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Abstract

Molecular hydrogen (H,) is the most abundant molecule in interstellar space. It is
crucial for initiating all of the chemistry in the Interstellar Medium (ISM) and
consequently plays an important role in star formation. However, the amount of H;
believed to exist in the ISM cannot be accounted for by formation via gas-phase
reactions alone. The current, widely accepted, theory is that H, forms on the surface of
cosmic dust grains. These grains are thought to be composed of amorphous forms of
carbon or silicates with temperatures of around 10 K. This thesis describes the
development of a new experiment that has been constructed to study H, formation on
the surface of cosmic dust analogues and presents the initial experimental results. The
experiment simulates, through ultra-high vacuum and the use of cryogenics, the
conditions of the ISM where cosmic dust grains and H, molecules exist. During the
experiment, a beam of atomic hydrogen is aimed at a cosmic dust analogue target. H,
formed on the target’s surface is ionised using a laser spectroscopy technique known as
Resonance Enhanced Multiphoton Ionisation (REMPI) and detected using time-of-flight
mass spectrometry. The sensitivity of REMPI is such that H, molecules can be ionised
from selective internal energy states. This allows the rovibrational populations of the H,
molecules desorbing from the cosmic dust targets to be determined, providing
information on the energy budget of the H, formation process in the ISM. Preliminary
results from the experiment show that H, molecules formed on a cold diamond-like-
carbon surface have a significant non-thermal population of excited vibrational and

rotational energy states.
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Chapter 1. Introduction to Astrochemistry

1.1. Introduction

Hydrogen is the most abundant substance in the Universe. In all its forms it comprises
92% of the Universe by number density, or 75% by mass. When the Universe began,
the only elements produced were hydrogen, helium and a tiny amount of lithium.
Everything else was subsequently produced through fusion in stars or through
supernovae. Table 1.1.1. shows the 10 most abundant elements in the Universe relative

to every 10" hydrogen atoms.

Table 1.1.1. The 10 most abundant elements in the Universe relative to hydrogen.

Atomic number Element Relative abundance

1 H 1x10™
2 He 7x10"°
6 C 4x10®
7 N 9x10’
8 0 7x108
10 Ne 1x108
12 Mg 4x10’
14 Si 4x10’
16 S 2x107
26 Fe 3x10’

Although much of the matter of the Universe is today tied up in stars, the regions of
space between them are far from empty. The Interstellar Medium (ISM) contains a gas
with an average density of 10® atoms m>. Hydrogen (in either atomic or molecular
form) makes up 90% of the interstellar gas, the rest being mainly helium atoms and a
small component (<0.1%) of heavier atoms such as oxygen, nitrogen, carbon and some
simple molecules. As well as the gas, dust grains are present in the ISM. Dust makes
up about 1% of the mass of the ISM and, as will be shown later, plays a vital role in the
formation of interstellar molecules. Most of the matter in the ISM exists in vast clouds
of gas and dust. These clouds are the sites for star formation and are some of the largest

and most spectacular objects in the Universe, Figure 1.1.1.
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expansion known as the inflationary period lasting around 10?** seconds [1]. During the
inflationary period the size of the Universe increased by a factor of 10%. This massive
increase in size in such a short time meant that particles were rapidly separated from
their antiparticles before they had time to recombine and annihilate, filling the early
Universe with real matter. When the inflationary period was over, the Universe
continued expanding but at a slower rate, allowing these real particles and antiparticles
to collide and annihilate producing gamma rays. These gamma rays themselves collided
and formed yet more particle-antiparticle pairs creating an equilibrium condition with as
many particles and antiparticles being created as destroyed. After about 10" seconds the
Universe’s radiation temperature fell below 10" K, lower than the temperature required
to form protons and antiprotons, and neutrons and antineutrons. When the Universe was
around a second old its radiation temperature fell below that required to form electrons
and positrons. As no new matter was forming and particle annihilation continued, the
radiation content of the Universe increased while the matter content of the Universe
decreased. Eventually this would have led to a state where all matter in the Universe
would have annihilated. However, it is now believed that there was a fundamental
imbalance in the amount of matter to anti-matter at the start of the Universe that gave an
increase in favour of matter of 1 part in a billion. This meant that not all of the matter in
the Universe could be annihilated, and in turn means that the Universe now has

approximately one billion photons for every proton, neutron and electron.

By the time the Universe was 2 seconds old, most of the neutrons had decayed into
protons but some were able to combine with other protons to form deuterium nuclei.
These deuterium nuclei were easily broken up by the Universe’s photon background
radiation, but once the Universe was around 3 minutes old, these photons had been
redshifted so far with the Universe’s expansion that the deuterium nuclei were able to
survive. Helium nuclei were then able to form as the deuterium nuclei combined with

the remaining neutrons.

For the first 10° years post Big Bang, the electrons and nuclei were separated from each
other; the Universe being almost completely ionised. Helium nuclei and electrons
combined first, allowing some very simple chemistry to take place with the hydrogen
nuclei (protons) to form molecular ions such as HeH" and He,", although the abundance

of these molecular ions was very low. Around 3x10° years after the Big Bang, electrons



and protons combined to form the simplest element: atomic hydrogen. Once neutral
hydrogen was present in the Universe, radiative reactions led to the formation of
molecular ions such as H," and HD*. Ion-molecule exchange reactions could then take
place to form HD and most importantly H. Typical reaction schemes to form H; in the

early Universe would have been:

H+e —->H +hv

H+H—-H;+e

or

H+H ->Hy +hv

HY+H->H,+H'

These formation mechanisms created enough H, to play a significant role in the
development of structure in the early Universe. Although at the time the pre-galactic
gas clouds began to collapse the amount of H, was small compared to the amount of H,
n(H)/n(H) = 1x10°, there was enough H; to provide a cooling mechanism for these
clouds and accelerate their collapse as the H; molecules radiated between their
rotational and vibrational lines, (as discussed in section 1.3.). Therefore H; played a

vital role in the development of large-scale structure in the early Universe.

1.3. Observations of H, in the ISM

Information regarding the abundance and whereabouts of H; in the Interstellar Medium
can be extrapolated through Earth-based observations, satellite spectroscopy and

observations of other tracer molecules.

The first observation of H; in space was made in 1970 using a UV spectrometer on a
rocket [2]. This spectrometer was pointed towards the star £ Persei and was able to
detect the Lyman absorption bands of Hj, between 110 - 100 nm, from the population of

4



its B ¥, electronic state by starlight passeing through a diffuse interstellar cloud. A
more detailed observation was performed on the Copemicus satellite in 1975 [3]. This
used an ultraviolet spectrometer and was able to observe Lyman and Werner band
absorption with a resolution such that the rotational transitions taking place in the H,
molecules could be observed. The observation of these rotational transitions meant that
a first temperature estimate of the interstellar clouds could be made through comparison

of the different rotational line strengths.

H; emission lines have been observed from gas clouds in the ISM. Transitions from the
hydrogen molecule’s B >*, and C IT, electronic states back to rotational and vibrational
levels of its ground electronic state giving lines in the region 90 - 170 nm have been
observed through ultraviolet spectroscopy aboard satellites [4 - 10]. The rotational and
vibrational levels populated by UV pumping from starlight can radiate through
electronic quadrupole emission in the infrared [11, 12] and these emission lines have
been detected through ground-based observation [13 - 14]. More recent observations of
H; in the ISM include those of vibrational absorption of molecules trapped on cosmic
dust [15], pure rotational transitions detected by the Infrared Space Observatory (ISO)
satellite [16] and infrared absorption through quadrupole transitions [17].

Much information on the abundance of H, in the interstellar medium can be obtained
through the observation of other molecular species, most importantly CO which is the
second most abundant molecule in the ISM. In clouds where H; and CO are present, it
has been observed that the H, to CO ratio is typically n(H;) = 105n(CO) [18 -21]. This
means that in areas of the ISM where H, cannot be directly observed, information on its
abundance can be inferred from observations of CO molecules, as astronomers believe

the H,:CO ratio to be reasonably constant throughout the ISM.
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1.4.2. H; and the Chemistry of the Interstellar Medium

To date over 100 molecules have been detected in the ISM, ranging from simple

diatomics such as CO, to more complicated hydrocarbons, alcohols and nitriles. There

has been recent speculation that suggests that even large molecules such as polycyclic

aromatic hydrocarbons J(PAHS) exist in the ISM [22 - 26]. Table 1.4.1. lists the

molecular species identified in the ISM to date.

Table 1.4.1. The molecules detected to date in the ISM.

2 atoms 3 atoms 4 atoms 5 atoms 6 atoms > 6 atoms
H, H,O NH; CH, CH;OH CH;C,H
CcO H,S H,CO SiH, CH;SH CH;CHO
CSi HCN H,CS CH,NH C,H, CH;NH,
CP HNC C,H, NH,CN CH;CN CH,CHCN
CS CO, HNCO CH,CO CH;NC HC,CN
NO SO, HNCS HCOOH HC,CHO C¢H

NS MgCN H;0* HC,CN NH,CHO CH;COOH
SO MgNC HOCO* HCCNC CH, HCOOCH;
HCl NaCN CsS cyclic-C;H, CsH CH;C,CN
NaC(Cl N20 HzCN linear -C3H2 C 50 (CH3 )20
KCl1 NH, cyclic-C;H CH,CN C,HsOH
AlCI OCS linear-C;H C4H C,HsCN
AlIF HCO HCCN C,4Si CH,;C,H
PN G H,CO* Cs HC¢,CN
SiN CH C,CN HNCCC

SiO HCO* G0 (CH;),CO
SiS HOC* HCNH" CH;C4N?
NH N,H* CH,D* NH,CH,COOH
OH HNO

G HCS™* HC{CN
CN H;*

HF C,0 HC,,CN
Cco* C,S

SO* SiC,

CH H,D*

CH' CH,

None of the molecules listed in Table 1.4.1. would be found in the ISM but for the

presence of H,: molecular hydrogen initiates all of the chemistry of the interstellar

medium and is a crucial step in the formation processes for all larger molecules.



Larger molecules are initially created through reactions with H,. A cosmic-ray (c.r.),
usually a highly energetic proton, can cause ionisation of H, which can lead to the
formation of H;™:

Hy+cr. > H, +e +cr.

H2++H2—)H3++H

This can lead to the formation of larger molecules through reactions with oxygen atoms

by mechanisms such as:
H;*+O—>OH +H,
OH'+H, > H,0"+H
H,0"+H; » H;0" +H

H;0" +e¢ — OH + 2H
—H,O+H

H,0 and OH are both found in high abundance in interstellar clouds and it can be seen
that Hj is vital for their creation. These simple molecules can lead to the creation of
others such as CO:
C+OH—->CO+H
or
C*+OH—> CO"+H

CO* +H, — HCO* + H

HCO"+e - CO+H

H, can also take part in radiative association reactions with ions such as C*:



C"+H, > CH," + hv
CH,"+H, > CH;"+H
CH3+ +e —->CH,+H

thus forming the first simple hydrocarbons. The formation of molecules with dipole
moments, such as CO, is crucially important for the structure of molecular clouds.
Molecules with dipole moments can radiate through their rotationally allowed
transitions to their rotational and vibrational ground energy states. This means that
excited gas molecules in clouds have a mechanism through which they can easily lose

energy and cool the cloud - a process vital for star formation.

1.4.3. The Importance of H; in Star Formation

Stars form when a cloud of gas molecules collapses under its own gravity to a point
where its density becomes high enough for nuclear fusion to take place and the star
ignites. For a cloud to collapse to form a star, its mass must be greater than a critical

value, M, given by

37[ }é 3 _% _}é
M, 2 7 c.G™p, kg eqn (1.4.1.)

where c. is the internal sound speed of the cloud, pp is the cloud’s density and G the
universal constant of gravitation. M. can also be expressed in terms of the cloud’s

temperature, T, eqn (1.4.2.)

u (T Yi{10°)
Merie ~5.5x 107 M 00l 15 kg eqn (1.4.2.)

where M is equal to one solar mass and n is the number density of the cloud.



However, as the cloud collapses its density increases as its volume reduces. The
molecules in the cloud become closer together increasing their collision frequency. This
means that the gravitational potential energy released as the cloud undergoes collapse is
transferred to kinetic energy amongst its constituent molecules through collisions. The
kinetic energy resulting from these collisions provides a pressure, manifesting as an
increase in the cloud’s temperature, which resists the cloud’s collapse. Interstellar
clouds which collapse to form stars are predominantly formed of Hj, but if molecules
that are able to lose energy through radiation such as CO, OH and H;O are present in the
cloud, the heat resisting the cloud’s collapse can be rapidly radiated away. Above 100
K, H, itself can act as a coolant of interstellar clouds by radiating through quadrupole
emission. At low temperatures (10 - 100 K) the most important molecular coolant is CO
which emits radiation in the millimetre wavelength region. As discussed in section
1.4.2., H; is required for the formation of all other molecules in the ISM and hence plays

an important role in the cooling of molecular clouds and star formation.

1.5. The H, Formation Problem in the Interstellar Medium

As H, is the most abundant molecule in the Universe it must form very efficiently in the
ISM. An efficient formation mechanism is especially important as the Universe’s
background photons can destroy H, molecules. The mean interstellar UV photon flux is

2 s nm? which gives an H, molecule, unshielded by dust grains, a

around 1x10" m? s
mean lifetime of around 300 years [27]. The problem of how H, forms efficiently
enough to account for its abundance in the ISM is a major problem in modern
astrochemistry. As discussed in section 1.2., H, formed in the early Universe through
radiative and ion-molecule processes. However, although the H, formed at this time
was important in influencing the subsequent structure of the Universe, the formation
rate was very low. So how does H, form in the ISM in more recent eras? Gas phase

reactions are extremely inefficient for forming H,. If the reaction

H+H—-H; +hv

is to take place, there must be a way of radiating away the 4.5 eV binding energy of the

H; molecule. Radiative transitions take place on a time scale of the order of 108

10



seconds, but the contact time between two colliding atoms is typically 103 seconds.
This makes the two body process strongly forbidden as the collision time is too short for
the atoms to radiate energy away to form a stable molecule. This means that only 1 in

10° collisions between two H atoms will produce an H, molecule.

Another way of releasing the binding energy when a molecule forms is if a third body is

present. The reaction
H+H+H—H,+H

can take place as the third H atom can carry off the H, binding energy. However, the
probability of three H atoms colliding in the interstellar medium is very low and this
mechanism only becomes important when the number density of H atoms > 10" cm?,

such as found in circumstellar environments.

The modern, widely accepted theory for the formation of H; in the ISM is that it forms
through a catalytic reaction between H atoms on the surface of cosmic dust grains [28 -
32]. It has been proposed that the reaction is highly efficient so that every H atom
arriving at a grain surface leaves as part of an H, molecule [33, 34]. However, if H,
forms in the ISM on the surface of cosmic dust grains, and the dust grains are formed
through chemical processes, you need H; to initiate the chemical processes that form the
dust grains in the first place! This seeming paradox is resolved as cosmic dust grains
are largely formed in circumstellar environments that are dense enough for H; to form
through three body reactions. On the other hand, the H, found in the ISM, where gas
densities are much lower than in the circumstellar cases, is formed on the surface of the

dust grains.

1.6. H, Formation on Cosmic Dust Grain Surfaces

Much information to support the H, formation on dust grain theory is still needed. How

efficient is the reaction? What happens to the binding energy released on formation of

11
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Astronomers are able to measure the extinction of starlight in the ISM as a function of
the wavelength of the starlight, producing an interstellar extinction curve [35]. The
wavelengths extinguished by the dust grains give an indication of the grain sizes that
range from 107 - 10® m in radius. Although cosmic dust comprises around 1% of the

mass of the ISM it is very diffuse having a mean density of 1 dust grain per 10 m’.

The composition of dust grains is thought to be mainly graphite or silicate in nature.
Attempts have been made to determine grain compositions spectroscopically [36], but
much information about grains can be deduced by looking at interstellar depletion. As
the Sun is thought to have formed from a typical interstellar gas cloud, comparing the
relative abundance of elements in the Sun with those in interstellar clouds should give
similar results. However, it is found that there are many elements in interstellar clouds
that are very depleted compared to the abundance in which they are found in the Sun. A
way of explaining these depletions is that some of the gas is cooling in the clouds and
forming heat-stable solids such as silicates, iron particles, graphite and metal oxides
leaving the material to form cosmic dust grains in the interstellar clouds. It has been
proposed that the grains in the dark clouds can have icy mantles of either HO or CO
covering them [37, 38] and there is some spectroscopic evidence to support this [39,

40].

1.6.3. Prototypical Formation Mechanisms of H, on Cosmic Dust Grain Surfaces

The two prototypical formation mechanisms of H, on cosmic dust grains are the Eley-

Rideal (E.R.) and the Langmuir-Hinshelwood (L.H.) processes.

The E.R. mechanism involves an H atom already bound to a surface site on the dust
grain. A second atom from the gas phase approaches it and if it gets close enough they
combine and the resultant H, molecule desorbs. Figure 1.6.3. illustrates the Eley-Rideal

mechanism.

13
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of H, on water ice surfaces via both the Eley-Rideal and the Langmuir-Hinshelwood
mechanisms. The recombined H; was found to be highly vibrationally excited with
significant population of the v = 5 - 8 vibrational energy levels. Both Farebrother and
Meijer’s calculations are quantum mechanical approaches utilising Density Functional
Theory to calculate the rotational and vibrational populations of H, that have
recombined via the Eley-Rideal mechanism on a pure graphite surface. These
calculations have found significant population of the excited vibrational and rotational
energy levels of the desorbing H, and predict a reaction probability of approximately

unity for all incident energies > 0.01 eV.

Experimentally, Pirronello et al [45, 46], Biham et al [47] and Katz et al [48] have
come closest to reproducing H, formation in the ISM. Their experiments involve the
formation of HD on olivine at a temperature in the region of 10 K under ultra-high
vacuum conditions (107° torr). These experiments show the formation process to be
efficient down to a grain temperature of 5 K. At grain temperatures above 10 K, they
show that the atoms are mobile on the surface by thermal hopping between binding sites
as opposed to tunnelling, but the experiments are not designed to yield any information

regarding the internal excitation of the desorbing molecules.

1.6.5. The UCL Cosmic Dust Experiment

To study the formation of H; on cosmic dust in the ISM, a major new experiment has
been designed and constructed at UCL. This experiment builds on the work of the
experimentalists reviewed in section 1.6.4. by utilising a tuneable laser source. This
laser is able to state-selectively ionise H, recombining from cosmic dust analogue
targets providing previously unavailable information on the energy budget of the H,
formation process. Chapters 3 and 4 describe the experiment in detail and Chapter 5

reviews the initial results.
The data from this experiment can be compared with the theoretical calculations on the

H, formation process in the ISM to try and understand better this most fundamental of

all chemical reactions.
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1.7 Summary

This chapter has introduced the topic of astrochemistry and in particular the importance
of the H, molecule in the development and structure of the Universe. The problem of
H, formation in the interstellar medium has been discussed, as well as a review of the
current theoretical and experimental work on this problem. The role and objectives of

the UCL cosmic dust experiment, which concern this thesis, have been introduced.
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Chapter 2. Molecular Structure and Spectroscopy of Diatomic
Molecules

A major aim of the cosmic dust experiment is to monitor spectroscopically the internal
energy states of the desorbed H, molecules formed on the surface of cosmic dust
analogues. This chapter presents an overview of the relevant molecular spectroscopy of

diatomic molecules.

2.1. Chemical bonding

When atoms combine to form molecules, they become bound together in one of two
ways: ionic or covalently. Ionic bonding involves the exchange of electrons between
the atoms, whereas covalent bonding involves the atoms’ valence electrons being shared
between them. The bonding and spectroscopy discussed in this chapter relate to

covalently bonded molecules such as Hj.

2.1.1. Electronic Orbitals for Atoms

All of the information about a particle is contained in a mathematical expression called
the wavefunction, . When a particle’s wavefunction is used in the Schrédinger
equation, information about its energy and probable position can be obtained. The Born
interpretation of the wavefunction states that the probability of finding a particle at a

point in space, within a unit volume, is proportional to 2.

An atom’s electrons surround its nucleus and can each exist in a number of different
orbitals. The bonding of molecules can be accounted for by the electronic orbitals of

their constituent atoms combining and extending around the molecule’s nuclei.

When the Schrodinger equation is solved for the hydrogen atom, the wavefunctions
yielded correspond to a set of mathematical functions known as spherical harmonics.
The spherical harmonics describe the size and shape of the atom’s electronic orbitals in

relation to four atomic quantum numbers, Table 2.1.1.
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Table 2.1.1. Atomic quantum numbers and their functions

Quantum number Values Function
n 1,23 ... Energy and size of orbital
1 n-1),n-2),...,0 Shape of orbital and electronic angular
momentum
m #,+(1-1),...,0 Direction of propagation of orbital angular
momentum
S +1 Axial angular momentum of electron

When plotted, the spherical harmonics show the probability density for an electron in

the atomic orbitals. Figure 2.1.1. shows the shapes of some of the electronic orbitals.

Z VA
X X
y y
1s 2s
n=1,1=0,m=0 n=2,1=0,m=0
VA / V4 VA
X X X
y y y
2p; 2Py 2p,
n=2,1=1,m=-1 n=2,l=1,m=0 n=21=1,m=+1

Figure 2.1.1. Shapes of some of the electronic orbitals of the hydrogen atom showing how they
are affected by the quantum numbers.

21



($.3($ %

%

46

$ ($.5(%

5
Q
K
($.$($ 3 -3 3
< %
2 & 16 1 & &"6 <)$
, , 6, , 4
# $ *
$
#
$ < - -
$ ($.5C$



#
ot @ ?
@ -

($.%C$
# 2#

%

8% ) N

2

'2#



Similarly, for 2p orbitals, the labelling is 2po, and 2pc’,. For 7 orbitals the bonding

orbitals are odd, so the labelling becomes 2p7, and 2p7rg*.

2.2. Molecular Spectroscopy

Molecules have a more complex structure than atoms, which gives them extra types of
energetic excitation. They can rotate about an axis and the bonds between their
constituent atoms can vibrate. This means that as well as electronic transitions,
molecules can undergo transitions between discrete internal rotational and vibrational
energy levels. Electronic transitions for diatomic molecules require energies of the
order of 1 - 15 eV, whereas vibrational transitions require around 10> - 10! eV and
rotational transitions of order 10 eV. Hence the spectra generated by molecules may
have many vibrational levels for each electronic level and many rotational levels for
each vibrational level. The total energy of a molecule can be found by applying the
Born-Oppenheimer approximation. This states that the motion of the vibrating nuclei of
a molecule is so slow in comparison to the motion of a molecule’s electrons that the
energy of the electrons can be calculated for all positions of the nuclei in a molecule.

This means that a molecule’s total wavefunction, ¥, can be factorised:

Y=y, (r,r, v, () eqn (2.2.1.)

where v, is the wavefunction describing the molecule’s electrons as a function of the
electron’s and the nuclei’s coordinates and ¥, is the wavefunction describing the
molecule’s nuclei. As the wavefunction can be factorised into its different components,

the total energy, E, of the molecule is given by:
E=E, +E, eqn (2.2.2.)

where E, is the molecule’s electronic energy and E, the energy of the molecule’s nuclei.
The wavefunction for the molecule’s nuclei can also be factorised into its constituent
rotational and vibrational components:

v, =V, Y, eqn (2.2.3.)
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E,=BJ(J +1) cm’! eqn (2.2.7.).
B is the rotational constant and is given by

h 1
=— cm eqn (2.2.8.
8m2lc an ( )

where & is Planck’s constant and c the speed of light. 7 is the moment of inertia of the

rotor from

L U T kg m? eqn (2.2.9.)
ml + m2

where u is the reduced mass of the system and r the bond length. J is known as the
rotational quantum number and has integer values corresponding to the different
rotational energy levels of the molecule.

As real molecules do not have rigid bonds, the length of the molecule’s bond can distort
as the molecule rotates. An extra term is added equation (2.2.7.) to account for this
giving

E, = BhcJ(J +1)- DheJ*(J +1)°  Joules eqn (2.2.10.).

D is known as the centrifugal distortion constant given by

n’ .
D=————— cm’ eqn (2.2.11.
327 I*r*ke an ( )
and k is the force constant, equal to
k =4n*w’ctu Nm’! eqn (2.2.12.)

where @ is the vibrational wavenumber of the bond (in cm™). The energy between

rotational levels increases as J increases and the selection rule for rotational transitions
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is AJ = 1. It should be noted that this selection rule is for inter-rotational transitions

only, and is slightly different when electronic transitions take place, as shown later.

When a molecule is at thermal equilibrium at a temperature, 7, the relative populations
between two of its rotational or vibrational states, N; and N», can be found from the

Boltzmann distribution

N, _[AE
7\/_1 = exp[ ( T ﬂ eqn (2.2.13)

where AE is the energy difference between the two states and k is Boltzmann’s constant.

The relative population of rotational states is affected by the total nuclear spin, T, of the
molecule. For H,, the two protons which constitute the molecule’s nuclei each have
spin, I, of /2. This means that the magnitude of the total nuclear spin has values of
either 0 if the proton’s spins are opposed, or 1 if their spins are aligned. The
multiplicity of the nuclear spin states is T = (2I + 1), so the spins opposed state (I =0) is
a singlet state known as para-hydrogen and the spins aligned state (I=1) is a triplet state

known as ortho-hydrogen.

The singlet nuclear spin state, para-hydrogen, is antisymmetric under the interchange of
the hydrogen nuclei. For the total wavefunction of the molecule to be antisymmetric, as
required by the Pauli exclusion principle, para-hydrogen can only exist in rotational
states with even values, J =0, 2, 4, ... On the other hand, the triplet spin states, ortho-
hydrogen, are symmetrical under the interchange of the hydrogen nuclei so ortho-
hydrogen can only exist in rotational states with odd values, /=1, 3, 5, ... This means
that in thermal equilibrium at room temperature, the ratio of ortho- to para-hydrogen
rotational lines is 3:1. A weighting factor is added to the distribution in eqn (2.2.13) to

account for this

& = _g_z.@_—i-_l)exp — E eqn (2214)
N, g,(2J,+1) kT

where the nuclear spin factor, g, is equal to 1 for para states and 3 for ortho states and

the (27 + 1) term takes into account the degeneracy of the rotational energy levels.
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2.2.2. Vibrational Excitation

The atoms in a diatomic molecule are not in fixed positions, but are vibrating about a
mean position. The bond between them can in effect be thought of as behaving like a
spring and therefore obeying Hooke’s law. This means that the restoring force for the

bond may be written
f==kr-r,) N eqn (2.2.15.)

where k is the force constant as before, r is the internuclear distance and req is the
equilibrium separation of the atoms (the separation where the energy of the system is a

minimum). Eqn (2.2.15.) then yields a potential energy of
1 2
E= Ek(r - req) Joules eqn (2.2.16.).

The potential energy expressed by eqn (2.2.16.) is that of a harmonic oscillator. Its

frequency of oscillation (and hence the molecular bond's frequency of vibration) is

=i k Hz or

0sC

2\ u
@, = L\/z cm’! eqn (2.2.17.).
2ic\ u

From the Schrodinger equation the allowed vibrational energies of a bond are given by

E,=hw,(v+)%) Joules or

Ev =W e (V+}é) Cm-l eqn (2218)

where v = 0, 1, 2,... and is known as the vibrational quantum number. The selection
rule for a diatomic molecule changing its vibrational energy state is Av = +1. Figure

2.2.2. shows the harmonic oscillator potential.
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2.2.4. Electronic Excitation

If a molecule absorbs sufficient energy, one (or more) of its electrons can be excited to a
higher energy state subject to selection rules based on the molecule’s symmetry
conditions. The classification of electronic states in diatomic molecules depends on the
axial component of their angular momentum, A. This takes positive integer values or is
zero and is related to the component of orbital angular momentum, /,, along the

molecules’ bond:

,=0,£1,+2, £3, ... eqn (2.2.24.)
A=0,+1,+2 £3, ... eqn (2.2.25.)
symbol: o, W, O ¢..

The total axial component of angular momentum is then
A=|ZA] eqn (2.2.26.).
A=0,1,2,3, ... and are correspondingly labelled 2, IT, A, ¥, ...

The total spin angular momentum, S, is given by m where the total spin
quantum number, S, takes values of 0 or ¥2. The spin multiplicity for molecules is 2S5 +
1, creating either singlet or triplet states. This is denoted by a superscript at the far left
of the label, e.g. 'S or >Z. More important for molecules is the axial component of spin.
This takes the symbol ¢ for a single electron or X for more than one electron. Its
multiplicity is the same as for S, e.g. 22 + 1. The axial component of the total angular

momentum is then given by
Q=|A+3| eqn (2.2.27.).

For homonuclear molecules this is added to the state label as a subscript to the far right,
e.g. 'S, although usually this is ignored and the parity of the orbital, gerade (g) or

ungerade(u) is used instead, e.g. ]Zg. One further label is added to show whether the
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wave function is unchanged (symmetrical) or changed (anti-symmetrical) through
reflection in the plane of symmetry through the molecule’s nuclei. These are given the

symbols + and - respectively.

Finally, the electronic states of a linear diatomic molecule can be labelled. An example

is the ground state of hydrogen
(150,)'=:

The axial components of molecular angular momenta have a new set of selection rules:

AA =0, £1 eqn (2.2.28.)
AS=0 eqn (2.2.29.)
AQ =0, t1. eqn (2.2.30.).

Also the following symmetry changes cannot take place during electronic transitions

v, geogandueou.

The selection rule for rotational levels can now be modified so that AJ = *1 for
transitions of type 'S — 'S and AJ = 0, %1 for all other transitions with angular

momentum about the axis of the molecule’s bond.

2.2.5. Franck-Condon Principle

The intensity of vibrational spectral lines differs for electronic transitions between
different vibrational states. This difference in intensity is due to some transitions being
more likely than others for the molecule. The Franck-Condon principle explains this by
stating that the transitions happen fast enough so that the internuclear separation of the
molecule doesn’t change appreciably during a transition. This means that if
represented on a Morse potential, transitions occur as straight vertical lines. Figure

2.2.6. shows a transition to an excited state with a greater equilibrium separation.
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2.3. Interactions of Atoms and Molecules with a Surface

The rate at which atoms and molecules adsorb and desorb from surfaces and the type of
adsorption that takes place depends on the chemical and physical properties of the
surface and the absorbate. This section presents some background on surface
adsorption and desorption and some surface science relevant to the cosmic dust

experiment.

2.3.1. Adsorption and Desorption of Atoms and Molecules on a Surface

If an adsorbate species is made incident to a surface, then the fractional coverage of the

surface by the adsorbate, 0, is:

== eqn (2.3.1.).

N; is the number of surface sites the adsorbate occupies and N is the total number of
surfaces sites available. When 0 = 1 the adsorbate layer is known as a monolayer. The
value of N; is proportional to the pressure, P, of the adsorbate species giving the general

relationship

P=kO eqn (2.3.2.)

where k is a constant.

The rate of adsorption of a species depends on the fractional coverage of the sites not

occupied by adsorbates and is expressed as

rate of adsorption=k_, P(1—6) eqn (2.3.3))

where k, is the rate constant for adsorption on the surface. The rate of desorption is

found from
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rate of desorption = k;0 eqn (2.3.'4.)

where k; is the rate constant for desorption from the surface. Under equilibrium

conditions the rate of adsorption will equal the rate of desorption giving
k, P(1-0)= k,0 eqn (2.3.5.).

How the coverage of a surface by an adsorbate varies with pressure can be found by

rearranging eqn (2.3.5.) for

-1
0 =£"— 1+=%P| = kP eqn (2.3.6.)
k, k, 1+ KP

k
where K=zi. Eqn (2.3.6.) is known as the Langmuir Adsorption Isotherm for
d

associative adsorption. For dissociative desorption, the rate constant can be expressed,

phenomenologically, by an Arrhenius type expression
k, = Aexy] “Zae eqn (2.3.7.)
= RT qn (2.3.7.

where —E; is the activation energy for desorption of an adsorbate from the surface and

A 1s a constant.

2.3.2. Physisorption and Chemisorption

The way an adsorbate bonds to a surface is categorised in one of two ways,
Physisorption or Chemisorption. Physisorption involves a weak bonding of an
adsorbate to a surface through van der Waals interactions. Chemisorption involves an
actual exchange or sharing of electrons between an adsorbate and a surface creating a

much stronger chemical bond.
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Physisorption and chemisorption are distinguished by the size of their enthalpy of
adsorption, AH,. Generally, physisorption occurs when -AH, < 35 kJ mol” and

chemisorption occurs when -AH, > 35 kJ mol™.

2.3.3. Sticking Coefficient

The probability of a particle being chemisorbed onto a surface is given by the sticking

coefficient, S:

§= rate of ads?mtz?n eqn (2.3.8)
rate molecules collide with surface

or
§=5,(1-0) eqn (2.3.9.)
where S is the sticking probability when the fractional coverage is zero.

If an atom or molecule incident on a surface hits a filled adorption site, it may form a
weak van der Waals bond and diffuse over the surface until it becomes chemisorbed. If,
however, the atom or molecule is unable to dissipate its energy into the surface it will
desorb back into the gas phase. The time the atom or molecule spends diffusing over

the surface is known as the residence time, 7, and has an Arrhenius-like temperature

dependence
-E,
T =T,exp| —= eqn (2.3.10.).
0 p( RT ] qn ( )

The pre-exponential factor, 7y, for a physisorbed state is of the order of the vibrational

life-time of the bond between the adsorbate and surface, typically 10" s.
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2.4. Summary

This chapter has presented the elements of chemical bonding and molecular
spectroscopy for linear diatomic molecules such as hydrogen that are relevant to the
cosmic dust experiment [2 - 5]. The specific molecular levels used to probe H, are
discussed in Chapter 4. The surface science [6 - 8] relevant to the experimental work

carried out in this thesis has also been presented.
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Chapter 3. Experimental Techniques and Apparatus

3.1. Introduction

As discussed in Chapter 1, the modern, widely accepted theory for H, formation in the
ISM involves recombination on cosmic dust grains. Recent advances in computational
techniques means that the problem of molecular hydrogen recombination can be studied
theoretically. Concurrently, modern experimental techniques now allow the process of
molecular hydrogen formation to be studied in the laboratory. This chapter describes
the components of the experiment outlined in section 1.6.5. which is designed to study
the formation of molecular hydrogen on the surface of cosmic dust analogues. The
experiment is designed to mimic, as closely as possible, the pressure and temperature

conditions of the areas of the interstellar medium where H, recombination occurs.

3.2. Objectives of the UCL Cosmic Dust Experiment

The experiment’s primary goal is to probe the internal energy distribution of hydrogen
molecules that have recombined on the surface of cosmic dust analogue targets. The
components of the experiment are described in detail in this chapter and are shown in

situ in the summary, Figure 3.10.1. A brief outline of the experiment is given here.

1. A beam of atomic hydrogen is incident upon the cosmic dust analogues used as
targets, which are held at around 11 K and under ultra-high vacuum conditions.

2. Any H, which has recombined on the target desorbes and is quantum state-
selectively photoionised by a tuneable laser.

3. The H," ions are analysed by a time-of-flight mass spectrometer and the counts

recorded.

The experiment uses many modern techniques from vacuum science, mass spectrometry

and laser spectroscopy.

3.3. Vacuum System

To recreate the conditions of the interstellar medium where H, recombination takes

place is a major experimental challenge. To accurately simulate these parts of the ISM
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requires pressures of 1x10™" Torr (3.2x10° particles m>) [1]. Realistically, the best that
can be achieved in the laboratory are pressures of the order of 1x10"" Torr (3.2x10"
particles m>), which requires ultra-high vacuum (UHV) conditions. (Note: 1
atmosphere = 760 Torr = 1013 mbar.)

3.3.1. Basic Theory Underlying Vacuum Technology

Vacuum technology [2] categorises different vacuum pressures into one of four broad

groups, Table 3.3.1.

Table 3.3.1. Different categories of vacuum and their associated pressures

Vacuum type Pressure regime Particles m™ at 295K
Low atmosphere — 1 Torr 2.5%10% - 3.2x10%
Medium 1 Torr - 1x107 Torr 3.2x10% - 3.2x10"
High 1x10° Torr - 1x10°® Torr ~ 3.2x10" - 3.2x10"

Ultra-High  1x10® Torr - 1x10"! Torr ~ 3.2x10' - 3.2x10"!

The main concern when attaining high and ultra-high vacuum conditions is the change
in the gas particles behaviour at around 1x10° Torr, governed by their mean free path, ,

where

l m eqn 3.3.1

1
 n2ma?

n is the number density of the gas particles and d is their diameter. At pressures above
1x10 Torr, the number density of the gas is such that the mean free path of the gas
particles is short enough that they undergo many collisions with each other. The gas
motion has fluid-like properties and the gas is said to be in viscous flow. Below 1x107
Torr, the number density of the gas particles is such that their mean free path becomes
very large and the particles become more likely to have collisions with the walls of the
chambers containing them. The gas is now said to be under molecular flow conditions.
Gas particles under molecular flow conditions can no longer be pushed along by each
other, as there is no communication between them. This means that different types of

vacuum pumps and gauges are needed for the different vacuum conditions.
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