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A b s t r a c t _____________________________________________

The universe is a vast chemical and physical factory consisting of large collections of stars, gas 

and dust. Energetic processing of ices and subsequent molecular synthesis in astrophysical 

environments, including icy Solar System bodies and grain mantles in the interstellar medium, 

are responsible for the observation of some of the molecular species found in space. Gas phase 

processes alone cannot explain the reaction mechanisms and the observed abundances of some 

of these molecules.

This thesis reviews the current state of knowledge on solid state molecular synthesis in 

astrophysical ices and highlights the relevance of this work to understanding the chemical 

origins of life. The nature and origin of astrophysical ices and their environments is discussed to 

provide a background for the design and implementation of a new apparatus built to simulate 

astrophysical environments. An outline is given of the relevant collisional and chemical 

processes associated with interactions between radiation and matter pertinent to astrochemistry, 

e.g. ion, photon and electron processing of ices.

A detailed description of the design and construction of the new apparatus is given and the 

theory and instrumentation in the spectroscopic techniques used are discussed. This is followed 

by a detailed explanation of the experimental procedures implemented at both ion and 

synchrotron radiation sources.

The first results of ion and photon irradiation of H2O and CO2 ices (both pure and binary) using 

this apparatus are presented and discussed in detail. Ion irradiation is carried out using both 

reactive and unreactive ions. Reactive carbon ion implantation in pure H2O is investigated and 

the production of CO  and CO2 monitored. Experiments involving both high (100 keV) and low 

(1 -5  keV) energy ion irradiation of mixed H2 0 :C02  ices are described and the production of 

H2CO3 (carbonic acid) and CO  investigated. The production of C O  and CO3 is described in UV 

irradiation experiments of mixed H2 0 :C02  ices. Particular attention is paid to the infrared band 

profile of CO  in each of the irradiation experiments. The C O  band profile shows a great degree 

of complexity, particularly in the carbon ion implantation experiments in H2O. Differences in 

the types and yields of molecular products formed and their infrared band profiles in ion and 

photon irradiated ices suggest different chemical and physical processes taking place.

Trial experiments of VUV synchrotron photoabsorption experiments of H2O and NH3 ices are 

also described. Results reveal a blueshift of 20 -  25 nm in the peak absorption of the first 

excited electronic state, observed in both species, and is attributed to the effect of hydrogen 

bonding.

The thesis ends with suggestions of the possible modifications to the apparatus and plans for 

future work.
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1In t r o d u c t io n

"Tiierc is a tlwory w hich  states tiuit if e t ’er anybody discovers exactly w h a t  tfw Universe  

IS for a n d  xvhy it is here, it w il l  instantly  d isa pp ear  a n d  he rephiced Iry som eth in g  cwen 

more bizarre a n d  inexplicable. Tlwre is a no th er  tlwory ivhich states th a t  this luis

already luippened."

'  Douglas Adam s, ( 1952  -  20 0 1 )

T his chapter contains the background and m otivation  for the work descr ib ed  in this thesis.

A n  inventory o f  the m o lecu les  observed  in the interstellar m ed ium  to date w ill be  g iv en  

w ith  particular em phasis on those found to be located  w ithin  icy  m antles. A n  outline o f  the 

nature o f  interstellar ices and the radiation environ m en ts in w h ich  they  are found w ill be 

g iv en  together w ith a descrip tion  o f  the radiation p ro cesses  that lead to the chem ica l 

treatm ent o f  the ices (and thus the form ation o f  new  m o lecu les ) .

1.1 In t r o d u c t io n

Since the beginning of time man has been fascinated with his origin and frequently 

turned his attention towards the heavens for inspiration, with the hope of finding 

answers to one of the most fundamental of all scientific and philosophical questions, 

""where did we come from ?'\ Over the past few decades scientists have increasingly 

turned their attention towards interstellar space and the solar system in search of 

answers to the now slightly rephrased question “where did the first molecular building 

blocks of life come from” and whether life exists elsewhere in the universe. It is not 

within the scope of this work to attempt to answer such profound questions, but it is 

with such questions in mind that this work has been inspired.
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Pervading the space between the stars is a medium composed of gas, dust particles, and 

magnetic fields. This is known as the interstellar medium (ISM) and accounts for about 

a tenth of the total mass of the galaxy. The ISM is inhomogeneous in composition and 

has local particle density variations. Agglomeration of dust and gas in some regions 

gives rise to 'clouds' which vary in size, density, composition, and temperature. There 

are regions of cool diffuse clouds, glowing ionised clouds surrounding young stars, dark 

nebulae, and dense molecular clouds that are associated with stellar breeding grounds. It 

is towards the latter that we shall turn our attention.

The dense molecular clouds are so-called because a large concentration of molecules 

(predominantly H2) have been observed in these regions. Within these clouds the dust 

particles are covered in icy mantles, as atoms and molecules from the gas phase ‘freeze 

out’ onto the cold (10 -  20 K) dust grains. Complex chemistry is associated with these 

interstellar ices, chemistry that must account for the rich variety of molecules that have 

been observed in these regions. It is from such a cloud that our Sun with its associated 

planets, moons, comets and asteroids, that we call the Solar System, was formed. One 

such cloud collapsed to form the protoplanetary disc within which our young star began 

to form, incorporating into it all the material, including molecular ices, that lay within 

the molecular cloud. Segregation of this material, rotating around the proto-Sun, into 

clumps of material called planitesimals subsequently led to the formation of the planets, 

satellites, asteroids and comets about 4.6 billion years ago.

Chemistry in the ISM is driven by a myriad of physical and chemical processes centred 

about the continuous cycle of stellar birth, evolution and death. Nucleosynthesis of 

elements taking place in stellar cores provides the building material for the production 

of elements such as C, N and O (and heavier elements such as Si, Mg and Fe) which in 

turn provide the ingredients for the formation of molecules. Much of the stellar matter is 

released in supemovae and stellar winds and is incorporated into clouds that form new 

stars in a constant cycling of elementary material. These elements subsequently 

combine to form molecules of varying complexity. Such processes may take place in (1) 

the gas phase by two body collisions such as ion-molecule or radical reactions (e.g. CO 

formation), or (2 ) be catalysed by surfaces in gas-grain interactions (e.g. H2 formation), 

or (3 ) occur in the solid phase on the surface of or in the bulk of icy mantles on dust 

grains located in the interstellar clouds. These processes are also stimulated by cosmic
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ray and UV radiation. It is towards the third scheme involving ice chemistry that the 

work described in this thesis is related.

Radiation driven chemistry in our solar system is the main subject of this work, as new 

molecules may be formed on the surfaces of ice-covered bodies in the outer solar 

system. As well as UV photolysis some of these processes are stimulated by cosmic 

rays, solar wind or the large variety of magnetospheric ions in environments that are 

unique from one region of the solar system to the next or specifically associated with a 

planet and its system of moons. Ices are abundant in the outer solar system bodies such 

as on the Galilean satellites, Europa, Ganymede and Callisto, in Satumian rings and 

satellites Rhea and Dione; on Neptune’s moon Triton; on Pluto and its solitary moon 

Charon, on Kuiper belt objects (KBOs) in the far reaches of the solar system and on 

comets.

1. L 1 Discovery and Observation of Molecules in Space

The first interstellar molecules to be discovered were radical species CH, OH, NH, CN 

and Cl (e.g. Swings & Rosenfeld, 1937). 30 years later formaldehyde (H2CO) (Snyder 

e ta l  1969) and ammonia (NH3) (Cheung et.al 1969) were discovered. Since then 

astronomical observations have revealed the existence of over 1 2 0  ̂ molecular species in 

the ISM and circumstellar envelopes (see Table 1-1).

The astrophysical observations of molecules in the ISM have been carried out using 

absorption or emission spectroscopy using ground or air-based observatories. Since the 

launch of the Infrared Space Observatory (ISO) in 1995 the complete infrared 

spectroscopic measurements in 2.5-200 pm range (outside the telluric windows) could 

be made. Most of the molecules detected in dense clouds were by observation of radio 

and millimetre regions of the electromagnetic spectrum where the vibrational and 

rotational frequencies of these molecules lie (see Chapter 2). Almost any organic 

molecule may be detected in this way. However interpretation of these spectra is not 

easy and there exist detection limits. The rich molecular diversity along a line of sight 

imposes problems in the identification of specific molecular transitions due to possible 

blending of a number of molecular lines. Thus laboratory simulations are used to 

facilitate interpretation of the data.

‘ as o f  April 2003, 123 molecules have been listed, A  regularly updated list o f  known molecules can be 
found on the internet at http://www.cv.nrao.edu/~awootten/allmols.html hosted by the National Radio 
Astronomy Observatory.

http://www.cv.nrao.edu/~awootten/allmols.html
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Table 1-1: Table of interstellar and circumstellar molecules discovered so f a r -  
updated April 2003, arranged according to the number of atoms (source: 

http://www.cv.nrao.edu/~awootten/allmols.html)

H2

AIF

A lC l

C2

CH

CH '

CN

CO

CO '

CP

CSi

HCl

KCl

NH

NO

N S

NaCl

OH

PN

SO

SO'

SiN

SiO

SiS

CS

HF

SH

FeO

O 3

C2H
C2O
C2S
CH2

H C N

H CO

H C O '

H C S'

HOC"

H2O
H 2 S

H N C

H N O

M gC N

M gN C

N 2 H '

N 2 0

N aC N

ocs
S02

c-SiCz

C02

NH2

H 3 ’

S iC N

A IN C

C-C3H

I-C3H

C3N

C3O

C3S

C2H2

CH2D' ?
H C C N

H C N H '

H N C O

H N C S

H O C O

H2CO
H2CN
H2CS
H3O'
NH3

SÎC3

Formic acid

6 7 8

C5H C(,H CH3C3N

I-H2C4 CH2CHCN HCOOCH3

C2H4 CH3C2H CH3COOH

CH3CN HC5N C7H

CH3NC NH2CH3 H2C6

CH3OH HCOCH3 CH2OHCHO

CH3SH C-C2H4O
/ '

HC3NH" CH2CHOH
\  /

HC2CHO

NH2CHO

CgN Glycolaldéhyde

9 11

CH3C4H

CH3CH2CN

HC9N

(€ 8 3 )2 0 12

CH3CH2OH

HC7N

CgH

benzene
b

10 13+

CH3C5N? H C uN

(C H 3)2C 0 PA H s

NH2CH2COOH ? Cw'

Glycine

Cyanopolyyne

The molecules observed are of varying sizes and complexities ranging from the simple 

diatomic molecules such as, for example, H2, OH and CO to complex organic molecules 

such as glycolaldéhyde (CH2OHCHO) (Hollis et.al. 2000) and the cyanopolyyne H C n N  

(Bell et.al. 1997), the latter being the largest molecule identified to date. The discovery 

of glycolaldéhyde in the giant molecular cloud Sagittarius 82, has caused a lot of 

excitement in the astrobiology community, owing to the fact that this molecule is the

http://www.cv.nrao.edu/~awootten/allmols.html
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simplest form of sugar, only a few steps away from the monosaccharides ribose and 

deoxyribose, the constituents of RNA and DNA respectively. A tentative suggestion 

that the amino acid glycine (NH2CH2COOH) may also be present in the ISM has been 

made (Sorrell, 1999; Ceccarelli et.al 2000). The observation of such complex organics 

(e.g. Miao et.al 1995) suggest that complex chemical processing must occur in the 

ISM. Part of the work in this thesis aims to study the possible processes leading to the 

production of such species.

1.1.2 Observed Ices in the interstellar clouds

All of the molecules listed in Table 1-1 have been observed in the gaseous phase 

(mainly by microwave spectroscopy). However molecules have also been discovered in 

the solid phase by the identification of their intrinsic vibrational signatures in the 

absorption spectra of deeply embedded young stellar objects (YSO’s). These objects act 

as infrared sources, and as the radiation they emit passes through the surrounding cloud, 

tell-tale signatures of these molecules are observed in the continuum YSO spectrum as 

the molecules absorb the infrared radiation and become vibrationally excited (further 

information on vibrational excitation and spectroscopy will be discussed in the 

following chapter). Examples of spectra of two such objects, W33A and NGC 7538 

IRS9, are shown in Figure 1-1 and Figure 1-2 respectively. Several features can be seen 

which have been identified as solid-state molecules by comparison with laboratory data. 

The ices identified, and their abundances, towards a number of sources are shown in 

Table 1-3 (from Ehrenfreund and Chamley, 2000). It can clearly be seen that H2O is the 

major constituent of ice mantles, followed by CO, CO2 and CH3OH. Hence it has now 

firmly been established, from observational work (e.g. Whittet, 1996; Gibb et.al, 2000), 

direct comparisons with laboratory spectra (e.g. Hagen et.al 1980; Allamandola et.al 

1980) and theoretical modelling (e.g. Tielens et.al 1982, d’Hendercourt et.al 1985) 

that molecular ices exist on the surface of dust grains in dense molecular clouds in the 

ISM and are associated with complex chemical processes. General detailed reviews 

exist in e.g. Ehrenfreund and Chamley, 2000, Ehrenfreund and Fraser, 2003.
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Figure 1-1: An ISO-SWS spectrum of the high mass young stellar object W33A 
showing solid state absorption features (from Gibb etaL  2000)
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Figure 1-2: An ISO SWS spectrum of the young stellar object NGC 7538 IRS9, 
showing ice absorption features (taken from Whittet et.al 1996)
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1.2 Ices a n d  t h e  R a d ia t io n  En v ir o n m e n t s

The nature (structure, composition, etc.) of astrophysical ices reflects the radiation 

environment in which they exist (Table 1-2), thus their observation provides a diagnosis 

of the local conditions. Conversely simulations of astrophysical environments in the 

laboratory and effects of radiation of astrophysical ice analogues provide a valuable tool 

in the identification of ice composition and evolution. A variety of observational 

techniques, laboratory simulations and theoretical modelling are therefore required to 

fully understand the processes of ice formation and evolution in astrophysical 

environments. This thesis is aimed at providing a broad set o f laboratory simulations.

Table 1-2: Summary of ice radiation environments

Ice en v iron m en t Thickness T em p eratu re
Processing
R adiation

ISM  grain m antle 0.01-0.1 pm

Surface o f  planetary b od ies in 1 pm  -  several km  
the outer solar sy stem

C om ets (in  the O ort c lou d) I m -  several km

1 0 -  100 K 

3 0 -  150  K  

10 K

U V  L y m a n -a  photons; 
co sm ic  rays

M agnetosph eric  ions, 
Solar U V , solar w ind.

C o sm ic  rays

1.2» 1 Dense Molecular Clouds in the ISM

Figure 1-3: Molecular Cloud Bernard 68  (Credit ESO FORS team. 
Source: http://antwrp.gsfc.nasa.gov/apod/ap990511.html)

http://antwrp.gsfc.nasa.gov/apod/ap990511.html


1 In t r o d u c t io n

Table 1-3: Molecular ice abundances (from Ehrenfreund and Chamley 2003)

Molecule
W33A
high

NGC7538
IRS9/high

Elias 
29 low

Elias
16

Field

Orion
hot
core

Comet
Hailey

Comet
Hyaku

take

Comet
Hale-
Bopp

H2O 100 100 100 100 > 100 100 100 100

CO 9 16 5.6 25 1000 15 6-30 20

CO2 14 20 22 15 2-10 3 2-4 6-20

CH4 2 2 < 1.6 - - 0 .2-1.2 0.7 0.6

CH3OH 22 5 <4 <3.4 2 1-1.7 2 2

H2CO 1.7-7 5 - - 0 .1-1 0-5 0 .2-1 1

OCS 0.3 0.05 <0.08 - 0.5 - 0.1 0.5
NH3 15 13 <9.2 < 6 8 0 .1-2 0.5 0.7-1.8

C2H6 - <0.4 - - - - 0.4 0.3
HCOOH 0.4-2 3 - - 0.008 - - 0.06
OCN 3 1 <0.24 <0.4 - - - -
HCN <3 - - - 4 0.1 0.1 0.25
HNC - - - - 0.02 - 0.01 0.04
HNCO - - - - 0.06 - 0.07 0.06-0.1
C2H2 - - - - 3-10 - 0.5 0.1

CH3CN - - - - 0.2 - 0.01 0.02

HCOOCH3 - - - - 0.1 - - 0.06
HC3N - - - - 0.04 - - 0.02

NH2CHO - - - - 0.002 - - 0.01

H2S - - - - 1 0.04 0.8 1.5
H2CS - - - - 0.01 - - 0.02

SO - - - - 0.5 - - 0 .2-0.8

SO2 - - - - 0.6 - - 0.1

The dense molecular clouds are also known as ‘dark’ clouds, as UV light (from a nearby 

star) in the outer regions of the cloud is heavily attenuated, with the flux dropping from 

10  ̂ photons cm*’ s'* in the outer envelope to 10  ̂ photons cm'* s'* at the cloud core 

(Chamley et.al 2001). The residual UV flux is mainly due ionisation and secondary 

excitation of H] by cosmic rays which penetrate the outer regions of the molecular 

clouds (Prasad and Tarafdar, 1983). These clouds have densities of the order of ~10"*- 

10  ̂ H nuclei cm'^, and temperatures of > lOK. The internal stmcture of some clouds 

may be probed by studying the extinction of background starlight through the cloud 

(Alves et.al 2001). Furthermore, the molecules themselves provide powerful diagnostic 

probes of the environment in which they exist.
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The origin o f the iees and complex organies in the interstellar medium is associated 

with dust in the interstellar clouds. Interstellar dust comprises about 1% of the mass of 

the interstellar material, the remaining 99% being a dilute gas. Interstellar dust grains 

scatter and absorb radiation from nearby stars. This combined effect is known as 

interstellar extinction, and provided first evidence (Trumpler, 1930) o f the existence of 

dust in the ISM. Further analysis of the extinction, polarisation and depletion of gas 

phase elements reveal that the dust grains are micron or sub-micron sized particles 

(0.01-lOpm) composed of silicate or carbonaceous core (Williams and Herbst, 2002). It 

is now well established that dust grains play a crucial role in molecular formation in the 

ISM acting as catalysts, providing surfaces for heterogeneous reactions and accretion 

surfaces for ice mantle formation (Williams and Herbst, 2002). Although chemistry 

occurs both on the bare dust grains (in diffuse clouds), or on the surfaces or in the bulk 

of ice mantles (in dense clouds) the description that follows will concentrate mainly on 

the icy grain mantles.

Accretion Ejection

O cP

Reaction

CODiffusion

Figure 1-4: Schematic diagram of the four basic surface processes occurring on
interstellar grains

The surface processes that may occur on the dust grain are schematically depicted in 

Figure 1-4. Ice mantles are formed as atoms (e.g. H, C, N, O) and simple gas-phase 

molecules (e.g. CO) accrete onto the cold (-10 K) dust grains. Simple H addition 

reactions result in the formation of simple molecules C H 4, N H 3 H 2O . (Although H2 

formation will not be discussed here, a brief note will be made to mention the fact that 

H2 formation is forbidden in the gas phase and it is thus believed to be formed by 

heterogeneous catalysis on the surfaces of dust grains).

The atoms/molecules from the gas phase freeze out directly onto the cold dust grains 

with an assumed sticking probability of unity at 10 K. Release of sublimation energy
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following the change of phase may lead to surface diffusion or diffusion into the bulk 

via pores in the ice structure. The accreting species may also react as they are brought 

into close proximity by accretion and/or migration over the surface. New-formed 

species may either be incorporated into the mantle, where they may undergo further 

chemistry, or desorb back into the gas-phase, thus modifying and enriching the gas- 

phase composition of the surrounding cloud. Another mechanism for release of species 

is as a consequence of build up of chemical energy in the form of radicals leading to so 

called chemical grain explosion (Greenberg, 1976). These chemical explosions have 

been observed in the laboratory, for example d’Hendecourt et.al (1982) have gently 

warmed up irradiated and non-irradiated mixed C0 :CH4:NH3:H2 0  ice samples from 

10 K. Luminescence and a sudden rise in pressure were observed at 27 K (well below 

the freezing point of the deposited species) for the irradiated samples. Non-irradiated 

samples show no such effect.

The grain mantle composition and structure is strongly dependent upon the environment 

in which the grain resides within the cloud for example;

(i) Grain temperature: influences accretion, migration and sublimation of atoms

and molecules at the surface. Under interstellar conditions H2O sublimates near 

temperatures of about 120 K (Fraser et.al 2001), compared with 27 K for CO 

(Palumbo, 1997). Although it is possible to trap molecules in the ice mantle up to 

relatively high temperatures, for example CO may be retained in H2O ice up to 115 K 

(Schmitt et.al\9^9). Grain temperature may vary depending on its location within the 

cloud, or by cycling of grains between dense and diffuse clouds or hot cores {see 

below).

(it) Grain shape: this is particularly important in accretion processes and

heterogeneous catalysis, owing to the availability and nature of the binding sites. There 

is evidence (Williams and Herbst, 2002) that dust grains range in size (Inm -  10 pm) 

and complexity and may be porous or ffactal-like, thus having a large surface area and 

greater number of binding sites.

(Hi) Grain charge: Due to the high ionisation potentials (10.2 -  14 eV) of the 

abundant molecules, H2O, CH4, NH3, CO and C0 2  ̂ that make up the grain mantles, the 

ejection of electrons by the photoelectric effect in dense molecular clouds is thought to

individual ionisation potentials can be found in Appendix A
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be negligible (d’Hendercourt et.al 1985). Thus it is expected that grains are likely to be 

negatively charged as the thermal velocity of the electrons is higher than that of 

positively charged ions. Thus positively charged species in the gas phase may be 

neutralised on the grain surface.

(iv) Local gas composition and cloud evolution: As the cloud ages and begins to 

contract grain facilitated H + H combination into Hi occurs. Model calculations show 

that the conversion timescales from atomic to molecular hydrogen occurs within 10  ̂

years of cloud birth and greatly influence grain mantle composition (Chiar and 

Pendleton, 1999). At a time when most of the hydrogen is in the atomic form (H/Hi »  

1) the abundant atoms (after H) C, N and O readily combine with the H atoms by 

exothermic hydrogenation reactions to form simple molecules CH4, NH3 and H2O. Thus 

H2O rich ‘polar’ ices are formed. At a time when most of the H is converted to Hi the C, 

N and O atoms combine amongst themselves to form molecules such as CO, COi, Oi, 

Ni, etc. Thus CO-rich ‘non-polar’ ices are formed.

(v) Sticking coefficients o f atoms and molecules: These are assumed to be unity or 

close to unity for most gas-phase species (except Hi) striking grains at 10 K. This is 

because the kinetic energies of the gas phase species are much less than their binding 

energies. In the case where the particle may have excess kinetic energy, however, they 

are expected to thermalise very rapidly on the grain surface and remain trapped 

(d’Hendercourt er. <2/. 1985).

(vi) Radiation field and the local cloud environment: The ices will be chemically 

modified when subjected to UV photons or comic rays. The radiation flux varies from 

the outer reaches of the cloud to the cloud core (10^—>10  ̂photons cm’’ s ’). There also 

exists a temperature gradient (100 K 10 K), decreasing further from the protostellar 

source.

All of these factors contribute to the rich diversity of the abundances and the types of 

ices that are detected along the line of sight towards a particular line of sight.
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L2.2 Hot Molecular Cores

Hot cores are regions surrounding a young stellar object, where radiative heating and 

shock waves heat the surrounding clouds. Here the grain mantles are sputtered and 

evaporated. These regions are rich in complex organic molecules as can be seen from 

Table 1-3. Observations of these molecules in the gas phase in these regions thus 

reveals the composition of the grain mantles, akin to the method of observation of 

cometary composition from the vapour tail as it passes close to our Sun. However, 

chemical models are required to differentiate between different formation processes as 

some molecules may also be formed in the gas-phase following grain evaporation and 

sputtering as well as in the ices themselves.

L2.3 Comets

Comets are icy bodies, a few kilometres in diameter and predominantly reside in the 

Oort cloud. In 1950 a ‘dirty snowball’ model of cometary composition was proposed, 

suggesting that cometary nuclei consist of a mixture mainly of water ice, simple 

molecules such as NH3, CH4, CO2 and CO and meteoritic particles (Whipple, 1950). 

This model has since been refined to also include a variety of complex organics (see 

Table 1-3). Cometary ices are believed to constitute the most primitive ices with the 

least modified solar system ices being incorporated into them during the early formation 

of the Solar System. About lO’̂  comets have been stored in the Oort cloud for about 4.6 

billion years (Strazzulla and Johnson, 1991). They are believed to be comparable to the 

composition of the interstellar ices. This is evident from Table 1-3, where comparisons 

between the interstellar ice abundances, and comets are shown (Ehrenfreund and 

Chamley, 2000, and references therein). Thus there is great interest in the study of these 

preserved ices, to obtain information both about the chemical composition of the Solar 

System during its formation, and clues about the composition of interstellar ices in 

dense molecular clouds from which new solar systems are being formed.

The composition of comets is determined by the spectroscopic observation of their 

vapour trails as the cometary surface ices are evaporated and ionised on the approach to 

the sun. Molecules observed in this way may thus constitute the parent molecules that 

were initially present in the comet, or daughter species produced by chemistry in the gas 

phase or solar UV interaction. Comets stored in the Kuiper belt or the Oort cloud are 

subjected primarily to ion bombardment from cosmic rays. Galactic cosmic ray particles
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constitute 87% protons, 12% helium nuclei and the remaining 1% heavier nuclei 

(Moore et.al. 2001). The peak intensity of cosmic ray protons is in the low MeV range. 

Most o f the processing of comets occurs on the surface since it is limited by the 

penetration depth of the ions. In-situ mass spectrometer identifications of particle 

composition have also been carried out by several spacecraft in close fly-by missions, 

for example to Comet Hailey (Figure 1-5) in 1986 (e.g. Fomenkova and Chang, 1994). 

Forthcoming missions, such as ESA’s Rosetta mission will attempt to land spacecraft on 

the comet for an even closer look!

Figure 1-5: The nucleus of Hailey's Comet (Credit space.com, Source: 
http://www.imagesofspace.com/pages/largehalIey.htm)

http://www.imagesofspace.com/pages/largehalIey.htm
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L2.4 Icy Planets and Satellites of the Solar System

Table 1-4: Ices in the outer solar system (from Hudson and Moore, 2001; 
Ehrenfreund and Fraser, 2002)

Planet Satellite Ices

Jupiter Id SO2, SO3, H2S?, H2O?

Europa H2O, SO2, SH, CO2, CH, XCN, hydrous sulphate & 
carbonate salts, H2O2, H2SO4

Ganymede H2O, SO2, SH, CO2, CH, XCN, hydrated and hydroxylated 
mineral, O2, O3

Callisto H2O, SO2, SH, CO2, CH, XCN, hydrated and hydroxylated 
mineral

Saturn Mimas H2O
Enceladus H2O

Tethys H2O
Dione H2O, C, HC, O3

Rhea H2O, HC?, O3

Hyperion H2O

lapetus H2O, C, HC, H2S?

Phoebe H2O

Rings H2O

Uranus Miranda H2O, NH3 hydrate, hydroxylated silicates

Ariel H2O, OH?

Umbriel H2O

Titania H2O, C, HC, OH?

Oberon H2O, C, HC, OH?

Neptune Triton N2, CH4, CO, CO2, H2O

Pluto Charon H2O, NH3, NH3 hydrate

(Pluto) N2, CH4, CO, H2O

Kuiper Belt Objects H2O, HC-ices (CH4, CH3OH), HC, silicates

Many of the outer Solar System bodies are covered in ice. The stability of the ices on 

the Solar System bodies depends both on the distance from the sun (due to the resultant 

temperature gradient) and on the volatility of the compounds that make up the ice 

(Cruikshank et.al 1998). The ices that have been identified in solar system bodies are 

shown in Table 1-4. As can be seen from Table 1-4, water ice is found on most of the 

satellites of the outer solar system.
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1,2,4A Mars

CO] is the dominant component of the polar ice caps on Mars (Figure 1 -6), with H ]0 

ice present in underlying layers in the North Pole. The polar ices are also layered with 

dust. Cosmic ray irradiation of surface ices is minimised by the relatively thick 

atmosphere (of the order of a few millibars), however since Mars is thought not to have 

a strong enough magnetic field, charged particles are able to reach the surface 

(Strazzulla g/.a/. 1996).

As this chapter is being written Mars is at its nearest to Earth than it has been for 60,000 

years. Four missions are on their way to Mars to study various aspects of its surface 

composition, possible signs of liquid water or permafrost beneath its surface and 

evidence for past or present life. With the Mars missions so far there have been no 

sample returns. Flowever, 28 Marsian meteorites have been discovered on Earth and are 

being extensively studied, and in-situ remote analysis o f samples using robots and 

sophisticated analytical instrumentation is under way.

Figure 1-6: The north polar ice cap of Mars (Credit JPL and NASA, Source: 
http://www.the-planet-niars.com/north-polar-cap.html)

As part o f the European Space Agency’s Mars Express Mission UK’s Beagle 2 Lander 

is currently on its way to Mars. The Lander is equipped with a variety of scientific 

instruments including a mass spectrometer, to study the chemical composition of the

http://www.the-planet-niars.com/north-polar-cap.html
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atmosphere and the rock surface by heating solid samples extracted by means of a rock 

corer; y-ray and X-ray spectrometers to identify rock mineralogy; environmental sensors 

such as the UV monitor to measure the UV flux at the surface, thermocouples to 

determine the surface temperature, pressure sensors and wind gauges; and cameras.

Information obtained from such analysis is crucial in understanding the surface 

radiation environment and composition from which studies may be performed to 

investigate the possible chemistry that may be induced in such an environment.

L2A*2 The Galilean Satellites

Figure 1-7: The Galilean satellites of Jupiter, from left to right: Ganymede, 
Callisto, lo and Europa (Credit JPL and NASA, Source: 
http://www.cosmiclight.com/galleries/jupiter-moons.htm)

Amongst the most widely studied solar system objects are Jupiter’s Galilean satellites 

lo, Europa, Ganymede and Callisto (placed in order of increasing distance from Jupiter) 

shown in Figure 1-7. Jupiter’s satellites are subjected to high magnetospheric ion flux 

(Cooper et.al. 2001). The Jovian magnetosphere is composed of (n = 1 -  5), S"*̂  (n 

= 1 - 5 ) ,  Na^ and which arise from volcanic emissions from lo, H^, He^, and 

C^  ̂which originate from the solar wind, H^, and from Jupiter’s ionosphere, and 

molecular ions OH^, H2 0  ̂ and which are released from sputtering of the ice

surfaces o f Europa, Ganymede and Callisto (Geiss et.al. 1992; Delitsky and Lane, 1998). 

The energy flux and surface temperatures of these satellites are summarised in Table 

1-5. As can be seen from Table 1-5 and Table 1-6, generally the particle flux (ion + 

electron) on Europa is greater than the UV flux (>280nm; 4.4 eV) required for driving 

the chemistry.

Europa, being the inner of the three water bearing satellites receives the highest 

magnetospheric flux. In Ganymede’s case, the presence of its own magnetosphere has

http://www.cosmiclight.com/galleries/jupiter-moons.htm
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an effect of sweeping Jupiter’s magnetospheric particles towards the poles (Delitsky and 

Lane, 1998). Thus the ion flux (H^ being the most affected) at the poles is a factor of 10 

higher than that at the equator and the equatorial ion flux is dominated by heavier ions 

(Cooper et.al 2001). In all of the satellites, except at Ganymede’s equator, the dominant 

constituent of the charged particle flux is from electrons. The Jovian magnetospheric 

plasma rotates with Jupiter’s 10 hour rotational period, shorter than the orbital period of 

the satellites. Consequently the trailing sides of the satellites suffer the most 

magnetospheric bombardment. H2O is the dominant constituent of ices on the surfaces 

of Europa, Ganymede and Callisto.

Table 1-5: Surface particle irradiation and temperatures of icy Galilean satellites 
(from Cooper etal. 2001; Moore and Hudson, 2000 and references therein)

Satellite

Io n  (H% S"1

Energy flux  

(keV  cm'^ s'̂ )

E lectron  
E nergy flux

(keV  cm'^ s ')

T o ta l P artic le  
F lu x

(keV  cm'^ s ')

Surface
T em p erature

Europa 1.7 X 1 0 '° 6.2 X 1 0 '° 7.9 X 1 0 '° 85-128 K

Ganymede (polar) 
Ganymede (equatorial)

2.0 X 1 0 ’
2.6 X 10®

3.4 X 1 0 ’ 5.4 X 1 0 ’
2.6 X 10®

85-128 K

Callisto 1.0 X 10® 1.2x10®  2 .2x10® 80-150 K

Table 1-6: Average solar UV radiation experienced by the Galilean satellites (from 
Cooper et.al. 2001; Moore and Hudson, 2000 and references therein)

U V  radiation
W avelen gth  R ange E nergy R ange  

(nm ) (eV)

Energy F lux  

(keV  cm^ s')

UV-A 3 2 0 - 4 0 0 3 .9 - 3 .1 6.7 X 1 0 "

UV-B 280 -  320 4 .4 - 3 .9 9.5 X 10'°

UV-C 1 0 0 -2 8 0 1 2 .4 -4 .4 4.0 X 1 0 '°

EUV < 100 >12.4 1.2 X 1 0 ’

lo is dominated by SO2 frost due to its high volcanic activity. SO2 has also been 

observed on the three water-bearing satellites (Lane et.al 1981), possibly formed by 

sulphur ions implanting into their surfaces (Johnson and Quickenden, 1997; Copper 

et.al. 2001 and references therein). The UV detection of O2 (Calvin and Spencer, 1997) 

and O3 (Noll et.al 1996) on the surface of Ganymede and the successful production of 

O3 from proton irradiated frozen O2 and 0 2 :H2 0  mixtures (Bragiola et.al 1999) further 

support the effect of magnetospheric ions on the surface alteration of the satellites. 

Furthermore, a number of IR absorption features observed in Ganymede and Callisto 

have identified as belonging to the C-H, S-H and C=N groups and the molecules CO2
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and SO2 (McCord et.al 1997). However, ion irradiated HzOiCOi ices have shown that 

H2CO3 is readily formed in these experiments (e.g. Moore and Khanna, 1991; Bmcato 

et.al 1997b, see also Chapter 5) and that the 3.4 pm and 3.88 pm features observed on 

the icy satellites presumably ascribed to C-H and S-H vibrations may in fact be 

attributed to H2CO3 bands as suggested by Hage et.al (1998). H2O2 observation on 

Europa (Carlson et.al 1999) is supported by laboratory evidence of H2O2 formation 

following ion irradiation of both pure H2O ices and H2 0 :0 2  ices (Moore and Hudson, 

2000; Gomis et.al 2003). Although UV photolysis may also lead to the formation of the 

molecule, the contribution of the photolysing UV flux on Europa is <1% that of the 

charged particles.

The impinging magnetospheric ions modify the ice surfaces by dissociating molecules, 

or implanting into the ice and reacting with the ice molecules (in the case of reactive 

ions), in both cases creating new chemical species (see Section 1.3.2).

L2*4*3 PlutoCharon and Neptune^s Satellite Triton

Triton, the moon of Neptune, and Pluto show very similar properties, suggesting a 

common origin. N2, CH4 , H2O and CO ices are observed on both bodies, with Triton 

also containing CO2 (Cruikchank et.al 1998).

Surface temperatures of Triton are in the region of 35 - 40 K implying that these 

molecules are condensed on the surface. It is not yet understood whether the CO and 

CO2 are actually native to the two objects (Brucato et.al 1997). Studies of the surface 

composition of Triton by Quirico et.al (1999) reveal that there may be two possible 

isolated terrains one consisting of a volatile mixture of N2:CH4 and CO and another that 

is either a mixture of H2 0 :C0 2  or segregated regions of H2O and CO2 ice. A possible 

suggestion of the presence of C2H6 diluted in solid N2 has also been made.

Crystalline water ice has been observed on Pluto’s satellite Charon (Dumas et.al 2001). 

Observation of the ammonia hydrate, NH3 H2O, on Charon’s leading hemisphere may 

suggest surface alteration by implantation of ions originating from the UV 

dissociation of N2 in Pluto’s atmosphere.
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1.3 Ice  p r o c e s sin g

A description on the interaction of photons and charged particles with molecules, and 

the principles of radiation chemistry is related in the next chapter. What follows is a 

general outline of the specific processes involved in the interaction of radiation with 

astrophysical ices in the different radiation environments described above.

1.3.1 U V  Irradiation

Photolysis is the dominant process that results in chemical alteration of ices in the 

interstellar medium. The primary source of UV (primarily Lyman-a) radiation in the 

interstellar medium is from O and B stars. Within a dense molecular cloud, where 

cosmic rays or stellar UV flux is heavily attenuated by the outer layers of the cloud, H2 

luminescence is the dominant source of UV radiation and the grain mantles in the heart 

of the molecular cloud are shielded from ionising radiation.

UV irradiation in the photon energy range between 4 eV and 13 eV (-300 -  100 nm) 

results in the photolysis of ices whereby a large number of radicals may be formed. 

Subsequent radical-radical reactions require little or no activation energy. Radical- 

molecule reactions will occur where excess energy is available to overcome the 

activation energy barrier. The mobility of radicals may be triggered by grain-grain 

collisions or possible heating due to cosmic rays that penetrate the outer envelopes of 

the cloud. Thus it is possible for complex organic molecules to be formed within grain 

mantles. For example the following scheme may be followed in the production of the 

amino acid glycine (Sorrell, 1999), with the availability of the OH, CH3, -NH] radicals 

and the CO molecule:

CO + OH ^ C O O H  (1.1)

CH, + COOH CH,COOH  (1.2)

NH^ +CH,COOH-^NH^CH^COOH + H  (1.3)

UV processing is however limited by the optical depth of the UV photons in the ices 

and will be essentially a surface phenomenon. The distinction between UV photon and 

ion irradiation processes will be discussed in the following chapter.

Many experiments have been carried out by a number of laboratory groups on photo

processing pure ices, binary ices and mixed multi-component ices to study the
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formation of new products including complex organics (e.g. Allamandolla et.al 1980, 

1988; Bernstein et.al 1997; Gerakines et.al 1995, 1996; Hagen et.al 1979, 1983; 

Schutte, 1999).

UV radiation causes electronic excitation which can be studied using YUV 

photoabsorption spectroscopy. Understanding these excitation processes and the 

electronic structure of condensed phase compounds is important in probing the 

photochemical and photophysical properties of ices. Although this is a well established 

technique in the study of gas phase molecules, particularly of atmospheric species, the 

electronic properties of ices are not well understood due to the lack of experimental and 

theoretical data in this area (Kobayashi, 1983). Few YUV photoabsorption studies of 

pure astrophysical-type ices have been carried out and most of the existing data is old 

e.g. Dressier and Schnepp, (1960) who studied the vacuum ultraviolet spectra of CH4 , 

NH3 and H2O ices.

With the apparatus described in this thesis we have carried out preliminary YUV 

photoabsorption experiments of H2O and NH3 {Chapter 6) using synchrotron radiation 

techniques. Irradiation of pure and mixed H2O and CO2 ices has also been carried out.

1.3.2 Ion Irradiation

A detailed study of ion irradiation of ices is essential to understand the effect of 

energetic particle bombardment in the different astrophysical environments described 

above. Some of the basic principles of the interaction of ions with matter will be 

described in the following chapter. The relevance to astrophysical ices will however be 

discussed here, and recapped in Chapters 4 and 5 where the relevance of our laboratory 

work on ion irradiation of ices will be discussed.

Ions impinging onto ice will produce a number of effects due to both elastic and 

inelastic collisions with the constituent target molecules, and consequent loss in ion 

energy. The important effects and consequences of ion irradiation of ices may be briefly 

summarised as;

(i) Sputtering (Brown et.al, 1978; Pirronello, 1991; Johnson, 1998), results in loss 

of material and ejection of atoms or molecules into the gas phase. A direct consequence 

of sputtering is the enrichment of the gas phase molecular composition, be it from grain 

mantles in the interstellar clouds, or cometary nuclei in the Oort cloud, or the surfaces
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of icy satellites or planets (thus modifying or creating atmospheres). The sputtered 

material may comprise the initial ice compounds, fragmentation products, or new 

species formed by chemical reactions. Another important consequence of sputtering is 

the physical surface turnover as material is eroded away, thus exposing the underlying 

layers.

(ii) Changes in the physical properties o f the ice, for example amorphisation (the 

change of phase from ordered crystalline structure to a random amorphous network) of 

ice. Amorphisation has been observed in the laboratory (Baratta et.al, 1991; Hudson 

and Moore, 1992). Voids may be created by atomic/molecular dislocation as a result of 

elastic collisions. Direct ion collisions or chemical reactions will result in the formation 

of volatile species which will either remain trapped within the ice or leave the ice by 

migration through micropores. All of these effects (which may also be linked to 

chemical processes) will result in density variation. This will also have direct 

consequences on the optical properties of the ice (see below). Furthermore, local 

recrystallisation may occur along the ion tracks where excess energy is available for 

molecular redistribution (Hudson and Moore, 1992).

(Hi) Changes in the chemical composition may occur as an ion traverses the ice and 

leaves a track of ionised and excited species, resulting in the formation of new species 

by direct dissociation or reactions between the excited, ionised or fragmented species. In 

a regime where the ion penetration depth is less than the thickness of the ice, as may be 

the case on the surfaces of satellites or cometary nuclei, the ion will be implanted in the 

ice. If the ion is reactive (e.g. H^ or Jovian magnetospheric ions: S" ,̂ O" ,̂ etc.) it may 

react with the target atoms or molecules to form new species that are not native in the 

ice. The results of carbon ion implantation in pure H2O ice will be presented in Chapter 

4, demonstrating the possible formation of CO and CO2.

(iv) Changes in the optical properties o f the ice may occur as a result of physical or 

chemical alterations described above. Variations in the reflection and transmission 

properties of ices are observed for example in the variation of albedo as a function of 

latitude has been observed in the inner Jovian satellites as a result of magnetospheric 

particle bombardment (Nelson, et.al 1987). Darkening of surfaces may be a result of 

formation of carbon-containing species. Furthermore, alteration of the top layers of the 

ice and resultant variation of the transmission properties may have a protective or 

destructive effect on the underlying layers as refractory material is formed in the top
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layers of the ice. Strazzulla and Johnson (1991) suggested that the top layers of a comet 

residing in the Oort cloud and subjected to galactic cosmic ray radiation may develop a 

‘crust’ of non-volatile material.

In any given environment many of the effects described above will occur 

simultaneously. The extent of these effects is determined both by the properties of the 

ices (composition, temperature and thickness) and the ions (energy, flux and type). 

Although the effects of ion irradiation have been studied extensively with the 

application to metals, semiconductors and human tissue, it was only in the late 1970’s 

that interest in ices began (Brown et.al, 1978). Ion induced processes are now being 

studied in several laboratories either with specific relevance to cometary ices (e.g. 

Moore and Hudson, 1998; Brucato et.al 1997a; Kobayashi et.al 1995), grain mantles 

(Palumbo and Strazzulla, 1993), or icy satellites of the outer planets (Gomis, et.al 

2003; Moore and Hudson, 2000; Baragiola et.al 1999; Strazzulla, 1999). General 

studies have been carried out that can be applied to a variety of astrophysical 

environments (e.g. Strazzulla et.al 2003; Strazzulla and Palumbo, 2001; Hudson and 

Moore, 2001; Gerakines et.al 2000; Hudson and Moore, 1999; Johnson, 1998; 

Strazzulla, 1998; Brucato et.al 1997b; Strazzulla et.al 1996, Strazzulla et.al 1995; 

Pirronello, 1991; Brown et.al, 1978), using different ice mixtures, temperatures and ion 

energies. Extensive reviews on ion chemistry of ices are also available, e.g. Johnson and 

Quickenden (1997), Delitsky and Lane (1998) and Strazzulla and Johnson (1991).

In this thesis I present a new research programme commenced in collaborations with 

Queens University Belfast. Results of our first ion irradiation experiments {Chapters 4 

and J) and the new apparatus developed for these studies {Chapter 3) are described in 

this thesis.

L 3 3  Low Energy Electron Irradiation

The effects of high energy electron irradiation are similar to those of the ions, but with a 

much greater penetration depth. Hence, on the surfaces of the Galilean satellites which 

are subjected to both ion and electron flux, the top layers (~ 1 0  mm) of the ice are 

primarily processed by ions, whereas energy deposition due to energetic electrons 

dominates the lower layers (50 mm -  10 cm) (Paranicas, 2001).

It should be noted that ion interaction with ices will result in the production of 

secondary electrons. Of particular interest are the interactions of low-energy electrons
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with molecules and the process of dissociative electron attachment whereby an electron 

and a molecule combine to form a temporary excited state which fragments into a 

negative ion and a neutral fragment (See Chapter 2). The introduction of such anions is 

important, opening up new channels in the reaction scheme including transitions that are 

optically forbidden.

1.3 A  Thermal Processing

As well as radiation processing of astrophysical ices variation in temperature may 

trigger processes such as diffusion, evaporation, crystallisation, polymerisation and 

chemical explosions. Variation in environmental temperature may occur due to the 

physical migration of mantle-covered dust grain within a molecular cloud where a 

temperature gradient may exist (10 K to 100 K) in the presence of a protostar or the 

evolution of a molecular cloud with the formation of a protostar. On the icy satellites in 

the outer solar system temperature variations occur due to day/night cycling and orbital 

seasonal variations. Thus radiation products formed and trapped within the ice during 

the night (e.g. OH) will become active on the sunlit side of the satellite (Delitsky and 

Lane, 1998). The importance of thermal energy in the mobility of radicals in ice mantles 

and recrystallisation effects in ion irradiated ices have already been mentioned. An 

increase in temperature will result in selective sublimation and diffusion of molecules 

such as CO (Palumbo, 1997) within an ice matrix. This has already been mentioned in 

the context of the effect on the grain mantle composition. Upon heating to higher 

temperatures, the loss of volatile species in the ice will result in a higher fraction of 

refractory residual compounds.

1.4 On  th e  O r ig in  of Life

All known terrestrial biological systems comprise of the atoms C, H, O, N, P and S so it 

is perhaps not surprising to find that these elements are also among the most abundant 

in the universe. Carbon forms the basis of all organic chemistry, being a versatile atom 

that is able to form long chains and complex structures, which are very stable due to the 

large binding energies of the carbon atoms. The complexity of organic structures ranges 

from simple chains and rings to fibres and intricate lattices. There is a vast diversity of 

biochemical processes within biological systems, which include elaborate self- 

regulating cycles and precise self-replicating mechanisms. It is still uncertain how
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exactly such biochemical pathways evolved; however it is evident that they must have 

been constructed from simple prebiotic precursor molecules.

Although there is no general agreement about the source of prebiotic material on Earth, 

several theories exist, the most popular being that this material was brought to Earth by 

impacting comets and asteroids during the early Earth’s bombardment era about 4 

billion years ago (Orgel, 1998, Sorrell, 1999). The observation of some of the complex 

organic molecules in the ISM suggest that abiogenic synthesis of organic molecules, 

some of which are recognised as constituents of important biochemical processes, is 

indeed possible.

A number of laboratory experiments have been carried out to investigate this 

hypothesis. It has been shown that UV irradiation of interstellar analogues can produce 

some astrobiologically relevant complex organic molecules. Bernstein, et.al (2002) 

have created the amino acids glycine, alanine and serine from a 2 0 :2 :1:1 ice mixture of 

H2 0 :CH3 0 H:NH3:HCN (representative of the composition of interstellar garain mantles 

in dense molecular clouds). Simultaneously, Mufioz-Caro et a l  (2002) have reported 

the identification of 16 amino acids, 6  of which are protein constituents, created under 

similar conditions from a 2:1:1:1:1 ice mixture of H2 0 :CH3 0 H:NH3:C0 :C0 2 . It has 

also been shown, through laboratory work of UV irradiation of interstellar-type ices 

(simple ice mixtures of H2O, NH3 , CH4 and CO), that it is possible to form complex 

organic compounds that are capable of self-assembly into vesicular structures (Dworkin 

et.al 2001). This is particularly significant in studying molecular organisation and 

primitive cell formation.

A major biochemical puzzle in the origin of life is its homochiral nature (Bailey, 2000). 

Chiral amino-acid molecules exist in a right-handed or left-handed form, with an 

arrangement of functional groups about a central carbon atom such that they are mirror 

images of each other. All of the 19 naturally occurring chiral amino acids on Earth are 

left-handed, but any laboratory-synthesised sample of a chiral molecule will produce a 

racemic mixture. It has been shown that one of the handed isomers can be destroyed in 

preference to the other by circularly polarised light (Clark, 1998; Sorrell, 1999). As 

there are no natural sources of circular polarisation on Earth, it has been hypothesised 

that a racemic organic mixture formed in the ISM irradiated by circularly polarised UV 

light from a nearby neutron star or a young star surrounded by a dense dust cloud would 

result in a certain degree of homochirality. In the latter case, unpolarised UV light from
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a young star can acquire circular polarisation by multiple scattering off dust grains 

(Clark, 1998).

Although it has been seen through the observation of over 120 molecular species in 

interstellar environments and through laboratory simulations of interstellar conditions 

that abiotic formation of complex organics is possible, the reaction mechanisms 

involved in their formation are still not fully understood. It is essential to ascertain the 

individual formation processes of simple molecules by first considering simple 

molecular systems and identifying their reaction rates and pathways.

Understanding the chemistry in dense molecular clouds surrounding protostars will 

provide us with important clues about the nature of the chemistry within our own solar 

system during the early stage of its formation. Furthermore, understanding the chemical 

evolution of ices within our own solar system may provide important clues to the 

understanding of chemistry in other protoplanetary and solar systems and the possibility 

of life originating elsewhere.

1.5 Su m m a r y  o f  t h e  T h e sis  O u t l in e  a n d  
M o t iv a t io n

A new apparatus has been designed, built and tested to study the formation of molecules 

stimulated by photon and ion (and electron) irradiation of astrophysical ice analogues. 

Much of the motivation for the construction of this apparatus has already been detailed 

in this chapter. A better understanding of the processes and the mechanisms of 

condensed phase molecular formation is required. Although it is not possible to recreate 

identical conditions in the laboratory to those found in the astrophysical environments 

described earlier (See Chapter j) , a great deal of information can nevertheless be 

inferred from rigorous, systematic laboratory studies.

For over 30 years there have been an increasing number of laboratories worldwide 

devoted to the study of molecular synthesis on or within astrophysical ices in a variety 

of analogous astrophysical environments that can be simulated in the laboratory. Such 

studies are primarily being carried out using UHV systems in which ices are vapour 

deposited on reflective or transmitting substrates and are subjected to particle, photon, 

or thermal processing. The ice samples are then periodically monitored, in-situ, using 

infrared, UV or mass spectroscopy.



1 In t r o d u c t io n ______________________________________________________________________________ 2 6

The preliminary studies, described in this thesis, carried out using the new experimental 

apparatus described in Chapter 3 involve both ion and photon irradiation of pure and 

mixed (and in some cases layered) H2O and CO2 ices. Irradiation of H2O and CO2 ice 

mixtures has previously been studied at the NASA Goddard Flight Centre (Moore and 

Khanna 1991; Moore e ta l  1991; DelloRusso et.al 1993, Gerakines et.al 2000) and at 

the Catania Astrophysical Laboratory, Italy (Pirronello et.al 1982; Brucato et.al 1997). 

In the experiments carried out by the NASA group, H2 0 :C0 2  samples were irradiated 

using high energy (0.7 -  0.8 MeV) protons at 20 K. A number of products have been 

identified using a combination of FTIR spectroscopy and mass spectroscopy including 

H2CO3 and CO. The focus of the NASA work has primarily been the identification of 

H2CO3 which is observed both in the irradiated ices at 10 K and as a residue after 

heating the samples up to 250 K. Strazzulla, Palumbo and co-workers have also carried 

out ion irradiation experiments of H2 0 :C0 2  mixtures, confirming the formation of 

H2CO3 (carbonic acid) following irradiation at lower ion energies (Brucato et.al 1997). 

In a recent study by Gerakines et.al (2000), H2 0 :C0 2  ice mixtures were irradiated, for 

the first time with UV light and H2CO3 formation was again observed. The yield of 

H2CO3 was found to be limited by the penetration depth of the UV photons. Gerakines 

et.al (2000) suggested possible H2CO3 production pathways (See Chapter 5) and 

attempted to calculate the absorption coefficients of H2CO3 by dissociating the annealed 

H2CO3 residue and measuring the yields of CO and CO2. In Chapter 6 of this thesis the 

first VUV irradiation of H2 0 :C0 2  mixtures using synchrotron radiation are described. 

The observation of H2CO3 in laboratory irradiation experiments is of important 

astrophysical significance as it has not yet been identified in astrophysical spectra. 

However a number of IR absorption bands observed in the ESQ spectra of the Mars 

may be attributed to H2CO3. An interesting result of irradiation experiments is the fact 

that H2CO3 has not been observed as a product in H2 0 :C0  ices. Instead H2CO is 

observed. Likewise, H2CO is not observed in H2 0 :C0 2  mixtures (Brucato et.al 1997)!

CO, also a product of H2 0 :C0 2  photolysis and radiolysis, has not yet been described in 

this context as attention was primarily given to the synthesis of H2CO3 . However 

extensive studies have been carried out to study the interaction of CO with polar and 

non polar ices. These studies involved CO being either co-deposited with other species 

or deposited on top of an existing layer of ice and then allowed to diffuse into the 

underlying ice. The CO molecule is an abundant constituent in astrophysical ices (Table 

1-3) and is an important diagnostic of the interstellar ice composition as its infi'ared
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absorption profile is highly sensitive to the environment in which it is found. 

Experimental studies of CO mixtures with a variety of molecules that may be possible 

astrophysical ice constituents (Sandford et.al. 1988, Schmitt et.al. 1988, Palumbo and 

Strazzulla 1993, Strazzulla et.al. 2001), have shovm the solid CO infrared absorption 

profile to generally contain two components, a narrow band centred about -2 1 4 0  cm"' 

and a broad band centred about 2136 cm'’. The former is found to be the dominant 

component in interstellar ices along many lines of sight (Tielens et.al. 1991) and is 

attributed to CO found in an ice matrix dominated by non-polar molecules. The lower 

frequency broad band has been attributed to CO found in an ice matrix dominated by 

polar molecules. The CO molecule has a unique profile when mixed with H2O. A 

shoulder which appears at the higher frequency end (-2152 cm'’) of the main band has 

been attributed to a possible interaction of the CO molecule with the 0-H  dangling 

bonds of H2O in the amorphous ice matrix (Devlin 1992). As yet this band has not been 

identified in interstellar spectra. However this may be due to the fact that its intensity is 

very weak and it is overpowered by the ‘XCN’ feature near 2165 cm ’. Understanding 

the CO interaction with other molecules in ice matrices is particularly important in the 

understanding of the evolution and the physico-chemical properties of grain mantles and 

the composition of molecular clouds. An outer layer of CO-rich ices is believed to be 

formed in the latter part of the molecular cloud evolution cycle when most atomic 

hydrogen has been converted to molecular hydrogen.

A detailed study of CO diffusion in H2O has been carried out by Palumbo (1997). These 

studies have shown that the CO 2152 cm ’ feature was sensitive to the phase of water 

ice and hence the structure of the water ice matrix. Palumbo (1997) also confirmed that 

CO becomes mobile in an H2O ice matrix above 27 K. In a series of experiments carried 

out by Devlin (1992) the intensity of the 2152 cm ’ band was found to be sensitive to 

the number of available 0-H dangling bonds in the ice and is believed to arise due to 

CO ‘complexed’ with the OH groups. In their experiments a small ether (ethylene 

oxide) was adsorbed onto the ice, which has the effect of weakly binding with the 

dangling 0-H  bonds, reducing the number of available binding sites for the CO 

molecules. Subsequent adsorption of CO resulted in the disappearance of the 2152 cm ’ 

band. In Chapter 4 we report the formation of CO during carbon ion implantation in 

H2O ice. The highly structured CO band profile is described in these experiments. In 

Chapters 4, 5 and 6 CO formation in pure CO2 and mixed H2 0 :C0 2  ices are described.
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CO3 formation in UV irradiated H2 0 :C0 2  ice may be of important astrophysical 

significance. However CO3 has not been previously considered an interstellar ice 

constituent. Its identification in laboratory irradiation experiments of apolar ices (Elsila 

et.al. 1997) suggests that it may be a possible candidate for the assignment of some of 

the observed interstellar features. In this thesis CO3 formation is reported in both photon 

and ion irradiation of pure CO2 and in some cases in mixed H2 0 :C0 2  ices. Reactive ion 

implantation (N^ and C^) in H2O ice has recently been studied by the Italian group 

(Gomis et.al. 2003, Strazzulla g/.a/.2003), in which CO2 formation was observed. A 

very small quantity of CO was observed in these experiments, and is argued by the 

authors to arise from CO2 dissociation rather than direct implantation and reaction of the 

projectile with the target. implantation experiments in pure H2O have shown no 

nitrogen bearing compounds.

This thesis is comprised of seven chapters. Infrared spectroscopy has been used 

extensively throughout this work, as well as preliminary vacuum ultraviolet studies. 

Thus in the next chapter the theoretical concepts of molecular structure, symmetry and 

spectroscopy are related. Following this, an introduction to the interaction of radiation 

with matter is given, in order to aid in the understanding of the molecular formation, 

destruction and excitation processes that might be expected in the experiments. Chapter 

3 describes the new apparatus and gives an outline of laboratory techniques and 

procedures, adopted in the course of this work. Chapters 4, 5, and 6 describe and 

discuss the first results of ion and photon irradiation experiments made using this 

apparatus. Chapter 4 concentrates on the irradiation of pure H2O and CO2 ices with 

reactive and unreactive ions. The formation of CO and CO2 is observed in carbon ion 

implantation of H2O ice. In Chapter 5 these studies are extended to the ion irradiation of 

H2O and CO2 ice mixtures. The formation of carbonic acid (H2CO3) and CO is 

observed. Chapter 6 is dedicated to the work carried out using synchrotron VUV 

radiation, both in the irradiation of H2O/CO2 ices and in the photoabsorption 

spectroscopy of H2O and NH3 ices. Finally the conclusions, suggested modifications to 

the apparatus and the experimental procedure, and plans for future work are discussed in 

Chapter 7.

The work described in this thesis constitute a set of preliminary experiments that are, 

under current conditions, especially relevant in the study of the Solar System ices, 

particularly that of the Jovian satellites. We have chosen to study the H2O/CO2 system
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owing to their ubiquitous presence in astrophysical ices. The implantation of ions in 

H2 0 -rich ices, is of particular interest in the Jovian satellites, especially where reactive 

ions are involved, as new species may be formed that were not originally native to the 

satellite. By starting with the simple binary system and studying it in detail we can then 

progress to other binary and more complex systems. Additionally, with the study of the 

relatively simple ice system, we are able to more easily identify the possible problems 

and the limitations of our new experimental apparatus and to test, develop and improve 

it further, in order to apply it to the study of more complex ices in which more complex 

species may be synthesised such as sugars and amino acids.

The motivation for this work lies in the fact that ultimately it will be possible to carry 

out a detailed quantitative analysis of the mechanisms, reaction rates and reaction 

pathways involved in molecular synthesis in a variety of environments for a variety of 

molecular systems. It will be possible to carry out a comprehensive systematic and 

comparative study using a wide variety of irradiation and analytical techniques that are 

available to us. Already new experimental plans are in preparation for further 

modifications to the apparatus and the construction of a second, updated, experimental 

chamber.

The work discussed in this thesis will therefore, hopefully, be the catalyst for a long and 

fruitful experimental programme!
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2 M o l e c u l a r  St r u c t u r e , 
Sp e c t r o s c o p y  a n d  R a d ia t io n  
C h e m ist r y

"Those w h o  arc not shocked w lu ’n they first corne dcross Ljudntuni mecluinics cannot

frossthly luine understood it."

- Niels Henrik D avid  Bohr (1 8 8 5 -1 9 6 2 )

T his chapter w ill focus on  som e o f  the fundam ental, theoretica l and practical asp ects o f  

m olecu lar structure and sp ectroscop y . A n outline w ill be g iv e n  o f  m olecu lar  structure and 

m olecu lar sym m etry , together w ith the p rincip les o f  m olecu lar  sp ectroscop y . A n  

introduction to the interaction o f  io n isin g  radiation w ith  m atter w ill a lso  be d iscu ssed .

2.1 In t r o d u c t io n

Astrophysical observations are dominated by spectroscopy. The composition and the 

chemistry and physical processes within interstellar clouds, stars, planetary atmospheres 

and on planetary surfaces are all studied through the use of spectroscopy. In this 

chapter, some of the theoretical and practical aspects o f spectroscopy will be outlined 

including some related aspects of molecular structure. Much can be inferred about the 

structure o f molecules using spectroscopy and numerous laboratory experiments are 

being carried out to study the properties of molecules within different media in the gas, 

liquid or condensed phases. In Chapter 1 it was shown that processing of astrophysical 

ices is key to molecular formation. It is therefore important to understand the 

interactions of radiation with molecules and bulk matter. These interactions will also be 

discussed in further detail in this chapter.
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2 .2  An  O v e r v ie w  o f  M o l e c u l a r  St r u c t u r e

The treatment of the atomic and molecular structure involves the application of the 

Schrodinger equation. Although this equation can be solved exactly for a hydrogen 

atom, this is not the case for an atom with many electrons and the problem is 

complicated still further when a molecule (which consists of more than one nucleus and 

at least one electron) is considered. There exist a number of theories to explain the 

formation of molecules from atoms and their resulting electronic structure and 

associated molecular properties which lead to the understanding of their reactivity. The 

molecular orbital theory is one of the methods that is widely accepted and will be 

outlined here. However, first a short introduction to atomic orbitals is necessary.

2.2.1 Atomic Orbitals

The electrons in an atom occupy distinct orbitals that are defined by the quantum 

numbers n, I and m, and the electron spin, s. All the relevant information about the 

energies and arrangements of the electrons within atoms are governed by the laws of 

quantum mechanics. Each orbital is a representation of the three dimensional 

wavefunction if/ which is substituted into the Schrodinger equation to obtain the 

required information. The wavefiinctions represent the probability distribution, given by 

of the electron in space about the nucleus. The way in which electrons fill the 

orbitals and the transitions that are allowed between them are governed by a definite set 

of selection rules that are set by the allowed values of the quantum numbers. Table 2-1 

summarises the quantum numbers and their properties.

Table 2-1: The quantum numbers and their properties

Q u a n tu m
n u m b er

S ym b ol A llow ed  values D escr ip tio n

Principal n 1, 2, 3, ... 00 Defines the energy and the size o f  the orbital

Orbital I / < ( « - ! ) Determines the electron angular momentum and the 
shape o f  the orbital

Magnetic mi or U m < ± ( / -  1) Describes the behaviour o f  electrons in a magnetic field 
and specifies the direction o f  a particular orbital

Spin ms 0 1  s ±'/2 Associated with the spin angular momentum o f  the 
electron

The shapes of the orbitals are also defined by the quantum numbers. The shapes of 

some of the orbitals that can be occupied by an electron of the hydrogen atom are shown 

in Figure 2-1. For example, for integer values of n and with / = m/ = 0 the orbitals are
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spherical and are referred to as s orbitals. The orbitals are labelled according to the 

value of n as ns, e.g. 1 s, 2s, etc.

For / = 1 (n > 2) twin-lobed p-orbitals are produced. From Table 2-1 it can be seen that 

for / = 1 there are three possible values of m/ (-1 ,0 , 1). Hence there are three p-orbitals 

labelled «px, «Py and where by convention «pz is associated with mi = 0.

It thus follows that there are five d-orbitals produced for / = 2 (/? > 3; w/ = -2, -1, 0, 1, 

2), there are seven f-orbitals for / = 3 (« > 4; w/ = -3, -2,-1, 0, 1,2, 3), and so on.

The orbitals are thus labelled as /zs, /zp, né, nï, ng, «h, etc. for / = 0, 1, 2, 3, 4, etc. 

respectively where n is used as a prefix to define the relative distance from the nucleus 

and / defines the shape of the orbital.

I = 0. m = 0:
y,

1s

*

2s

3s yj.

n = 1 

n = 2 . 1 = 1 :

n = 2 n = 3

m = 0

2px y

m = +1 , -1

Figure 2-1 : Examples of some of the orbitals of the hydrogen atom

The energy of each orbital depends primarily on two factors: (i) the attraction between 

the electrons and the nucleus, and (ii) the repulsion between the electrons. Thus the 

energies o f different orbitals are different for different atoms with varying sizes of 

nuclei and numbers of electrons. For a single electron such as in a hydrogen atom, there 

is no contribution to the energy due to the interactions between the electrons, so the 

orbitals with the same n are degenerate, i.e. they all have the same energy and orbital 

energies increase with increasing n. This is not the case for many-electron atoms in 

which the s orbitals generally lie at lower energies than the p orbitals and the p orbitals
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lie at a lower energy than the d orbitals. This arises due to the electron-electron 

repulsion in the many electron atom systems, and the shielding o f nuclear charge of the 

outer electrons by the sphere of the inner electrons. The effect o f shielding on s, p and d 

electrons differ according to their penetration which is defined by their probability 

distributions. Hence it is more probable that an s electron may be found near the nucleus 

than a p or a d electron, and so the effect due to shielding will be less, which means that 

it is more tightly bound to the nucleus.

There are three basic rules that are followed in the treatment o f many-electron atoms 

which gives rise to the electronic configuration:

(1) No two electrons in the same orbital can have the same set of quantum numbers n, /, 

m or 5. This imposes a limit to the number of electrons that can occupy any one orbital 

(defined by n, /, and m) to two electrons having opposite spin (5  = +K and -V2 ). This rule 

is known as the Pauli Principle.

(2) Electrons occupy different orbitals starting at the lowest energy first (i.e. n = 1, / = 

0). The orbital energies increase with increasing n and /. The order o f the energy levels 

is: Is, 2s, 2p, 3s, 3p, 4s, 3d, 4p, 5s, 4d, etc. {See Figure 2-2).

6d

Figure 2-2: The order of the orbital energy levels

(3) Electrons will occupy degenerate orbitals unpaired, and with their spins parallel. 

This is known as H und’s Rule. For example, in the ground state nitrogen atom 

containing 7 electrons the first two s-orbitals are filled and there are 3 electrons in the 

2p orbitals, one in each p%, py and p% orbital. All the p-electrons will also have parallel
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spins, such that the configuration will be Is^ ( tl) , 2s  ̂(t I), 2px,y,z (tD, tD, tD). If another 

electron is added, however, it will then have to pair up with one of the p-electrons, with 

its spin anti-parallel.

Thus the electronic configurations of atoms may be obtained by placing the electrons 

into the appropriate orbitals one by one using the above rules. This procedure is referred 

to as the building-up principle. A complete set of electrons for a given n is referred to as 

a closed shell. For example the Is^ electrons of helium form a complete K-shell, the 2s ,̂ 

2p^ electrons form the L-shell, etc.

2.2.2 Ions

Ions are atoms that have more or less electrons than the number of protons in the 

nucleus, thus giving them a net negative or positive charge. Thus ionic configurations 

are determined by either adding or removing electrons from its ground state neutral 

atom counterpart until the required charge state is obtained. The configurations of 

positive ions (cations) are determined by removing the electrons in a specific order. The 

ionisation energy of an atom is the minimum energy required to remove an electron 

from the atom. Thus the first ionisation energy is the energy required to remove one 

electron from a neutral atom, the second ionisation energy is the energy required to 

remove one electron from a positive ion with a single charge, etc. The ionisation 

potentials of selected ions that are relevant to the work related in this thesis can be 

found in Appendix A. The electronic configuration of negative ions (anions) is 

determined by adding electrons to the ground state neutral atom configuration using the 

building up procedure outlined above. The electron affinity of an atom is the energy 

released from a gas phase atom when an electron attaches to it.

2.2.3 Molecular Orbital Theory

It is not possible to obtain an exact solution of the Schrodinger equation for a molecule. 

The Bom-Oppenheimer approximation is thus adopted to simplify the problem. In this 

approximation it is considered that, due to the relatively high masses of the nuclei 

compared to the electrons, the nuclei can be assumed to be stationary and that the 

electrons move relative to them. Hence, by decoupling the motion of the nuclei fi*om the 

motion of the electrons, the Schrodinger equation may be solved for the electrons in a 

diatomic molecule with a fixed intemuclear separation, R. Repeating the calculation for
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different intemuclear distances gives rise to the potential energy curve for the molecule. 

An example is shown in Figure 2-3.

Figure 2-3: The molecular potential energy curve

The features of the molecular potential energy curve include the equilibrium 

intemuclear distance or bond length. Re, which is obtained at the minimum of the 

potential energy curve, and the dissociation energy, of the molecule which is the 

energy required to break the molecular bond.

The shapes of molecular orbitals can be approximated as the sum and the differences of 

the atomic orbitals of the atoms that make up the molecule. This approximation is 

known as a linear combination o f atomic orbitals (LCAO). For a diatomic molecule, 

the wavefunctions for molecular orbitals ^  can be expressed as

<f ' n=¥A^<^e  (2.1)
where ^  and are the corresponding orbitals o f the two atoms that make up the 

molecule. Hence for the hydrogen cation, the simplest molecule consisting of a one 

electron system, the molecular orbital y/ f o r m e d  as a result of the linear combination

of the two Is orbitals y/is(Aj and y/is(Bj of the corresponding H atoms, labelled A and B 

respectively, can be expressed as

'I'h;

where N  is the normalisation factor.

(2 .2)
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The probability distribution of the electron in a molecular orbital y/ is given by | y/f. The 

addition and subtraction of the atomic orbitals results in the formation of bonding and 

antibonding molecular orbitals. The former arises due to the addition of the atomic 

orbitals which results in an increased electron density (constructive interference of the 

electronic wavefunctions) between the nuclei. Thus the origin of the bonding orbitals 

can be explained in terms of the attraction of the nuclei to the concentrated electron 

charge in the intemuclear region. In the antibonding orbitals there is decreased 

electronic density between the nuclei (destructive interference of the electronic 

wavefunctions) and the nuclei are attracted to the concentration of the electron charge 

outside the intemuclear region, resulting in an increased repulsion between the nuclei. 

Figure 2-4 (left) shows a representation of the constructive and destmctive interference 

of the two Is orbitals resulting in the formation of the bonding Isa  (or ag; where g 

stands for the German word gerade meaning ‘even’) and antibonding Isa* (or ay or ay* 

where u stands for the Gemian word ungerade meaning ‘odd’) molecular orbital of 

The antibonding orbital results in a higher molecular energy than that of the individual 

atoms (see Figure 2-4 - right).

Figure 2-4: (Left) Illustration of the formation of bonding and antibonding orbitals 
by the constructive and destructive interference of atomic orbitals. (Right) The 

variation of energy of the bonding ag and antibonding Cy* orbitals

In a similar way p-orbitals may be added or subtracted as allowed by symmetry 

considerations to fomi bonding and antibonding molecular orbitals. As an example the 

2pz orbitals can be combined end-on-end constructively or destmctively to form 2pag 

(or 3a) and 2pay* (or 4a*) orbitals as illustrated in Figure 2-5.



2  M o l e c u l a r  S T R V c r v R t,  S p e c t r o s c o p y  a n d  R a d i a t i o n  C h e m i s t r y ___________________________ 3 7

The 2px and 2py will combine side-by-side to produce a set o f four n orbitals; two 

degenerate bonding and odd 2 p%u and two degenerate antibonding and even 2 p7ig* 

orbitals as shown in Figure 2-5.

The p and s orbitals may also combine to form bonds depending on the orientation. 

More complex orbitals (ô, (j), etc.) are formed from the combination of d, f, etc. orbitals.

2 pz 2pau*

-  of + _ t=>
+ o ' o_ c= 0 + O 0 -

2Pz 2pog
1s I s lOu

Ç)
A A

4̂  -  \
l= >  o o

I s I s lOg »
2Px o r 2py 2pn„

- Aja 0

Cv
2px o r  2py 2p7lg*

Figure 2-5: Summary of the formation of the ct and n bonding and antibonding 
orbitals.

2.3 M o l e c u l a r  Sym m etr y

Molecules can be categorised in terms of their symmetry. The symmetry of a molecule 

is analysed by performing a number of symmetry operations such as rotations, 

reflections and inversions, each of which leave the molecule looking the same after they 

are implemented. Each symmetry operation is carried out with respect to a point, a line 

or a plane known as the symmetry element. There are five types o f symmetry operation 

and corresponding symmetry elements.

The identity, E  or null operation simply involves no action to be carried out such that 

the atoms in the molecule remain where they are. The corresponding symmetry element 

is the entire molecule. Although this operation seems trivial it is essential in the 

treatment of Group Theory.
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An n-fold rotation (Figure 2-6) through an angle 360®/n is carried out about an n-fold 

axis Cn. For example an H2O molecule can be rotated through 180° about an axis that 

bisects the FlOH angle such that the two hydrogen atoms swap positions. The 

appearance o f the new position is indistinguishable from the initial position. This can be 

carried out a second time before the molecule returns to the initial position. Thus the 

water molecule is said to have a C2 axis.

H2O -  Co N H , ^  Co C O 2 -  Co

Figure 2-6: Examples of n-fold rotation

Similarly the N H 3 molecule has a C 3 axis. A linear molecule such as CO2 will have a Coo 

axis running through the bond axis. In a molecule possessing more than one rotation 

axis the one with the highest n is taken as the principal axis.

C2

HoO

-A
0.1

C2’

Figure 2-7: (a) M irror planes in the H2O molecule 
(b) An example of a dihedral a j  m irror plane

A reflection o f a molecule in a mirror plane, a , may be carried out parallel or 

perpendicular to the principal axis. The plane parallel to the principal axis is said to be 

vertical, and the plane perpendicular to the principal axis is said to be horizontal. These 

are labelled as Gv and gh respectively. The water molecule has two vertical mirror 

planes, one where the hydrogen atoms are in the plane and a second where the hydrogen 

atoms are perpendicular to the plane as shown in Figure 2-7 (a). A vertical mirror plane 

that bisects the angle between two C2 axes is known as the dihedral, Gd, plane as 

illustrated in Figure 2-7 (b).
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An inversion is a symmetry operation carried out through a centre o f  symmetry, i. An 

inversion is performed by moving each of the atoms of the molecule from their 

positions along a straight line through the centre of inversion and out the other side the 

same distance from the centre as the initial positions. Thus a point with the coordinates 

(x, y, z) will be at (-x, -y, -z) after inversion. Figure 2-8 shows an example of the centre 

of inversion in the benzene molecule.

Centre of 
inversion /

Figure 2-8: Examples of the centre of inversion in the benzene molecule and an
octahedron

An n-fold improper rotation about an n-fold improper rotation axis, Sn, comprises of 

two successive transformations. The first is a rotation through 3607n followed by a 

reflection in the axis perpendicular to the rotation axis. This can be demonstrated by 

looking at the C H 4  molecule which has three S 4  axes. First a 90® rotation is carried out, 

followed by a reflection in the Oh plane.

Figure 2-9: The four-fold improper rotation axis in the CH4 molecule

Thus molecules may be classified according to the symmetry elements they possess. 

This gives rise to a point group which is a set of symmetry operations that leave at least 

one point unmoved. Table 2-2 summarises the point groups and their corresponding 

symmetry elements. The point group of any molecule can be determined using the flow 

chart shown in Figure 2-11.
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Table 2-2: Summary of the molecular symmetry point groups and their 
corresponding symmetry elements.

G r o u p  S y m m e tr y  e le m e n t s  

N on-rotational groups

C,
Ci
c.

E
E ,i
E ,a

Single axis groups (n = 2,3, ... oo)

C„
Cnv
C„v
Cnh

S„

E, Cn 

E, Cn, ncjy 
E, Cco, ooGy 

E, C|„ nOh S,|

E, Sn

D ihedral groups (n  =  2 ,3 , . . .  oo)

D„ E, Cn, nC]
Dnh E, Cn, nCz, Gh, UGy 
Dooy E, i, C«, COGy
t>nd E, Cn, nC2, UGd

C ubic groups

Tji E, C2, C3, S4, Gd T etrahed ra l
Gii E, i, C2, C3, C4, S4, S5, G|,, G(j O ctahedra l

Ih E, i, C2, C3, C5, Sô, Sio, 0 Icosahedral

Full ro tation  group (3 in the subscrip t denotes 3 d im ensions)

R3 E , i ,C . ,S « o o G Sphere

(a) (b) (c)

Figure 2-10: The shapes of (a) tetrahedral, (b) octahedral, and (c) icosahedral 
molecules, belonging to the cubic groups

Once the point group of a molecule has been defined a number of properties of the 

molecule can be inferred. Two such properties are polarity and chirality which will be 

discussed below. Also, as will be seen later, symmetry considerations are used in 

selection rules for molecular transitions to determine which transitions are 

spectroscopically allowed and which are forbidden.
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Molecule

Y /  \  N
Linear?

Y /  centre
*----- » of inversion

i ?
more

y /c e n tre  
of inversion 

i ?

Y /  \  N1 /  rotationX" 
axis?

For On 
with highest n, 

is nC2 perpendicular 
to O n ?

Y / rotation 
axis?

Hori- 
' ï / '  zontal mirror 

plane, y /  Mirror 
plane, a ?

Hori
zontal mirror 

plane.

Y /  centre 
of inversion 

i ?

Ŷ  Dihedral 
mirror planes, 

naa ?
Y Vertical 

mirror planes
nou?

Y Impro- X . ^
per rotation ^> -> ( Cn 
a x i s ,  S 2 n  ?

Figure 2-11: A flow diagram to determine the point group of a molecule (adapted
from Atkins, 1998)

2.3.1 Polarity

A polar molecule is one that possesses a permanent electric dipole moment. Examples 

are O 3 , H2O and N H 3 . The electric dipole in a molecule arises due to an uneven 

distribution o f charge in a given direction. Thus the symmetry of a molecule can be 

used to determine whether a molecule may have a permanent dipole. Only molecules 

belonging to the C„, C„v and Q  point groups can have a permanent dipole moment.
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A molecule belonging to the Q  or Cnv point groups cannot have a dipole moment in a 

direction perpendicular to the symmetry axis. For example, the H2O molecule with a C2 

axis and a Ov mirror plane has a perpendicular (to the C2 axis) component of the dipole 

moment associated with the OH bond that is cancelled out by an equal and opposite 

component associated with the second OH bond. Thus the only component of the 

electric dipole possessed by the H2O molecule will be in a direction parallel to the C2 

axis and the Ov plane.

2.3.2 Chirality

Chirality is a type of molecular isomerism where the two enantiomers (the chiral 

molecule and its isomer) are mirror images of each other. Hands can be used to illustrate 

an example of chiral symmetry, where two hands are essentially identical but are mirror 

images of each other. They cannot be superimposed facing in the same direction (e.g. 

both palms facing upwards). As previously mentioned (see Chapter J), all the naturally 

occurring the amino acids (except glycine) and sugars are chiral. Figure 2-12 shows an 

example of the enantiomers of the amino-acid alanine.

Figure 2-12: The L and D isomers of the chiral amino-acid alanine

Chiral molecules are ‘optically active’ as they are able to rotate the plane of polarised 

light. Each enantiomer rotates the polarisation plane in equal but opposite directions. 

Molecular symmetry can be used to determine whether a molecule is chiral or not. A 

molecule may be chiral if it does not possess an axis o f improper rotation, Sn, or any 

combination o f symmetry elements that may imply such an axis. E.g. a combination of 

Cn and On is equivalent to Sni the presence of an inversion centre, /, implies the presence 

of 8 2  or the presence of a mirror plane implies the presence o f Si. Thus in sum, a 

molecule may be chiral if does not have a centre of inversion or a mirror plane. 

However the absence of a centre of inversion does not necessarily mean that a molecule 

may be chiral.
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2.4 M o le c u la r  S p e c tr o sc o p y

The basis of molecular spectroscopy arises from the way in which molecules respond to 

electromagnetic radiation. In 1814 Joseph Fraunhofer observed that the spectrum from a 

given light source was intersected by numerous fine black lines and that their 

distribution varied with different light sources. The chemical significance of this 

observation was established twelve years later by Fox Talbot who suggested that the 

spectrum of a flame may reveal information about its chemical composition. Hence in 

the mid-1800’s Gustav Kirchoff and Robert Bunsen stated that each element produced a 

distinctive spectrum and hence sunlight would indicate which chemicals were present in 

stars.

2.4.1 The Electromagnetic Spectrum

Atoms and molecules emit or absorb electromagnetic (EM) radiation and undergo a 

change of state from an excited state to a ground state or vice versa.

The energy possessed by a molecule may manifest itself in many forms: for example the 

molecule may possess rotational energy as it spins about its centre of gravity; 

vibrational energy as the atoms move with respect to each other and are displaced from 

their equilibrium positions; and electronic energy when the electrons move about the 

atomic nuclei and form the bonds that hold the atoms together.

The absorption or emission of electromagnetic radiation occurs in quantised packets 

defined by the quantum numbers discussed earlier. The frequency of radiation, v, 

matches the separation between the energy levels, AE, given by the simple relation

Æ  = hv  (2.3)

where h is the Planck’s constant with h = 6.626 x Js.

AE

El

Thus a molecule that is initially in state 1 with energy Ei will be excited to state 2 with 

energy E2 upon absorption of electromagnetic radiation of frequency corresponding to
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the energy separation AE between Ei and E]. Alternatively, a molecule already in an 

excited state 2 will drop down to the lower energy state 1 and emit radiation with 

frequency v = AE//?.

700 600I 500 400 nm

Visible

Change of Spin
Change of Change of I 
orientation configuration:

Change of 
Change of Electron nuclear 

Distribution configuration
^

R a d i o f r e q u e n c y  ! M i c r o w a v e ! I n f r a r e d v S  1 « 1 Y - r a y

( 1  X ) 1 0 " 1 0 ^
1
1 l 0 ' 2 1 0 '" 1 0 *'' 1 0 ® 1 0 ' ^  1 0 ^

( 3 x ) 1 0 " 1 0 ® 1 0 ® ic f ® 1 0 ^ 1 0 "̂ lo f ®
1 q 1® 1 Q20

( 1 . 2  X ) 1 0 ' ^ 1 0 “ 1 0 '® 1 0 ^
1
1 1 0 ^ 1 0 " 1 0 ®

( 1  X ) 1 0 '® 1 0 '" 1 0 '^
1
1 1 0 ^ 1 0 " 1 0 ® 1 0 ® lO f®

m

Hz

Figure 2-13: The regions of the electromagnetic spectrum and the associated 
molecular processes (adapted from Banwell, 1983)

The different regions of the EM spectrum can thus be associated with particular types of 

transitions that may occur in the molecule. These are summarised in Figure 2-13.

In spectroscopy the units of energy and wavelength of EM radiation are interchangeable 

and a variety of units is used to represent the different regions o f the EM spectrum. The 

relation between the frequency and energy was given in Equation 2.3. The frequency, v 

(Hz), and wavelength, X (m), of EM radiation is related by the well known equation

c = vX (2 / 0

where c = 3 x 10“ ms'‘ is the speed of light in vacuum.

Electromagnetic radiation may also be characterised in terms of wavenumbers in units 

of inverse centimetres {cm ‘), given by MX, the reciprocal o f the wavelength in 

centimetres. This is directly related to the energy using the following relation obtained 

by combining Equations 2.3 and 2.4:
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E = h i = L 9864^
À À

The energy is also commonly expressed in electron-volts where

leK = 1.60218xl0''V (2.6)

2.4.2 The Intensities of Spectral Lines

The intensities of spectral lines depend on a number of factors related to the sample 

under investigation.

(i) The Transition Probability: This is governed by the selection rules that describe 

whether a transition is forbidden or allowed.

(ii) The Population o f States: For two states in which the transition probabilities to a 

third state are equal, the intensity of the spectral line from the state with the highest 

population will be greater. At equilibrium, this follows the Boltzmann distribution given 

by

: ^ ^  = exp(-AE/A:T) (2.7)
^ lo w e r

where AE is the energy difference between the upper and the lower energy state, T is the 

temperature in Kelvin and k is the Boltzmann’s constant.

(in) The Beer-Lambert Law: The ratio of the transmitted and incident radiation, IfÀ,) 

and Io(X), respectively is related to the sample concentration, c, and path length, /, 

according to the following equation:

= exp(-oc/> (2 .8 )

where a  is the absorption cross-section or the absorption coefficient that is unique for a 

given transition in a particular molecular sample. This is closely related to the transition 

probability mentioned above. Slightly modified versions of the above equation will 

reappear in the following chapters demonstrating examples of its application in 

experimental spectroscopy throughout this work.
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2 A 3  Line Widths and Line Shapes

Upon absorption of radiation a molecule will undergo a transition from a lower energy 

state to a higher energy state. The absorption occurs at a specific energy, yet the spectral 

lines appear as bands rather than narrow lines. This is not simply broadening due to the 

limited resolution of a spectrometer, but due to a small spread of transition frequencies. 

There are a number of factors that may contribute to the line broadening that will be 

briefly discussed below.

Collisional Broadening

Collisional broadening occurs in gases and liquids where the molecules are in constant 

motion. The energy levels are slightly perturbed due to the collisions between the 

molecules. Collisional broadening is proportional to the pressure.

Spectra of solids do not suffer from collisional broadening in the same way, as their 

motion is less random as it is restricted within the matrix. Consequently solid-phase 

spectral lines are narrower.

Doppler Broadening

This is also significant in liquids and gases and is a consequence of the Doppler effect. 

This is an effect which results in a shift in the frequency of radiation as the source 

moves towards or away form the observer. Thus in a solid or liquid where the molecules 

are in constant motion, some moving away or towards the source of electromagnetic 

radiation and the observer (detector) a broadening of occurs. The extent of the Doppler 

shift is related to the molecular velocity. Hence the line shape assumes a bell-shaped 

Gaussian distribution as shown in Figure 2-14. The width of the band at half maximum 

is related to the temperature of the sample and the mass of the molecule.

Lifetime Broadening

Lifetime broadening is a consequence of the Heisenberg Uncertainty Principle. The 

principle states that a system that exists in a certain state for a limited time r, (the 

lifetime of the state) will have its energy levels ‘blurred’ or uncertain, to an extent ôE, 

such that:
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S E ^ -
T

(2.9)

where h = h 12n . A\\ excited states have finite lifetimes before they decay, thus they all 

suffer from lifetime broadening.

—  Loren tzian 

 Gaussian

coo ©

Figure 2-14: Comparison between a Gaussian and a Lorentzian band profiles

Lifetime broadening gives rise to what are known as Lorentzian line shapes {see Figure

2-14) where the fu ll width at half maximum (FWHM) is given by 1/r. Thus the shorter 

the lifetime of a state the more uncertain the energy and the broader the band. For 

example the lifetime of a typical electronic state is 10'  ̂ s (Banwell, 1983; Atkins, 1998)

2.4*4 The Resolving Power

A molecular transition takes place over a spread of frequencies centred about a 

maximum as described in the previous section. In some cases two transitions may be 

very close to one another and whether they can be distinguished is limited by the 

resolving power of the spectrometer.

The resolving power of a spectrometer is given by the wavenumber, frequency or 

wavelength of a molecular transition divided by the resolution:

V A
  or —
A V AT

(2 .10)

The resolution can be defined as the difference in the wavenumber, frequency or 

wavelength between two still distinguishable lines in the spectrum.
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2.5  V ib r a t io n a l  Sp e c t r o s c o p y

2.5.1 The Harmonic Oscillator

In a stable covalent molecule the atomic nuclei will vibrate about their equilibrium 

positions. The compression and extension of the bond is analogous to the behaviour of a 

spring obeying Hooke’s law where the restoring force is given by

f  = -kx  (2 .11)

where k is the force constant and x is the extension, which in the case of the vibrating 

molecule is (jr - Ve).

Close to the minimum of the molecular potential energy curve and the equilibrium 

separation between the nuclei, the potential energy can be approximated by a 

parabola of the simple harmonic oscillator. The potential energy of the vibrating system 

is of the form

V = \ k { r - r ^ Ÿ  (2.12)

Therefore the vibration of the molecule can be approximated by the harmonic oscillator 

model. The frequency of oscillation coo and the force constant k in a harmonic oscillator 

are related by the following equation

CÙQ -  — rad s ’ or Vq -  — Hz (2.13)

Where vq = ûV2;rand p is the reduced mass of the molecule given by

= (2.14)
W, + 7̂ 2

for nuclei of masses mi and m2.

Dividing by c, the velocity of light, converts the units of frequency from Hertz to 

wavenumbers in cm'':

1
Vq - - — cm (2.15)

l 7X \ f À

The vibrational energy is calculated by solving the Schrodinger equation
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.2  2 \!/= Ey/ (2.16)
2ju dx

Giving = (v + Joules (2.17)

or £ ^ = ^  = (v + i)v7̂  cm'^ (2.18)
he

where vis the vibrational quantum number taking values v= 0 , 1, 2 , . . .

Taking the lowest quantum number v = 0 and substituting into Equation 2.17 gives the 

lowest vibrational energy

Joules (2.19)

or fo=^VoCm’  ̂ (2 .2 0 )

implying that a molecule may never have zero vibrational energy. Hence the molecular 

nuclei can never be completely motionless with respect to each other and will always 

possess an intrinsic minimum vibrational energy. This energy, given by Equations 2.19 

and 2 .2 0 , is known as the zero-point energy, which depends on the oscillation frequency 

and hence on the nuclear masses and the force constant of the bond according to 

Equations 2.13 and 2.15.

2.5*2 Vibrational Selection Rules

The selection rule for vibrational spectroscopy dictates that in order for vibrational 

transitions to take place and give rise to an observable spectrum, the electric dipole 

moment of the molecule must change upon vibration. Hence vibrational spectra will not 

be observed in homonuclear diatomic molecules.

Specific vibrational transitions are governed by the following selection rule

Av = ±l (2.21)

where the positive sign corresponds to an absorption and the negative sign to emission.

Applying this to Equation 2.17 gives the difference in energy between the vibrational 

levels

= (v' + 1 +  \)Vq -  ( v  + j)Vq = V q cm  ̂ ( 2 . 2 2 )

for emission and the same for absorption, Ey^v+i. Thus it can be seen that the difference 

in energy between one state and the next is equal.
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2.5.3 Anharmonicity

However, the harmonic approximation is not a completely accurate representation of 

true vibrational motion of a molecule and does not take into account molecular 

dissociation. At higher vibrational excitations the molecular potential curve deviates 

from the harmonic approximation, as shown in Figure 2-15, as the restoring force is no 

longer proportional to the displacement of the nuclei from their equilibrium positions.

H arm onic osc illa tor

M olecular potentia l 
e n e r g y  cu rve

In tem u clear  sep a ra tio n

Figure 2-15: Deviation of the molecular potential energy curve from the harmonic
oscillator potential.

The best approximation to the molecular potential energy curve is given by the Morse 

potential

= Z),[l -  (2,23)

Where De is the dissociation energy and a is a constant that is specific to the molecule 

given by

a = (2.24)
, 2D, V 2D,

Substituting this into the Schrodinger equation gives the following solutions for the 

allowed energy levels of the anharmonic oscillator

E, hcOç,[{v + \)  -  x^{v ^  \ Ÿ ]  Joules (2.25)
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or = (v + \)v  -  (v + JCgV cm'^ (2.26)

where v is the frequency of oscillation in cm'* and Xe is a small number {Xe «  1) 

known as the anharmonicity constant which is specific for each molecule and is given 

by

Here the vibrational levels are no longer equally spaced but bunch closer together at 

higher v and the number of vibrational levels is finite.

By substituting v = 0 in Equation 2.26 we can see that the zero pont energy of the 

anharmonic oscillator is slightly different to that of the harmonic oscillator (Eq. 2.20):

£ o = iv ( l - lA :J  cm-' (2.28)

The selection rules for the anharmonic oscillator are the same as those for the harmonic 

oscillator but additionally larger ‘jumps’ are also possible:

Av = ±1, ±2, ±3,... (2.29)

Transitions with Av = ±1 are known as fundamental vibrations and such lines have the 

highest intensities in infrared spectra. Transitions with Av > 1 are known as overtones 

and have rapidly diminishing line intensities with increased separation.

2.5.4 Polyatomic Molecules

The motion of a polyatomic molecule with N atoms is described as possessing a total of 

3N degrees of freedom corresponding to three cartesian coordinates per atom. These are 

associated with the translational, rotational and vibrational motion of the molecule in 

three-dimensional space. It can easily be shown that the number of fundamental 

vibrational modes for a polyatomic molecule is

3N -  6  for non-linear molecules (2.30)

3N -  5 for linear molecules (2.31)

The six degrees of freedom in a non linear molecule are taken up by three degrees each 

of translational motion and the rotational motion of the molecule. This gives 3N -  6 

remaining degrees of freedom for vibrational motion. In the case of a linear molecule

there is no rotation along the bond axis. Hence there are only two degrees of rotational

motion and combined with the three degrees of translational motion means that five
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degrees of freedom are taken up by rotation and translation. This gives 3N -  5 

remaining degrees of freedom for vibrational motion. These internal vibrations of 

molecules are referred to as the fundamental vibrational modes, or normal modes of 

vibration in which all atoms move in phase with the same frequency. Anharmonicity, 

however, leads to overtone vibrations.

In the case of diatomic molecules, such as CO, which are linear, there is 3N -  5 = 1 (N 

= 2 ) fundamental vibration.

The H2O molecule which is a triatomic non-linear molecule (N = 3) has 3N -  6  = 3 

fundamental vibrational modes shown in Figure 2-16.

S ym m etr ic  
b en d in g  ^2

K

A sym m etric
stretch in g  V3 c T  ^

Figure 2-16: The three fundamental vibrations of the H2O molecule

S ym m etr ic  ^  ^  ^  ^  ^
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Î
S ym m etric

b en d in g  ^ 2  ^

A sym m etric  
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# = 0 #  # = o = #  • = 0 = ^

Figure 2-17: The fundamental vibrations of the CO2 molecule
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The CO2 molecule, which is triatomic and linear, has 3N -  5 = 4 fundamental 

vibrations. Three of these are shown in Figure 2-17. The fourth vibrational mode 

appears as a degenerate V2 symmetric bend, one in the plane of the page as shown, and 

the second perpendicular to the plane of the paper.

Deviations from simple harmonic motion leads to the possibility of vibrational 

overtones occurring near 2 v„ 3vj,... etc., where vj are the normal modes of vibration. 

The intensities of the overtone bands fall off rapidly with increasing order. Furthermore, 

there are bands that arise due to the combination, either addition or subtraction, of the 

fundamental and overtone bands.

2.5.5 Fourier Transform Infrared Spectroscopy

Fourier transform (FTIR) techniques are widely used in infrared spectroscopy. Its 

application is an essential part of the work described in this thesis. A brief outline of the 

principles of FTIR will be given here.

One of the major advantages of this technique is the ability to sample the entire spectral 

range of interest. A wide variety of commercial spectrometers are available (a brief 

description of the spectrometer used in this work will be given in the next chapter), but 

the basic principle of operation is the same. A computer samples a series of spectra over 

a given period of time. Each spectrum obtained, an interferogram, is a superposition of 

all the frequencies sampled by the detector over time. The amplitude versus time 

spectrum (which appears as a complex superposition of several sinusoidal waves of 

different frequencies) is then converted by the computer using the technique of Fourier 

Transformation, which resolves the frequencies in the interferfogram, into the more 

recognisable amplitude versus frequency plot. The technique essentially converts the 

time domain to frequency.

The optics used to prepare the interferograms are based on the principle of the 

Michelson interferometer. A schematic diagram is shown in Figure 2-18. The 

interferometer essentially consists of a beamsplitter, B, which partially transmits and 

partially reflects the IR beam, a movable mirror, M ,, and a stationary mirror, M2. The 

beam from the source is split into two components, 50% is reflected towards Ml and 

the rest transmitted to M2.
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F ixed Mirror 
M2

M ovable Mirror 
M1

S o u r c e

T o sa m p le  and  
d etec to r

Figure 2-18: Schematic diagram of the Michelson interferometer

After reflection at Ml and M2 the beam is recombined at the beamsplitter and is 

directed towards the detector, via the sample. The movable mirror introduces a 

difference in path-length between the two beams, which causes the two beams to 

interfere either constructively or destructively. After passing the sample, molecular 

absorptions are clearly identifiable superimposed on the original interference pattern 

and following Fourier transformation an absorption spectrum of the sample is obtained.

2 .6  R o t a t io n a l  Sp e c t r o sc o p y

A molecule in space also possesses rotational energy as it revolves about its centre of 

gravity. Molecular rotational spectra occur in the microwave region of the 

electromagnetic spectrum and the energies of the quantised rotational levels depend on 

the shape and the size of the molecule concerned.

In solids the rotations of molecules are hindered as they become part of the matrix. 

Since this work is concerned only with molecules in the condensed phase, a discussion 

of rotational spectroscopy will therefore not be given.
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2 .7  El e c t r o n ic  Ex c it a t io n  a n d  Sp e c t r o s c o p y

Figure 2-19 shows the potential energy curves of a diatomic molecule in its ground 

state, represented by the blue curve, and an electronically excited state, represented by 

the red curve. A molecule in its ground state is said to be in its lowest vibrational state 

(possessing only zero-point energy) and the electrons occupy the lowest energy orbitals. 

Electronic excitation occurs due to an interaction with a photon, ion or an electron, from 

the ground state to the excited state.

2.7,1 The Franck'Condon Principle

The Franck-Condon principle states that transitions occur only as vertical lines along a 

fixed intemuclear separation. This is owing to the large nuclear masses compared to the 

electrons (e.g. meieamn = 0.0006 amu; niproton  ̂ 1.0073 amu; nineutron = 1.0087 amu) so an 

electronic transition takes place much faster (~ 1 0 ‘*̂ s) than the motion of the nuclei (ICf 

’̂ s). Thus it is assumed that nuclei are stationary during the transition and the most 

probable transition is that from the centre of the lowest vibrational level along AB 

(Figure 2-19). An example of the operation of the Franck-Condon principle and 

consequent interpretation of spectra for different excited states is shown in Figure 2-22. 

The upper state is represented with v ’ and the lower (ground) state with v”. The 

transition lines in the lower part of the diagram in Figure 2-22 (a) and (b) are labelled as 

(v\v").

>.0)

Excited state

Ground state

> k

0
Intemuclear separation

Figure 2-19: The potential energy against intemuclear separation for a diatomic 
molecule in the ground state and an electronically excited state.
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u  = r,

E E

Dissociative
State

>
r r r

0,0 1,0 2,0 3,0 0,0 1,0 2,0 3,0 4,0

CÔ CO

Figure 2-20: Demonstration of the Franck-Condon principle and the outcome of 
transitions between ground and excited states with different relative intemuclear 
distances, r^” representing the ground state and re’ the excited state and an upper 

dissociative state (adapted from Banwell, 1983)

2.7.2 Electronic Selection Rules and Term Symbols

The electronic transitions are also governed by a set of selection rules;

(1) Transitions may only occur between electronic states having the same axial 

component of the orbital angular momentum, A, or separated by one;

AA = 0,±1 (2.32)

where A = |ZT.| (2.33)

and X is the modulus of the magnetic quantum number m/ or 4 (See Table 2-1) that 

specifies the angular orbital momentum of a single electron in a molecular orbital 

assigned the following symbols (analogous to the s, p, d, f, ... in atomic nomenclature) 

corresponding to the values it takes:

4 = 0, 1, 2, 3, ...

CT, 71, Ô, (j), . . .

And A, used for many electrons takes values:
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A = 0, 1, 2, 3, ...
I ,  n .  A, o ,. . .

Thus according to the first selection rule, transitions E <-> S, Z n ,  n  <-> n  are 

allowed, but S ^  A are not.

(2) The total spin momentum for the molecule should remain unchanged:

AS = 0 (2.34)

Thus transitions between a singlet state and a triplet state are forbidden. Similarly the 

axial component of the total spin momentum, E (where E = |ES|), should also remain 

unchanged (E = 0).

(3) It thus follows from the combination of rules (1) and (2) above, that the axial 

component of the total momentum Q (where Q = |A + E|) should also remain 

unchanged, or may differ by one only:

AQ = 0,±1 (2.35)

(4) The following symmetry restrictions need to be followed for diatomic molecules 

(specific to the E states):

where + and -  describe the behaviour of the molecular wavefunction ( y/) upon reflection 

in the plane drawn through the nuclei, with + denoting no change (symmetrical) and -  

denoting a change in sign (antisymmetrical).

(5) An electronic transition in a homonuclear diatomic molecule may only occur if 

there is a change in parity of the molecular orbitals. A molecular orbital may have even 

or odd parity which is determined by the inversion symmetry operation (2.3), with even 

parity, g {gerade), if the orbital does not change sign or odd parity, u {ungerade) if the 

orbital changes sign. Thus the selection rule may be represented as

g < ^ u  u « ^ u

The term symbol for a particular molecular state can be written as

'""A;%  (2.36)

with each element already described above.
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2.7.3 Electronic Spectra

Electrons in most molecules are divided into three groups: the cr, ;rand the non-bonding 

/z-electrons. The cr and k  electrons make up the cr and k orbitals as described in Section 

2.2.3. Simply, the cr electrons make up the single bonds such as 0-H  and C-H, and the n  

electrons make up the double and triple bonds such as C =0 and C=C between the 

atoms. The n electrons are not involved in molecular bond formation. Since the cr 

electrons are more firmly bound to the nuclei, they require more energy to undergo 

transitions than the ttov n electrons. The wavelength regions at which various electronic 

transitions take place are shown schematically in Figure 2-21.

Far
(vacu u m )U V

n

a  -> a '

N ear UV V isib le

n -> 7T'

100 200 300 400 500 600 700 800

Wavelength (nm)

Figure 2-21: Regions of the VUV-Visible spectrum and associated transitions
(adapted from Banwell, 1983)

A change in the electronic transition is also accompanied by a change in the vibrational 

and rotational energy. However, neither vibrational nor rotational fine structures appear 

in electronic spectra of solids. However, a broad absorption due to the electronic 

transition is characteristic for a given molecular group. The electronic spectra of H2O 

and NH] will be discussed in Chapter 7.
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2.8  In t r o d u c t io n  t o  Ra d ia t io n  C h e m ist r y

The way in which radiation interacts with matter is described by radiation chemistry 

with radiation being in the form of either electromagnetic waves or energetic particles. 

The interaction of electromagnetic radiation with molecules has already been discussed 

in this chapter. Radiation of higher energies, typically > 6  eV bring about chemical 

changes in matter. The chemistry induced by energetic photons in the UV region of the 

EM spectrum is described as photolysis. Radiolysis describes the chemistry induced in 

matter as a result of the interaction with ionising radiation such as ions, x-rays and y- 

rays. There are distinct differences in the chemical processes involved as a result of 

electromagnetic waves and ions due to the way that they interact with bulk matter and 

surfaces. These are summarised in Table 2-3.

Table 2-3: The comparison between UV photon and energetic ions interaction with 
matter (adapted from Spinks and Woods, 1990 and Gerakines et.al. 2001)

U V  P hoton s Ions /  electrons

Penetration depth: lim ited by the optical 
properties o f  the m aterial w h ich  are governed  
by the m olecu lar  structure o f  the m aterial

Penetration depth or range: determ ined by  the 
ion  energy , m ass and charge and the density  
and c o m p o sitio n  o f  the m aterial

Processes -  O n e -o ff  even ts that result in the 
absorption o f  the photon o f  the correct energy:

Processes -  d irect or indirect interactions 
alon g  the ion  track w ith in  the solid:

E xcitation  -  governed  by se lec tio n  rules

Ion isation

D isso c ia tio n

Sputtering -  p o ssib le  as a secondary  e ffect  
fo llo w in g  d isso c ia tio n

%

E xcitation  -  inc lu d ing  op tica lly  forbidden  
transitions

Ion isation

D isso c ia tio n

Sputtering

E lectron  capture, neutralisation  and charge  
transfer

lo n -m o lec u le  reactions

S econ d ary  e ffe c ts  -  e .g . production o f  
secon d ary  e lectrons

ilill
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However both involve processes that result in molecular excitations and ionizations 

within the solid, which in turn may result in bond breakage and the production of highly 

excited species. In the case of ions, secondary electrons are also produced which in turn 

may produce further excitations. In this thesis we will be looking at the chemistry 

induced by both ions and photons.

I S A  Summary of the Charged Particle and Photon Interactions 
with Molecules

As already mentioned, a molecule can be excited by the absorption of electromagnetic 

radiation or inelastic particle collision. The absorption of light follows selection rules 

and only a photon with the correct energy that corresponds to the difference in energy 

between the excited state and the ground state will be absorbed. In the same way 

radiolysis also produces excited states but in addition, ionising radiation will produce 

more highly excited states as well as states and transitions that are optically forbidden. 

Therefore it is very likely that the chemistry induced by ionising radiation will be more 

varied than that induced by photochemistry. A number of processes that occur as a 

consequence of photon or ion interaction with molecules are summarised below.

The absorption of EM radiation (UV and visible light) occurs as a one-off event raising 

the molecule, M, from the ground state to an excited state M* as represented by 

Equation 2.37.

hv + M ^ M *  (2.37)

Where hvi s  the energy of the absorbed photon.

In the case o f ionizing radiation (ions and high energy photons) both direct and 

secondary processes may arise in molecular excitation. A molecule may absorb energy 

directly and become excited {Equation 2.38), or a molecule may become ionised by 

losing an electron {Equation 2.39) and subsequently neutralised {Equation 2.40), 

resulting in a highly excited state, M**, that rapidly decays to lower excited states, M*, 

following collisions with other molecules.

(2.38)

(2.39)

+e~ (2.40)
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Non-radiative energy transfer

The electronic energy of an excited molecule Ma* may be transferred to another:

(2.41)

This can occur only if the energy required to excite Mb is less than or equal to the 

excitation energy of Ma*. The energy transfer may occur upon a collision between two 

molecules (in the gas or liquid phase), or be transferred from molecule to molecule in a 

crystal.

Dissociation

If an excited state has sufficient energy (greater or equal to the bond dissociation 

energy) the molecule may dissociate, by breaking the covalent bond to produce a pair of 

free radicals such that one bonding electron remains with each fragment:

{ A : B ) - ^ A ^  + ‘B (2.42)

For example, UV photons (<280 nm) can cause direct dissociation H2O:

hv  + H ^ O ^ H + ’OH (2.43)

Predissociation may occur if the excited molecule dissociates after passing into a second 

excited state.

Electronic excitation caused by charged particles (ions or electrons) may also result in 

fragmentation, dissociating the molecule into two neutral fragments, one of which may 

remain in the excited state e.g.

A B -^A B *  - ^ A  + B* (2.44)

This process is known as electron or ion impact dissociation.

Ion Recombination

An ion will typically be neutralised by an electron as shown in Equation 2.40 or an ion 

with the opposite charge:

A^ +B~ ^ A *  +B  (2.45)

The excited molecule may then dissociate resulting in either molecular products or 

radicals.
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Dissociative recombination occurs when an electron and a positive molecular ion 

recombine (Equation 2.40) and the transient excited molecule fragments into two 

neutral species:

e - + A B ^ - > A  + B (2.46)

Charge Transfer

A charge transfer takes place when an electron is removed from a neutral atom that is 

near to a positive ion.

(2.47)

In order for charge transfer to take place the ionization potential of the neutral molecule 

must be less than or equal to the ionization potential of the ionic molecule when in its 

natural state.

Electron Attachment

Low energy electrons (E < 20 eV) may be captured by a neutral molecule resulting in 

the formation of a transient molecular ion:

(2.48)

The temporary excited anion may then undergo one of three processes:

(i) electron auto-detachment

(A B )- ''''^  AB + e~ (2.49)

(ii) dissociative electron attachment (DEA)

(^g)-(') -> + B~orA' + B (2.50)

(in) decay into a stable anion

(ABy^’^ ^ A B -  (2.51)

lon-Molecule Reactions

lon-molecule reactions result in the formation of a large variety of products, producing 

both neutral and charged fragments, or radicals.

(2.52)
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2.9  Io n  En e r g y  Loss

B ack scatter in g

E lastic co llis io n s  with 
nuclei
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Im plantation/
reaction

Ion O

Ionisation
Sputtering

E xcitation

Figure 2-22: Ion energy loss processes in bulk matter

As an ion traverses a solid, it will lose energy by a series of interactions with the target 

atoms or molecules. The total energy loss per unit path length -(dE/dx) for an ion 

moving through the solid is known as the specific energy loss or the stopping power. 

This is inversely related to the velocity of the charged particle. The total stopping power 

for the ion is given as the sum of the elastic and inelastic energy loss processes within 

the target material, known as the nuclear stopping (SJ  and the electronic stopping (Se) 

powers respectively.

S = + 3 , (2 53)

The former occurs due to the interaction of the ion with the screened Coulomb potential 

o f the target nuclei (nuclei + core electrons) within the stopping material, giving rise to 

dislocations and vibrations, and the latter, due to inelastic Coulomb interactions with the 

atomic electrons of the target material, giving rise to ionisations and excitations. Hence 

the stopping power depends both on the energy, mass and charge of the impinging ion 

and the mass and the atomic number of the atomic constituents within the target. The 

typical units for the stopping power are eVnm'^ or keV jim ^.

The energy loss may also be expressed as the stopping cross section, S, which can be 

regarded as the energy loss rate per scattering centre (Natasi et.al. 1996) and is 

expressed as the total stopping power divided by the atomic or molecular number 

density N  or the mass density of the target material p\
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dE/dx dE/dx
b = --------  or o =

N
(2.54)

P

with the units of

eV/cm
atoms ! cm^

eVcm^ ^ eV/cm ' eVcm^ ^
or — — -  =

 ̂ atom ) g  ! cm I & j
(2 55)

The appearance of the unit of area in the numerator o f this quantity leads to its 

classification as a cross-section. The expression of stopping power divided by the target 

density is also known as the total mass stopping power (Spinks and Woods 1990). The 

conversion between the mass density and number density is carried out as follows

N ( i n o l e c u l e s j x N^ (molecules/mole) (2.56)

where M is the average molecular mass o f the target material and Na is the Avogadro’s 

number which is equal to 6 .0 2 2 x 1 0 ^̂ .

Eventually, if  the target material is thick enough the ion will come to rest after 

dissipating all of its energy. Thus, an ion that enters a solid with an initial energy Eq, 

will lose its energy along its path at a rate of -(dE/dx) until it comes to rest. This is 

known as the ion penetration depth or range, R, where

R = f  — ^— d E
* 0  dE/ dx

(2.57)

o
E3z

0 Depth

Figure 2-23: Typical number-depth curve for ions in matter

Figure 2-23 shows a typical plot of the number of ions versus the depth of the target. 

Differentiation of the number-depth curve with respect to distance gives an 

approximately Gaussian curve centred about the mean ion range, Ro, which represents
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the depth distribution of the ions in the target. The mean ion range is also calculated 

from the extrapolated range R« obtained by drawing a tangent to the steepest part of the 

number-depth curve as shown.

The values of the stopping cross-section and range can be obtained from literature and 

may be calculated using the SRIM program (Zeigler, 2003) which will be described in 

Section 2.9.3.

In some cases the rate of energy loss may be described by the linear energy transfer 

(LET) which is defined as the linear rate of energy loss by an ion traversing the target. 

This is similar to stopping power in some respects and the values are nearly equal for 

heavy charged particles. For light energetic particles LET does not take into 

consideration the radiative energy losses (e.g. Bremsstrahlung) that deposit energy 

elsewhere in the target. The average LET may be estimated by dividing the total energy 

of the particle by its range in the target material. However this is only an approximate 

value as the rate of energy loss changes as the ion is decelerated within the target.

2.9.1 Dose and Related Terms and Units

In literature, the transfer of energy of a charged particle is quantified in terms of the 

absorbed dose in the target. This is a quantity which defines the amount of energy 

absorbed in a target per unit mass and has the SI units of J  kg'^ known at the Gray. For 

convenience, more widely used units of eV per small molecule are used, for example, 

eV (16 amu)'^ (Brucato et.al, 1997b) or eV (18 amuf^ (Moore and Hudson, 1998) are 

used when considering H2O dominant ices. As described above, once an ion penetrates 

a target it will lose energy through a large number of energy transfers then, depending 

on the thickness of the target, the ion either leaves the stopping material or comes to rest 

within the target. This is simply determined by the range of the ion and the thickness of 

the stopping material. The ion dose has a greater significance in the case where the 

thickness of the target material is less than the range of the ion. If the target material is 

thicker than the ion range, the ion will come to rest in the target and if it is reactive may 

chemically interact with the target molecules. This is referred to as ion implantation 

(Strazzulla, 1998). This is of particular importance when studying the surfaces of 

planetary bodies where the ice thicknesses may be of the order of a few metres and the 

ions are implanted into the top layers of the ice.



2  M o l e c u l a r  S t r u c t u r e , Sp e c t r o s c o p y  an d  R a d ia  j io n  Ch e m is t r y _______________________ 6 6

The particle fluence rate, ̂  of a beam of ions is the total number of ions striking the 

surface per unit time, with units of {ions cm'^ s'^). This can easily be determined for 

charged particles by collecting the beam in a Faraday cup and measuring the beam 

current. The fluence rate integrated over irradiation time gives the total number of 

ions,0 {ions crn^) striking the surface over a particular period of irradiation time. The 

fluence is described as a measure of the number of particles entering a sphere of unit 

cross-sectional area at the point of interest (Spinks and Woods 1990).

The intensity of the beam can be determined from the energy fluence rate, y/

y/{eV cm~  ̂ s ~̂ ) = (j){cm~̂  s~̂  ) x E{eV)  (2.58)

The ion dose absorbed by a thin target through which an ion beam passes completely is 

given as the fluence, O multiplied by the stopping power of the target material. In SI 

units:

D = ^{particles / m ) x — -— {Jm ! kg) Gy (2.59)
P

where \ Gy = 6.2414 x lO’̂  e V g '\  or more commonly

D = 0{ions cm ~ ^)x^^^^{e V  cm^ g~^) eVg'^ (2.60)
P

If the sample thickness is much greater than the range of the ion, then the ion stops 

within the target depositing all of its energy. Hence the absorbed dose in the stopping 

material is the total energy deposited by the beam minus any energy losses due to 

scattering by bremsstrahlung radiation. In the case of more massive ions (as opposed to 

electrons), losses due to bremsstrahlung can be ignored as this is only important at very 

high energies (~ 1000 MeV).

By integrating Equation 2.57 and rearranging we get

Hence the average absorbed dose in a sample where the thickness is much more than the 

penetration depth can be approximated as

D = <D(;oni cm'" ) x   eV g '  (2.62)
p{g cm )R{cm)
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There are many discrepancies in literature between the values of stopping power used 

for different samples which may lead to different interpretations of the data. These 

differences may arise due to (1) the source used for obtaining the values of the stopping 

powers some of which may be old and outdated (and in many cases the source of the 

quoted stopping powers is elusive), and (2 ) the estimation of the molecular density of 

the target for the conversion of units. A few examples are given in Appendix B.

2*9.2 Sputtering

Sputtering is a process whereby material is ejected from the surface as a result of ion 

irradiation. It depends on a number of factors such as the binding energies of the sample 

molecules, the temperature of the sample, the energy, mass and charge of the ion and 

the angle of incidence of the ions. Sputtering can occur both due to the elastic 

momentum transfer processes between the ion and the target atom/molecule and as a 

consequence of inelastic electronic excitation or ionisation close to the surface of the 

sample. The sputtering yield is therefore the combination of both the nuclear and 

electronic contribution much in the same way as the total stopping power. Thus it 

follows that the electronic sputtering is dominant at high velocities (lower mass), and 

nuclear sputtering at low ion velocities (higher mass). Generally, it can be said that the 

electronic contribution only becomes dominant over the nuclear contribution if the ion 

velocity is greater than or equal to the orbital velocity of the outer electrons of the target 

atoms (Pirronello, 1991).

2.9.3 The SRIM Program

A program. The Stopping and Range o f  Ions in Matter (SRIM 2003), has been 

developed by Zeigler et.al. (2003) and is widely used to calculate the stopping power 

and the range of ions in different materials (e.g. Cooper et.al. 2001; Gomis et.al. 2003). 

The program is available for download from their website: wmv.SRIM.org. The SRIM 

programs utilise a quantum mechanical treatment of ion-atom collisions. This treatment 

is extended to molecular targets using a Core-and-Bond model in which the stopping 

power of compounds is determined by superimposing the stopping due to the atomic 

cores and the bonding electrons between the atoms. The atomic stopping is determined 

following the Bragg's Rule which states that the stopping power of a compound may be 

determined by a linear combination of its constituent atoms. A correction factor for the 

bonds is then introduced to the rule by SRIM. The bond stopping correction depends on
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the type of bond e.g. C-C, C-N, C=C, C=C, C=0, etc. Target compounds may be 

selected by specifying the relative atomic stoichometry of each atom in the compound, 

the target density and the type of bonding between the atoms. Alternatively a large 

collection of compounds already exist in the target dictionary that is available with the 

software. This may be edited if new compounds need to be added. An example of an 

entry for the H2O target is shown in Figure 2-24.

The bonding and appropriate corrections are suggested for each phase. Further detail on 

the special bonding corrections can be found in references provided with the software. 

Once the desired target and the ion is selected, with the appropriate density and 

compound correction specified a table is calculated containing the values for the 

electronic stopping (dE /dx)e, nuclear stopping (dE /dx)n, the projected range and the 

longitudinal and transverse straggling for the selected ion range.

================== Water_Liquid ==================
Stopping Correction for Target Chemistry and Phase 

***** Correction assumes Ion = H(l) *****
SOLID Target Binding Corr. = 0.890 = - 11.00%
GAS Target Binding Corr. = 0.940 = - 6.00%
Target PHASE Correction = 0.920 = - 7.99%

TOTAL Target Correction (SOLID) = 0.819 = - 18.11%

Density = 1 g/cm3
Chemical Formula: H — O — H
There is about an 8% increase in the peak of the
stopping power for ions in water vapour relative to the
liquid. (The peak of the stopping occurs at an energy of
about 150 keV/amu times the 2/3 power of the ion's
atomic number.) Above the peak the phase difference
begins to disappear. This calculation is for the LIQUID
phase.

======= TARGET COMPOSITION =======
Atom Atom Number Molec. Core 
Name Numb Atoms Mass % Stopping

2 . 00  
1 . 0 0

11.19 
88. 81

0 . 0 0  
5 .45

=== TARGET BONDS (per molecule)=== 
Bond Type Number Stopping

(H-0) 10.061

Figure 2-24: SRIM Compound Dictionary entry for H2O (Zeigler etMl 2003), 
including compound phase correction and details of the ‘core and bond’ stopping
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SRIM was used in this work for determination of the stopping powers and ranges in ion 

irradiation experiments. The stopping powers and ranges were used primarily for 

comparison between different ions in irradiation of similar targets.

2.10 Sum m ary

This chapter covers the theoretical background for the spectroscopic techniques used 

and the molecular interactions encountered in this work. An overview is given of the 

molecular structure, together with a description of the atomic and molecular orbital 

theory and molecular symmetry. Some of the key theoretical concepts of molecular 

spectroscopy are discussed, along with a description of the theoretical aspects of 

vibrational and electronic excitation and spectroscopy and associated selection rules. An 

introduction to radiation chemistry is given, distinguishing between the interaction of 

photons and ions with matter. The general processes involved in ion and photon 

interactions with molecules are described. An overview is given of the ion energy loss 

processes in bulk matter along with a description of the SRJM software used in this 

work.
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3 T h e  Ex p e r im e n t a l  A p p a r a t u s  
AND P r o c e d u r e s

"M a ke  ei'erythin<y as sirnf^le as possihL-, hu t  no t simfyler." 

Albert Eimcem (18791955)

T his chapter contains a detailed  descrip tion  o f  the d ev e lo p m en t and construction  o f  a new  

apparatus to produce and study astrophysical ice  a n a logu es. T he various features o f  this 

apparatus are described , as w ell as the experim en ta l proced ures im p lem en ted  u sin g  this 

apparatus for sam ple deposition , irradiation and sp ectroscop y . S o m e  lim itations o f  this 

apparatus are a lso  d iscussed .

3.1 In t r o d u c t io n

In the last three decades, advances in ground, air and space based infrared observations 

have triggered interest in astrochemical condensed phase processes which, in turn have 

led to the construction of a number of laboratory systems to study such processes.

A new apparatus has been built to study astrophysical ices and their evolution under ion, 

photon and electron processing. The apparatus was designed and built primarily with 

portability in mind, so that it may be transported and coupled to a variety of radiation 

sources and fit within conventional UV-Vis or FTIR spectrometers. Hence, it was 

essential to ensure minimum size of the sample chamber and mobility associated 

components whilst maintaining full functionality and a sufficient degree of flexibility 

and compatibility.
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In Chapter 1 we have discussed the different astrophysical environments that require 

study, along with the complexity of the physical and chemical processes associated with 

them. Therefore, from a practical perspective, a working laboratory system should be as 

flexible as possible.

The key requirements for such an apparatus are:

(i) to create, monitor and control, within experimental limitations, laboratory 

environments analogous to that of the astrophysical environments;

(ii) to prepare both layered and mixed ice samples of varying compositions, 

structures and thicknesses, analogous to astrophysical ices in the 

environment in which they may be found;

(Hi) to process the samples by means of external radiation (photon, ion and 

electron) as a function of energy flux and time;

(iv) to spectroscopically monitor and analyse the samples before, during and 

after irradiation;

(v) to remove the sample and clean the substrate effectively;

(vi) to be able to repeat each of the above under duplicate conditions, ensuring 

reproducibility of results.

It is not possible to completely simulate identical conditions to those in astrophysical 

environments; however, approximate, or analogous conditions may be simulated. Table

3-1 compares the laboratory and the interstellar conditions (adapted from Hagen 

et.al\919  and Schutte 1999).

As with many laboratory systems there are limitations which are inherent to the system:

(i) There is generally a lack of knowledge about the composition, density and 

temperature of ices in various astrophysical environments. The information about the 

ices is inferred solely by observation. There are no samples available for examination in 

the laboratory.

(ii) The analogy to the grain surface in the laboratory is poor. The real compositions 

of grain mantles are not known. Furthermore, the grain surfaces are very different in
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size and morphology. In this particular experiment an approximation is made, 

neglecting grain surface structure and surface effects. The ice layers deposited are thick 

enough to consider only the surface or bulk reactions, but thin enough for transmission 

spectroscopy. However we are not able to generate a close approximation to the surface 

area in the case of grain mantles. The ices created in the laboratory have very large 

planar surfaces in comparison with the grains which are sub-micron to micron sized 

particles that may have a high degree of complexity in their supposedly ffactal-like 

surface structure. See Chapter 1.

Table 3-1: Comparison between the parameters in astrophysical environments of
interest and laboratory simulations.

P aram eter ISM G alilean  Sattelites ' Laboratory

Ice temperature (K)
-1 0 -7 0 70-180 Variable variable but > 

10
Ice thickness 0.02 - 0,2 pm 1 pm -  several km 0.2 - few  pm

Condensable 
molecular species

CO, N 2, O2, etc. C O ,  C O 2 Any molecular species 
o f  interest

Condensable atomic 
species

H, 0 ,  C, N, etc. - Generally cannot be 
prepared in the lab

Condensation rate 
(molec. cm'^ s ')

lOf-lO? Variable depending on 
day/night temperatures

-  lO 'L lo '’

Ambient pressure 
(mbar)

-1 0 '^ - lO 'L io'o

UV flux 
(hv cm'^ s ')

(>6 eV) 10  ̂- 10* (>4.4 e V ) 4 x  1 0 '°* io '' - io 's

Ions MeV & He^^ ^ n + ( n = l- 6 )  q n + (n = l-5 ) t t +

H e \ C ^ W ,K ^ ^ ’and’ 
molecular ions S0 2 % H2 0 \  
H3 0 \ 0 H \  H2", H3"

M eV-keV: & He^ 
few keV: any ion + any 
charge state

Ion energy flux 
(keV cm'^ s ')

(1 M eV H^) 10^-10^ (E>20 keV)
2.2 X 1 0 * -7 .8  X 1 0 '°*

variable

Equivalent time 
scales

10̂  years variable depending on local 
environment and radiation

1 hour

type

“ Delitsky and Lane (1998) 
* Cooper et.al. (2001)

(in) In the case where ice analogues of the surface of icy bodies in the solar system 

are studied, we can create a better approximation of the ice surface. However the 

compositions of these ices, as inferred from reflectance spectra, are not completely 

known. This is partly owing to the limitation in the spectral and spatial resolution of the
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astronomical data and to the high complexity of physical and chemical processed 

involved in such environments.

(iv) There is no conceivable way to simulate the timescales at which reactions occur 

in the interstellar medium. For example 1 hour of irradiation in the laboratory is 

equivalent to 1000 years irradiation in the interstellar medium. It is difficult in the 

laboratory to simulate the flux of radiation comparable to that in the astrophysical 

environments. However, it is possible to obtain time-dependent data in the laboratory 

regimes, and in some cases to extrapolate these to astrophysical time scales.

(v) The pressures used in the laboratory can be 10  ̂ times greater in the laboratory 

compared to interstellar clouds.

At present it follows that the astrophysical conditions that are possible to recreate in the 

laboratory are approximate, within the limitations of the laboratory system but should 

provide us with sufficient amount of information to understand the processes involved 

in ice chemistry. A compromise must be made between observation and experiment, 

and theoretical modelling is required to map and extrapolate one system to the other and 

vice versa, in order to obtain the required data with a certain degree of confidence.

3 .2  A p p a r a t u s  A ssem bly

3.2.1 The High Vacuum System

The apparatus consists of a UHV-compatible chamber that houses a liquid helium/liquid 

nitrogen cryostat to the end of which is attached a sample mount holding a transmitting 

substrate. The apparatus set-up is shown in Figure 3-1 and Figure 3-2.

The main chamber in which the sample is centrally located is a stainless steel spherical 

cube (Kimball Physics MCF275-SC600-A) with six Confiât® (CF40) sealing surfaces, a 

spherical internal diameter of 66 mm; the outer dimensions are that of a cube with 70 

mm sides. The small size of the sample chamber has been chosen specifically so that it 

can fit within the compartment of any standard commercial FTIR or UV-Vis 

spectrometer in order to carry out transmission spectroscopy. Two such spectrometers 

have been acquired dedicated to this apparatus: a FTIR spectrometer and an UV-Vis 

spectrometer with sample compartment sizes /(265mm) x w( 180mm) x h(\55mm) and 

/(270mm) x w( 150mm) x A( 130mm) respectively.
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There are four ports available for sample deposition, irradiation and spectroscopy which 

can be accessed by turning the sample to the desired port. The sample is rotated by 

means of a UHV compatible 360° rotary feedthrough (Cabum E-RMT-275). 

Differential pumping on the rotary feedthrough ensures that base pressures of the order 

of 10’’̂  mbar may be maintained within the main vacuum chamber whilst rotating the 

sample. The cryostat is mounted onto the CF40 rotary feedthrough at the top of the 

chamber and so the sample, which is attached to the end of the cryostat, may be rotated 

about the vertical axis by rotating the entire cryostat. Electrical connections within the 

chamber (e.g. heater, thermocouple, faraday cup), are made via the electrical 

feedthrough at the top of the cryostat assembly, with all wires loosely wound around the 

heat exchanger to prevent tangling during rotation.

The entire structure is supported in an aluminium frame by means of two brackets that 

are attached to two opposite flanges on a six-way cross situated above the cubic sample 

chamber. The 6-way cross and the cubic sample compartment are separated by a short 

CF40 connector in order to provide added depth so that the sample compartment may be 

aligned within a spectrometer with the flanges of the 6-way cross clear of the top of the 

spectrometer. The sample is aligned within the spectrometer compartment by raising the 

spectrometer to an appropriate height, from beneath the chamber, by means of a scissor 

lift table.
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□ o o  o o o o o o O

ITC  tem perature controller

Cryogen inlet via 
transfer line

Electrical feed-through  
for connections to the  
tem perature sensors  
and conduction wires

To
pumping <Jzzi 
station

Rhodium -iron R TD  
m ounted into a hole at 
the base of the cryostat

C opper sam ple mount

S o u r c e s
(S p e c tr o s c o p y ) :
- U V -V IS  / FT IR  

spectrom eter 
Synchrotron

r n

Wavckneih

Transm ission trough the sam ple is recorded  
as a function of w avelength /frequency

Liquid nitrogen 
exhaust

Liquid Helium  / 
Liquid Nitrogen  

Cryostat

R otary feed- 
through allows 

36 0° rotation of the  
sam ple

Ion gauge

Resistive heater -  
silver soldered onto the 

body of the cryostat

Calcium  fluoride  
substrate

D e te c to r s
( S p e c tr o s c o p y ) :
- U V -V IS  / F T IR  

I- >• spectrom eter 
P M T

R a d ia tio n  S o u r c e s :
Ion beam line  

Synchrotron beam line  
Electron gun

Figure 3-1: Schematic diagram of the vacuum chamber
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M ounting brack ets  

Support T ab le  

G a te  V alve

S p ectro m eter

Dry P um p

F* S c is s o r  Lift T ab le

Turbo P um p  

Pirani G a u g e

C ryostat

6 -w ay  c r o s s  

Ion G a u g e

S a m p le
C h am b er

Figure 3-2: The vacuum system

The chamber is evacuated through one of the ports on the six-way cross by a turbo- 

molecular pump (Leybold Turbovac TW-300; pumping speed -260 1 s’') which was 

backed by a rotary pump in the early stages of the apparatus development. The rotary 

backing pump was later replaced by a dry pump (Leybold EcoDry M l5; pumping speed 

-14 m  ̂ h ') to eliminate the chances of oil vapour contamination in the main chamber. 

The pumps can be isolated from the main chamber by a gate valve. The lowest pressure 

achieved in the chamber, without baking, is of the order o f - 1 0 ’̂  mbar at room 

temperature, - 1 0 ’̂  mbar at liquid nitrogen temperature and - 1 0 ’̂  mbar at liquid helium 

temperature. The pressure is monitored by an ion gauge (Leybold lONIVAC ITR-90) 

with a measurement range of 5 x 1 0 ’'^ -  10  ̂ mbar and an inbuilt LCD display for quick 

pressure monitoring. The ion gauge is situated at one of the ports on the 6 -way cross.

The sample chamber has two calcium fluoride windows (Caburn VOCF-C40) mounted 

in CF40 flanges for transmission spectroscopy on opposite sides of the cube. The 

sample is positioned at the centre of the chamber equidistant from the two windows.
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3.2,2 The Substrate and Sample Mount

A calcium fluoride window (25 mm diameter x 2 mm thick) mounted in a copper mount 

is used as the substrate. The window sits in a grove in the copper mount and is secured 

by oversized washers and screws as shown in Figure 3-3.

Thermocouple ' 
mounting

— Silver foil to improve — 
thermal conduction

Attachment to the cryostat 
(4xM 2.5 screws)

. M2 screw and washer to 
hold the window in place

Screw to mount 
thermocouple

Calcium fluoride 
window

Figure 3-3: The sample mount and substrate

The entire copper mount is machined out of a single piece of OFHC (oxygen free, high 

conductivity copper) to avoid any additional interfaces that may affect thermal 

conduction. The sample mount is attached to the base of the cryostat heat exchanger by 

four screws, with thin silver foil sandwiched in between to improve thermal conduction.

Calcium fluoride was chosen as the substrate primarily for the purpose o f transmission 

spectroscopy. Calcium fluoride has a wide range transmission profile with the high 

energy cut off near 120 nm (10.3 eV), with ~ 50% transmission at Lyman-a (121.6 nm; 

10.2 eV), and a low energy cut off near 1000 cm'' (10 pm; 0.12 eV). This means that 

the same substrate may be used both for UV and IR spectroscopy. Figure 3-4 (a) shows 

the infrared transmission spectrum of the 2  mm calcium fluoride window.

As with most transmitting crystal substrates, calcium fluoride has low thermal 

conductivity of 9.71 Wm 'K '' compared to 400 W m ''K '' for copper. This is important to 

take into consideration when sensitive temperature measurements of the sample are 

required. Another important consideration in using calcium fluoride is its low solubility: 

0.0017g per lOOg water at 293 K. This is particularly important when water samples are 

heated to room temperature and above to clean the substrate.
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Figure 3-4: Calcium fluoride IR transmission spectra through (a) the substrate, (b) 
the CF40 port window, (c) the two external windows of the chamber (d) the

chamber and substrate

3 .3  T h e  Co o l in g  System  AND T e m p e r a t u r e  
C o n t r o l

3.3.1 The Cryostat

The chamber was built around a 250mm long variable temperature flow cryostat 

(custom built by AS Scientific). The cryostat, built out o f stainless steel and OFHC 

copper, can be used with liquid helium or liquid nitrogen. It consists of a heat exchanger 

and an electrical feedthrough for connections to thermocouples and a 50 Q (1 Amp. 

max.) coaxial resistive heater.

An OFHC radiation shield is mounted to the lower part of the heat exchanger to 

improve base temperatures that can be achieved with liquid helium. So far the base 

temperature that has been reached using this system is 38 K with liquid helium and 84 

K with liquid nitrogen. It is believed that due to the small size of the chamber there is 

considerable heat load on the cryostat. Also, the wires to the thermocouple and the 

heater that are wound around the cryostat are attached to a room temperature electrical 

feedthrough, which may provide an added heat load on the system. Work is currently
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being carried out to improve the base temperature and a closed cycle helium refrigerator 

is being purchased for a modified system.

The continuous flow cryostat was initially chosen for flexibility and small size 

(mounted onto a CF40 flange). Also it is easy to interchange between liquid helium and 

liquid nitrogen coolants without breaking the vacuum in the main chamber.

3.3.2 Liquid Nitrogen Cooling

Liquid nitrogen flows from a pressurised liquid nitrogen dewar via a custom built 

transfer line and hose directly into the cryostat insert. A liquid level sensor and a 

solenoid valve control the flow of liquid nitrogen into the cryostat. The liquid 

evaporates and escapes via a port at the top of the cryostat.

3.3.3 Liquid Helium Cooling
Helium vapour

Flow meter0-1000 mbar 
gauge

0-ring
seal

Vacuum  
insulated flexible 

liquid helium 
transfer line

Exhaust
Transfer line 

cryostat insert

Demountable 
coupling with 

o-ring seal

Flow 
controller box

Needle valve

Liquid
helium
dewar

Diaphragm
pump

Extension tube 
coupling

Extension tube

Vacuum
chamber

Figure 3-5: Schematic diagram of the set-up for liquid helium transfer

A flexible coaxial liquid helium transfer line is used for liquid helium cooling. The 

transfer line supplies the liquid helium to the lower part o f the heat exchanger. The 

liquid then evaporates and cools the radiation stage about half way up the length of the 

cryostat, which in turn cools the radiation shield. The gas evolves from the cryostat via
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the transfer line and is pumped away by the diaphragm pump (Oxford Instruments H4- 

312). The diaphragm pump also serves the purpose of drawing the liquid helium out of 

the unpressurised liquid helium dewar. Figure 3-5 shows a schematic diagram of the 

set-up used for liquid helium transfer. The helium exhaust port on the liquid helium 

transfer line is connected to the diaphragm pump by 10 mm PTFE tubing, via a flow 

controller box (Oxford Instruments VC31) which contains a pressure gauge and a 

needle valve. The needle valve is used to regulate the flow of helium in the transfer 

system by monitoring the flow rate on a flow meter that is situated at the exhaust end of 

the diaphragm pump. All connections to the pump and the flow meter box are made 

using 10  mm push-on fittings.

For liquid helium cooling, typically a 100/ dewar of liquid helium is used. The transfer 

line consists of two sections that can be decoupled to facilitate helium transfer (See 

Figure 3-5). The end of the dewar leg of the transfer line is equipped with an M8 thread 

so that an extension tube can be added to extend the leg to the base of the dewar for 

efficient helium transfer. The transfer is carried out by first attaching the cryostat insert 

of the transfer line to the cryostat and switching on the diaphragm pump. The dewar leg 

of the transfer line is then inserted into the dewar until the tube touches the liquid. By 

closing the vent valve and the relief valve on the dewar the cold helium vapour can be 

felt escaping through the other end of the transfer line. The flexible dewar end of the 

transfer line is then coupled to the transfer line insert on the cryostat to allow cold 

helium gas to circulate through the cryostat before lowering the transfer line to the base 

of the dewar. The dewar leg is then raised approximately 1 cm off the base of the dewar 

to prevent clogging of the transfer line due to any precipitates (e.g. dirt or water ice) that 

may be present at the base of the dewar. It is recommended that the helium flow rate 

does not exceed 3x10^ mbar 1 s '\  It is also important that all parts of the transfer line 

and the cryostat are dry and this should be routinely checked prior to helium transfer to 

avoid blockage due to ice formation.

The transfer line is insulated with a vacuum jacket (pressure ~ 10'  ̂ mbar). In order to 

maintain maximum insulation it is necessary to pump out the transfer line once every 4- 

6  months. A KF16 pump port is provided on the two sections of the transfer line.
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3.3.4 The Copper-Constantan Thermocouple

The thermocouple was calibrated by taking voltage measurements with a digital 

voltmeter at four different temperatures. This was carried out by placing the 

thermocouple in its mount into boiling water, ice and liquid nitrogen and referred to the 

room temperature measurement. This was then compared to standard calibration data to 

obtain the correction for the room temperature reference junction. Each measurement 

was repeated three times, in a different order to check for stability during temperature 

cycling. The results are shown below:

Table 3-2: Calibration of the Cu-Constantan thermocouple

M ed iu m T(K)

M easured  

V oltage (m V)
C alibration  

V oltage (mV)

H 2 O B o ilin g  Point 373 3 .4  ± 0 . 1 4 .2 7 9

R o o m  Tem perature 297 0.1 ± 0 .1 0 .951

H 2 O  M eltin g  Point 273 - 0 . 9  ± 0 . 1 0.000
L iquid N itrogen 77 - 6 . 5  ± 0 . 1 -5.539

There is an average linear shift o f about 0.9 mV corresponding to the room temperature 

voltage reading from calibration data taken with the reference junction at 0 ®C. Errors in 

temperature readings are estimated to be within 5 K of the real value.

3.3.5 The RhodiumTron Temperature Sensor

3.2 mm

Short ends Long ends

22 mm

Long ends

Short ends

Figure 3-6: The rhodium-iron sensor

A 27 Q rhodium-iron resistive temperature sensor (Oxford Instruments PHZ 0002) is 

used to measure the temperature near the sample. The sensor consists of a four-wire 

assembly as shown in Figure 3-6. The sensing wires are encapsulated to protect them 

and prevent errors in measurement due to possible piezoresistive effects. The sensor
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capsule is mounted into a hole at the base of the cryostat. A three point calibrated sensor 

is used here, although a 30-point calibrated sensor also exists, but the latter is 

considerably more expensive. The sensor is capable of measuring the temperature in the 

range of 1.5 to 500 K. A typical excitation current of approximately 1 mA is applied 

and the resistance is measured. A temperature controller, described in the next section, 

is used to interpret the resistances and display the corresponding temperature in selected 

units.

The temperature measured by the rhodium-iron sensor is only approximate as far as the 

sample is concerned and is limited by its proximity to the sample. Due to the bulk of the 

sensor it is not possible to mount it near the sample. As a future modification, 

additionally, a gold/iron-chromel thermocouple will be fitted to the substrate itself 

which should give a better estimate of the sample temperature.

3*3.6 The Temperature Controller

In the first trial experiments using liquid nitrogen the temperature was estimated using a 

copper-constantan thermocouple. Later in the development of the apparatus a PID 

(proportional, integral, derivative) temperature controller (Oxford Instruments ITC502) 

was acquired. The temperature controller is equipped with an extra channel interface to 

allow for three sensors to be used for control or monitoring. The controller has a built-in 

80 W heater power supply to which the resistive heater on the cryostat is connected. The 

unit also has the ability to control a stepper motor driven valve for regulation of cryogen 

flow into the cryostat. This has not been fitted at this stage but will be as part of future 

modifications to economise on liquid helium consumption, as presently control of 

helium flow is manual.

The 50 Q resistive heater and the 27 Q rhodium-iron resistance sensor, mounted onto 

the cryostat, are connected to the temperature controller via an electrical vacuum-to-air 

feedthrough. The connections are made as shown in Table 3-3.

The ITC controller may be operated using the front panel display or via a remote 

computer interface. A standard RS232 connection is made from the temperature 

controller to the PC.
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Table 3-3: Connections from the ITC controller to the cryostat.

P in
(ITC)

P in  D escr ip tion  (ITC) C o n n ec tio n  at th e  C ryostat
P in

(Cryo)

1 Input High From V+ o f  the Rh-Fe sensor C

2 Input Low From V. o f  the Rh-Fe sensor E

3 Input Ground (linked to pin 2, 
isolated from supply ground)

4 Current source (+ve) To 1+ o f  the Rh-Fe sensor D

5 Current source (-ve) To I. o f  the Rh-Fe sensor F

6 Heater Output (+ve) Resistive heater wires A

7 Heater Output (-ve) B

8 Input Low (for thermocouple) -

9 Chassis Ground -

33*6*1 Sensor Calibration

The rhodium-iron sensor is calibrated by either cooling the sensor to the required 

temperature or applying an equivalent signal to the ITC controller and adjusting the 

temperature on the display such that it matches the applied resistance. The calibration 

values are provided by the supplier of the sensor. Table 3-4 below shows the calibration 

data for the sensor used in this apparatus.

Table 3-4: Calibration data for the rhodium-iron sensor

T em p erature (K) 273.16 77.352 4.222

R esistan ce (D) 27.058 7.2729 2.3984

3 .4  T h e  Ga s  D o s in g  Sy st e m

A dedicated gas line was built to prepare and deposit the ice samples. Gases and 

vapours are admitted into the vacuum chamber and are sprayed directly onto the cold 

substrate via a 6 mm stainless steel tube (~3mm ID) welded into the centre of a CF40 

flange and attached to one of the ports on the spherical cube. The aperture of the 

deposition tube is 19 mm from the centre of the substrate. A typical gas deposition set

up is shown in Figure 3-7.
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Figure 3-7: The gas deposition line

The gas line contains a gas reservoir which is essentially a CF16 T-piece isolated at 

either end with valves and with a baratron (MKS, up to 10 Torr) attached to the third 

port. The valve closest to the vacuum chamber (Vi) is a precision control needle valve 

that allows manual regulation of gas flow onto the substrate. An on/off valve (V2) is 

used to isolate the reservoir from the rest of the gas line. There is a network of 6  mm 

stainless steel tubing which feeds the gases or vapours into the reservoir either from 

lecture bottles or liquid samples. The number of gas lines may be changed according to 

the type of ice sample required, for instance where a mixture o f two or more gases is 

needed, by merely adding a new line. Each sample gas line is isolated by an on/off valve 

(e.g. V5 and Vô) and the gas flow from each valve is regulated by needle valves (e.g. 

nVs and nV^). The entire line may be roughed out using a rotary pump and evacuated, 

once a pressure of less than 1 mbar is reached, with a mini turbo-molecular pump 

backed by another rotary pump. A Pirani gauge may be optionally used to determine the 

pressure in the gas line, for evacuation purposes while the gas reservoir is closed.
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3 .5  Sa m p l e  P r e p a r a t io n

Before deposition, gases are admitted into the reservoir, one at a time, and the pressure 

is measured on the baratron. Where two or more gases are mixed in the reservoir, their 

ratios are determined by the ratios of their partial pressures, the total pressure read by 

the baratron being the sum of the partial pressures of each of the gases.

Water samples are prepared using distilled, deionised water that is freeze-pump-thawed 

(FPT) to remove any gaseous impurities that may be dissolved in the liquid. The liquid 

is prepared in a glass reservoir which is isolated form the rest of the gas line by an 

On/Off valve (Vô) and a needle valve (nVe). FPT is carried out by first freezing the 

water in the reservoir, using a liquid nitrogen bath, and pumping out the reservoir to 

create a vacuum above the ice surface. The bulb is then sealed from the pump line by 

closing V6 and warmed until the ice is thawed. Any volatile impurities escape the liquid 

into the vacuum created above its surface. This procedure is usually repeated three times 

or more, until no gas bubbles are seen to evolve from the liquid.

Gas samples are extracted from lecture bottles connected to the gas line via a gas 

regulator. As with the water reservoir, the gas bottle and regulator are isolated from the 

gas line by an On/Off valve (e.g. Vg in Figure 3-7) and a needle valve (e.g. nVs). The 

latter is used to regulate the flow of gas into the gas line, particularly when mixing of 

gases is required.

3.5.1 Gas Throughput

The average number of molecules that leave the aperture from the gas reservoir per 

second can be easily calculated from the recorded change in pressure of the gas in the 

reservoir during deposition, and the time taken for the deposition. The gas throughput Q 

from the reservoir is given by the following equation (Harris 1989):

(3,1)

where, p f  and pt are the final and initial pressures recorded on the baratron respectively; 

V is the volume of gas in the reservoir; and t is the time taken, in seconds, for the 

pressure in the reservoir to drop from pi to pf. Hence applying the well known gas law 

relation p F  = NkT it follows that the number of molecules leaving the reservoir per 

unit time is
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AN Q ^ ( P i - P f ) ^ V  
t k j  kT- t

Hence by substituting known values into this equation: V= 35.6 cm^; k  = 1.38066x10'^^ 

JK'^; and converting the units of pressure into millibars, the molecular flow rate, F, can 

be determined by

F  = —  {molec.s- )̂ = ^ 2.5756x 10""
t

(3.3)
T{K)t{s)

Conversely, if a specific flow rate is required, the time taken can be estimated using this 

equation.

The molecular intensity I  at the surface, to first order, follows the cosine distribution

^  (3.4)

where F  is the flow rate, r is the distance, in centimetres, from the aperture to the 

substrate along the axis of the gas deposition tube; and 6 is the angle between the 

surface of the substrate and the axis of the tube. The geometry used in this relation is 

shown in Figure 3-8. In all experiments described in this thesis with the current set-up, 

r=1.81 cm, 6= 0°.

Substrate

Gas Inlet
Tube

Figure 3-8: Geometry for sample deposition at the substrate

Where more than one molecular component is deposited at a time the arrival rate of 

each species at the surface will vary depending on their thermal velocity which is 

inversely proportional to the molecular mass:

m
(3.5)
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For example, the difference in the thermal velocities of H2O and CO2 is a factor of 1.56. 

Thus it is to be noted that the ratio composition of the sample gas within the gas 

reservoir is likely to differ from the ratio of the components within the ice sample for 

molecules with considerably different thermal velocities. True compositions of 

molecular species are determined spectroscopically.

3.5.2 Determination of the Sample Thickness

The sample thickness can be estimated by a number of methods. In the experiments 

detailed in this thesis the sample thickness was initially measured by observing the 

interference fringes from thin ice samples. This was then used to convert the gas 

throughput from the reservoir in the gas line into an approximate sample thickness.

A flow rate of 1 x lO'^ molecules cm'^ s'^ corresponds to a growth rate of approximately 

2 /jm K ‘ (Sanford et.al 1990). This relation can be used to approximate the sample 

thickness during deposition. The ice thickness is generally calculated from the column 

densities of molecular species within the ice, measured from the absorption spectra. 

This will be described in section 3.7.4.

During the course of an experiment there is a small degree of H2O contamination from 

the background gas. The experiments detailed in this thesis were typically carried out at 

pressures of the order of 10 '^-10 '̂  mbar.

3*3*2* 1 Observation o f Interference Fringes

When thin ice layers are deposited upon a substrate, they form convex films. Irradiation 

with monochromatic light reveals a pattern of interference fringes from which the ice 

thickness may be determined. Multicoloured fiinges can also be seen under daylight, 

resembling an oil film on water. Figure 3-9 shows a schematic diagram, illustrating the 

origin of interference fringes in a thin film.
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Figure 3-9: Ray diagram to illustrate the origin of the interference fringes in a thin
film

The interference fringes arise due to constructive and destructive interference of light 

that is reflected from the surface of the substrate and from the surface o f the ice. The 

condition for destructive interference in a thin film is given by (Bom & Wolf 1999)

2/i'dcos Û' i — hiÀq — (3.6)

where cos^' is the mean value of cosO\ where O' is the angle of reflection within the 

sample at the ice-substrate interface, n'd  is the optical thickness of the sample at the 

point of reflection, P, Ào is the wavelength of incident light, and m is the order of 

reflection.

The sample thickness can therefore be determined by rearranging Equation 3.6 and 

counting the number of interference fringes m

In'cosO'
w = 0,1,2,. (3.7)

Near normal incidence cos O' % 1

In'
w = 0,1,2, . . . (3.8)

Figure 3-10 shows photos of two films at different thicknesses illuminated with a 

sodium lamp.
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(a) 3|im thick H2O ice (b) 10  thick CO2 ice

Figure 3-10: Interference fringes of thin ice films as seen under irradiation with a
monochromatic sodium source

As an example, 10 mbar of CO2 was deposited on the substrate. Two dark rings were 

visible with a light centre. The average separation between the two rings was measured 

using a travelling microscope to be 0.29 cm. Taking Ao=589 nm for the atomic sodium 

D line, m=2 fringes and refractive index n ' of €02=1.22 (Hudgins 1993), the ice 

thickness (assuming normal incidence of sodium light) is calculated from Equation 3.8 

to be 0.48 pm. This is comparable to the value of 0.47 pm calculated from gas flow rate 

measurements.

A more precise set-up is required to monitor the sample thickness during deposition. A 

He-Ne laser set-up at a fixed angle to the surface can be used and the intensity of the 

fringes monitored by a photodiode (Allamandola et.al. 1990; Hudgins et.al. 1993; 

Dohnalek et.al. 2003; and references therein).

In some cases, for example when performing FTIR spectroscopy, the infrared spot size 

on the sample (6 mm diameter) is small compared to the size of the substrate (25 mm 

diameter). Here the sample may be regarded as locally planar (i.e. the variation in 

thickness may be neglected).
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3 .6  Ir r a d ia t io n  T e c h n iq u e s

3.6.1 UV (Synchrotron) Irradiation

UV (Synchrotron) irradiation and in some cases VUV spectroscopy were carried out 

using the UK Daresbury Radiation Source, Station 3.1, and the UVl beamline on the 

ASTRID ring at the Institute for Storage Ring Facilities, Aarhus (ISA). Synchrotron 

irradiation experiments have been carried out in conjunction with either VUV 

spectroscopy, where the same beam is use to obtain the spectra, or FTIR spectroscopy, 

where the spectrometer is set up such that the infrared beam is at 90° to the synchrotron 

beam. A detailed description of the experimental set-up at the UVl beamline and 

principle of operation of the ASTRID synchrotron source used in this work is given in 

Chapter 6.

3.6.2 Ion Irradiation

Ion irradiation experiments are carried out using either a Van de Graff accelerator or a 

low energy accelerator utilising a 10 GHz Electron-Cyclotron Resonance Ion Source 

(ECRIS) at Queens University Belfast. The former produces primarily high energy 

(keV-MeV) ions, and the latter is able to produce almost any ion type in all possible 

charge states, at low (few keV) energies. A description of the experimental set-up at 

ECRIS is given in the next chapter, and at the Van de Graff source, in Chapter 5.

3.6.3 The Electron Gun

Support C eram ic  C a th o d e
structure sp a c e r  h o u sin g

(A n od e)

C F 4 0  F la n g e

R uby Support 
b alls a s  structure  
s p a c e r s

e -  b ea m

T u n g sten
F ilam ent

E inzel
le n s

G rou n d ed
e le c tr o d e

Figure 3-11 : The electron gun



3 Th e  Experim ental  A ppara  t u s  a n d  Pr oced urks 91

An electron gun has also been constructed to be used in this system; however due to 

time constraints it has not yet been possible to conduct any electron irradiation 

experiments.

The energy range of the electron gun is a few eV -  150 eV. It consists of a Cathode 

Housing, within which is a Tungsten filament, followed by an Einzel lens system and 

then by an earthed electrode. The lens components are physically and electrically 

separated by a set o f ruby balls that are accurately placed in three holes bored into each 

electrode. The components are bolted together and held in place by a frame consisting 

of three studding rods that are secured to two titanium discs slightly larger in diameter 

to that of the electrodes. The entire structure is mounted onto a CF40 flange with a 9-pin 

feed through for electrical connections to the electrodes and filament. From current 

calibration results, a typical electron current of 2nA may be obtained at 60 eV.

3.7  Sp e c t r o sc o p y

In situ spectroscopic analysis is carried out once a new sample is prepared, and at 

regular intervals during irradiation. The sample is rotated so that its surface is 

orthogonal to the probing beam. First a background spectrum is taken through a clean 

substrate at room temperature. The beam passes through one of the outer calcium 

fluoride windows, then through the vacuum, through the substrate, through vacuum 

again and finally through the second calcium fluoride window (Figure 3-12).

Beam from
spectrometer
source

Beam to 
spectrometer 

detector

Gas inlet

Figure 3-12: The spectrometer beam passes through two external CaFz ports and
the substrate

Another spectrum is recorded after the substrate is cooled, to check for any species that 

might have condensed on the surface as a result o f cooling. If there are no signs of 

contamination, this spectrum is used as the background for the spectra taken after the
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sample is deposited, during irradiation, and during sample warm-up. After the sample is 

completely evaporated at the end of the experiment, another spectrum is taken through 

the substrate to check for any residues or alteration of the substrate following 

irradiation.

3,7.1 FTIR Spectroscopy

FTIR spectroscopy is carried out using Jasco600P/w5 FTIR single beam spectrometer 

operating in the range of 7800 -  350 cm '\ The resolution is variable from 0.5 to 16cm'\ 

In the data presented in this thesis, unless stated, the resolution used was 1 cm '\ The 

signal-to-noise ratio for this spectrometer is 25000:1.

The sample chamber is placed within the compartment of the spectrometer so that the 

infi-ared beam passes through the two outer CaFz windows and the substrate within the 

chamber (also CaF]). This limits the recordable wavelength range to 7800-950cm'\ The 

beam spot focused at the centre of the spectrometer sample compartment is 6  mm in 

diameter. Careful alignment is carried out geometrically to position the vacuum sample 

chamber at the centre of the spectrometer compartment.

Since the spectrometer is a single beam type, a background spectrum needs to be taken 

at the start of each experimental run as described above. An example of a typical 

background spectrum is shown in Figure 3-13. The spectrum is dominated by 

atmospheric H2O and CO2 outside the chamber and within the interferometer. The 

amount of H2O and CO2 may fluctuate during the course of the experiment, contributing 

to the noise in the spectra, which may be positive or negative depending on the increase 

or decrease in the contaminant level. The background H2O and CO2 features may be 

minimised by purging the spectrometer sample and interferometer compartment with an 

inert gas or dry N2.

A water-vapour and carbon dioxide reduction tool is also supplied with the Spectra 

Analysis software whereby the noise due to atmospheric H2O and CO2 may be reduced 

electronically in the appropriate spectral region using a calibration data file prepared in 

advance in which the background levels are monitored. An example of the application 

of the water vapour reduction tool in a spectrum is demonstrated in Figure 3-14.
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Figure 3-13: An example of the background FTIR spectrum (taken with I cm"' 
resolution) through the sample chamber and substrate
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Figure 3-14: An infrared spectrum of a sample suffering from noise due to 
atmospheric H2O, before (blue) and after (green) using the water-vapour reduction 

tool provided with the Jasco Spectra Analysis software

The infrared spectra detailed in this thesis were all taken at normal incidence, whereby 

the substrate is rotated to face the infrared beam port. The reason for this is primarily so 

that our data can be directly compared with most data in literature. This is particularly 

important in the case where the integrated band intensities, used to determine the 

column densities o f molecular components within the ice, are taken from literature (e.g.
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Gerakines et.al 1995, Hudgins et.al 1993, Sandford and Allamandola 1990 and 

Sandford et.al 1988). In the case where strong bands are investigated there is a change 

in both the real and imaginary part of the refractive index with wavelength within the 

band (Brucato et.al 1997b). Thus, in the case where the infrared beam is at 45® 

incidence to the sample, such as the geometry used by Brucato et.al (1997b), the band 

profile is significantly different to that at normal incidence.

3.7.2 UV"Vis and VUV Spectroscopy

UV-Vis Spectroscopy is essentially carried out in the same way as for FTIR 

spectroscopy. A Shimadzu 2401PC spectrometer which operates in the range from 180 

nm to 1 0 1 0  nm with a resolution of 0.1 nm is used.

VUV spectroscopy is carried out using grating monochromators at synchrotron 

beamlines. The set-up for VUV spectroscopy is different from the set-up described 

above for bench-top spectrometers. The VUV beam wavelength is scanned using a 

grating monochromator and the intensity of radiation I  is measured using a 

photomultiplier tube as a function of energy and compared to the background intensity 

Iq. For a detailed description o f VUV spectroscopy techniques and set-up see Chapter 6.

3.7.3 Transmittance, Absorbance and the Optical Depth

Generally during an experiment the FTIR spectra are taken in percentage transmittance, 

%T(v) mode where %T is obtained by converting the transmittance T, which is the ratio 

of the incident intensity I q to transmitted intensity / to  a percentage:

I M
%T{y) = T{v) X100 = —^  X100 (3.9)

This is then converted to Absorbance, Abs, using the y-unit conversion in the Spectra 

Analysis program provided with the Jasco Spectrometer software.

The absorbance is the logarithm to base 10 of the ratio of the incident to transmitted 

intensity, i.e. 1/T:

Abs{v) = log
I , (y)
I(v)

The conversion from %T to absorbance is given by

= - lo g r (v )  (3.10)
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Abs{v) = log (3.11)

In some cases it is necessary to covert the absorbance to optical depth, Zy. in order to 

compare with data in literature. This is done by converting the base 10 logarithm to the 

natural logarithm in equations using the relation \nx = (In 10) log x . Therefore

t { v )  = Abs{y)'A\rv\0 (3.12)

The column density, N  (molecules cm'^), or the amount of a molecular component 

within a sample, can be calculated using the following equation

A A

where z(v) is the frequency dependent optical depth and A (cm molecule'^) is the 

integrated absorption coefficient (also referred to as the integrated band strength or the 

integrated band intensity). The band area can also be approximated by multiplying Zmax, 

the optical depth at maximum absorbance, by the full-width-at-half-maximum 

(FWHM), Av% of the band. This is a good approximation in those cases where the area 

of overlapping bands is being calculated.

The integrated absorbance for a molecular species is calculated from a set of calibration 

data by reversing the above equation and accurately determining the number density of 

a molecular component. The value of A for a particular molecular vibrational band may 

vary depending on the composition and, in some cases, the temperature of the ice. The 

integrated absorbances for various molecules in different ice matrices at different 

temperatures have been calculated and compared by a number of groups (e.g. Gerakines 

et.al 1995). The values for the integrated band intensities of ice species investigated in 

this thesis are stated in the relevant experimental sections and summarised in Appendix 

C.

3.7.4 Determination of the sample thickness from the column 
density

The column densities of molecular species measured from the spectra can be used to 

calculate the ice thickness. This follows from the Beer-Lambert law

= (3.14)
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Where Iq(v)  and I(v) are the incident and the transmitted intensity respectively, e(v) is 

the molecular absorption coefficient or the absorption cross-section, [/] is the number 

density or the concentration of the species i and / is the optical path length through the 

absorbing sample. Rearranging and integrating, we get

But the integral on the left hand side is the integrated optical depth over the absorption 

band fz(v) and the integral of the absorption coefficient over the absorption band on the 

right hand side of Equation 3.15 is the integrated absorption coefficient A for that 

particular band. Hence, dividing by A and comparing to Equation 3.13, we get

7V = [/]/ (3.16)

Therefore, dividing the column density N  (molecules cm^) by the molecular density of 

the species in the sample [i] (molecules cm'^) we get the sample thickness / in cm.

The molecular density [i] can be determined from the ice density p, the molecular mass 

of the ice Mr and Avogadro’s number, W^=6.02214 x 10̂  ̂ molecules mot^ from the 

following relation:

[/] (molec. cm (jnolec.mol ) x p  (g cm (3.17)
M,(gmo/-')

In the case where a multi-component ice mixture is used, the molecular density of the 

individual component is determined from the ratio of the molecular abundance of that 

component and the weighted mean of the molecular mass.
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3 .8  Su m m a r y  o f  t h e  G e n e r a l  Ex p e r im e n t a l  
P r o c e d u r e

(a) Sample deposition 
onto cold substrate
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(c) Irradiation with ions, 
electrons or VUV photons

Spectrometer
compartment

(b) Spectroscopy: 
FTIR or UV-Vis

PMT

(d) VUV spectroscopy

Figure 3-15: Summary of the various stages in the experimental procedure

Although a set of experiments was carried out with this apparatus using different 

irradiation sources in different labs, the experimental procedure only varies slightly 

from one experiment to the next. The basic experimental procedure is outlined as 

follows:

(i) The chamber is evacuated until a stable base pressure is reached. The substrate is 

usually warmed and kept at -350 K to ensure that any volatile impurities (and H2O) are 

removed from the surface.
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(ii) The substrate is rotated such that its surface is perpendicular to the spectrometer 

beam. A spectrum is taken through the warm substrate at normal incidence. This is 

usually done to check for any condensation on the substrate after cooling.

(in) The substrate is cooled either to liquid nitrogen or liquid helium temperature, or, 

in some cases, where temperatures other than the base cryogen temperature is required, 

the temperature set by the temperature controller. The cooling process is carried out 

until equilibrium temperature is reached. The substrate is normally allowed to 

equilibrate for 5-10 minutes after the base temperature is reached.

(iv) Once the required stable temperature and pressure is reached within the main 

chamber, another spectrum is taken and compared to the room temperature spectrum. 

This spectrum of the clean, cold substrate, prior to sample deposition, is used as the 

background for all following spectra. Condensation of H2O on the substrate during the 

cooling procedure is generally found to be negligible. There is a small difference 

between the background spectrum through the cold substrate and that of the room 

temperature substrate.

(v) Pure gases or mixtures are prepared in the gas line, their quantities and 

proportions predetermined from the partial pressures in the gas reservoir. The substrate 

is rotated to face the gas deposition tube, and ices are deposited onto the substrate at 

normal incidence, unless otherwise stated. The ice thickness is estimated fi'om the 

molecular flow rates.

(vi) Another spectrum is taken (at normal incidence) of the unprocessed ice, either 

once the complete sample is prepared, or in stages. For instance, when layered samples 

are investigated a spectrum of each successive layer is recorded. This spectrum is then 

qualitatively analysed to ensure that a correct proportion of gases and a correct 

thickness of ice have been deposited. Later, a more quantitative analysis is carried out to 

obtain more accurate values of the composition and ice thickness.

(vit) The ices are processed either thermally or by UV, ion or electron irradiation. 

The radiation parameters are recorded for future use.

(viii) Spectra are taken regularly during processing to monitor the evolution of the 

sample with time.
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(ix) Samples may be warmed following irradiation and spectra taken.

(x) Finally a background spectrum at room temperature is taken once all of the 

sample is evaporated away.

3 .9  Su m m a r y

The design and construction of the new experimental apparatus built to study the 

chemical and physical processes in astrophysical ice analogues was outlined. A general 

experimental procedure was also described. Further technical details will be given in 

subsequent chapters on the experimental procedures implemented in relation to the 

specific experiments. The description of ion and photon irradiation experiments carried 

out using this apparatus on both pure and mixed binary ices will follow in Chapters 4, 

5, and 6. A brief description of the unique experimental setups at the radiation source 

facilities will be given in the appropriate chapters.

As with any prototype experimental apparatus, a number of small problems have been 

encountered and overcome during the course of the experimental runs. Some of these 

were already described in this chapter. Modifications have been made to accommodate 

the different radiation source facilities used. These will be addressed in the respective 

chapters describing the specific experimental runs. A brief evaluation of the apparatus 

and the experimental procedures will also be given in Chapter 7 along with a discussion 

of the future modifications envisaged.
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4 Io n  Ir r a d ia t io n  Ex p e r im e n t s  I: 
P u r e  H 2O  a n d  CO2 I ces

"Tfw m ost p lm isc  to luxir in sc ie n œ , tlu' one tiuit lieraLLs nt;u' discoveries,  is

not 'Eureka!' (I found it!), hut 'TIuit's fu nn y  ...' "

' Isaac Asimov (1 9 2 0  ' 1992)

T he first results o f  ion  irradiation o f  ices, usin g  the n ew  apparatus are presented  and  

d iscu ssed  in the fo llo w in g  chapters 4 and 5. T w o  ion so u rces w ere used  for irradiation  

exp erim en ts in w h ich  the ice  sam p les w ere m onitored  sp ec tro sco p ica lly  as a fun ction  o f  ion  

fluence. In this chapter the irradiation o f  pure H 2 O  and C O 2  ice  is d iscu ssed . B oth  

unreactive and reactive  ion ic  sp ec ies  w ere used  to irradiate ea ch  ice  at se lec ted  en erg ies and  

the results com pared .

4.1 In t r o d u c t io n

The interaction o f ions with matter is important in understanding the processing of both 

the bulk and surfaces of astrophysical ices. Ion processing of astrophysical ices results 

in changes o f the ice structure, bond breakage, sputtering of molecules off the surface 

and the formation of new molecules. The nature of the chemistry that is induced by ions 

depends on a number o f factors such as the energy, mass and charge of the ion and the 

density, thickness and the temperature of the substrate.

We have performed a number of ion irradiation experiments at the ion source facilities 

at Queen’s University Belfast (QUB). Two ion sources were used in the experiments 

detailed in this thesis: the Van de Graff accelerator source, which will be briefly 

described in the next chapter, and the 10 GHz Electron Cyclotron Resonance Ion Source



4 I o n  Ir r a d i a  d o n  Ex p e r im e n t s  I: P u r e  H 20 a n d  C 02 I c e s 101

(ECRIS). The radiolysis of both pure and mixed H2O and CO2 ice samples were 

investigated as a prelude to experiments carried out on the mixed H2 0 :C0 2  ices 

described in the following chapter. In order to understand the dissociation processes and 

the resulting products in the mixed ices, experiments were carried out on the irradiation 

of pure CO2 and H2O ices. Moreover, as discussed in Chapter 7, H2O and CO2 are the 

dominant constituents of astrophysical ices. Ion irradiation o f such ices is important in 

the study of Solar System ices, particularly that of Marsian polar caps and Jovian 

satellites. The ice surfaces are continually bombarded by low energy cosmic rays and 

solar wind particles and in addition Jupiter’s icy satellites are subjected to 

magnetospheric ions. As the ice surfaces are generally thicker than the penetration depth 

of the ions, the ions are implanted into the surface. A large proportion of the ions 

impinging into the surface are reactive, and thus it is highly likely that new compounds 

will be formed.

4*1.1 HiO ice
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Figure 4-1: The spectrum of pure H2O ice at 90 K

In the experiments described in this and the following chapter FTIR spectroscopic 

techniques were used to monitor the changes in the sample. The general principles of 

vibrational spectroscopy were outlined in Chapter 2 including a description of the 

fundamental vibrational modes of the H2O molecule. An example FTIR spectrum of
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pure H2O ice deposited at 90 K is shown in Figure 4-1. There are three characteristic 

bands visible in the range 4000-1000 cm ':

(i) The broad asymmetric band near 3300 cm'' (3.03 pm) contains two overlapping 

vibrational modes; the symmetric stretch, vi, and the asymmetric stretch, V3 of the 

isolated water molecule. These are redshifted from the gas phase OH stretching 

frequencies due to hydrogen bonding in the solid.

(ii) The V] bending mode of H2O gives rise to the band near 1650 cm'' (6.06 pm), 

slightly blueshifted from the gas phase as increased hydrogen bonding hinders libration 

and bending (Hagen e/.<3 /. 1983).

(Hi) A  weak, broad band centred near 2200 cm ' (4.54 pm) is attributed to the 

combination o f the V2 bend and the libration m odes\ vl.

Two more bands are present outside the range shown; another libration mode near 800 

cm'' (12.5 pm) and a broad symmetrical band near 220 cm ' (45.5 pm) which arises due 

to ice lattice vibrations.

A   ^
Oxygen

Hydrogen

Hydrogen bond 

Covalent bond

Figure 4-2: Hydrogen bonding in crystalline ice

A small feature can be seen near 3690 cm ' which is attributed to the dangling 0-H  

bond on the surface of the ice or in the surfaces o f the micropores in the amorphous ice 

(Rowland, 1991). Water ice consists of a hydrogen bonded matrix in which the H atoms 

in the water molecule are bonded to a lone pair o f electrons on the oxygen atom in a 

neighbouring molecule, depicted as 0 -H ...0 . In a perfect hexagonal crystalline ice each 

oxygen atom is surrounded by four H atoms, two that are covalently bonded

 ̂ L ibration m od es are restricted rotations that arise due to h yd rogen  b o n d in g  in w ater ice .
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constituting the H2O molecule and two hydrogen bonded from two neighbouring water 

molecules to two lone pairs of electrons on the oxygen atom as shown in Figure 4-2.

In the case o f amorphous ice, in which the water molecules are arranged in a random 

network, there are large areas of incomplete bonding. Dangling bonds arise due to non

bonded 0-H  groups of the surface water molecules.

0.004

0.003

0.001

3750 3740 3720 3700 3680 3660 3650
Wavenumber [cm-1]

Figure 4-3: The OH dangling bond feature of amorphous H2O ice deposited at 40
K (blue) and 90 K (green)

Figure 4-3 shows a close-up of the spectrum of pure water ice (deposited at 90 K) 

shown in Figure 4-1 as well as another sample deposited at 40 K. Two narrow bands are 

visible in both spectra, one at 3695 cm'' and a weaker band at 3720 cm"'. For the same 

thickness of ice it is clear that the OH dangling bond features of ice deposited at the 

lower temperature are more intense than those deposited at the higher temperature. This 

may be suggestive of a higher degree of disorder and incomplete hydrogen bonding in 

the ice deposited at the lower temperature, and perhaps a larger number of micropores 

housing the OH dangling bonds. Upon heating these features vanish as the disordered 

structure of the amorphous ice is converted into the more complete hydrogen bonded 

crystalline ice.

The profiles of the infrared bands change considerably depending on the phase of ice 

(Leto and Baratta, 2003). The type of ice produced by vapour deposition, and its 

morphology (structure, density and porosity), depends on a number of factors (Westley 

et.al, 1998) such as the substrate temperature, the rate of deposition (Sack and
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Baragiola, 1993), the substrate structure, presence of impurities and the angle of 

deposition (Stevenson et.al 1999).

Vapours deposited at substrate temperatures between 110 and 150 K result in the 

formation of a polycrystalline cubic phase of ice, Ic (Strazzulla et.al 1992), so called 

due to the arrangement of the oxygen atoms in a cubic diamond-like lattice. Upon 

warm-up to about 200 K the ice changes to a hexagonal crystalline structure, //,. This is 

the most common phase of ice that is formed by freezing of liquid water at atmospheric 

pressure, and has a bee-hive like hexagonal lattice. Both the crystalline phases are stable 

upon cooling. Water vapour deposited at temperatures below 100 K results in the 

formation of amorphous ice Iq. There are three well known types of amorphous ice 

(Jenniskens and Blake, 1994), the low density amorphous ice IJ , the high density 

amorphous ice lah and a metastable form referred to as the restrained amorphous ice  ̂

lar. High density amorphous ice (p ~ 1.1 g cm'^) is known to be formed at condensation 

temperatures below 15 - 40 K (Jenniskens and Blake, 1994, Westley e la l ,  1998 and 

references therein). This transforms to the low density form (p  ~ 0.94 g cm'^) between 

38 and 6 8  K (Jenniskens and Blake, 1994). I J  ice is formed by vapour deposition 

between 30-135 K. Jenniskens and Blake also reported that warm-up to about 130 K 

results in the formation of the metastable amorphous form of ice, lar, which coexists 

with the cubic polycrystalline form between 148 and 188 K. Stevenson et.al (1999) 

have reported that the porosity of ice is variable as a function of deposition angle with 

respect to the normal to the surface. They have reported a low density amorphous ice (p 

~ 0.6 g cm'^) formed at a deposition angle of 70°. Recently, the same group reported a 

density as low as 0.16 g cm'^ of ice deposited at glancing incidence of 8 6 ° (Donhalek 

et.al 2003).

The phase changes between the different types of ice are summarised in Figure 4-4. It 

is important to note that the actual temperatures at which the transitions between phases 

occur depend on a number of factors related to the initial deposition conditions. Hence 

the outer limits are given for each transition.
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Johari et .a l,  1996  
J enn isk en s and B lake, 1994

Figure 4-4: Flow diagram illustrating the formation of and the transitions between 
crystalline and the amorphous phases of ice

The spectrum shown in Figure 4-1 is that of low density amorphous ice, deposited at 

90K. Crystalline ice is particularly characterised by the narrowing and a redshift of the 

3300 cm"’ band towards lower wavenumbers as the hydrogen bonding is increased. The 

spectra shown in Figure 4-5 were produced by depositing the H2O ice at the lowest 

temperature (90 K) and gradually warming to the higher temperatures to observe the 

change in the band profile as a result of the change of phase of the ice. The broad 

Gaussian-like band in amorphous ice is as a result of disordered structure and 

modification o f vibrational frequencies of the individual water molecules due to a 

greater range o f molecular geometries present in the matrix. A narrowing of the band 

and a red-shift in frequency is indicative of the rearrangement of the H2O molecules 

from a random network in the amorphous ice to an increasingly ordered hydrogen 

bonded structure o f the crystalline ice.
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Changes o f phase from crystalline to amorphous have also been seen to occur as a result 

of irradiation with photons (Kouchi and Kuroda, 1990; Leto and Baratta, 2003), 

electrons (Dubochet and Lepault, 1984) and ions (Baratta et.al, 1991; Hudson and 

Moore, 1992). The changes in the ice samples were monitored spectroscopically (Leto 

and Baratta, 2003; Hudson and Moore, 1992) or using electron diffraction techniques 

(Dubochet and Lepault, 1984; Kouchi and Kuroda, 1990).
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Figure 4-5: The change in the 3300 cm ’ band profile of H ]0  indicating a change in 
state from amorphous (90 K) through cubic (150 K) to crystalline (200 K)

In both photon and electron irradiation experiments a resistance to the change of phase 

is reported at temperatures above 70 K. Below 70 K, however, crystalline ice is readily 

transformed to amorphous ice. Hudson and Moore (1992) have also reported an 

oscillation between crystalline and amorphous forms at low temperatures (~13 K) and 

low doses (1-10 eV molecule''). At very large doses (>50 eV molecule ') and heavy 

irradiation they reported a transformation of the amorphous ice to a crystalline form at 

low temperatures (13 K). This is believed to occur due to the production of a high 

density of radicals that are trapped in the ice following irradiation. Once a critical 

density is reached the radicals recombine, releasing a large amount of energy 

subsequently leading to recrystallisation.
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In the experiments described in this chapter, H2O ices were formed and irradiated at 

temperatures between 77 and 100 K, relevant to the chemistry on the surfaces of the 

Jovian satellites {See Chapter 1). Ion implantation experiments in pure H2O ice and in- 

situ analysis o f products using infrared spectroscopy have also recently been performed 

by Moore and Hudson (2000), Gomis et.al (2003) and Strazzulla et.al (2003). The 

results of these earlier experiments and the experiments described in the following 

sections of this chapter will be compared.

4*1.2 CO7 ice

1 0 2

%T 50

3 7 0 7  cm

''CO2: V: 
2345 cm'

15003000 20003900
W avenum ber [cm-1]

Figure 4-6: The spectrum of pure CO2 ice at 90 K

The spectrum of pure CO2 is shown in Figure 4-6 in the range 3900 -  1500 cm ''. Four 

main features are visible here:

(i) The '^C0 2  fundamental asymmetric stretch, V 3 , near 2344 cm ' (4.27 pm)

(ii) The '^C0 2  fundamental asymmetric stretch, V 3 , near 2280 cm'' (4.39 pm) is 

shifted to lower frequency due to the increased mass of the molecule. The terrestrial '^C 

/'^C ratio is 0 .0 1 1 2 .
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(Hi) The weak combination band, ( v i  + V 3 ) ,  near 3705 cm"' (2.70 pm) which arises 

due to the combination of the infrared inactive symmetric stretch, v,, and the 

asymmetric stretch V3 .

(iv) The weak combination band, (2 v2 + V 3 ) ,  near 3600 cm"' (2.78 pm) which arises 

due to the combination of the first overtone of the CO2 bending vibration, V2, and the 

asymmetric stretch fundamental, V 3.

The V2 bending fundamental mode appears near 660 cm"' (15.15 pm), but is beyond the 

transmission range of the windows in our experimental set-up.

As with H2O ice the band profiles of CO2 change depending on a number of factors 

such as the sample temperature and the type of ice matrix, e.g. CO2 mixtures with other 

species (Sandford and Allamandola 1990). It has been observed that the V3 band profile 

appears narrower as the sample temperature is raised. Band positions are also either 

redshifted or blueshifted depending on the ice composition. The effect on the band 

profiles of CO2 with H2O mixing will be described in the next chapter.

4.2 T he  Experim ental Setu p

4 .2 .1  The Electron Cyclotron Resonance Ion Source (ECRIS)

P e r m a n e n t
Magnets

10 GHz ji-wave

U
L i n e a r  Drive

Water
C o o l i n g

m

H a l b a c h
M a g n e t

P u m p

Figure 4-7: The 10 GHz ECRIS (Broetz et.al. 2001)
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An intense beam of low energy, singly and multiply charged ions was produced using a 

9-10.5 GHz Electron Cyclotron Resonance Ion Source (ECRIS) and accelerator system 

at Queen’s University Belfast (QUB). A schematic diagram of the ion source is shown 

in Figure 4-7. Electrons in a plasma are excited by microwaves and are confined by a 

magnetic field provided axially by the permanent magnets and radially by a multipole 

magnet. Resonant conditions are achieved when the frequency of the microwave 

radiation matches the cyclotron frequency of the electrons processing about the 

magnetic field lines. The ion beam is extracted using a ‘floating beamline accelerator’, 

where the beamline is held at a small positive or negative potential of e.g. 5 keV. The 

plasma tube is held at a small negative potential approximately equal and opposite to 

the positive plasma potential. A small positive potential may be applied to the extraction 

‘cone’, used to extract the ions into the beamline. Thus the ions are accelerated and then 

bent using a 90° analysing magnet. Here the ions are separated and selected according to 

their charge-to-mass ratio by varying the magnetic field of the bending magnet. The 

ions then pass a switching magnet to select the beamline, and soon after they leave the 

floating beamline to a potential free region they are decelerated back to the voltage that 

they started with at the source. Hence the energy of the ions is ultimately defined by the 

plasma potential. The experimental setup used for ion irradiation experiments at ECRIS 

is shown in Figure 4-8.

The ions are channelled, via an electrical isolator, into a region where the beam may be 

manipulated using a set of deflection and focusing plates. The ion beam is then 

collimated at two points on either side of the Faraday Cup. Collimation is provided by 

2 0  mm diameter circular holes drilled in a blank double-sided flange and a blank copper 

gasket. The beam current is measured by collecting it in a 19 mm Faraday Cup which 

can be lowered into the path of the beam at any time during the experiment. The beam is 

then reduced to an 8 mm diameter spot before it enters the experimental chamber. The 

residual beam is measured on the plate with the 8 mm hole. During experiments these 

measurements were found to be not completely accurate and were only used to ensure 

that the beam was constant during irradiation whilst the Faraday Cup is removed from 

the path of the beam.



Ion G a u g e

D eflection  & 
F o cu sin g  

p la te s
Vertical motion 

feedthrough Q90° 
A n alysin g  

M agn et 1 Isolator: en d
Ice Irradiationof floating 

beamline
S w itch in g

M agn et0-10.5 GHz 
FCRIS

Isolator

D eflection  p la te s  
for b ea m  
fo cu s in g

From ECRIS and  
b ea m lin e

III
FTIR 

sp ec tr o m e te rFaraday [ 1
Cup \  I" ^

8

Gate Valve
G a te  V a lve

Iso latoream  C h an n el
20 m m  

C ollim ator
8 m m  

C ollim ator
C o n n ectio n  to  

G a s  Line

T o Turbo pum p

Figure 4-8: Schematic diagram of the experimental setup at ECRIS

§

I 

I
I

I
I
I
§



4 Io n  Ir rad iatio n  Experim ents I: P ure  H 2 0  a n d  C 02 Ices_______________________________ 111

The ion beam is assumed to be uniform and parallel, due to collimation on either side of 

the Faraday Cup. To verify this, the beam spot was measured from an impression that it 

etched away on the 8 mm stainless steel collimation plate in its path, and a blank 

substrate in the sample holder. The diameters of the impressions were 20 mm and 8 mm 

in the collimation plate and the substrate respectively. It is also assumed that there is 

negligible decrease in current over the distance between the Faraday Cup and the 

sample (-10.5 cm), which was kept to a minimum as much as was allowed by the 

geometry of the experimental set-up.

The ratio of the current at the sample to the current at the Faraday Cup can be simply 

estimated geometrically by the ratio of the cross sectional area of the beam at the two 

points (0.4^:0.95^). The ion fluence is calculated using the following equation

_ 2 ,  _ {a!A)Ipc{A)xt(^s) 
e(C)xqxa(cm^)

Fluence (ions cm ^) = --------- —--------- :— (4.1 )

where frc is the current as measured on the Faraday Cup, e is the elementary charge (e = 

1.602 X 10’’̂  C), q is the ion charge, A is the cross-sectional area of the Faraday Cup 

and a is the cross-sectional area of the beam at the sample, with a/A = 0.4^/0.95^. The 

fluences were typically of the order of 10̂  ̂ - lO’̂  ions cm'^. As it is not possible in the 

current set-up to continuously monitor the beam current there may be small errors in the 

fluence due to fluctuations in current during the irradiation period. The current is 

compared before and after an irradiation period and an average is recorded. Typical 

fluctuations were < 1%.

The sample chamber is aligned within an FTIR spectrometer such that the IR beam is 

focused onto the centre of the substrate. The infrared beam spot is smaller (6  mm) than 

the size of the ion beam (8  mm) therefore ensuring that only material that is being 

processed is analysed.

In some of the experiments detailed in this chapter there was a problem with 

maintaining a steady temperature and a rise in temperature was sometimes observed 

upon rotation of the substrate. This is thought to be due to a coaxial cable running from 

the 8 mm collimator plate to an electrical feedthrough that would come into physical 

contact with the heat exchanger of the cryostat as the cryostat was rotated.
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In the initial setup the 8 mm collimator plate was mounted onto the sample mount in 

front of the substrate with a view to obtain a better estimate of the ion current at the 

surface. This prevented the temperature from falling below 130 K. Later the plate was 

removed and inserted into position as shown in Figure 4-8, mounted onto a blank 

double sided flange with the 20 mm collimating hole. This time slightly lower 

temperatures between 77 and 102 K were achieved with liquid helium. This is still 

much higher than expected and the problem is currently under investigation.

4.3 RESULTS: RADIOLYSIS OF PURE H 2O ICE

The experiments carried out on ion irradiation of pure water ice are summarised in 

Table 4-1. Freeze-pump-thawed, distilled water was deposited at temperatures between 

77 and 102 K with ambient pressure in the experimental chamber maintained between 

3 X 10'  ̂ and 7 x ICf* mbar. Deposition rates were typically between 8.2 x 10̂  ̂ to 1.7 x 

10̂  ̂molec. cm'^ s'V Under such conditions low density amorphous water ice is formed. 

The general experimental procedure followed was that outlined in Chapter 3.

Column densities of H2O were calculated using a value of 2.2 x 10’̂  ̂ cm molec.'^ for 

the integrated infrared band strength of the ‘3pm band’ at these temperatures (See 

Appendix C). Only the band corresponding to the 0-H stretch near 3300 cm'' (~ 3 pm) 

was used in calculations to monitor the change in the H2O column density for three 

reasons; (1) this is the most intense band, (2 ) unlike the band near 1600 cm'' it suffers 

minimal noise due to fluctuations in atmospheric H2O and (3) unlike the band near 2200 

cm'' it does not overlap with any of the other bands, e.g. CO2. The H2O column density 

was calculated by integrating the band area on the absorbance scale in the limits 2750- 

3750 cm ', using a flat baseline assuming zero background absorbance in this region. 

The integration was carried out using the Jasco Spectra Analysis software provided with 

the FTIR spectrometer. The areas were then converted from absorbance values to 

optical depth values v(v)\iy multiplying by In(lO) before calculating the column density 

using the integrated band strength. A, above and the following equation (see Chapter 3 

for a detailed description):

( « )
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Table 4-1: Summary of the parameters in the experiments carried ont on ion
implantation in pure H2O ice

,  E 
[keV]

T

[K]

In itia l N (H zO )

[m olec cm'^1 
(th ickness [pm])*

Io n  
C urrent 

(Ipc/ q) 

[pA]

Irrad iation  
T im e  (total)

[m in]

T o ta l F lu en ce  

(10^^ ion s cm'^)

He^ 1 91-92 1.19 X lO's 2.00 0.5 0.01
(0.4) 2.00 0.5 (1) 0.03

2.00 4 (5 ) 0.13
1.85 10(15) 0.38
2.00 15 (30) 0.77

4 91-93 10.0 15 (30/15) 1.98 **
9.0 15 (30/30) 3.76
9.0 15 (30/45) 5.55
11.5 15 (30/60) 7.83

2 97-99 1.15 X lO's 6.00 15 1.19
(0.4) “ 15 (30) 2.38

“ 15 (45) 3.57
“ 15 (60) 4.75
“ 15 (45) 5.94
“ 15 (90) 7.13

N o beam (15 min stand) -
No beam (15 min stand) -

C* 4 101-102 1.24 X 1 0 '* 6.00 15 1.19
(0.4) “ 15 (30) 2.3

“ 15(45) 3.57
“ 15 (60) 4.75
“ 15 (45) 5.94
“ 15(90) 7.13

4 77-78 1.18 X 1 0 '* 1.45 1 0.02
(0.4) 1.45 5 0.10

1.45 15 0.29
1.45 30 0.57

N o beam 30 (lost beam) 0.57
1.45 45 0.86
1.40 60 1.14
1.50 75 1.44
1.50 90 1.73
1.35 105 2.00
1.48 120 2.29
1.48 150 2.88

*Thicknesses were calculated from  the weighted average molecular mass in consideration o f  the CO 
contamination in the ice samples.
** Irradiation with 4 keV He^ was carried out follow ing irradiation  
sample. The fluence here is calculated taking t= 0  a t the end o f  the 1

with IkeVH e^ without changing the 
keV He* se t o f  experiments

Ice thicknesses were estimated (to the nearest 0.1 jam) from the initial H2O column 

densities by dividing by the molecular concentration which was determined from the ice 

density. A density of 1 g cm'^ was assumed in all ice samples. The initial H2O column 

densities and the estimated thickness (to the nearest 0.01 pm) are given in Table 4-1.
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4.3.1 He  ̂ irradiation of H 2O ice

He^ irradiation was carried out as a ‘control’ experiment to identify the products o f H2O 

irradiation with the unreactive ion. Pure H2O ice was irradiated with 1 keV and 4 keV 

He^. The same sample was irradiated first with the low energy ions for 30 minutes, 

followed by the high energy ions, for 1 hour, with spectra taken at intervals by 

interrupting sample irradiation and turning the sample to face the spectrometer beam for 

analysis. Spectra acquisition times were typically 70 seconds for 20 scans. A small 

contamination due to CO2 (<0 .0 2 %)"* was observed in the spectra before irradiation. 

This may be due to residual CO2 that was present in the gas line at the time of 

deposition.

Figure 4-10 (a) shows the FTIR spectrum of H2O before and after 30 minute irradiation 

with 1 keV Fle^ followed by 1 hour of irradiation with 4 keV He^. A number of new 

features can be seen, after the high energy irradiation, including a small amount of CO 

at 2151 cm'' that could only be formed as a result of dissociation of the CO2 

contaminant in the ice. This position matches well with matrix isolated Fl2 0 2 :C0  

complex in O2 at 2150.9 cm ' reported by Tso and Lee (1984a).

Although the signal is weak there is evidence of FI2O2 formation as a shoulder centred 

about -2855 cm'' on the lower frequency slope of the 0-H  stretch band of H2O.

0.014

0.01

Abs

0.005

0.004
23302370 2360 2350 2340 2320

Wavenumber [cni-1]

Figure 4-9: Comparison of the change in the CO2 (contaminant) profile: before 
irradiation (blue), after 1 keV He irradiation (green) and after 4 keV He^

irradiation (red)

T he co lu m n  d en sity  o f  C O 2  w as calcu lated , usin g  a value o f  A = 7 .1 x lO  '̂  {See Appendix  Q ,  to be 2 .5  x 
1 0 '̂  m o lecu les  cm'^



4 I o n  I r r a d ia t io n  E x p e r im e n ts  L P u r e  H 2 0  a n d  C 02 I c e s ____________________________________ 115

A peculiar result of this irradiation experiment is the apparent increase in the CO2 

column density as shown in Figure 4-9.

The increase in area was a factor of 2.3 and 1.4 for the 1 keV and 4 keV ion irradiation 

respectively. It is possible that the increase in CO2 column density is due to CO2 gas 

accreting to the ice sample from the vacuum. However this would be expected to be 

approximately linear during the course of the experiment, but a larger increase in area 

was seen after the first 30 minutes during the 1 keV He^ irradiation than in the 60 

minutes during the 4 keV irradiation. This may be a consequence of increased CO2 

dissociation with the higher energy ion. Alternatively, there may be a change in the CO2 

integrated band strength due to the local physical or chemical changes in the sample as a 

result of irradiation. The CO2 band strength varies depending on the ice composition. 

However this is not enough to explain the large changes observed. This can only be 

determined by repeating the experiment ensuring minimal background contamination 

and with a known quantity of CO2 in the ice mixture. As the small amount of CO2 is 

effectively matrix isolated within the H2O ice, matrix effects may also contribute to the 

increase in band intensity.

A broad band can be seen between 2700 cm’’ and 2400 cm’’ and a number of small 

features that were observed to grow with irradiation time can be seen at 1307 cm’’ and 

1240 cm’’. The origin of these bands is unknown. It is possible that some of these 

features may arise due to matrix isolated products formed from CO2 and/or H2O 

products in the H2O irradiated ice.
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Figure 4-10: Spectrum before (blue) and after (green) irradiation with 
(a) 1 keV and 4 keV (red) H e \ (b) 2 keV C \  (e) 4 keV C \  and (d) 4 keV
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4.3,2 Implantation of and in H 2O ice

Pure H2O ice was irradiated with 2 keV and 4 keV and 4 keV ions. The 

experiments carried out are summarised in Table 4-1. There was a small CO2 

contamination in the samples of less than 0 .2 %.

In each irradiation experiment, spectra were taken at regular 15 minute intervals. 

Two spectra were taken at shorter intervals at the start of the irradiation experiment 

and a longer 30 minute period at the end.

Total irradiation times were 1 hour and 2.5 hours for the and experiments 

respectively. Figure 4-10 (b), (c) and (d) show the spectrum before and after irradiation 

with the 2 keV C^, 4 keV and 4 keV respectively.

In each of the carbon ion irradiation experiments an increase in CO2 was seen, and CO 

was formed as a new product. The increase in CO2 was greater than that observed in the 

He^ experiment. This may suggest CO2 formation by the reaction of the projectile with 

the H2O sample.

A noticeable amount of H2O2 can be seen in the 4 keV experiment and small traces 

may also be present in the lower energy and the experiments.

The spectrum of H2O after irradiation exhibits a number of small features similar to

the spectrum after He^ irradiation: a broad band between 2700 cm'' and 2400 cm"' and 

two bands at 1305 cm'' and 1240 cm '. An additional broad feature can be seen centred 

about 1520 cm ' on the lower frequency slope of the 1600 cm ' band of H2O.

There are a number of small features seen in the 2 keV irradiated sample at -2886 

cm'' and 2833 cm '. These coincide with two of the bands of H2CO (2887 and 2832 cm' 

') reported in H atom irradiation of H2 0 :C0  ice (Watanabe and Kouchi, 2002a). The 

slight shifts may be due to matrix effects (with the presence of CO) as Watanabe and 

Kouchi irradiated H2 0 :C0  ice. However the other reported bands of H2CO at 1722, 

1499, 1249, 1178 and 2991 cm ' could not be identified. This is because of noise in the 

region of 2 0 0 0  and 1100  cm ' due to atmospheric water vapour outside the experimental 

chamber for the lower energy bands; the 2991 cm ' band falls beneath the high intensity 

H2O band about 3300 cm '.
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4.4 A n aly sis  a n d  D iscu ssio n : I r r a d ia t e d  H2O ic e

In order to understand the processes taking place in the ice during ion irradiation it is 

essential to look at the variation of the total stopping power as a function of ion energy 

shown in Figure 4-11 for He^ and Figure 4-12 for C .̂ The values of stopping power and 

range, given in units of MeV cm^ g'* and pm respectively, were calculated using the 

SRIM software described in Chapter 2. No Bragg correction was applied for the phase 

of the sample as only relative comparisons are being made here. The values of stopping 

power may not be used directly to determine the ion dose, as the range of ions is less 

than the thickness of the ice at the energies of interest. Therefore the ions are implanted 

within the ice and the stopping power varies with ion depth. Consequently the changes 

in the spectra shown here are with respect to ion fluence rather than the ion dose, the 

latter being the average energy deposited per molecule which cannot be easily 

determined because the ion stops in the target.

It can be seen that the energy loss of the 1 keV He^ in H2O is dominated by elastic 

collisions with the nuclei whereas the energy loss of the 4 keV He^ is dominated by the 

inelastic collisions with the electrons in the sample, eading to increased excitation and 

ionization. It has also been shown that for fast light ions sputtering processes in H2O ice 

depends on the electronic energy loss of the ion (Brown et.al 1980). The dependence 

has been shown to be quadratic at low temperatures (< 100 K), but at higher 

temperature there is a combination of both linear and quadratic dependence on the 

electronic stopping power. The ion range is increased by almost a factor of 4 from 1 

keV to 4 keV ion energy, thus processing four times the thickness of the ice.

Unlike the He^ ions, energy loss is dominated by nuclear stopping at both 2 keV and 

4 keV energies used in the experiments described here. The SRIM program does not 

take into account the charge effect on the stopping power. The range increases from 130 

to 240 Â, almost a factor of 2, from 2 keV to 4 keV. There is also a small increase in the 

electronic stopping power and a slight decrease in the nuclear stopping at the higher 

energy. It is also to be noted that the range of the He^ ions is almost three times that of 

the ions. From the ionisation potentials listed in Appendix A it can be seen that the 

potential energy of carbon ions increases from 11.3 to 35.6 eV from singly charged to 

doubly charged state. It is not yet known what the effect of the ion potential energy may
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be in processing of ices. The potential energy of He^ is 24.6 eV, slightly more than 

double the potential energy of C \
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Figure 4-11: The electronic and nuclear stopping power and range of He^ ions in 
H2O ice calculated using the SRIM software (Ziegler el.a/. 2003)
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Figure 4-12: The electronic and nuclear stopping power and range of ion in 
H2O ice calculated using the SRIM software (Ziegler et.al. 2003)
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4,4.1 Changes observed in the H 2O band during irradiation

As can be seen from Figure 4-13, there was negligible decrease in H2O column density 

during irradiation o f H2O with 1 keV He^. In actual fact a small increase in the column 

density was observed (< 1 . 8  %), which may be explained by a change in the value of the 

integrated absorbance as a result of modifieation of the ice during irradiation. This has 

been observed by other groups in experiments carried out with H2O iee, e.g. Leto and 

Baratta (2003), Strazzulla et.al (2003), Gomis et.al (2003). Leto and Baratta (2003) 

have reported a change in the band strength of up to as much as 1 0 % as a result of 

irradiation at low fluences. The authors described the apparent inerease in column 

density as being due to the competition between increasing band strength and H2O 

destruction processes. Strazzulla et.al (2003) noticed no initial loss in H2O column 

density at Tow’ fluences of <1.2 x lO'^ ions cm'^. However in our 1 keV He^ data no

loss in H2O was observed at fluences up to 7.7 x l O ^  ions cm'^.- 2
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Figure 4-13: Change in the H2O column density as a function of fluence during 2 
and 4 keV C , 4 keV and 1 and 4 keV He^ irradiation.

In contrast, a significant decrease in the H2O column density ean be seen after 

increasing the energy of He^ to 4 keV. Here the fluences were > 2  x lO'^ ions cm'^. An 

overall decrease o f -25%  in the band area of H2O was observed after 1 hour irradiation. 

The decrease in H2O is due to a combination of the destruction of H2O and sputtering.
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The increase in the electronic stopping over the nuclear collision effects means that 

there is more efficient production of excited species. Volatile species such as O2 and H2 

are possibly formed which leave the sample at the temperatures (91-93 K) used in the 

experiments. Also as mentioned earlier, the sputtering yield is expected to be higher.

There was a significant decrease in the intensity of the H2O band as a function of 

irradiation time in both the irradiation experiments (Figure 4-13). This was not the 

case with the doubly charged ion. A significant decrease in H2O was seen only in the 

last 30 minutes of irradiation, which was also the longest uninterrupted irradiation 

period and the total fluences were > 2  x lo ’  ̂ ions cm'^. A small increase was seen in 

some cases (<0.5%). This may again be due to the change in the integrated band 

strength as a result of irradiation as described earlier. However, in this case this cannot 

be attributed to low fluences alone as suggested by Strazzulla et.al. (2003), because 

fluences here were of the order of ~ 1 0 ^̂  ions cm'^ and similar fluences were also used 

during irradiation with the singly charged with a decrease in H2O clearly observed. 

The apparent onset of H2O decrease above a total fluence of 2 x lO'^ ions cm'^ may 

perhaps be attributed to an effect of the increased ion charge where potential energy 

effects come into play. However further investigation is required to confirm this. Also 

the ion energies used in our experiments are much lower (1-4 keV) than the 30 keV 

used by Strazzulla et.al.

In a series of experiments carried out by Strazzulla et.al. (2003) and Gomis et.al. (2003) 

30 keV Ar^, and and IST ions were used to irradiate amorphous H2O samples at 

16 K and 77 K. In their plots of H2O column density versus fluence, linear fits to the 

data were applied to determine the H2O destruction yields (H2O molecules destroyed 

per ion). In our data, the number of H2O molecules destroyed decreases with increasing 

fluence (irradiation time). A straight line fit may be applied only at lower fluences (< 4 

X 1 0 ’  ̂ ions cm'^) giving initial H2O destruction yields of 10 .6  and 1 0 .0  H2O molecules 

ion’' for 2 keV and 4 keV respectively (Figure 4-14). This is comparable to the 

values obtained by Strazzulla et.al. which are 10.6 and 13.7 molecules ion’' for 30 keV 

IST and respectively, at 77 K. However, a pseudo-first-order rate of H2O destruction 

with time is actually observed in our data during the and 4 keV He^ irradiation at 

longer irradiation times and higher fluences.
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Applying pseudo-first-order rate law the H2O decrease was fitted (Figure 4-15) to the 

following equation (e.g. Watanabe and Kouchi, 2002b):

Where ANt(H20) = Nt(H20) -  Nq(H20), with Nt(H20) being the H2O column density at 

time t (s) and Nq(H2 0 ) is the initial column density at time t = 0\ a \s the saturation 

constant and b is the time constant. The fitting information is shown beneath the graphs 

in Figure 4-15. The values of a and b obtained are summarised in Table 4-2. The time 

scale shown in Figure 4-15 has been normalised to the ion beam current.

Table 4-2: Summary of the a and b constants obtained from the psendo-first-order
fits for the destruction of H2O.

Ion a b (s ‘)
2 keV 0.71 2.27 X 10'4
4 keV 0.79 1.52 X 10'^

4 keV He^ 0.37 3.41 X 10"̂

Looking at the b constant, the highest rate of H2O decrease is observed for the 4 keV 

He^, and similar rates of decrease are for the two ions. This may be attributed to the 

higher ratio of inelastic to elastic processes in the interaction of the 4 keV He^ ions with 

H2O ice. Furthermore, the He^ ions are more penetrating than the C^. Much of the 

energy, however, is lost in elastic collisions; thus the effect of sputtering is possibly 

higher for the heavier ion which may explain the greater H2O loss (higher a constant).

Another effect of radiolysis is the change in the band FWHM. Figure 4-16 shows the 

effect of irradiation on the FWHM of the 3278 cm*' band of H2O. There is an overall 

decrease in the width of the band during irradiation with the 1 keV He^ although there is 

a general increase in the area of the band. The narrowing of the band may suggest 

rearrangement of water molecules into more favourable positions, possibly due to the 

energy provided by the elastic ion collisions, thus narrowing the distribution of energies 

for the O-H stretching vibrations. The reverse is true during irradiation with the higher 

energy ion where an increase in the width of the band is observed as the band area 

decreases. The increase in width of the band is typical of irradiation experiments. This 

may be attributed to increased disorder within the matrix due to the ion tracks as the 

hydrogen bonds in the ice and the 0-H bonds of H2O molecules are broken.
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Figure 4-16: Change in the H2O FWHM as a function of fluence during 2 and 4 
keV C , 4 keV and 1 and 4 keV He^ irradiation.
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Both the experiments have shown similar variation in H2O width: a gradual increase 

that appears to plateau as an equilibrium width is reached. An initial decrease in width 

is observed in the case of the 2 keV irradiation, and then an increase at fluences 

above 2.5 x lo'^ ions cm^. In the case the width was found to decrease initially, 

contrary to the expected trend, and then increase during the latter part of the experiment 

at fluence above 2  x 1 0 ^̂  ions cm'^ when a decrease in the H2O column density started 

to become apparent.

There is also a significant redshifl (shift towards lower frequencies) in the 3278 cm'  ̂

H2O band position as a function of fluence (Figure 4-17). During irradiation with 1 keV 

He^ the band maximum shifts from 3278.4 cm'’ to 3272.1 cm"’ (total shift of 6.3 cm ’). 

After increasing the incident ion energy to 4 keV and irradiating for 15 minutes the 

band position shifts dramatically to 3261.5 cm ’ (total shift of 10.6 cm ’). However, 

during the total 1 hour irradiation at the higher energy, the peak shifts only 2.1  cm'’ to 

3259.4 cm ’. Total shifts of 7 cm ’, 15 cm ’ and 19 cm ’ were observed for the 4 keV 

2keV and 4 keV irradiation experiments.

As discussed earlier, a redshift in the OH stretching band position is indicative of 

increased hydrogen bonding. The same is observed when H2O crystallises however 

there is no evidence of crystallisation here. In fact, broadening of the band in the data 

that shows the greatest shift in the band position suggests a higher degree of disorder in 

the ice. The shift in frequency may be attributed to the formation of new products in the 

ice. A shift in frequency towards a mean position of 3258.3 cm ’ was observed by Leto 

and Baratta (2003) when both crystalline and amorphous ices were subjected to 30 keV 

H^, 60 keV Ar̂ '̂  and UV irradiation. Blueshifts were observed in the case of irradiated 

crystalline ices and redshifts in the irradiated amorphous ices. The former is 

understandable as an effect of amorphisation but the latter was not explained. It was 

suggested that this may be related to an observed decrease in porosity in the irradiated 

amorphous ice below 100 K. Furthermore, Leto et.al (1996) compared the 3300 cm'’ 

band of H2O in spectra of (1) ice deposited at 10 K and then warmed to 32 K and (2) 

deposited at 10 K while irradiating with 3 keV He^ and found them to look very similar 

(both with associated redshifts in the band position as apparent in Figure 2 of their 

paper). They attribute the similarity in spectra to loss of H2 from the sample in both 

cases (warm-up and irradiation), making reference to reported H2 release from 

unirradiated ice warmed from 10 K to 20 K by Kouchi and Koruda (1990). However
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Kouchi and Koruda have suggested that the H] release from the unirradiated ice in their 

data is due to possible H2 contamination in the deposited H2O, or H2 condensation from 

the residual H2 in their vacuum chamber.

4 .4 . 2  CO2 Formation in H 2O Ices under Carbon Ion 
Bombardment

The total CO2 column densities during irradiation were calculated using the value o f  7.1 

X 10'̂  ̂m olecules cm"' for the integrated band strength {Appendix C). There was a small 

amount o f  CO2 already present in the unirradiated ices possibly due to a small 

contamination in the gas line during deposition. As already pointed out there was an 

apparent increase in the CO2 column density after irradiation with the He ions. This may 

be due to CO2 accreting at the surface or to change in the CO2 integrated band strength 

as a result o f  irradiation. This was observed for H2O as described in the previous 

section. A greater increase in the intensity o f  the CO2 was seen after irradiation with the 

carbon ions, possibly suggesting CO2 formation.
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Figure 4-18: Change in the CO2 column density as a function of fluence during 
irradiation of H2O with 2 and 4 keV C , 4 keV and 1 and 4 keV He^

Figure 4-18 shows the change in the CO2 column density as a function o f  fluence for all 

the ions, obtained by subtracting the initial column density o f  CO2 in the unirradiated 

ice. In total the same amount o f  CO2 was formed after irradiation with the singly 

charged carbon ions at both 2 and 4 keV energies. The amount o f  CO2 formed after
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irradiation with the doubly charged ion was found to be greater at similar fluences. It is 

likely that the CO2 is readily destroyed in the case of the singly charged ions, leading to 

the formation of CO (see next section). It may also be possible that the CO2 increase is 

due to small CO2 contamination in the vacuum chamber. The duration of the 

irradiation experiment was 150 minutes compared to 90 minutes for the singly charged 

ion experiments which may explain the greater CO2 'yield'. There may also possibly be 

large errors in the determination of area of the CO2 peaks due to fluctuations in 

atmospheric CO2 outside the vacuum chamber and in the path of the beam. In order to 

perform a rigorous quantitative analysis of CO2 formation by carbon ion implantation 

isotopically labelled ions should be used as done by Strazzulla et.al (2003).

As with H2O, Strazzulla et.al (2003) observed linear production yields of CO2 at their 

fluence of < 2 x 10̂ "̂  ions cm'^. This may also be true in our data at low fluences. 

However at higher fluences, saturation of the CO2 production is observed. The pseudo- 

first-order rate law fit was applied to the CO2 column density variation as a function of 

time in the 2 keV and 4 keV experiments, normalised for the initial H2O column 

density:

Where ANt(C02) = Nt(C02) -  Nq(C02), with Nt(C02) being the CO2 column density at 

time t (s) and Nq(C02) and Nq(H2 0 ) are the initial column densities of CO2 and H2O 

respectively, at time t = O'y a is the saturation constant and b is the time constant. The 

fitting information is shown beneath the graphs in Figure 4-20. The values of a and b 

obtained are summarised in Table 4-3. The irradiation times were normalised for 

current.

Table 4-3: Summary of the a and b constants obtained from the pseudo-first-order
fit for the formation of CO2

Io n a b (s b
2 keV 0.0033 5.01 X 10"*
4 keV 0.0025 8.73 X 10"*
4 keV 0.0050 2.79 X 10"*

For the singly charged ions the formation rate of CO2 is greater than the attenuation rate 

of H2O: by a factor of 2.2 for 2 keV and a factor of 5.7 for 4 keV (c.f. Table 4-2), 

which suggests secondary processes taking place which also contribute to the H2O 

destruction, whereas CO2 is readily formed by the reaction of the ions with the H2O. Its
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formation is quickly saturated as it is limited by the penetration depth o f the ions in 

the H2O ice. A slower rate of formation of CO2 is observed in the case o f the ion 

irradiation.
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Figure 4-19: A pseudo-first-order rate law fit for the increase in the CO2 column
density with time
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As with H2O there was a slight shift in the CO2 band position observed as a function of 

ion fluence, but in this case towards higher frequencies. An overall blueshift of 1.6 cm'% 

1.2 cm’' and 1.2 cm'^ was observed in the 2 keV C \  4 keV and 4 keV 

experiments respectively. The largest blueshift was observed in the 4 keV He^ 

irradiation with a shift of 2 .2  cm‘̂  from the unirradiated position whereas a shift of only 

0.6 cm'^ was observed for the 1 keV He^ experiment after 30 minutes. The initial 

position of the CO2 contaminant were 2341.6 cm '\ 2341.6 cm '\ 2341.8 cm'% 2341.9 

cm'  ̂ for the samples deposited in the He^, 2 keV C^, 4 keV and 4 keV 

experiments respectively, redshifted from the pure CO2 position at 2144 cm’*. It appears 

that the trend for the shift of the band is towards this position, however more 

measurements need to be taken with longer irradiation times in order to ascertain 

whether this is true.

4 ,4 . 3  CO Formation in H 2O Ices under Carbon Ion 
Bombardment

There is clear evidence of CO formation, although the band is very weak. The evolution 

and growth of the CO bands in each experiment is shown in Figure 4-21. Total CO 

colunrn densities were calculated using the integrated absorbance value of 9.0 x 10’*̂  

cm molecule’* {See Appendix Q . The calculated column densities plotted as a function 

of ion fluence are shown in Figure 4-22.

In carbon ion irradiation experiments the exact origin of CO is not known. The presence 

of a small amount of CO in He^ irradiated H2O ice suggests that there is a small 

contribution of CO formation from CO2 dissociation. The significant increase in the CO 

column densities in the carbon ion irradiation experiments, however, may suggest one 

of three possible origins:

(1) CO2 formation due to carbon ion implantation and subsequent dissociation of

CO2 to form CO,

(2 ) CO formation by direct implantation and reaction of carbon ions with H2O

dissociation products,

(3) a combination of (1) and (2).
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Figure 4-21: Growth of the CO band during irradiation of H2O ice with (a) 2keV C , (b) 4 keV (c) 4 keV C 
and (d) 1 and 4 keV He^ (N.B. a small CO2 contamination was present in the H2O ice before irradiation.) §
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Strazzulla et.al. (2003) have commented on this after performing an experiment in 

which they implanted 30 keV ions in H2O at 16 K and 77 K. In their experiments 

the amount of ’^CO formed was 6.5 x 10̂  ̂ molecules cm'^ and was visible only after a 

fluence of 2  x 10^  ̂ cm'^ at 30 keV. They argued that the low yield of was a 

consequence o f CO formation via CO2 as opposed to direct implantation of carbon ions. 

They also mention an experiment carried out by Bibring and Rocard (Adv. Space Res. 

4, 103-106, 1984) where H2O ice was irradiated with 1 0  keV C^; CO2 was readily 

formed, but no CO was observed.

In our experiments (Figure 4-22), a CO column density of ~ 2 x lO'^ and 4 x lO'^ 

molecules cm'^ was observed after a total fluence o f 2  x lO'^ ions cm'^, higher than that 

observed by Strazzulla et.al. (2003). Only a small amount o f CO (~3 x lO'^ molecules 

cm'^) was seen in the He^ experiments, formed by dissociation of CO2 impurities after a 

fluence of ~9 x lO’  ̂ ions cm'^).
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Figure 4-22: Change in the total CO column density as a function of fluence during 
irradiation with 2 and 4 keV C% 4 keV C  ̂ and 1 and 4 keV He^

To monitor the production rate, a pseudo-first order fit was performed of the column 

density plotted against time using Equation 4.4 used for earlier for CO2 . The results are 

shown in Figure 4-23 and the fitting parameters are summarised in Table 4-4.
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Figure 4-23: A pseudo-firs-order fit to the plots of CO production against time (ion
beam current corrected)

Table 4-4: Summary of the a and 3 constants obtained from the pseudo-first-order
fit for the formation of CO

Ion
2 keV  C  
4 keV  C  
4 keV

0 .0 3 6 0
0 .0 0 3 8
0 .0 0 4 4

b (s')
3 .0 6  X 10' 
2 .5 3  X 10' 
2 .9 5  X 10'

The CO formation rate is generally much slower than that of CO2 during irradiation 

with the singly charged ions. This may suggest possible CO conversion to CO2 or 

secondary processes leading to the formation of CO. Both CO and CO2 yields were 

normalised to the initial H2O column density. A much higher value of a (~ factor of 10) 

is observed for CO in the 2 keV C^ experiment compared to the other two ions.

An interesting result of these experiments is the unusual profile of the CO band. The 

CO profile is highly sensitive to the environment in which the CO molecule is found 

(Sandford eLa/., 1988; Schmitt et.al. 1989; Palumbo and Strazzulla, 1993; Palumbo, 

1997). Pure CO has a narrow peak near 2140 cm '\ This is also true of CO found in
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Other non polar ice mixtures having band positions varying between 2137-2144 cm’'. In 

the case where CO is in an environment dominated by polar molecules such as H2O the 

band is broadened and redshifted to about 2134-2137 cm '. In an H2O dominated 

environment, the CO molecule behaves as an electron acceptor and the H2O molecule 

act as an electron donor, donating electrons into the first unoccupied 2 ti* (antibonding) 

orbital of CO. This results in a weakened C =0 bond and hence the observed redshift of 

the band from the gas phase vibrational frequency.

There is an additional band or shoulder near 2152 cm ' that has only been observed in 

H2O dominated ices. This secondary feature is believed to arise due to the hydrogen 

bonded complex of CO-H2O within the ice matrix (Schmitt et.al., 1989) or the CO 

interaction with the OH dangling bonds in the micropores in the amorphous ice (Devlin, 

1992; Palumbo, 1997). The blueshift o f this band from the gas phase CO vibrational 

frequency may be explained in terms of electron withdrawal from the outer non-bonding 

orbital of CO.

In all of our singly charged ion implantation experiments the 2152 cm ' feature is the 

first to appear in the spectra after irradiation, and generally remains the most prominent 

feature during the course of the experiments.

In the 2 keV C experiment, CO begins to appear at 2152 cm '. Then two bands begin 

to appear with increased irradiation, at 2136 cm ' and 2140 cm ' attributed to the CO in 

a polar and apolar environment respectively. To begin with, the ‘polar component’ 

appears more dominant and is then overtaken by the ‘apolar component’ after 45 

minutes irradiation. This may be due to increasing CO and CO2 concentration close to 

the mean ion penetration depth where the carbon ions are stopped.

0.0023
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Abs 0.001

2170 2160 2150 2140 2130
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Figure 4-24: Comparison between the CO profiles after irradiation with 2 keV C
(blue), 4 keV C^ (green) and 4 keV C^^
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In the case of the 4 keV experiment, the 2152 cm'^ band is a dominant feature, but 

this time the second most dominant feature is the polar band near 2136 cm’̂  (Figure 

4-24), with a small trace of the apolar 2140 cm'^ band hidden beneath.

In the experiment the ratio of the 2152 cm"̂  and the 2140 cm'* components 

fluctuate during irradiation. The 2136 cm'^ polar component is negligible in this case.

In the He^ experiment, the origin of CO can only be from the dissociation of residual 

CO2. The CO signal is very weak compared to the reactive carbon ion implantation 

experiments; nevertheless it is visible at 2151 cm '\ There is also a small ‘hint’ of the 

polar component at 2137 cm'^ towards the end of the experiment, but this falls within 

the error due to the noise in the spectra.

It is clear from these data that CO is being formed in a variety of environments giving 

rise to the three distinct components near 2152 cm'% 2140 cm'* and 2136 cm'*. The high 

dilution of CO2 ‘contaminant’ in the H2O essentially produces matrix isolated CO after 

dissociation of CO2 or implantation of carbon ions. The small signal at 2151 cm * in the 

He^ irradiated ice is only as a result of CO2 dissociation in the H2O ice matrix. In matrix 

isolated studies of molecular complexes in O2 at temperatures <20 K peaks observed at 

2150.9 cm * and 2150.4 cm * have been attributed to H2O2 CO and H2O2 2 CO 

complexes respectively (Tso and Lee, 1985a). Peaks due to H2O CO complexes are at 

2149.0 cm'*, 2144.8 cm * and 2147.6 cm'* in Ar, O2 and N2 respectively. Furthermore, 

signal from H2O2 CO and H2O CO complexes formed after photolysis of H2CO isolated 

in an O2 matrix at 12-15 K appear at 2149.7 and 2150.7 cm * for the former and 2144.8 

cm * for the latter. It is thus possible that this feature near 2151 cm * is due to the 

interaction of CO with either H2O or H2O2.

The 2152 c m ‘ feature has been observed in unirradiated H20:C0 mixtures (Palumbo, 

1997). CO was either co-deposited with H2O or deposited on top of H2O at 10 K and 

allowed to diffuse after warm-up to 27 K. In each case banda at 2152 cm * and 2139 cm' 

* were observed. The highest ratio (r = t(2152)/t(2139) > 1) of the 2152 cm * to 2139 

cm * band depth was observed for the sample in which CO was allowed to diffuse into 

amorphous ice after deposition on top of H2O. Deposition of successive layers of CO 

atop the ‘diffused’ sample lowered the band ratio (r < 1). Palumbo suggested that this is 

due to CO first occupying favourable sites within the ice that give rise to the 2152 cm'* 

feature. Further addition of CO results in CO occupying the sites that give rise to the
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2139 cm'' feature. In all other cases (co-deposited CO and H2O and irradiated H2O and 

CO) r < 1 were seen. In all our experiments ratios of r > 1 are observed. It is possible 

perhaps to differentiate between secondary CO formation as a result of CO2 dissociation 

and direct formation of CO from carbon ion implantation. As only the 2151 cm ' band 

of CO was observed following the dissociation of CO2 by He^ ions, this band may be 

attributed to this physical process. Additional features seen in carbon ion irradiated ices 

may be attributed to CO formed by the reaction of carbon ions with H2O. Furthermore, 

the common presence of the 2152 cm'' in all four sets of experiments is suggestive of a 

process that is common in all the experiments. This is the dissociation of CO2. The 

variation of the other features e.g. the absence of the 2140 cm'' band and the presence of 

the 2136 cm ' in the 4 keV C  ̂experiment (vice versa in the 4 keV C^  ̂experiment) and 

the presence of both in the 2 keV C  ̂experiment may be suggestive of the characteristic 

way in which each type of ion interacts with the sample molecules, based on the elastic 

and inelastic energy loss processes.

The CO spectra after carbon ion irradiation were further monitored upon warm up, as 

shown in Figure 4-25.
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Figure 4-25: The variation of the CO spectra upon warm-up following irradiation 
with (a) 2 keV C \  (b) 4 keV and (c) 4 keV
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In all the warm-up spectra the 2152 cm'^ and the 2140 cm'^ band are the first to 

disappear. The 2136 cm'^ band, which has been attributed to CO interaction with polar 

molecules such as H2O, persists until about 180 K. This may indicate that CO is 

incorporated into the H2O hydrogen bonded matrix, thus disappearing at the same time 

as H2O evaporates. This is supported by its persistence at relatively high temperatures.

4 .4 . 4  Other Products in Ion Irradiated H 2O?

According to Moore and Hudson (2000) H2O2 was easily formed after ion irradiation of 

pure H2O at 16 K, but no H2O2 was observed when the experiment was repeated at 80 

K. However in the presence of other molecules in the ice, such as O2 and CO2, H2O2 

was observed after irradiation at 80 K. Gomis et.al (2003) have reported the production 

of H2O2 after irradiation of H2O with a variety of ions both at 16 K and 77 K. They 

attribute the discrepancy between their results and those of Moore and Hudson as being 

due to the differing elastic and inelastic collision processes for ions and ion energies. 

The 800 keV protons used to irradiate H2O by Moore and Hudson would lose their 

energy almost entirely due to inelastic collisions with the electrons in the ice, whereas 

the 30 keV H^, C^, N^, and Ar^ used by Gomis et.al have greater contribution to 

energy loss due to elastic collisions. This was supported by the results of the H2O2 yield 

in the experiments carried out by Gomis et.al which were lower for protons than for the 

heavier ions.

In our experiments H2O2 was clearly visible in 4 keV He^ and 4 keV experiments. It 

is difficult to say if  there was any H2O2 at the lower energies and in the doubly charged 

experiment. This may be, in the case of the singly charged ions, due to lower ion 

fluences at the lower energies.

4 .4 . 5  Reaction Mechanisms

Interaction with a Non-Reactive Ion

There are a number of irradiation products of pure H2O that may be formed. H2O 

dissociation results in the formation of radicals H and OH {Equation 4.5). Further 

fragmentation of OH into H and O is also possible {Equation 4.6).

H ^ O ^ H  + OH (4.5)

O H ^ O  + H  (4.6)
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Additionally, excitation and ionisation may lead to the formation other species such as 

HiO^, e', and OH^ (Spinks and Woods, 1990). With H2 0  ̂rapidly reacting with H2O 

to form and more OH.

Subsequent radical-radical recombination in the ice can also result in the reformation of 

H2O and the production of H2 and H2O2 (Moore and Hudson, 2000), e.g.

H  + 0 H - 4 H ^ 0  (4.7)

H + (4.8)

OH + OH (4.9)

OH radicals formed in the bulk of H2O ice are immobile below about 95K (Johnson and 

Quickenden, 1997). Mobility and hence the migration of the radical within the ice 

lattice occurs at temperatures near 110 K. Trapped electrons, e'vis, so-called because 

they absorb visible light in the region of about 600 nm, are also released at these 

temperatures (Johnson and Quickenden, 1997). At lower temperatures, the 

concentration of e'vis is limited possibly due to the formation of OH'. Furthermore, 

trapped H^ also becomes mobile in the ice between 100 and 125 K.

Negative ions may also be formed at higher temperatures, e.g.

g-(or ) + O H -4 OH-  (4.10)

Mobility of radicals at these temperatures may also induce radical-molecule and 

molecule-molecule reactions where sufficient activation energy is available (Spinks and 

Woods, 1990; Delitsky and Lane, 1998; Gerakines et.al. 1996) e.g.:

H  + H 2O2 - ^ H ^ O  + OH (4.11)

OH+ H^0^ - ^ H ^ 0  + H02 (4.12)

HO, + H 0, -4 . H .O , + O, (4.13)

Interaction with Reactive Carbon Ions

The ions will have dissociative effects similar to those of the unreactive ions (e.g. 

He^) but with the addition of new pathways that include the reactive species, following 

neutralisation {Equation 4.14) or charge exchange {Equation 4.15).

e {ore .^)—>C (—>C) (4.14)
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+ 0 H -  -4C* + 0H  (4.15)

CO may then form by the reaction of C* with an available O from H2O to form CO:

C * + 0 - > C 0  (4.16)

CO2 may then be easily formed in the presence of CO by the reaction with OH (Hudson 

and Moore, 2001):

OH + C O - ^ H  + CO^ (4.17)

or, O atom addition (Chamley et.al 2001):

CO + O ^ C O ^  (4.18)

This may explain why little CO is observed, as it is ‘used up’ to form CO2. CO2 may 

also be formed by direct reaction with C as suggested by Strazzulla et.al (2003):

C + C>2^C02 (4.19)

or HO2 + C —> H  + COj (4.20)

CO2 may subsequently dissociate under ion bombardment to return the CO:

CO ^- ^C O + O (4.21)

Further addition of H, C, O and OH to CO may result in the formation of a plethora of 

complex species such as HCO, HCOO, HCOOH, CH3OH, H2CO, C2O, C3O, C3O2, 

CO3, O3 etc. although these may require higher fluences.

4 .5  CONCLUSION; IRRADIATION OF PURE H 2O  ICE

The results of H2O irradiation with the selected ions show different results both in the 

spectral profiles of H2O and in product formation. It is not possible at this stage to make 

any quantitative comparisons as further data are required but it should be noted that 

some of the effects observed have not been reported before.

The trends in H2O ‘destruction’ which include the dissociation of H2O and any possible 

sputtering are similar for the singly charged C^ ions, with a pseudo-first-order rate of 

decrease observable at higher fluences. A linear depletion trend with fluence is observed 

only at lower fluences (< 4  x lO’̂  ions cm'^), in agreement with Strazzulla et.al (2003). 

H2O destruction yields of 10.6 and 10.0 molecules ion'’ were obtained for the 2 keV and 

4 keV C^ respectively, also in reasonable agreement with Strazzulla et.al In the case of 

irradiation a small decrease in H2O was observed at the same fluences, suggesting 

that different processes may be involved.
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CO2 was formed by carbon ion implantation, verifying the result observed by Strazzulla 

et.al 2003. A pseudo-first-order rate of production was observed, unlike the linear rate 

observed by Strazzulla et.al (2003), although a linear trend may be present at lower 

fluences. The highest yield of CO2 was observed after irradiation with the 4 keV 

ion. For the singly charged carbon ions the rate of CO2 formation is faster than the H2O 

depletion rate. The rapid saturation may be a result of CO2 being formed in a finite layer 

in the H2O ice, at a depth close to the mean range of the ion, where the ions are 

stopped. However in the case of the ion, there may be a wider range distribution, 

thus producing a larger number of CO2 molecules.

It is possible that CO is formed by direct implantation of carbon ions in water, due to 

the higher yield observed over that reported by Strazzulla et.al (2003) at similar 

fluences. An overall higher production yield per ion is apparent in the irradiation 

experiment. The complexity of the CO band observed is evidence of the complexity of 

the chemical and physical processes that are involved in the interaction of the ions with 

ices. Due to the low concentration (< 0.5%), the CO is effectively matrix isolated in the 

H2O ice. Thus a number of complexes (e.g. H2 0 :C0 , C0 2 :C0 , CO:CO or H2 0 2 :C0 ) 

may be formed which possibly give rise to the three distinct features (2152, 2140 and 

2136 cm*’) observed in the spectra. Further systematic study with detailed quantitative 

analysis is required to ascertain the origin of the various features observed, and the 

effect of charge, energy and the type of ion. This study may be carried out by 

irradiating different ratios of diluted CO2 and CO in H2O by both carbon ions and 

unreactive ions, and comparison with the irradiation of pure H2O. Further information 

may also be obtained by irradiation of these dilute mixtures with carbon-13 ions and 

monitoring of the evolution o f ’^C0 2 , ’^CO and '^C0 2  and ’^CO peaks.

Traces of H2O2 and possible other species may also have been observed. However the 

results remain inconclusive, as further experiments are required to verify the origin of 

some of the bands observed.

4 .6  R e s u lt s ?  R a d io ly s i s  o f  p u r e  C O 2 i c e

CO2 samples were deposited onto the cold (7 5 -9 6  K) substrate in the same way as the 

H2O ice but with lower deposition rate of ~ 6  x 10*"̂  molecules cm’̂  s '\  The 

experiments carried out are summarised in Table 4-5. There was no noticeable 

contamination in the spectra due to H2O during deposition. However, as will be seen
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later, H2O is visible towards the end of the experiments, possibly due to H2O desorbing 

from the vacuum chamber during the course of the experimental run.

Table 4-5: Summary of the experiments carried out on ion implantation in pure
CO2 ice

,  E

(keV)

T

(K)

Ion  Current
(Ipc/ q) 
(pA)

Irradiation T im e (total 
irradiation time)

(min)

Total Fluence 

(10^^ ions cm^)

He^ 1 95-96 1 .0 15 1.98
1 .2 15 (30) 4.36
1.3 15 (45) 6.94
1.4 15 (60) 9.71

1 75-92 '“ 1.1 15 2.18
“ 15 (30) 4.36
“ 15(45) 6.54

1 .0 15 (60) 8.52
2 3 .5 15(60/15) 15.5

3 .0 15 (60/30) 19.2
*  A  r ise  in  te m p e r a tu r e  w a s o b s e r v e d  d u r in g  th e  e x p e r im e n t d u e  to  p r o b le m s  d is c u s s e d  in  th e

Pure CO2 ice at -95 K was irradiated with 1 keV He^ and In the case of proton 

irradiation the sample was first irradiated with 1 keV H^, then after 1 hour of irradiation 

the ion energy was increased to 2 keV. Ion fluences were of the order of 10̂  ̂ions cm'^.

The spectra before and after irradiation are shown in Figure 4-26. CO and CO3 were 

formed after irradiation with both He^ and H^. O3 was also formed following 

irradiation, becoming apparent only after the energy was increased to 2 keV. The band 

position of O3 at 1042 cm'  ̂ matches well with that of Gerakines et.al. (1996) at 1043 

cm'^ where it was formed after UV photolysis of pure CO2 ice.

The variation of column densities of CO and CO3 as a function of ion fluence are shown 

in Figure 4-31. These were calculated using the integrated band intensity values given 

in Appendix C. The ice thicknesses (to the nearest 0.1 pm) were calculated from the two 

combination mode bands of ^̂ C0 2  and *̂ C0 2  asymmetric stretch and averaged. The 

'^C0 2 /'^C0 2  ratio was taken as 0.0112 (Gerakines et.al. 1995) to obtain the weighted 

average molecular density. A density for the pure CO2 ice of 1.56 g cm'^ was used in 

these calculations. (The ice densities used by Gerakines et.al. (1995, 1996) were not 

specified). The results are shown in Table 4-6.
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Table 4-6: Calculated CO2 ice thicknesses from the initial column densities of
'^COz and "COz

Expt. Band

(cm'b

Initial

C olum n density  
(molecules cm^)

Calculated
*"COz/ *'COz 

Ratio

Averaged Ice 
thickness

(pm)

He+ 3707.8 ('̂ COz) 
3599.3 ("CO2) 
2282.6 (’̂ COz)

1.68 X 10'*
1.68 X 10**
2.20 X 10'*

0.0131 0.8

H+ 3707.8 (‘"CO2) 
3599.3 (’̂ COz) 
2282.6 ("COz)

1.84 X 10'*
1.81 X 10** 
2.2 X 10**

0.0121 0.9

A weak absorption band can be seen at 1879 cm ' in the H* irradiated sample. The 

origin of this band is uncertain. However it has been previously reported by Brucato 

et.al (1997b; Table II) in 1.5 keV irradiated H2 0 :C0 2  ice at 10-20 K. A tentative 

assignment to HCO was made but no further comments were given. This band was not 

observed in their experiment of proton irradiated pure CO2. Gerakines et.al (1996) 

reported a band at 1883 cm’’ in UV irradiated CO2 ice at 10 K. The assignment of this 

band was to CO3. This feature is well pronounced in UV irradiation of pure CO2 

described in Chapter 6 , so, unless there was a contribution of hydrogen atoms due to 

H2O contamination in the pure CO2 ice, this band is unlikely to be due to HCO.

Formation of O3 is evident in the H^ irradiated ice from a band at 1042 cm '\ This is 

comparable to the O3 position at 1043 cm’’ in CO2 irradiated ice given by Gerakines 

et.al (1996). This band was not observed in the He^ irradiation experiment. C3O, 

another expected product of CO2 (UV) irradiation, which appears near 2243 cm’’ 

(Gerakines et.al 1996) was not observed in either H^ or He^ irradiation of pure CO2.

A band observed at 1302 cm’’ may be attributed to H2CO3 (carbonic acid) seen in 1.5 

keV H^ irradiation of pure CO2 (Brucato et.al, 1997b). However none of the other 

bands that are associated with H2CO3 were observed.
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4 .7  A n a ly s is  a n d  D is c u s s io n s  C O 2
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Figure 4-27: The stopping and range of He^ in CO2 as calculated using SRIM-2003
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Figure 4-28: The stopping and range of in CO2 as calculated using SRIM-2003

Comparing the energy loss processes of He^ and it can be seen that in the former, at 

1 keV there is higher contribution in the nuclear stopping to electronic stopping. The 

reverse is true for at both 1 keV and 2 keV energies used. The ions, being of 

lower mass than He^ are more penetrating.
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4.7.1 Formation of CO and CO3

Close-up spectra in the region of 2160 and 2 1 2 0  cm’' for CO2 and 2060 and 2030 cm' 

are shown in Figure 4-29 and Figure 4-30 respectively.
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Figure 4-29: Close-up of the CO band after irradiation of pure CO2 with He^ (left)
and H (right)
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Figure 4-30: Close-up of the C O 3 band after irradiation of pure C O 2 with He (left)
and (right)

It appears that there was a small contamination of CO3 in the sample before irradiation. 

The source of this contamination is not understood. It is not possible that CO2 was 

dissociated at the time of deposition as care was always taken that the ion beam was 

shut off during deposition. CO3 appears at 2045 cm '', after irradiation, shifted with 

respect to the original band present in the unirradiated sample at 2041 cm ' in both 

experiments. The CO feature has the usual narrow profile (FWFIM %10 cm '), 

characteristic o f the CO in a non polar ice, with the band centred about 2140 cm’'. There 

is no apparent change in the band position during irradiation. The variation of the CO 

and CO3 column densities with fluence are shown in Figure 4-31.
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Figure 4-31: Formation of CO and CO3 during irradiation of pure CO2 ice with 1
keV and He^

The following equations were fitted to the growth curves of CO and CO2 :

= -fl( l-e -* ')  (4.22)

= - a { \ - e - ‘”) (4.23)

N„(CO,} 

AN, (CO,)

NACO2 )

Where AN,(CO) and AN,(C0 3 ) are the changes in the column densities at time t of CO 

and CO3 respectively; NoiCOz) is the initial column density of CO2 at time t = 0; a is 

the saturation constant and b is the time constant. The fitting information is shown 

beneath the graphs in Figure 4-32. The values of a and b obtained for CO and CO3 are 

summarised in Table 4-7. The irradiation times were normalised for incident ion 

current.

Table 4-7: Summary of the a and b constants obtained from the pseudo-first-order
fit for the formation of CO2

I o n

(ran ge)
M o le c u le a

a

(r a n g e  c o r r e c te d )
b  ( s b

1 k eV  H e^ CO 0 .0 0 9 7 0 .6 8 7 9 9 .4 2  X 1 0  "

(0 .0 1 4 ) C O 3 0 .0 0 3 3 0 .2 3 4 0 1 2 . 8  X 1 0  “

1 k eV CO 0 .0 1 8 2 0 .6 9 7 3 6 .2 7  X 10"*

(0 .0 2 6 ) C 0 3 0 .0 0 8 8 0 .3 3 7 2 2 4 .4  X 1 0  “
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a=0 .009701, b=9,420E-4
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Figure 4-32: CO and CO3 growth curve fits for 1 keV He^ and irradiated pure
CO2 ice

The CO3 formation rate is generally faster than that o f CO during both He^ and 

irradiation. The higher yield of both molecules in the case of irradiation is likely to 

be due to the larger penetration depth of the ions compared with He^ ions. 

Correction for the penetration depth is also shown in Table 4-7, showing similar (factor 

1.01 difference) values of a for CO formation, but a factor of 1.44 difference in the CO3 

formation between the and He^ irradiation. A much faster CO3 formation rate 

(almost double), and an overall higher yield in the case o f irradiation may suggest a 

more efficient formation mechanism, which may be due to the dominant inelastic 

processes (higher electronic stopping power) to elastic processes (lower nuclear 

stopping) of ions in the CO2 ice (see Figure 4-28). The same effect may perhaps be 

responsible for the slower formation rate of CO in the versus He^ irradiated CO2 ice.
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4.7.2 Warm-Up Effects
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Figure 4-33: H%0 band after irradiation of CO2 at 75 K with (left) and He^
(right)

Warm-up o f  the CO2 sample after irradiation with both and He^ shows an apparent 

increase in intensity o f  the H2O ‘contaminant’ in the ice. This is possibly to the change 

in the integrated band intensity o f  the H2O stretching mode. Thus it is not possible to 

say whether or not there was any H2 O formation following irradiation o f  the pure 

CO2 ice. Brucato et.al. (1997) have proposed the formation o f  H2 O in 1.5 keV proton 

implantation in pure CO2 , stressing that this could not be due to H2O contamination. In 

their experiment simultaneous sample deposition and irradiation was carried out and a 

calculated dose o f  19 eV /16 amu was used.

4.7.3 Reaction Mechanisms

Interaction with a Non-Reactive Ion

CO2 dissociates directly into CO and O, thus CO is seen as the primary product in both 

and He^ irradiated ice.

CO2

CO3 may be formed by the addition o f  O atoms to CO2

(4.24)

(4.25)

(4.26)

C addition to CO may result in the formation o f  new species as observed in CO 

photolysis (Gerakines et.al 1996):

(4.27)
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+ (4.28)

C^O + C O ^ C ^ O ^  (4.29)

Interaction With Reactive Helens

Further to the above, new species may be formed that incorporate the hydrogen atom. 

Following neutralisation by trapped electrons, proton addition to CO2 radiolysis 

products may result in the formation of for example CH, COH, COOH, HCO3 and 

H2CO3.

O2 may be formed by the reaction between two O atoms and further addition of O may 

result in the formation of O3. O3 was observed only in the higher energy irradiation 

of CO2, where inelastic processes are dominant and elastic processes may be neglected 

(Figure 4-28), suggesting that O3 formation is perhaps more probable via excited 

species or ionic species such as O^, O', 0 2 ,̂ O2 etc. (Baragiola et.al 1999). 

Furthermore, secondary electrons may also play a crucial role. O3 formation has also 

been observed in UV photolysis of pure CO2 ice at 10 K (Gerakines et.al 1996). 

Further investigation is required to fully understand these mechanisms.

4.8 Conclusions Radiolysis of pu r e  CO2 ice

Irradiation of pure CO2 ice with 1 keV He* and H* yielded CO and CO3 as the main 

products. The CO and CO3 production rates were measured and found to differ for each 

ion. The yield of CO, corrected for the ion range was the same for both ions at 1 keV. 

CO3 yield and its formation rate was, however, higher in the irradiation experiment 

which may also be related to the slower formation rate of CO in this case. Furthermore, 

increased CO3 production rate may be a consequence of dominant inelastic collisions of 

in contrast to the dominant elastic collision processes for He^ at the same energy. 

Slower CO formation rate with respect to CO3 may be due to its re-conversion to CO2.

At a higher energy of 2 keV H^, ozone was formed. This result requires verification, 

however, including a quantitative analysis of the production rate, in order to determine 

the reaction mechanisms leading to its formation. O3 production at the higher energy 

may suggest reaction pathways via the formation of excited or ionised species. 

Additionally, secondary electron effects need to be taken into account. Furthermore, the 

onset of O3 production may be related to the total ion dose deposited.



4 Io n  Ir r a d ia t io n  Experim en ts  L P u r e  H 20 a n d  C 02 Ices__________________________________ 149

The possible formation o f  H2 O from implantation in pure CO2 remains inconclusive, 

as H2 O accretion from the background gas in the chamber was observed. irradiation 

experiments are required to verify this for certain, as possible H 2O formation by proton 

implantation o f  CO2 has been reported by Brucato et.a l (1997).

4.9 S u m m a ry

The properties o f  pure H2O and CO2 ices and the effect o f  radiolysis are detailed in this 

chapter. A description o f  the experimental set-up at the QUB ECR ion source is given. 

Experimental results o f  low energy ( 1 - 4  keV) reactive (C^ and and unreactive 

(He^) ion irradiation o f  pure H2 O are presented and discussed. The results o f  reactive 

ion implantation suggest that new products may be formed that incorporate the 

impinging species. CO2 and possibly CO are formed by direct implantation o f  carbon 

ions in pure H2 O ice. Small amounts o f  H 2O2 are also formed by radiolysis o f  water ice  

with both reactive and unreactive ions. A number o f  physical effects that are reflected in 

the band profiles o f  the parent and product species were observed during radiolysis and 

have been discussed in detail. Unique effects due to the irradiation with a doubly 

charged ion have been observed and discussed. Experimental results o f  low  energy (1 -  

2  keV) reactive (H^) and unreactive (He^) irradiation o f  pure CO2 are also presented. 

CO and CO3 formation were monitored and discussed. Possible reaction mechanisms 

leading to the formation o f  new products in reactive and unreactive ion irradiated H2 O 

and CO2 ices are provided. Having identified and discussed the primary products o f  

pure H 2 O and CO2 radiolysis, the irradiation o f  m ixed H 2 0 :C0 2  ices is presented in the 

following chapter.



150

5 Io n  Ir r a d ia t io n  Ex p e r im e n t s  
II: M ix e d  H^OzCOz Ices

"Research is to see u ’luit e<eeryhocly else Ims seen, a n d  to th ink  w lu i t  nobody else luis

thoufrht."

' Albert Szent'Gyorgi ( 1893-1 98 6 )

In this chapter the rad io lysis o f  pure H 2 O and C O 2  ices  are in vestiga ted . T he  results o f  100  

k eV  H irradiation o f  H 2 0 :C 0 2  m ixed  ice  are presented  and d iscu ssed . In add ition  a 

se lec tio n  o f  low  energy  sin g ly  and m ultip ly charged reactive and unreactive io n s w ere used  

to  irradiate m ixtures o f  H 2 0 :C 0 2  ice. T he production  o f  CO, H2CO3 and in one case  (1 0 0  

k eV  H") CO3 has b een  observed  as the products o f  irradiation. Further d isc u ss io n s  o f  the 

CO band profile  in irradiated ices are g iven .

5.1 In t r o d u c t io n

Both H2O and CO2 are important constituents of astrophysical ices and they coexist in a 

number of different environments {See Chapter 1). The presence o f H2O and CO2 in our 

Solar System: e.g. on Mars and on the Jovian satellites Europa, Ganymede and Callisto 

is of particular interest since, when subjected to radiation, it is probable that new species 

will be formed in the reaction of the two molecules or by their radiation products. In 

addition, reactive ions may be implanted in thicker (greater than the ion penetration 

depth) ices and result in the formation of species not originally native to the ice. We 

have discussed the effects of irradiation of pure CO2 and H2O ices in the previous 

chapter, in this chapter the spectrum of the binary unirradiated H2 0 :C0 2  ice will be 

described followed by three sets of irradiation experiments performed with a variety of 

ions and at different sample temperatures.
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The motivation for this work is the reported observation o f  carbonic acid (H2 CO3) 

formed as a result o f  proton (Moore and Khanna, 1991; Brucato e t.a l, 1997b; Gerakines 

e t.a l, 2000) and photon (Gerakines et.a l, 2000) irradiation o f  H 2 0 :C0 2  mixtures at low  

temperatures (10-20 K) {see Table 5-1). A  comparison was made by Strazzulla et.a l 

(1996) between the laboratory spectrum o f  H2 CO3 and the ESO spectra o f  Mars, 

tentatively suggesting the possibility o f  the m olecule being present on the red planet. A  

band observed at 3.88 pm in the Galileo NIM S spectra o f  Callisto m ay also be possibly  

attributed to H 2 CO3 rather than the S-H stretch, as suggested by Hage et.a l (1998).

Table 5-1: Summary of irradiation experiments performed on H20(D20):C02 ices, 
in which carbonic acid (H2CO3/D2CO3) has been observed

Ice studied + 

(ratio)

Sample 
Temperature 
+ (thickness)

Energy &. 
Radiation type

Analysis
Techniques

Reference

D2'^0:'^C'®02(1:1) 9 K (? ) 1.5 MeV QMS Pirronello et.al. (1982)*

H20:C02(1:1)
H20:"‘C02(1:1)

20 K (4 pm) 700 keV FTIR and QMS Moore and Khanna (1991)

H20:C02 (1.4:1) 20 K (6 pm) “ “ Moore et.al. (1991)

H20:C02(1:1)
D20:C02(1:1)

20 K FTIR DelloRusso et.al. (1993)

H20:C02(1:1) lOK 3 keV He+ 
1.5 keV

FTIR Brucato et.al. (1997)

H20:C02(1:1) 18K
( 0 .1 - 2  pm)

800 keV 
-1 0  eV photon

FTIR Gerakines et.al. (2000)

“ Pirronello et.al. (1982) wrongly identified H 2 CO(isotopic) as a product. See discussion by Brucato 
et.al. (1997) where it was suggested that H 2 CO3  was the likely product o f  radiolysis.

The aim o f  these experiments is to identify the effect o f  (1) ion type, (2) charge, (3) 

energy, and (4) the sample temperature in the processing o f  binary ices. The ability to 

select a wide variety o f  ions makes the QUB ECR ion source (described in Chapter 4) 

ideally suited to carry out such investigations. This is the first time that such an 

experiment has been carried out with the application o f  ECR technology. Since these 

were the first experiments carried out with binary ices using the new apparatus, a 

number o f  trial experiments were carried out and qualitative comparisons made with 

earlier results. However, there are no data available for direct comparison in the 

literature where the same experimental conditions were used (e.g. sample temperature, 

ion energy) (Table 5-1). All our experiments are carried out at higher temperatures (50 -  

110 K) relevant to the icy Galilean satellites.
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The H2 0 :C0 2  irradiation experiments performed may be divided into three separate 

experimental runs:

Experiment I. (Section 5.2.2) 100 keV irradiation at 90 K

Experiment II. (Section 5.3.1) Selected singly and multiply charged 5q keV ion (H^, 

O^, Ne^, He^, N"^) irradiation at 55 -  60 K. Details are summarised in Table 5-4

Experiment III. (Section 5.3.2) Selected singly charged 4 keV ion (H^, C \  Ne^, Ar^, 

Kr^, Xe^) irradiation at ~ 90 -  100 K. Details are summarised in Table 5-8.

5 .LI Sample Preparation of Mixed and layered H20:C02 Ices

Distilled, de-ionized H2O was Freeze-Pump-Thawed (F-P-T) four times at the start of 

an experimental run. Thereafter H2O F-P-T was carried out once at the start of each day 

making sure that no gas bubbles were visible after thawing. Distilled water and CO2 

(ARGO 99.995% purity) was used to prepare H2 0 :C0 2  mixtures or layers.

In the case where layers were sequentially deposited (Figure 5-1-a), initially the cell was 

filled, pressurised, the pressure measured, and then a fixed pressure o f gas was released 

during deposition (e.g. 10 mbar). The same was then repeated for the second gas, 

releasing an equal pressure of gas.

(a) CO (b)
H°0

Figure 5-1: (a) Layered and (b) mixed HiOiCOi ice arrangements

Mixtures (Figure 5-1-b) were prepared in a gas cell prior to deposition onto the cold 

substrate. (A general note to be made here is that mixing of gases in this way can only 

be done for species that are not reactive in the gas phase). The ratios of gases were 

estimated by measuring their partial pressures with the total pressure given as the sum 

of partial pressures. Typically 1:1 mixtures were used. However it is to be noted that the 

deposited ice ratio does not reflect the ratio of the mixture in the mixing cell. Thus a 

more accurate ratio determination is carried out after the spectra are taken, by 

determining the column densities of each component from the infrared bands of the
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molecular species. A ll layers or mixtures were deposited at 90° incidence to the 

substrate.

5*L2 Infrared Spectra of Mixed and layered H20:C02

The band profiles o f  H2O and CO2 are affected by the conditions during deposition and 

the presence o f  impurities {Chapter 4). The bands o f  H 2 O and CO2 in the m ixed binary 

molecular ice differ in position, width and shape and new bands are also observed due 

to the interaction between the two species. Figure 5-2 (a) shows the spectra o f  the mixed  

(blue) and the layered (green) H 2 0 :C0 2  ices and a comparison with pure H2 O (blue) and 

CO2 (green) deposited under similar conditions are shown in Figure 5-2 (b). The 

characteristic band positions and their assignments in the spectra o f  m ixed and layered 

H 2 0 :C0 2  ices are summarised in Table 5-2.

In the layered spectra, the bands observed are that o f  pure H2 O and CO2 (except for the 

2205 cm’’ band o f  H2O which cannot be seen as it lies beneath the 2347 cm ’* CO2 

band).

There is no difference in the band positions when H 2 O is deposited on CO2 or vice  

versa. However, in the mixed samples, shifts in both the CO2 and H 2O band positions 

are observed, as w ell as changes in their widths and relative intensities and new bands 

appear due to the interaction between the two species.
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Figure 5-2: Comparison between (a) pure H2O (blue) and CO2 (green) and (b) layered (blue) and mixed (green)
H2 0 :C0 2  ice deposited at 40-50 K
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Table 5-2: Summary of characteristic bands and their positions for mixed versus 
layered H20:C02=1 ices at -40-50 K and a comparison with pure H2O and CO2 ice

M olecule

M ixed 

HiOtCOz 
cm'  ̂ (pm)

Layered 

C O 2 on  H 2O  

cm'  ̂ (pm)

Pure 

H 2O  or C O 2 

cm^ (pm)

A ssignm ent

H2O 3345 (2.990) 3281 (3.045) 3280 (3.049) Vi, V3 sym & asym. 0-H  stretch

1642 (6.090) 1662 (6.017) 1665 (6.006) V2 bend

- - 2205 (4.535) 3v/, or (V2 + Vj) combination

CO2 3702 (2.701) 3708 (2.697) 3707 (2.698) (vi + V3) combination

3594 (2.784) 3600 (2.778) 3599 (2.779) (2 v2 + V3) combination

2452 (4.078) 2459 (4.067) 2459 (4.067) ?

2340 (4.274) 2345 (4.264) 2347 (4.261) V3 ‘̂ C= 0  asymmetric stretch

2279 (4.388) 2282 (4.382) 2282 (4.382) V3 *̂ C= 0  asymmetric stretch

H2O-CO2 3654 (2.737) - - Vi, V3 (H2O with CO2)
complex

3235 (3.091) - - V], V3 (H2O with CO2)

All the observed CO2 peaks are seen to be red-sbifted (the peaks being shifted towards 

lower frequencies) in the mixed samples. The amount that the bands shift by and the 

direction (i.e. bluesbift or redsbift) depends on the type of matrix (Sandford and 

Allamandolla, 1990). For example, CO2 frozen in H2O dominated ices has a broadened 

band compared to pure CO2, whereas CO2 frozen in O2 and CO matrices has a narrower 

band. Figure 5-3 shows a close-up of the region between 2450 and 2200 cm'  ̂ showing 

the fundamental asymmetric stretching mode of pure *̂ C0 2  and ^̂ C0 2  in a 1:1 mixture 

with H2O at 40-50 K. A broadening and a shift to lower frequencies can clearly be seen 

in both bands.

Redshifts suggest a larger trapping site in the matrix which may be due to the increased 

porosity of the H2O amorphous ice. Additionally a delocalisation of the CO2 bonding 

electrons due to the interaction with the H2O molecules results in a slightly weaker C=0 

bond as well as a modification in the bond angle (Sandford and Allamandolla, 1990) 

thus resulting in a shift in the vibrational frequency.
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Figure 5-3: Comparison between the spectra of pure CO] and ' CO] (blue) and in
a mixture with H ]0  (green) at 40-50K.

A redsbift is also seen in the 1650 cm'' bending mode of H ]0. This band also shows an 

increase in intensity relative to the 3300 cm'' band in the H]0 :C0 2  mixture. The 

redsbift in this case may be ascribed to the result of weakened hydrogen bonding due to 

increased mean 0 - 0  separation between the water molecules in the mixture (Hagen 

et.al., 1983). The 0-H  stretch band near 3300 cm ' now shows clear splitting into two 

components, one peaking at about 3345 cm ' and a shoulder near 3235 cm '. The former 

is thought to be due to blueshifted 0-H stretch modes as a result of weakened hydrogen 

bonding in the mixed ice, the same effect that results in the redsbift of the 1650 cm ' 

bending mode.

The 3235 cm'' band is tentatively ascribed to the oxygen atoms in H ]0 molecules 

interacting with the carbon in the CO] molecule (Hagen et.al, 1983). The polar H ]0 

molecule has a higher concentration of negative charge on its oxygen atom whereas the 

non-polar CO] molecule has a strong positive charge concentrated about its carbon 

atom. Thus the CO] behaves as a Lewis acid, accepting the lone pair of electrons 

donated by the oxygen atom in the H ]0 molecule. Figure 5-4 (a) and forming an 

electron donor-acceptor complex (EDA) (d’Hendercourt and Dartois, 2001). This 

orientation, with C]v symmetry and the hydrogen atoms pointing away from the CO] 

molecule, is believed to be a more stable orientation than that of Figure 5-4 (b), (Tso 

and Lee, 1985 a).
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Figure 5-4: Bonding orientations between H%0 and CO2, with CO2 acting as
(a) a Lewis acid and (b) a base

Clear evidence o f  an EDA is demonstrated by the splitting o f  the degeneracy o f  the V] 

bending mode o f  CO2 near 660 cm ' (when CO2 is mixed with species that can act as a 

Lewis acid, having at least one lone pair o f  electrons (e.g. Tso and Lee, 1985a; 

d’Hendercourt and Dartois, 2001).
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Figure 5-5: The C0 2 -d0 H feature in mixed (green) 1:1 H2 0 :C0 2  ice; comparison
with layered H2O and CO2 ice (blue)

In the IR spectrum o f  the mixed ice a feature is also seen at 3654 c m '. A close up o f  the 

region between 3750 and 3550 cm ' is shown in Figure 5-5. It is believed to arise due to 

incomplete hydrogen bonding o f  the H2O molecules and is tentatively attributed to the 

CO2 interaction with the OH dangling bonds (dOH) o f  H2O. Here the CO2 molecule 

behaves as a weak base (Hagen et.al. 1983; Keane et.al. 2001) accepting the H2O 

protons at the O atoms o f  the CO2 (Figure 5-4 b). However it is to be noted that the true 

C0 2 -dOH can be observed only in dilute CO2 mixtures in H2 O. More complex 

interactions are likely in a 1:1 H20:C02 matrix (Collings, 2003).

From Figure 5-5 it can be seen that the CO2 combination bands are also redshifted and 

broadened considerably.



5 I o n  I r r a d ia  t i o n  E x p e r im e n ts  IL M ix e d  H 20:C02 Ic e s 158

5 .2  100 keV  H" Ir r a d ia t io n  Ex p e r im e n t

5.2.1 The Experimental Set'Up

Figure 5-6 shows a schematic diagram of the experimental set-up used in these 

experiments. The sample chamber (described in Chapter 3) was bolted onto a Van de 

Graff ion accelerator beamline with two gate valves isolating the chamber and the pump 

from the rest o f the beamline. A Faraday cup was used to measure the ion current before 

the beam enters the chamber. This cup only gives a rough estimate of the ion current 

hitting the sample due to the physical distance between the Faraday cup and the sample. 

The set-up is adapted at the ECR ion source to minimise this distance allowing us to 

better quantify the current and hence calculate the ion fluence  at the sample.

The samples were monitored using infrared spectroscopy with the spectrometer IR 

beam situated perpendicular to the ion beam. The sample is therefore rotated through 

90" between the ion beam and the spectroscopy window after irradiation. Infrared 

spectra in this experiment were measured over 16 averaged scans.

Height Adjustable 
Faraday Cup

Ion Source & 
Accelerator

Gate Valve

Mini-flange 
connection to the gas 
line for differential 
pumping

Ion Gauge & 
Display

Cryostat

Electrical 
Feed-through

Rotary Feed- 
through

FTIR 
spectrometer

Gate Valve
Pump Connection to 

Gas Line

Figure 5-6: The Experimental Set-up for the 100 keV Irradiation Experiment
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5*2*2 Experiment I: 100 keV Proton Bombardment

Mixed H2 0 :C0 2  ice samples deposited at approximately 90 K were irradiated with 100 

keV protons. Initially, no obvious changes were observed in the spectra, and the 

currents achieved were lower than 10 nA. Such a lack of change in the spectra, 

however, may have been due to poor alignment of the ion beam with the beam spot of 

the FTIR spectrometer on the sample. It was later discovered that there was a 3 mm 

aperture, smaller than the spectrometer beam spot of 6  mm, situated in the beamline. 

Both the small aperture, and hence the low current, and misalignment of the ion beam 

with the spectrometer beam at the interaction region were likely to account for the fact 

that no changes were seen in the spectra following irradiation for up to 2  hours.

After removing the aperture and carefully realigning the beam a current > 30 nA was 

achieved. Irradiation of mixed H2 0 :C0 2  with these currents showed clear changes in the 

spectra, including the appearance of new bands as shown in Figure 5-7.

The fluence was estimated using the following equation:

Fluence {ions cm~^) = —— ̂  (5.1)

The fluences were about 1.4 - 1.7 x lO’"̂ ions cm^ for 30 minutes irradiation (with 36 -  

42 nA currents) which is low enough to avoid localised sample heating due to the high 

energy beam. The range of 100 keV protons is greater than the thickness of the sample, 

thus the entire depth of the sample is irradiated by the ions. Therefore it is possible to 

calculate the radiation dose from the values of stopping power calculated using SRIM- 

2003 programme (Zeigler et.al. 2003). The values of stopping power and range 

calculated for 100 keV in H2 0 :C0 2  ice are:

Se = 703.5 MeV cm^ g’* Sn = 1.15 MeV cm^ g'̂  Range =1.33 pm

The total dose per molecule (18 amu) after 1 hour irradiation (using a density of 1 g 

cm^) is calculated from the product of the fluence and the total contribution of the 

electronic and nuclear stopping powers (Se + Sn) to be 7 eV (18 amu)’* (See Chapter 2 

for more detail on the calculation).
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X COziHzO
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H2CO3

H2CO3H2CO3
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W a v e n u m b e r  [cm  1]
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Figure 5-7: Mixed HiOrCOi ice (T » 90 K) before (blue), after 30 min (green) and 
after Ih r (red) irradiation with 100 keV (I « 42 nA). The new features are

highlighted in red.

New features can be revealed by subtraction of the two spectra (that recorded after 

irradiation minus that recorded before irradiation) as shown in Figure 5-8. Features 

below the zero-baseline indicate decrease in band intensity and those above indicate an 

increase in intensity during irradiation, and hence formation of new species. Suggested 

assignments of these new features are shown in Table 5-3.

CO

0.03

0.02

1879 cm

i.oi'—
4000 2000 1500 10003500 3000 2500

Wavenumber [cm-1]

Figure 5-8: Difference of spectra before and after irradiation of mixed H2 0 :C0 2
ice with 100 keV at ~90 K.
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Table 5-3: Peak positions in cm ’ (pm) and assignments of new features observed 
after irradiation of 1:1 H2 0 :C0 2  with 100 keV

100 keV H ' 

on H 2 0 :C0 2  

at T=90 K

700 keV H ' ' 

on H 2 0 :C0 2  

at T= 10-20 K

1.5 keV H '"  

on H 2 0 :C0 2  

at T= 10-20 K

A ssignm ent

2851 (3.508) wing 2850 (3.509) H2CO3 (+H2O2?)

2592 (3.858) 2599 (3.848) 2580 (3.876) H2CO3

- 2237 (4.470) - C3O2

2139 (4.675) 2143 (4.666) 2142 (4.669) CO

2044 (4.892) 2044 (4.892) 2044 (4.892) CO3

1879 (5.322) 1879(5.322) weak (1883 cm ') CO3?

1706 (5.862) 1714 (5.834) 1701 (5.879) H2CO3

1495 (5.571) 1482(6.748) 1500 (6.667) H2CO3

1376(7.267) 1357 (7.369) 1380 (7.246) H2CO3 ?

1296(7.716) 1294 (7.728) 1303 (7.675) H2CO3

“M oore andKhanna 1991;
Brucato et.al. 1997b;

 ̂ Gerakines et.al. 1996; band at 1883 c m ’is observed after UV photolysis o f  pure CO; at lOK.

Five bands suggestive of H2CO3 are visible at 2851, 2592, 1706, 1495, 1296 cm' and a 

weak shoulder is also seen at 1376 cm '’ which may also be due to H2CO3 , The band 

positions match reasonably well with the values reported by Moore and Khanna (1991) 

and Brucato et.al. (1997b). Slight variations in band position may be due to the higher 

sample temperatures in these experiments.
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0.01
2160 2150 2140 2130 2120
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Figure 5-9: CO (left) and C03 (right) production after 1 hour irradiation with 100
keV H+ at ~ 90 K
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Bands attributable to CO and CO3 (Figure 5-9) are readily identified at 2139 and 2044 

cm ''. The CO band profile (position: 2139.15 cm '', FWHM: 8.5 cm ') matches that of 

CO in an apolar environment, although it is somewhat broader than expected. This may 

suggest possible uneven mixing of the ice during deposition. Thus the CO molecule 

may be forming in the vicinity of a higher concentration of CO2 . Evidence for uneven 

mixing lies in the fact that the C0 2 -d0 H band is relatively weak when compared to the 

CO2 (v , + V3 ) and (2 v2 + V3 ) combination bands {see Figure 5-10 blue curve). In a well- 

mixed H2 0 :C0 2  ice the intensity of the combination bands appear much weaker than 

the band due to the C0 2 -d0 H complex as discussed in Section 5.1.2 {see Figure 5-10: 

green curve for comparison).

0.22

0.2

- 0.01
35503750 3700 3650

W a v e n u m b e r  [c m -1 ]
3600

Figure 5-10: The difference in two spectra of HzOiCOz ices deposited under
similar conditions at (90-95 K)

Further analysis also shows that the H2 0 :C0 2  ice ratio is 1.95:1 (rather than the initial 

mixed gas ratio o f 1:1). This discrepancy may be due to the fact that two successive gas 

depositions were performed in order to obtain the desired sample thickness. This is due 

to the limited pressure range ( 1 0  mbar) on the baratron used to measure the pressure in 

the mixing cell prior to deposition. The sample thickness estimated from the H2O and 

CO2 column densities is ~ 1 . 2  pm. The CO2 stretching band was saturated, thus the 

column density was calculated using the '^C0 2  stretching band and scaled by a factor of 

89 (being the terrestrial '^C/'^C ratio).

A weak band is visible at 1879 cm''. This band was also observed in the proton 

irradiated pure CO2 ice {See Chapter 4), but the assignment was not clear. Brueato et.al. 

tentatively suggested that it may be HCO. It is well known, however, that the absorption 

band of HCO appears near 1861-1863 cm ' (Allamandola et.al., 1988; Gerakines et.al..
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1996). A possible suggestion is that this band may be due to CO3 as observed by 

Gerakines et.al. at 1883 cm'' in photon irradiated pure CO2 . The slight shift o f  this band 

may be due to a number o f  factors such as different matrix composition (mixed 

H2 0 :C0 2  versus pure CO2) or sample temperature (90 K versus 10 K).

5*2.2,1 Warm-up of the irradiated sample

Following irradiation the sample was gradually warmed to remove any volatile 

components (H 2 O , CO2 , C O  and C O 3 ). CO3 disappears above -1 2 0 K  (as marked by the 

2044 cm'' feature) as well as the 1879 cm ' feature which may suggest that the band is 

also due to C O 3 in agreement with the assignment by Gerakines et.al. (1996). Small 

traces o f  C O  are still seen at -1 3 5  K. At 190 K and 200 K the C O 2  and H 2 O  have almost 

completely evaporated.

0.02
1508 cm

3034 cm 2621 cm 1299 cm

2847 cm
1715 cm

0.01

Abs

-0 .0 0 5
2000 1500 100040 00 3500 3000 2500

Wavenumber [cm-1]

Figure 5-11: Spectrum of the carbonic acid residue after irradiation of HzOiCO: 
ice (at 90K) with 100 keV H and subsequent warm-up to -  250K.

The H 2 C O 3 (carbonic acid) band becomes prominent as the underlying H 2 O  is 

evaporated. Between 230 and 250 K a pure residue o f  H 2 C O 3 remained on the substrate, 

the spectrum o f  which is shown in Figure 5-11. Six peaks can clearly be seen in the 

region < 1000 cm '; 3034, 2847, 2621 ,1715 , 1508, 1299 cm '. All except the 3034 cm'' 

peak, which was hidden under the H2O band, correspond to the 2851, 2592, 1706, 1495, 

1296 cm'' bands in the H2 0 :C0 2  matrix at 90 K respectively. The 3034 cm'' peak is 

hidden under the water band. The shoulder at 1376 cm'' disappears upon warm-up and 

may be present in the cold irradiated ice due to H 2 C O 3 interaction with H 2 O . It is 

important to note, however, that H 2 C O 3 is formed in the frozen ice matrix prior to 

warm-up as can be seen from Figure 5-8.
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5.3 L ow  E n e r g y  a n d  M u l t i p l y  C h a r g e d  I o n  
I r r a d i a t i o n  E x p e r im e n ts

The following set of experiments were performed at the QUB ECR ion source using the 

experimental apparatus and set-up described in Chapter 4 {Figure 4.8).

5.3.1 Experiment II: 5q keV Singly and Multiply Charged Ion 
irradiation of mixed 1120:00% ices at 50 -  60 K

A series of experiments were carried out in which -1:1 samples of mixed H2 0 :C0 2  ices 

were deposited at 90° incidence to the substrate as described in Chapter 3. However true 

ratios and thicknesses were calculated from the column densities of the main spectral 

features H2O and CO2 and were found to differ from the 1:1 ratio of the gas mixture in 

the gas reservoir prior to deposition. All experiments were carried out at liquid helium 

temperatures (ranging from 40-60 K) and are summarised in Table 5-4.

The H2O and CO2 column densities were estimated before and during irradiation using 

the following equation (See Chapter 3):

A A

The reason for using this estimate is that the H 2 C O 3  bands lie under the shorter 

wavenumber wing of the H2O 3300 cm'^ band. Thus it is not possible to calculate an 

accurate value for the integrated absorbance of this band as the integrated area will also 

include the contribution due to the H 2 C O 3  bands during irradiation. However due to the 

much higher relative intensity of the H2O stretching mode compared with the 

underlying H 2 C O 3 bands, the width and the depth of the H2O band is not likely to be 

affected. Thus the estimated values may be used for comparative analysis, and are not to 

be taken as the absolute values of the H2O column density. From preliminary sets of 

data, band intensity calculations were carried out using both the integration and the 

second part of equation 5.2 and a difference of < 10 % is observed, with the latter 

underestimating the band area.

The sample thicknesses were calculated from the estimated column densities of the H2O 

stretching mode and the CO2 symmetric stretch band and then averaged. Estimated 

thicknesses are given to the nearest 0.1 pm in Table 5-4. The integrated absorbance
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values used for this set of data are: 1.8 x 10’'^ and 7.6 x 10'^  ̂ cm molec*' for H2O and 

CO2 (at 50 -  60 K) respectively (See Appendix C).

As can be seen from Table 5-4 the ion currents (hence fluences) for the multiply 

charged ions are considerably lower, hence longer irradiation times were required. The 

multiply charged ion kinetic energy is given by the plasma potential multiplied by the 

charge state. The true ion current is determined from the current measured on the 

Faraday cup divided by the ion charge. The experiments shown in Table 5-4 were 

carried out after a 2  cm collimator was added to the beamline before and after the 

Faraday cup as shown in Figure 4-8. However, at this stage the 8 mm collimator close 

to the sample was not yet installed (for further details on the experimental set-up see 

Chapter 4).

Table 5-4: Experiment II: Summary of the experiments carried out on ECRIS

Ion
T ype

lo n K E
=V xq

(keV)

H zO iCO z Ice  

R atio  
(Thickness)

Sam ple
T em p .

(K)'

Io n  C urrent

(Ipc/ q) 

(pA)

Irrad iation
T im e

(m in)

T o ta l F lu en ce  

( 1 0 "  

ion s cm^)

5 1.62:1 60 6 . 0 15 3.37
( 1 .1  pm) 5.0 15 5.62

0 + 5 1.46:1 56 1 .1 30 0.44
(0.7 pm) 0 . 6 30 0.67

1 0 . 0 1 0 1.99
1 0 . 0 2 0 4.64

Ne+ 5 1.31:1 57 6 . 0 15 1.19
( 1 .0  pm) 5.0 15 2.18

5.0 15 3.17
5.0 15 4.16

5 1.54:1 54 5-6 15 1.09
( 1 .0  pm) 5-6 15 2.18

15 1.52:1 53 0.5 30 0 . 2 0

(0 . 6  pm) 0.5 30 0.40

NS+ 25 1.41:1 54 0 . 0 1 1 30 0.0044
( 1 .0  pm) 0.006 30 0.0067

0.006 30 0.0091

" Sample temperature given is the temperature during deposition.
* He* irradiation was perform ed follow ing irradiation with (see the —
details)

An example of a spectrum of H2 0 :C0 2  ice at 60 K taken 

with 5 keV protons is shown in Figure 5-12.

entry on N  in the table fo r  

before and after irradiation

The common product of radiolysis after irradiation with each of the ions, is CO. H2CO3 

was observed only in the singly charged ion experiments. Surprisingly, unlike 100 keV
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irradiation and irradiation of pure CO2 described in the previous chapter, CO3  was 

not observed in any o f  these experiments.

CO2

102 CO2

CO

2000 1500 10004000 3500 3000 2500
Wavenumber [cm-1]

Figure 5-12: The HzOiCO] spectrum at 50 K before (blue), after 15 (green) and 30
min irradiation with 5 keV H
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Figure 5-13: Apparent linear variation of H2O with respect to CO2 column density 
during irradiation of H2 0 :C0 2  ice (50 -  60 K) with the singly charged H e \

and Ne^ ions.
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The H2O and CO2 column densities during irradiation were plotted against one another 

(Figure 5-13) and found to exhibit a linear trend of decrease against each other. In all 

the data except Ne^ AH2O/ACO2 < 1 is observed. Out of all the ions irradiation 

shows that more CO2 molecules appear to be destroyed for each H2O destroyed 

(AH2O/ACO2 = 0.7). In the ease of Ne^ AH2O/ACO2 % I. However, it is to be noted that 

the value of the integrated band strength used to calculate the column densities of H2O 

and CO2 may vary slightly during irradiation due to alteration of the sample. In the case 

of the multiply charged ions (not shown on the graph) where low fluences were used, a 

slight increase in the H2O column density was observed. This was previously seen and 

discussed in Chapter 4.

5 ,3 ,L I  Synthesis o f  H 2CO3

H2CO3 was readily formed in the singly charged ion irradiated samples, but not in the 

and the irradiated samples. This may be due to the much lower fluences of the 

multiply charged ions. Spectra of pure H2CO3 residue were measured after evaporating 

the volatile species, H2O, CO2 and CO by heating the samples to 245 -  250 K (Figure

5-14). It was not possible to monitor the H2CO3 production rate during irradiation as the 

bands are quite weak. The higher energy bands lie beneath the H2O stretching band, and 

the lower energy bands suffer from a high level of noise due to atmospheric H2O.

0.014 1503 cm
 He+

0 + 

 Ne+

1300 cm1710 cm
0.012

2619 cm0.010
3030 cm

5  0.008

<  0.006

2846 cm

B a c k g r o u n d  
1 CO20.004

0.002

0.000
2500 2000 15003500 3000

- 0.002

W avenum ber (cm  b

Figure 5-14: H2CO3 residue after irradiation of HiOrCOi ice (at 50 -  60 K) with 
different ions and warm-up to ~250 K.
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The band positions of H 2C O 3 at 250 K are shown Table 5-5 for each ion used to 

irradiate the binary H2 0 :C0 2  samples, and are in good agreement with literature. The 

ion energy loss (electronic and nuclear stopping power contribution), range, fluence and 

the yield of H 2 C O 3 are shown in Table 5-6. The band near 1300 cm'^ was chosen as it 

suffers least noise, and does not overlap with any other band. The error in the 

calculation of the band area is estimated to be 5-8% from a set of measurements taken 

using different baseline points.

Table 5-5: Comparison of the 250 K H2CO3 band positions with literature.

1 0 0

k eV
H+

T h is w ork B ru cato  et,a l.
G erakines

5 k eV  
He*

5 k e V
H+

5 k e V
Ne+

5 k e V
0 +

700
k eV

1.5
k eV
H+

et,a l. A ssign m en t

3034 - 3030 3030 3030 3030 3034 - 0 -H  stretch

2847 2846 2844 2840 2846 2840 2859 2840 + 2761 0 -H  stretch

2621 2621 2619 2620 2621 2614 2621 2626 0 -H  stretch

1715 1717 1705 1721 1717 1705 1726 1719 C = 0  stretch

1508 1504 1501 1501 1509 1501 1508 1508 C-OH asym. 
stretch

1299 1300 1301 1300 1300 1296 1299 1307 C-OH

1038 C-OH sym.

Table 5-6: The electronic and nuclear stopping powers of the 5 keV ions in 
H2 0 :C0 2  ice (irradiated at 50 -  60 K), range, the total ion fluence and the total 

H 2CO3 yield after heating the sample to 250 K measured from the 1300 cm'* band.

Electronic Nuclear Stopping 1300 H 2CO 3

Stopping power power Ion Range T otal Fluence band area

Ion  (MeVcm^g'O (MeV cm^ g (pm) (1 0 ‘® ions cm'^) (cm *)

245.8 

He^ 226.4

334.6 

Ne^ 250.5

10.0

98.7

1276.0

1706.0

1.745 56.2

1.061 46.4

0.268 46.4

0.234 41.6

0.50

0.16

0.12

0.11

The lowest yield is observed for the heaviest ion. However, this sample was also 

subjected to the lowest ion fluence. The comparatively high H 2 C O 3 yield in the 

irradiated ice (Figure 5-14 and Table 5-6) may be due to three reasons:

( 1 ) The greater penetration depth of the ion

(2) The greatest ratio of electronic to nuclear stopping power
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(3) The implantation and a reaction of with the ice contributing to the formation 

ofHzCO].

Point (3) cannot be justified without further study, using either D2 0 :C0 2  ice mixture or 

ions and searching for the D2CO3 signal in the infrared spectra. However it is to be 

noted that the increased yield observed in the case o f irradiation supports the 

reaction scheme proposed by Gerakines et.al (2000) in which protonation and 

neutralisation of the bicarbonate ion H C O 3 with is suggested as the final step in the 

formation of H2CO3 {see Section 5.4.1 for further detail and discussion).

5,3* L 2  Synthesis o f  CO

CO was readily formed following radiolysis of H2 0 :C0 2  ice with the different ions. The 

CO profile, however, was slightly different in each (Figure 5-15). There are two bands 

apparent, in the all but the irradiated ice, a dominant band centred about 2139 -  

2140 cm'' and a weaker shoulder at 2151 -  2153 cm '. Table 5-7 summarises the total 

CO area at the end of each experiment, the positions of the main band and shoulder, and 

the ratio, R, o f the CO shoulder to the main band.

0.03

0.025

0.02

Abs 0-015

He
0.01

0.005

Ne"

21002160 2140 21202180
W avenumber [cm-1]

Figure 5-15: CO2 profile after irradiation of HiOiCOz ice at 50-60 K with different 
ions (the baselines have been displaced for comparison).
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Table 5-7: Total CO area, positions and ratios of the shoulder and the main band 
of CO formed after radiolysis of HzOiCO] (50 -  60 K) with different ions.

Main band position
Secondary band 
position (width)

Shoulder to Total integrated
m ain band area band area

Ion (width) cm * c m ‘ ratio, R (cm ')

H" 2140.17(12.7) 2153.95 (7.5) 0.04 0.17

He" 2140.45(11.0) 2152.77 (7.1) 0.05 0.21
2140.20 (9.3) 2151.30(6.8) 0.13 0.13

N'" 2140.76(10.8) - 0.00 0.04

O' 2140.37(12.8) 2153.45 (7.4) 0.09 0.07

Ne" 2140.62(13.2) 2151.80(7.8) 0.43 0.08

0.04 0.03
. R =  0 .04 He^ R  =  0.05

0.03 /
0 .0 2 /

Abs 0 02 ——  — — Abs /

0 .0 1 -
0 .0 1 ___

0 1 1. L. 1 1 1 1
0

/
1 . 1-- 'i 1 1 1- .

2180 2160 2140 2120
W avenum ber [cm-1 ]

2100 2181.01 2160 2140 2120 2101.44
W avenum ber [cm-1]
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0.016
R =  0 .00'N-

0.01

0.005
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Figure 5-16: The CO band curve fits for He , O and Ne% with ratios,
of the integrated areas of the 2152:2140 cm*' bands shown
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The ratio of areas was obtained by performing curve fits to the data (Figure 5-16) using 

the Jasco Curve Fitting Analysis program. The ice ratio after irradiation has been 

estimated using an integrated band intensity value of 1.1 x 10’'^ cm molecule"' (See 

Appendix Q .

If the singly charged ions are considered, there appears an increase in R with increasing 

ion mass/velocity, with highest R being for Ne^ irradiated sample. However the trend is 

not clear and further investigation is required with heavier ions. Furthermore all except 

He^ and Ne^ are reactive ions, which may be responsible for secondary processes.

As with the 100 keV proton experiment, the main CO band is centred about -2 1 4 0  cm"' 

unlike the expected position near 2136 cm ' characteristic of the CO in a polar 

environment (Tielens et.al. 1991; Sandford et.al. 1988; Palumbo and Strazzulla, 1993, 

Strazzulla et.al. 2001). However the band associated with the C =0 stretch in an apolar 

matrix, at -2140 cm ' usually appears narrow ( 5 - 8  cm ' FWHM). The main band in 

our spectra appears at -2140 cm ' but it is broad (9.3 -  13.2 cm"' FWHM). The bands 

generally appear to be comprised of only one or two eomponents and there is no 

indication of a possible band near 2136 cm"' (polar component) as was seen in C^ 

irradiated H2O ice {see Chapter 4). The CO profiles studied in other laboratories are 

often in mixtures of HzOiCO or COziCO ice. Our situation is complicated by the 

H2 0 :C0 2 :C0  mixture, where the CO concentration is very small and it is therefore 

effectively matrix isolated in the H2 0 :C0 2  ice. Further discussion will follow in Section 

5.4.2.
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Figure 5-17: The CO band upon sample warm-up following irradiation with
and Ne
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Warm-up of the sample shows that the CO band redshifts smoothly towards 2135 cm’' 

and persists up to -180 K (Figure 5-18). This apparent ‘smooth’ shift of the CO towards 

lower wavenumbers was not observed in the warm-up of the carbon-ion irradiated H2O 

ice samples {Chapter 4). Instead, in the carbon-ion implantation experiments, the CO 

band consisted of three clearly independent components. Upon heating the ‘2152’ and 

the ‘2140’ cm'^ components disappeared immediately, whereas the ‘2136’ cm'  ̂

component persisted up to 180 K {See Figure 4-25). This possibly suggests that the band 

observed at 2140 cm"̂  in these mixed H2 0 :C0 2  ices is the same as the 2136 cm'^ band 

observed in pure H2O. The shift in frequency may be due to the presence of CO2 in the 

matrix. In the Ne^ irradiated sample the CO 2152cm"  ̂ feature disappears immediately 

after warm up (60 -  120 K). It is also interesting to note that above a temperature of 

about 120 K the CO band in the proton irradiated H2 0 :C0 2  ice also appears to split into 

two components with the peaks separated by about 2  cm '\

5*3*2 Experiment III: 4 keV Ion irradiation of H20:C02 ices at 
90 -  100 K

Low energy singly charged ion experiments were repeated to look for the apparent mass 

dependence of the CO peak feature. Due to constraints with the experimental set-up, the 

experiments were carried out at a higher temperature (90-100 K rather than 50 -  60 K 

used in Experiment II). The following set of data (Table 5-8) was taken with the 

apparatus set-up identical to that described in Chapter 4 used for irradiation of pure 

H2O and CO2 ices.

These data have been taken recently, and further analysis is currently being carried out. 

However a number points are nevertheless discussed following a brief analysis.

The initial ice ratio was calculated from the H2O and CO2 column densities by 

integrating the area under the H2O and CO2 stretching bands. In the case of H2O where 

the CO2 combination bands and the C0 2 -d0 H features lie on the higher energy wing of 

the stretching band, the areas of these features were calculated first and then subtracted 

from the total H2O (+ CO2) area in the region of 2750 -  3750 cm '\ The areas of the 

three bands (two CO2 combination bands and the C0 2 -d0 H) were estimated by 

performing a baseline correction as shown in Figure 5-18, using the Jasco Spectra 

Analysis software, and then integrating the area in the region 3560 -  3740 cm"’. The 

calculated thicknesses are shown to the nearest 0.1  pm.



5 I o n  Ir r a d ia  t i o n  Ex p e r im e n t s  IL M i x e d  H 20:C 02 I c e s 173

Table 5-8: Experiment III: Summary of the experiments carried out on ECRIS on 
radiolysis of H2 0 :C0 2  ices at -90 -  110 K, with selected ions at 4 keV.

Ion
T ype

Ion K E  
=V xq

(keV)

HzOtCOz Ice 

R atio  
(Thickness)

Sam ple
T em perature

(K)'

Ion
C urrent

(Ipc/ q) 

(pA)

Irradiation  
T im e (m in)

Average Flux  

(10"
ions cm'^ s ‘)

H" (1) 4 0.51:1 
(0 . 8  |im)

87-89 13.0-13.5 1-15 min 
intervals

29.6

H" (2) 4 0.47:1 
(0 . 8  |im)

102-105 2.0-2.05 0.25-5 min 
intervals

4.41

(:" (!) 4 0.53:1 
(0.9 pm)

1 0 1 - 1 0 2 5.7-6.0 15 min 
intervals

13.0

(:+ (2 ) 4 0.81:1 
(0 . 8  pm)

97-101 5.6-6.2 1-5 min 
intervals

1 2 .8

Ne^ 4 0.56:1 
(0 . 8  pm)

95-104 1.50-1.55 0.25-5 min 
intervals

T32

Ar+ 4 0.49:1 
(0 . 8  pm)

103-106 1.50-1.65 0.25-10 min 
intervals

T53

Kr 4 1.31:1 
(0.5 pm)

102-108 1.55-1.70 0.25-10 min 
intervals

T58

Xe 4 0.43:1 
(0 . 8  pm)

97-103 0.60-0.65 0.25-10 min 
intervals

1.35

 Bflseline Correction
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Figure 5-18: Baseline correction to determine the area of the COz-dHzO feature 
using the Jasco Baseline Correction Tool.
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Values of 1.8 x 10'*  ̂ and 7.6 x 10'̂  ̂ cm molecule’' were used for the integrated band 

intensities of the H2O and CO2 stretching bands respectively (See Appendix C). It can be 

seen from Table 5-8 that the ratio of the ices deposited differ from the 1:1 ratio of gases 

in mixing cell. However, this time, with the exception of the Kr^ data the H2 0 :C0 2  

ratios are inverted when compared to the ratios in Table 5-4, with the H2O concentration 

being lower than the CO2. Calculations were carefully double checked and the initial 

column densities were recalculated in Experiment II using the same method as 

described above: giving the same result. The only possible explanation for this was the 

fact that the two sets of experiments (Experiment II and Experiment III) were carried 

out at different times of the year, and the conditions during deposition were thus 

different. This problem will be still discussed further in Chapter 7.

5*3*2* 1  Synthesis o f  H 2CO3

Unlike the results from Experiment II in which 50-60 K H2 0 :C0 2  ices were irradiated, 

the H 2C O 3 yield at the higher temperature (~90 -  110 K) was very similar for each ion 

used (Table 5-9). Generally higher fluences were used than in the previous set of 

experiments. However the main difference between the two sets of data is the 

temperature. These experiments (III) were carried out at higher temperatures of 90 -  

100 K where the radiation products are likely to be more mobile (particularly OH and 

any trapped e’).

Table 5-9: The electronic and nuclear stopping powers of the 4 keV ions in 
HzOiCO] ice (9 0 -1 1 0  K), the total ion fluence and the total H 2 CO3 yield after 

heating the sample to 250 K measured from the 1300 cm ' band.

Io n

E lectronic  
S top p in g  pow er

(M eV  cm^ g

N u clear  
S top p in g  pow er

(M eV  c m ' g ')

Io n  R ange  

(pm )

T o ta l F lu en ce  

( 1 0 ^̂  ions cm ')

1300  H 2C O 3 

band area

(cm'O

11+ ( 1 ) 2 2 2 . 0 11.5 0.1144 52.5 0.36
H+(2) 7.09 0.34

c+(i) 294.2 853.5 0 . 0 2 2 2 47.0 Spectrum noisy
C+(2) 23.2 0.46

Ne^ 224.0 1691.0 0.0156 5.98 0.39

Pa 338.7 3017.0 0.0117 7.44 0.36

Kr^ 292.4 4338.0 0 . 0 1 1 1 8.60 0.42

Xe+ 282.3 4690.0 0.0119 4.92 0.36
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The considerably higher nuclear stopping power for the heavier ions means that elastic 

collision processes and sputtering effects are the dominant processes. It is only in the 

case of that the inelastic collisions dominate. However it is to be noted that the 

contribution of the electronic stopping power is very similar for each ion used ( 2 2 2  -  

338 MeVcm^ g'*). There does not appear to be any trend in the yield o f H2CO3 with the 

type of ion used.

5 3 .2 .2  Synthesis o f  CO

0 . 0 9

0 . 0 8

Xe 2 1 4 1 . 1 5 ( 1 1 . 4 )

Kr" 2 1 4 0 . 7 5 ( 1 2 . 2 )

0 . 0 6

2 1 4 1 . 1 0  ( 1 1 . 2 )

2 1 4 1 . 1 0  ( 1 1 . 6 )N e'Abs
0 . 0 4

2 1 4 0 . 7 5  ( 1 2 . 2 )

2 1 4 0 . 9 0 ( 1 1 . 7 )

0.02
2 1 4 0 . 7 5 ( 1 1 . 3 )

2 1 4 0 . 7 5 ( 1 1 . 1 )

2 1 8 0 2 1 6 0 2 1 4 0 2120 2100
Wavenumber [cm-1]

Figure 5-19: The 2140 cm ‘ CO band formed after irradiation of HzOiCOz ice at 90 
-  110 K with selected 4 keV ions (baselines have been displaced for comparison).

Unexpectedly the 2152 cm ' feature does not appear in any of the spectra (Figure 5-19). 

The CO band profiles are very similar with a broad symmetric Gaussian-like band 

(FWHM % 11 -  12 cm '') centred about 2141 cm''. (For discussion see Section 5.4.2)

The variation of the CO column density with fluence has been calculated for each ion 

(Figure 5-20). Clearly there are differences in the CO yield and production rate for the 

different ions used. Whether it may be related to the ion mass is not yet clear. A detailed 

qualitative analysis is currently under way and should appear in a future publication. 

However a few points may be made here.
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Figure 5-20: The evolution of the CO column density during radiolysis of HzOiCOz 
ices at 90 -  110 K with different selected ions.

A notable difference is observed in the two sets of data taken at longer time 

intervals. The growth rates differ despite equal fluences. In the experiment where 

COziHzO ice was being irradiated at longer intervals, higher ion currents were used (I % 

13 pA) as opposed to the data taken with shorter irradiation intervals (I % 2 pA). The 

other difference between the two sets of data is the temperature with the former 

performed at 87 -  89 K and the latter at 102 -  105 K. The apparent faster reaction rate at 

the lower temperature may be to the fact that reactive species such as OH and trapped
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electrons are immobile at T < 95 K (Delitsky and Lane, 1998). At the higher 

temperature, reactive radicals may hinder CO formation as CO may react with them to 

form new species. Furthermore, the higher mobility of the CO itself may cause it to 

diffuse to the surface and subsequently desorb. Determining the reaction rate for CO 

formation is complicated by the constant interconversion between CO and CO2 in 

irradiated ice (Delitsky and Lane, 1997).

5.4 General D iscussio n  of th e  R esults o f Io n  
Irradiated  H zOÆ O z Ices

5 .4 .1  H2CO3 Production

Carbonic acid is unstable at room temperature as it readily dissociates into H2O + CO2.

H^CO, <^H^O + CO^ (5.3)

However H2CO3 is easily formed in H2 0 :C0 2  ice matrices stimulated by ion irradiation, 

and forms a stable residue at 250 K after the evaporation of volatile species. Further 

photolysis of this residue converts it back to H2O and CO2 (Gerakines et.al. 2 0 0 0 ).

The formation mechanisms for H2CO3 in such ices are not yet understood. From the 

experiments described in this chapter it can clearly be seen that H2CO3 (and CO) is a 

universal product of ion irradiation of H2 0 :C0 2  ices under a wide range of conditions 

(ion energies 4 - 1 0 0  keV and sample temperatures 50 -  110 K). The only exception 

was its lack of detection in the and irradiation experiments, but this may simply 

be due to the very low ion fluences in such experiments. Longer irradiation times or 

higher currents are required to verify this. However this negative result is not to be 

ignored since it is possible that the effect of multiply charged ions is to ‘soak up’ 

electrons from the sample. In a reaction mechanism proposed by Gerakines et.al. 

(2000), negative ion formation (CO2 or OH ) is believed to be essential for H2CO3 

formation. They performed an experiment in which 1% SF^ was added to their 1:1 

mixture of H2 0 :C0 2  ice to act as an electron scavenger. Following irradiation a 

significant decrease in the yield of H2CO3 was observed with SFô present. (They did 

also state that no significant change in H2CO3 yield was observed during a photolysis 

experiment in which SFô was also added, which may be due to its overall low 

abundance in the photolysis experiments and hence difficulty in quantifying the 

change).
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It may be possible that in the experiment carried out by Gerakines et.al (2000) the SFô 

in the ice perturbs the electron density in the H2O-CO2 complex thus inhibiting the 

formation of the (H0 )2—C=0 transition state {see later discussion) that may lead to the 

formation H2CO3.

The following reaction mechanism for the formation of H2CO3 in H2 0 :C0 2  ion (or 

photon) irradiated ice was proposed by Gerakines et.al (2000). H2O dissociation 

following radiolysis or photolysis leads to the formation of excited species, ionic 

species and radicals (discussed in Chapter 4)\

fj^Q _ jo ju p h o ^^^  O //, H ^O \e -  (5 .4 )

Negative ions are then formed by the reaction with secondary e‘ produced during 

irradiation:

CO2 + 6 —̂ CO2 and/or OH -\-e —̂ OH (5.5)

The bicarbonate ion is then formed by the reaction:

C O / + 0 H ^  H CO ; and/or CO2 +0H~ -> HCO~  (5.6)

Finally, the bicarbonate ion then reacts with a positive hydrogen ion to form carbonic 

acid:

HCO~ -¥H^ ~^H2C0,  (5.7)

The intermediate HCO3 has not been observed in the IR spectra. Also at the ion 

energies used by Gerakines et.al (0.8 MeV H^) ionisation processes are dominant due 

to the high electronic stopping power. Se, of the ions in the H2 0 :C0 2  ice (with almost 

zero contribution from Sn). Our case is significantly different due to lower energies used 

and with Sn dominating Se in the case of the heavier ions. To complement these 

experiments low energy electron irradiation of H2 0 :C0 2  samples need to be carried out 

to verify the negative ion route for the higher Se ions.

The production of a sufficient number of secondary electrons and ionisation processes 

are required in the case of photon irradiation experiments to observe H2CO3 yield 

reported by Gerakines et.al The ionisation potentials of H2O, CO2 or their associated 

products CO, H, OH, O2, etc. are higher (>12.6 eV; See Appendix A) than the Lyman-a 

photon energy of 10.2 eV used in their photolysis experiment. Although it is possible 

that these energies for the ionisation potentials are modified by the hydrogen-bonded
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matrix of H2O, to complicate matters further, it is to be noted, that little or no H2CO3 

was observed in our VUV irradiation experiments (See Chapter 6 ), whieb may or may 

not be solely attributed to the low optieal depth of the UV photons. This discussion is 

continued in Chapter 6.

It is interesting to note that H2CO has not been identified as an irradiation product of 

H2 0 :C0 2  ice (Brucato et.al. 1997). Likewise H2CO is observed in H2 0 :C0  irradiated 

ice, but no H2CO3 is detected. This may be key to the understanding the mechanisms of 

H2CO3 formation, possibly implying that CO2 is converted directly to H2CO3 (i.e. 

H2CO3 is not formed via the dissociation of CO2 to CO and O).

A possible mechanism may be the direct reaction of the CO2 molecule with an H2O 

molecule (Figure 5-21), suggested by Jonsson et.al. 1977 using quantum mechanical ab 

initio calculations. A favourable arrangement of the two molecules with respect to one 

another is required, forming an (H0 )2—C =0 transition state as shown in Figure 5-21. 

This may be possible in an ice mixture where CO2 becomes part of the hydrogen- 

bonded H2O matrix. Modification of the bond angles, and the delocalisation of the 

electrons is also possible, and the ions provide the energy to overeome the activation 

barrier in order for the reaction to take place.

H2O: CO2 
Transition s ta te

CO2

H20

C arb on ic
acid

C arbonic
acid

Figure 5-21: Direct H2CO3 production from H2O and CO2 (adapted from Jonsson
et,ai 1977)

In another theoretical study (Nguyen and Ha, 1984) a mechanism is proposed (also 

tentatively suggested in Jonsson et.al. 1977) whereby the reaetion is catalysed by 

another water molecule (in a solvent) (Figure 5-22).
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CO2

Figure 5-22: Possible transition state in the formation of H2 CO3 involving one CO2 
and two H2O molecules (adapted from Jonsson etal. 1977 and Nguyen and Ha,

1984)

Thus a transition state involving one CO2 molecule and 2 H2O molecules is formed:

C 0 2 + (//2 0 )2  (5.8)

This may also be possible in an amorphous matrix if energetically favourable 

positioning of the molecules is achieved.

These reaction schemes may be best tested using isotopically labelled H2 ' ^ 0  or C ' ^ 0 2  to 

trace where the oxygen atoms in the H2CO3 molecule come from. The application of 

matrix isolation techniques may provide further insight in the understanding of the 

H2 0 :C0 2  complex and identification of the vibrational modes. Other possible reaction 

schemes involving the direct addition of H and OH to CO2 also need to be considered.

5 .4 .2  The Band Profile of CO Formed in the Ion Irradiated 
H20:CÜ2 Ice Mixtures

The difference observed in the band profiles of CO in the 3 sets of experiments 

described in this chapter remains a mystery. The observed band profiles are summarised 

in Table 5-10 for each experiment. The CO profiles observed in the irradiation 

experiments of pure CO2, CO2 mixed with H2O and implantation of carbon ions in pure 

H2O differ from those of CO eo-deposited with the parent molecules (presented in 

literature: e.g. Sandford et.al, 1988; Palumbo et.al. 1997). A detailed study of the CO 

band profile formed as a product in irradiated ice has not yet been carried out. In 

previous laboratory studies of ion and photon irradiated H2 0 :C0 2  ice mixtures CO was 

mentioned as a product but its band profile was not described, as the main emphasis of 

this work in literature has been given to H2CO3 formation.
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The absence of the 2152 cm'  ̂ band in the 4 keV ion experiments may be due to the 

higher sample temperatures (90 -  110 K) when compared with the results of 

Experiments II (50 -  60 K). The absence of the 2152 cm’’ feature in the 100 keV 

radiolysis experiment at ~ 90 K also supports this. The higher temperature may thus 

facilitate CO diffusion to more favourable sites that give rise to the 2140 cm*’ feature.

Table 5-10: Summary of the CO band profile for the different radiolysis 
experiments carried out with HiOiCOz samples

Io n  Energy  
and T yp e

Sam ple

T em p ,

[K]

P o sitio n  
(FW H M ) of 
the m ain  peak

[cm'^l

Secondary
band
p osition

[ratio, R]

D escr ip tio n  o f th e  C O  profile

100 keV 90 2139.15(8 .5) - Broad, symmetric peak

5 KeV 60 2140.17(12.7) 2153.95
[0.04]

Broad symmetric peak with small trace o f  
a shoulder

5 keV He^ 57 2140.45(11.0) 2152.77
[0.05]

Broad symmetric peak with small trace o f  
a shoulder

5x3 keV 53 2140.20 (9.3) 2151.30
[0.13]

Broad peak with a distinct shoulder

5x5 keV 54 2140.76(10.8) - Broad, symmetric peak

5 keV 0+ 56 2140.37(12.8) 2153.45
[0.09]

Very broad peak with a distinct small 
shoulder

5 keV Ne^ 57 2140.62(13.2) 2151.80
[0.43]

Very broad double peak.

4 k eV  H " (l) 87-89 2140.75 (11.1) - Broad, symmetric peak

4 keV (2) 102-105 2140.75(11.3) -

4 k eV  C " (l) 101-102 2140.90(11.7) -

4 keV C+ (2) 97-101 2140.75 (12.2) -

4 keV Ne"̂ 95-104 2141.10(11.6) -

4 keV Ar^ 103-106 2141.10(11.2) -

4 keV Kr+ 102-108 2140.75 (12.2) -

4 keV Xe^ 97-103 2141.15(11.4) -

However, it is important to note that the 2152 cm'  ̂ band did appear and was persistently 

a dominant feature of and implantation experiments described in the previous 

chapter, and those results were taken at sample temperatures between 77 -  100 K! Thus 

the situation is probably complicated in this case (binary ice) due to the higher 

concentration of the CO2 molecules which themselves interact with the OH dangling 

bonds of H2O (giving rise to the C0 2 -d0 H band near 3650 cm'' - Figure 5-5) and 

perhaps compete with the CO molecules at the higher temperatures (as both CO and 

CO2 become mobile) for the dOH binding sites. In all of the data a decrease in the
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intensity of the C0 2 -d0 H band is seen (e.g. irradiation data Figure 5-21). Further 

investigation and comparison of the rate of decrease of this feature, the rate of depletion 

of CO] and H2O and the rate of formation of CO may perhaps shed some light on the 

origin of the 2152 cm ' band.
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Figure 5-23: The decrease in the COi-dOH band during irradiation of HzOiCO]
ice at ~ 100 K with 4 keV C

5 .4 .3  The Mysterious CO3

It was seen in the previous chapter that CO3 is readily formed as a product of pure CO2 

radiolysis. As a radiolysis product in mixed H2 0 :C0 2  ices, CO3 has only so far been 

observed in the 100 keV irradiation experiment. It was not observed in the 5 xq keV 

ion irradiation experiments of H2 0 :C0 2  at 50 -  60 K, nor was it seen in the 4 keV ion 

irradiation experiments of H2 0 :C0 2  at 90 -  1 10 K. Sample temperature can therefore be 

ruled out as possible parameter responsible for its absence. The 100 keV irradiation 

is unique due to the high energy, with most of the ion interactions in this case being due 

to inelastic collisions, causing ionisations, excitations and dissociations of the matrix 

molecules. There is also a greater number of secondary electrons generated in the ice. It 

is thus possible that its reaction scheme involves electrons or ions.

It has been suggested that CO3 is formed by the direct combination o f the ‘hot’ 0  atoms 

with CO 2 (Elsila et.al. 1997). ‘Hot’ radicals are so called because they are formed with a 

higher kinetic or electronic excitation energy than the surrounding molecules (Spinks 

and Woods, 1990). There are three possible ways in which ‘hot’ radicals can be fonned 

(‘hot’ radicals are indicated in bold):



5  Io n  Ir r a d ia t io n  Ex pe r im e n ts IL M ix e d  H 20:C 02 Ices____________________________________ 183

( 1 ) Molecular ion neutralisation

(5.9)

(2) Atomic ion neutralisation

(5.10)

(3) Dissociation of excited molecules

(5.11)

Thus ‘hot’ O atoms may be formed from the excitation and subsequent dissociation of 

H2O, CO2 and CO within the ice matrix particularly in cases where ions have a greater 

contribution of Se (electronic stopping power). Radicals that are formed possessing only 

thermal energy within an ice matrix may not react due to the lack of the activation 

energy required for the reaction. Thus CO3 is more likely to be formed in the 100 keV 

experiment. Perhaps higher fluences of the lower energy ions may also result in the 

formation of CO3 as more energy is deposited into the sample.

CO3 is readily formed in the radiolysis of pure CO2 at low ion energies. The most likely 

route for its formation is the reaction of CO2 with O, the latter being the dissociation 

product of CO2 (hence CO and CO3 are the two dominant products observed). Thus the 

presence of H2O somehow seems to inhibit the formation of CO3. This may be either 

due to the H2O molecules themselves or the interaction of H2O with the CO2 or the 

reaction between the H2O and CO2 radiolysis products.

Another possible reason that C O 3 was not seen at the lower energies is because it 

readily converts to H 2C O 3 with the addition of H radicals. This may be supported by the 

fact that no H 2C O 3 was seen in our photolysis experiment but C O 3 was observed (See 

Chapter 6 for further discussion). The observation of C O 3 in the 100 keV 

experiment may be due to a greater excess of C O 3 formed, or alternative mechanisms 

for H 2C O 3 formation. The possible addition of H radicals to C O 3, leading to the 

formation of H 2CO 3 can be tested by irradiating H2 0 :C0 2  ices with and looking for 

the formation of D 2C O 3.

Until further experiments are carried out to test for formation mechanisms C O 3, its 

production as a radiolysis product remains a mystery.
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5.5 Conclusio ns

The results of the three experiments with mixed H2 0 :C0 2  iees using; (1) 100 keV H* at 

90 K, (2) 5 xq keV selected ions at -50 K and (3) 4 keV selected ions at 90 -  100 K, 

differ in several different ways:

(i) In each set of singly charged ion irradiation experiments CO and H2CO3 were 

formed as products.

(it) No H 2C O 3 was observed during irradiation with multiply charged ions and 

N^^); however this may be due to low ion fluences.

(Hi) A  possible reaction mechanism leading to the formation of H2CO3 may be by direct 

reaction between H2O and CO2 (possibly activated via the electron donor-acceptor 

complex of H2 0 :C0 2 ) or a reaction of CO2 with two H2O molecules.

(iv) No nitrogen-bearing compounds were detected in N-ion implantation experiments.

(v) C O 3 was observed only in the 100 keV experiment and not in any of the low 

energy (<5 keV) ion experiments. This cannot be due to the sample temperature, but 

may be attributed to elastic versus inelastic processes within the ice.

(vi) CO3 may be formed via the production of ‘hot’ O atoms and direct reaction with 

CO2.

(vii) There is an apparent ion mass dependence in the intensity of the 2152 cm’’ feature 

of CO, in irradiated H2 0 :C0 2  ice at temperatures between 50-60 K. The band appears 

more intense with increasing ion mass. This is not observed at higher temperatures.

(viii) The expected 2152 cm’’ feature of CO has not been observed in the 100 keV or 

the 4 keV ion irradiation experiments. The common parameter between them is the 

sample temperature (90 -1 1 0  K). The lack of the 2152 cm’’ feature may be attributed to 

increased mobility of the CO and CO2 molecules in the ice, such that the CO molecules 

are no longer able to form the weak CO-dOH complex due to possible competition with 

CO2.
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Further detailed systematic investigation is required to investigate reaction mechanisms 

for the formation of H 2CO 3 and C O 3, the physical properties of the C O  band, and the 

interaction between the H 2O  and the C O 2 molecules in the ice matrix.

In the following chapter further investigation of the binary H2 0 :C0 2  ices are described 

under VUV photoprocessing and compared with ion processing results.



6 V U V  P h o t o a b s o r p t io n  
Sp e c t r o s c o p y  a n d  Ir r a d ia t io n  
OF Se l e c t e d  Ices

"Notlinii^ shocks me. I'm a scientist"

' Harrison Ford as Indiana Jones (1942 - )

V acu u m  ultraviolet (V U V ) photoabsorption experim en ts o f  se lec ted  ices w ere carried out at 

the synchrotron radiation source at Aarhus, Denm ark. P hotoabsorp tion  spectra o f  H 2 O and  

N H 3  ice  are presented and their electronic  structure ou tlined . A  set o f  ph oton  irradiation  

exp erim en ts w ere carried out in parallel w ith the ion irradiation w ork deta iled  in Chapters 4 

and 5, in w h ich  C O 2  and H 2 O ices w ere irradiated w ith either zero  order synchrotron  

radiation or at se lected  w avelen gths. A b r ie f  outline o f  the synchrotron sou rce is a lso  g iven .

6.1 I n t r o d u c t i o n

Ices in astrophysical environments are subjected to energetic processing by ions, 

electrons and photons. In Chapters 4 and 5 experiments involving the radiolysis of pure 

and mixed H2O and CO2 ices were described. In this chapter the experiments carried out 

on the irradiation of CO2 and H2O ices with photons are described and the results of 

photon and ion irradiation will be compared.

The general processes involved in the interaction o f photons with matter have been 

described in Chapter 2 and compared and contrasted with the effect of ion irradiation. It 

is thus possible that similar products may be yielded as a result of radiolysis and 

photolysis of ices in astrophysical environments; however the mechanisms involved 

may differ in some aspects (See Chapter 2).
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As described in Chapter 2, much can be inferred about the electronic structure of matter 

from UV photoabsorption spectroscopy. In this chapter preliminary studies of 

photoabsorption of H2O and NH3 in the vacuum ultraviolet (VXJV)  ̂are described.

There are a number of possible VUV sources available for both photoabsorption and 

irradiation experiments;

(i) Microwave discharge hydrogen flow lamps are widely used for irradiation 

experiments of astrophysical ice analogues (e.g. Hagen et.al 1979, Allamandola et.ai, 

1988, Gerakines et.al., 1996). These lamps typically have a Lyman-a dominated output 

(121.6 nm) with a broad continuum centred about 160 nm. Other VUV microwave 

powered sources such as high pressure deuterium or mercury and low pressure xenon or 

krypton lamps are also available.

(ii) Electron cyclotron resonance (ECR) light sources (based on the ECR ion sources 

like the 10 GHz ECRIS described in Chapter 4) are used to emit spectra of rare gases to 

generate VUV radiation (e.g. Griibling, 1999). The spectral profile emitted depends on 

the gas used in the source plasma.

(Hi) Tuneable synchrotron radiation sources generated by electrons travelling in 

curved orbits at relativistic speeds (described below).

The work described in this chapter was carried out with the application of synchrotron 

radiation techniques. The advantage of using tuneable synchrotron radiation is that it 

provides the closest analogy to stellar radiation, producing a continuous spectrum with a 

high spectral flux over a wide range of wavelengths. Moreover, the application of 

synchrotron radiation in optical monochromator systems allows flexibility in the choice 

of photon energy whereby either discrete or continuous wavelength ranges may be 

selected. The latter is only limited by the energy cut-off of the optical components that 

make up the experimental apparatus. The ability to select discrete wavelengths to 

irradiate samples is particularly advantageous when complex reactions are studied and 

specific bonds or electronic transitions need to be targeted within the sample.

 ̂Vacuum ultraviolet spans a region o f  100-300 nm.
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6.2  Th e  Source of Synchrotron  Ra dia tion

Synchrotron radiation is emitted by charged particles that are accelerated to relativistic 

speeds and are forced to travel in a circular path by means of magnetic fields. The 

radiation emitted by the charged particles is also known as Bremsstrahlung radiation 

(See Chapter 2) and covers an energy range from infrared to X-rays. Large research 

facilities are built to produce and extract synchrotron radiation for use in a wide variety 

of experiments. One such facility that has been used in this work is the Aarhus STorage 

Ring in Denmark (ASTRID)^ at the Institute for Storage Ring Facilities, University of 

Aarhus, Denmark (ISA).

6.2.1 ASTRID
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Figure 6-1: Schematic diagram of ASTRID^

h ttp ://w w w .isa .au .dk /astrid /astrid .h tm l

http://www.isa.au.dk/astrid/astrid.html
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At ASTRID, electrons are accumulated and accelerated in the 100 MeV race track 

microtron (RTM) up to a beam current of 250 mA. The electron beam is then ‘injected’ 

into the storage ring where they are further accelerated to energies of 580 MeV. The 

storage ring is a 10 m diameter ‘square ring’ consisting of four bending magnets, an 

undulator magnet and a series of quadrupole and sextupole magnets that guide the 

electron beam. Synchrotron radiation is produced at the bending magnets or the 

undulator magnet and is extracted to seven beamlines as shown in Figure 6-1.

A typical beam current of 160 mA is maintained within the storage ring at the time of 

injection, but as the electrons are continually accelerated around the ring they loose 

energy which results in a gradual decrease in the beam current. This decrease is 

typically 50-60 mA over the course of 24 hours, requiring reinjection once per day.

6 .2.2 The U V l Monochromator

Synchrotron 
radiation from 
ASTRID 
 >

Sample
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\  Toroidal 
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N Fixed Entrance 
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.... n il " "n i l " " "

Toroidal P re
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Figure 6-2: Schematic diagram of the UVl monochromator^

The ultraviolet beamline UVl^ at ASTRID has been used for the experiments described 

here. The schematic diagram of the UVl beamline is shown in Figure 6-2. Synchrotron 

radiation from the source is focused (horizontally and vertically) onto the entrance slit 

by means of a toroidal pre-mirror. After passing the entrance slit, the beam is dispersed 

by one of two chosen toroidal grating elements, depending on the desired wavelength 

range for investigation. In the experiments detailed here a high energy grating is used.

’ h ttp ://w w w .isa .a u .d k /S R /U V l/u v  1 .html

http://www.isa.au.dk/SR/UVl/uv
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operating in the range of 100 -  350 nm. The ultraviolet cut-off for the experiments is 

then limited to the cut off of the transmitting windows used in the experimental setup.

A grating is a dispersing element consisting of a series o f fine lines, cut into a reflecting 

surface which may be 1000 -  2000 lines mm '. The curvature of the grating and the 

separation of the lines defines the quality o f the grating and limits the resolution that 

may be achieved.

After the beam is diffracted by the grating, the first order light at given energy is 

refocused onto the exit slit. This is done by moving the exit slit to the desired position. 

The section of the beamline that houses the exit slit is fixed to the experimental platform 

and it is the translation of this platform that moves the exit slit. The optimum table 

position for the measurement range o f interest is obtained from the plot shown in Figure 

6-3. 25000 motorised steps correspond to 1 cm movement, thus the range of movement 

over the full measurement range is approximately 65 cm.
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Figure 6-3: The table position versus wavelength to obtain the optimum exit slit
position (from S. V. Hoffmann, ISA)

The bandwidths can be selected by changing the width of the slits. In some cases zero- 

order synchrotron light was required to irradiate the samples. This was achieved by 

rotating the grating such that it behaves like a mirror, reflecting all wavelengths of light 

at equal angles. During zero order irradiation the slits were set to maximum width for 

maximum flux.
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6.3 Ph o to a b so r ptio n  experiments

6.3.1 Experimental Setup and Procedures

Preliminary VUV photoabsorption experiments of ice films were carried out at the UVl 

beamline. It is to be noted that these experiments were carried out prior to the 

installation of the Rhodium-Iron temperature sensor and instead a type ‘T’ (Copper- 

Constantan) thermocouple was used (described in Chapter 3). Experiments were carried 

out both at liquid nitrogen and liquid helium temperatures.

The experimental set-up used for the photoabsorption experiments is shown in Figure

6-4. Unlike with FTIR spectroscopy, described in the previous chapters, the chamber is 

coupled to the beamline directly, with the synchrotron radiation passing from vacuum 

(beamline) to vacuum (experimental chamber), separated only by a lithium fluoride 

window as described earlier. This is to avoid contamination of the beamline from the 

residual gases that might be present in the sample chamber.

The synchrotron radiation passes through the sample and the transmitting substrate and 

is collected by a photomultiplier tube (PMT) that is mounted to the outside of the 

calcium fluoride exit window of the sample chamber. In order to minimise absorption 

due to atmospheric gases, particularly atmospheric O2 , in the interface between the 

chamber window and the PMT, flushing with He gas is required when spectra are 

acquired in the wavelength region <200 nm. To accommodate this, the spectra were 

measured over two regions: 120-220 nm and 210-350 nm, allowing a 10 nm overlap to 

ensure continuity of data.

The outline of the procedures implemented in the photoabsorption experiments is as 

follows: Prior to commencing a set of scans the PMT output is optimised by setting 

suitable voltage and bias on the high voltage (HV) supply such that the output signal is 

high enough to minimise the signal to noise ratio but is not saturated. This is to ensure 

that as the photon intensity drops during the course of a set of measurements a 

significant signal is still maintained. It was also noticed that the PMT signal appeared to 

increase slightly as the substrate is cooled from room temperature. This may be due to 

either a change in the optical properties of the substrate or possible contraction of the

O2 has a strong absorption band that spans a 130-170 nm wavelength range and a number o f  sharp 
absorption features < 1 2 5  nm.
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cryostat heat exchanger, thus reducing its length and perhaps improving the orientation 

of the substrate and thus the transmission of the beam.

It was important in these experiments that the ion gauge, used to measure the pressure 

in the sample chamber, was switched off whilst acquiring a spectrum as photons are 

emitted by the gauge that may result inaccurate readings on the PMT.

Unlike a gas sample it is not possible to take a background scan alternately with each 

ice sample absorption measurement, unless the ices are condensed afresh each time. 

Hence a series of background spectra are taken prior to depositing an ice sample and at 

the end of the run once all the required spectra of the sample were taken. The averaged 

background spectra before and after the experiment are compared to ensure the linear 

stability of the background and to compare the decrease in the transmitted spectrum due 

to the decrease in the electron beam current in the storage ring.

Top view of 
sam ple cham ber

G as inlet for
sam ple
deposition

Ion Gauge

C ap2 window
LiF window

From
m onochrom ator

Photomultiplier
tube

Gate valveHe gas flushing

Figure 6-4: Schematic diagram of the sample chamber setup for VUV 
photoabsorption spectroscopy of ices
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The background spectra are then used as the incident intensity lo (X) and the spectrum 

through the sample is the transmitted intensity h (À) used to calculate the absorbance of 

the sample Figure 6-5. An example of a background spectrum taken in two regions: 120 

-  220 nm and 210 -  350 nm, with and without He flushing respectively is shown in 

Figure 6-5 (a). Here the second spectrum (at longer wavelengths) had to be normalised 

for the beam current in order to fit continuously with the shorter wavelength spectrum.

The typical time taken to acquire spectra is 350 s for the 120 -  220 nm range (200 

sampling points at 0.5 nm sampling interval) and 470 s for the 210 -  350 nm range (280 

sampling points at 0.5 nm sampling interval). The total time taken is greater than 1 s per 

point to allow for the movement of the grating.
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Figure 6-5: (a) Example of background spectrum taken over two regions: 120-220 
nm with He flushing (blue) and 210-350 nm without He flushing (green), and a 
sample spectrum in the 120-220 nm range (red), (b) The absorbance spectrum 

calculated from the raw spectra in (a)
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The measurement interval for the photoabsorption spectra was AX,=0.5 nm, with a 

typical sampling time of Is. Although smaller measurement intervals are possible this 

was not necessary for the broad features in the spectra of the solid samples.

As already mentioned, the photon flux of the synchrotron radiation is dependent on the 

electron beam current in the storage ring. The latter drops gradually and approximately 

linearly during the course of an experiment. The beam current is thus recorded in order 

to normalise the photon flux for each data set that is acquired. The normalisation may 

either be carried out by fitting a straight line to the beam current plot or for shorter scans 

by taking an average value of the beam current. The absorbance spectrum is then 

calculated from the current normalised background and sample spectra.

63*2 Results of the Photoabsorption Spectra of H 2O ice

A series of VUV photoabsorption spectra were taken of different thicknesses of water 

ice films deposited at liquid nitrogen and liquid helium temperatures. It is to be noted 

that these are preliminary results taken for the first time with this experimental set-up. 

Hence the results are qualitative in nature as, at the time, it was not possible to obtain 

accurate measurements of the sample temperature and the ice thickness. As not much 

information is known about the absolute cross sections of water ice and its dependence 

on temperature and conditions under which the samples were deposited, it was not 

possible to make direct comparisons in order to calibrate our measurements.

Figure 6 -6  and Figure 6-7 show the photoabsorption spectra of H2O ice deposited at 

liquid nitrogen (~ 90 - 100 K) and liquid helium (-50 -  60 K) temperatures respectively, 

with different ice thicknesses. The pressure of H2O vapour deposited from the gas 

reservoir is shown. From this a rough estimate of the sample thickness can be made^. 

The sample thickness was increased by additional deposition onto the existing sample.

In both sets of data a strong band can be seen centred about 143-145 nm. There appears 

to be a slight shift (~ 1 nm) in the position of the band, towards longer wavelengths, as 

the sample thickness is increased. Our data are qualitatively in good agreement with the 

data from Kobayashi (1983) in the shape and the position of the band for amorphous 

H2O ice (Figure 6 -8 ). The broad band about -145 nm is very similar in shape to its gas

 ̂At this stage in the development o f  the experimental apparatus the FTIR spectrometer was not available 
for a more accurate determination o f  the sample thickness from the H2O absorption bands. From Chapter 
4 (Table 4-1) it can be seen that an average thickness o f  0.4 pm was obtained upon deposition o f  10 mbar 
o f  H2O vapour.
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phase counterpart at -165 nm (Figure 6-9). The band appears to contain three 

components, which are also visible in the gas phase spectrum, and are observed to be 

more prominent in the hexagonal crystalline ice (Kobayashi, 1983).
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Figure 6 -6 : Absorbance of H2O ice at liquid nitrogen temperatures between 120 
and 220 nm at different thicknesses (pressure of H%0 deposited)
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Figure 6-7: Absorbance of H2O ice at liquid helium temperatures between 120 and 
2 2 0  nm at different thicknesses (pressure of H2O deposited)
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Figure 6 -8 : Qualitative comparison of the shape of the 145 nm of H2O band 
between data shown in Figure 6 -6  with data from Kobayashi (1983) for hexagonal 

(dotted line) and amorphous (solid line) ice
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Figure 6-9: Comparison between the solid (red; this work) and gaseous (black; 
Yoshino et.a/., 1996) spectra of H2O. The solid state absorbance spectrum has been 

scaled for comparison. Assignments are from Ashfold and Langford (1999)
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63*2*1 Determ ination o f  the Absorption Cross Sections

The areas of the main absorption band centred about 143 nm were integrated in the 

limits 130 -  170 nm by taking a straight baseline between the two points. The integrated 

band area was then plotted against the sample thickness (Figure 6-9).
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Figure 6-10: Plots of the integrated 145 nm band area (absorbance scale) against 
H2O ice thickness for samples deposited at liquid nitrogen (left) and liquid helium

(right) temperatures.

The absorbances of the ice samples deposited at the liquid helium temperatures have a 

linear trend with ice thickness. Thus the absorption cross sections are independent of the 

ice thickness. It is therefore possible to estimate the absorption cross sections for the 

spectra taken of H2O ice samples deposited at liquid helium temperatures. This is not 

the case for the samples deposited at higher temperatures. The reason for the absorbance 

trend observed in the higher temperature samples is not understood and may be possibly 

attributed to the errors in the determination of the sample thickness. A more or less 

linear trend becomes apparent only at greater thicknesses (> 0.1 pm). A straight line fit 

performed on the last 6  points also shows a comparable gradient ( 335.78 nm ) to that of 

the lower temperature sample ( 335.69 nm ) (Figure 6-10). This is expected since 

thicknesses were increased with the same increments for the two sets of data.

The absolute cross sections, a  (in Mb where 1 Mb = lO'^ cm^, were thus calculated for 

the cold (liquid helium temperature) sample using the Beer-Lambert Law {Chapter 2). 

Rearranging Equation 2.8

In = <jcl (6 .1)
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Where lo(^) and It(X) are the incident (background PMT signal) and transmitted (sample 

PMT signal) intensity at wavelength X\ c is the sample concentration in molecules cm'^ 

(determined from the sample density); / is the sample path length in cm (given by the 

sample thickness).

The resulting graphs of the calculated photoabsorption cross sections versus wavelength 

are shown in Figure 6-11. The calculated cross sections for each sample thickness were 

averaged as indicated by the solid black line on the graph. The two sets of data at 

smallest sample thicknesses were not used in the average due to the higher degree of 

error and noise in the spectra.
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Figure 6-11: Cross Sections calculated for different ice thicknesses at liquid helium 
temperatures. The thin samples suffer large errors.

For comparison with the results of Kobayashi (1983) the absorption coefficients in cm'‘ 

were computed and found to be almost a factor of 2 to low. The reason for this 

discrepancy is not understood, but is most likely to be due to errors in the determination 

of the sample thickness. Thus it is essential that these experiments are repeated and 

accurate determination of the sample temperature and thickness made (See Chapter 7).
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63.2.2 The Electronic Structure of H2O Ice

The H2O molecule has Czv symmetry and its ground state electronic configuration is 

{1 a i f  (2a i f  ( J h2/  (3a i f  ( 1 h i f  (Bursulaya et.al. 2000). The Jbi orbital is non-bonding, 

being essentially a 2p% atomic orbital of the oxygen (Figure 6-12), The structureless 

band about 165 nm (7.5 eV) in water vapour is attributed to the dissociative

%% (n ^  a*) electronic transition (Schinke, 1993; pp 10-11), known as the À

band. The H2O dissociates directly into H(^S) and OH(X^ri) in their ground electronic 

states. Other possible dissociation channels which require activation barriers are H2 + 

0(^P) and H2 + 0 ('D ) resulting in the production of ground state and excited O atoms 

respectively (Ashfold and Langford, 1999).

2b,

2s

c  H2  

0~H2

o

Figure 6-12: Orbital interaction diagram of H2O (taken from Jean et.al. (1993)

The blueshift of the À band to 151 nm (8.2 eV) in liquid, and a further shift to 146 nm 

(8.5 eV) in the solid (Figure 6-13) is believed to be a consequence of the hydrogen 

bonding between the molecules indicating electronic transitions involving non-bonding 

electrons in the ground state (Dressier and Schnepp, 1960; Kerr et.al., 1972). The 

transition from a non-bonding (n) to an antibonding (a*) orbital in a hydrogen bonded 

matrix is believed to have an effect of shifting the electron density from the outer edges 

of the molecule inwards. Thus the ground state orbital is lowered in energy as it is
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strongly perturbed by the repulsion induced by hydrogen bonding with the surrounding 

molecules.

i> 3 0
—  WATER

ICE
—  VAPOR

P H O T O N  E N E R G Y  (eV)

Figure 6-13: Comparison of the photoabsorption cross sections of H2O vapour, 
liquid and solid (78 K), from Kerr et,al, (1972)

6 .3 3  Results of the Photoabsorption Spectra of N H 3 Ice

The results of the photoabsorption experiments of frozen ammonia were found to show 

unexpected effects including a change in the band shape, width and position.

The spectra of the first set of experiments are shown in Figure 6-14 and summarised in 

Table 6-1. 1.5 mbar of ammonia vapour was deposited onto a cold substrate (~ 100 K). 

The spectrum of solid ammonia, Figure 6-14 (a) shows a broad band centred about 170 

nm. Part of a second band can be seen rising at < 150 nm. There were no features 

visible in the longer wavelength range of the spectrum, 210-350 nm.

The main absorption band of ammonia appears to decrease in intensity with time. 

Figure 6-14 (c)-(f). This decrease is considerably higher than can be accounted for by 

the decrease in the storage ring beam current. This may simply be as a result of 

ammonia evaporating off the surface due to possible poor thermal contact of the 

substrate with the copper sample mount.
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Figure 6-14: Results of photoabsorption spectra of NH3 summarised in Table 6-1

Table 6-1: NH 3 photoabsorption experiments -  summary of spectra shown in
Figure 6-14

S p e c 

tr u m

n o .

P e a k  c e n tr e  

(n m )
C o m m e n t

(a) 170.0 1.5 mbar N H 3  deposited

(b)
(see  com m ent)

Spectrum  after a long-range scan: H 2 O contam ination  
is apparent w ith  a band v is ib le  at 143 nm. O n ly  a sm all 
trace o f  N H 3  is v is ib le  as a shoulder.

(c) 169.5 A dditional 2 .0  mbar N H 3  d ep o sited

(d) 169.8 R epeat scan

(e) 170.0 R epeat scan

( 0 170.5 R epeat scan

( g ) - ( j ) 171.6 R epeat scans after a lon g-ran ge  scan

As described earlier, spectra were taken over two regions (120-220 and 210-350) in 

order to optimise the exit slit position over each range, and include helium flushing in
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the lower wavelength range. After a long range scan (b) all of the ammonia band had 

disappeared. It is not known what the cause of this is. It can also be seen that there is 

H2O contamination in the spectrum with the H2O absorption band visible at 143 nm. 

After depositing an new sample (c) three repeat scans were taken to observe any 

changes in the spectrum over time. There appeared to be a slight decrease in the 

absorption intensity over a period of 3 scans (recall that duration of scan in the 120-220 

nm region is 350 s). A change in the spectrum of solid N H 3  was seen after a scan was 

taken in the higher wavelength range (210-350 nm), Figure 6-14 (g). The band appears 

considerably broadened, shifted towards longer wavelengths and had a shoulder at the 

longer wavelength onset. After another series of repeat scans, this time avoiding the 

long wavelength range, the N H 3 absorption band intensity was found to decrease 

further.

Large fluctuations in temperature were observed which may be due to poor contact of 

the thermocouple with the substrate. Also it may be possible that the apparent 

‘disappearance’ of ammonia may be due to the substrate becoming loose in its mount. 

However it is to be noted that these effects were not observed with H2O ice 

experiments.

The experiments were repeated with the intention of investigating the peculiar effects 

observed, this time concentrating only on the spectrum in the region between 120  -  2 2 0  

nm. In the following set of experiments (referring to Figure 6-15 and Table 6-2), 4 mbar 

of NH3 were deposited on a liquid nitrogen cooled substrate (~ 100 K). Three 

successive scans were then taken Figure 6-15 (b) -  (d) lasting a total of 17:27 minutes. 

The sample was then allowed to stand for the equivalent amount of time following 

which another three consecutive scans were taken (e) -  (g). The procedure was then 

repeated once again (h) -  (j), after another standing period, following which the cryogen 

flow was stopped and the sample was allowed to warm up naturally whilst three more 

scans were taken (k) -  (m).

After deposition the spectrum was the same as previously observed, with the band 

maximum at 169.6 nm. Successive scans (b) -  (d) showed no change in the band 

position.
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Figure 6-15: Results of photoabsorption spectra of NH3 summarised in Table 6-2

Table 6-2: NH 3  photoabsorption experiments -  summary of spectra shown in
Figure 6-14

S p e c  P e a k

t r u m  n o . c e n tr e C o m m e n t

(n m )

(a) 169 .6 4 mbar N H 3  d eposited

( b ) - ( d ) 169 .6 3 con secu tive  repeat scans

(e) 172.7 3 con secu tive  scans after 17:27 m in standing  tim e

(f) 173.8

(g ) 174.7

( h ) - G ) 177.8 3 con secu tive  scans after another 17:27 m in standing tim e

(k ) -  (m ) - W arm -up o f  sam ple
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However after the sample was allowed to stand for the equivalent duration of the three 

scans, a dramatic change was observed (e) -  (g) marked by a redshift (by 2 .8  nm) and a 

slight increase in the intensity of the band.

During the course of the second triplet of consecutive scans (e) -  (g) further redshift in 

wavelength was observed (~ 1 nm per scan). The third triplet of scans (h) -  (j) again 

showed a redshift (by ~ 3 nm), a decrease in the band intensity and a distinctive 

broadening and a general change in the band shape. After stopping the liquid nitrogen 

flow to the cryostat, the spectra show a complete disappearance of the NH3 band 

suggesting that perhaps the ice was very close to evaporation and was perhaps 

undergoing a gradual change of phase.

Ammonia ice has a cubic structure when frozen from the liquid phase. There are also 

known to exist two other non-cubic solid forms ammonia (Dressier and Schnepp, 1960). 

A thermodynamic study (Yurtseven and Salihoglu, 2002) of ammonia phases shows a 

critical behaviour near the melting point. The effects seen in our spectra may be due to 

this critical behaviour as the temperature of the sample is slowly raised. In the crystal 

structure of ammonia each nitrogen molecule is hydrogen bonded to six other 

neighbouring molecules. Warm-up leads to higher vibrational excitation, reorientation 

of the hydrogen bonded structure, instability and finally melting. This may be indicated 

by the broadening of the band observed in our spectra (Figure 6-14 h -  j)

6 3 3 A The Electronic Structure o f NHj Ice

The N H 3 molecule has C3V symmetry and a ground state electronic configuration of 

{ la i f (2 a i f ( le f (3 a i f  (Edvardsson et.al 1999) where e represents a degenerate orbital 

due to the presence of a three-fold axis (Jean et.al 1993). The broad featureless band 

observed in the condensed phase spectra is very different to the gas phase 

<r-X^A '̂ transition band due to the complete absence of the vibrational structure 

(Figure 6-17). The dissociation pathways via the A - X  electronic transition lead to the 

production of either H + N H 2 ( X ) o r  excited products H + N H 2 (Â ).

As with H2O the blueshift of the band with respect to the gas phase (Figure 6-17) is 

believed to be due to the perturbation of the ground state orbital due to hydrogen 

bonding. The apparent redshift of the band in our data (presumably due to sample 

warm-up and onset of melting) is indicative of weakened hydrogen bonding.
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Figure 6-16: Orbital interaction diagram of NH3 (taken from Jean et.al (1993)

120 130 HO 150 160 170 180 190 200 210

W avelength (nm )

220

Figure 6-17: Comparison between the gas phase (black; Edvardsson eUal. 1999) 
and the solid phase (red & blue; this work) spectra of N H 3 . Assignments are from

Ashfold and Langford (1999)
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6.4 C o n c lu sio n ?  P h o to a b s o r p t io n  S p e c tr a  o f  
H2O AND N H j Ices

The photoabsorption spectra of H 2 O and N H 3  were measured in the range 120 -  350 

nm. For H 2 O a broad intense band centred about 145 nm was observed. Solid N H 3  has a 

broad featureless band centred about 170 nm. Both bands were observed to be 

blueshifted from their gas phase counterparts, a consequence of hydrogen bonding in 

the ice matrix.

The absolute photoabsorption cross-sections of H2O were estimated in the region of 120 

-  220 nm using one set of data (taken at liquid helium temperatures). The higher 

temperature set of data showed a variation in the integrated band intensity with 

thickness suggesting either a possible dependence on the thickness, or an error in 

determination of the sample thickness.

Spectra of N H 3  showed peculiar behaviour during our experiments, particularly marked 

by a gradual redshift (up to ~ 9 nm) and broadening of the band. This can be possibly 

explained by temperature instability during our scans resulting in gradual warm up and 

eventual melting of the sample.

It is essential that these experiments are repeated both for the determination of accurate 

photoabsorption cross sections of the two solid phase molecules and to verify and test 

possible temperature or thickness dependence.

H 2 O as well as N H 3 are important constituents of astrophysical ices. Understanding of 

their electronic structure and dissociation mechanisms may shed further light into the 

understanding of photochemical reaction pathways.
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6 .5  S y n c h r o t r o n  I r r a d i a t i o n  o f  H 2O  a n d  C O 2 I c e s

Synchrotron irradiation experiments were carried out in much the same way as the ion 

experiments, using FTIR spectroscopy to monitor the evolution of samples at selected 

time intervals. The experimental chamber was coupled directly to the UV 1 beamline in 

a similar arrangement as shown Figure 6-4 with a modified sample chamber geometry 

as shown in Figure 6-18 to accommodate for the FTIR spectrometer.

FTIR spectrom eter 
compartment

C ap2 window

G as inlet fc 
deposition

r sam ple

C ap2 window |PTIR beam

Figure 6-18: Top view of the sample chamber geometry used in the VUV
irradiation experiments

As described earlier, the synchrotron radiation flux is dependent on the beam current as 

well as the energy of radiation. A photon flux curve at the UVl beamline is shown in 

Figure 6-19. This was compiled from a combination of photodiode measurements 

(calibrated for 1>190 nm) and a scaled PMT signal (at lower wavelengths). However, 

in-situ measurements of the flux at the sample have not yet been made and this curve 

provides a good estimate which should be correct to within a factor of 2 .

In our zero order irradiation experiments the estimated photon flux (assuming an 

average ring current of 100 mA) in the energy range 10.8 -  6  eV (115 -  207 nm) is ~ 

1 0 '^ photons s'" cm'^ an order of magnitude lower than the flux generated by the UV 

lamp of Gerakines et.al. (1996) in their experiments on photolysis of pure ices 

(including H2O and CO2).

In the photolysis experiments of mixed H2 0 :C0 2  ices described by Gerakines et.al. 

(2000) a flux of 8 . 6  x lO'^ photons s'' cm'^ was calculated for X = 104 - 185 nm, centred
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primarily on the Lyman-a region (121.6 nm). The UVl flux in this region is ~ 4 x lO'^ 

photons s'' cm'^; however as can be seen from Figure 6-19 the flux drops off 

considerably towards 1 2 1 . 6  nm.
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W avelength  (nm )

Figure 6-19: The UVl photon flux curve (From S.V. Hoffmann, ISA)

At selected wavelengths between 125 and 145 nm used in the experiments described 

here, the photon flux is of the order of 2  -  1 0  x lO" photons s'' cm'^ V ' (assuming an 

average ring current of 100 mA)

6 * 5*1 Results of Photon Irradiation of Pure CO2

Thin and thick (0.2 -  0.8 pm) pure CO2 samples were deposited at -40  K and -90  K 

and irradiated either with zero-order synchrotron light or at selected wavelengths. The 

experiments carried out are summarised in Table 6-3. The sample thicknesses were 

estimated from the averaged column densities of three bands of CO2 ; the stretching 

band ( V 3 )  and two combination bands ( v i  + V 3  and Iv j  + V 3 ) .  The values of the 

integrated band intensities were taken from Gerakines et.al. (1995) at the specified 

temperatures.
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Table 6-3: Summary of photon irradiation experiments of pure CO2 ice

(a)

Sample
Composition
(thickness)

T

(K)

Photon
Wavelength

(nm)

Irradiation Time 
(total)

[min]

CO2 0 . 8  pm 40 Zero-order 30
30 (60)

(b) CO2 0.5 pm 87 Zero-order 30
“ 30 (60)

30 (90)

(c) CO2 0 . 2  pm 85 125 60
“ 60(120)

30(150)

(d) CO2 0 . 2  pm 40 125 60
“ 60(120)

60(180)

(e) CO2 0 . 2  pm 39 135 30
“ 30 (60)
“ 30 (90)
“ 30(120)

60(180)

(f) CO2 0 . 2  pm 39 145 30
145 30 (60)

Figure 6-20 shows two FTIR spectra of photon irradiated pure CO2 at 40 K and 87 K. In 

each spectrum CO and CO3 are the dominant products observed, with the CO3 band 

intensity greater than that of CO2 . The band near 1879 cm’’ is clearly visible and its 

intensity is greater than that observed in the 2  keV irradiation o f pure CO2 (Section 

4.6) or the 100 keV irradiation of mixed H2 0 :C0 2  (Section 5.2.2). Its observation in 

the photolysis experiments, and the greater intensity, in line with the increased intensity 

o f CO3, suggests that it must indeed arise from CO3 as suggested by Gerakines et.al 

(1996) and not HCO as tentatively ascribed by Brucato et.al (1997) as there are no 

sources of H in this case. (It must be noted that although it is possible that there may be 

small contamination o f H2O, this was negligible in our spectra.)

The most obvious difference in the photon irradiated CO2 spectra is the greater intensity 

o f the CO3 band with respect to the CO3 in the ion irradiated pure CO2 .
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Figure 6-20: Irradiation of pure CO2 at 40 K (top) and 87 K (bottom) with zero-
order synchrotron radiation

The CO band profile consists of two components, a dominant band centred about ~ 

2139 cm'' and a shoulder about ~ 2144 cm '. The origin o f the two features is not 

understood, but perhaps one of them arises due to an interaction of CO with CO3 .

Table 6-4 compares the band positions, widths (CO3 only) and column densities of CO 

and CO3 formed in the zero-order synchrotron irradiated CO2 ices at 40 K and 87 K. 

Integrated band intensities of 1.1 x 10"'  ̂ cm molec ' and 5.4 x 1 0 ''^ cm molec"' (See 

Appendix C) were used to calculate the CO and CO3 column densities respectively. It is 

to be noted that the CO3 integrated band intensity was estimated by Gerakines et.al 

(1996) from their CO2 photolysis experiments assuming CO3 to contain all the 

remaining C atoms after all the other products. An independent determination of the 

CO3 integrated band intensity has not yet been made.
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Figure 6-21 : The CO band after irradiation of pure CO2 at 40 K (left) and 87 K 
(right) with zero-order synchrotron radiation
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Figure 6-22: The CO band after irradiation of pure CO2 at 40 K (left) and 87 K 
(right) with zero-order synchrotron radiation

Table 6-4: Summary of the CO and CO 3 band positions, FWHM and comparison 
of the band areas for two CO2 zero-order irradiation experiments at 40 and 87 K.

Expt
T

(K)

Total
irrad.
time

[mill]

CO (main)
band
position

[cm ‘]

CO column 
density

[molec. cm^]

CO (main) 
band position 
(width)

[cm']

CO 3 column 
density

[molec. cm"']

Ratio
N(CO)/

N(C 0 3 )

(a) 40 30 2138.91 1.79 X 1 0 "’ 2045.55 (4.7) 8.70 X 1 0 '" 0 . 2 1

60 2138.91 3.45 X 10'" 2045.50 (4.9) 1.24 X 1 0 '̂ 0.28

(b) 87 30 2137.95 7.36 X 1 0 '̂ 2044.66 (3.0) 6.29 X 1 0 '" 0 . 1 2

60 2138.00 1.03 X 1 0 '" 2044.66 (3.0) 8.52 X 1 0 '" 0 . 1 2

90 2138.20 1.26 X 1 0 '" 2044.66 (3.1) 9.79 X 1 0 '" 0.13

A comparably higher yield of both CO and CO3 at 40 K compared to 87 K may be due 

to the greater amount of CO2 in the former case (slightly greater sample thickness -  see 

Table 6-3). Although this is not expected to make a big difference as the yield is likely 

to be limited by the penetration depth of the photons in the ice. However, if the photon
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penetration depth is greater than the sample thickness, then more of the ice is processed 

in the case of experiment (a). Additionally, the lower yield at the higher temperature 

may be do the greater mobility of the CO and the CO3 in the ice, and possible 

subsequent diffusion out of the sample.

The CO3 bands in the 87 K irradiated sample are narrower than in the 40 K sample. This 

may be also associated with greater mobility and diffusion of the radical within the 

sample such that it assumes energetically favourable orientations leading to a narrower 

spread of vibrational frequencies compared to the CO3 which is trapped within the 40 K 

CO2 ice. Another possible reason for the observation of little CO compared to CO3 may 

also be its efficient conversion into CO2 during photolysis (Watanabe and Kouchi, 

2002).

Unlike experiments carried out by Gerakines et.al. 1996, O3 (1043 cm'^) and C3O (2243 

cm ') were not observed in our spectra. In their experiments a higher flux of ~ lO'^ 

photons cm'^ s'' (Ehv > 6  eV) was used which may explain this discrepancy.

Further investigation of CO2 photolysis under selected wavelengths, (Figure 6-23) 

shows little or no CO formation after irradiation for 3 hours at 125 and 135 nm and one 

hour at 145 nm. Only small traces of CO3 are formed. This may be due to the 

comparatively low flux at the single wavelengths, so that CO may be below the 

detection limit.

It can also be seen that there is some wavelength dependence in the production of CO3 

Table 6-5. A much higher intensity of CO3 is observed after irradiation at 125 nm when 

compared with irradiation at 135 nm and 145 nm for an equal period of time, despite the 

lower photon flux (almost a factor of 2, see Figure 6-19) at the higher energy.

A repeat of these experiments is required at longer irradiation times in order to quantify 

the formation rates of CO3 as a ftmction of wavelength.
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Table 6-5: CO 3 production during irradiation at selected wavelengths.

Expt. Irradiation
\

(nm)

T

(K)

Total
irradiation
time

[min]

CO (main) 
band position 
(width)

[cm' l̂

CO 3 column 
density

[molec. cnV̂ ]

(c) 125 87 60 2045.80 (4.2) 3.44 X 1 0 '̂
1 2 0 2045.56(4.0) 5.26 X 1 0 '̂
150 2045.56 (3.9) 7.89 X 1 0 '̂

(d) 125 40 60 2044.70 (2.3) 4.22 X 1 0 '̂
1 2 0 2044.70 (2.3) 5.70 X 1 0 '̂
180 2044.70 (2.0) 3.59 X 1 0 '̂

(e) 135 39 30 _ weak
60 2045.56 (9.3) 1 . 5 4  X 1 0 '̂
90 2045.56(6.1) 1.78 X 1 0 '̂
1 2 0 2045.56 (4.6) 2.51 X 1 0 '̂

( 0 145 39 30 _ weak
60 2044.80 weak

0.006 0.005
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Figure 6-23: Monitoring CO and CO 3 production during irradiation of pure CO 2

at selected photon wavelengths



6  V U \"  PHOTOABSORIM ON Sp e c t r o s c o p y  AND Ir r a d ia t io n  o f  Se l e c t e d  Ic e s 21 4

6.5.2 Results of Photon Irradiation of Pure H 2O and Layered 
H 2O + CO2 Ice

As part of a series of test experiments pure H2O and CO2-H2O layers were irradiated 

with zero-order radiation at 39 K (Table 6 - 6  a - b). Arrangements o f both CO2 deposited 

on H2O and vice versa were investigated.

Table 6-6 : Summary of the photon experiments carried out with pure H2O and
layered H2O and CO2 ices.

S a m p le
C o m p o s i t io n

(th ic k n e ss )

T

(K )

P h o t o n

W a v e le n g t h

(n m )

Ir r a d ia t io n

T im e

(to ta l)

[m in ]

(a) H 2 O 0.5  |im 39 Z ero-order 30

C O 2  -  H 2 O 0 .7  ; 0 .5  pm 38 Z ero-order 30
30  (6 0 )

(b) H 2 O -  C O 2 0 .4  : 0 .8  pm 39 Z ero-order 15
1 5 (3 0 )  
3 0  (6 0 )  
30  (9 0 )
3 0 ( 1 2 0 )

C O 2  -  H 2 O -  C O 2 0.1 : 0 .4  : 0 .8  pm 39 Z ero-order 30
3 0  (6 0 )

A bs

0.01

0.005

1 j _ j _ l 1 -1- 1
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W a v e n u m b e r  [cm -1]
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Figure 6-24: (a) The CO profile after 30 min (blue) and 60 min (green) irradiation 
of CO2 deposited on H2O and (b) curve fit to the data after 1 hour irradiation

No changes were observed in the pure H2O spectrum after irradiation with zero-order 

synchrotron radiation for 30 min (Table 6 - 6  a). Following deposition of CO2 on top of 

H2O and 1 hour irradiation the results are that of irradiation o f pure CO2 with CO and 

CO3 formed. However a slight difference is seen in the CO band profiles with a small 

shoulder visible at ~ 2151 cm '’ (Figure 6-24). As already mentioned in Chapters 4 and 5 

a band that appears in the region of 2151 - 2152 cm '’ (observed in H2O dominated ice
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only) is attributed to the CO interaction with the 0-H  dangling bonds of H2O. Its 

appearance in our spectra of layered CO2 on H2O possibly suggests CO diffusion into 

the underlying H2O layer as CO sublimates and is mobile at T > 27 K (Palumbo, 1997).

Little change was observed in the spectra where H2O was deposited on top of CO2 

(Table 6 - 6  b) suggesting that the H2O layer is too thick (~ 0.4 pm) to allow UV light to 

pass thorough to the underlying CO2 , as indicated by the absence of CO or CO3 

observed in the spectra.

100

98

96
2860 cm

9 4 ^
3000 2900 2800 2700 2600

W avenum ber [cm -1]

Figure 6-25: Small signal of H2O2 observed after irradiation of H2O (deposited on 
top of CO2) for 2 hours with zero-order synchrotron radiation

A possible trace of H2O2 was observed after 2 hours of irradiation of the H2O layer. As 

can be seen from Figure 6-25, the signal is very weak, but appears in the expected 

region of the spectrum (-2860 cm''). After further deposition of a thin layer (0.1 pm) of 

CO2 on top of the existing H2O on CO2 layer and irradiation for 1 hour, once again CO 

and CO3 appear, with CO having an identical profile to that shown in Figure 6-24. The 

repeat appearance of the shoulder at 2151 cm'" verifies the suggestion made earlier that 

its origin may be due to CO diffusion into the underlying H2O layer. This effect has 

been studied in detail by Palumbo (1997) whereby CO deposited onto H2O at 10 K was 

then heated to temperatures above 26 K. Prior to heating the CO band profile observed 

was that of pure CO, but after the temperature was increased a change in the CO band 

profile was observed with the appearance of a shoulder at 2152 cm '. Upon further 

warm-up the shoulder is still visible in their spectra up to - 1 2 0  K above which H2O 

begins to crystallise and pure CO would have been completely evaporated.
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6.5.3 Results of Photon Irradiation of Mixed H20:C02 Ices

A number of experiments were carried out with mixed H2 0 :C0 2  ices at liquid nitrogen 

and liquid helium temperatures (Table 6-7). After 4 hours irradiation of mixed H2 0 :C0 2  

(0.4 pm) at 39 K CO, CO3 and H2O2 are formed (Figure 6-26 a). The CO3 signal in this 

case is very weak. After 3.5 hours irradiation of mixed H2 0 :C0 2  irradiation (0.5 pm) at 

87 K only CO and CO3 are visible (Figure 6-26 a) and in this case the CO3 intensity is 

greater than that of CO resembling irradiation of pure CO2. Further analysis shows 

evidence that the H2O and the CO2 were not well mixed:

(1) There was no trace of the C0 2 -d0 H band visible near 3650 cm"’ ;

(2) The CO2 ( V 1+ V 3 )  and (2 V2+V3) combination bands have a higher relative 

intensity and appear narrower than expected (more like that of pure CO2 ice);

(3) The profile of the C=0 stretch band is reminiscent of pure CO2;

(4) The much higher than expected H2 0 :C0 2  ratio (1.71:1) may be an artefact of 

uneven mixing as integrated absorbance values for mixed H2 0 :C0 2  ice were used. 

Using the values for pure H2O and CO2 a ratio of (1.51:1) is obtained.

Table 6-7: Summary of the photon experiments carried out with mixed HzOiCO:
ices.

Sample
Composition

(thickness)
T

(K)

Photon
Wavelength

(nm)

Irradiation Time 
(total)
[min]

(a) HzOiCOz 0.89:1 
(0.4 pm)

39 Zero-order 30 
30 (60) 

60(120) 
60(180) 
60 (240)

(b) HzOzCOz 1.71:1 
(0.5 pm)

87 Zero-order 30 
60 (90) 

60(150) 
60 (210)

(c)(i) HzOiCOz 
Layer #1

1.06:1 
(0.1 pm)

4 0 -4 3 Zero-order 30 
30 (60) 

60(120)

(ii) Layer #2 
added

1.24:1 
(+ 0.1 pm = 0.2 pm)

4 3 -4 4 Zero-order 60 (120/60) 
60 (120/120)

(iii) Layer #3 
added

1.26:1 
(+ 0.1 pm = 0.3 pm)

4 5 -6 5 * Zero-order 60 (120/120/60)

*Temperature rise after liquid helium began to run out.
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Figure 6-26: Spectra of mixed HzOiCOz at (a) 39 K and (b) 87 K before (blue) and 
after (green) irradiation with zero-order synchrotron radiation, (c) Spectra at 40 -  

65 K during irradiation and successive addition of HzOiCOz



6  V U V  PHOTOABSORin'ION SPECTROSCOPY AND IRRADIA TION OF SELECTED ICES

0 .0 0 8

0 .0 0 7

0 .0 0 6
A b s

0 .0 0 5

0 .0 0 4
2 1 8 0 2 1 6 0 21 4 0 2120 2100

W a v e n u m b e r  [ c m - 1 ]

0 .0 1 6

0 .0 1 4

A b s
0.012

0.01
2 1 6 0 2 1 4 0

W a v e n u m b e r  [ c m - 1 ]
2120

Figure 6-27: The CO profiles following UV irradiation of mixed HzOiCO] ices at
39 K (left) and 87 K (right)

The evidence of uneven mixing explains the higher CO3 to CO yield observed. 

Furthermore, following irradiation, the CO profile in the two spectra show marked 

differences, especially in the band width (Figure 6-27) which may be a consequence of 

poor sample mixing. Flowever a direct comparison cannot be made as the two spectra 

obtained were of samples irradiated at different temperatures. Thus the narrow profile of 

CO at the higher temperature may be indicative of its increased mobility whereby it is 

able to occupy more energetically favourable sites within the ice matrix.

There was no evidence of carbonic acid formation in the irradiated spectra and the 

region < 1600 cm ' was too noisy to make out any possible weak bands. Warm-up of the 

two irradiated H2 0 :C0 2  samples showed no evidence of H 2CO 3. Due to the low optical 

depth of the UV photons in the FI2O dominated ice, any products formed are expected to 

be in the top layers only. It was seen from the VUV photoabsorption spectra that H2O 

has a broad intense absorption band at À < 165 nm. The optical depth of UV photons in 

water ice or the thickness of ice in which the intensity ratio I/Iq drops to 1/e (or -37% ) is 

reported to be 0.15 pm (Dressier and Schnepp, 1960; Gerakines et.al., 2000). Thus if 

any H2CO3 is formed, its bands in the spectra are not likely to be seen on a background 

of H 2O , as most of the H2CO3 bands overlap with the H 2O  bands.

Experiments were repeated in which a thin layer ( -  0.1 pm) of H2 0 :C0 2  was deposited 

first and irradiated for a period 2  hours, then another thin layer ( -  0 . 1  pm) was 

deposited and irradiated for a further 2  hours before another layer was deposited and 

also irradiated (Table 6-7 c). It is to be noted that the apparent increase in the H2 0 :C0 2  

ratio from one layer to the next (Table 6-7 c) may be due to either different destruction 

rates of the two molecules in the ice (prior to the deposition of the new layer) or due to a
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change in the integrated band intensity due to a gradual increase in temperature towards 

the end of the experiment, as the liquid helium began to run out.

The resultant spectra following three depositions and irradiations are shown in Figure 

6-26 (c). Again it can be seen that CO, CO3 and H2O2 are formed and the final spectrum 

resembles that of the thicker irradiated H20:C02 sample at 39 K (Figure 6-26 a). It is 

not certain whether there may be a small trace of H2CO3 in the final spectrum due to 

high levels of atmospheric H2O observed in the spectra. Subsequent gradual warm-up of 

the sample to 250 K showed no H2CO3 residue.

6 .6  G e n e r a l  D is c u s s io n  o f  t h e  R e s u l t s  o f  P h o t o n  
I r r a d i a t i o n  o f  H 2O  a n d  C O 2 I c e s

Photochemistry of pure H2O is known to result in the formation of H2O2 either via the 

combination of two OH radicals (Equation 4.9) or the reaction of excited O atoms with 

H2O (Sedlacek and Wight, 1989)

0 C D )-\-H ^0 { 'A )^H ^0 ^  (6 .2 )

The reaction of the ground state 0 (^P) with H2O is exothermic but spin forbidden. The 

above reaction may also result in the dissociation of H2O and production of two OH 

radicals:

0{'D) + H^0('A)^20HCn) (6.3)

It can be seen that H2O2 is also formed in the presence of CO2 (Section 6.5.3) where 

excited O atoms may also originate from CO2 dissociation.

In mixed H20:C02 the lower yield of CO3 may suggest a competitive reaction of the 

excited O atoms with H2O (versus CO2) to form H2O2, for example. Also, the low yield 

of CO3 in a well mixed H20:C02 ( - 1:1) may be explained in terms of the lack of 

availability of ‘ingredients’ required for CO3 formation. In the reaction scheme where 

CO3 is formed by the addition of O atoms to CO2, two CO2 molecules are required, one 

to dissociate forming CO + O and the other to react with O. In the case where H2O is 

also present in the ice matrix at low temperatures a neighbouring CO2 may not be 

available, and the O atoms from the dissociated CO2 then react either with the H2O 

itself or the H2O dissociation products (primarily H and OH), or with the CO to reform
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CO2. Further detailed study is required in which CO3 formation yield is monitored as a 

function of C0 2 :H2 0  ratio.

It is not fully understood, however, why little CO is formed in the photon irradiation of 

pure CO2. This may be due to its reconversion to CO2 by the reaction with an O atom 

or another possible suggestion is that the CO readily reacts with another electronically 

excited CO to reform CO2 (Watanabe and Kouchi, 2002).

CO + /zv->CO* (6.4)

CO + C O *-> C 02+ 0  (6.5)

Further dissociation of CO is not likely due to its high dissociation energy (11.1 eV; 

1 11 .8  nm) which is outside our experimental photon range.

In the experiments carried out by Gerakines et.al (1996), UV irradiated pure CO2 at 10 

K yielded more CO than CO3 after 1 hour of irradiation. However, from Figure 2 in 

their paper, it is evident that greater yields of CO3 than CO are apparent at shorter 

irradiation times, which may be in accordance with the lower photon flux (by about a 

factor of 10) in our experiments. Thus longer irradiation times are required for 

comparative analysis.

Study of the production of CO3 in laboratory ices is particularly important as, until 

recently, CO3 has not been considered a constituent of interstellar ices (Elsila et.al, 

1997). However, a weak absorption near 2041 cm’’ observed towards the young stellar 

object W33A may be attributed to CO3. Elsila et.al (1997) report the production of CO3

in non-polar ices containing O2 and CO2. It is evident from our experiments that CO3 is

also formed in polar ices containing H2O.

Our results of photon irradiation of mixed H2 0 :C0 2  ices are in disagreement with the 

results of Gerakines et.al (2000). H2CO3 was not observed in our spectra. Gerakines 

et.al have stressed, however, that the H2CO3 yield is limited by the penetration depth of 

the photons. The discrepancy between the results may be due to a number of different 

reasons; Firstly, different flux distributions of the photon sources were used, resulting in 

the production of different amounts of photolytic products. Secondly, their experiments 

were carried out at much lower temperatures (14 K). However in our experiment of ion 

irradiation of H2 0 :C0 2  ices described in Chapter 5, carried out at higher temperatures, 

H2CO3 was formed. It is also interesting to note that although little or no H2CO3 was
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observed in our mixed ice photolysis experiments, H2O2 was observed. However if any 

H2O2 was formed in the photolysis experiments performed by Gerakines et.al it would 

not have been possible to identify it as its band at 2860 cm’’ overlaps with the H2CO3 

band in the same region (See Chapter 5).

The reaction scheme proposed by Gerakines et.al (2000) was described in Section 

5.4.1. In their reaction scheme, e’ and are required constituents. However, high 

photon energies are required for ionization to take place which may explain the lack of 

H2CO3 in our photolysis experiments and the efficient formation of H2CO3 in ion 

irradiated ices. Hence this argument partly verifies the reaction scheme for H2CO3 

formation proposed by Gerakines e la l

A possible reaction scheme involving the formation of H2CO3 by direct combination of 

H2O with CO2 (or 2H2O + CO2) was described in Section 5.4.1. UV irradiation, with 

photon energies used in our experiments, will result in direct H2O and CO2 

photodissociation. In the case of ion irradiation, energy is deposited by both elastic and 

inelastic processes. Thus it is possible for H2CO3 to readily form in the latter case as 

sufficient thermal energy (deposited into the sample by successive ion bombardment) 

becomes available to overcome the activation barrier for the reaction between 

complexed H20:C02 to take place.

As mentioned in the previous chapter other possible reaction schemes for the formation 

of H2CO3 involving the direct addition of H and OH radicals to CO2 need also be 

considered. The lack of H2CO3 observed in our UV irradiated ices may be due to the 

lack of thermal energy available to initiate the reaction, in contrast with the ion 

irradiation experiments.

6 . 7  S u m m a ry  o f  R e s u l t s  o f  U V  I r r a d i a t i o n  o f  H^O
AND C O 2 I c e s

The results of UV irradiation of pure and mixed H2O and CO2 ices carried out on the 

UVl beamline at ASTRID are summarised as follows:

CO and CO3 are observed as the photolysis products of pure CO2 ice in our zero-order 

synchrotron irradiation experiments with greater quantitied of CO3 produced than CO. 

However no CO was observed during irradiation at selected wavelengths which may be 

due to much lower photon flux.



6  VUVPHOTOABSORPnONSPECmOSCOPYAND IRRADIATION OF SELECTED ICES_________________222

Little change was observed in the irradiation of pure H2O with zero-order light. 

However, a small amount of H2O2 may be seen after 2 hours of irradiation of pure H2O 

(deposited on top of CO2, but showing no interaction).

Irradiated CO2 samples deposited on H2O showed very similar spectra to those of 

irradiated pure CO2. An additional shoulder visible on the CO band at 2151 cm'  ̂

suggests possible diffusion of CO into the underlying H2O layer.

Both CO and CO3 were observed as products of UV photolysis of H20:C02 ices, this 

time with greater quantities of CO than CO3 synthesised (except in one case where it is 

believed the H2O and the CO2 were not well mixed.

Little or no H2CO3 was observed in photon irradiated mixed H20:C02 ices. This may be 

due to the limited photon penetration depth and comparatively low fluxes used in these 

experiments (compared with Gerakines et.al 2000).

H2O2 is definitely observed as a product in photolysis of mixed H20:C02 ices.

Study of CO3 formation in photon irradiated C02:H20 ices as a function of ice ratio 

may provide clues about CO3 formation mechanisms as more CO3 is observed in pure 

CO2 than in mixed (approximately 1:1) H20:C02. (Also CO3 was not observed in the 

low energy ion irradiation of H20:C02~1).

Further systematic and quantitative study is required, including both photon and ion 

irradiation experiments, to identify the formation mechanisms of CO3 and H2CO3. 

Different results observed in the ion and photon irradiation experiments possibly 

suggest different reaction pathways.
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7 M o d if ic a t io n s , C o n c l u s io n s  
AND Fu t u r e  W o r k

"/ m ay not lu n r  ,t;oTU' n'lwn' I in tended to î o, hut I think I luive ended up where I

in tended to he."

- Douglas Adams (1 9 5 2 '2 0 0 l )

T his chapter addresses the technical problem s recogn ised  during experim en ts carried out 

using the apparatus described  in Chapter 3, and sp ec ifie s  the m od ifica tio n s to be m ade. 

Sum m aries o f  the results o f  the experim en ts describ ed  in Chapters 4, 5 and 6 are g iven . 

S u g g estio n s for future experim ents and continuation  o f  this work are m ade.

7.1 In t r o d u c t io n

The apparatus described in Chapter i  is a prototype design that has been adapted and 

modified during the course of the experiments carried out at various facilities {Chapters 

4, 5 and 6). There have been a number of problems that were overcome as new 

adjustments needed to be made in order to make the system compatible with the 

facilities used to provide the sources of radiation. In this chapter some of the problems 

encountered, the solutions implemented and future modifications will be discussed. 

Possible additions to the apparatus will be suggested as well as a brief description of 

ideas for the design of a ‘Mark IT apparatus.

7.2  Ev a l u a t io n  o f  A p p a r a t u s  a n d  M o d if ic a t io n s

A number of improvements need to be made to the apparatus. A number of 

improvements are constantly made prior to each experimental run.
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7*2.1 The Gas Handling System

Small variations in the ratios of the molecular components in the ice mixtures have been 

observed in samples deposited under similar conditions. There are a number of reasons 

for the observed discrepancies.

Firstly, binary H2O and CO2 samples described in this work were prepared by filling 

each gas in turn into a gas reservoir prior to deposition. Typically H2O (having a lower 

vapour pressure) was entered first, up to a particular pressure, followed by CO2 

(admitted at higher pressure from a lecture bottle) until double the recorded H2O 

pressure was recorded. As the filling of the reservoir relied on the H2O vapour pressure, 

the total partial pressures of the components may change according to the temperature 

during the reservoir fill. A decrease in pressure due to condensation was often observed 

when H2O was placed in the reservoir and allowed to stand for a period of time. The 

errors in one-off experiments would have been small as the reservoir filling time was 

kept to a minimum, thus allowing less time for the H2O to condense on the walls of the 

reservoir. However, when different experiments are compared, where different 

deposition times were used or when the experiments were performed on different days, 

at different facilities or at different times of the year (e.g. summer and winter) slightly 

differing ratios of H20:C02 were observed as measured from the column densities of 

the infrared bands. An example of this was demonstrated in the results of the two sets of 

experiments carried out on ECRIS at QUB described in Chapter 5. In the first set of the 

low energy ion irradiation experiments (50 -  60 K) {Section 5.3.1) the ratio H20:C02 > 

1, however in the second set of experiments {Section 5.3.2) the ratio H20:C02 < 1 !

Secondly, sequential mixing of gases in a small reservoir may result in uneven mixing 

of the gases, due to their short residence times in the reservoir prior to deposition, or 

water condensation. Evidence of this was observed when spectra of different 

unirradiated 1:1 H20:C02 mixtures were compared. Even mixing results in the 

appearance of the C02-d0H band near 3650 cm '\ whilst the CO2 combination bands 

near 3705 and 3600 cm ' are diminished. In some cases the intensity of the C02-d0H 

band was found to be negligible {e.g Section 5.2.2) suggesting uneven mixing of the 

H2O and CO2 molecules in the ice matrix.

Thirdly, as described in Chapter 3, the molecular deposition rate depends on the mass of 

the depositing species. The thermal velocities of molecules are inversely proportional to
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the square root of their masses. This may result in different compositions of the 

resultant ice mixture to the initial gas mixture in the reservoir. For example the thermal 

velocities of HiOiCO] differ in the ratio of 1.56:1.

Finally, in the experiments detailed here thin layers of ice were deposited (< 1 pm). The 

reservoir was usually filled up to a maximum pressure o f -  10 -  13 mbar limited by the 

measurement range of the baratron. As the pressure in the reservoir drops so does the 

deposition rate. Thus in all experiments an average deposition rate was determined by 

measuring the time taken for the pressure to drop in the reservoir. In the case where 

thicker ice layers were deposited the final pressure in the reservoir was close to zero and 

the flow rate was diminished considerably. This may have resulted in variable sample 

compositions, particularly in H2O mixed ices. The H2O that would inevitably condense 

on the walls of the reservoir and the deposition tube, may re-evaporate as the pressure in 

the reservoir drops, resulting in a higher concentration of H2O in the top layers of the 

deposited sample.

It is thus essential that a modification to the gas handling system is made to avoid these 

problems. One way of solving uneven mixing of gases is to deposit different gases 

simultaneously from different reservoirs and monitor their flow rates independently 

(Gerakines et.al 1995). This will also be advantageous in future experiments where ice 

mixtures containing species that may be reactive in the gas phase are to be prepared.

To ensure an approximately constant flow rate the deposition rates may be monitored by 

precision flow-meters which will need to be purchased. A pressure gauge measuring a 

wider pressure range and a larger reservoir will also need to be obtained where thicker 

samples are to be deposited, to accommodate a larger volume/pressure of gas ready for 

deposition.

Futher, micro-capillary gas deposition tube may be used to ensure that uniform and 

linear samples are deposited for experiments where larger surface areas are to be 

monitored.

7 .2 .2  Sample Thickness Determination

An independent method of systematic sample thickness determination needs to be 

developed. So far the sample thicknesses were calculated spectroscopically by 

measuring the column densities of the specific molecular bands. This method contains
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two major sources of error as it relies on (1) the measured values of the integrated band 

strength for a specific molecule (obtained from literature) and (2 ) the estimated sample 

density. The integrated band intensities and the sample density vary considerably 

depending on the sample composition, temperature, deposition rate and angle, etc.

A trial measurement of the ice thickness was carried out by observing the interference 

fringes from a thin ice film as described in Chapter 3. The band separation was 

calculated using a travelling microscope and the number of bands were counted by 

visual observation of reflected light from a sodium light source. A more accurate 

technique is being setup for the next run of experiments at the UVl beamline in Aarhus 

using a He-Ne laser and a photodiode to monitor the pattern of interference fringes of 

the sample during deposition. The increase and decrease in the intensity of the bands 

due to constructive and destructive interference of the growing ice film will allow for 

much more accurate, independent determination of the sample thickness whilst the 

sample is grown.

In possible future experiments where reflection spectroscopy may be applied to monitor 

the samples a quartz microbalance may be used to determine precisely the mass of 

sample material deposited. From this the thickness of the sample may also be 

calculated. Additionally, the rate of loss of material from the target can be monitored for 

example in temperature programmed desorption or sputtering experiments. Also in 

experiments where volatile products are produced on the surface (e.g. H] and O2 from 

H2O), the mass loss determination may be an advantage.

7.2.3 The Cooling System

A number of problems have been encountered with obtaining the base temperature of 

the substrate. So far, out of all the experiments detailed in this thesis, the minimum 

temperature obtained was 38 K with liquid helium cooling. In some experiments 

described, temperatures were as high as 130 K! There are a number of reasons for these 

problems which will be discussed below.

During the course of the experiments the vacuum jacket of the helium transfer line and 

the associated cryostat insert deteriorates. It is important that the vacuum is checked 

prior to each experimental run. A pressure of 10'  ̂ mbar needs to be maintained for 

efficient cryogen transfer and consumption.
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There is also a heavy heat load on the cryostat heat exchanger due to the close proximity 

of the external chamber walls. This is compromised due to the small size of the chamber 

to ensure portability of the apparatus. A radiation shield was introduced later in the 

experimental procedure to try to minimise the radiation heating effects. This was 

polished in order to improve the reflection of heat off the outer walls of the radiation 

shield.

In the new version of the apparatus a closed cycle refrigerator will be used in order to 

obtain base temperatures to 10 K and decrease the cost of liquid helium consumption.

7.2.4 Spectroscopic Measurement Range

The spectroscopic measurement range is limited primarily by the transmission range of 

the windows used in the chamber, the transmitting substrate and the optical components 

of the instruments.

As mentioned in Chapter 3 the Jasco FTIR spectrometer range is 7800-350 cm’’. 

However due to the cut off of the calcium fluoride windows used in the present 

experimental set-up reliable data may only be obtained down to 1000 cm’’. There are a 

large number of spectral features of molecular ices of interest that lie in the region 

between 1000 and 350 cm’’. As previously explained, the reason for the choice of 

external windows was initially flexibility in use over a wide energy range from the UV 

to the IR. Thus the same windows may be used in both experiments without 

replacement. It is essential, however, that new windows are obtained to extend the range 

both into the VUV range and the far-IR range whilst allowing easy interchange between 

the windows in both ranges. Similarly, the substrate material should be chosen for both 

regions. There are limitations, however, as to the type of substrate material that can be 

used bearing in mind the reactivity of the sample species with the substrate material.

7.2.5 Additional Analytical Techniques and ‘Mark IT Apparatus

The apparatus would greatly benefit from the addition of a Quadrupole Mass 

Spectrometer (QMS) to facilitate the analysis of product formation. The QMS would be 

particularly useful in radiolysis experiments where products that are sputtered off the 

surface may be monitored. Constant monitoring of the loss of volatile material from the 

sample (e.g. H] and O2 from H2O ice) will be of great benefit. Furthermore, combined
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with precise temperature control temperature programmed desorption (TPD) 

experiments may be developed using this apparatus.

In modifying the apparatus, limitations are imposed by its small size. It is essential that 

the apparatus remains portable and compact. A number of modifications suggested 

above may be accomplished only by constructing a second system whereby it may be 

possible to increase the number of available ports in order to accommodate new 

instuments such as the QMS, quartz micro-balance, closed cycle refrigerator, etc. One 

possible way of achieving this may be to incorporate a z-motion feedthough and a 

second six-way cube below the existing one, such that the sample may be raised or 

lowered to the required level, with four ports available at each level Figure 7-1.

Cryostat m ounted onto 
a rotary and a z-m otion  

feedthrough

Flange for e-gun, 
lam p or Q M S

i i

Synchrotron  
or Ion 
beam lineP M T  or Faraday  

cup, etc.

Spectrom eter  
fixed for the  
duration of the  
run

S am ple deposition and determ ination of sam ple  
thickness

Figure 7-1: Possible double chamber set-up for M ark II apparatus

Thus the lower level may be used for sample deposition and spectroscopy, for instance, 

and the upper level for beam monitoring, irradiation and QMS.
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7 .2.6 The Procedure

There are a number of restraints on the quality of samples deposited and the results 

obtained due to the long experimental turnover time. The time consuming aspects of the 

experimental procedure involve the following:

(i) The substrate preparation to ensure that it is free of contamination, specifically 

by H2O condensation. The substrate needs to be heated for a period of time to 

temperatures of about 350 K to remove any contaminants. It is then given time to cool 

down to room temperature before subjecting it to the shock of cryogen cooling.

(ii) Sample preparation may be time consuming, where mixtures of gases are 

prepared in the gas reservoir to ensure that the gases are thoroughly mixed and precise 

ratios of partial pressures are obtained. Filling may be repeated a number of times if 

errors are made.

(iii) Spectrum acquisition may be time consuming, if high quality spectra are 

required and the number of scans increased to reduce the signal-to-noise ratio in order to 

identify weak absorption bands. This is particularly time consuming where UV-Vis or 

VUV spectra are to be measured with instruments that scan individual wavelengths, and 

larger sampling times are required. This is less of a problem for the Fourier Transform 

Infrared instruments.

(vi) Sample irradiation may take several hours particularly where dramatic changes 

in the spectra are required or in the case of UV irradiation of H2O dominated ices due to 

low optical depth of UV photons.

(v) Once a sample is processed and spectra are taken it is removed and the substrate 

is cleaned. See (i) above.

Examples where the quality of data was compromised due to time constraints are the 

VUV spectroscopy measurements described in Chapter d, as they were trial 

experiments (and will soon be repeated). The absorption cross sections of H 2O  and N H 3  

were being measured at different sample thicknesses. In each measurement the sample 

thickness was increased by depositing an additional layer atop the previous one. This 

may give rise to an accumulative systematic error, for example, if the sample thickness 

was overestimated or underestimated each time, or random errors if the deposition
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conditions varied from one scan to the next. Moreover, each result uses the same 

background for the determination of the incident intensity when calculating the 

absorption cross sections. In order to improve the quality of these results samples of 

each thickness will need to be deposited independently with background scans taken 

before and after the sample scan. This will increase the experimental time considerably, 

as new samples will need to be prepared each time, but will greatly improve the quality 

and reproducibility of results.

7.3 Summaries of R esults and  Conclusions

Detailed in this thesis are a number of trial experiments using novel experimental 

techniques to study the ‘processing’ of astrophysical ice analogues. The term 

‘processing’ is broadly used in literature to describe the physical and chemical alteration 

of ices as a result of incident photon, ion or electron irradiation. A number of interesting 

results have been obtained as a consequence of this work, although not all could be 

explained or are fully understood. Thus these experiments serve to ask further questions 

which in turn aid in the development of a detailed systematic approach to study the 

reaction mechanisms considered in this thesis to a greater depth.

Summarised below are the results of the experiments described in Chapters 4, 5 and 6\

7*3*1 Ion and Photon Irradiation Experiments of Pure CO2 ices

Pure CO2 ices deposited at liquid nitrogen (~ 90 -  110 K) and liquid helium (~ 40 -  60 

K) temperatures were irradiated with both low energy (1 -2 keV) ions and photons. The 

main results of these investigations are summarised below:

■ The universal products of both ion and photon irradiation of pure C O 2 are C O  

and C O 3. In the case of ion irradiated ices the C O  yield is greater than the CO 3  

yield and in the case of photon irradiation the reverse is true. This could suggest 

different formation mechanisms.

■ In the radiolysis experiments, the CO3 formation rate of was found to be overall 

higher than the rate of CO formation. A possible reason for this may be the 

constant interconversion of CO <-> CO2.

■ Comparison of the individual formation rates of C O  and C O 3 for two different 

ions used, showed a faster C O  formation rate in the case of He^ irradiated ice
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than in irradiated ice. The reverse is observed for the C O 3 formation rates 

whereby its rate of formation is greater in than in the He^ irradiated ice. This 

may demonstrate differences in the elastic and inelastic ion processes in the 

product formation routes.

■ O3 was observed after irradiation of C O 2 at 80 -  90 K with 2 keV This is a 

solitary result and requires verification.

■ Formation of H-bearing compounds by implantation of (reactive) ions in CO2 

remains inconclusive.

7.3*2 Ion and Photon Irradiation Experiments of Pure H 2O Ices

Pure H2O ices in the same temperature ranges as CO2 were also irradiated with low

energy ( 1 - 4  keV) ions and photons:

■ H2O2 formation is observed in photon irradiation of pure H2O; however the yield 

is very low, possibly due to the low penetration depth of the photons.

■ Tentative observation of H2O2 has been made in the radiolysis of H2O.

■ Striking differences were observed between singly and doubly charged ion

irradiation on the H2O depletion rate and changes band width and position. 

Further investigation is required to determine the effect of ion energy and charge 

on the H2O destruction (fragmentation + sputtering) rate. Elastic and inelastic 

ion energy processed are also to be considered.

7.3.3 Reactive Ion Implantation in Pure H 2O Ices

Singly and doubly charged low energy ( 2 - 4  keV) carbon ions were implanted into

H2O ice:

■ CO2 and CO formation are observed in both and implantation in H2O ice.

■ The exact source of CO in carbon ion irradiated H2O is still under dispute as it is

not yet possible to differentiate between CO formation from the direct 

implantation of carbon ions or as a secondary process following the dissociation 

0fC02.
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■ A unique CO band profile was observed consisting of three distinct bands at 

about 2152, 2140 and 2136 cm"\ Differences are observed in the relative 

intensities and growth rates of these bands for different ion energies and charges 

used, with the dominant 2152 cm ’ band being common to each experiment.

7.3.4 Ion and Photon Irradiation Experiments of Mixed 
H iO xC O i  Ices

Mixed (-1:1) H2 0 :C0 2  ices were irradiated with photons, selected low energy singly 

and multiply charged ions (4 -5q keV) and 100 keV protons:

■ H 2C O 3 was found to be a ubiquitous product of singly charged ion irradiation of

H2 0 :C0 2  ices for different ion energies, ion types and sample temperatures.

■ Differences in the H 2C O 3 yield were observed for different ions used in the 

irradiation of samples at low temperatures (50 -  60 K), but similar yields were 

observed at higher temperatures (90 -  110 K)

■ CO3 was not observed as a product of low energy ion irradiation of H2 0 :C0 3

ices. However it was observed in 100 keV ion irradiation.

■ CO 3 was a ubiquitous product of UV irradiation of mixed H2 0 :C0 2  ices.

■ Little or no H 2C O 3 was observed in the UV irradiation experiments at Aarhus in 

contrast to the results of Gerakines et.al. (2000). This may be due to the 

differences in the photon flux distribution of the UV sources used.

■ H2O2 was observed in the UV photolysis of mixed H2O2 ices.

A brief comparison between the results of photon and ion irradiation experiments is 

given in Table 7-1.



7 M o d ih c a  tions, Co n c lu sio n s  a n d  Fu t u r e  W o r k  233

Table 7-1: Brief summary and comparisons of ion versus photon irradiated pure, 
and mixed H2O and CO2 ices studies in this thesis

Ice Ion Irradiation P h oton  Irradiation

Pure H2O H2O2 tentatively observed H2O2 observed

Carbon ion implantation leads to the 
formation of CO2 and CO

-

Pure CO2 Both CO and CO3 formed with 
CO > CO3

Both CO and CO3 formed with 
CO < CO3

O3 observed in 2 keV irradiation No O3 observed

mixed H2 0 :C0 2  ices H2CO3 observed little or No H2 CO3 observed

Difficult to tell if H2O2 was formed 
due to overlap of the 2860 cm ' band 
with H2CO3

H2O2 observed

CO is observed:
Broad centred about 2139 cm ' and at 
T=50-60 K with a 2152 cm ' shoulder

CO is observed:
Broad band centred about 2139 cm ' -  
no 2152 cm ' feature observed

CO3 was only observed in 100 keV 
proton irradiation experiment

CO3 is always observed as a product

7 3 .5  VUV Photoabsorption Experiments

■ The VUV photoabsorption spectra of pure H2O and N H 3 ices were measured at 

both liquid helium and liquid nitrogen temperatures.

■ H2O is found to have a strong broad absorption band about 145 nm. This band is 

attributed to the X \  transition leading to the fragmentation of H2O

primarily into H + OH.

■ The photoabsorption spectrum of N H 3 is found to have a broad band centred 

about 170 nm lacking the characteristic vibrational structure observed in the gas

phase. This band is assigned to the A2" ' electronic transition leading to

the dissociation of N H 3 to N H 2 + H.

■ The bands of both the molecules are blueshifted with respect to the gas phase as 

a result of hydrogen bonding which perturbs the ground state energy of the 

molecules. In the case of N H 3 a broadening and a redshifr was observed during 

the experiments, believed to be due to the onset of melting as a result of 

instability of the sample temperature at the time the spectra were acquired.
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7.4 Fu tu r e  W o r k

A number of new experiments are being planned and will be carried out shortly. A 

research programme is being developed in which rigorous systematic study of 

molecular formation processes will be carried out in future experiments using the 

modified apparatus.

As well as modification in instrumentation, new analytical techniques will also be 

applied such as mass spectrometry, matrix isolation techniques, temperature 

programmed desorption, reflection spectroscopy and circular dichroism. Isotopic 

substitution of molecular species will also be used to track specific reaction pathways in 

binary ice mixtures.

Direct comparisons of our laboratory spectra have not yet been made with that of 

astrophysical data. Most of the data presented in this thesis were taken for the first time 

with the new apparatus and a number of modifications need to be made as described 

earlier. As seen from our results summarised in Section 7.3, differences have been 

observed between photon and ion irradiation experiments; experiments carried out at 

different temperatures; with different deposition conditions and sample composition. 

Once reproducibility of results is established direct comparisons with astrophysical data 

will be possible.

7.4.1 VUV Photoabsorption Experiments of Selected Molecules 
at Aarhus

Accurate photoabsorption spectra of H2O, D2O, NH3, C2H6 and SO2 will be taken 

following some of the suggested modifications described in Section 7,2. Modifications 

are being made to include a He-Ne laser for independent determination of sample 

thickness by monitoring the variation in the interference pattern during deposition. Also, 

at the time that the photoabsorption data presented in this thesis were acquired the 

temperature controller was not yet available. With the introduction of the temperature 

controller it will be possible to monitor temperature dependent effects, particularly in 

the case of NH3 . Samples will be prepared carefully at different thicknesses, with a new 

sample deposited each time to avoid accumulative errors in the sample thicknesses and 

any possible effects on the sample properties due to the layering effect. It would thus be 

possible to obtain accurate photoabsorption cross sections for these molecules. In
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addition, it is hoped that the measurement range will be extended further towards 

shorter wavelengths by acquiring a thinner substrate.

These studies are of importance as not much information exists in literature on the 

electronic structure of frozen gases of astrophysical relevance, and any information that 

does exist is fairly old and has not been repeated.

7*4.2 Photon Irradiation Experiments

A UV lamp is being acquired for laboratory based studies of photon irradiation of ices. 

Careful measurement of the flux dependence of formation processes in pure and binary 

ices need to be investigated and calibration data prepared prior to further investigations 

at the ASTRID synchrotron source. An in-situ accurate measurement of the photon flux 

over the entire range of energies at UVl will be made in order to better quantify and 

compare our results of the irradiation of pure and mixed H2O and CO2 ices and possibly 

carry out photon energy dependence of specific reactions.

The UV irradiation of H2 0 :C0 2  ices will be repeated using the UV lamp, for 

comparison with the results of Gerakines et.al (2000).

The advantage of using a synchrotron source is its ability to produce circularly polarised 

light. Circular dichroism techniques may be applied in future experiments involving 

chiral molecules such as amino acids and sugars.

7*4*3 Low Energy Singly and Multiply Charged Ion Irradiation 
Experiments at QUB

Multiply charged ion irradiation experiments of ices have not been previously studied in 

this context, thus further investigation will be carried out to study the effect of ion 

charge on irradiation of astrophysical-type ices. (n = 1 -  6 ), (n = 1 -  5) and Ĉ "̂  

are known to be the constituents of the Jovian magnetosphere and are believed to be 

involved in the ion chemistry occurring on the surfaces of the Jovian satellites. 

Implantation of sulphur ions in H2O will be carried out to investigate the possible 

formation of SO2 observed on the water-bearing satellites of Jupiter.

The investigation of the effect of the ion potential versus kinetic energy is of great 

interest and has not been previously investigated.
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The ability to choose a wide variety of energies and ion types at the QUB ECR source 

will enable us to conduct systematic study of the effects of ion energy, reactivity, mass, 

charge and the Sn versus Se contributiondriving the chemistry in a variety of 

astrophysically relevant ices.

An independent means of the determination ion dose in astrophysical-type ices is 

required to ensure consistency and validity of results as a number of discrepancies in the 

values used in literature have been observed {See Appendix E). Since ion doses are used 

to determine the G-values, or the molecular product yield per 100 eV absorbed energy 

(e.g. DelloRusso et.al 1993; Gerakines et.al 2000) for various molecular species that 

may be formed in astrophysical ices, there will be significant differences in estimating 

radiation damage, molecular formation rates, and the extrapolated yields of molecular 

components in real astrophysical environments.

7.4.4 Electron Irradiation Experiments

Work has commenced in our group in collaboration with the University of Hawaii on 

electron irradiation of C2H6 and its fragmentation into C2H4 and C2H2, and binary 

systems of C2H6:C0 2  and CH3NH2:C0 2  with the possible formation of the amino acid 

glycine in the latter case. Photoabsorption studies of frozen C2H6 will be carried out at 

UVl in Aarhus to support this work.

With the development of our own low energy electron gun {Chapter 3) it will also be 

possible to carry out experiments in parallel with the ion and photon work. The 

contribution of the secondary electrons in the chemical reaction pathways, especially in 

the case of the ion irradiation experiments, needs to be verified. Irradiation of H2 0 :C0 2  

ices with low energy electrons would enable us to test the reaction mechanisms 

involving negative ions proposed by Gerakines et.al (2000) for the formation of 

H 2C O 3.
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A ppen d ix  A

The ionisation potentials and properties of ions used in this work:

iem ent Z M,
(1)

Ionisation Potentials (eV)

(2) (3) (4) (5) (6)

H 1 1 13.598

H e 2 4 24.587

C 6 12 11.260 24.383
(35.643)

N 7 14 14.534 29.601 47.448 77.472 97.888 552.057
(44.135) (91.583) (169.055) (266.943) (819.0)

O 8 16 13.618

N e 10 20 21.564

Ar 18 40 15.759

Kr 36 84 13.999

X e 54 131 12.130

The ionisation potentials of molecules 
and radicals relevant to this work:

M olecule i.p. (eV)

Hz 15.4
Oz 12.1
CO 14.0
COz 13.8
HzO 12.6
NHz 10.2
CH4 13.0

Radical

•OH 13.7
OzH 11.5
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A ppen d ix  B

Comparison of ion stopping powers used in literature

Differences in the stopping powers used in literature have been observed. A few 

examples of values used in literature and comparisons with SRIM calculations follow:

(1) Moore and Hudson (1992) give the rate of energy loss of 700 keV ion in pure 

H2O ice to be 1.3 X 10'̂ "̂  cm  ̂ eV molecule'\ Using the SRIM calculation a value 9.4 x 

10'*  ̂cm  ̂eV molecule'’ is calculated, a factor of 1.4 smaller.

This value (in units of cm^ eV molecule ’) was converted from the value of 3.15 x 10  ̂

eV cm^ g'’ calculated by SRIM by dividing by the average molecular density of species

[i] (in molecules cm'^) and multiplying by the mass density p  (in g cm'^) to convert 

from units per gram to units per molecule:

^ [i]{molecules/cm ) 
p{glcm^)

 ̂ eVcm^
 ̂ 5

eVcm^ ^
^molecule ̂ <----------------------------------- I s  )

piglcrn^)
[i]{molecules / cm )

(7.1)

(2) DelloRusso et.al. use a value of 430 MeV cm^ g '’ (obtained from a referenced 

text) for the stopping power of 700 keV in H20:C02. SRIM calculations give a value 

of 276 MeV g '’, a factor of 1.6 smaller.

(3) Brucato et.al. (1997) provide a table of nuclear and electronic stopping powers 

as calculated for 700 keV H^, 1.5 MeV He^, 3 keV He^ and 1.5 keV H^. Their values 

are on average a factor of 2 higher than those calculated by SRIM (assuming a sample 

density of 1 g cm'^).

This demonstrates that there may be large discrepancies in the calculated values of the 

ion dose. In all of the experiments described in this thesis (except the 100 keV 

irradiation of H2 0 :C0 2 ) it was not possible to accurately determine the dose as the ions 

are implanted in the ice. The ion stopping power varies as a function of depth until all of 

the ion energy is lost and the ion is completely stopped in the sample. Thus to 

characterise our experiments we used ion fluences (ions cm'^) for comparison.
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A ppen d ix  C

The infrared integrated band strength values for ice species used in this work (from 

Gerakines e/. a/. 1995)

Pure Ices:

Ice M olecule M ode
A 4 0 6 OK 

(cm m olec ')
Aso-UOK 

(cm molec^)

Pure H2O H2 O V], V3 0 - H  stretch 2 . 0  X 1 0  '̂ 2 . 2  X 1 0

Pure CO2 '"CO2 (V3) asymmetric stretch 7.3 X 1 0  '̂ 7.2 X 1 0  '̂

'^COz (V3) asymmetric stretch 7.4 X 1 0  '̂ 7.4 X 1 0  '̂
(v, + V3) combination 1.5 X 1 0  '* 1.5 X 1 0  '*
(2 v2 + V3) combination 5.5 X 1 0  '̂ 5.4 X 1 0  '̂

;ed Ices

Ice M olecule M ode
A+ô sok 

(cm molec'*)
A4 0 6 OK 

(cm molec'h

H2 0 :C0 2 H2 O Vi, V3 0  -  H stretch 1 . 8  X 1 0  '̂ 2 . 0  X 1 0  '̂
( 1 .6 :1 )

"CO2 (V3) asymmetric stretch 7.6 X 10' i7 (1 4 k *)

''CO2 (V3) asymmetric stretch 7.6 X 10 i7(14K *)

cies in H2O and CO2 Ice

Ice
A4 0 .6OK Â ô K̂

(cm molec'^) (cm molec'h

CO in 002(1:17) 1 . 1  X 1 0 '̂

CO in H20(1:26) 1.1 X 1 0 '̂  9 .0x10'*

CO2 in H2O (24:1) 7.1 X 10'^(14K*)

CO3 in CO2 (9 %) 5 . 4  X 1 0  '*(14K**) From Gerakines et.al. (1996)

* Temperature variation observed is small (See Gerakines et.al. 1995).
** No temperature dependent study exists.
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A ppen d ix  D

List of conference abstracts/posters, talks and proceedings papers 

Abstracts/Posters :

Das, A.*, Tegeder, P. and Mason, N. J., “Experimental Study of Synthesis of Prebiotic 
Molecules in the Interstellar Medium”, LEEMI conference. Going, Austria (March 
2001).

Das, A.*, Tegeder, P. and Mason, N. J., “Laboratory Studies of Electron and Photon Induced 
Molecular Synthesis within Icy Mantles”, EcampJ conference, Berlin (April 2001),

Das, A.*, Tegeder, P. and Mason, N. J., “Laboratory Studies of Formation of Prebiotic 
Molecules in the Interstellar Medium”, lOP poster competition, London (May 2001).

Das, A.*, Tegeder, P. and Mason, N. J., “Experimental Study of Molecular Synthesis in the 
Interstellar Medium and Polar Stratospheric Clouds” XXII ICPEAC 2001, Santa Fe, 
USA (July 2001)

Dawes, A., Tegeder, P. and Mason, N.J., “Laboratory Synthesis of Interstellar Molecules”, 
Meeting on Novel Experimental and Theoretical Techniques, UCL, London (8 ^ -  
December 2001)

Bentley, M. S., Davis, M. P., Dawes, A., Hoffmann, S. V., Holtom, P., Mason, N. J., 
McCullough, R. W., Williams, I. D., “Laboratory Astrochemistry”, For the opening of 
the Interdisciplinary Centre of Astrobiology at the Open University, Milton Keynes, UK 
(17'h February 2003)

Davis, M. P., Dawes, A., Hoffmann, S. V., Holtom, P., Mason, N. J., McCullough, R. W., 
Williams, I. D., “Laboratory Studies of Ion, Photon and Electron Irradiated 
Astrophysical Ice Analogues” presented at: UK Astrobiology Symposium 2003, 
Cambridge, (March 2003), and Workshop on the Solid State Astrochemistry o f Star 
Forming Regions, Leiden, the Netherlands (April 2003).

M. P. Davis, Dawes, A., Hoffmann, S. V., Holtom, P., Mason, N. J., McCullough, R. W., 
Williams, I. D., “Laboratory Studies of Ion, Photon and Electron Irradiated 
Astrophysical Ice Analogues”, ISA/ASTRID User Meeting, Aarhus, Denmaark (May 
2003)

* Das was my maiden name

Talks:

Dawes, A., “Laboratory Synthesis of Astrophysical Molecules: a New UCL Apparatus”, 
International Meeting on Electron Scattering from Atoms, Nuclei, Molecules and Bulk 
Matter, Cambridge (December 2001).

Dawes, A., “Laboratory Studies of Synthesis of Astrophysical Molecules in the Condensed 
Phase”, AMIG Young Physicist Forum, Newcastle (April 2002).

Dawes, A., “Molecular formation in astrochemical ices”. Meeting on the Laboratory Studies of 
Astrochemical Processes, UCL, London (June 2003)
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