies. They might be in the lower tempera

ture experiments, but are lost in the noise caused by the high continuum value. They will 

not be used in the final analysis because they are not in all experiments and they may be 

too small to be relevant to astronomical observing. 

Temperature Dependent Changes 

Figure 2.6 depicts crystalline water ice spectra at 9, 50,100, 125, and 150 K. The follow

ing is a qualitative description of the changes with temperature. A quantitative analysis is 

in Section 2.4.1. The 1.56, 1.65, and 2 features all decrease in strength and shift to 
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slightly shorter wavelength as the temperature increases, again due to weakening of hy

drogen bonds. The 1.5 /im feature gets slightly weaker with temperature. In general, as 

temperature increases, the crystalline spectrum looks more like that of amorphous. Figure 

2.7 depicts amorphous water ice spectra at 9,50,100, and 125 K. There are no distinctive 

changes in the spectra with temperature. 

2.3.4 Description of Irradiation Experiments 

Water Ice Irradiation at 9 K 

In this experiment, I deposited the water ice sample at 9 K, heated it to 160 K, cooled 

it to 9 K, and imdiated it to a dose of 14 eV/molecule. The 1.65 fjm feature is only 

detectable in the crystalline spectrum, although the value of the peak height is small, 

i.e. 0,05 absorbance. The 2 /im feature is shifted to longer wavelength in the crystalline 

spectrum and shorter wavelength in the amorphous specti-um. It is shifted back to shorter 

wavelength in the irradiated spectrum and is a little weaker. There are no detectable 

changes between the spectra in the 1.5 //m feature. The 1.56 pm feature is strongest in 

the crystalline spectrum and weakest in the amorphous and irradiated spectra. Overall, 

irradiation reproduces the amorphous spectrum for each feature, and slightly weakens the 

2 /im feature. 

Water Ice Irradiation at 25 K 

In this experiment, I deposited the water ice at 25 K, heated it to 160 K, cooled it to 

25 K, then irradiated it to a dose of 14 eV/molecule. The spectra for this experiment 

are very similar to the 9 K experiment. Again, the 1.65 /im feature is detectable only 

in the crystalline ice spectrum. The 2 fim feature is shifted to longer wavelength in the 

ciystaliine ice spectrum and shorter wavelength in the amorphous spectrum. It is shifted 

back to shorter wavelength in the irradiated spectrum and is a little weaker. The 1.56 

/xm feature is strongest in the crystalline spectrum, weakest in the iixadiated ice spectrum 

and the amorphous ice spectnmi is in between. The 1.5 /im feature is strongest in the 

amorphous spectrum and weaker in the crystalline and irradiated spectra. 
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Figure 2.8; Absorbance spectra with a wavelength range from 1.2 to 2.4 of a water 
ice sample deposited at 25 K, heated to 160 K, and cooled to 25 K before irradiating to a 
dose of 14 eV/molecu!e. 
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Water Ice Irradiation at SO K 

In this experiment, I deposited the water sample at 50 K, heated it to 160 K, cooled it 

to 50 K, and iiTadiated it to a dose of 12 eV/molecule. This dose is lower than in the 

other experiment due to time constraints on the day of the experiment. The behavior 

is similar to the results at lower temperature: however, the 1.65 fim feature persists in 

the irradiated ice spectrum. The 1.5 feature is shifted to shorter wavelength in the 

amorphous spectrum and shifted to longer wavelength in the crystalline and irradiated 

spectra. It is strongest in the crystalline spectrum, weakest in the irradiated spectrum 

and in between in the amorphous spectrum. The 1.56 im feature looks strongest in the 

crystalline spectrum, weakest in tlie amorphous spectrum, and the irradiated spectrum is 

only slightly stronger than the amorphous spectrum. The 2 //m feature is shifted to shorter 

wavelength in the amoiphous spectrum and shifted to longer wavelength in the crystalline 

spectrum. It looks like it is somewhere in between the two in the in^adiated spectrum, and 

is a little weaker. 

Water Ice Irradiation at 70 K 

In this experiment I deposited the water sample at 70 K, heated it to 160 K, cooled it to 70 

K, and irradiated it to a dose of 14 eV/molecule. In this case, the 1.65 iim feature is only 

slightly weakened by irradiation. There are no detectable changes in the 1.5 and 1.56 /<m 

features with dose. The 1.5 /xm feature is shifted to shorter wavelength in the amorphous 

ice spectram and is the same strength in all spectra. The 1.56 yum feature is weakest in 

the amorphous ice spectrum. In the irradiated ice spectrum, the 2 feature is slightly 

weaker than ciystalline and shifted slightly toward the amorphous spectrum. 

Water Ice Irradiation at 100 K 

In this experiment, I deposited the water sample at KX) K, heated it to 160 K, cooled it to 

100 K, tlien irradiated it to a dose of 14 eV/molecule. This experiment behaves differently 

than the lower temperature experiments. ITie 1.65 //m feature looks slightly weaker and 

shifted to longer wavelength in the irradiated spectram. The 1.5 fim feature is shifted to 
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Figure 2.9; Absorbance spectra with a wavelength range froiti 1.2 to 2.4 /im of a water 
ice sample deposited at 50 K, heated to 160 K, and cooled to 50 K before irradiating to a 
dose of 12 eV/molecule. 
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Figure 2.10: Absorbance spectra with a wavelength range from 1.2 to 2.4 /im of a water 
ice sample deposited at 70 K, heated to 160 K, and cooled to 70 K before irradiating to a 
dose of 14 eV/molecule. 
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shorter wavelength in the amorphous spectrum. It is weakest in the amorphous spectram, 

strongest in tlie iiradiated spectrum, while the crystalline spectrum is in between. The 

i.56 //in feature is strongest in the crystalline spectnum weakest in the amorphous spec

trum, and slightly weaker than crystalline in the irradiated spectrum. The 2 /.un feature is 

sti'ongest in the amorphous spectrum and weaker and shifted to longer wavelength in the 

crystalline specti'um. In the irradiated spectrum, the 2 i.im feature clearly shows a reduc

tion in strength at longer wavelength and an increase in strength at shorter wavelength. It 

looks like it is in the middle of changing from crystalline to amorphous. There are also 

new features that were undetectable in spectra deposited at lower temperature. One fea

ture is at 1.8 fim in the amorphous spectrum, 1.76 jtim in the irradiated spectrum, and 1.72 

jum in the crystalline spectrum. There is also a small feature at 1.44 jim in the irradiated 

spectrum. 

Water Ice Irradiation at 125 K 

In this experiment, I deposited the water sample at 125 K, heated it to 160 K, cooled it 

to 125 K, then irradiated it to a dose of 14 eV/molecule. The 1.65 fj,m feature is slightly 

sti'onger and shifted to longer wavelength in the irradiated ice spectrum compai-ed to the 

crystalline ice spectrum. This is the only experiment where the 1.65 /xm feature strength

ens with dose. The 1.50 /an feature is weakest in the amorphous ice spectrum, strongest 

in the irradiated ice spectrum and the crystalline ice spectrum is in between. The 1.56 jim 

feature is weakest in the amorphous spectrum, strongest in the crystalline ice spectrum 

and the irradiated ice spectrum is in between. The 2 /tm feature is shifted to shorter wave

length in the amorphous ice spectrum and shifted to longer wavelength in the crystalline 

ice spectrum. The irradiated feature is at the same wavelength as crystalline ice, but it is 

slightly weaker. There are features at 1.68 and 1.77 in the amorphous ice spectrum, 

and at 1.71 /^m and 1.81 /«m in crystalline, and at 1.74 and 1.84 fm in the irradiated ice 

spectrum. There is a feature at 2.1 /im in the crystalline ice spectrum that weakens in the 

iiTadiated ice spectrum. There is also a feature at 2.26 /im in the amorphous ice spectmm. 

In this figure, I used an amorphous ice spectrum from another experiment for compar

ison because depositing at 125 K produced a spectrum that was a mix of amori^hous and 
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Figure 2.11; Absorbance spectra with a wavelength range from 1.2 to 2.4 /^m of a water 
ice sample deposited at 100 K, heated to 160 K, and cooled to 100 K before irradiating to 
a dose of 14 eV/molecule. 
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crystalline ice. 

2.3.5 Background Experiment 

During the experiment, water ice and other compounds can raigTate from other parts of the 

sample chaitiber and deposit on the sample mirror. To determine the amount of this kind 

of background contamination, I performed two blank experiments, one with irradiation 

and one without. Both experiments were conducted with the mirror at 9 K. Contamination 

was undetectable in the region used for measurements: 1-2 /im. I used the fundamental 

at 3298 cm~^, 3.03 //m, to detennine the amount of accumulation of water ice using the 

equation: 

AT ~ (2.4) 

where N is tlie column density of the sample, Tmax is the height of the peak measured by 

ln{Io/I), Aui/2 is the full width of the peak at half maximum, and A is an empirically 

derived value that represents the relation between the strength of the band and the amount 

of material present (d'Hendecourt and Allaraandola, 1986). I used an A value of 1.7 x 

10"^® molec/cm (Hudgins et al, 1993). I adjusted the previous equation to measure the 

thickness of the ice, h: 

h (2.5) 
pA 

where p is the molecular density of water, 3.3 x 10^® molecules/cm®. In 4 hours, 0.07 

FXM of water accumulated in the non-irradiation experiment, while in 7 hours, 0.3 /JLIXI of 

water accumulated in the irradiation experiment. The average length of an experimental 

ran is 12 hours. Assuming the rate of water accumulation is constant, I estimate that in 

14 hours, a 0.18 iJ.m thick layer of water ice forms in the chamber without radiation. 1 

estimate that after 14 hours, up to 0.63 /xm of water can accumulate on the mirror. Note 

that the combination bands were not even seen until a sample thickness of 10 fringes, or 

2.6 iim. Since this is only 2% of the total thickness of the sample, it is not a significant 

contribution to eixor. 
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Figure 2.12: Absorbance spectra with a wavelength range from 1.2 to 2.4 ixm of a water 
ice sample deposited at 125 K, heated to 160 K, and cooled to 125 K before irradiating to 
a dose of 14 eV/molecule. 
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2.4 Analysis 

Now that I have described the irradiation experiments qualitatively, I would like to quan

titatively measure the changes in tlie spectra with temperature, phase, or dose. Details 

on how I made the measurements of feature centers and heights are in Appendix A. In 

short, I ti'ied both fitting gaussians to the curves and also making measurements of the 

peak heights and centers by hand. The gaussians did not satisfactorily fit the features, es

pecially the 1.65 fitn feature. 1 therefore, measured the heights and centers of each feature 

by zooming in on the peak center and finding an average value. 

2.4.1 Changes With Temperatare and Phase 

1 first looked at changes in peak center with temperature for both phases. Figure 2.13 de

picts the measured peak centers for the 1.5,1.56, L65, and 2 /xm features for amorphous 

and crystalline ices at a range of temperatures. All of tliese measurements are made from 

a single experiment, deposited at 90 K. In this figure, there does not appear to be a distinct 

difference for band center between the two phases for the 1.5 and 1.56 yum features. How

ever, there is a 0.05 /wm shift in the 1.65 and 2 /xm features. The feature found at 1.65 iim 

in crystalline ice is shifted to 1.60 yum in amorphous ice, and the broad feature centered at 

2 fim in amorphous ice is found at 2.05 pm in crystalline ice. The crystalline ice feature 

centers show a slight shift toward shorter wavelength with increasing temperature. The 

amorphous peak positions are independent of temperature. The molecular vibration fea

tures near 3 jum listed in Section 1.4.5 exhibit the same kind of changes with temperature 

and phase as the crystalline features in the combination bands with the exception of the 2 

fxm feature. 

I then looked at the change in peak height with phase and temperature. Figure 2.14 

depicts the changes in height of all of the features in absorbance with temperature, It also 

shows the large range of heights that the features in question cover. The largest feature 

of all is the 2 /mi feature. It is consistently largest in the amorphous phase. The 1.5 /xm 

feature is consistently taller in the crystalline phase compared to the ainorphous phase, 

although the peak heights approach each other at 125 K. The most distinctive changes in 
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Figure 2.13: Peak centers with phase and temperature. Error in center and temperature 
measurements are smaller than the data points. 
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height with phase are seen in tlie 1.56 and 1.65 f,m features. Both features are very small 

in the araorphous phase. The change of height in the 1.65 nm feature is obvious on this 

scale. 

To quantify the change in peak height with temperature for each feature, I ratioed 

the peak height at each temperature to the height at 9 K for each phase. Figure 2.15 

depicts the ratioed height of the 1.5 p,m feature with temperature for both amorphous and 

crystalline water ice. In the crystalline phase, the peak maxima of the 1.5 fim feature 

remains about the same from 9 to 75 K, then it drops by 4% at 100 K, and 9% at 125 

K, then increases back to a 6% loss compared to crystalline at 150 K. In the amorphous 

phase, the 1.5 ptm feature shows a steady decrease in strengdi with temperature to 5% at 

100 K, It then increases back to its 9 K value at 125 K. 

Figure 2.16 depicts the change in height of the 1.56 fitn feature with temperature for 

amorphous and crystalline phases. Note that the error in the amorphous phase is much 

larger than in crystalline ice. That is because there isn't really a distinct 1.56 /im feature 

in the amorphous ice spectrum. However the feature at 1.5 [im is not a perfect gaussian, 

so there must be some contribution from a feature near 1.56 /^m that is lost in the limb of 

the 1.5 jum feature. To measure this contribution, I measured the value in absorbance at 

the same wavelength range in all of the amorphous ice spectra. Since that range covered 

a broad range of values, the error is high. However, within that high error, one can see a 

distinct change in that region. 

Figure 2.17 shows the same change for the 1.65 /.an feature. Again the height of 

the feature is ratioed to the height of the same feature in the same phase at 9 K. In the 

amorphous spectra, the 1.65 pm feature did not change at ail within error until 125 K 

where it increased in value by 25%. In the crystalline phase the feature decreases slowly 

at first, and then increases in sti-ength to the maximum of 40% loss at 125-150 K. This is 

the most obvious change in any of the features. 

Figure 2.18 depicts the changes in the 2 /um feature with temperature and phase. In 

the amorphous specti'um it appears to be independent of temperature. In the crystalline 

spectrum, the 2 /im feature decreases slowly with temperatiure to about 1% at 125 K, then 

drops suddenly to 6% at 150 K. 
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Figure 2.14: Peak height with phase and temperature. Error in height and temperature 
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Figure 2.18; Peak centers with phase and temperature. Error in center and temperature 
measurements are smaller than the data points. 
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2.4.2 Changes With Bose 

I then looked at the effect of dose on peak center. Figure 2.19 depicts the change in peak 

center with dose for all of the relevant features. At this scale, no distinct pattems are 

discernable among tlie four features except for the 2 //.ra feature. 

Figure 2.20 depicts the change of the 2 /im feature center with dose. Note that the 

largest shifts in band center are seen in the coldest experiments. The 9 and 25 K experi

ments show the largest shift in band center with dose. Tlie 100 K experiment also shows 

a large shift. Tlie 50 K experiinent shows only a slight shift, and the band center seem 

independent of dose at 70 and 125 K. 

I then measured the effects of radiation on the peak height. To scale the amount of 

change I divided the measured height of the peak by the measured height of the same 

peak in the crystalline spectrum which is also the zero dose value. This ratio can then 

be compared between experiments where the magnitude of each feature was distinctly 

different. 

Most of the features showed no appreciable change with dose within error. However, 

Figure 2.21 shows a clear pattern of change in height with dose for the 1.65 //m feature. 

The change is strongly temperature dependent. Note that the strongest changes are in the 

9 and 25 K experiments. Those are also the noisiest measurements since the continuum 

values were very high. 

2.5 Discussion 

2.5.1 Results 

I have presented the results of the first water ice vitrification spectral measurements in the 

range 1-2.5 /OT. The low temperamre irradiation experiments were more effective at mak

ing the spectrum look like amorphous ice. However, even at the higher temperatures, the 

effects of irradiation are evident in the spectra. The 1.65 /im band loses strength with ir

radiation and the amount of loss is strongly temperature dependent. At low temperatures, 

9 and 25 K, die peak is eliminated very quickly and completely, hi the 50 K experiment, 

the 1.65 iim feature decreases in strength with dose, but is not completely destroyed. At 
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70 K changes in the spectra are almost undetectable. The experiments performed at 100 

K showed only a slight change with radiation. 

The most interesting and unexpected result was in the 125 K experiment where the 

1.65 //m feature increased in strength with irradiation. This experiment was only per

formed once, so the result could be anomalous. However, I can not think of an experimen

tal error that would lead to a stronger 1.65 /.xm feature. The irradiated sample definitely 

started out as fully ciystalline because the band centers, strengths, and structures are the 

same when compared with spectra from non-irradiation experiments. The amorphous 

spectrum at that temperature has a smaller 1.65 fim feature than the crystalline spectrum. 

Therefore, a mixture of the feature in crystalline and amoiphous ice should lead to a fea

ture of a strength in between the two. The stronger feature in the irradiated spectrum can 

not be explained by contamination by either amorphous or crystalline ice. It could be a 

result of instrument en'or on the day of the experiment, although the spectrometer func

tioned consistently on subsequent days. Regardless, the experiment should be repeated to 

confirm the result. 

2.5.2 Physical Interpretation of Spectral Features 

To review from Chapter 1, the spectral range 1-2.5 /xm includes the features that are 

combinations of vibrations found at longer wavelength. The vibrational modes v>i, V2, 

and 2^3 are the symmetric stretch, the bend, and the asymmetric stretch, respectively. They 

have the following assignments: vi at 3,18 yum, V2 at 6.1 /xm, and 3.08 /xm. VR and pt 

present the molecular rotational (librational) and translational modes found in the range 

of 500 cm~^ and 1-250 cm~^ respectively (Petrenko and Whitworth, 1999). The 2 ixm 

feature is assigned to i/^ + 1^3, the 1.5 nm feature is assigned to 1/1 + 1/3, and the 1.56 and 

1.65 IJ,M features do not have assignments, but could be combinations I/I, 1/2, V's, VB. 

i/T (Ockman, 1958). 

To interpret changes in spectral features I will make the assumption that changes in 

the sti'ength of features are not due to loss of the sample. I detailed in this chapter the 

reasons why I believe this is correct, including the fact that the features in this range 

are not detectable until the sample is at least 2 jj,m thick and the caution I took in my 
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experiments looking at thermal changes in the speclta. Since the volume of the sample is 

not changing, I will interpret the increase in strength of a feature as the vibration occurring 

more commonly in the sample and vice versa. 

Changes with Temperature 

In Chapter 1 I showed that the infrared features were temperature dependent and mostly 

controlled by hydrogen bonding. All of the molecular modes are temperature dependent. 

The main difference between the molecular and lattice vibrations is that they react in the 

opposite ways to the decrease in the strength of the hydrogen bonds with temperature. 

Molecular vibrations shift to higher frequency witli temperature and lattice vibrations 

shift to lower firequency with temperature. All of the crystalline features in the 1-2.5 i.m 

region shift to higher frequency with temperature so they are probably more dependent 

on the molecular vibrations than on the lattice vibrations. 

As noted, the amorphous spectrum does not change with temperature. This makes 

sense within the above interpretation. If the main change in temperature is the stability 

of location of individual atoms, then this would make no difference since the molecular 

configurations are already disordered and no amount of stability in atomic location can 

change it. 

Changes with Phase 

The features between 1 and 2.5 fim are shown in Figure 2.5. The amorphous 1.5 jum 

feature is broader. This represents a wider distribution of frequencies of the vibrational 

modes. This is plausible considering a disordered lattice where bond lengths and lattice 

orientations are not regular. Also, the 1.56 and 1.65 //m features are much weaker. Again, 

this is likely considering a disordered lattice where the molecules will vibrate at a distri

bution of energies. Finally, all of the amorphous features are at shorter wavelength, or 

higher energy, again fitting into the context of a disordered lattice where the molecules 

are not in the preferred lowest energy configuration and the hydrogen bonds are distorted 

and weak. 
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The one exception to this pattern in the amorphous spectrum is the 2 /i,m feature. It 

is similar to the amorphous features in that it is shifted to shorter wavelength. However, 

it is slightly stronger and narrower in amorphous ice than in crystalline ice. This may be 

displaying some kind of contribution from a lattice mode, but that would still not explain 

the sharpness of the feature. 

Changes with Dose 

Given the above interpretation of how temperature and phase affects the featwes of the 

vibrational modes, the next question is how does irradiation change these features? Since 

the features are dependent on lattice structure, then there must be some fundamental 

changes to the lattice that are caused by the impact of energetic ions. 

I have claimed that the 1.65 /.m feature is dependent on strong hydrogen bonds and 

a common 0-H bond length, which are both dependent on an ordered lattice. Therefore, 

irradiation must either break the hydrogen bonds, or move or break the 0-H bonds. This 

could occur by an interaction between the primary ion and a lattice hydrogen atom, re

sulting in either the lattice hydrogen being moved from its lattice site, but still connected 

to its molecules or by breaking the 0-H bond and moving the lattice hydrogen completely 

out of its lattice site leaving an OH molecule. This lone OH molecule will still continue 

to contribute to vibrational modes, but at a different frequency effectively broadening the 

features. Of course, a dislocated hydrogen, an atom moved from its appropriate lattice 

site, would produce a similar change in the feature, so I would not be able to tell the 

difference between the two. It would also have the same effect on the translational and 

librational modes, weakening and broadening the features, because the lone OH molecule 

would change the restoring forces on all of its neighboring molecules adding a distribution 

of frequencies to these modes. Also, the broken hydrogen bond would free its neighbors 

to move at a lower frequency. 

Another way irradiation might change the specti-al features is through chemistry in

duced by the ions. This would produce new compounds with new spectral features. If 

the features of the new compounds are similar to those of water, then no change would 

be detectable. However, as O-H bonds are broken, there will be fewer water molecules 
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conttibuling to the vibrational modes, again weakening the features. No new features 

were produced in the region from 1-2.5 i.im therefore no new compounds were identified 

spectroscopically. 

Why is the iixadiation process temperature dependent? Strazzuila et al. (1991) spec

ulate that the free hydrogen is trapped in the water ice lattice up to 70 K. Above that 

temperature the hydrogen is free to move ai'ound and fdi empty lattice sites. However, 

this seems like a rather high temperature to keep free hydrogen locked up. It may be 

more likely that the temperature dependent energy barrier to reforming the 0-H bonds is 

controlling the reformation of the crystalline lattice. That is, at lower temperatures the 

free hydrogen stay somewhere near their appropriate lattice site, therefore maintaining 

the disorder of the crystal. Near 70 K, the free hydr^ogen are able to overcome the energy 

barrier to reform the broken 0-H bond. 

However, this does not explain how irradiation damage is again detectable at 100 K, 

and how the 1.65 /.xm feature is strengthened by irradiation at 125 K. The changes in 

these features are very subtle, so the amount of change in the lattice orientation is small 

compared to damage at low temperature. If the 1.65 /im feature is strongly dependent on 

hydrogen bonds and librational or translational modes, then the slight increase in strength 

means that somehow irradiation at 125 K improves these modes. One thing to note is that 

the 1.65 ij,m feature is shifted slightly to longer wavelength, or lower energy. Perhaps this 

is a contribution from a lattice mode not noted before. 

The exception to this general model is that at 100 and 125 K, the 1.5 i.m feature gets 

stronger and sharper. This means that the stretching modes of 0-H are vibrating in phase 

at the same frequency. This result contradicts the results from Strazzuila et al. (1991) 

where the two individual stretching modes show no such behavior. The 1.5 //m feature is 

therefore incorrectly assigned to the combination of the stretching modes, or it is being 

affected by its suirounding features in an unpredictable way. Another possibility is that 

some other compound with a similar feature at 1.5 /xm is being created and is more stable 

at high temperatures, however this is quite unlikely. 



83 

2.5.3 Other Evidence for Physical Process 

The above concept is based solely on the spectroscopic data from my experiment. Here, 

I will try to place this model of what is happening to the sample in the context of results 

from other experiments. 

Spectral Features 

The araorphization of features is strongly temperature dependent at 3.075 and 3.18 fim 

(Strazzulla et al, 1991; Strazzulla et al, 1992) and at 44 and 62 /xm (Moore and Hudson, 

1992). The 3.075 and 3.18 i-im features represent the uz asymmetric and symmetric 

stretch modes, respectively (Ockman, 1958). The combination of these modes creates the 

1.5 f-im feature, while the mode contributes to the 2 fim feature. Both the 1.5 and 2 /im 

features display temperature dependent changes with irradiation, which agrees with the 

results of Strazzulla et al. (1991). This shows that both stretching modes of the lattice are 

affected by iixadiation. At low temperature they are weakened, broadened, and shifted 

to higher energy. This again supports the concept of 0-H and hydrogen bonds being 

either broken or in an energetically unfavorable configuration. The latter is the case in 

amorphous ice, but the difference between the two are indistinguishable in the infrared 

spectrum. 

The features at 44 and 62 fim are in the region of I/t (Ockman, 1958; Petrenko and 

Whitworth, 1999). Therefore, it is not sui*prising that these features also show a temper

ature dependent amorphization with irradiation (Moore and Hudson, 1992). The features 

show loss of strength with iixadiation, probably dependent on tlie disorder created by 

breaking or moving of bonds. The 62 nm feature is completely lost in the breadth of the 

44 pm feature. One major difference is that the amoiphous and in-adiated 44 ^m feature is 

shifted to longer wavelength and thus lower energy. This is because the loss of hydrogen 

bonds shifts lattice modes to lower frequency. 
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Temperature Dependence 

Comparing the experiments of Moore and Hudson (1992) and vStrazzulla et al. (1991), the 

main difference is the range of temperature dependence. Amorphization of the 44 and 62 

/im features is undetectable at 77 K, while the amorphization process of the 3,07 and 3.1 

jtun features is still significant at 77 K and even at 100 K. The temperature dependence 

of the 1.65 fj.m feature is more similar to that of tlie 44 and 62 /ira features if I make the 

assumption that they may have seen the same kind of changes if they had perfonned the 

experiments at higher temperature. It also confirms my idea that the 1.65 pm feature may 

have some conttibution from lattice modes. Again, a difference with my experiment is 

that the 1.5 fim feature disagrees with the above results. Possible reasons for this were 

discussed earlier. 

Released Products 

One of the major differences in the Moore and Hudson (1992) experiment is that they 

had a mass spectrometer connected to their system and could watch compounds being 

released from the sample. The following compounds were seen in order of pressure from 

highest to lowest: H2, HjO, OH, O2 and H2O2. The H2, O2, and OH are clear evidence 

that bonds are broken by irradiation. The HgO represents erosion of individual molecules 

from the surface, a mechanism not yet discussed, since there is no clear evidence for it in 

my experiment. Finally, the H2O2 proves that chemistry is occurring in the sample. Both 

the evidence of broken bonds and chemistry support my model of a disordered lattice 

caused by irradiation. 

The process of erosion of whole H2O molecules would not change the shape of the 

infrared combination bands if they are being removed from the surface. Then their re

moval would simply mimic the same boundary conditions that all ice crystals experience. 

However, if entire molecules are being freed up within a crystal, it would leave a large 

vacancy affecting all of the molecules around it. This would still affect the vibrational 

modes in a similar way since they are strongly dependent on hydrogen bonds, and two 

hydrogen bonds have been removed. This would also inhibit coupling. However, I think 
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the greater effect would be on the Hbrational and translatjorsal modes, since the restoring 

forces on all of the surrounding molecules would be drastically changed. This would 

greatly reduce the strength of these modes. There is no experimental measurement that 

can tell you where in the sample individual released H2O molecules originate. 

It is sale to assume that the irradiation process in my experiment produced similar 

compounds since I used the same radiation source, and a similar lab set-up. The only 

major difference is the thickness of the sample. Tlieir sample was 4 /mi thick, while my 

sample was roughly 8 /im thick. The thickness of the sample would change the ability of 

free molecules to escape the sample. The thicker the sample, the longer the path needed 

to escape. Therefore, in my experiment, less of these materials might be able to escape. 

However, the temperature dependence of the 1.65 /im band behaves in a similar manner 

to their results. Thus, either change in tliickness is not effective at changing the rate of 

escape, or the presence of the compounds still within the sample is not a major factor in 

the amorphization process. 

Lattice Structure 

Finally, the work of Kouchi and Kuroda (1990) can be discussed in light of my results. 

Their experiment was very different from mine, since they used a uv source to photolyze 

their sample and also measured the crystallographic structure using electron diffraction. 

However, they show that the photolysis of ice renders a disordered sample and that the 

process is effective below 70 K. Again, disregarding the fact that uv photolysis and proton 

irradiation are very different processes, a similar result can occur: a disordered lattice. 

2.5.4 Summary of Physical Processes 

Amorphous ice forms when water molecules are deposited too quickly for the molecules 

to fonn an energetically stable crystalline structure. The result is that the lattice is disor

dered in location and configuration. They are at a range of configurations in relation to 

each other, which affects the molecular, librational, and translationai vibrational modes. 

The vibrational modes are spread out over a broad energy range because of the variety of 
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configurations of the molecules, so the vibrational peaks are generally broad. 

Temperature also controls the order in the structure as atoms move around more v^ith 

temperature, which controls the ability of molecules to vibrate in phase. As the change 

in location of the hydrogen atoms decreases with lower temperature, the vibrational bend 

and translational and librational modes of the crystal become more constant, increasing 

the features that depend on these modes. 

Irradiation causes vibrational frequencies to shift to higher frequency due to loss of 

hydrogen bonds. It also causes disorder in the lattice that broadens features and loses in

tensity. In short, it makes the spectrum look like amorphous although it is not necessarily 

changing the phase of the ice. However, for the purpose of remote sensing, the detection 

of amorphous ice would be indistinguishable. 

2.5.5 Future Work 

I will use optical constants of amorphous and crystalline ice in the wavelength of 1-

2.5 [im to create model spectra of mixtures of amorphous and crystalline ice to fit the 

experimental results. With this I can get the fraction of crystalline ice remaining with 

dose. Other groups have presented their results in this manner. It would be easier for me 

to directly compare my results if I did the same thing. 

Ideally, I would calculate optical constants for the spectra measured in this experi

ment. However, since the thickness of the sample is very poorly measured, they would 

not be very accurate. Also, irradiation may change the thickness of the sample, and there 

is no way to measure the changes in the thickness. Optical constants are generally cal

culated from measurements made of transmission spectra, while this experiments involve 

reflectance spectra. 

In future experiments, I will only make high temperature samples to avoid the contin

uum problem. I found that samples deposited at 90 K had low continuum values and good 

spectra. 1 would also like to try different thickness of ice to see if there is any dependence 

on ice thickness. 

I would also like to coticentrate on the region > 100 K to confinn the results at 125 

K and that amorphization process is completely different at high temperature. This tern-
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perature range is relevant to the Galilean satellites and has not been examined by other 

groups. 

Experiments are generally limited in scope by the availability of equipment. I would 

like to perfonii an experiment where I can measure the amorphization process using in

frared spectj-oscopy, mass spectroscopy, and electron or X-ray diffiraction. In this perfect 

laboratory, I would be able to link the ciystallographic changes with spectral changes and 

compounds released from the sample. 

By necessity, the protons pass entirely through the sample in the experimental set-up 

1 used for this project. It would be interesting if a system could be designed that could 

make it possible to create a thicker sample that the primary ions would slow down and 

stop in. Amorphization is probably strongly dependent on the penetration depth of the 

protons. It would be useful to design an experiment where the final stopping depth of the 

proton was measured and the effect of the stopped ion on the sample was measured. The 

stopping depth depends on the energy of the ions. 

Also, I would like to be able to use a variety of sources. 1 would like to directly 

compare uv photolysis and proton irradiation. I would also like to iixadiate the sample 

with different ions. Strazzulla et al. (1991) were able to use both protons and He ions. 

They claim that there is no difference between using either ion and that the amorphization 

is only a function of the amount of energy deposited. 

I would also be interested in mixing water with other chemicals. The amorphiza

tion process may be distinctly different in an ice sample with another material present. 

Also, water ice is generally found along with many other compounds on icy satellites and 

comets. 

2.5.6 Solar System Applications 

These results show that cold objects in the solar system are likely to be amorphized by 

radiation, at least on their surface, as illustrated by changes in the 1.65 fitn feature. This 

applies to Kuiper Belt objects, distant comets, and any other icy surface at temperatures 

lower that 50 K. Of course, objects that formed at this temperature may well be completely 

amorphous since the crystallization reaction is very slow at these temperatures. If any 
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of these objects have been heated by impacts, they could easily have been converte.d to 

crystalliBe. Their surfaces may still appear amorphous in the infrared spectrum because 

of this araorphizatioii process. Figure 4.3 shows the changes in the 1.65 {.m feature scaled 

to time in the Kuiper Belt or on the surface of Europa using the flux of hydrogen ions from 

Cooper et al. (2003) and Cooper et al. (2001), respectively. Although, the experiment at 

50 K did not completely get rid of the 1.65 //m feature, it still reduced its strength and it 

might not be detectable on distant faint objects. 

Figure 2.22 shows that the ainorphization process on Europa is very fast. However, 

since the Europan surface ranges in temperature from 80-152 K (Spencer et al, 1999) 

it is unclear how much the spectrum will change. Water ice will crystallize at 135 K, 

and the amorphization process seems to make the 1.65 /xm feature stronger at 125 K. 

The changes seen in the 1.65 fixn feature in the temperature range from 70-125 K in this 

experiment are subtle and may not be detectable by remote sensing. I have shown, that the 

1.65 i.im feature alone is not diagnostic of temperature or phase for objects witli surface 

temperatures between 70 and 135 K. One must carefully examine the features at 1.56 and 

2 ^m to make a better judgement. 

Also, this expeiiment only involved irradiation with protons. This is appropriate for 

environments where protons dominate such as in the Kuiper Belt. However, Jupiter's 

magnetosphere also contains significant amounts of 0"+ and (Cooper et al., 2001). 

Although their flux is lower then the protons, it would be good to know how effective 

these particles might be considering their large mass. 

In applying these experimental results to Solar System objects, 1 also have to as

sume that the rate of irradiation is unimportant. This is probably a safe assumption if 

amorphization is only a function of the dose deposited in the surface. However, if the 

temperature dependence is a function of mobility of free hydrogen and oxygen in the 

lattice and its ability to reform tlie 0-H bonds, then that rate might be dependent on the 

rate of damage. If the process of reforming bonds is based on the production of the free 

hydrogen and free oxygen, then a slow down in destruction might also slow that process. 

The temperature dependent reformation process seems to be instantaneous in the lab, so 

it may still be able to assume that it is much faster than damage, and therefore mostly 
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independent of it. 
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CHAPTER 3 

Modeling Radiation Damage 

3.1 Introduction 

Lab simulations can only go so far in measuring the effects of radiation on water ice in 

comparison to Solar System bodies. The main limit is sample thickness. It is not possible 

to create samples that are meters thick in the lab. Also, there is a limitation on what kind 

of radiation sources are available. To address these issues, I decided to use a theoretical 

approach to the problem of water ice amorphization. I used a model to simulate a thick 

layer of ice to that I could simulate ion irradiation with a variety of particles. 

3.2 MARLOWE 

MARLOWE was designed by the Department of Energy to simulate ion radiation damage 

of crystalline solids (Robinson, 1989; Robinson, 1990; Robinson, 1992). It uses the 

Binary Collision Approximation to simplify the calculation. It therefore considers atom-

atom interactions, and ignores relativistic effects. It tracks elastic and inelastic energy 

loss as the primary ion passes through and interacts with the target. It includes tracking of 

the location of the primary and all particles affected by the primary including secondaries 

that are knocked out of their lattice site and proceed through the target. 

I acquired MARLOWE Version 15 from the Radiation Safety Information Computa

tion Center (RSICC http://www-rsicc.omLgov/rsicc.html) at Oalc Ridge National Lab. 

MARLOWE does have its limitations. For example, the code can simulate primary 

ions of 1 amu or larger, excluding particles like electrons or photons. The crystalline 

target can be a single layer of a single composition or layers of different compositions; it 

cannot simulate mixed compositions. Also, the target must be crystalline, not amorphous. 

The target is also a single monocrystal. The code can simulate a polyc:rystalline target by 

http://www-rsicc.omLgov/rsicc.html
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rotating the tai;;get into a random orientation before each primary is released. However, 

this mode does not track vacancies in the target between successive primaries, so I could 

not use this mode. A monocrystal is unrealistic, but for the purpose of this simulation, the 

target represents the average atomic density of a water ice sample which is the primary 

measure when considering atom-atom collisions. The model also does not include ion 

induced chemistry. It simulates the breaking of bonds, but not the ability of new bonds to 

form in the high energy environment of an ion track. 

See Appendix B for details concerning the theoretical background of MAR

LOWE and descriptions of adjustments that I made to the program. Further details 

about the capabilities of MARLOWE and instructions can be found in the manual 

(http://www,ssd.oml.gov/Programs/MARLOWE/guide/index.htm). 

3.3 Building Water Ice 

MARLOWE builds the target crystal based on tlie crystallographic indices provided by 

the user. 1 built a hexagonal water ice crystal for MARLOWE using the lattice parameters: 

a = 4.519 A, c = 7.357 A (Petrenko and Whitworth, 1999). I then defined the unit lattice 

of four H2O molecules which it repeated through space. To place each atom in space, I 

supplied the x,y,z coordinates for each site in the unit lattice and assigned the appropriate 

atom (Petrenko and Whitworth, 1999). 

In a typical water ice crystal, the locations of the hydrogen atoms are not precisely 

known (Petrenko and Whitworth, 1999). They are weakly bonded to an oxygen atom of 

a different molecule. I chose to distribute the hydrogen atoms evenly to produce a perfect 

crystal. Therefore, the sample crystal has no point defects or dislocations and is per

fectly ordered. A point defect is an atomic or molecular lattice site that is different from 

"normal", including anything from an entire H2O molecular displaced from its normal 

location to a hydrogen atom leaving its molecule to join another molecule forming 0H~ 

and H3O • (Petrenko and Whitworth, 1999). A dislocation is a flaw in the structure of the 

crystal, where several molecules have been shifted out of place (Petrenko and Whitwortli, 

1999). The target was 1 meter deep by 100 x 100 /m. 
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3.4 Application of MARLOWE 

The next step was to apply the model to a solar system environment where 1) water is 

present, 2) tlie radiation flux is known, and 3) the temperature of the surfece is well-

constrained. The Galilean satellites are the perfect choice for this exercise. The following 

work has been presented at scientific meetings (Mastrapa and Brown, 2002a; Mastrapa 

and Brown, 2002b). 

3.4.1 The Galilean Satellites 

Water frost was first detected by ground based observing on Europa and Ganymede (John

son and McCord, 1971). These observations were confinned and the possibility of water 

ice on Callisto was added soon after (Pilcher et al, 1972). The Near-Infrared Mapping 

Spectrometer (NMS) on the Galileo spacecraft confirmed the presence of water on these 

satellites (Carlson et al., 1996). In all cases the presence of water ice was recognized by 

diagnostic features in the infrared spectrum. A more detailed description of these obser

vations can be found in Chapter 4.1. 

The phase of the water ice on the Galilean satellites is dependent on the temperature 

and radiation environment of the surface. If the moons are veiy cold or the radiation flux 

is very high, the ice should be amoiphous. Otherwise it should be crystalline. The phase 

state of this ice may tell us a great deal about the dominant processes on the surface of 

these moons. To constrain the region where amorphous and crystalline ice aie stable, I 

looked at measurements of the temperature and radiation environments for the satellites. 

3.4.2 Surface Temperatures and Crystallization 

Ground Based Observations 

To calculate the surfece temperatures of the Galilean satellites, ground based observers 

measured the visible and thennal flux of each satellites. Using these rrieasureinents and 

an estimate of the radiometric Bond albedo of the object, they could construct a thermal 

model that resulted in the thermal brightness temperature of the object, assuming the 
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object absorbed sunlight and re-radiated it like a blackbody. 

Morrison et ai. (1971) observed Ganymede in siraultaneous visual photometry and 20 

fixn infi'ared radiometry during eclipse. They used a radiometric Bond albedo of 0.27 and 

assumed an emmissivity of unity. This resulted in a temperature at the center of the disk 

of 158 K. The disk averaged temperature is in Table 3.1. These calculations were later 

supplemented by observations of Europa and Callisto, and the use of better constrained 

radii (Morrison et al., 1972). The effective temperatures from these calculations are in 

Table 3.1. Estimating the thermal properties of the surfaces of the Galilean satellites, they 

were able to estimate the change in temperature on a satellite (Morrison and Cruikshank, 

1973). Tliese values are also listed in Table 3,1. 

Another way to measure tlie temperature of the surface is to identify the temperature 

dependent bands in the water ice feature in the spectra (Grundy et al., 1999). These 

results are also listed in Table 3.1. If accurate, this would represent the temperature of 

the segregated ice crystals, not the average temperature of the entire disk. However, they 

did not include possible mixtures of amorphous ice in their measurement of the 1.65 /^m 

feature. This means their estimate is probably too high. 

Spacecraft Observations 

The temperature on the satellites has also been measured by spacecraft. The Galileo 

Photopolarimeter-Radiometer (PPR) mapped the 17 [Mn temperature at a spatial resolu

tion of 200 km (Orton et al., 1996). They calculate a maximum brightness temperature of 

152 K. On Europa they measured the 37 fxm temperature of a 400 km strip, resulting in a 

subsolar brightness measurement of 128 K. Later measurements mapped the temperature 

change across the surface of Europa at a spatial resolution of 80 to 200 km, resulting in a 

temperature range of 86 to 132 K (Spencer et al., 1999). 

Crystalli'/ation Rate 

As shown in figure 1.3, at temperatures ranging above 120 K amoiphous water ice will 

convert to crystalline phase within a year (Kouchi et al, 1994). vSince all of the satellites 
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spend about half their day above 120 K, the water ice on Callisto, Europa, and Ganymede 

is likely to be crystalline. The diurnal cooling to below the 100 K mai-k would not reverse 

the crystallization process because the conversion is one-directional However, if the 

Grundy et al. (1999) estimates are more representative of tlie water ice temperature, 

the crystallization rate might be a lot slower. However, even at 100 K, the ice would 

convert completely on the order of 10^ years, which is very short on a geologic timescale. 

Regardless of what temperature measurement I use, the bulk phase of v/ater ice is likely 

to be crystalline on the icy Galilean satellites. 

3.4.3 Radiation Environment and Effects 

The radiation environment used in this work has been taken from Galileo measurements 

(Cooper et al., 2001), Figure 3.1. These model energy spectra include electrons, and H''", 

O"'^, and S"+ ions in the energy range lO^'-lO® eV. Radiation damage makes the infrared 

spectrum of crystalline water ice look like that of amorphous water ice at temperatures 

below 70 K, and increases the strength of the 1.65 nm band above 100 K, as seen in 

Chapter 2, So very cold spots might looks amorphous. 

3.4.4 Phase Measurements 

A distribution of crystalline and amorphous water ice has been detected on Europa, 

Ganymede, and Callisto (Hansen and McCord, 2000; Hansen, 2002). The distribution 

appears to match the radiation and temperature environment of each satellite. That is, 

Europa has more amorphous water ice because it is cold and exposed to a higher fluence 

of radiation, while on Callisto the opposite case is true. This result contradicts the results 

of Chapter 2. Therefore, there must be a difference between the experimental results and 

what happens on the surface of the Galilean satellites. 

This model of radiation damage complements and expands on previous experimental 

research. The thickness of the ice layer on the surface of a satellite is much larger than the 

samples made in the lab. How much of the surface is aftected by iixadiation and how much 

do we observe? Also, lab facilities are limited in their radiation sources, but a model can 
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simulate different kinds of ions. With a model, I can try to isolate what physical process 

is causing the changes in the infrared spectrum. 

3.4.5 Simulations 

To simulate the amorphization and re-crystallization process I decided to track the re

moval of atoms from lattice sites as the cause of amorphization. Tlie assumption is that 

the vacancy is re-fillcd by a free H or O atom but it is not in the proper position, thus 

changing the vibrational frequency of the bonds jiround it and changing the infrared spec

trum. In the code, I kept the lattice site empty to track it as "amorphous". Then, when the 

timescale was correct for the area to "crystallize" I re-filled the vacancy with the appro

priate atom. 

To perform this simulation, I had to make some changes to the way that MARLOWE 

worked, and add the process of crystallization. MARLOWE was designed to model ions 

of energies up to 10'^ eV. Above that energy, the elastic energy loss still worked, but the 

inelastic energy loss was incorrect. I modified the way that MARLOWE calculates inelas

tic energy loss so that it would be correct for ion energies up to 10'' eV. Above 10 MeV 

relativistic effects become relevant, and adding those effects is beyond the scope of the 

project. To randomize the energy of ions, I implemented a transformation method which 

integrated over the energy spectrum from 10^ to 10'^ eV. To simulate re-crystallization, I 

wrote a new code to run MARLOWE simulations for me. It counted the number of va

cancies produced during a given time step, then re-crystallized the ice based on the time 

and temperature, using the calculation of crystallization rate from Kouchi et al. (1994). 

Full details of all changes in code and original code are in Appendix B. 

Before looking at the damage caused by radiation on the Galilean satellites, I first 

looked at how the water crystal responded to irradiation. I first ran simulafions of just a 

single ion at a range of energies, to detennine the number of vacancies produced per ion. 

Since M ARLOWE only models collisions of ions, I did not include tlie electron en

ergy spectrum in this work. Also, I do not yet have a good model of inelastic energy 

loss behavior for S""'" ions. Therefore, I only use the model spectrum of H+ and O""'" 

ions. Cooper et al. includes model radiation fluxes for different regions of Ganymede, 
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but I used a global average spectrum. I ran simulations of radiation damage simultaneous 

with crystallization for mono-crystalline hexagonal water ice with and O""'" ions in an 

energy range from 10"^ eV to 10® eV. I applied the appropriate radiation environments to 

see how water ice is damaged on each of the satellites. 

3.4,6 Results 

Damage Statistics 

Figure 3.2 shows the damage done by a single ion at a range of energies for H ' and O" ' 

ions. The number of vacancies produced by ions is independent of ion energy, while 

the amount produced by 0"+ ions is strongly dependent on ion energy. This makes sense 

if the process of emptying lattice sites is driven by elastic collisions since the oxygen 

ions are much more massive. Note that the fluctuations in damage due to oxygen ions is 

caused by randomization of the path through the target. 

In general, ions are more eflfective at removing atoms from the lattice than H 

ions, even when their flux is lower. This is because the O""*" damage is strongly energy 

dependent. So even for very few ions, the high energy part of the flux is very effective 

at damaging the ice. The one exception to this rule is on Europa, where the H+ ions are 

more effective at damaging the crystalline lattice. Figure 3.3. I think that this is because 

the flux is very high on Europa. 

The Satellites 

Figures 3.4 and 3.5 are examples of the damage rate for each satellite at 130 and 140 K. 

The results at 140 K, Figure 3.4, are a good example of the different damage rates on 

each satellite. The lowest curves are H"^ and 0"+ ions on Callisto. Just above that is 

the damage for H+ ions on Ganymede. The highest three curves are O" ' on Europa and 

Ganymede and on Europa. 

Note that the relationship between the ions on different sattelites is the same at var

ious temperatures, just at different scales. That is, the number of vacancies increases, 

then begins to tura over, than plateaus. '^Tliis turnover represents that the point where the 
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Figure 3.3: Damage of crystalline water ice by H * and O"^ for Europa. 
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amount of damage done and the amount of crystallization both reach a steady state value. 

The tiraescale of turnover at a certain temperature is the same regardless of the flux of 

particles. So the radiation flux simply controls the slope of the line before the curve turns 

over, and therefore the equilibrium value. The rate of damage to the water ice lattice be

gins to slow when 0.1% of the original damage has re-crystallized. Therefore, at higher 

temperatures than 140 K, the shapes of the curves are the same but the steady state values 

are just lower. 

In figure 3.5, the tj'uncated lines for Ganymede and Europa O""'' ions are due to the 

computer running out of memory. After some testing, I determined that the code simply 

can not handle more than 10® vacancies. I therefore ran the Ganymede and Europa 

ions for a shorter timescale to avoid running out of memory. All runs at temperatures 

lower than 130 K had to be run at short timescales to avoid this problem. Instead of 

getting a measurement of the plateau value, 1 could get the damage rate of each ion at 

each sattelites for each temperature. 

3.4.7 Conclusions 

To estimate the damage done at each temperature, I fit the individual damage rates for 

each ion flux for each satellite to make an estimate of the equilibrium damage. Figure 

3.6.1 solved for when the curve begins to turn over, so this is a minimum estimate of the 

equilibrium damage. I then added up the equilibrium damage values done by both H+ 

and O""^ ions on each satellite, Figure 3.7. As expected, the amount of damage done on 

Europa is the highest and is lowest on Callisto. The shape of the curves looks exactly like 

the crystallization rate, Figure 1.3. Again, the model simulates the physical process of 

knocking atoms out of lattice sites and it does not properly simulate chemistry. 

My simulations show that the radiation environment on all of these satellites is not 

extreme enough to damage the crystalline ice above the phase transition temperature. 

Europa has the highest flux of radiation, and can show lasting damage at about 140 K, but 

not above that, therefore can not work above tratisition temperature. The damage caused 

by iixadiation can not keep up with crystallization on Callisto at all. 
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3.5 Discussion 

3,5.1 Physical Processes 

What I Modeled 

I simulated the process of H+ and O"'*" ions impacting a hexagonal monocrystaJ of water 

ice. I tracked the process of the breaking of 0-H bonds and removing of atoms from 

lattice sites. I did not track the relocation of lattice hydrogens, that is, the bending of the 

0-Hbond or change of configuration of the HgO molecules. However, early testing of the 

model showed that the process of bending bonds was much less common than removal of 

atoms from lattice sites. This model result would imply that the amorphization of water 

ice by radiation is driven by breaking of bonds and not by reorientation of bonds. 

I also simulated recrystallization based on the amorphous-crystalline transidon form 

amorphous to cubic phase. This process is temperature dependent and assumes that there 

are plenty of free hydrogen and oxygen to reform the 0-H bond, and that when the bond 

reforms, it does so in an amorphous configuration. This also assumes that the conversion 

rate of amorphous to hexagonal ice is similar to that of amorphous to cubic ice. I would 

have used the cubic phase if its structure was better documented. 

What I Didn't Model 

I was unable to include the highest energy particles, 10''-10^ eV, where relativistic effects 

become relevant. Assuming that there are no unforseen effects in this energy range, the 

model suggests that the particles would produce the same type of damage, but would 

penetrate deeper. In the case of H • ions, the higher energy would not do more damage. 

However, the O""^ ions will do more damage at higher energy. Also, inelastic energy falls 

of at high energies . This means that a larger fraction of the ion energy will be available 

for elastic energy loss. Of course, the flux of particles at higher energy is smaller, so their 

contribution is also smaller, 

I also did not include the process of imdiation induced chemistry. There are many 

experiments that show that new compounds are fonned by irradiation of ices, but there 
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are few production rates available. It might be possible to track the amount of energy 

deposited along the ion track and make an estimate of new bond fomiation. However, 

considering the memory problems I had with the current simulation, to include chemistry 

I would have to simulate it separately from the rest. 

I also neglected the thermal effects of the ion impact. Ion radiation may also cause the 

conversion of amorphous ice back to crystalline by depositing heat along the ion track. 

This would increase the reaction rate of the phase change and possibly produce crystalline 

ice along the tracks. However, the ion passes through so quickly and it is so small, that it 

only effects a small area of the sample. 

Finally, the most important process that might need to be considered is the reformation 

of 0-H bonds by diffusion of free hydrogen and oxygen through the target and the refilling 

of lattice sites. This process is also temperature dependent and may be more important 

than recrystallization. 

3.S.2 Interpretation of Previous Work 

The energy dependence of damage of 0"+ ions disagrees witli the result from Sti-azzulla 

et al. (1991) that the amorphization process is dependent only on amount of energy de

posited and independent of ion type. Since O"'*' ions are much more effective at removing 

atoms from lattice sites then perhaps it could change the temperature dependence of the 

changes in spectral features. However, it depends on how the lattice site re-filling pro

cess works. A lot of empty lattice sites may be created by the ion, but that also means 

a lot of free hydrogen and oxygen are in the ice. The main question is whether the pri

mary ion can empty sites faster than the free hydrogen and oxygen can re-fill them. One 

way to keep lattice sites from being refilled is to tie up the hydrogen and oxygen in new 

compounds such as H2O2. I did not simulate any chemistry, so I don't know how much 

of this material is produced. If heavier ions are more capable of building this and other 

compounds, then heavier ions will be more effective at keeping lattice sites empty, and 

thus changing the infrared spectram. 
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3.5.3 Galilean Satellites 

My results agi'ee in concept with Hansen and McCord (2{X)3). That is, the most damage 

is done on Europa and the least damage is done on Callisto. ITiat is the interpretation that 

Hansen and McCord (2003) derive from modeling the fundamental in the NIMS spectra. 

However, they claim that the features in the 1-2 jim range are entirely crystalline. They 

explain this discrepancy that the fundamental samples the surface of the crystals, but the 

1-2 irni range samples up to 1 mm of the surface. My results show that the damage of 

empty lattice sites occurs as deep as 10~® ra, or 10""'-^ mm, into the surface, close to the 

1 mm detection depth. I disagree with the Hansen and McCord (2003) assessment of the 

spectra from 1-2.5 ^m. I review their results in detail in Chapter 4. 

Again, my results for the Galilean satellites are a minimum damage considering there 

are also electrons, S""*" ions, and higher energy particles. All of these added on would 

result in more damage. 

3.5.4 Future Work 

I plan to modify the code to run multiple types of ions together. This will provide a 

better damage estimate, since, at high levels of damage ion tracks may start to cross 

paths. I also plan to implement simulations using S"+ ions. Since the amount of damage 

done scales with mass, at least for tlie O"""" ions, ions should be very effective at 

damaging the crystalline ice lattice. It would also be appropriate to keep the moved atoms 

in the lattice and then move them back into the appropriate site when crystallized, but 

this would probably lead to more memoty problems. I would also like to run the model 

with a diumal change in temperature to see how that affected the final equilibrium value. 

However, since the crystallization rate is strongly temperature dependent, it would have 

to be recalculated at every change in temperature causing a severe slow down in model 

performance. 

To compare our results to observed specti'a we will need to develop a method to scale 

number of vacancies to loss of band depth in the infrared spectrum. For example, the 

model lattice has 10^"^ sites at I mm depth. For a value of 10® vacancies, that is about 
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roughly 10"'^® % of the surface. However, I have not developed a way of converting the 

damage of the target directly to changes in the infrared spectrum, 

3.5.5 Solar System Applications 

Relevant Environments 

To apply this model, I need an environment that has water ice present on the surface, the 

surface must be cold, the body must have little or no atmosphere, and there must be a high 

flux of radiation. Also, the better I know the values of temperature and radiation flux, the 

more I can constrain the damage. 

In this chapter, I applied this model to the icy Galilean satellites, but the same model 

can be applied to the satellites of Saturn, Uranus, and Neptune. Comets and Kuiper Belt 

objects would also be appropriate. I did some simulations for the Kuiper Belt (Mastrapa 

and Brown, 2001b; Mastrapa and Brown, 2001a). However, I recently discovered that 

the radiation flux 1 used in those simulations (Cooper et al., 1998) was incorrect (Cooper 

et al, 2003). I will update those simulations in the future. 

Relevant Processes 

Planetary surfaces have other processes occurring then just radiation. I must also consider 

the effects of impacts or collisions. An impact can add crystalline ice by heating the 

surface. It can also contribute to the amount of amorphous ice by vaporizing water ice. 

The cloud would then condense in vacuum and deposit a thin layer of amorphous ice on 

the surface. 

The relevance of this process is difficult to quantify since the equation of state of amor

phous ice is unknown, and thus its behavior during impact is hard to predict. However, 

with an equation of state and reasonable knowledge of the impactor flux, I may eventually 

be able to estimate the amount of amorphous or crystalline ice produced by diis process. 
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3.6 Synthesis I 

3.6.1 Physical Results from Chapter 2 

In context of the discussion from Chapter 2.5,1 will review the results in this chapter. In 

Chapter 2, I speculated that the changes in the infrared spectrum with irradiation were 

caused by breaking of 0-H bonds and removal of atoms, or movement of atoms from 

their original lattice site to an energetically unstable configuration while maintaining the 

0-H bond. Both would be indistinguishable based solely on infrared data. In this chapter, 

I decided to model the process of breaking the 0-H bond. I also added the amoiphous-

crystalline phase transition and larger ions. 

The main result is that ions are very efficient at removing atoms from the lattice. 

This could mean that the breaking of 0-H and hydrogen bonds is the primary cause of 

"amorphization". This would mean that the ice created by irradiation is not actually 

amorphous but is full of empty lattice sites. 

This model used an entire range of energies, while the experiment used only 0,8 MeV 

protons. This may not make a difference in the amount of damage done by the protons, 

but it does make a difference in how deep the damage is. 

Finally, I wish to compare the depth of damage in the model and the thickness of the 

sample in the experiment. The damage ranged from 0.1 to 10 in depth depending on 

the energy of the ions. This definitely coincides with the sample thickness of 8 jjm. 

3.6.2 New Model Based on Combined Results 

In Chapter 2, I speculated that the temperature dependence of radiation induced vitri

fication is caused by the repopulation of empty lattice sites. ITiat is dependent of tlie 

movement of free hydrogen and oxygen through the sample and clearly is much faster 

than the actual phase change. At low temperature either it is not repopulated or it is re-

populated in an energetically unstable configuration. It probably is not repopulated since 

that is the reverse of what should happen due to temperature. It should be harder to get 

into energetically unstable configurations at low temperature. The exception would be an 

atom forced into a position by impact. The local release of energy can be very high when 
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a collision cascade is occurring, and so some energy barriers can be crossed. That is how 

chemistry occurs during irradiation. Tlierefore, an atom could be left in an energetically 

unstable configuration in the wake of a primary ion, and then the sample is too cold for it 

to move out of that state. The frequency of this occurrence was not modeled, so I can not 

speculate on how often this might happen. Again, it is more likely that the lattice sites just 

stay empty until the energy environment, that is, the temperature of the ice is high enough 

to reform the 0-H bonds. Ideally, I would add the process of repopulation of lattice sites 

based on diffusion of free hydrogen and oxygen through the sample. Again, this would 

only add to the memory troubles that 1 had with the code. 

The way that the amorphization process reaches a steady state with crystallization in 

the model is similar to that of the experiments, but at a completely different temperature 

range. Again, this is assuming tliat this is the mechanism causing the changes in the 

infrared spectrum. 

Finally, the timescales for the experiment and the model are completely different. In 

the model, the number of empty lattice sites reached a steady state value at 130 K on the 

order of 4 x 10'^ seconds. The flux of protons on Europa would take years to reach the 

dose used in the experiment. 
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Table 3.1: Temperatures of the Galilean Satellites 

Callisto Ganymede Europa 

T(20/tim)(K) 149 ±5 134 ±4 119 ±3 
AT„ax(K) 62 ±3 50 ±3 >30 
T(ice)K L 114.3 ±16.6X115.0 ±20.0 L 125.7 ± 12.3 T 121.7 ± 23.6 

Tmar. (17 fiXU) (K) 152 
T (37 /jm) (K) 128 

T^x (K) 132 
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CHAPTER 4 

Observations of Europa 

4.1 Introdiictton 

To firmly place the results from Chapters 2 and 3 in the context of planetary science, I 

applied for and received time to observe Europa. I proposed to collect images of Europa 

and the tirst disk resolved spectra of Europa from ground based observations. Water 

ice is known to be present on the surface of Europa from ground based (Pilcher et al., 

1972; Clark and McCord, 1980; Grundy et al, 1999) and spacecraft (Carlson et al., 1996) 

observations. I concentrated on the 1.65 jj,m feature to look for changes in its strength, 

and therefore a distribution of crystalline and amorphous water ice on the surface. 

4.1.1 Ground Based Observations 

Review 

The Galilean satellites have been studied from ground based telescopes for many decades 

(Johnson and McCord, 1971; Pilcher et al., 1972; Pollack et al., 1978; Clark and McCord, 

1980: Grundy et al., 1999). Johnson and McCord (1971) first found evidence for water 

frost by showing that the infrared geometric albedo was lower than that of the visible on 

Europa and Ganymede. The actual infrared ice features were later identified on Europa 

and Ganymede, with possible water ice features on Callisto (Pilcher et al., 1972). Pollack 

et al. (1978) were able to collect spectra including the 3 /im fundamental from the Kuiper 

Airborne Observatory. They were able to confirm the presence of water ice on Callisto. 

Previous observations showed signs of the 1.65 /j,m, but it is clearly evident above the 

noise in observations by Clark and McCord (1980). Finally, Grundy et al. (1999) ob

served both hemispheres of all three icy satellites. They produced clear spectra of water 

ice and were the only group to attempt to assess the phase of water ice. They interpret all 
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of their spectra to be of ciystalline ice. 

Interpretation 

With tlie divStinctive features of amorphous and ciystalliiie ice from Chapter 2 in mind, I 

will review the above measurements adding my qualitative interpretation of their spectra. 

I will be looking closely at the centers of the features since all features in the amorphous 

spectrum are shifted to shorter wavelength. I will also be looking at the strength of the 

1.56 fjm feature in relation to the strength of the 1.5 pm. feature. The 1.56 ptm feature is 

near the 1.5 /im feature in strengtli in very cold crystalline ices. It is significantly weaker 

in amorphous and very warm crystalline ices. 

The spectra of Pilcher et al. (1972) on Europa and Ganymede look to me like mixtures 

of amorphous and crystalline ice with Europa looking more amorphous, judging by the 

shift of the 2 /.m feature to shorter wavelength. Also, the 1.56 /^m feature is much smaller 

in relation to the 1.5 /.im feature on Europa. However, due to the noise in the data, this 

interpretation is not conclusive within enm 

The speca-a from Pollack et al. (1978) are much too noisy and low in spectral reso

lution to interpret the phase in the region from l-2fj,m. However the fundamental, 3 /^m 

feature is very broad on Europa and Ganymede, so they are likely to have some amor

phous ice. The fundamental on Callisto looks more like crystalline than the other two. 

Clark and McCord (1980) collected higher resolution spectra with clear water ice fea

tures on Callisto. However, the spectra of Callisto are still too faint to judge crystallinity. 

The Europa spectrum is definitely more amorphous in comparison to the Ganymede spec

trum, judging by the shift to shorter wavelength of the 2 (.im feature and weakness of the 

1.56 ijm feature in relation to the 1.5 {xm feature. The 1.65 jum feature is a little stronger 

in relation to the 1.5 jim feature on Ganymede compared to Europa. This would indi

cate either colder crystalline ice mixed with amotphous ice, or the same temperature with 

more crystalline ice. 

Grundy et al. (1999) inteipret all of their spectra to be dominated by aystalline fea

tures, but 1 disagree. The features on Callisto are much too faint to decipher clearly. 

Ganymede looks like it has more crystalline ice than Europa due to the sti'ength of the 



115 

1,56 f.an feature. On Ganymede, the 1.65 //.m feature also looks stronger in relation to the 

1.5 iim feature. The 2 /im feature center is difficult to discern because there is a gap in the 

data. However, in general it looks like Ganymede has a higher crystalline ice content than 

Europa. There is also a leading-ti-ailing hemisphere dichotomy. The 1.65 /;;m feature is 

smaller on the trailing hemispheres compared to leading on both Europa and Ganymede. 

In summary, I interpret the current body of ground based spectra of Europa to be a 

mixture of crystalline and amorphous ices, with the amorphous ice feature.s a bit stronger 

than those on Ganymede. 

4.1,2 Spacecraft Observations 

Review 

The Near Infrared Mapping Spectrometer (NIMS) on board the Galileo spacecraft has re

turned interesting spectra revealing the composition of the Galilean satellites. The instru

ment has a spectral resolution of 0.026 /xm in the range that I am interested in: 1-5.3 jum. 

The first spectra confirmed the presence of water ice on Callisto, Europa, and Ganymede 

(Carlson et al., 1996). 

NIMS created spectral maps of varying spatial resolutions for all of the icy satellites; 

1.3-950 km on Callisto, 1-396 km on Ganymede, and 4-400 km on Europa (McCord et al., 

1998). They interpreted the spectra to be mixtures of crystalline ice and hydrated salts 

(McCord et al., 1999). They later show a non-ice feature on Ganymede, as well (McCord 

et al., 2001). They considered a warm crystalline ice of ~ 250 K which is similar to the 

amorphous spectrum. However, they did not include interpretations of amorphous and 

crystalline mixtures. 

The spectra from Europa commonly included large errors due to radiation so they had 

to be combined to eliminate the noise (Hansen, 2002). Averaging more than 100 pixels 

effectively reduced the minimum spatial resolution to 300 km. 

Hansen (2002) addressed the identity of the water ice phase on the icy satellites based 

on the shape of the fundamental at 3/im. He claims that the region in the infrared from 1-2 

/ira samples up to 1 mm deep in the surface while the fundamental is a Fresnel reflection 
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off the surfece representing zero depth. He also claims that the shape of the fundamental 

is unaffected by grain size. 

Hansen (2002) claims that the water ice is predominantly amorphous on Europa, 

mostly crystalline on Callisto, and is a mixture of both phases on Ganymede. However, 

they inteipa-et the features in the range from 1-2 (xm as entirely crystalline. They explain 

this discrepancy by citing the depth that the different features sample to and assuming 

that the radiation process only affects the very surface. However, they did not include 

an amorphous end-member in the their model spectra in the range from 1-2 jum, instead 

relying on a non-ice spectrum to create the distinct features. 

Interpretation 

The most detailed spectra are in Hansen (2002), so I will base my interpretation on those 

spectra only. I strongly disagree with their interpretation of purely crystalline features in 

the range from 1-2 nm. They use the non-ice spectrum of hydrated salts to account for the 

shift of the 2 jixn feature to shorter wavelength and the loss of the 1.56 [jm in relation to 

the 1.5 ^m feature. However, a mixture with amorphous ice could easily reproduce these 

features without having to resort to adding another compound. I believe that the features 

in the range from l-2//m agree with his interpretation of the fundamental. One problem 

with their model is the lack of optical constants for amorphous water ice in this region. 

They could therefore not build a model spectrum with a mixture of both ices. Regardless, 

the spectrum does not indicate pure ice I. 

4.2 Observations 

4.2.1 Spectroscopy 

I had two nights of observations at the Keck II telescope: 11,17 February 2003. I used 

the NIRC2 camera with adaptive optics to collect images and infrared spectra of the 

leading hemispheres of Europa and Ganymede. The images were collected in the .1, 

H, and K filters, while the spectra were taken in J and H. The specti'a iffe at a spatial 

resolution of ~ 130 km, vastly improving upon those of previous ground based obser
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vations. Using the wide angle camera with the LOWRES grism, the spectral resolu

tion is 5.26 X 10 "^ and 6.52 x 10"^ /i,m for the J and H filters respectively. A thor

ough description of the NIRC2 instrument and capabilities is available in the manual at: 

http://alamoana.keck.hawaii.edu/inst/nirc2/Manual/ObserversManual.html. 

The images of Europa were taken with 0.0075 second exposures of the nanw camera 

for all filters. Each exposure was moved to another section of the chip to avoid imaging on 

areas that were still releasing their charge. We also imaged a flux standard star along with 

each object and filter. Exposure times for the standard star ranged from 20-60 seconds for 

the fainter star for H-K filters. 

To collect spectra, I centered the slit on Europa and lined it up with its axis of rotation. 

Then I stepped the slit across the surface. Each spectrum was collected with a 20 second 

exposure of the wide camera with 3 coadds. While collecting spectra I went back to the 

solar comparison star to take spectra at every 0,01 change in airmass. 

A detailed description of my observing procedure is in Appendix C. 

4.3 Analysis 

4.3.1 Spectroscopy 

The details of data reduction are in Appendix C. In short, the images and spectra were 

de-biased, dark corrected, flattened, and bad pixel corrected using the IRAF package 

available at http://iraf.noao.edu/. 

The images are in I over F or albedo * photometric function. We have not been able 

to calibrate the images for photometry because of the adaptive optics. When reducing the 

spectra, I divided each one of Europa by the closest airmass value solar comparison spec

trum to correct for the atmosphere of the Earth. Tliis resulted in the spectra in reflectance. 

The spectra were then converted to absorbance by subtracting 1 - reflectance. 

To view all of the spectra at once, I created an image cube of the specti'al data. First, 

I continuum corrected the absorbance spectra. Then, I stacked them into a three dimen

sional image cube, where two dimensions are space across the surface of Europa, and 

the third dimension is wavelength. 1 then took forty slices in the region around 1.65 /.im., 

http://alamoana.keck.hawaii.edu/inst/nirc2/Manual/ObserversManual.html
http://iraf.noao.edu/
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covering the range from 1.635--1.665 //,m. I then averaged those slices together to t'onn 

the final image. I nonnalizcd the final image to make contouring the values convenient. 

The contours are at 0.6 and 0.8.1 also made comparison images in the ranges 1.491-1.508 

ixm and 1.553-1.566 (xm. 

4.4 Results 

Figure 4.1 depicts images of the leading hemisphere of Europa taken in the J, H, and K 

filter. The image is flat in the J filter, except for comparative brightness in the center. 

Both the H and K images show distinct structures, that are very similai' in both images. 

They are brightest in a ship from northeast to southwest. Tlie brightness represents the 

regions where there is the least absorption in the filter, and darker regions correspond with 

stronger absorptions. The detail in the structure in the two images is a little different. In 

the K image the dark region in the northwest comer is better defined. 

Figure 4,2 depicts the disk averaged spectra of Europa and Ganymede. The features 

in the Ganymede spectrum are slightly stronger than those of Europa. Also, tlie 1.65 //m 

feature appears a bit stronger in the Ganymede spectrum. The 1.5 fitn feature is clearly 

present in both spectra. They appear somewhat broad and roughly centered on 1.49 fitn. 

The 1.56 fxm feature appears a bit stronger in the Ganymede spectrum, in relation to the 

1.5 //m feature. This gives the region from 1.5-1.56 iim a somewhat boxy appearance 

in the Ganymede spectrum. The same region is a bit more steeply sloped in the Europa 

spectrum. The slope of these features is controlled by the continuum correction, so this 

analysis depends on assuming the correction is accurate. 

Figure 4.3 depicts the spectral image of Europa at 1.65 ^m and a visible image of 

Europa at the time of observations. The image on the top is an average of the spectra 

taken across the surface at 1.65 fim. The brightness corresponds to strength in the 1.65 

ftm feature, so the brightest regions are where the feature is the strongest. The bottom 

image is from the JPL Solar System Simulator for Europa at the time of the observations 

(http://spacc.jpl,nasa.gov/). The contour lines start at 60 % and increase to 80 %. I only 

contoured the high values to simplify the image. 
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Figure 4.1: Images of the leading hemisphere of Europa in J, H, and K filters. 
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The briglil regions on ihe spectral image correspond reasonably with the visually 

bright regions on the surface of Europa. These visibly bright regions are thought to be 

more water ice rich and colder due to its high albedo. However, there are some excep

tions to this correlation as there is a bright region on the northwest side of the image that 

is weak in the 1.65 /xm feature. Also, the region on the northeast side of the visible image 

that contains some dark material shows up as strong in the 1.65 /im region. Also, the 

visibly bright region at the very center of the image is lower in value. 

This pattern could be explained by rotating the spectral image clockwise by about 23 

degrees to line up the spectrally bright patches with the visibly bright patches. This would 

mean that I misaligned the slit when taking observations, although I was very careful in 

doing so. That would still leave the region in the southwest corner of the visible image 

which is visibly bright. However, the images of Eiuopa in the H and K filters, Figure 4.1, 

seem to agree with the visible image. That is, the H filter image is bright where the visible 

image is dark and vice versa. This makes me think that the spectral image is correct and 

is showing a distribution of strength for the 1.65 (xm feature that is independent of where 

water is detected, Figure 4.4 shows the spectral images at 1.5 and 1.56 /im. They are 

rather flat compared to the 1.65 fjm image. 

4.5 Conclusions 

I have clearly shown that there is a variation in the strength of the 1.65 pm over the 

surface of Europa. Whether or not it is appropriately aligned, the image shows a strong 

distribution, and that is strong compared to little change in the 1.5 and 1.56 //m images. 

Also, the disk averaged spectrum of Ganymede looks like it contains more crystalline ice 

than the disk-averaged spectrum on Europa. 

The flatness of the J filter image makes sense since there are no distinct absorptions 

in this region. The H filter centers on the water feature so the dark regions are where the 

light is absorbed by water. We did not take spectra of Europa in the K filter, so we can 

not really say what the structure there reveals. The H filter image has a band pass from 

1.56-1.7 /im, while the K filter im,age is from 2.03-2.36 //,ra. lliis means that the H filter 



Figure 4.3: Comparison of spectral image of Europa with visible image. 
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should capture the 1.65 i.m feature and part of the 1.5 feature. The K filter should 

have part of tJie 2 ptm feature ir> it. The H filter image shows some agreement with the 

spectral image in the northern, eastern, and central area. However, the southwest corner 

is bright in the H filter where it should be dark to agree with the spectral image. The K 

filter has a structure similar to the H filter image. This means that there is at least some 

kind of variation in the 2 feature over the surface. 

4.6 Discussion 

4.6,1 Application, to Previous Work 

I present here the first disk-resolved infrared spectra of the leading hemi.sphere of Europa 

from ground based observations. In general, the spectra agree with previous observations 

with the detection of water ice features, Section 4.1.1. However, they also show a change 

in the strength of the 1.65 //m feature across the surface. I have identified the regions that 

are the strongest in the 1.65 jim feature. They appear to correlate reasonably with visibly 

bright regions on the surface. 

Change in the height of the 1.65 /um feature can mean several things. It can represent 

change in temperature across the surface. It can represent mixtures of amorphous and 

crystalline ice together. It can also represent a mixture of crystalline and amorphous ice 

along with other materials that can affect the overall height of the peak. Basically, it is 

impossible to say anything conclusive about the phase of the water ice based solely on the 

1.65 jum feature. Also larger grain size reduces the strength of features (Clark, 1981). 

However, both the 1.5 and 1.56 jjm spectral images show very little variation over the 

surface. Assuming these images are properly calibrated, this rules out grain size changes 

since ail of the features would change. It also rules out contamination, since, again all 

of the features would change. This means that I have located regions on the surface of 

Europa that are rich in crystalline ice. These ai'eas are either wanner or have a lower flux 

of radiation. It is unlikely that they are warmer because they are near the poles. However, 

they could be warmer if the ice were thinner tliere. Also, the intersection of the surface 

of Europa and Jupiter's magnetosphere leads to a distribution in radiation flux over the 
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surface of Europa (Cooper et a!., 2001). 

Hansen (2002) show a slight increase in strength of the 1,65 jum feature in the northern 

part of the leading hemisphere in comparison to the southern part. This disagrees with 

my result since I see relatively strong features near both poles. However, this could be a 

result of averaging of the NIMS spectra. 

4.6.2 Future Work 

One way to try to quantify the amount of amorphous and crystalline ice in the sample 

would be to fit the center of the 1.65 (ixn in all of the data. The amorphous peak is smaller 

and shifted to shorter wavelength, so the peak center may be able to differentiate between 

a pure crystalline sample and a mixture of amorphous and crystalline ice. 

I would also like to get full coverage of Europa. I was unable to observe the trailing 

hemisphere due to bad weather at the telescope. The trailing hemisphere has a higher 

flux of radiation because .Tupiter's magnetosphere corotates with the planet and the rate is 

higher that the orbital period of Europa. Thus, the trailing hemisphere is more likely to be 

amoiphized, which agrees with my inteipretation of the results of Grundy et al. (1999). It 

would be useful to be able to compare the leading and trailing hemispheres to see if there 

is further variation in the 1.65 ^um feature. 

Also, I would like to collect spectra in the Kp filter which expands into the range of 

the 2 ij,m feature. The band centers of the 2 fxm feature are very different in amorphous 

and crystalline ice even at high temperature. 

I would also like to correlate the spectral image with geological features on Europa. 

There is a continuing debate related to the thickness of the ice crust on Europa and its 

relation to geological features. Identifying crystalline ice rich areas would show areas 

that are warmer on average than their surroundings, possibly representing a thinner crust. 

4.7 Synthesis II 

Europa is not the ideal place to apply the model that I have developed from Chapter 2 and 

3. The perfect place to apply the experimental results would have a surface temperature 
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of 50 K and a high radiation flux. Europa is signiticaiitly warmer than 50 K, but it is in a 

strong radiation environment. However, the observations J made were at the limits of the 

telescope's capabilities. As observing limits increase, the model will be applied to other 

bodies in the solar system. 

4.7.1 The Spectral Changes Applied to Europa 

In the experiments, the changes in the 1.65 /.m feature in the 70, 100, and 125 K exper

iments are very subtle and may not be detectable in these observations. In fact, at the 

peak temperature at the equator of 132 K, the water will crystallize on a timescale of 10"'' 

seconds. At temperatures near 125 K the 1.65 fim feature might get stronger. Also, the 

1.5 (ixn might grow stronger and sharper. However, the 1.5 //m feature is right on the edge 

of the filter width, so it was difficult to determine whether or not it is sharp. The 2 iim 

feature might be shifted to a shorter wavelength, but that wavelength was not observed in 

this project. The main differences between the experiment and Europa are the thickness 

of the Europan ice and the presence of particles other than protons. 

4.7.2 MARLOWE Applied to Europa 

The results from MARLOWE predict the most damage was done on Europa due to the 

high radiation environment. However, the model doesn't show how infrared spectra are 

affected. Also, the radiation used in the model was a disk averaged flux, so this would not 

account for variations across surface. Again the results from MARLOWE are a minimum 

estimate because I did not include electrons, ions, and very high energy particles. 

The model also shows that the damage probably occurs deep enough to be detected. 

4.7.3 The Physical Model Applied to Europa 

If radiation is breaking bonds on Europa, then the spectra might look like that of amor

phous ice. However, the surface of Europa is warm enough that the spectral observations 

are not conclusive. Again, that is assuming that 0"+ would not change the temperature 

dependence of the spectral changes. Also, the heavier ions might be more effective at 
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creating chemical compounds that lock up hydrogen and oxygen and prevent the ice from 

crystallizing. To figure this out, I would want to know production rates of new com

pounds, and how those compounds also affect the spectra. 

However, assuming that I am correct in my interpretation of the NIMS spectra and 

that there is a mixture of amorphous and crystalline ices then 1) radiation must be the 

cause 2) the spectral features are affected in ways different than in the experiment and at 

different temperatures. 
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CHAPTEES 

Synthesis 

5.1 Introduction 

Infrared detection of water ice phase can reveal the temperature and radiation history of 

a surface. I have shown that this system is complicated, but have developed a method to 

apply this model to specific environments. 

5.2 Results of the Project 

I have presented the first experimental results showing temperature dependent amorphiza-

tion of water ice in the 1-2 region. I have also presented the first simulation of the 

amorphization of water ice. Combining these two studies together, I have determined that 

removal of atoms from lattice sites is an efficient method to create the changes in seen in 

the infrared spectrum, as this breaks 0-H and hydrogen bonds. I have also presented the 

first ground based disk resolved spectra of Europa. I have shown that the 1.65 (^m feature 

varies in strength over the surface. This likely shows a variation in crystalline content of 

the water ice on the surface of Europa. 

5.3 Open Issues 

I was unable to simulate the actual cause of the temperature dependence of the amor

phization process in the experiment. I have postulated that this is due to the reformation 

of 0-H and hydrogen bonds, but was unable to model this. I also did not simulate the 

chemistry involved in irradiation of ices. This is likely to have a distinct affect on the 

infrared spectrom, 
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5.4 Application 

'ITiis model is best applied to very cold, less then 50 K, bodies that contain water ice in 

the solar system. This would include Kuiper Belt Objects and long period comets. The 

satellites of Saturn, Uranus, and Neptune should be colder on average than the Galilean 

satellites. However, ground based observations of their spectra appear predominantly 

crystalline (Grundy et a!., 1999) so perhaps their radiation environments are not as ex

treme. 
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APPENDIX A 

Detailed Description of Experiments 

A.l Reduction of Spectra 

All spectra were collected by the OPUS software package supplied by the Bruker com

pany to work with their spectrometer. They were therefore in a proprietary format. To 

be able to analyze the data with other software packages, I converted the spectra to .spc 

format, the main format of the GRAMS software package, and also to raw text. Within 

OPUS, each spectrum ratioed to a background taken at the deposition temperature. 

A.1.1 GRAMS 

Each experiment produced a set of infrared spectra in Absorbance. We analyzed the 

spectra both in Absorbance. Each sample spectrum was trimmed to the range of 4500 

8000 cm~^ (1,25-2.5 jttm) and smoothed using a 77 point (the width of the 1.65 nm peak) 

Savitsky Golay algorithm. The spectrum was tlien baselined and offset to zero. We then 

fit Gaussian peaks to each peak in the spectrum. The noisiest spectra were fit with a 

minimum of 4 peaks. Some were fit with up to 9 peaks. 

Figure A.l is a plot of peak centers with temperature and phase. The centers of each 

peak are distinct between the two phases of crystalline ice. The amorphous peaks centers 

are at shorter wavelength than crystalline ice. Also, the peak centers in the amorphous 

phase are independent of temperature, while the peak centers in crystalline ice are temper

ature dependent. As the temperature increase, the centers of ciystalline ice shift toward 

shorter wavelengths, similar to amorphous ice. 

The problem with using the gaussian fits was that the distinctive shapes of the water ice 

features deviate strongly from a gaussian. The most distinct problem was that the gaussian 

fit almost always did not include the height of the 1.65 pim feature. Since this features 
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Figure A.l: This figure depicts measurements of band centers by gaussian fit for all im-
iiTadiated samples. The crystalline centers are at longer wavelength. 
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height is the main focus of the experiment, I had to change ray method in measuring the 

peak height. 

A.1.2 Iraf 

Without access to the GRAMS software, I used the free software package IRAF to further 

analyze the data. To measure peak height and center 1 examined each spectrum using 

implot. I zoomed into the range of the feature and decided what range of values was 

included at the top of the peak. I then ran the software package imstatistics on that range to 

give rae a value of the peak height. This also included a standard deviation measurement 

of the height. 

The other advantage of using IRAF was the improved continuum correction. The con

tinuum correction in GRAMS connects straight line segments. The ttinction continuum 

in IRAF fits a smooth function to the continuum. 

A.2 The Experiments 

A.2.1 Non-Irradiated Experiments 

Water-9 

This experiment was deposited at 50 K. I then slowly heated the sample and took spectra 

at many different temperatures. Figure shows a sample of spectra of amorphous water 

ice from the experiment. The spectra change only slightly with temperature. The main 

difference is the 2.7 /.tm feature which is strongest at low temperatures. Figure depicts 

the crystalline spectra at a variety of temperatures. At this scale there is no significant 

change in the specti:a with temperature except for the shape of the shoulders of the 3 

fim fundamental. Figure zooms in to the wavelength range from 1.2 to 2.4 fim of the 

amorphous spectra. The only change in this range with temperature except for the 2 /im 

band. It is stronger at low temperatures. Note how noisy the region around the 1.5 //,m 

band is. Figure is a zoomed in figure of the crystalline spectra. The most distinctive 

change is in the 1.65 /im feature. There are slight changes in the shape of the 1.5 and 2 
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Watcr-12 

In this experiment, I deposited the sample at 160 K. Therefore, the initial sample spectrum 

is crystalline, and there is no amorphous spectrum from this experiment. I chose this high 

temperature deposition to avoid the scattering that makes the spectra noisy. The 3 /im 

fundamental broadens and shifts to longer wavelength as the temperature increases. The 

2 i.m feature is temperature dependent, shifting to longer wavelengths with temperature. 

The 1.65 pim feature is strongly dependent on temperature, it is strongest at low temper

ature. The 1.56 jUm feature weakens strongly with temperature. The 1.48 /im feature 

decreases in strength as temperature increases. 

Water-18 

In this experiment, I deposited the sample at 20 K. This experiment focused on the amor

phous phase of water ice. The most distinctive feature is at 2.7 /um, and is strongest at 

low temperatures. The region from 1.5 to 2 /im is too noisy to distinguish any changes 

with temperature. 

Water-21 

In this experiment I deposited the sample at 9 K. The most distinctive feature is the 2.7 //m 

feature which is strongest at low temperature. The region from 1.5 to 2 nm is too noisy 

to distinguish any changes with temperature in the amorphous or crystalline spectra. The 

1.65 /im feature is strongest in the 9 K spectrum. 

Water-25 

In this experiment I deposited the sample at 90 K. 
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A.2.2 Irradiated Experiments 

Water-10 

In this experiment, I deposited the sample at 50 K, heated it to 155 K, cooled it back down 

to 50 K, and in-adiated it a dose of 3 eV/molecule. One thing to note is that the 2.7 fim 

feature indicative of amorphous ice are not created by irradiation. 

Water-11 

In this experiment. I deposited the sample at 50 K, heated it to 155 K, cooled it to 9 K, 

and irradiated it to a dose of 3 eV/molecule. The 4.25 //m feature persists throughout 

all of the iiradiated spectra, Another feature appears at 3.5 /iro. It is strongest in the 2 

eV/molecule and then goes down a little bit in the 3 eV/molecule spectrum. The feature in 

amoiphous at 2.7 /im is not reproduced by irradiation. The 3 eV/molecule dose spectrum 

looks slightly shifted to shorter wavelength in 2 (j,m. The 1.65 /xm feature generally gets 

smaller witli dose. However, there are cases where the feature is larger with greater dose, 

as in the spectra at 1 and 2 eV/molecule. The feature also does not completely disappear. 

The spectra are quite noisy in this region. 

Water-12 

This experiment was deposited at 50 K, heated to 155, and then cooled to 30 K for iixadi-

ation up to 3 eV/molecule. The feature at 4.25 /i,m seems to continue through all spectra. 

A small feature appears near 3.5 ^um in the irradiated spectra. The feature is not in the 

crystalline or amorphous spectra, so is likely to be a radiation product. The 2.6 jum amor

phous ice feature does not appear in the crystalline or in-adiated spectra. The 2 /xm feature 

appears shifted toward shorter wavelengths, similar to that of amorphous in the 2 and 3 

eV/molecule dose spectra. The irradiated spectra show a slow shift to shorter wavelength 

of the 2 ij,m feature with dose, although the feature is reduced in strength. The spectra are 

veiy noisy neai: the 1.5 and 1,65 /im features. However, one can clearly see the reduction 

in strength of the 1.65 feature witli dose. Also the feature near 1.55 /im also appears to 

lose strength with dose, but it is hard to be certain with the noise. 
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Water-14 

This experiment was deposited at 160 K and then cooled to 30 K for irradiation. There

fore, there is no amorphous spectrum for comparison. The feature at 4.25 is strongest in 

the 5 eV/molecule dose spectrum. It is just barely detectable in the other spectra. The 

feature near 3.5 /im, definitely develops with dose, but does not seem to change once a 

certain strength is reached. This feature might be related to a small crystalline feature at 

slightly longer wavelength that is not seen in the irradiated spectra. Another feature is 

produced at 2.35 /.im by irradiation and not seen in the crystalline spectrum. The 2 /im 

feature clearly shifts to shorter wavelengtli with irradiation. The 1.65,1.55, and 1.35 //in 

features all decrease in strength and shift to shorter wavelength with dose. 

Water-15 

This experiment was deposited at 160 K, cooled to 50 K, and iixadiated to a dose of 14 

eV/molecule. The 4.25 i.m feature is not appai'ent in the crystalline spectrum, but appears 

in the irradiated specti'a. There is a feature at 4.1 /um that appeiirs in all spectra. There 

is also a feature at 3.6 (Um that appears in all spectra. There is a feature at 3.4 //m that 

is very subtle in the crystalline spectram, and grows stronger in the irradiated spectra. 

There are features at 2.3 and 2.5 jim that appear to shift to longer wavelengths with dose. 

A feature at 2.1 fim is not in the crystalline spectrum, but appears in the irradiated spectra. 

The 2 jum feature in the crystalline spectrum has a sharp feature near 2.1 fxin. The 2 nm 

feature gets broader and smaller with dose. The 1.65 //m feature is very tall and sharp 

in the crystalline spectrum, and loses strength in the irradiated spectra. However, there is 

not a slow progression with dose, it looks like the feature reduces in strength to a certain 

level and does not change. The crystalline spectrum has sharp features at 1.5 and 1.57 

lj,m. Both features lose strength with dose, and the 1.57 f.im feature is shifted to shorter 

wavelength. These two features seem to change immediately, and then stay the same as 

the dose increases. 
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Water-16 

This experiment was deposited at 50 K, heated to 160 K, cooled to 50 K, and then ir

radiated up to 12 eV/molecule. The 4.25 /im feature persists through all of the spectra. 

The 3.5 fim featiire is not in the amorphous or crystalline spectrutn, but it develops in the 

irradiated spectra. The 2.7 /um feature is in the amorphous spectrum but not in the other 

spectra. The 2 feature is shifted to shorter wavelength in the amorphous spectrum and 

shifted to longer wavelength in the crystalline spectrum. The 2 jim feature in tlie in'adi-

ated spectra is shifted to slightly shorter wavelengths. Tlie 1.65 fim feature is strongest in 

the crystalline feature and almost non-existent in the amorphous spectrum. The 1.65 /itn 

feature gets slowly weaker with dose. The 1.57 /im feature is strongest in tlie crystalline 

spectrum and weakest in the amorphous spectiiim. The spectra are two noisy to determine 

any changes in the irradiated spectra. The 1.5 feature is too noisy to determine any 

changes. 

Water-17 

This experiment was deposited at 70 K, heated to 160 K, cooled to 70 K, and irradiated to a 

dose of 14 eV/molecule. The 4.25 /xm feature is in all of the spectra. The 3.5 fjm spectrum 

is absent from the amorphous and crystalline spectra, but appears in the irradiated spectra. 

The 2.7 /im feature appears only in the amorphous spectrum. The 2 /j,m feature is shifted 

to shorter wavelength in the amorphous spectrum. In the crystalline spectrum, the 2 /xm 

feature is shifted to longer wavelengths. The 2 /mi feature in the irradiated spectra is 

weaker than the crystalline spectrum, and shifted slightly to shorter wavelength. The 1.65 

fxm feature is not seen in the amorphous spectrum. There is no change in strength of 

the 1.65 /im feature from the crystalline spectrum to the irradiated spectra. The 1.55 /im 

feature is weak in the amorphous spectj-um and strong in the crystalline spectnim. The 

spectra are too noisy in the irradiated spectra than to determine any change of the 1.55 

jj,m band with dose. The J .5 /im feature is in all spectra and are two noisy to distinguish 

any changes between them. 
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Watei^l.9 

This experiment was deposited at 100 K, heated to 160 K, cooled to 100 K, then irradi

ated to a dose of 6 eV/molecule. The experiment was aborted due to a power outage. The 

spectra are at a much longer wavelength range than tlie other spectra. The 19 /im feature 

is strongest in the amorphous spectrum. The same feature is shifted to 18 /jim in the crys

talline and irradiated spectra. There is no appreciable difference between the crystalline 

and irradiated spectra. The 9.5 /xm feature is in the amorphous spectrum and in none of 

the others. The features at 6 and 8 f.m are the same in all spectra. The 4.25 /um feature 

exists in all spectra. The 4.1 i.m feature is not in the amorphous spectrum, but it is in all 

of the other spectra with no noticeable change with dose. The 2.7 fim feature is only in 

the amojphous spectrum. The 2.4 i.im feature appears only in the amoiphous spectrum. 

Features at 2.5 and 2.2 fj,m are in the crystalline and irradiated spectra. The 2 (.m fea

ture is strongest and shifted to shorter wavelength. The 2 /y,m feature is shifted to longer 

wavelength in the crystalline and iradiated spectra. The 2 //m feature loses strength with 

dose. The 1.72 jum feature is only in the amoiphous spectrum. The crystalline spectra has 

features in 1.68 and 1.76 jum. Those features exist in the irradiated spectra, and they shift 

to longer wavelength with dose. The 1.65 //m feature exists in the amorphous spectrum, 

but is very weak. The 1.65 /xm feature is stronger than the amorphous feature, but it seems 

to grow stronger with dose. Tlie 1.55 nm feature is weakest in the amorphous spectrum, 

stionger in the crystalline spectrum, and grew stronger with dose. The 1.5 /im feature is 

shifted to shorter wavelength in the amorphous spectrum. It is at longer wavelength in the 

crystalline spectrum, and appears to grow stronger with dose. 

Water-20 

This experiment is a continuation of experiment water-19. This experiment was deposited 

at 100 K, heated to 160 K, cooled to 100 K, then iiTadiated to 14 eV/molecule. The 4.25 

fixn feature appears in all spectra and seem to be unaffected by dose. Tfie feature at 

4.1 fxm is not in the amorphous spectrum, but is present in all other specti'a, but is not 

affected by dose. The 2.7 /im feature appears only in the amorphous spectrum. The 
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2.4 fim feature exists only in the amorphous spectrum. '^The features at 2.3 and 2.5 f.m 

are in the crystalline and irradiated specti'a. They look like they get weaker with dose, 

but the change is very subtle. The 2 /.m feature is shifted to shorter wavelength and is 

stronger in the amoiphous spectrum. It is shifted to longer wavelength and loses strength 

and shifts to shorter wavelength with dose. The 1.7 /.m feature is only in the amorphous 

spectrum. Features at 1.6 and 1.8 are in the ciystalline spectra and they shift to longer 

wavelength with dose. The 1.65 pm feature is not in the amorphous spectrum and is 

the same strength in the crystalline and irradiated spectra. The 1.55 /im feature is very 

small in the amoiphous spectrum and close to the same value in crystalline and irradiated 

spectra, The 1.5 yuni feature is shifted to shorter wavelength in the amorphous spectnim 

and appears to grow in strength with dose. 

Water--22 

This experiment involved depositing the water ice at 9 K, heating to 160 K, cooling back 

to 9 K, and irradiated to a dose of 14 eV/molecule. The 4.25 feature is in all of the spectra, 

but that region is very noisy, so no changes are detectable. There is a feature of at 2.8 fim 

that appears only in the irradiated spectra and gets stronger with dose. The 2.7 fim feature 

is only in the amorphous spectrum. The region around the 2 jum feature is very noisy, 

but changes are just detectable. The 2 fxm feature is shifted to shorter wavelength in the 

amorphous spectrum, and shifted to longer wavelength in the crystalline spectrum. The 

2 fxm feature loses strength and shifts to shorter wavelength with dose. The 1.65 jim is 

only detectable in the crystalline spectrum, and the feature is very weak, barely detectable 

above the noise. The 1.55 /mi feature is much too noisy to see, as is the 1.5 j.m feature. 

Water-23 

In this experiment, 1 deposited the water ice at 25 K, heated to 160 K, cooled to 25 K, then 

irradiated to a dose of 14 eV/molecule. The 4.25 /mi feature is in the irradiated spectra. 

It is harder to see in the amorphous and crystalline spectra. That region is very noisy. 

The 2.8 /im feature is in the crystalline spectrum and gets stronger with dose. The 2.7 
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fim feature is only in the amorphous spectmm. The 2 fim feature is stronger and shifted 

to short wavelength. The 2 i.m feature is shifted to longer wavelength in the crystalline 

spectrum, and shifts to shorter wavelength and loses strength with dose. The 1.65 f/m 

peak is only detectable in tlie crystalline spectrum, and is barely above the noise. The 

1.55 fj,m feature is way too noisy to see in differences in the spectra. The 1.5 /ira feature 

looks like it is the strongest in the amorphous spectrum, and look the same in tlie rest of 

the spectra. 

Watei^24 

In this experiment I deposited the water at 125 K, heated it up to 160 K, cooled it to 

125 K, then irradiated it to a dose of 14 eV/molecule. I am not completely positive that 

the amorphous spectrum is 100 % amorphous. It is possible that some of the sample 

crystallized during deposition at 125 K. The 4,1 jum feature appears in the amorphous 

spectrum and the crystalline spectrum, and it seems unchanged by dose. The 4.25 /ixm 

feature is in the amorphous spectrum, but not in the crystalline spectrum, and seems to 

grow with dose. The features at 2.3 and 2.5 /.im appear in all spectrum and are unchanged 

by dose. The 1.65 yum feature is stronger in the amorphous spectrum than in the crystalline 

spectrum, and appears to grow stronger with dose. The 1.55 iim feature looks similar in 

all spectra. The 1.5 /an feature is strongest in the amorphous spectrum and weakest in the 

crystalline spectrum and grows stronger with dose. 

Water-26 

In this experiment, the sample was deposited at 40 K, heated to 160 K, cooled to 40 K, 

and irradiated to a dose of 14 eV/molecule. There are features at 4.25 /im in all of the 

spectra and there are no detectable changes in dose. A very small feature appears at 3.5 

l.m only in the iiTadiated spectra. It is not in the amorphous or crystalline spectra. There 

is a feature at 2.7 jj.m in the amotphous spectmm but in no others. There is a feature at 2 

that is shifted to shorter wavelength in the amorphous spectrum and shifted to longer 

wavelength in the crystalline and irradiated spectra. The feature seems to decrease a little 
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bit in strength with dose. The L65 fmi is strongest in the crystalline spectrum and not 

in the amorphous spectrum. In the irradiated spectra the feature is reduced in strength, 

but there is only a small change with dose. The feature reduces to a certain strength with 

dose and stays there for the duration. The 1,57 /xm feature is weakest in the amorphous 

spectrum, strongest in the crystalline spectrum, and loses strength witli dose. The 1.5 /im 

feature is in all spectra and is independent of phase or dose. 
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APPENDIX B 

Working With MARLOWE 

B.l Theory 

B.1.1 Radiation Cascade 

There are four types of collision interactions for a primary A with tai'get B: simple colli

sion where A hits B, A and B move away on different paths; excited species where A hits 

B, A moves away, B is excited to a higher energy level and moves away; ionization where 

A hits B, A moves away, B loses an electron, both B+ and e move away; and nuclear re

action where A hits B, A moves away, B breaks into C and D and releases energy. In the 

case of excited species B can suddenly release its excess energy at any time as it returns 

to its ground state energy, often during a subsequent collision. 

Collisions not only change the positions of target particles, but can also produce new 

types. Fast moving heavy particles can produce; fast moving secondaries, electrons, 

or photons. Nuclear reactions produce; high energy photons, x-rays, or gamma rays. 

Another result of particle collisions is that as particles are displaced in the surface, the 

overall surface becomes brittle. 

For example, let us consider a beam of particles of intensity I: 

Ii{p,z)d^p (B.l) 

describes the intensity of each particle type i with momenta between p and p+dp at depth 

z. Changes in intensity are controlled by the following: 

AJ(p) = ~-LoBfi{'p p') + Gain{p" p) + Sources (B.2) 

That is, change in intensity is due to slow down of some particles (p—>p) acceleration of 

other particles (p-»p) and other sources (ionization, excitation, etc). 
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The Transport Equation includes the processes that effect the intensity: 

cos9-^{p, z) = - J {li{p, z)u)i(j},p') - liip', z)ujiip\p)](fp' + Liip, z) (B.3) 

where cos0 accounts for angle of attack, the portion behind the integral accounts for 

change in momenta, and the function L accounts for all other sources. 

To better consider changes in momentum consider w the probability per unit path 

length of a particle of type i to change momentum. Empirical measurements have shown 

that L and w are proportional to target number density. This results in our first collision 

cross section: 

where riT is the number of targets per unit volume. 

The electronic stopping power is considered as a drag force on charged particles by 

the target material: 

energy loss per unit path length for an atom of type i and momentum p moving through 

the atomic electrons (dE/ds). 

B.1.2 Cross Sections 

Consider two classes of collisions: elastic and inelastic (Johnson, 1982). In elastic col

lisions the particles collide and only the direction and speed of the particles changes. In 

the case of inelastic collisions, the particles collide and both motion and internal energy 

changes. 

In studying atomic collisions we consider a cross section, which is an effective area 

of the colliding particles. The cross section is generally larger than the actual particle 

as the forces encountered by colliding particles extend beyond the actual radius of the 

particle. The following is a thought experiment used to detennine what forces should be 

u j ip ,p ' ) ( fp /nT  (B.4) 

(B.5) 
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considered when calculating a particles cross section. For now we can assume a total 

cross section that includes all of these forces. 

Consider a beam of particles (I) hitting a target of thickness X. The beam is of unifonn 

energy and particle type, the target is homogeneous and cold that is, it has veiy little 

internal motion. The particles in the beam are either scattered (deflected and slowed) 

by target atoms or pass through unaffected. For now, we will ignore changes in internal 

energy, that is, the inelastic effects. Placing a detector on the far side of the set-up we can 

measure the particles that are unaffected by the target: 

AI = -'anJ{X)AX (B.6) 

That is, the change in I is a function of the change in thickness, AX,  the intensity I(X), 

the atomic density of the target n, and the total collision cross section, a. 

For small AX the equation simplifies to: 

J(X) = I{0)exp[-'anX] (B.7) 

Again, a measures the ability of the target to deflect the particles of the beam. If (nX) is 

the average cross section of the target in the path of the beam, then anX is the probability 

of deflection of a beam particle, a is a function of the energy of the incoming ions. 

We also consider collisions in context of the mean free path: 

= na (B.8) 

The mean free path is the average distance the particle can travel before hitting a tar

get atom, is the probability of collision per unit path length traveled. The target is 

considered thin if X << A. The collision frequency p is a function of mean free path; 

u = (B.9) 

where v is the relative collision velocity of the beam particles. The intensity of beam 

decreases exponentially with depth. 
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B.1.3 Inelastic Cross Section 

The previous tliought experiment only considered elastic collisions, it ignored the internal 

energetic changes in the particle or target atoms, focusing on only changes in kinetic 

energy. To detect these kinds of interactions one needs a very thin target because you 

only want single collisions. An example of the charge transfer reaction is: 

+ + (B.IO) 

where an electron shifts from the target atom B to the beam particle A. The rate production 

of target particles B'^' is given by: 

^ = aA+B^.AB+nBlA+^XA (B.ll) 

where A is the target area in-adiated by beam, UB^XA is the number of atoms in target 

area, and aA+B~>AB-\- is the inelastic cross section for that particular reaction, defined as: 

_ Numberofcollisionsperunittimeresultinginelectroncapture 
0'A+B-^AB+ = 

I ncidentintensity 
(B.12) 

If: 

NB+ = ns+AXA (B.1.3) 

then: 

—^•=CrA-i.B-4AB-^1'^B^A+ (B.14) 

eliminating the thickness of the target and the area of the beam. 

To calculate the complete inelastic cross section we must consider all possible prod

ucts: 

^ (B.15) 
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If we relate the production of scattered particles to loss of beam intensity: 

^ = •~AJ.4 {B.16) 
at 

We can define the total inelastic cross section: 

from AJ = —aAsnsH^)'^^ ^ — (Sj A we get: 

o-^+B - (B. 17) 
i 

summing over all possible reactions. To consider the amount of damage done by inelastic 

effects, we integrate Equation. B.14 to get the fraction of unaffected material at time t; 

(^A+B ~ O'A+B-^i (B.18) 
i 

B.2 The High Energy Problem 

MARLOWE was designed to model collisions in the low energy range, up to 100 eV/amu. 

Theoretical calculations for elastic stopping do not change significantly with increase in 

energy until about 10^ eV where proton-proton interactions begin to occur. However, 

inelastic energy loss is strongly energy dependent. MARLOWE was therefore modified 

to appropriately calculate inelastic energy loss up to 10^ eV. 

Very high energy use Bethe-Bom Give equation and electrostatic units Low energy 

not so good. Use coefficients for empirically derived equations. H, and H hitting other 

atoms is good, but O not good. He has own coefficients, but may be difficult to implement. 

May be best to skip middle range, but who knows, small range where energy is not good. 

For very high energy ions (> MeV), the Bethe stopping formalism describes inelastic 

energy loss (Ziegler, 1980) 

4ireHZ!)Z2 
(B.19) 

where Sg is the electronic stopping, e is the charge of the electron in electrostats (4.8057 

X 10""^® esu), Z* is the effective charge of the ion, Z2 is the atomic number of the target 
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atom, me is the mass of an electron, v is the velocity of the ion, is the ionization 

potential, is the ratio of the ion velocity to the speed of light (v/c), and C/Zg is the shell 

coiTcction. The units for this equation are electrostatic: ergs-cm^, ergs are converted to 

eV for convenience. 

The effective charge of the ion is considered theoretically as the charge of an ion that 

has been partially stripped but also involves shielding by the electrons in the target and its 

on wake. The extreme assumption is that all electrons that have an orbital velocity below 

that of the ion have been stripped. However, it is thought that the effective charge of a 

heavy ion is related to charge of a proton (assumed to be unity) in the following way: 

where is the effective charge of a heavy ion, is the effective charge of a Hydro

gen ion, Sfif is the stopping of the heavy ion and is the stopping of Hydrogen. The 

stopping measurements can be made experimentally and the effective charge of the heavy 

ion can then be calculated. Since this work will mostly concern the collision of Hydro

gen ions with other atoms, we have assumed that effective charges are equal to atomic 

numbers for all atoms in the model. 

The ionization potential, < / >, is theoretically defined as the sum of the energies 

produced by all possible transitions in the target atom, or: 

where E„ is the transition energy and fn is the corresponding oscillator strength for the 

target atom. Values for the atoms used in this experiment where taken from (Ziegler, 

1980). 

The shell correction adjusts the stopping for interactions of the ion with inner shell 

electrons of the target that have velocities equal to or greater than the ion velocity. The 

coirection goes to zero above 50 MeV (Andersen and Ziegler, 1977). Shell coirections 

have been calculated for several target atoms, and can be given by: 

(B.20) 

In < I >— 53 fnlnEn (B.21) 
n 
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£ 
^2 

(la + (iilnE + a'iilnEf + a${lnE)^ 4- a4{lnE)^ (B.22) 

where E is the energy of the ion in keV/amy, and ao~4 are empirically derived coefficients. 

Coefficients for the atoms used in the model were found in (Andersen and Ziegler, 1977) 

B.3 FM»g MARLOWE 

Since the newloss method only covers the energy range from l~100eV/amu and the Bethe 

method applies only above IMeV, we still need something to cover the range in between. 

There is not theory to cover this range. However, Andersen et al derived the stopping of 

Hydrogen in different materials from experimental results (Andersen and Ziegler, 1977). 

The experiments exhibit three distinct ranges of energy dependence for stopping: low 

energy 1-10 keV, middle energy 10-999 keV, and high energy 1000-100,000 keV. These 

three ranges are given by the following equations: 

Range 1 

S = (B.23) 

Range 2 

Si,ow = 1O.45 (B.24) 

SfHGH = 1 + 1 4" A^E (B.25) 

Range3 

S 
+ 

''man S. WW 
(B.26) 

'/32 
/ A-rP-

S=0 
(B.27) 

where s is the slopping for all ranges in eV/lO^® atoms/cm®, E is the energy of the ion in 

keV/amu, is the ratio of the ion velocity to the speed of light, and Al-12 are coefficients 
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derived from experiraental measurements. Figure ## shows the results from calculating 

the impact of an H ion into an H target, using this method and the Bora method. Both 

methods agree very well. However, there is some divergence with the experimentally 

derived coefficients for H hitting He and O and the Bom method. There are coefficients 

available for collisions between Helium Ions and Hydrogen and Oxygen targets, but no 

coefficients for Oxygen ions. For the purpose of our work we will be working primarily 

with Hydrogen ions, and the energy difference is small. During a collision cascade liber

ated Oxygen atoms will collide with other atoms in the target, the behavior of these atoms 

at high energy will be poorly modeled. 

B.4 Rad 

To simulate radiation damage occurring at the same time as crystallization we wrote a 

computer program that would run MARLOWE and keep track of the accumulation of 

empty lattice site with time, Rad was originally written in PERL because its predom

inant function was to parse the output file produced by MARLOWE. However, as we 

considered the crystallization of ice with time, we realized that rads computational ability 

needed to be improved. It was therefore re-written in C++. 

B.4.1 Energy Spectrum Iiitegration 

To integrate over the flux of particles, I used the Numerical Recipes Routine, qromb (Press 

et al, 1992). This program uses k successive refinements of the trapezoidal program, 

trapzd, to integrate a given set of data. Depending on the data set I used k values from 5 

to 21.1 also used the interpolator program polint on the data set (Press et al, 1992). This 

filled in the points between the data points to result in a better curve for the integration 

program. The program polint fits a polynomial to two data points and then performs 

recursive checks with new points and polynomials to ensure a smooth function. 

The raw data of particle flux was kindly provided by Cooper et al. (2001). The data 

provided was in energy in units of MeV/nucleon and differential flux in units of ions/cm' 

s sr / MeV/nucleon. Using qromb and polint to integrate over the data set results in a 
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flux value iti units of ions/cm^ s sr. 1 then multiply this value with the area of the target 

surface (?) and the solid angle that the primaries are coming from; between 20 and 80 

degreCvS, 1.5321 tt. This results in the number of ions per second. This will be the rate at 

which I generate primary ions in per 1 s timestep in the code. 

To randomize the energy distribution I again integrate over the flux data set, However 

this time, I integrate from 0 to each point in the data. I take that result and divide it by the 

integral of the total data set. The result is the fraction of the total data set with energy. I 

then use a random number generator, rand, to generate a number between 0 and 1 (Press 

et al, 1992). This number is then correlated to the appropriate energy value and that 

energy is used to generate a primary ion. 

Thanks to Jason for help with this code problem. 

B.4.2 Recrystallization 

To simulate simultaneous radiation and crystallization, I wrote a program called rad that 

would generate primary ions to damage the target and also crystallize the target. It works 

as a front end for MARLOWE. Since the crystallization process is so strongly time de

pendent, I created a program object named clock to keep track of time in the simulation. 

Rads procedure is as follows. First, rad generates an input file for MARLOWE. Within 

that input jRle it calculates a number of ions and their energies for the specific radiation 

environment and length of timestep, using the results from integrating and interpolating 

the flux data set. Rad then has MARLOWE run the input file and reads the locations of 

empty lattice sites from MARLOWEs output file. It calculates the volume of the dam

aged area by multiplying the number of vacant lattice sites times the volume of the unit 

lattice, assuming that the unit lattice size is the distance that a vacancy is "felt" by the 

crystal. With that volume, it calculates the number of sites tliat should have been filled 

volume, and fills the appropriate amount. Rad then prepares a new input file for Marlowe, 

including the empty lattice sites as initial voids in the target. This process is repeated for 

a given timescale. The volume fraction of crystallization is strongly dependent on time, 

so it is re-calculated at each time step using tiine since tO. 

Thanks to Ross for help developing this code 
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APPENDIX C 

Observing Data Collection & Reduction 

C.l Observing Procedure 

C.l.l Imaging 

I used the naiTow camera for imaging. The command bxy3 moves the image to three 

locations on the chip. The lower left hand comer of the chip is known to be less efficient 

than the other sections. This command avoids that section. Also, for bright objects, the 

chip can hold charge from the last exposure. Therefore, subsequent exposures are taken 

on other sections of the chip so that the chip has time to discharge. 

I first centered the object in the camera and then took a test exposure to make sure I 

would not saturate the chip. This is how I settled on an exposure time for each image. For 

very bright objects, I used the command subc to subarray the sampling of the image. The 

command bxy3 had to be adjusted for subarrayed objects because the size of the image 

had changed. 

C.1.2 Spectroscopy 

I used the wide camera with the lowres giism for spectroscopy. To get the full range of 

wavelength on the chip we had to move the camera slit geometry based on what filter 

we used. The function slitcol controlled this feature, and had to be used every time we 

changed to a different filter. 

Once the grism and filter were in place I would position the slit in the center the slit 

on the object. I would then do a test exposure to check for saturation. 

I tried taking exposures with dithering, but this involved moving the telescope a lot and 

that would make the AO system lose its lock. However, the wide camera left a lot of room 

above and below the spectrum for background subtraction, so I abandoned dithering. I 
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also tried to step the telescope along the surface of the object but tlmt also lost ao lock. 

I finally decide to move the slit across the object. Tliis was a simple and easy process 

at tlie telescope, but led to difficulty in data reduction, in that the wavelength calibration 

changed for every image. 

C.2 Reduction Procedure 

C.2.1 Basic Reduction 

My basic reduction was based on methods described in the iraf manual ccduser that can 

be found on the IRAF documentation page: http://iraf.noao.edu/docs/docmain.html. 

I followed the following steps in reducing all of my data: debias, dark con^ect, flatten, 

and correct bad pixels. Debiasing was accomplished by taking a 0 s exposure with the 

instrument. This bias frame was then subtracted from all images. 

Next, I wanted to correct for the dark current in all of the images. The general in

structions suggest combining all dark exposures into one image, then using the ccdproc 

package to subtract the appropriate amount of dark current from each image based on 

exposure time. However, this did not work, and I discovered that my dark exposures 

were not accumulating dark current linearly. I therefore had to divide all of the images 

into groups according to exposure time and then dark correct them with either a dark im

age of the appropriate exposure time, or one adjusted manually to match the measured 

accumulation in dark current. 

Then, I wanted to flatten the images. 1 combined all of my domeflats based on which 

filter they were taken in, and then divided all images by the appropriate filter flat. This 

produced a flat image that needed no further correction with skyflats. 

Finally, I corrected the images for bad pixels. This process was rather tedious because 

I manually built a bad pixel mask for the entire wide angle exposure. However, the final 

product looked very nice. 

http://iraf.noao.edu/docs/docmain.html
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C.2.2 Reduction of Spectra 

To reduce the spectra I used the iraf manual spect that can be found on tlie IRAF docu

mentation page: http://iraf.noao.edu/docs/docmain.html. 

1 first approached the problem of wavelength calibration. Since I moved the slit across 

the target, the calibration of each image would be shifted, To calibrate this, I took a series 

of long exposures each night with the grisro and filter in place where I stepped the slit 

across the image. Each image file has information in its header about the location of the 

slit during exposure. Once I was able to quantify the shifts in wavelength calibration with 

shift in slit location, I was able to groups files by slit location and apply the appropriate 

wavelength calibration. 

I used the skylines images to identify the known features in each filter from known 

Mauna Kea OH lines: 

http://www.jach.hawaii.edu/JACpublic/UKlRT/ instru-

ments/cgs4/maunakea/ohl ines .html. 

Special care had to be taken in assigning features since the wavelength increased 

from right to left on the image frame, with the dispersion axis along the columns of the 

image. That is changes in y are changes in distance along the object, and changes in x are 

changes in wavelength. The IRAF package identify was used to assign wavelength values 

to features in the skylines image. Then, re-identify was used to identify the features along 

the columns of the image, since the dispersion axis is not necessarily parallel to columns. 

Finally, the package dispcor was used to assign the wavelength calibration to all im

ages. 

The sky subtraction was performed using the iraf package background. I defined 

windows above and beiow the spectra to sample from. Background then fit a function 

through those windows and subtracted that value along each column. The images were 

mostly fit with a straight line of order 2. 

Usually, the next step is to extract a single spectrum from each image. Once, I define 

the size of tlie spectrum in y, the iraf function apall will trace the center of the profile along 

the dispersion and then extract a spectrum. However, Europa was not a point source, there 

http://iraf.noao.edu/docs/docmain.html


153 

was information in the y direction that I did not want to get rid of by extracting. That is, 

each image of spectra, represented the specti'a along a north-south line on Eiiropa that 

was one slit width wide. To create one disk averaged spectram I extracted spectra directly 

from the images and summed them together. 

C.2.3 Cubing 

To align the dispersion axis parallel to the columns of the image, I used the iraf package 

longlit. This uses the features identified in the wavelength calibration and traced along 

the y axis to determine how much the spectra are shifted from parallel to lines. Then the 

package transform applies a correction to the image, straightening all the spectra to be 

parallel to lines. 
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