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Abstract

Molecular hydrogen (H2) 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 H2  

believed to exist in the ISM cannot be accounted for by formation via gas-phase 

reactions alone. The current, widely accepted, theory is that H2 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 H2 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 H2 molecules exist. During the 

experiment, a beam of atomic hydrogen is aimed at a cosmic dust analogue target. H2 

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 H2 molecules can be ionised 

from selective internal energy states. This allows the rovibrational populations of the H2 

molecules desorbing from the cosmic dust targets to be determined, providing 

information on the energy budget of the H2 formation process in the ISM. Preliminary 

results from the experiment show that H2 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 

supemovae. Table 1.1.1. shows the 10 most abundant elements in the Universe relative 

to every 10̂  ̂hydrogen atoms.

Table 1.1.1. The 10 m ost 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 7x10*

10 Ne 1x10*

12 Mg 4x10’

14 Si 4x10’

16 S 2x10’

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 10̂  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.



) \

Gaseous Pillars • M16
PRC95-44a • ST Scl OPO • November 2, 1995 
J. Hester and P. Scowen (AZ State Univ.), NASA

HST • WFPC2

Figure 1.1.1. A Hubble Space Telescope picture o f part o f  the Eagle Nebula in the constellation 
Serpens, 7000 lightyears from Earth. This detail shows clouds o f  molecules (m ainly H2) and 
dust particles. (J. Hester and P. Scowen / NASA).

By far the most abundant molecule found in the ISM is Hi numbering 10̂  times more in 

abundance than the next most abundant molecule, CO. This simplest of all molecules has 

bad, and is still having, a profound effect on the structure and development of the 

Universe. This chapter discusses the importance of H2 in the Universe, from just after 

the Big Bang to star formation and the development of the ISM. Particular attention is 

paid to the current lack of understanding surrounding the formation of H2 in the ISM.

1.2. The Big Bang and H i in the Early Universe

Approximately 15 billion years ago, the Universe formed out of an explosion of infinitely 

compressed energy, an event known as the Big Bang. After lO'"*̂  seconds (Planck Time) 

space and time became coupled as the Universe expanded, allowing the production of 

virtual particle-antiparticle pairs (eleetrons-positrons, protons-antiprotons and neutrons- 

antineutrons) to form and annihilate as allowed by the Heisenberg Uncertainty Principle. 

However, at about 10'̂  ̂ seconds into its existence the Universe entered a period of rapid
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expansion known as the inflationary period lasting around seconds [1]. During the 

inflationary period the size of the Universe increased by a factor of 10̂ °. 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 10̂  ̂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 10̂  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 Hc2 ,̂ 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 and HD .̂ lon-molecule exchange reactions could then take 

place to form HD and most importantly H2 . Typical reaction schemes to form H2 in the 

early Universe would have been:

H + —> H’ + /iv

H + H —> H2 + 6

or

H2̂  + H ^ H 2 + H+

These formation mechanisms created enough H2 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 H2 was small compared to the amount of H, 

n(H2)/n(H) ~ 1x10' ,̂ there was enough H2 to provide a cooling mechanism for these 

clouds and accelerate their collapse as the H2 molecules radiated between their 

rotational and vibrational lines, (as discussed in section 1.3.). Therefore H2 played a 

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

1.3. Observations of H2 in the ISM

Information regarding the abundance and whereabouts of H2 in the Interstellar Medium 

can be extrapolated through Earth-based observations, satellite spectroscopy and 

observations of other tracer molecules.

The first observation of H2 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 H2 , 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 Copernicus 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 H2 

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.

H2 emission lines have been observed from gas clouds in the ISM. Transitions from the 

hydrogen molecule’s B and C flu 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 

H2 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 H2 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 H2 and CO are present, it 

has been observed that the H2 to CO ratio is typically «(H2) = lO^n(CO) [18 -21]. This 

means that in areas of the ISM where H2 cannot be directly observed, information on its 

abundance can be inferred from observations of CO molecules, as astronomers believe 

the H2 :CO ratio to be reasonably constant throughout the ISM.



1.4. The Role o f H] in the Interstellar M edium

Not only is molecular hydrogen the most abundant molecule in the Universe, it is crucial 

for driving all of the chemistry in the ISM and thus has a major influence on the large- 

scale structure of molecular clouds and star formation.

1.4.1. Structure of the ISM

Most of the matter in the space between the stars is gathered in vast clouds of gas. The 

clouds range in size, content and density and can be loosely categorised into three main 

types: diffuse clouds, Hll regions (regions where hydrogen exists in a predominantly 

ionised state) and dark clouds. Diffuse clouds have low densities of around lO'* -  10̂  

atoms m'̂  and can have a large range of temperatures, typically from 100 to 10̂  K. They 

can be several parsecs in size (1 pc = 3.26 lightyears) and contain atomic hydrogen with 

some simple molecules such as II2 and CO. Hll regions are found near bright, hot stars. 

They contain mainly ionised hydrogen and some complex molecules. They have densities 

of around lO'̂  molecules m'̂  and have temperatures of about 30 K. Perhaps the most 

interesting regions in the ISM are the dark clouds. Nearly all of the hydrogen in these 

clouds is in the form of H2 . They have densities of 10̂  -  lO'̂  molecules m'̂  with 

temperatures of around 10 K and are where most of the molecules in the ISM are found. 

Figure 1.4.1. Shows a dark interstellar cloud.

Figure 1.4.1. Barnard 86. A Dark interstellar cloud. Dust grains are obscuring the light from 
stars in the dark regions. (Photo © Anglo-Australian Observatory).



1.4.2. H2 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

Hz H2O NH3 CH4 CH3OH CH3C2H
CO HzS HzCO SiH4 CH3SH CH3CHO
CSi HCN HzCS CHzNH C2H4 CH3NH2

CP HNC CzHz NHzCN CH3CN CHzCHCN
CS CO2 HNCO CHzCO CH3NC HC4CN
NO SO2 HNCS HCOOH HCzCHO CgH
NS MgCN H3O+ HCzCN NHzCHO CH3COOH
SO MgNC HOCO+ HCCNC C4H2 HCOOCH3

HCl NaCN C3S cyclic-CzHz C5H CH3C2CN
NaCl N2O HzCN linear-CzHz C5O (CH3)zO
KCl NHz cyclic-CgH CHzCN C2H5 OH
AlCl OCS linear-CgH C4H C2H5CN
AIF HCO HCCN C4Si CH3C4H
PN C3 H2CO+ C5 HCôCN
SiN CzH CzCN HNCCC
SiO HCO^ C3O (CH3)zC0
SiS HOC^ HCNH^ CH3C4N?
NH N2H+ CHzD+ NHzCHzCOOH
OH HNO
C2 HCS+ HCgCN
CN H3"
HF C2O HCioCN
C0+ C2S
S0+ SiCz
CH HzD+
CH+ CHz

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

presence of H2 : 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 H2 . A cosmic-ray (c.r.), 

usually a highly energetic proton, can cause ionisation of H2 which can lead to the 

formation of

H2 + c.r. —> H2 + e + c.r.

H2̂  + H2^H3^ + H

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

by mechanisms such as:

+ o -> oir + H2 

Oir + H2 H2 0  ̂+ H

+ H2 + H

HsO  ̂+ e' -> OH + 2H 

^  H2O + H

H2O and OH are both found in high abundance in interstellar clouds and it can be seen 

that H2 is vital for their creation. These simple molecules can lead to the creation of 

others such as CO:

C + OH —> CO + H

or

Ĉ  + OH ^  C0+ + H

C0+ + H2 -> HCO  ̂+ H

HCO  ̂+ e' -> CO + H 

H2 can also take part in radiative association reactions with ions such as Ĉ :



+ H2 + hv

CHẑ  + H2 -4 . CHs  ̂+ H 

CHs  ̂+ e ^  CH2 + 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 H2 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. Merit, given by

'in
\ ÿ ï j

kg eqn (1.4.1.)

where Cc is the internal sound speed of the cloud, po is the cloud’s density and G the 

universal constant of gravitation. Merit can also be expressed in terms of the cloud’s 

temperature, T, eqn (1.4.2.)

Afcri,~5.5x lO'^M
( T,100, 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 H2 , but if molecules 

that are able to lose energy through radiation such as CO, OH and H2O are present in the 

cloud, the heat resisting the cloud’s collapse can be rapidly radiated away. Above 100 

K, H2 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., H2 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 H2 Formation Problem in the Interstellar Medium

As H2 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 H2 molecules. The mean interstellar UV photon flux is 

around 1x10̂ ® m'̂  s"̂  nm'* which gives an H2 molecule, unshielded by dust grains, a 

mean lifetime of around 300 years [27]. The problem of how H2 forms efficiently 

enough to account for its abundance in the ISM is a major problem in modem 

astrochemistry. As discussed in section 1.2., H2 formed in the early Universe through 

radiative and ion-molecule processes. However, although the H2 formed at this time 

was important in influencing the subsequent stmcture of the Universe, the formation 

rate was very low. So how does H2 form in the ISM in more recent eras? Gas phase 

reactions are extremely inefficient for forming H2 . If the reaction

H + H —> H2 + hv

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

H2 molecule. Radiative transitions take place on a time scale of the order of 10'̂
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seconds, but the contact time between two colliding atoms is typically 10'̂  ̂ 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 

10̂  collisions between two H atoms will produce an Hz molecule.

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

present. The reaction

H + H + H —> Hz + H

can take place as the third H atom can carry off the Hz 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 modem, widely accepted theory for the formation of Hz 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 Hz molecule [33, 34]. However, if Hz 

forms in the ISM on the surface of cosmic dust grains, and the dust grains are formed 

through chemical processes, you need Hz 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 Hz to form 

through three body reactions. On the other hand, the Hz 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. H2 Formation on Cosmic Dust Grain Surfaces

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

efficient is the reaction? What happens to the binding energy released on formation of
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the molecule; does it go into heating the grain or does it provide internal excitation of the 

newly formed H2 molecule? These questions are vitally important for understanding the 

observations of H2 and for modelling chemical processes in the ISM.

1.6.1. Environment in which Hz forms in the ISM

As described in section 1.4.1., H2 molecules are found in the clouds of gas and dust in 

the ISM. The fact that H2 is seen in relatively high abundance in difihise clouds, despite 

their low number density of gas molecules, implies that H2 must be forming in these areas 

on dust grains and not in the gas phase. In the dark clouds there is a deficiency in the 21 

cm wavelength radiation emitted by hydrogen atoms which is detected in the other areas 

of the ISM. It is inferred from this that the hydrogen in these clouds is in the form of H2 . 

Most of the molecules found in the ISM are in these dark clouds and the presence of dust 

grains and H2 molecules implies that these are areas in which H2 formation also occurs.

1.6.2. Evidence for Cosmic Dust Grains in the ISM

Evidence for cosmic dust grains comes from the extinction of starlight through 

interstellar clouds. Observations of large areas of the ISM show dark regions where 

light from stars is obscured or greatly reduced in intensity. Figure 1.6.2.

Figure 1.6.2. The Horse Head Nebula in Orion. The horse head shape itself comes from dust 
grains obscuring the starlight. (Photo © Royal Observatory, Edinburgh/Anglo-Australian 
Observatory).
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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 10'̂  - 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 10̂  m̂ .

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 H2O or CO 

covering them [37, 38] and there is some spectroscopic evidence to support this [39, 

40].

1.6.3. Prototypical Formation Mechanisms of H2 on Cosmic Dust Grain Surfaces

The two prototypical formation mechanisms of H2 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 H2 molecule desorbs. Figure 1.6.3. illustrates the Eley-Rideal 

mechanism.

13



o o
Figure 1.6.3. The Eley-Rideal formation mechanism.

The L.H. mechanism involves two H atoms bound weakly to the dust grain such that 

they are mobile over its surface. The H atoms diffuse across the grain surface until they 

meet, combine to form Hi then desorb. Figure 1.6.4. illustrates the Langmuir- 

Hinshelwood mechanism.

Figure 1.6.4. The Langmuir-Hinshelwood formation mechanism

It is unclear if one mechanism dominates the other in the ISM or if they are both equally 

important. The different formation mechanisms may give rise to different excited internal 

energy states of the formed H] molecules. The mechanisms may depend on the sticking 

probability (the probability that an H atom will become bound to the grain surface), 

and/or the grain and gas temperatures. Also, the content of the background gas in the 

interstellar clouds may affect the formation process, as if the grains are covered in H 

atoms to start with then the E.R. mechanism would be expected to dominate.

1.6.4. Work Done on the Hi Formation Problem

To date progress has been made on understanding Hi formation on cosmic dust in the 

ISM both theoretically and experimentally. The most significant theoretical work so far 

is that of Takahashi et al [41, 42], Farebrother et al [43] and Meijer et al [44]. 

Takahashi’s work uses a classical Molecular Dynamics approach to study the formation
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of H2 on water ice surfaces via both the Eley-Rideal and the Langmuir-Hinshelwood 

mechanisms. The recombined H2 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 H2 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 H2 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 H2 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 (10'̂  ̂ 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 H2 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 H2 recombining from cosmic dust analogue 

targets providing previously unavailable information on the energy budget of the H2 

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 

H2 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 H2 molecule in the development and structure of the Universe. The problem of 

H2 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 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 H2 .

2.1.1. Electronic Orbitals for Atoms

All of the information about a particle is contained in a mathematical expression called 

the wavefunction, Y. When a particle’s wavefunction is used in the Schrodinger 

equation, information about its energy and probable position can be obtained. The Bom 

interpretation of the wavefunction states that the probability of finding a particle at a 

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

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 1,2, 3, ... Energy and size of orbital

1 (n — 1 ), (n — 2 ), ..., 0 Shape of orbital and electronic angular

momentum

m ±1, ± ( 1  -  1 ), ..., 0 Direction of propagation of orbital angular

momentum

s ± Vz 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

X X

y y
n = l , /  = 0, m = 0 n = 2 , 1 = 0, m = 0

X

y
'̂ Px
n = 2 , l =  l , m  = - l

X

y
2Py
n = 2 , l =  l , m  = 0

X

y
2pz
n = 2 , / = 1 , m = + 1

Figure 2.1.1. Shapes o f some o f the electronic orbitals o f the hydrogen atom  showing how they 
are affected by the quantum  numbers.
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The wavefunction for a Is-orbital is positive everywhere, but the wavefunction of a p- 

orbital is positive for one lobe and negative for the other. Figure 2.1.2.

\s Ip

I I  T' = Positive

Q  Y = Negative

Figure 2.1.2. Value of the wavefunction for \s and 2p electronic orbitals

2.1.2. M olecular O rbitals and Symmetry o f Diatom ic M olecules

Molecular orbital theory accounts for the combination of the separate electronic orbitals 
using an approximation known as the linear combination of atomic orbitals (LCAO). 
LCAO uses the mathematical addition and subtraction of the wave functions of the 

molecule’s constituent atomic orbitals to produce the shape of the molecular orbitals. 
This approach allows the orbitals of two atoms to combine in one of two ways: bonding 

or anti-bonding. A bonding orbital has the two wave functions of the atomic orbitals 
combine in such a way that they create a molecular orbital that fills the space between 

the molecule’s nuclei, holding the molecule together. In an anti-bonding orbital the two 

wave functions cancel each other out in the region between the nuclei such that the 

electrons do not shield the repulsive force between the nuclei. For molecular orbitals 
with cylindrical symmetry, the bonding and anti-bonding orbitals are given the symbols 

cr and cr respectively. Orbitals which exist either side of the long axis of the molecule 

and do not have cylindrical symmetry are referred to as n orbitals, with the symbols tt 

for the bonding orbital and ïï for the anti-bonding orbital. Figure 2.1.3. shows 

schematically how atomic orbitals of the atoms can combine to form molecules.
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Figure 2.1.3. Schematic representation of the linear combination of atomic orbitals showing how 
5-orbitals and p-orbitals combine to form bonding or anti-bonding orbitals.

Molecules are further classified into homonuclear and heteronuclear types. A diatomic 

linear homonuclear molecule is composed of two identical atoms and has its centre of 
symmetry in the centre of the bond between them. A diatomic linear heteronuclear 

molecule has no such symmetry about its bond. The \sa  orbitals in a diatomic 

homonuclear molecule are unaffected by an inversion and are known as even. They are 

labelled \s<jg, where g = gerade (even). The Ucr orbitals are anti-symmetrical under 

inversion and are known as odd. They are labelled \scju, where u  ̂ungerade (odd).
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Similarly, for 2p orbitals, the labelling is 2pOg and 2 /7cr*„. For n  orbitals the bonding 

orbitals are odd, so the labelling becomes 2 p7T„ and 2p7ig.

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 

Bom-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, 'F, can be factorised:

= eqn (2 .2 .1 .)

where xffe is the wavefunction describing the molecule’s electrons as a function of the 

electron’s and the nuclei’s coordinates and i//n 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 Eg is the molecule’s electronic energy and En 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:

¥n=W.Wr eqn (2.2.3.)
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which means the nuclei’s energy is found from

eqn (2.2.4.).

where & is the molecule’s vibrational energy and Er its rotational energy. The 

molecule’s total wavefunction is now:

= eqn (2.2.5.)

which means that the molecule’s total energy can be found from summing the

individual contributions from the electronic, vibrational and rotational energy of the
molecule, eqn (2.2.6.).

^  ~~  • ^ e le c t ro n ic  ^  -^ v ib ra tio n a l  ^ r o t a t i o n a l  e q n  ( 2 . 2 . 6 . ) .

2.2.1. R otational Excitation

To calculate the rotational energy, Ej, of a diatomic molecule, a method known as the 

Rigid-Rotor Approximation may be used. This method assumes that the distance 

between the two atoms is fixed, the bond between them behaving like a rigid bar. Figure
2 .2 . 1.

Figure 2.2.1. The rigid-rotor approximation for a diatomic molecule.

From the Schrodinger equation, the allowed the energy levels for the rigid-rotor system 

are

Ej -  BhcJ(J f l) Joules or
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Ej = BJ{J +1) cm ’ eqn (2.2.7.).

B is the rotational constant and is given by

B = —\ — cm'̂  eqn (2.2.8.)
8 ;r Ic

where h is Planck’s constant and c the speed of light. /  is the moment of inertia of the 

rotor from

I _ _Î!VÜ2 _ ^ 2  _ ^ ^ 2  eqn (2.2.9.)
mj +

where jJ, 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

Ej = B h c j[j + 1) -  DhcJ^{j + l)̂  Joules eqn (2.2.10.).

D is known as the centrifugal distortion constant given by

D = ----------- — cm'̂  eqn (2.2.11.)
32n^l^r^kc

and k is \he, force constant, equal to

k = An^m^c^pi N m'̂  eqn (2.2.12.)

where m 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 Ay = ±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, T, the relative populations 

between two of its rotational or vibrational states, N\ and N2 , can be found from the 

Boltzmann distribution

—-  = exp 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 H2 , the two protons which constitute the molecule’s nuclei each have 

spin, \  of ±V2 . 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 = (21 + 1), so the spins opposed state (I = 0) is 

a singlet state known as para-hydrogen and the spins aligned state (1= 1 ) is a triplet state 

known as orf/io-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, 7 = 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, 7 = 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

^ 2  _ + 1)
iV, g ,(2 / .+ l)

eqn (2.2.14.)

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  = -k (r-r^ q )  N eqn (2.2.15.)

where k is the force constant as before, r is the intemuclear 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

E = 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

OSC 27r\ju

cm'' eqn (2.2.17.),
27Tc \  jX

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

(v + X) Joules or

=G7osc(̂  + X) cm'̂  eqn (2.2.18.)

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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Figure 2.2.2. The harmonie oscillator potential for a diatomic molecule.

Unfortunately, real diatomic molecules do not obey Hooke’s law. Instead an expression 

for the potential energy known as a Morse function, after P. M. Morse [1], can be used

^ = Aq -  exp[̂ /(̂ eq -  '') } Joules eqn (2.2.19.).

Dcq is the dissociation energy and a is a constant for the particular molecule. The Morse 

function is a potential for an anharmonic oscillator and describes, to a good 

approximation, the potential energy curve for a diatomic molecule. The repulsive part 

of the function arises principally from the repulsion between the atom’s electron clouds. 

Figure 2.2.3 shows a typical Morse potential.

E

r
Figure 2.2.3. The Morse potential for a diatomic molecule.

When the Morse function is used in the Schrodinger equation, the allowed energies for 

the vibrational energy levels become
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Ey = (v + -  (v + cm eqn (2.2.20.)

where Xg is an anharmonicity constant. As v increases, the vibrational energy levels get 

closer together. The selection rule for the anharmonic oscillator is Av = ±1, ±2, ±3... 

and the transition probability decreases as Av increases. Figure 2.2.4. shows the 

probability distribution of the vibrational wavefunctions for H] at room temperature. It 
can clearly be seen that the value of the vibrational quantum number affects the 

intemuclear separation of the molecule. This in turn affects the probability of 
vibrational transitions to higher electronic states as discussed in section 2.2.5.

Energy

r

Figure 2.2.4. How the probability density of the vibrational wavefunction varies with vibrational 
quantum number for a diatomic molecule.

2.2.3. R ovibrational Structure for a Diatom ic M olecule

If a molecule is undergoing both rotations and vibrating, then its total energy 

(neglecting the electronic contribution) can no longer be found by summing the separate 
rotational and vibrational energy components, eqn (2.2.21.).

^ t o t a l  ^ r o t a t i o n a l  ^ v ib r a t i o n a l eqn (2.2.21.).

A diatomic molecule vibrates typically about 10̂  times during one rotation. This affects 
its bond length and hence its moment of inertia. Equation (2.2.8.) shows that the 

molecule’s rotational constant, B, is dependent on its moment of inertia and as the 
vibrational energy of a molecule increases, so does its bond length. This means B is 

also dependent on the molecule's vibrational quantum number. The higher the
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vibrational quantum number, the smaller B becomes. A correction term is used to 

compensate for this:

B = B^- a{v + X) cm' eqn (2.2.22.)

where Be is the equilibrium value of B and a  is a constant for the molecule. The 

rotational energy levels for a molecule are then given by

E ^ ( j ,v )= [B ,-a (v  + y i) \j{ j  ^ - \ ) - D J \ J -^\Y cm-' eqn (2.2.23.).

The two motions interact with each other producing a rovibrational structure consisting 

of many rotational levels for each vibrational level, Figure 2.2.5.

j"
-------------------------------------------------------  5 — I

v=0

-------------------------------------------------------  3
  2
  0  '

Figure 2.2.5. Schematic showing several rotational energy levels within the first vibrational 
energy level o f  a diatomic molecule.

The selection rules for transitions remain the same as for the separate rotational and 

vibrational excitation, e.g. AJ= ±1 and Av = ±1, ±2, ±3...

For a diatomic molecule absorbing more than one photon, e.g. during a multiphoton 

process, it may be possible to have AJ = ±2. Spectral lines arising from specific AJ 

values are then labelled as shown in Table 2.2.1.

Table 2.2.1. Labelling o f  A J transitions for a diatomic molecule.

A/ Label

- 2 0  - branch

-1 P - branch

0 Q - branch

+ 1 R - branch

+ 2 S - branch
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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, X. This takes positive integer values or is 

zero and is related to the component of orbital angular momentum, /%, along the 

molecules’ bond:

/z = 0, ±1, ±2, ±3,... eqn (2.2.24.)

A = 0, ±1, ±2, ±3,... eqn (2.2.25.)

symbol: cr, n, 5, (j>,...

The total axial component of angular momentum is then

A = |ZA,. I eqn (2.2.26.).

A = 0, 1, 2, 3,... and are correspondingly labelled Z, II, A, Y , ...

The total spin angular momentum, S, is given by ^Js{S + 1) where the total spin

quantum number, S, takes values of 0 or V2 . The spin multiplicity for molecules is 2S + 

1, creating either singlet or triplet states. This is denoted by a superscript at the far left 

of the label, e.g. or Ẑ. More important for molecules is the axial component of spin. 

This takes the symbol cr for a single electron or Z for more than one electron. Its 

multiplicity is the same as for S, e.g. 2Z + 1. The axial component of the total angular 

momentum is then given by

^  = IA + Z| eqn (2.2.27.).

For homonuclear molecules this is added to the state label as a subscript to the far right, 

e.g. Ẑi although usually this is ignored and the parity of the orbital, gerade (g) or 

ungerade(u) is used instead, e.g. ’Ẑ . 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

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, ±1. eqn (2.2.30.).

Also the following symmetry changes cannot take place during electronic transitions

^  , g<r  ̂g and u<r^u.

The selection rule for rotational levels can now be modified so that A/ = ±1 for

transitions of type Ẑ —> ̂ Z and A/ = 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 intemuclear 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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Figure 2.2.6. How a vibrational transition occurs according to the Franck-Condon principle. 

2.2.6. Ionisation and Dissociation

If a molecule absorbs a photon of sufficient energy it can have one of its valence 

electrons excited to a state where it is removed from the molecule. This is known as 
ionisation. Excitation of a valence electron can also lead to the molecule dissociating. 

If a molecule is excited to a higher electronic state with an equilibrium separation 
greater than the lower state, then it is possible that the excited electronic state will have 

an energy higher than the molecule’s dissociation limit and the molecule will break 

apart. Figure 2.2.7.

Energy

r

Figure 2.2.7. Dissociation by excitation to a higher electronic state with greater intemuclear 
separation.
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A molecule can also be dissociated through electronic excitation to a continuum state. 

As the continuum state has no minimum, it is unstable and the molecule breaks apart. 

Figure 2.2.8.

Energy

Figure 2.2.8. Dissociation through electronic ionisation to a continuum state.

If the Morse curves of two electronic states overlap, then it is possible for a molecule 

undergoing a vibrational transition to be excited into a different electronic state. If the 

state excited to is a continuum state then the molecule can dissociate. This process is 

known as pre-dissociation. Figure 2.2.9.

Energy

r

Figure 2.2.9. Pre-dissociation caused by vibrational excitation into an overlapping contiuum 
electronic state.
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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, 9, is:

0 = - ^  eqn (2.3.1.).

Ns 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 Ns is proportional to the pressure, P, of the adsorbate species giving the general 

relationship

P = kO eqn (2.3.2.)

where A: 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 = P(l -  0) eqn (2.3.3.)

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

found from

36



rate of desorption = kdO eqn (2.3.4.)

where kd 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 {l-0 )  = k^e 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 6

e = - ^ p \ 1 + ̂ P
-1

KP
= --------  eqn (2.3.6.)

l + KP

ka
where K  = —  . Eqn (2.3.6.) is known as the Langmuir Adsorption Isotherm for

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

phenomenologically, by an Arrhenius type expression

kj = A exp
-E ^ \
 ^  eqn (2.3.7.)

RT

where -Edes is the activation energy for desorption of an adsorbate from the surface and 

A is 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, IsHa- Generally, physisorption occurs when -Affg < 35 kJ mol'  ̂ and

chemisorption occurs when -tsHa > 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\

S = ---------- rate o f adsorption---------- (2 . 3  .8 .)
rate molecules collide with surface

or

5 = S „ ( l-0 )  eqn (2.3.9.)

where So 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, r, and has an Arrhenius-like temperature 

dependence

T = Tq exp( - E des

RT
eqn (2.3.10.).

The pre-exponential factor. To, for a physisorbed state is of the order of the vibrational 

life-time of the bond between the adsorbate and surface, typically 1 0 '̂  ̂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 H2 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 modem, widely accepted theory for H2 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, modem 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 H2 recombination occurs.

3.2. Objectives of the UCL Cosmic Dust Experiment

The experiment’s primary goal is to probe the intemal 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 H2 which has recombined on the target desorbes and is quantum state- 

selectively photoionised by a tuneable laser.

3. The H2  ̂ ions are analysed by a time-of-flight mass spectrometer and the counts 

recorded.

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

and laser spectroscopy.

3.3. Vacuum System

To recreate the conditions of the interstellar medium where H2 recombination takes 

place is a major experimental challenge. To accurately simulate these parts of the ISM
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requires pressures of 1x10'̂  ̂Terr (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.

T ab le  3.3.1. D ifferent categories o f vacuum  and their associated pressures

Vacuum type Pressure regime Particles m at 295K
Low atmosphere -  1 Torr 2.5x10“  - 3.2x10“

Medium 1 Torr - 1x10'  ̂Torr 3.2x10“  - 3.2x10'’
High 1x10'  ̂Ton- - IxlO'* Torr 3.2x10” - 3.2x10'“'

Ultra-High 1x10 * Torr - Ix io  " 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

/ = — 7=— -  m eqn 3.3.1
n-JlTid̂

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 1x10^ 

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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3.3.2. Pumping Systems

As the gas particles are under viscous flow conditions down to pressures of around 

IxlO'  ̂Torr they can readily be pumped in this pressure regime by a displacement pump 

such as a rotary pump. Once pressures get below about 1x10'  ̂Torr and the particles are 

in molecular flow conditions, a molecular drag pump such as a turbo-molecular pump 

(or turbo pump) is needed. A typical turbo pump consists of a stack of fan like blades 

mounted one on top of the other which rotate through a stator, Figure 3.3.1. The blades 

are rotated at a speed similar to the magnitude of the speed of the gas particles to be 

pumped, typically 40,000 rpm for a 400 1 s'* pump. The blades of the fan hit the gas 

particles providing a momentum in the direction of the pump. The blades of the turbo 

pump are designed so that the gas density increases through the pump until viscous flow 

is reached. The outlet of the turbo pump can then be attached to a rotary backing pump 

to remove the pumped gas.

Vacuum face

Stator

To rotary backin g  pump

Rotor and blades

F igure 3.3.1. Schematic o f a turbo molecular pump

A Titanium Sublimation Pump (TSF) is also used on the cosmic dust experiment. This 

is operated when the chamber is already under high vacuum conditions (i.e. 1x10'  ̂

Torr). The pump contains a titanium-molybdenum filament through which a current of 

around 45 amps is passed. Titanium vapour from the filament is deposited on the 

surface of the pump which reacts with the surrounding gas to form stable compounds. 

The pump is cooled with an ethanol jacket maintained at -50°C as its pumping 

efficiency increases as the temperature of the pump’s surface is lowered.
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3.3.3. Vacuum Chambers

The vacuum system consists of three stainless steel chambers sealed with confiât 

flanges, Figure 3.3.2. The chambers are all pumped with turbo-molecular pumps and 

the final reaction chamber is additionally pumped with a three filament titanium 

sublimation pump to achieve ultra-high vacuum conditions.

Reaction Chamber

Chopping ChamberSource Chamber

O

O

Turbo pumps

Sublimation
Pump

Figure 3.3.2. The three vacuum chambers showing pumps

The source and reaction chambers are both pumped with turbo-molecular pumps with 

pumping speeds of 400 Is ' (Leybold Turbovac 361). The chopper chamber is pumped 

with a turbo-molecular pump with a pumping speed of 205 Is'' (Leybold Hy.cone 200). 

All the turbo pumps are backed with two-stage Leybold rotary pumps. The pressures of 

the source and chopping chambers are monitored with Penning gauges (Leybold 

PTR225) and the pressure in the reaction chamber is monitored with a hot filament ion 

gauge (Leybold ITR 100). The chambers are connected so that apertures can be placed
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between them for differential pumping. Full baking of the chambers to remove water 

vapour cannot be carried out due to some of the equipment mounted in situ having 

indium seals. Instead, high intensity bulbs of the type used in projectors are mounted 

within the chambers to give a limited amount of baking without melting any equipment. 
The chambers are mounted on an aluminium frame.

3.4. Atomic Hydrogen Beam

The experiment to study the recombination of atomic hydrogen on cosmic dust 
analogues requires a beam of atomic hydrogen. This section describes how a useable 
atomic hydrogen beam is produced.

3.4.1. M icrowave Discharge Source

An atomic hydrogen beam is produced through the microwave dissociation of Hi. High 

purity (99.9995%) H] is passed into a Pyrex discharge cell of length 260 mm, outer 
diameter 25.5 mm and wall thickness 2 mm. Surrounding the discharge cell is a 

cylindrical two-piece slotted radiator of the type developed by McCullough et al [3, 4]. 
The radiator is made from copper of thickness 5 mm and its internal diameter is 26 mm 

ensuring a close fit around the discharge cell. Each half of the radiator has two sets of 2 
mm wide slots, each with two 54 mm lengths connected by a short 7 mm joining length 

at the top Figure 3.4.1.

N-t\pe BNC 
connector

Figure 3.4.1. One half of the microwave radiator showing the two sets of slotted lines.

When microwaves are fed into the radiator, a potential difference is established between 

the slot walls. The superposition of the potential differences from the four radiator slots 

causes a resultant electric field inside the discharge cell. Electrons oscillate back and
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forth in this electric field, creating a plasma, and dissociating the molecular hydrogen 

gas through collisions. The length of the radiator slots is chosen so that the midpoints 

of the two slots on each half of the radiator are half a wavelength apart and the ends of 

each slot are % of a wavelength from the midpoint of the adjacent slot. This sets up a 

standing wave that couples the microwave power into the discharge cell efficiently. 

Microwaves of frequency 2.45GHz and powers of up to 175 Watts are used.

The microwaves are supplied to the radiator by an EMS Microtron 200 oscillator using 

Sucoflex waveguides with N-type BNC connectors. Any gaps in the outside of the 

radiator are sealed with copper tape. It was found that choosing the waveguide lengths 

to make the two halves of the radiator 180® out of phase increases the power coupled 

into the discharge cell and reduces reflected microwave power to less than 10%. The 

radiator has a water cooled copper flange at each end to keep the discharge cell cool as 

the probability of H] recombination on the cell’s surface increases with temperature [5]. 

Figure 3.4.2. shows the atomic hydrogen source assembly.

Discharge cell

Cooled flanges

Radiator

Waveguides

O-ring seal

Confiât flange

Figure 3.4.2 The atomic hydrogen source
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The discharge cell was soaked in ortho-phosphoric acid (H3PO4 ) for 12 hours and rinsed 

with distilled water prior to use to passivate its surface [6 ]. The hydrogen atoms leave 

the discharge cell through a 1 mm wide capillary of length 20 mm. As discussed later 

in section 5.5.1. the hydrogen source needs running in over a period of several days to 

achieve its optimum working conditions. To allow the source to be left on continuously 

and unattended, a safety trip was constructed. This contains a sensor to cut the 

microwave power if the discharge cell becomes too hot, a light sensor that cuts the 

microwave power if the discharge has gone out and a valve that seals the H2 cylinder if 

the trip activates.

3.4.2. H2 Gas Manifold

Molecular hydrogen is let into the discharge cell through a simple gas manifold. Figure

3.4.3. The tubing used is a mixture of % inch PTFE, stainless-steel and glass with 

Swagelock fittings. A Cajon o-ring seal connects the tubing to the discharge cell. A 

rotary pump with a liquid nitrogen vapour trap and a zeolite foreline trap to stop any 

unwanted gas vapours entering the vacuum system, pumps the hydrogen gas line.

f  To discharge

Needle valve

Zeolite trap

Liquid nitrogen vapour 
trap

= valve
Rotary pump

= pirani gauge

F igure 3.4.3. Schematic o f the H 2 gas manifold.
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3.4.3 Transportation of the Atomic Hydrogen Beam

Once the hydrogen molecules have been dissociated in the diseharge cell, they exit 

through the cell’s capillary as a sub-sonic atom beam. The atomic hydrogen source is 

mounted via a confiât flange on top of the source chamber. This means that the 

hydrogen atom beam exits the discharge cell at 90® to the direction that it needs to flow 

to reach the cosmic dust target. This is advantageous as it stops any stray light from H2 

recombination in the discharge cell getting into the reaction chamber. However, it also 

means that the beam has to be transported through 90® for it to be pointing in the correct 

direction. A piece of PTFE tubing of intemal diameter 5.4 mm is used to direct the 

hydrogen atom beam. One end of the tube fits snugly over the capillary of the discharge 

cell, the other end is attached to an aluminium block. Figure 3.4.4. PTFE is used to 

transport the hydrogen atom beam as it is highly inert, has good vacuum characteristics 

and has a very low H2 recombination probability on its surface [7].

Discharge
cell

W a

PTFE tube To reaction
chamber 

 ►

Aluminium block 
mounted on end of 
cold head

Figure 3.4.4. Arrangement o f atomic hydrogen source PTFE atom beam transport 
tube and aluminium block

The aluminium block is 100 mm long with a 5 mm diameter hole bored straight 

through. The cold-head to which the aluminium bloek it is attached lowers its 

temperature to around 110 K. Collisions with the block’s surface will translationally 

cool the H atoms. Also, any vibrationally excited H2 that emerges with the H atoms 

from the discharge cell is cooled through collisions with the block’s surface. This 

means that the background gas is not vibrationally excited which is important for the 

measurement of quantum state populations. Aluminium is chosen as the material for 

the block as the probability for recombination on its aluminium oxide surface is very
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low at 110 K [7, 8 ]. The aluminium block is designed so that a further piece of PTFE 

tubing can be fitted into its other end to transport the hydrogen atom beam into the 

reaction chamber, or even up to the surface of the cosmic dust targets.

3.4.4. Beam Chopping System

The second vacuum chamber contains a mechanical beam chopper. This is to provide 

short pulses of hydrogen atoms into the reaction chamber so that Hz recombination 

reactions can be studied as a function of time. The chopper consists of an array of four 

“tuning forks”. These tuning forks have two electromagnetically driven paddles that 

move apart creating an aperture and then move back again at a set frequency, Figure

3.4.5.

2
Figure 3.4.5. One cycle o f a tuning fork chopper.

The tuning forks used have frequencies of 10, 15, 40 and 80 Hz and are mounted in a 

line one after the other in the path of the atomic hydrogen beam. This arrangement 

gives a ~ 5 ms pulse every ~ 200 ms. The tuning forks are attached to a manipulator 

and can be moved out of the beam path if necessary.

3.5. Time-of-Flight Mass Spectrometry

Time-of-flight (TOF) Mass Spectrometry is a sensitive yet relatively simple way of 

detecting and identifying ions. The experiment described in this thesis uses a TOF mass 

spectrometer to detect Hẑ  that has been ionised after desorbing from the surface of 

cosmic dust targets.
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3.5.1. Underlying Principles

Time-of-flight mass spectrometry uses a combination of electrostatics and Newtonian 

mechanics to determine the mass of an ion, A TOF mass spectrometer has several 

advantages over other types of mass spectrometers. They are relatively simple 

instruments; the spectrometers do not require accurate magnetic fields, have no moving 

parts and are compact in size, often less than a metre long. Cycle times are fast, 

typically of the order of a few microseconds and complete mass spectra can be recorded 

for a single event. TOF mass spectrometry is also particularly well suited for 

measurements from pulsed ion sources such as those provided by a pulsed laser.

A TOF mass spectrometer uses a series of electric fields to accelerate ions into a region 

of uniform potential known as the drift tube. As all the ions have been accelerated by 

the same electric fields, they all have the same kinetic energy. This means that ions of 

different mass will travel along the drift tube at different speeds, arriving at the end of 

the drift tube at different times. Hence by measuring the time of flight of an ion through 

the drift tube, its mass can be determined. It can be shown (Appendix A) that the time 

of flight of an ion, t, and its mass, m, are related through the expression

t = k 4 m + C  eqn (3.5.1)

where A is a constant related to the magnitude of the electric fields and physical 

dimensions of the spectrometer and C is a constant from the electronic timing system.

The resolution of a TOF mass spectrometer is affected by two conditions: space 

focusing and energy focusing. Space focusing deals with the problem that it is unlikely 

that all of the ions entering the drift tube are ionised a constant distance, So, away from 

it. Ions that are accelerated at a distance < will eventually be overtaken by ions that 

were accelerated a distance > as these ions will have been accelerated for longer and 

have correspondingly higher kinetic energies. This results in ions of the same mass 

having a spread of energies and hence flight times, which can make it hard to separate 

ions of adjacent mass. This is dealt with by setting
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d t]
ds

= 0 eqn (3.5.2)
/'o

to find the position at which the ions whoes initial distance from the drift tube is 

5  = 5 ,̂ ± j&pass ions which started a distance 5  = 5 o from the drift tube (Appendix B).

The electric fields outside the drift tube can then be manipulated to focus ions of the 

same mass so that they arrive with a small spread of flight times.

Energy focusing in a TOF mass spectrometer is a way of attempting to overcome the 

problem of ions of the same mass having different initial kinetic energies. For example, 

consider two ions of the same mass with the same kinetic energy moving in opposite 

directions when the accelerating electric field is applied.

The ion initially moving away from the drift tube will be decelerated by the electric 

field until it stops. It will then be accelerated back in the direction of the drift tube until 

it is travelling with the same speed as the ion that was initially travelling towards the 

drift tube, Figure 3.5.1.

G >
Drift tubeCq

E+V
Figure 3.5.1. Schematic diagram showing the paths of two ions with opposite initial 
velocities.

This means that there is a characteristic time lag between the ions known as the “turn 

around” time. This time lag can be minimised through energy focusing. Energy 

focusing is generally harder to achieve than space focusing as it requires manipulation 

of the physical dimensions of the spectrometer itself, namely the drift tube length and 

size of the ionisation and acceleration regions.

51



3.5.2. Construction of the TOF Mass Spectrometer

The TOF mass spectrometer used on the Cosmic Dust experiment is based on the two 

field design first conceived by Wiley and McLaren [9] and is shown schematically in 

Figure 3.5.2.

MCP

Drift tube

Anode

Middle plate

Repel 1er plate

Figure 3.5.2. Schematic diagram showing the physical arrangement of the TOF mass 
spectrometer (note; not to scale).

The TOF spectrometer consists of a solid stainless steel repel 1er plate of diameter 50 

mm to which an accelerating electric potential is applied. Mounted on ceramic rods 30 

mm above the repeller plate is the middle plate. This consists of a steel disc of diameter 

50 mm with a central hole 32 mm in diameter. A grid of very fine wire mesh covers the 

hole. This allows 98% transmission of ions whilst allowing a uniform electric potential 

to be applied across the middle plate. A further 30 mm above the middle plate is the 

drift tube. The drift tube is 360 mm long and has fine wire mesh coverings at either end 

to make sure there is a homogeneous electric potential over its entrance and exit.

Mounted 5 mm above the exit of the drift tube is a microchannel plate (MCP). The 

MCP consists of a surface of diameter 30 mm which is covered in 10 pm wide glass 

channels. The channel walls are coated in an alkali doped silica-rich compound with a
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very low work function. When ions hit the MCP they collide with the walls of its 

channels releasing electrons. These electrons in turn release more electrons through 

collisions with the channel walls until a cascade of electrons leaves the upper surface of 

the MCP, typically IxlO"̂  electrons per ion. A small negative potential, usually -50 V, 

pushes the electrons away from the MCP’s upper surface where they are then incident 

on an anode mounted 5 mm above it. The signal received by the anode is then sent to 

the timing electronics described in section 3.5.3.

The principal methods of ionisation used in the Cosmic Dust experiment are electron- 

impact ionisation from an electron gun and photoionisation from a pulsed laser. These 

two types of ionisation require different potentials to be applied to the TOF mass 

spectrometer. When using the laser, the potentials are set as shown in Figure 3.5.3a. 

The repeller plate is grounded to stop any photoelectrons released from the chamber 

surfaces from the incoming laser light impacting on the repeller plate and creating ions. 

For electron impact ionisation, the repeller plate receives a pulsed +400 V potential and 

the middle plate is set to 0 V, as shown in Figure 3.5.3b, to make sure electrons enter 

the ionisation region. The front of the MCP is set to -1900 V which makes sure that the 

ions are all pulled on to it from the drift tube and its back plate has a small negative 

potential to push the electrons it releases towards the anode. The drift tube potential is 

set for the best space focusing.
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-1800 V

-50 V -50 V

-1900 V -1800 V-

-1400 V

—  -400 V 0 V

—  0 V -1400 V-

Figure 3.5.3a. TOF potentials for 
photoionisation.

Figure 3.5.3b. TOF potentials for 
electron-impact ionisation

3.5.3. Timing Electronics

To record a mass spectrum from the TOF mass spectrometer requires a set of 

amplification and counting electronics, as well as pulse generating equipment. The set 

up for recording mass spectra depends on the form of ionisation.

For electron impact ionisation, a pulse generator (Stanford DG535) sends an electronic 

switch a signal to apply the TOF mass spectrometer repeller plate potential. 1 ps later, 

the pulse generator then sends a time-to-digital converter (TDC) (LeCroy 4028) a 

“start” signal which starts a “look window”. After a further 13 ps the pulse generator 

then sends the TDC a “reset” signal that stops it from recording events for that repeller 

plate pulse. During this look window the TDC receives the ion signals from the TOF 

mass spectrometer, and is able to detect up to eight events for each “start” thus 

maximising the counting efficiency. Before reaching the TDC, the ion signal from the
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anode is first passed through a simple impedance matching circuit and a fast pre

amplifier (Ortec VT120). The signal is then sent to an amplifier (Ortec 574) and a 

constant fraction discriminator (CFD) (Ortec 935) to give pulses suitable for the TDC. 

The counts from the TDC are sent via a CAMAC/GPIB interface to a PC where they are 

displayed as a histogram of counts against flight time.

All of the delays for the signals sent by the pulse generator are relative to its own 

intemal start trigger, Tq. After the reset signal has been sent the cycle repeats from To 

again. The delays and “look window” can be seen on a fast three-channel oscilloscope, 

shown schematically in Figure 3.5.4.

To

N/

Look window

\ /

t
Noise from  repeller puiser

Ion signals

Time
■>

Figure 3.5.4. How the order o f pulsing and ion detection are related to each other 
(not to scale in tim e or pulse height).

For photoionisation from a pulsed laser, the timing electronics are set up as before but 

the repeller puiser is not used as the laser provides the pulsing. The laser also provides 

the To trigger telling the pulse generator to start the timing cycle instead of using the 

pulse generator’s intemal trigger as with the electron impact method. A block diagram 

of the timing electronics is shown in Figure 3.5.5.
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Impedance -------- ► Pre-amp ------- ► Amplifier
matcher

TOF
CFD
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Repeller
voltage
switch
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generator

Laser
trigger

K ey ;

Electron-impact
ionisation only

Laser photoionisation
only

Common to both
ionisation methods

Figure 3.5.5. Block diagram o f the tim ing electron les for the TOF mass spectrometer.

3.5.4. Identification of Detected Ions

The spectrometer was calibrated by letting a small amount of dry air into the reaction 

chamber and ionising the species present using 300 eV electrons from the electron gun 

mounted in the reaction chamber described in section 3.6.2. It was then easy to pick out 

the peaks caused by N] and O]. Applying eqn (3.5.I.)/eqn (Al) (Appendix A) for these 

molecules gives a pair of simultaneous equations which can be solved for the constants 

k and C. Now that these constants are known for the TOF system, eqn (3.5.1.)/eqn (Al)
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can be used to identify other masses in the TOF spectrum from their flight times. 

Figure 3.5.6. shows a typical calibration mass spectrum.

20000 T 
_  18000
1  16000
= 14000
2 12000 4 
I  10000 
^  8000 
15 6000 
w 4000 
^  2000

0

x20

<  >
tr ■̂ 20 H2O+ (x20)

<  >  N+
O2

A r'

3 4 5

Time of flight / p s

Figure 3.5.6. Calibration TOF mass spectrum ionised using the electron gun.

Figure 3.5.7. shows a mass spectrum for flight times of 0 - 2 ps showing peaks for 

and ions. It can be seen that the resolution of the TOF spectrometer is suitable for 

clearly distinguishing between ions of low mass, the and peaks being 0.4 ps 

apart. The maximum resolvable mass of the TOF mass spectrometer (Appendix B) is % 

43, which means the spectrometer is suitable for identifying small molecules as 

designed.
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Figure 3.5.7. Calibration TOF mass spectrum ionised using the electron gun over 0 - 2 ps.
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3.6. Electron Impact Ionisation

One of the sources of ionisation used on the cosmic dust experiment is electron impact 

ionisation. This is not a quantum-state-selective ionisation method, but is useful in 

determining the total amount of a species present and for testing the resolution of the 

TOF mass spectrometer as shown in section 3.5.4.

3.6.1. Underlying Principles

If an electron, e‘, of suitable energy Ei, is incident on a molecule AB, then the following 

inelastic scattering processes can occur:

e'(Ei) + AB —> e'(Ei - E) 4- e'(E2) + AB  ̂ Electron Impact Ionisation

e'(Ej) + AB —> e'(Ei - E) + AB* Electonic Excitation

e'(Ei) + AB —> e‘(Ei - E) + A + B* Dissociative Excitation

e'(Ei) 4- AB -> e' (E, - E) 4- e‘(E2) 4- A 4- B'̂  Dissociative Ionisation

e’(Ei) 4- AB [AB ] —> A' 4- B̂ *̂  Dissociative electron attachment.

There are also elastic and super elastic scattering processes:

e‘(Ei) 4- AB —> e'(Ei) 4- AB Elastic Scattering

e'(Ei) 4- AB* —> e" (Ei 4- E) 4- AB Super Elastic Scattering.

(* denotes an excited state, E is the energy lost or gained by the scattered electron and E2 

is the energy of a liberated secondary electron.)

To ionise a gas by electron impact ionisation requires a beam of electrons of energy >

the ionisation energy of the gas molecules. Some of the other processes may also occur

depending on the properties of the gas molecule the electrons are incident on. This
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means that in a time-of-flight mass spectrum of a gas ionised through electron impact, 

dissociation fragments and traces of the electron attachment processes will also be 

observed in proportion to their relative partial cross-sections.

3.6.2. Electron Gun

To generate a source of electrons capable of performing electron impact ionisation, an 

electron gun has been constructed. The first part of the gun is a 0.125 mm diameter 

thoriated tungsten filament through which a current of up to 1.8 amps is passed. The 

current heats the wire up and free electrons are emitted through thermionic emission.

To steer the electron beam generated by the filament, a series of electrostatic lenses are 

used. The lenses are cylindrical, with outer diameters of 10 mm and inner diameters 8  

mm and are mounted with 2 mm gaps between them. The filament is mounted inside a 

cathode housing, and the electron beam leaves the gun through a 0.5 mm inner diameter 

hypodermic needle mounted in a brass holder in the end of the final lens. The electron 

gun lenses are shown in Figure 3.6.1. and in cross section in Figure 3.6.2.

14 mm 8.5 mm 
<  >  <  >  ^

31 mm 15 mm 
 >

Cathode Lens 1 
housing

Lens 2 and needle

Figure 3.6.1. The electron gun lenses.

Figure 3.6.2. Cross section of the electron gun lenses showing the filament.
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The configuration of the electron gun was developed through computer simulations 

using the SIMION program [10] and is designed to focus a narrow beam of electrons 

through the ionisation region of the TOF mass spectrometer. The potentials supplied to 

the lenses are with respect to the bias applied to the filament. The cathode housing is 

made slightly more negative than the filament and lens 1 was adjusted to focus the 

electron beam. A simple Faraday cup is mounted on the other side of the TOF mass 

spectrometer to measure the electron current passing across the ionisation region. 

Currents recorded are of the order of nano-amps. The best results are obtained when 

lens 2 and the needle are grounded. Typical values for the potentials used are shown in 

Table 3.6.1.

Table 3.6.1. Typical potentials used on the electron gun

Electron gun element Potential applied / V

Bias/filament -309.5

Cathode Housing -310.4 V

Lens 1 -110.0 V

Lens 2 and needle grounded

3.7. Cryogenic Systems

As discussed in section 1.4.1., the molecular clouds and dust where much of the H2 

formation in the ISM is thought to occur are at temperatures of around 10 K. This 

means that any experiments to investigate the H2 formation mechanism in the ISM need 

to be carried out with the dust targets at comparable temperatures. A closed-cycle 

helium compressor and two cryogenic cold heads are used on the cosmic dust 

experiment to achieve the low temperatures required.

3.7.1. Principles of Closed-Cycle Cryogenic Temperature Generation

The closed-cycle cryogenic system uses a thermodynamic cycle that utilises the 

Gifford-McMahon principle to produce low temperatures. This works in the following 

way;
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1. Helium gas is compressed.

2. The warm helium gas is passed through a heat exchanger at constant volume where 

it cools.

3. The cold, high-pressure helium gas enters the cold head where it drives a piston 

(displacer) outward. As the piston moves the cold head’s intemal volume increases, 

hence the gas expands and cools, cooling the cold head.

4. The low pressure gas returns to the compressor for another cycle.

The system is convenient as it doesn’t require filling with liquid helium and can mn for

long periods before the helium needs replenishing.

3.7.2 Properties of the Cold Heads

The cryogenic system consists of a 60 kW helium compressor (Leybold RW6000) 

containing 16 atmospheres of helium, which drives a pair of two-stage cold heads 

(Leybold RG210 and RG1245). The cold heads have separate displacers for both 

stages. The RG210 cold head is used to cool the aluminium block discussed in section

3.4.3. It has a 12 W first stage and a 2 W second stage and cools the aluminium block 

assembly to around 110 K in about 12 hours. Unloaded, it can reach temperatures of 

about 20 K in around 30 minutes. The RG1245 Cold head cools the cosmic dust grain 

target and target mount described in section 3.9. It has a 45 W first stage and a 12 W 

second stage and will reach temperatures of around 10 K in about 30 minutes unloaded 

and in about 45 minutes with the target mount in place. The temperatures are measured 

with silicon thermodiodes mounted on the cold head second stages.

3.8. Manufacture of the Cosmic Dust Targets

Due to the difficulties inherent in obtaining cosmic dust, the targets used in the cosmic 

dust experiment are artificially manufactured in the department of Electronic and 

Electrical Engineering at UCL [11 - 17]. The targets are manufactured using a 

technique known as Chemical Vapour Deposition (CVD) [18 - 20] which produces
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carbon films, with approximate thickness 0 . 2  pm, of controllable allotropie ratios on a 

glass substrate.

3.8.1. Diamond and Graphite Allotropes of Carbon

Carbon can exist in more than one structural form the most common allotropes being 

graphite and diamond. Graphite and diamond are distinct from each other in the way 

their constituent carbon atoms are bonded and this gives them very different physical 

properties. Table 3.8.1.

Table 3.8.1. Some o f the physical properties o f  Diamond and Graphite at 293 K.

Property Diamond Graphite |

Density / kg m' 3513 2260

Resistivity / Q cm -1x10^ -1x10“̂

Thermal conductivity / W m'‘ K"' 2x10  ̂ 140

Bulk Modulus / GPa 1200 33

The in plane bonds between carbon atoms in graphite form from a combination of one 

atomic .y-orbital and two atomic p-orbitals and are known as sp  ̂ hybridised bonds. 

Figure 3.8.1.

I I v|/ = positive 

Q  Y = negative

Figure 3.8.1. sp  ̂ bond created by the combination o f  an atomic s-orbital and two atomic-p orbitals.

The sp  ̂ bonding gives graphite a trigonal planar structure that creates layers of carbon 

atoms one atom deep which stack with very weak van der Waals bonds between them. 

The weakness of the inter-layer bonding in graphite allows the planes of atoms to slide 

across each other making graphite a useful lubricant. Figure 3.8.2. shows a layer of 

graphite formed by the sp  ̂bonding of carbon atoms.
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Figure 3.8.2. Structure o f  graphite formed from sp  ̂ bonded carbon atoms, after [21].

The bonds between carbon atoms in diamond form from a combination of one atomic s- 

orbital and three atomic /7-orbitals and are known as sp  ̂hybridised bonds. Figure 3.8.3.

|~~| \\) = positive

[~] \|/ = negative

Figure 3.8.3. sp  ̂ bond created by the combination o f  an atomic 5-orbital and three atomic /?-orbitals.

The sp  ̂ bonding gives diamond a tetrahedral structure that creates a geometrical lattice 

of carbon atoms. Figure 3.8.4.
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Figure 3.8.4. Structure o f  diamond formed from sp  ̂ bonded carbon atoms, after [21].

3.8.2. Chemical Vapour Deposition (CVD)

In the CVD process, H] and a hydrocarbon, commonly CH4, react in the gas phase 

above a substrate. The reaction can be activated around a hot filament or in a plasma 

produced by radio-frequency or microwave radiation. For diamond growth, the 

substrate is maintained at a temperature of 1000 -  1400 K and the mixing ratio of 

hydrocarbon to gas used is typically 1:99.

The plasma causes the dissociation of the H2 gas and it is the resulting H atoms that play 

the crucial role in the formation of diamond on the substrate. To begin with, the H 

atoms can abstract ftirther H atoms from the methane gas creating methyl radicals. 

These radicals diffuse to the substrate surface where they are able to react with other 

radicals forming new carbon-carbon bonds creating a diamond lattice. At ambient 

temperature and pressure, graphite is the stable allotrope of carbon, but the presence of 

H-atoms in the gas mixture ensures that the surface grown is diamond and not graphite 

by terminating the so called “dangling bonds” from the carbon atoms on the diamond 

surface. However, if all the carbon bonds on the growing diamond surface are 

terminated with H-atoms, no new carbon atoms would be able to add to the surface as 

the carbon-hydrogen bond is stronger than the carbon-carbon bond. The H-atoms in the 

gas phase again play an important role here. The strength of the hydro gen-hydro gen
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bond is greater than the carbon-hydrogen bond, so the gas phase H-atoms can remove 

hydrogen atoms from the diamond surface, creating Hi molecules, and freeing up sites 

on the surface for the addition of more carbon atoms.

A further important role of the gas phase H-atoms is on the etching of the surface. H- 

atoms etch carbon surfaces but under the temperature conditions of CVD, H-atoms etch 

diamond at a slower rate than it grows, whilst for graphite the converse is true. These 

properties of the H-atoms in the CVD process means that by varying the ratios of the 

precursor mixing gases, the graphiteidiamond (sp^:sp^) ratio of the sample can be 

controlled.

3.9. Target Mounting System and Target Preparation

The targets used in the cosmic dust experiment need to be mounted in a way such that 

they can be heated to temperatures, typically 300 - 1100 °C, sufficient to remove any 

species physisorbed or chemisorbed on their surface, and also cooled to temperatures of 

the order of 10 K to simulate the dust grains in interstellar clouds. The targets are 

mounted on the end of a rectangular copper rod which is attached to the end of the 12 W 

cryogenic coldhead. Various lengths of rods can be used so that the target can be 

positioned at different distances from the plates of the time-of-flight mass spectrometer.

Between the target and the end of the copper rod are a series of thin metal foils, a 

tantalum resistive heater and a pair of 0.5 cm  ̂ ruby blocks. The ruby blocks sit on a 

layer of indium for good thermal contact at the end of the copper rod. The ruby blocks 

are used because ruby and sapphire have the unusual thermal property that at low 

temperatures (< 50 K) they have a very high thermal conductivity and at high 

temperatures (> 200 K) they have a very poor thermal conductivity. This means that the 

target can be heated using the tantalum heater with out increasing the temperature of the 

coldhead beyond its operating range of 350 K whilst the target can still be cooled for 

low temperature experiments. On top of the ruby blocks is a sheet of 0.025 mm 

thickness gold foil to provide good thermal contact followed by a copper block. On top 

of the copper block is a layer of 0.025 mm tantalum foil sandwiched between two layers 

of 0.25 mm thick alumina (AI2O3 ) for electrical insulation from the tantalum. The 

tantalum foil has currents of up to 20 A passed through it to resistively heat the target.
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Tantalum was chosen for the resistive heater as it was found to have the best 

combination of high resistivity and durability. A copper cap holds the heater assembly 

together. On top of this is a layer of gold foil then a copper plate with a groove for a 

thermocouple to be inserted. Finally, the targets are secured, over a glass slide for 

rigidity, using tungsten wires.

The combination of metal foils under the target and the tantalum heater were found to 

give the best thermal contact between the sections of the target mount which is 

important for the efficient heating and cooling of the targets. Figure 3.9.1. shows the 

target mount and Figure 3.9.2. shows a close up of the top section of the mount with the 

heater assembly. The target temperature is measured with an N-type (Nickel- 

Chromium-Silicon) thermocouple.

Target

Tantalum heater

Tungsten tensioning wires

Sapphire washers

End o f cold head

(a)
Figure 3.9.1. The target mount seen from (a) the side and (b) 90° from (a).
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Figure 3.9.2. Detail o f  the target mount and heater assembly.

Figure 3.9.3. shows the target temperature against heater current. It can clearly be seen 

that the temperature of the cold head stays low (< 200 K) as the target is heated up to 

1000 K.
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Figure 3.9.3. Temperature o f coldhead and target against heater current.
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3.10. Summary

This chapter has described the equipment used to simulate the conditions of the ISM, 

create a beam of atomic hydrogen and detect ions using a TOP mass spectrometer so 

that H] recombination experiments on cosmic dust grain surfaces can be carried out. 

Chapter 5 will discuss the further commissioning of the experimental systems and the 

initial results. Figure 3.10.1. shows the positions of the atomic hydrogen source, 

cryogenic cold heads and TOP mass spectrometer on the experiment and Figures 3.10.2. 

and 3.10.3. show photographs of the vacuum chambers in the laboratory. The 

manufacture and mounting of the cosmic dust targets has also been described. The laser 

spectroscopy and laser systems are discussed in Chapter 4.

H atom source Cold head

1H IIT
\LIi

TOP mass 
spectrometer

Target cold head

Choppers

&

Figure 3.10.1. The vacuum chambers showing the positions o f the hydrogen atom 
source, cold heads, and TOP mass spectrometer.
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F igure 3.10.2. The vacuum chambers mounted on their aluminium frame in the UCL Cosmic Dust Lab.

F igure 3.10.3. The vacuum chambers with the end of the laser in tlie right foreground.
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Chapter 4. State-Selective Laser Spectroscopy of Molecular Hydrogen 

4.1. Resonance Enhanced Multiphoton Ionisation (REMPI)

Resonance Enhanced Multiphoton Ionisation (REMPI) is a laser spectroscopy 

technique, which allows the ionisation of molecules in specific rovibrational states. The 

first REMPI signal was detected in Cs2 [I], and REMPI has since been carried out on 

other small molecules [2]. REMPI is used on the cosmic dust experiment to determine 

the rovibrational state populations of H2 molecules that have formed on the surface of 

the cosmic dust analogue targets.

4.1.1. Underlying Principles

REMPI relies on one or more incoming photons to excite a molecule to an electronic 

resonance state. Further photons then ionise the molecule. If more than one photon is 

used to excite the molecule to a resonance state, the transition can be through a non

resonant so called “virtual” state [3, 4]. Figure 4.1.1. outlines the REMPI process.

Ionisation continuum

Resonance state

Virtual state

F igure 4.1.1. Schematic energy level diagram showing REM PI by one photon excitation to the 
resonant electronic state, and two photon excitation via a virtual level to the resonant electronic 
state.

Photons of the same or different frequencies can be used so long as their combined 

energies are sufficient to take the molecule from its initial electronic state to the 

resonance state. As virtual states are very short lived, typically 10’*̂  s, the photon 

density must be high enough for two photons to be absorbed by the molecule before the
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virtual state decays. The advantage that REMPI has over multiphoton ionisation (MPI) 

is the use of a resonance state. Resonance states are relatively long lived, typically 100 

ns, in comparison with virtual states, so there is a better chance of a resonantly excited 

molecule absorbing another photon and being ionised. REMPI process are labelled 

(X+Y) where X is the number of photons used to excite to the resonance state, and Y is 

the number of photons which the molecule absorbs to be ionised from the resonance 

state.

4.1.2. (2+1) REMPI Scheme for H2

The REMPI process used on the cosmic dust experiment uses a well understood 

excitation scheme [5 - 10] to state selectively ionise H]. Two photons are used to excite 

an H] molecule, via a virtual level, to the ground vibrational level of the E,F 

electronic resonance state. A further photon, the same frequency as the two used to 

excite to the resonance state, then ionises the H2 . This process is known as (2+1) 

REMPI, using the nomenclature explained in section 4.1.1. (1+1) REMPI of H2 is 

possible through the B or C 'flu electronic resonance states [11 - 13], but these 

processes require photons of wavelengths of around 1 0 0  nm which are not readily 

available. Figure 4.1.2. shows the electronic energy level diagram for (2+1) REMPI 

through the E,F electronic resonance state of H2 .

Energy
E,F lsa 2 sa  + 2po

Virtual 
•level ^

r
F igure 4.1.2. Ionisation scheme for (2+1) REM PI o f H]

73



The intermediate virtual level has a lifetime of -10'^  ̂ s, whilst the E,F electronic 

resonance state has a lifetime of 100 ± 20 ns [5].

As the state-selective step is a two photon process, A/ = 0, ± 2 so the only branches 

detected are O, Q and S (AJ = -2, 0, +2 respectively). For (2+1) REMPI, Q-branch 

transitions are used as they are approximately 30 times stronger than the O and S 

branches and dominate REMPI spectra for two photon resonance excitation through the 

E,F state [6, 14, 15], although this is not readily explainable. The wavelength of the 

two photons used is such that they each have half the energy needed to excite an H2 

molecule from X  (v”, J ”) —> H2 E,F (v' = 0, J'). Some typical photon wavelengths 

are shown in Table 4.1.1. They have been calculated for v” = 0 using the constants 

found in [16].

T able  4.1.1. Photon wavelengths for X(0, J")-^E,F(0,J”).

r v" À/nm

0 0 201.6663

1 0 201.7783

2 0 202.0015

3 0 202.3346

4 0 202.7756

5 0 203.3222

6 0 203.9716

7 0 204.7214

8 0 205.5692

9 0 206.5131

10 0 207.5521

11 0 208.6862

12 0 209.9165

13 0 211.2460

As discussed below in section 4.2. the laser system used is tuneable over a range of 

wavelengths. The laser’s output wavelengths are changed by a stepper motor that 

moves a grating. This motor is factory calibrated, but over time the wavelengths of the 

Q-branch transitions appear to shift in wavelength as the motor doesn’t always repeat its 

motion to 100% accuracy. However, the wavelengths of the Q-branch transitions
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always remain in the same place relative to one another, so the REMPI spectra can be 

calibrated. Collected ion signals for rovibrational states have to be adjusted for laser 

power as discussed in Chapter 5.

4.2 Tuneable Laser System

To generate the photons needed for the (2+1) REMPI scheme outlined in section 4.1.2. 

requires a laser system capable of producing UV photons of variable wavelength. This 

section describes the laser system used to carry out (2+1) REMPI of H2 .

4.2.1 Overview of Laser System

The laser system consists of three main parts.

1. A pulsed Nd: YAG pump laser (Continuum Surelite 111-10)

2. A tuneable dye laser (Continuum ND6000)

3. A frequency tripling unit (Continuum UVX package)

The NdiYAG laser pumps the tuneable dye laser. The photons from the dye laser are 

frequency doubled in a non linear optical crystal and then mixed back with the residual 

dye beam in another non-linear crystal. This creates photons whose frequencies are 

three times that of the original dye beam with wavelengths ~ 2 0 0  nm.

4.2.2. The NdiYAG Laser

The core of the Nd:YAG laser is a rod of Yttrium Aluminium Garnet, Y3AI5O12. Nd̂ '̂  

ions are present as an impurity on lattice sites in the YAG rod. The crystal field of the 

YAG rod changes transition probabilities between the energy levels of the Nd̂ '̂  ions, 

allowing transitions that are normally forbidden in the free ion. This results in the 

ground and first electronic energy levels of the Nd̂ "̂  ion splitting into groups of levels. 

An intense millisecond burst of light from two Xe flash lamps, mounted either side of 

the YAG rod, excites the Nd̂ '̂  ions from the % / 2  ground electronic state to states above 

the "̂F3/2 electronic state. These states undergo a rapid non-radiative decay to the "̂F3/2
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electronic state causing a population inversion to build up. The dominant laser 

transition occurs at 1064 nm down to the 1̂, 2̂ state of the Nd̂ "̂  ion, before decaying 

back down to the % / 2  ground state [17], Figure 4.2.1.

Levels for pumping

Energy

Fast decay

1064 nm

11/2

F igure 4.2.1. Energy level diagram showing the principle behind the Nd:YAG laser.

The 1064 nm laser light is frequency doubled into 532 nm light by a potassium 

dihydrogen phosphate (KD*P), KD2PO4 , crystal (see section 4.2.3. for a description of 

second harmonic generation) and a Pockels cell provides an electro-optic Q-switch. 

Figure 4.2.2. shows the layout of the Nd:YAG laser.

Cavity end mirror1 0 % transmission cavity mirror

KD*P
crystal Nd:YAG rod

Laser Xe flashlamps Pockels cell
output

F igure 4.2.2. Schematic diagram of the Nd:YAG pump laser.
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The Nd: YAG laser pulses at 10 Hz with pulses of 4 - 6 ns duration and energies of 

around 420 mJ per pulse for the 532 nm harmonic. It has a line width of 1 cm'\

4.2.3 Tuneable Dye Laser

To photoionise Hz from selective rovibrational states requires a source of light whose 

wavelength can be varied. The source of variable laser light used for the cosmic dust 

experiment is a dye laser pumped by the 532 nm second harmonic from the Nd:YAG 

laser described in section 4.2.2.

The dye laser consists of three main sections:

1. A tuneable oscillator stage

2. A pre-amplifier stage

3. An amplifier stage

The oscillator stage provides the tuning of the laser light. A dichroic mirror directs 5% 

of the incoming 532 nm laser light from the Nd:YAG laser into the oscillator cavity. 

The light is passed through a quartz cell containing a flow of laser dye. The light 

emitted from the dye cell is directed onto a grating with 2400 lines mm'̂  which is also 

the rear mirror of the oscillator cavity. A computer adjusts the angle of the grating so 

that the first order reflected light is at the wavelength chosen by the user. The first order 

light is then directed onto another mirror and out of the oscillator. The range of 

wavelengths available from the oscillator depends on the laser dye used. The chemical 

constituents of laser dyes are chosen so that when they are diluted in an appropriate 

solvent (usually methanol), the energy levels that fluoresce are broadened so that they 

overlap and give a uniform fluorescence over a large range of wavelengths. The 

Rhodamine dyes used have tuneable ranges of around 30 - 50 nm.

The tuned oscillator beam exits the oscillator cavity and is directed into the pre

amplifier. The pre-amplifier consists of a dye cell which is pumped by 10% of the 532 

nm pump beam. The pre-amplifier is not a laser cavity but magnifies the beam power 

as the beam passes through the cell once.
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The beam from the pre-amplifier is directed into the final amplifier. This is a dye cell 

pumped by the remaining 85% of the 532 nm pump beam. The final output beam of the 

dye laser has an energy of 70 - 80 mJ per pulse with a line width of around 0.1 cm'* and 

a beam diameter of 3 - 6 mm.

The laser dyes used are chosen depending on the internal energy state of the H2 

molecules that are to be ionised. For H2 in the v" = 0 vibrational state a 2:1 ratio of 

Rhodamine 640:Rhodamine 610 is used. To ionise H2 in the v" = 1,2 vibrational states 

DCM (Rhodamine 101) is used. Figure 4.2.3. shows the optical layout of the dye laser.

Amp Prc am p

Dve oscillalor/laser

V
\ /

Figure 4.2.3. Schematic optical layout o f  the dye laser

4.2.4 Frequency Doubling and Tripling

To use the tuned light from the dye laser for the REMPI scheme described in section

4.1.2. requires the photons from the dye laser to be frequency tripled, giving photons of 

around 200 nm. This is achieved by using the non-linear optical properties of KD*P 

and Barium Borate (BBO), >^BaB2 0 4 , crystals to generate the second and third 

harmonics of the dye laser beam.
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4.2.4.I. Higher Order Frequency Generation in Non-Linear Crystals

When a light wave is incident on an optically dense medium (i.e. a medium with 

refractive index > 1 ), its oscillating electric field, E, induces dipoles in the medium. 

The induced dipole per unit volume, /i, is given by

jjL = aE  eqn (4.2.1.)

where a  is a tensor called the polarisability of the medium. If the incident electric field 

is of sufficient size, fjL is no longer linearly proportional to E  and is expressed as a power 

series

= aE + -P E^ +-YE^ + .. .  eqn (4,2.2.)

where /3 and y  are tensors known as the hyperpolarisability and second order 

hyperpolarisability of the optical medium. Since the magnitude of an oscillating electric 

field of amplitude. A, and angular frequency, co, is given by

E = Aûn(ût eqn (4.2.3.)

and

E'̂  = A^{ûn(ûtŸ = A^-i(l-cos2tür) eqn (4.2.4.)

E  ̂ = A (̂sinmr)  ̂ = — Â  sinmr -  — Â  sin3mr eqn (4.2.5.)

substituting eqns (4.2.4.) and (4.2.5.) into eqn (4.2.2), means the induced dipole 

becomes

fj. = aAsincJt + — PA  ̂ -  —/3Â  c o s 2 û )X+ — )Â  sincur-— )Â  sinStur+ ... eqn (4.2.6.). 
4 4 24 24 ^
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From eqn (4.2.6.) it can be seen that there are terms with angular frequencies 2(o and 

3 m. This means that the incident light wave is inducing dipole moments and hence light 

waves in the optical medium with frequencies two and three times the incident 

frequency so that the second and third harmonics of the incident wave are emitted [18, 

19]. As the second and third harmonic terms are very much smaller than the first, high 

photon densities are needed to generate them. Further, second harmonic generation 

cannot occur in an isotropic medium or one with structural symmetry about a point; the 

crystal structure of the medium must lack inversion symmetry. However, third 

harmonic generation may take place in inversion symmetric crystals.

4.2.4.2. Phase Matching

If the incident wave enters a non-linear crystal as an ordinary ray (a ray whose electric 

field vector is perpendicular to its optic axis), the second harmonic light will be an 

extraordinary ray (a ray whose electric field vector is in the same plane as its optic axis). 

The coherence length in a non-linear crystal for second harmonic generation light of 

wavelength. A, is given by

A
I = -----  m eqn (4.2.7.)

4An

where An = («o -  »e), the difference in the refractive indices of the crystal for the 

ordinary and extraordinary waves. Coherence lengths in most materials are of the order 

of micrometers.

If the incident wave is made to enter the crystal at the angle 0, shown in Figure 4.2.4., 

An in eqn (4.2.7.) becomes almost zero and the waves are phase matched. This means 

the coherence length for second harmonic generation is greatly increased and more 

second harmonic light is produced.
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Optic axis

Second harmonic 
extraordinary rayIncident ordinary ray

F ig u re  4.2.4. W ave ellipsoid for incident and second harm onic waves. The Circle and ellipse 
show how the phases o f the electric fields o f the ordinary ray and extraordinary ray change as 
they propagate through a non-linear crystal.

4.2.4.3. Optical Mixing

Non-linear crystals are able to mix two different incident waves to produce a wave 

whose frequency is the product of the two incident wave frequencies. For two incident 

waves of frequencies, (0 \ and o>i, and amplitudes A\ and A2 , the second order 

polarisation term from eqn (4.2.2.) becomes

= /3(Ai sin (Ü/ + A2 sinm^^y eqn (4.2.9.).

Expanding this gives

sin  ̂(Ô t + Â  sin  ̂ + 2AjA2 sintWi?sin0 )2?) eqn (4.2.10.).

The third term in eqn (4.2.10.) can be rewritten to give

A^A2 p[cos{co  ̂ - 0)2 )1  -cos{o)^ + 0) 2 )1] eqn (4.2.11.)

which means that there is light emitted from the crystal with frequency

^ 3  ± 0 )2  eqn (4.2.12.).
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The crystal has to be phase matched as in the harmonic generation process, but this time 

it must be phase matched for the two incident frequencies, cui and (O2 , and the mixed 

frequency, CO3.

4.2.4.4. Frequency Doubling and Tripling Optics

The frequency doubling and mixing processes described in sections 4.2.4.2 and 4.2.4.S 

are employed to generate photons of around 200 nm from the laser beam that leaves the 

dye laser. The horizontally polarised dye beam is passed into the doubling crystals. 

These consist of a non-linear KD*P crystal and a quartz compensating crystal. The 

KD*P crystal doubles the frequency of the light while the quartz crystal compensates 

for any beam “walk” as the crystals are rotated for phase matching. The frequency 

doubled beam and dye beam leave the crystals vertically polarised and pass through a 

beam splitter that separates them. About 5% of the frequency doubled light is then 

passed into a split photodiode. The photodiode sends a signal to an autotracker that 

monitors the beam quality and rotates the frequency doubling crystals in the appropriate 

direction to maintain phase matching of the light in the crystals. The dye beam is 

passed through a polariser as the dye and doubled beams need to be polarised at 90° to 

each other for mixing.

Both beams are then directed into the frequency tripling crystals. These consist of a 

quartz compensating crystal and a BBO mixing crystal. The path of the incident beams 

are adjusted so that they overlap inside the BBO crystal producing light with a 

frequency the sum of the two input frequencies. The light is now in the wavelength 

region required for the (2+1) REMPI scheme for H2 described in section 4.1.2. About 

5% of the frequency tripled light is then sent to another autotracker which monitors the 

beam quality and rotates the crystals to keep the light phase matched. A Pellin-Broca 

prism separates the dye, frequency doubled and frequency tripled beams as they leave 

the laser. Figure 4.2.5. shows the optical layout of the frequency doubling and tripling 

stage of the laser.
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Polariser

Tripling
crystals

Photodiode

Doubling
crystals

Photodiode

Dye beam in
Steering prismPellin-Broca prism

Beam present photodiodeDye, doubled and 
tripled beams out

Figure 4.2.5. The optical layout o f  the frequency doubling and tripling stage o f  the laser.

The laser achieves energies of up to 2.5 mJ per pulse at 200 nm for a 70 - 80 mJ dye 

beam. However, the laser output depends heavily on the dye beam quality, how well the 

electronic trackers can maintain phase matching of the doubling and tripling crystals 

and how good the overlap of the dye and doubled beam is in the tripling crystals. For 

day-to-day running of the laser, laser output powers at 200 nm are usually in the range 

1.0 - 1.5 mJ. For good phase matching of the crystals, and therefore stable output 

power, the final UV power must be > 0.3 mJ otherwise the quantity of light which is 

detected by the trackers is too small for adequate phase matching.
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4.2.5. Beam Steering Optics

The frequency tripled light has to be directed into the ionisation region of the time of 

flight mass spectrometer and focused to an intense spot to give enough light intensity 

for REMPI. Two UV light reflecting steering mirrors are used to direct the frequency 

tripled light into the vacuum chamber, Figure 4.2.6. They provide horizontal and 

vertical adjustment of the beam.

Mirror Tripled UV light from laser

To vacuum chamber
Mirror

Figure 4.2.6. Laser beam steering optics seen from above.

The beam passes through a lens of focal length 30 cm which focuses the beam to an 

intense spot. The spot radius at the focal point is given by

= fO eqn (4.2.12.)

where/is the focal length and 6 is the beam divergence (< 0.5 mrad for dye laser). This 

gives a spot radius of 0.15 mm and an area of 7.1x10'  ̂m̂ . For typical frequency tripled 

powers of 1.5 mJ and an average pulse length of 4 ns, this gives a power density per 

pulse at the lens focus of

— ^ -  = 0.53GJcm-. 
7.1x10 * 4x10 "

As the laser pulses at 10 Hz this corresponds to a time averaged power of 5.3 GW cm'̂ . 

The UV steering mirrors are 90% reflecting, so laser output power must be multiplied 

by a factor of (0.9) ,̂ which, for example, means that the power density calculated above 

becomes 4.3 GW cm'̂ . This power density compares well with other groups who have 

successfully carried out (2+1) H] RFMPl through the E,F state [5, 9, 10]. The beam 

enters the vacuum chamber through a fused quartz window.
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4.2.6. Stray Light Baffles

Photons with wavelengths in the region of 200 nm have energies of around 6 eV, The 

work function of the steel used in the vacuum chambers is around 4.5 eV. This means 

that any stray photons from the laser that hit the surface of the vacuum chamber can 

release photoelectrons. These photoelectrons can ionise gas molecules in the chambers 

increasing the background and swamping any REMPI signals. To cut down the amount 

of photoelectrons generated, a series of conical light baffles are placed inside the 

vacuum chamber behind the quartz entry window. A copper tube of diameter 10 mm is 

attached to the end of the baffles with a roughened inner surface so that any stray light 

which makes it through the baffles is reflected around inside the tube and doesn't get 

into the interaction region. A similar set of baffles with a PTFB fronted tube directs the 

beam out of the chamber after it has passed through the interaction region. The beam 

exits the vacuum chamber through another quartz window and is dumped by a piece of 

card or thick paper.

The photoelectron background is minimised by letting H2 into the reaction chamber and 

moving the laser output so that it won’t excite any H2 rotational line. The TOP mass 

spectrometer is then set to integrate H2  ̂ ions and the ion counts over a period of time 

(typically 5 seconds) monitored. The steering mirrors are then adjusted until the laser 

beam is passing through the chamber with the minimum background counts.

Figure 4.2.7. shows an example REMPI spectrum of H2 in v” = 0 at 295 K displaying 

the 7 ” = 0 - 3 rotational lines (before power calibration). The different rotational lines 

can clearly be seen
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Figure 4.2.7. Hz Q-branch REMPI spectrum showing the v ” = 0, J  = 0 -  3 transitions.

4.3. Sum m ary

This chapter has described the state-selective ionisation scheme used on the cosmic dust 

experiment to detect H2 in specific internal quantum states. The laser used to generate 

the UV photons needed to do this and its principle o f  operation has also been described.
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Chapter 5. Commissioning and Initial Results

5.1. Introduction

This chapter presents the first results from the cosmic dust experiment. The 

commissioning o f the individual sections o f the experiment is described showing that the 

equipment is suitable for state selectively detecting H2 . Some initial results o f  H2 

formation on copper surfaces for calibration are presented as well the first results from 

cosmic dust targets.

5.2. Ultra-High Vacuum System

For the commissioning and initial results o f the cosmic dust experiment, the second 

vacuum chamber containing the tuning fork choppers was removed. The PTFE tube was 

extended from the aluminium cooling block up to the repeller plate o f  the TOF mass 

spectrometer. Figure 5.2.1. This made sure that the hydrogen atoms from the hydrogen 

atom source were being transported into the reaction chamber so that the laser system 

and the TOF mass spectrometer could be more easily calibrated before an attempt was 

made to send in a freely flying atom beam.

Target cold head

L- I

PTFE tube extended to target cold head

Figure 5.2.1. Arrangem ent o f  the vacuum chambers and PTFE transport tube during the 
com missioning and initial results o f  the cosmic dust experiment.
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With all three vacuum chambers in place and all the vacuum pumps and the titanium 

sublimation pump running, some limited baking was performed using the high intensity 

light bulbs mounted within the chambers. Base pressures of around 10'̂  ̂ torr were 

achieved in the reaction chamber. When the cryogenics system was running the 

pressure reduced further to around 10'̂  ̂ torr. With the vacuum chambers arranged as in 

Figure 5.2.1. a base pressure of around 5x10'* torr was obtained in the reaction chamber 

without the use of the sublimation pump. This shows that the reaction chamber is 

capable of achieving the ultra-high vacuum conditions required for experiments which 

simulate, as closely as possible, the conditions of the interstellar medium.

5.3. Time-of-Flight Mass Spectrometer

The time-of-flight (TOF) mass spectrometer was constructed and attached to the 

reaction chamber, as shown in Figure 3.10.1. and calibrated as discussed previously in 

section 3.5.4. The spectrometer voltages were adjusted to give the optimum space 

focussing (Appendix B).

When detecting ions from the cosmic dust targets during experiments, the counting 

electronics are set to only integrate over flight times which contain ions to avoid 

swamping the H2  ̂ ion signal with background ions. As the laser is used to photoionise 

the H2 during the experiments, as opposed to the electron gun used for calibration, 

different delays are applied to the counting electronics as the laser now provides the start 

pulse to record ion flight times. This means that the flight times will be slightly 

different to those measured with the electron. To determine the range of flight times to 

integrate over so that only ion signals for are recorded, H2 gas is let into the reaction 

chamber and an unaligned laser beam passed through the chamber. A mass spectrum is 

then recorded for the ions created via photoelectron ionisation from photoelectrons 

released from surfaces inside the chamber by the laser photons. As the spectrometer has 

been previously calibrated accurately with the electron gun, H2  ̂ ions can easily be 

identified: although their flight times are different from the electron gun case, they are 

the same distance apart relative to the other species in the spectrum. An integration 

window either side of the H2  ̂ peak can then be chosen for recording the ions during 

experiments. The integration window doesn’t include ions to avoid counting the
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ions released from the laser photons hitting the stainless steel surfaces in the vacuum 

chamber. Figure 5.3.3. shows a TOF mass spectrum in the range 0 - 2 ps taken via 

photoionisation indicating the integration window to be used for experiments.
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F igure 5.3.3. Photoelectron TOF mass spectrum showing the integration window for counting 
H2‘" ions.

5.4. Calibration of Laser System

5.4.1. Calibration for Laser Output Power

As described in Chapter 4, a (2+1) REMPI ionisation scheme, using three photons with 

wavelengths of around 200 nm, is used to state selectively ionise the H2 molecules 

formed on cosmic dust targets. However, the laser’s output power varies as the laser 

changes wavelength. This is due to the laser dyes used having wavelength dependent 

output power, the frequency doubling and tripling crystals moving away from their 

optimum wavelengths and from bad phase matching of the doubling and tripling crystals 

by the laser’s tracking system. To record accurate populations of the different internal 

energy states of the H2 molecules requires a laser system which is calibrated for its final 

output power so that any changes in power can be taken into account. The intensities of 

the ion signals detected in the TOF mass spectrometer vary with the laser output power. 

This variation follows a power law [1,2], eqn (5.4.1.).

ion signal oc {laser power)" eqn (5.4.1.)
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To experimentally calibrate the laser used on the cosmic dust experiment, ion signals 

were measured for different laser output powers, Table 5.4.1. The laser wavelength was 

set for resonant excitation of H2 molecules in the v” = 0 , J ” = 0 rovibrational state at 

295 K, and the laser power measured with a volume-absorbing power meter (Molectron 

PM500A with a PMIOVI probe).

T able 5.4.1. Average recorded ion signals for different laser output powers for H 2 v ” = 0, 7 ” = 0.

Laser Power / mJ 

0.400 ± 0.025 

0.350 ±0.025 

0.250 ± 0.025 

0.200 ± 0.025 

0.125 ±0.025 

0.075 ± 0.025

Average ion signal in 30 seconds

320.0 ± 18

256.0 ± 16

238.3 ±15

109.3 ± 10 

44.7 ± 7 

26.0 ± 5

Plotting a graph of ln[ion signal] against ln[laser power / mJ] gives a straight line, of 

gradient n. Figure 5.4.1.

6 .5

-2.5 -0.5

ln [laser  pow er]

F igure  5.4.1. Graph showing the dependence of the H 2  ̂ ion signal against laser power for H2 

ionised in the v ” = 0, 7 ” = 1 rovibrational state.

A weighted least squares fit to the data of Figure 5.4.1. gives a value of n of 1.47 ± 0.14 

which agrees well with other experimentalists with similar laser and detection set-ups 

[1, 2]. This means that recorded ion signals must be divided by (laser power)' for this 

particular laser set up to give correct values. Also, to give results correctly calibrated 

for the laser power, the power must be measured frequently as the laser scans across
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wavelengths, ideally at every step. If the laser dye or crystals are changed (for example 

when moving the laser to a different wavelength range) then the power calibration must 

be repeated. As the intensity of electromagnetic radiation follows a power law, a non

saturating three-photon process, such as that used for (2+1) REMPI, would be expected 

to yield a value of « of 3. If the laser light was saturating either the ionisation step or the 

two-photon resonance step, then a value of n between 2 and 3 would be expected. As 

the power dependence of the ion signal measured gave a value of n of 1.47 ± 0.14, this 

means that both the ionisation and two photon resonance excitation step are saturated in 

this case [1,2].

5.4.2. Collection of REMPI Data

To collect data from the REMPI process, the TOF data collection PC runs a program to 

communicate with the laser. This program moves the laser between a user-entered 

wavelength range in incremental steps, staying at each wavelength for an accumulation 

time chosen by the user. Typical accumulation times are of the order of 10 -  30 seconds 

for each wavelength step depending on the H2 signal strength.

To scan across a wavelength range of several nanometers with small wavelength steps 

(0.001 nm) and long accumulation times can take several hours. To speed up the 

collection of data, the laser is first scanned continuously over a large wavelength range, 

but in large steps, typically 0.005 nm, (Figure 4.2.6., Chapter 4). This allows the 

positions of the rotational lines to be determined. The rotational lines can then be 

identified by comparing the wavelength distance between them with theoretical and 

observed values.

The laser is then set to scan only over the areas where the rotational lines are found with 

small step sizes, typically 0.001 nm and with around 10 channels of background 

recorded either side of the peaks. Figure 5.4.2.
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Figure 5.4.2. H2 Q-branch REMPl spectrum showing the v ” = 0, J ” = 0 -  2 transitions, with 
the background between the peaks not recorded.

It is important when collecting data not to saturate the counting electronics as the 

constant fraction discriminator used is only fast enough to accurately count one ion per 

laser shot. As the laser runs at a repetition rate of 10 Hz this means that to avoid mis

counting the number of ions at each wavelength step, the laser power must be low 

enough to ensure the following empirical relationship:

Ion count per laser step 
10 X {accumulation time)

< 1 .

In practice, this means that the laser power must be adjusted to give non-saturation of 

the timing electronics first and the ion signal’s laser power dependence then determined. 

If the REMPI signals detected are very small because the laser is being run at a low 

power setting, then the accumulation time at each step can be increased to compensate 

for this and give a better signal to noise ratio.

5.4.3. Boltzmann Distribution of H2 at 295 K

The population of the rotational levels, P j,  relative to P j  = q of molecular hydrogen in its 

electronic and vibrational ground state at a temperature, T, is given by the Boltzmann 

distribution, eqn (5.4.2.)
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y  = g , W  + Oexp- &
kT

eqn (5 .4 .2 .)

where g  is the nuclear spin degeneracy (g = 1 for para and 3 for ortho states), k is 

Boltzmann’s constant, J  is the rotational quantum number and Ej the corresponding 

rotational energy. The rotational populations, Pj, are found from eqn (5.4.3.)

P. ,= eqn (5.4.3.)

where Ij is the power normalised ion signal detected for the rotational state J.

The rotational distribution for H] at 295 K, normalised to J = 0, is shown numerically in 

Table 5.4.2. and plotted in Figure 5.4.3.

Table 5.4,2. Boltzmann relative rotational Populations o f  H2 v ” = 0, at 295 K, norm alised to J ” = 0.

Population

1.00

5.04

0,89

0.67

Figure 5.4.3. Rotational population o f H2 v ” = 0, at 295 K, norm alised to J ” = 0.
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This distinctive feature of H2 at room temperature acts as a useful test to see if the 

REMPI TOF system can detect rotational populations accurately. Figure 5.4.4. shows 

the ground state rotational ion signals of room temperature H2 measured in the cosmic 

dust experiment.

300
Q(l)

250

200 -
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Q(2)100

O)
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200.80 201.00 201.20 

UV w aveleng th  / nm

201.40 201.60

Figure 5.4.4. Ion signal recorded for ground state (v = 0) H2 gas at 295 K showing the Q(0) 
0 (3 )  rotational transitions.

Figure 5.4.5. and Table 5.4.3. show the rotational populations resolved from the ion 

signal in Figure 5.4.4., calibrated for laser power, in comparison with the predicted 

Boltzmann rotational distribution for H2 at 295 K.

I e
E — ^S .-S 5
C C

3  ^  3
I I 2
ns
I  1

I
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m Boltzmann

Figure 5.4.5. Rotational populations for ground state (v ” = 0) gas at 295 K, norm alised to J
= 0, in comparison with the expected Boltzmann distribution.
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Table 5.4.3. Measured and expected rotational populations of at 295 K, normalised to 7 = 0.

r Measured Population Expected Population

0 1.00 ±0.45 1.00

1 4.86 ± 1.99 5.04

2 0.95 ± 0.37 0.89

3 0.89 ±0.31 0.66

There is good agreement between the measured and predicted rotational distributions 

showing that the experiment is suitable for yielding rotational populations of H2 

molecules. Details of the calculations for determining the errors on the rotational 

populations are given in Appendix C.

If the rotational population recorded is a Boltzmann distribution then it can be fitted to a 

temperature by rearranging the Boltzmann distribution function, eqn (5.4.4.), to give

- k \n
(2 7 + 1 )8

+ l̂n(P{)) = ^  eqn (5.4.4.).

If the distribution is described by a rotational temperature then plotting

r ^ 1- k  — ^ ---- r against Ej gives a straight line of gradient l /T  and intercept, A; In(7^),+ 1 ) J

with the data points lying on this line. Graphs of this type are commonly known as 

Boltzmann Plots. If the data points deviate from a straight line then the rotational 

distribution is non-Boltzmann. However, an average rotational energy ) can still be 

found from

= eqn (5.4.5.)
J

and the average rotational temperature of the distribution is then given by

eqn (5.4.6.).
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where k is Boltzmann’s constant. The use of eqns (5.4.5.) and (5.4.6.) assumes that the 

averages are being performed over all of the populated rotational states of the gas. 

However, when measuring rotational populations via REMPI, an(Ê ^̂ ,) can be found

which corresponds to a rotational energy over an incomplete range of rotational states 

(e.g. for 7 = 0 - 5 states only) [3]. This will give a relative rotational energy for the 

measured distribution that can still be compared with theoretical rotational energies 

summed over the same number of states.

Figure 5.4.6. shows a Boltzmann plot for the H2 v = 0 rotational distribution at 295 K 

measured in Figure 5.4.5.
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F igure  5.4.6. Boltzmann plot for the measured H 2 v ” = 0 rotational distribution at 295 K.

The solid line through the data points is a weighted least squares fit it and can clearly be 

seen that the data lies on this straight line. The gradient yields a rotational temperature 

for the gas of 325 ± 53 K which is -  9% higher than the actual temperature but the 

actual temperature is well within the experimental error.

To turn the measured, power normalised, ion signals into the correct, calculated 

rotational populations requires multiplication by rotational correction factors, Cj-. 

These correction factors give an indication of the accuracy of the experiment and can be 

used to calibrate other measurements of the v” = 0 rotational levels (e.g. for different 

temperatures). Table 5.4.4. lists our measured rotational correction factors along with 

those of other experimentalists and the theoretical values for comparison.
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T ab le  5.4.4. Rotational correction factors derived from  the v ” = 0 REM PI detection o f H 2 at 295 
K in com parison with Rinnen et al [1] and P o igainer et al [2] (experim ental) and Huo et al [4] 
(theoretical).

J C r  This work C r  Rinnen et al C r  Pozgainer et al Cr Huo et al
0 1.12 ±0.09 0.6 1.034
1 1.04 ±0.4 0.8 1.031
2 0.93 ± 0.3 1.04 ±0.07 1.2 1.026
3 0.74 ± 0.2 0.90 ± 0.06 1.4 1.019

The correction factors are in good agreement with the other authors who also show that 

the correction factors are close to unity until high J ” levels {J” > 9) are reached. The 

corrected rotational populations for H2 v” = 0 at 295 K measured in the this work using 

the data in Table (5.4.3) multiplied by the correction factors from Table (5.4.4.) give a 

temperature of 293 ± 33 K. This is in good agreement with the laboratory thermometer 

reading of 295 ± 1 K and shows that the rotational correction factors can accurately 

adjust the measured populations to record the temperature of the gas.

The ~ 200 nm wavelength photons used for the (2+1) REMPI of H2 in the cosmic dust 

experiment have sufficient energy to dissociate some of the H2 molecules. This can take 

place either through direct excitation of Hi to a dissociative state, or by H2 being 

excited from the E,F electronic level into a repulsive state and the H atoms subsequently 

produced being ionised. However, Rinnen et al [1] and Normand et al [5] show that 

H /̂H2  ̂ratio for (2+1) REMPI through the E,F state from v” = 0 has a value of ~ 0.15 

for the low (7” = 0 - 10) levels. Consequently, ions were not included in the TOF 

integration window to keep the background counts down by avoiding detection of 

ions released from the steel surfaces of the vacuum chamber.

5.5. Atomic Hydrogen Source

5.5.1. Dissociation Fraction of the Atomic Hydrogen Source

The manufacturers of the atomic hydrogen source (H-atom source) show it to give a 

dissociation fraction of up to 90% [6 ,7]; however, in their case the beam is analysed as 

it emerges from the exit capillary of the glass discharge cell. To measure the 

dissociation fraction of the H-atom source on the cosmic dust experiment requires the
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beam to be analysed after it has been transported, via PTFE tubing, to the reaction 

chamber. Attempts were made to analyse the beam as it emerged from the discharge 

cell by directing it into a quadrupole mass spectrometer (QMS) mounted on the source 

vacuum chamber. However, this was found to be unsatisfactory as many of the H atoms 

which enter a QMS are likely to recombine on its electrodes and reflect as H] causing 

little or no increase in the signal. It would be possible to overcome this by using the 

QMS with a lock-in amplifier in phase with a beam chopper. However, although PTFE 

is inert and H] has a very low recombination probability on its surface [8], some of the 

H-atom beam can still be expected to recombine before it reaches the reaction chamber. 

This means that measuring the dissociation fraction in the source chamber with a QMS 

is unlikely to give a good indication of the dissociation fraction reaching the cosmic dust 

targets. Therefore, an estimate of the dissociation fraction of the H-atom source was 

made by taking an electron gun TOF spectrum of the hydrogen atom beam in the 

reaction chamber.

Figure 5.5.1. shows a TOF mass spectrum between 0 - 2 ps with the microwave supply 

to the H-atom source switched off. There is a strong peak and very little Ĥ  as 

expected as no H] is being dissociated in the discharge cell. The H /̂Hi  ̂ratio is = 2 %, 

which is around what would be expected for electron impact ionisation of H2[9].
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F igu re  5.5.1. TOF mass spectrum between 0 - 2 ps with no microwaves being supplied to the H- 
atom source.
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When microwaves are supplied to the discharge source, the mass spectrum is unchanged 

until the source has been left running continuously for at least 24 hours. After this 

period, an enhanced ion peak appears in the TOF mass spectrum. Figure 5.5.2.
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F igure  5.5.2. TOF mass spectrum between 0 - 2 ps, with microwaves being supplied to the H- 
atom source, after running in for 48 hours.

The running in period for the source can be attributed to the passivation of the walls of 

the discharge cell, the PTFE transport tubing and the aluminium cooling block. When 

the source is turned off, it is possible for contaminants such as hydrocarbons to get into 

the discharge cell and PTFE tubing effectively creating recombination sites for H2 

molecules. This means that when the discharge is struck the H atoms created in the 

source can recombine on the walls of the discharge cell, the PTFE tubing and the 

aluminium block. After the source has been on for a period of time (> 1 day), the walls 

of the tube and block have become passivated by the H2 and H atoms passing through 

and reacting or recombining with the contaminants present. The hydrogen atoms can 

then travel the length of the transport tube with a low probability of recombining.

An estimate of the usable dissociation fraction of the H2 source can be made by 

comparing the H2  ̂and peak areas detected through electron impact ionisation in the 

reaction chamber. From Figure 5.5.2. the ratio of H2 :̂Ĥ  peak areas detected in the 

reaction chamber after the source has run in is around 6.9:1 (ignoring the negligible 2% 

contribution to the peak from the electron impact dissociation of H2). However, the 

electron-impact ionisation cross section for H2 ionised with the 300 eV electrons used is 

5.7x10''^ cm ,̂ while for H it is 3.02x10''^ cm̂  [10]. This means that the fraction of 

ions detected must be multiplied by a factor
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=1.887-173.02x10

to give the correct quantity of H present relative to H2 . There is also a correction that 

must be applied to the detected amount of due to the different relative velocities of 

and The flux, 7, of particles entering the reaction chamber is given by

J = nv cm^ s'̂  eqn (5.5.1.)

where n is the number density of particles and v is their velocity. The density of 

particles can be expressed as a function of their measured intensity, 7, so that

JH = eqn (5.5.2.)

J h, eqn (5.5.3.)

where&isa constant. The average speed of gas particles of mass, m, at a temperature, T, 

is given by the Maxwell-Boltzmann speed distribution:

 ̂ =Cm  ms'̂  eqn (5.5.3.)
V Tim

where C is a constant. Therefore, the ratio of the flux of hydrogen atoms to hydrogen 

molecules entering the reaction chamber is given by

This means that the signal must also be multiplied by a factor of V2 to give a correct 

value relative to H2 .̂ When the electron impact cross section and the V2 velocity factor 

are taken into account, the H2 :̂Ĥ  ratio measured in the reaction chamber is 2.6:1. The 

dissociation fraction, a, is found from
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a  =  ^ n l ' ^  eqn (5.5.5)

where uh is the amount of H atoms (the 2 arises from the fact that every H2 molecule 

that dissociates produces two H atoms) and amount of molecules before

dissociation is given by

rifj = —  + n eqn (5.5.6.)
” 2 2  "2

where is the amount of after dissociation. Substituting eqn (5.5.6.) into eqn 

(5.5.5.) gives

n,
n.

(X = —p— —----  ̂= r -  eqn (5.5.7.)
' ' Wu +2«,

Using the values of «// = 1 and 2.6, from the ratio of the peak areas

calculated above, into eqn (5.5.7.) gives a dissociation fraction of 16%. This is a 

measure of how many dissociated H2 molecules are emerging from the end of the PTFE 

transport tube. As one H2 gives two H atoms, the actual quantity of H atoms produced 

by the source is double the number of dissociated H2 molecules.

The discharge has to be struck with an electrical burst from a high voltage Tesla coil. It 

is easy to tell if the microwave power selected is causing a discharge to take place in the 

cell, as the reflected microwave power drops rapidly from 100% reflection. Also, the 

discharge glows a bright pink colour when working due to the Baimer lines from H 

recombination in the discharge cell. Different gas pressures in the discharge cell require 

different microwave powers to sustain a discharge. Figure 5.5.3. shows the gas pressure 

at which the discharge extinguishes for different microwave input powers.
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F igure 5.5.3. Discharge extinction gas pressure against microwave power for the atomic 
hydrogen source.

A microwave power of 175 W was chosen to run the H2 discharge as this means that the 

discharge can be run at low cell pressures, keeping the pressure in the vacuum chambers 

low. Higher microwave powers risk melting the glass discharge cell.

The H2 pressure in the discharge cell was varied over the range 0.25 torr (the lowest cell 

pressure for which the discharge can be maintained at 175 W) to 1.0 torr. Contrary to 

the manufacturer’s measurements [6, 7], which give a maximum dissociation fraction of 

90% for a source pressure of 0.3 torr and > 50% dissociation for discharge pressures 

over the range 0.1 - 1.0 torr, no noticeable change in dissociation fraction was seen. 

However, this could be due to the much lower dissociation fractions measured in the 

reaction chamber in our experiment, making any differences in dissociation fraction due 

to pressure effects harder to detect.

When microwaves are transported to the microwave radiator, a certain amount of power 

can be expected to be reflected back along the wave-guides. To measure this, a 

reflective power meter was placed in series with the microwave power supply and the 

radiator. The reflected microwave power was then measured as a function of the 

discharge cell pressure for a constant microwave supply power of 175 W, Figure 5.5.4.
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F igu re  5.5.4. Reflected microwave power against H 2 gas pressure in the discharge cell.

The reflected microwave power is essentially a measure of how efficiently the 

microwave energy is being coupled into the discharge cell. From Figure 5.5.4. it can be 

seen that the reflected microwave power is reasonably constant for gas pressures of 

0.35 - 0.9 torr, with a minimum reflected power at ~ 0.65 toiT, before increasing at 

higher pressures. This suggests that the radiator couples the microwave energy into the 

discharge cell efficiently over the low-pressure range of the discharge source (most 

efficiently at a source pressure of 0.65 torr), as required for experiments requiring ultra- 

high vacuum conditions.

An estimate of the H atom beam flux entering the reaction chamber can be made by 

assuming that as the gas in the discharge cell is in viscous flow the same flow conditions 

propagate through the PTFE transport tube. For gas under viscous flow, the 

conductance, C, of a pipe of length L and diameter D, is given by [5]

2L
1 s' eqn (5.5.8.)

where P\ - Pi is the difference in pressure at the ends of the tube. The PTFE tubing 

used has an average internal diameter of ~ 0.35 cm and a length of ~ 150 cm. Pi is 

negligible compared to P\ (5x10'  ̂ torr in comparison with 0.5 torr) so the conductance 

of the PTFE tubing is 0.0045 1 s''. The volume flow rate of gas per second (the 

throughput, Q) of the tube is given by [5]:
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Q = C{P^-P^) = kT—  mbarls"’ eqn (5.5.9.)
dt

dNwhere  is the number of particles per second. The flux, J, emerging from the PTFE
dt

tube can be expressed as

7 = - ^ — cm'  ̂s'̂  eqn (5.5.10.)
dt A

where A is the area of the exit of the PTFE tube -0 .1  cm .̂ Substitution of eqn (5.5.9.)

into eqn (5.5.10.) gives a flux of

7 = — — cm'  ̂s'̂  eqn (5.5.11.)
kT A

which at 295 K and for the throughput calculated above gives 7 = 5.7x10^* cm'  ̂s'\, As 

the dissociation fraction measured in the reaction chamber is 16% and for every H2 

molecule dissociated two H atoms are produced, the H atom flux emerging from the 

PTFE tubing is approximately 1.8x10^  ̂cm'  ̂s '\ This is likely to be an overestimate of 

the H atom flux due to the unknown flow conditions of the PTFE transport tube. The 

manufacturer’s data [6, 7] give an H atom flux of -  1.1x10^  ̂ cm'  ̂ s'̂  at the end of the 

discharge cell, with a source pressure of 0.5 torr and a corresponding dissociation 

fraction of -  80%.

5.5.2. Aluminium Cooling Block

If the experiment is to measure quantum state populations of H2 molecules that have 

recombined from cosmic dust targets, then it is important that any H2 background gas is 

not internally excited. As the H-atom source is not 100% efficient, H2 molecules will be 

emerging from the discharge cell with the H-atoms. This H2 may be vibrationally (and 

rotationally) excited due to the high temperatures of the discharge’s plasma conditions, 

or from recombination in the discharge cell. As discussed in section 3.4.3., to cool the
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background H2 gas both internally and translationally, an aluminium block is used which 

is mounted on the end of the 12 W helium cryostat. This cryostat takes the temperature 

of the block down to around 110 K. The aluminium block has a 5 mm hole bored 

through it so the atoms and molecules from the H-atom source are likely to collide with 

its walls as they pass through. This means that any excited H2 can vibrationally relax 

through collisions with the walls of the aluminium block, as well as being translationally 

cooled. At 110 K, the recombination probability for H2 on the surface of aluminium is 

very low [8, 12], so although the atoms may collide with the block’s surface, they are 

unlikely to recombine on it.

A diagnostic experiment was carried out to see if the aluminium cooling block system 

was working and that no vibrationally excited H2 was emerging from the discharge 

source. An amorphous copper target was mounted on the end of the helium cryostat in 

the reaction chamber as H atoms are known to recombine on copper surfaces [3]. The 

PTFE transport tubing was extended around the TOF mass spectrometer so that it was 

piping the gas from the discharge source up to the target. Figure 5.5.5.

  End o f coldhead

Bracket to hold PTFE 
tube in place Copper target, mounted on 

steel rods

Direction o f laser beam

PTFE transport 
tube TOF repeller plate

a
Atom beam from hydrogen source

Figure 5.5.5. Arrangem ent o f  the PTFE transport tube, TOF m ass spectrometer and copper target 
viewed from above.
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The laser was set to ionise only excited in the v” = 1, J ” = 1 internal energy states. 

With the aluminium block cold, a REMPI signal was recorded, when the aluminium 

block was allowed to warm up to room temperature, no signal was present. Figure 5.5.6.
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F igu re  5.5.6. Left: v ” = 1 , 7 ” = 1 signal recorded from the amorphous copper target with the 
aluminium block at 110 K. Right: no v = 1, 7 ” = 1 signal recorded from the amorphous copper 
target with the aluminium block at room temperature.

This result has several implications. The aluminium cooling block system is clearly 

working. If the v" = I, J ” = 1 signal detected was from excited H2 from the discharge 

cell, then this signal would still be present when the aluminium block is at room 

temperature. However, as Figure 5.5.6. shows, with the block at room temperature no 

signal is present. This must mean that any excited H2 from the source must be 

thermalising on the PTFF transport tube, and the hydrogen atoms emerging from the 

source are recombining on the surface of the aluminium block, as expected when it is 

warm, so no signal is seen. On the other hand, when the aluminium block is cold, 

excited H2 from the discharge source will still be thermalising on the PTFF transport 

tube, but the hydrogen atoms from the source won’t recombine on the aluminium 

block’s surface. This means that the v" = I, J ” = 1 signal must be from recombination 

of H2 on the surface of the copper target, showing that the experiment is capable of state 

selectively detecting H2 molecules that have recombined on a surface.
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5.6. Study of H2 Recombination on a Hot Copper Surface

Before a cosmic dust target was used, it was decided to carry out an experiment that 

would study the recombination of H2 on hot copper surfaces. This would then give 

useful data to compare with other experimental groups such as Kubiak et al [3] who 

have studied recombinative H2 desorption on Cu(llO) and C u (lll)  at temperatures up 

to 960 K.

A piece of amorphous copper was attached in place on the target mount instead of a 

cosmic dust target. The results of Kubiak et al [3] show that for hot Cu the results of H2 

recombination are same for all the different crystal surfaces studied. Therefore it was 

deemed acceptable to use an amorphous copper target which will have a mixture of 

different crystal faces on its surface for our investigation. The tantalum heater in the 

target mount was used to heat the copper sample, but this heater was very easy to 

vaporise if the current passing through it was too high. However, a sustainable 

temperature of 760 K was achieved for the investigation.

Once the copper target was at 760 K, REMPI scans were collected for H2 molecules in 

v” = 1 which had recombined upon the copper surface. However the only rotational 

states observed were / ” = 0 - 3. We now believe that this was due to the use of a 1.5 

mm aperture between the laser and the focussing lens. This was put in place so that a 

laser spot with a greatly reduced radius entered the vacuum chamber in order that the 

photoelectron background would be reduced. Unfortunately, the laser spot can drift 

very slightly during scans as the laser wavelength changes. As the intensity profile of a 

laser spot is approximately gaussian, this means that as the spot drifts the less intense 

part of the spot is passing through the aperture and doesn’t produce a high enough 

power density to perform REMPI of H2 . Also, in the preliminary experiments no 

determination was made of the ion signal’s dependence on the laser power hence all 

errors on rotational populations are statistical only. However, the results for the = 0 - 

3 levels were analysed as the laser power was constant to ± 0.05 mJ over the collection 

of the data. Table 5.6.1. shows the normalised populations of the first four rotational 

states.
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Table 5.6.1. Normalised rotational populations for the recombinative desorption of H 2 (v” = 1) 
from a hot copper surface in comparison with the calculated distributions at 760 and 850 K._____

P y This Work (760 K) Py 760 K P y Kubiak gf a/ 8 5 0  K [3] Py 850 K7 ”

0

1

2

3

0.17 ±0.01 

0.51 ±0.01 

0.18 ±0.01 

0.14 ±0.01

0.06

0.43

0.16

0 3 5

0.15 ±0.06

0.21 ±0.03 

0.38 ± 0.04

0.07 ± 0.06

0.20 ± 0.03 

0.48 ± 0.04

They are in good agreement with the results of Kubiak et al, apart from J ” = 3 which is 

probably measured as underpopulated due to the aperture as discussed above. However, 

the general behaviour of the first three rotational states is similar to Kubiak et al with a 

higher than expected population of the J ” = 0 state.

Figure 5.6.1. shows a Boltzmann plot for the 7” = 0 - 3 rotational levels of H2 

recombining on the copper surface at 760 K in comparison with the theoretical 

distribution at 760 K (solid line).
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1.00E-23
-100

Figure 5.6.1. Boltzmann plot for H 2 in the v ” = 1, 7 ” = 0 -  3 rovibrational states desorbing from 
an am orphous copper surface at 760 K, (solid line is the theoretical distribution for 760 K).

The distribution is clearly non-Boltzmann, with an average rotational temperature of 

304.2 K. Kubiak et al found the ratio of the measured to the theoretical rotational energy 

at 850 K from Cu (110) to be 0.91. For the results presented here from amorphous 

copper at 760 K the ratio is 0.63. If the presumed undercounted 7 ” = 3 state is removed 

from the data, the ratio then becomes 0.75 which is in reasonable agreement.
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Although the data presented here for recombinative desorption from hot amorphous 

copper is incomplete, as it is only a preliminary test, it shows that non-Boltzmann 

distributed rotational populations of desorbing molecules can be detected. The data also 

show that the population of the rotational states yields an average rotational energy 

which is characteristic of the surface temperature.

5.7. Initial Results from H2 Formation on a Diamond-like-Carbon 

Target.

The first cosmic dust analogue target investigated in the cosmic dust experiment is a 

form of carbon which is a polycrystalline mix of sp  ̂ and sp  ̂ bonded carbon known as 

diamond-like-carbon. The target was successfully secured to the end of the cold head 

on the mounting system described in section 3.9. The discharge was run at a constant 

cell pressure of 3.8x10'  ̂ torr and the thermocouple under the target used to record the 

target temperature. The rotational population of the v” = 1 vibrational energy state of 

H2 was investigated for target temperatures of 200 K and 295 K.

5.7.1. Laser Calibration for v ”  = 1

A laser scan with large wavelength step sizes was recorded and an REMPI signal 

was detected. Any signal seen in v” = 1 must be from H2 forming on the cosmic dust 

target as there is no vibrationally excited background gas from the source as shown in 

section 5.5. Also, as the gas from the discharge is being piped directly to the surface of 

the cosmic dust target, there is no possibility of H2 recombining on any other surface in 

the vacuum chamber.

Before an attempt was made to record rotational populations at v” = 1, the laser power 

dependence had to be predetermined by measuring the ion signal recorded for H2 v” = 1, 

J ” = 0 for different laser powers. This was necessary as photons of around 211 nm are 

needed for (2+1) REMPI of H2 X{v” = 1, J ”) —> E,F(y' = 0, J ”) which requires moving 

the laser to a range where the laser dye has to be changed from the Rhodamine 

640/Rhodamine 610 mix used at v” = 0 to DCM (Rhodamine 101) and the tripling
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crystal was changed to a BBO crystal optimised for 212 nm. Table 5.7.1. shows the ion 

signals recorded for H2 v” = 1, / ” = 0 for different laser powers.

T able 5.7.1. Recorded ion signal for H 2 v ” = 1, 7 ” = 0 for varying laser power. 

Laser Power / mJ Average Ion Signal in 10 seconds

1.150 ±0.025 77.50 ±8.8

0.850 ±0.025 51.42 ±7.2

0.700 ± 0.025 41.26 ±6.4

0.550 ± 0.025 33.41 ±5.8

0.300 ± 0.025 16.78 ±4.1

0.150 ±0.025 9.68 ±3.1

Plotting a graph of In [Ion Signal] against In [Laser Power / mJ] produces a straight line 

and performing a weighted least squares fit to the data yields a of gradient 1.07 ± 0.14, 

Figure 5.7.1.
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F igu re  5.7.1. ln[Ion signal] against ln[Laser Power / mJ] for H 2 in v ” = 1 ,7 "  = 0.
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5.7.2. Diamond-Like-Carbon Target at 200 K

The rotational populations o f  H] in the v ” = 1 vibrational state were then able to be 

determined. Figure 5.7.2. shows the rotational population o f the first four rotational 

states investigated for a target temperature o f 200 K and Table 5.7.2. displays the 

populations numerically, normalised to J ” = 0.

Figure 5.7.2. Rotational population o f  H2 in the v ” = I vibrational state formed on a diam ond
like-carbon target at 200 K norm alised to J ” = 0.

Table 5.7.2. Numerical values o f  the rotational population for H2 formed on a diamond-like- 
carbon surface at 200 K nom ialiscd to J  ’ -  0.

J ” Rotational Population

0 1.00 ±0 .12

1 3.76 ±0.45

2 1.07 ±0.12

3 0.62 ±0.12

A Boltzmann plot o f  the rotational population was produced to determine whether the 

data fitted a rotational temperature given by the Boltzmann distribution. Figure 5.7.3.

113



1 .OE-22

9 .0 E -2 3

8 .0 E -2 3  -

7 .0 E -2 3  - 

6 .0 E -2 3  -

5 .0 E -2 3

4 .0 E -2 3  -

3 .0 E -2 3

2 .0 E -2 3

-100 100 2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  700

Ej  /  cm  ^

F igure 5.7.3. Plot to determine the temperature that fits the normalised rotational distribution 
measured at v = 1 . The solid line is the theoretical distribution for v” = 1 at 200 K.

The data points deviate significantly from a Boltzmann distribution with an over 

population of the J ” = 2 and 3 states in comparison with the theoretical distribution. 

The average rotational energy for the 7 ” = 0 - 3 states measured here is 187.3 ± 15.8 cm' 

* corresponding to an average rotational temperature of 269.6 ± 22.6 K. For thermally 

populated H] gas in v ” = 1 at 200 K, the average rotational energy of the first four 

rotational states is 127.0 cm '\

5.7.3. Diamond-Like-Carbon Target at 295 K

The results of section 5.7.2. were repeated with the target at room temperature. Figure

5.7.4. shows the relative populations of the rotational states normalised to J ” = 0 and 

Table 5.7.3. displays the populations numerically.
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Figure 5.7.4. Rotational population ofH ? in the v ” = 1 vibrational state formed on a diamond- 
like-carbon target at 295 K norm alised to J "  = 0.

Table 5.7.3. Numerical values o f the rotational population for H? formed on a diamond-like- 
carbon surface at 295 K norm alised to . /  0.

J ” Rotational Population

0 1 .00 ± 0 .0 9

1 1.99 ±0.18

2 1.03 ± 0 .0 9

3 0 .6 5  ± 0 .0 7

Figure 5.7.5. is a Boltzmann plot produced for the H2 v ” = 1 populations from the room 

temperature target.
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Figure 5.7.5. Plot to determ ine the tem perature that fits the norm alised rotational distribution 
measured at v = 1. The solid line is the theoretical distribution for v ” = 1 at 295 K.
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At 200 K, the data points appear to deviate from a Boltzmann distribution. Although 

the scatter of the data follows the general trend of the Boltzmann distribution, the data 

points are still some way from the line that indicates the theoretical temperature. The 

errors on the data are of a similar magnitude to other workers [1, 3]. Figure 5.7.5. 

indicates that there is a significant underpopulation of the J ” = 1 state and over 

population of the J ” = 0 ,2  and 3 states. The average rotational energy of the / ” = 0 - 3 

rotational states is 217.8 ± 9.3 cm'̂  corresponding to an average rotational temperature 

of 313.5 ± 13.5 K. For thermally populated H2 gas at 295 K, the average rotational 

energy of the first four rotational states in v” = 1 is 181.6 cm'\

5.7.4. Discussion

With the target at 200 K, the rotational population measured gives a non-Boltzmann 

distribution of rotational states. The average rotational temperature is higher than the 

surface temperature and the theoretical temperature for the first four rotational states of 

a thermalised gas at 200 K. This implies that some of the binding energy released on 

the formation of H2 on the surface has gone into rotationally exciting the product 

molecules.

With the target at 295 K the value of the rotational temperature is close to the room 

temperature value of the background gas in the reaction chamber. In principle this could 

mean that the Fl2 desorbing from the surface after formation is actually much more 

rotationally excited and is thermalising with the background gas. However, 

thermalisation depends on the desorbing molecules colliding with the background H2 

molecules. The mean free path for an H2 molecule, X, is given by

—  m eqn( 5.7.1.)
V2«(7

where n is the number density and a  the hard sphere radius (0.27nm^ for H2). For a 

backing pressure of 10'̂  Torr, and a background temperature of 295 K, X for H2 is ~ 79 

m. Rate constants for vibrational to translational and vibrational to vibrational 

relaxation of HD gave been calculated by Rohlfing et a/ [13] and can be used to give an
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approximate indication for H2 . Using these rate constants Rinnen et al [14] state that to 

vibrationally relax HD molecules requires ~ 3x10^ hard sphere collisions at 298 K. 

Therefore, given the size of the mean free path in the reaction chamber, it is highly 

unlikely that excited H2 will be relaxing vibrationally before detection. This long mean 

free path makes thermalisation with background H2 molecules unlikely given the 

dimensions of the reaction chamber. It is possible that the local pressure above the 

target surface maybe higher than the backing pressure. But even if the local pressure is 

1000 times the backing pressure the mean free path is still of the order of ~ 1 cm (the 

distance from the target surface to the spectrometer) so an excited H2 molecule is 

unlikely to undergo the required number of collisions to vibrationally relax before it 

reaches the laser focus.

Rotational relaxation occurs much faster than vibrational relaxation (e.g. for HD (v” = 

1, / ” = 2) —> HD (v” = 1, = 1) requires 7.6 hard sphere collisions [14]), but this is

still unlikely to have a great effect on the results given the size of the mean free path in 

the reaction chamber. Also, if the H2 molecules desorbing from the target at room 

temperature had thermalised with the room temperature background gas then the 

rotational population of the desorbing molecules would be expected to be a Boltzmann 

distribution, which Figure 5.7.5. suggests is probably not the case.

Due to the vacuum conditions in the reaction chamber when the measurements were 

taken, it is likely that the target is not a “clean” surface. It will have been coated with 

contaminates, especially water, and H2 and H atoms from the PTFE transport tube. 

However, cosmic dust is unlikely to be perfectly clean and, as disscussed in section 

1.6.2., there is evidence to suggest that grains have ice mantles covering them. With the 

improved vacuum conditions described in Chapter 6 in place a full assessment of the 

rovibrational state populations of H2 molecules desorbing from cosmic dust surfaces 

will be possible. However, the energy of the v” = 1 state of H2 corresponds to a 

temperature much higher than those encountered in these experiments (~ 9000 K). 

Therefore, these initial measurements of H2 in the v ” = 1 vibrational state indicate that 

the H2 formed on the diamond-like-carbon surface is desorbing with a significant non- 

thermal excitation of its internal energy states.
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5.8. Summary

This chapter has presented results that show that the cosmic dust experiment has been 

successfully constructed and that all of the systems are functioning correctly and have 

been successfully commissioned and calibrated. The recorded rotational distribution of 

H2 gas at 295 K is in good agreement with expected values showing that the experiment 

is capable of accurately detecting H2 rotational populations.

Initial results of H2 formation on a diamond-like-carbon target have been presented 

showing that the experiment is capable of detecting molecules that have formed on a 

target surface and is capable of determining their rotational populations. The 

experiments show that rotational temperature of the H2 molecules that have formed on 

the surface of a diamond-like-carbon target is higher than the target’s surface 

temperature. This suggests that some of the bond energy of the H2 formation process is 

going into rotational heating of the formed molecules.

118



References

[1] Rinnen, K.-D., Buntine, M. A., Kilner, D. A. V. and Zare, R. N., 1991, Journal 

of Chemical Physics, 95(1), pp. 214 - 225.

[2] Pozgainer, G., Windholz, L. and Winkler, A., 1994, Measurement Science and 

Technology, 5, pp. 947 - 953.

[3] Kubiak, G. D., Sitz, G. O. and Zare, R. N., 1985, Journal of Chemical Physics, 

83(5), pp. 2538-2551.

[4] Huo, W. M., Rinnen, K-D and Zare, R. N, 1991, Journal of Chemical Physics, 

95(1), pp. 205 - 213.

[5] Normand, D., Comaggia, C. and Morellec, J., 1986, Journal of Physics B, 19, p. 

2881.

[6] McCullough, R. W., in Applications of Accelerators in Research and Industry, 

eds. J. L. Duggan and I. L. Morgan (AIP Press, New York, 1997) pp. 275 - 278.

[7] Higgins, D. P., McCullough, R. W., Geddes, J., Woolsey, J. M., Schlapp, M. and 

Gilbody, H. B., 1995, Key Engineering Materials, 99(1), pp. 177 - 183.

[8] Walraven, J. T. M. and Silvera, I. F., 1982, Review of Scientifc Instruments, 53, 

pp. 1167 - 1181.

[9] Mark, T. D. and Dunn, G. H., 1985, Electron Impact Ionisation, Springer-Verlag, 

New York.

[10] Avakyran, S. V., D’in, R. N., Lavrov, V. M. and Ogurtsov, G. N., Collision 

Processes and Excitation of UV Emission from Planetary Atmospheric Gases - 

A Handbook of Cross Sections, 1998, Gordon and Breach Science Publishers.

[11] Chambers, A., Fitch, R. K. and Haliday, B. S., 1989, Basic Vacuum Technology, 

Adam Hilger, p. 36.

[12] Zhou, S., Kauppila, W.E., Kwan, C.K. and Stein, T.S., 1994, Physical Review 

Lettsers, 72, pp. 1443.

[13] Rohlfing, E. A. and Rabitz, H., 1984, Journal of Chemical Physics, 81(2), pp. 

820 - 827.

[14] Rinnen, K.-D., Kilner, D. A. V. and Zare, R. N., 1989, Israel Journal of 

Chemistry, 29, pp. 369 - 382.

119



Chapter 6 . Further Work

6.1. Introduction

The cosmic dust experiment has been calibrated and shown to be capable of detecting, 

state selectively, molecules desorbing from surfaces. This chapter outlines the next 

stages for the experiment following on from the work presented in this thesis.

6.2. Experimental Environment

6.2.1. Vacuum System

The vacuum system can be set up to attain low enough pressures to adequately simulate 

the ISM. Placing apertures between the vacuum chambers will allow differential 

pumping to take place so that the reaction chamber can attain the ultra-high vacuum 

conditions required. The addition of the vacuum chamber containing the tuning fork 

beam choppers will aid differential pumping further. Figure 6.2.1. shows the positions 

for apertures between the vacuum chambers.

Reaction Chamber

Source
Chamber

Chopping
Chamber

o o

Apertures

F igu re  6.2.1. The vacuum chambers showing the positions of apertures to allow differential pumping.
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Initial tests have used solid copper gaskets with a 5 mm diameter hole bored through as 

apertures and these were sufficient to allow the backing pressure in the reaction chamber 

to fall to around 1000̂  ̂ of the pressure of the source chamber. With the titanium 

sublimation pump running, the reaction chamber pressure fell further to around 10''̂  torr. 

The titanium sublimation pump will also efficiently remove Ho gas from the chamber 

between experimental runs keeping the background pressure of the reaction chamber low 

even when the hydrogen source is running. Having apertures between the chambers 

means that the beam will have to be transported by free flight from the end of the 

aluminium block, or from sections of PTFE tubing either side of the apertures. To stop 

the H atoms from the source recombining on the aperture surfaces, PTFE discs with 

holes in which can be mounted on spacer flanges at the aperture positions have been 

designed instead of using the solid copper gaskets. Running the choppers while 

hydrogen from the source travels through free-flight from the aluminium cooling block to 

the end chamber also lowers the flux of the beam entering the reaction chamber helping 

to keep the backing pressure low. Figure 6.2.2.
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Figure 6.2.2. Relationship between the reaction chamber pressure and the hydrogen source 
pressure with the beam choppers in (■) and out (■).
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6.2.2. Atomic Hydrogen Beam

The PTFE tubing transporting the atomic hydrogen beam can be shortened so that the 

beam has a longer free flight segment as it travels to the reaction chamber. The beam 

can also be pulsed by the tuning fork choppers to provide information on the H2 

formation process on the cosmic dust targets as a function of time, as the length of the 

pulses is known.

6.3. Cosmic Dust Targets

As the composition of cosmic dust is not accurately known, a wide variety of targets can 

be investigated in the cosmic dust experiment. The first target to be studied fully will be 

Highly Oriented Pyrolytic Graphite (HOPG). HOPG is a material that is composed of 

parallel planes of carbon atoms. Ideally, the planes of atoms in HOPG are exactly 

parallel to each other creating a uniform graphite surface. Therefore, studies of H2 

formation on HOPG will provide data for immediate comparison with the current 

theoretical work [1,2] which has been carried out on a regular graphite surface.

Once HOPG has been studied and the H2 formation results characterised, more 

amorphous forms of carbon can be studied with varying sp îsp  ̂ content. Silicates, such 

as Olivine (Mg, Pe)2 Si0 4  can be then be studied as this will give a useful comparison 

with experimental work carried out by other groups [3-6].

As mentioned in section 1.6.2., it has been proposed that some cosmic dust grains may 

have ice mantles covering their surfaces due to the presence of H2O and CO2 in the ISM 

and the low temperatures (10 K) of some interstellar clouds. Ice mantles can be 

deposited on the cosmic dust grain targets to study H2 formation on ice covered dust 

grains for comparison with current theoretical work [7, 8].
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6.4. State-Selective Detection of Other Small Molecules Formed on 

Cosmic Dust

Given the variety of molecular species in the ISM, it is possible that cosmic dust grains 

can provide sites for the formation of other small molecules besides H2 . The UCL 

cosmic dust experiment has been designed to be adaptable to study the formation of 

other small molecules on cosmic dust grain surfaces. The hydrogen source chamber has 

another confiât port suitable for mounting a second atom source. The type of 

microwave radiator currently used on the atomic hydrogen source is suitable for the 

dissociation of other molecular gases such as O2 , N2 and CI2 [9, 10]. The radiator has 

been tested around discharge tubes containing N2 and O2 and sustainable discharges 

have been observed. This means that by setting up a second discharge source, the 

formation of molecules such as OH, HD, NO and D2 can be studied as there are known 

state-selective ionisation schemes for these molecules [11 - 13]. Another important 

molecule to study state selectively [14] is HCO and this can be achieved by producing 

hydrogen atoms from the current hydrogen atom source and transporting CO molecules 

to the surface of the cosmic dust targets.

6.5. Further Surface Science Experiments

6.5.1. FTIR/RAIRS Studies of Reactions on the Surface of Cosmic Dust Grains

Reflection-Absorption Infrared Spectroscopy [15, 16] using a Fourier Transform 

Infrared (FTIR) spectrometer [17], allows the effects the surface has on a bonded 

adsorbate to be studied. Briefly, a beam of infrared light from an FTIR spectrometer is 

focussed and aimed at a grazing angle, typically 5°, onto the target surface. The light 

reflects from the surface and is detected. Absorptions due to adsorbate bond vibrations 

can be seen and compared with gas-phase values, and differences in the adsorbates 

vibrational frequencies attributed to perturbations caused by the surface it is bonded to.

A flange, incorporating a Alkali-halide window to allow the transmission of IR light, 

has been designed so that an FTIR spectrometer can be utilised on the cosmic dust 

experiment. RAIRS experiments can then be carried out to study the formation of
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interstellar molecules such as CH 3 OH, N H 3 , HCO and H 2 O on the surface of cosmic 

dust targets. An FTIR/RAIRS system can monitor the intermediate states when a 

molecule forms (e.g. it can detect CH 3 O as CH 3 OH forms) providing information on the 

reaction rates, how the conditions of the surface affect the formation rate of molecules 

and the sites on the surface where molecules adsorb. Figure 6.5.1. shows how an FTIR 

spectrometer can be attached to the reaction chambers.

Reaction chamber

Focussing mirrors

Detector

FTIR spectrometer

F igu re  6.5.1. Arrangement of an FTIR spectrometer on the reaction chamber to carry out RAIRS 
experiments seen as if looking down on the equipment.

6.5.2. Temperature Programmed Desorption

Temperature Programmed Desorption (TPD) can be carried out utilising the target 

heating system described in Chapter 3. The TOF mass spectrometer can be set to 

integrate flight times for the adsorbate to be studied and the ion signal it detects can be 

monitored as the surface temperature of the cosmic dust target is increased. TPD 

experiments will provide information on the strength of the adsorbate-surface 

interaction.

6 .6. Summary

This chapter has presented ideas for work that builds on the commissioning and initial 

results presented in chapter 5 of this thesis. Once the H2 formation process on cosmic
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dust grain surfaces has been fully characterised, the experiment can be adapted to allow 

the study of how other important molecules form under interstellar conditions. The 

results of these experiments will go some way to shedding light on some of the 

unanswered questions in modem astrochemistry.
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Appendix A. Calculation of Ion Flight Times for a Two Field Time-of- 

Flight Mass Spectrometer

Time-of-flight mass spectrometers determine the mass of an ion, m, by recording the 

time it takes for the ion to travel a known distance having been accelerated through an 

electric potential. The flight time, t, is then given by the relationship

t = k-J m + C eqn (Al)

where k and C are constants [1].

The time-of-flight mass spectrometer used in the cosmic dust experiments is shown in 

Figure Al, with the appropriate dimensions included for the flight time calculation.

M icroChannel
plate

Drift tube

Repeller plate —

 Anode

[

Ed

F igu re  A l, Schematic diagram of the time-of-flight mass spectrometer showing the dimension 
and electric fields need to calculate an ion’s time of flight.

The energy, U, an ion of charge, q, gains as it moves through an electric field, E, acting 

over a distance, 5 , is given by

U =qsE eqn (A2).
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Using the dimensions shown in Figure A l (and neglecting the flight times from the drift 

tube to the microchannel plate which are negligible compared to the rest of an ion’s 

flight time), the final energy gained by an ion in the spectrometer is

C/ = C/o + qsE  ̂ + qdE^ eqn (A3)

where Uq is the ion’s initial energy. The time of flight (in seconds) of an ion in the 

spectrometer is the sum of the times it takes the ion to travel the distances, s, d  and D, 

eqn (A4)

t = t̂  +tD eqn. (A4).

To find ts, the time taken for an ion to travel from the point of ionisation to the middle

plate of the spectrometer, a standard result from Newtonian mechanics is used too:

V. -  Vn
r, = — - —  eqn (A5)

where vo is the ion’s initial velocity, and a is the acceleration the ion undergoes due to 

the electric field. Es, and is the ion’s velocity after being accelerated through distance 

5. Vs is found from

v̂  = V(ĵ  + 2as eqn (A6)

and substituting eqn (A6) into eqn (A5) gives

„ n (* 7 )

the ± in front of vq arises due to the fact that some ions will be created with initial 

velocities moving towards the detector (‘+’ case) and some with initial velocities 

moving away from the detector (‘- ‘ case).
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An ion’s initial kinetic energy is given by

Vn =
2U,

\  m  J
eqn (A8)

and substituting this into eqn A(7) gives

2 q E ,sV ‘
+

V m m
+

V m
eqn (A9)

An ion’s acceleration can be expressed in terms of its mass, charge and the electric field 

causing the acceleration, using Newton’s second law, eqn (AlO)

F = ma = qe a = —  
m

eqn (AlO).

Substituting eqn (AlO) into eqn (A9) gives

2U,  ̂ Iq sE V ^  (2U ,V ^  
\ m m J \ m J

m
eqn (A ll)

which simplifies to

=
(2m)' (u,+qsE,f±{u,f eqn (A 12).

The time it takes an ion to travel distance d, td, is found from

eqn (A 13)

where Vd is the ion’s velocity after being accelerated through distances d  and a is the 

acceleration of the ion as it passes through the electric field Ed. Vd is found from:
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v^=v^+2ad = v ^ + ^ ^
m

eqn (A 14)

Substituting eqns. (A6), and (A14) into (A13) gives

m

/2 m
qE,

v l  +
2qsE

m

/2 m
qE,

eqn (A 14).

Substituting again for eqns (A6) and (A8) yields

t .  = [t/„ + qsE, + qdE, f  -  [(/„ + qsE, f  eqn (A15)
<lE,

which simplifies to

(2m)

qEd
U > '- -{u „ + q sE ,) /2 eqn. (A 16).

There is no accelerating electric potential in the drift tube, so ions travel through the 

drift tube at a constant speed, v̂ . The time an ion takes to travel the length of the drift 

tube, to, is given by

=
D D

2 2qdE^
eqn. (A17).

Substituting eqn (A6) and eqn (A8) into eqn (A17) gives

D
-

V m)
Uq +qsE^ +qdE^

eqn (A18)

which simplifies to
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= 2U /2 eqn (A 19).

The total flight time of the ion (in seconds) is therefore given by

t = (2m)/2
({/„ + qsE, f ± [ U , f  qsE,)

 - + ------
qE,

+
D

2U
eqn (A20).

As can be seen from eqn (A20), the time of flight is proportional to m^. As the 

spectrometer’s electric fields and dimensions are constant, as is the charge on an ion, the 

equation for an ion’s time of flight can be abbreviated to yield eqn (Al).

t = kyfm + C eqn (Al).

The constant k is related to the electric fields and dimensions of the spectrometer and C 

occurs due to delays from the spectrometer’s electronic timing equipment. These 

constants can then be found by solving two simultaneous equations for two ions of 

different masses.

Reference

[1] Wiley, W. C. and McLaren, I. H., 1955, Review of Scientific Instruments, 26(12), 

pp. 1150- 1157.
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Appendix B. Space Focusing in a Two Field Time-of-FIight Mass 

Spectrometer and the Maximum Resolvable Mass

As discussed in section 3.5.1, the resolution of ions in a TOF mass spectrometer is 

affected by a condition known as space focusing. Space focusing is a procedure which 

attempts to overcome the problem that the ions to be analysed by the spectrometer are 

formed over an area in the ionisation region and not at a point in space. In an ideal 

spectrometer, all of the ions would be formed in a plane between the spectrometer’s 

repeller and middle plates. This means that they would all receive the same kinetic 

energy as they are accelerated over the same distance, Jo, towards the middle plate. This 

means that all ions of the same mass would have the same time of flight. This results in 

ions formed at a distance s < sq eventually being overtaken by ions that were formed a 

distance 5  > 5o as these ions will have been accelerated for longer and have 

correspondingly higher kinetic energies. This means that ions of the same mass are 

produced with a spread of energies and hence flight times, which can make it hard to 

separate ions of adjacent mass.

To overcome this, a condition must be found where the spread of flight times due to 

different ionisation distances is zero. This is the position where ions with higher initial 

energy overtake ions of the same mass but with lower kinetic energy: a space focus. To 

find this space focus, Wiley and McClaren [1] assumed the initial energy, Uo, of the 

ions to be zero and that the ions are all formed at a point in the source region so that s = 

Sq. They then defined the following parameters

U, = qs^E  ̂+ qdEj eqn (Bl)

and  ̂ eqn(B2)
^oE.

where Es and Ed are the electric fields shown in Figure Al. (Appendix A.). Substituting 

eqns (Bl) and (B2) into the equation for the time-of-flight, eqn (A20) (Appendix A.) 

gives
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^0, 5q ) -
+1

eqn (B3).

The spectrometer’s first order space focus is then found by setting the condition

=  0 eqn (B4)

which gives

1 - eqn (B5).

As the physical dimensions of the spectrometer, D, 5o and d  are fixed; the space 

focusing condition depends entirely on the ratio of the electric fields, Es and Ed. These 

electric fields outside the drift tube can then be manipulated to focus ions of the same 

mass so that they arrive with a small spread of flight times.

Maximum Resolvable Mass

The maximum resolvable mass of a TOF mass spectrometer is the largest mass for 

which consecutive peaks can be distinguished from each other. In practice this means 

that the maximum resolvable mass is the mass after which the overlap between the TOF 

peaks is above their half maximum. An estimate of the maximum resolvable mass of a 

TOF mass spectrometer can be made by comparing the time difference between two 

peaks consecutive mass;

-1 eqn (B6)

which, using the Binomial expansion can be approximated as
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eqn(B7).
2m

An estimation for the maximum resolvable mass, R, can then be made by letting AT be 

the full width at half maximum of a spectral peak with maximum at time Tm̂  

Substituting R for m in eqn (B7) gives an expression for the maximum resolvable mass 

of a TOF mass spectrometer

R ~ ^  eqn (B8).
2AT

The value of R gives the highest mass that can be resolved by the spectrometer. For 

example: if = 100, then the spectrometer can distinguish between mass 99 and mass 

100, but not between mass 100 and mass 101.

Reference

[1] Wiley, W. C. and McLaren, I. H., 1955, Review of Scientific Instruments, 26(12), 

pp. 1150 -  1157.
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Appendix C. Calculation of Errors on Rotational Populations

Rotational populations are found by finding the area of a rotational peak (corrected for 

background) and dividing this by the laser power normalisation factor discussed in 

section 5.3.1. Therefore, to find the errors on the measured rotational populations 

requires the propagation of the error on the background counts under the recorded ion 

peak, the error on the peak area and the error on the laser power dependence.

The average background count before. A, or after, B, the peak is simply the mean 

number of counts before or after the peak.

The error on each of the background counts is Therefore, the error on the average 

background before the peak, AA, is:

(AA)̂  = ̂ [(Axi )̂  + (A^ 2  7  + ... + y-] eqn (Cl)

where N  is the number of laser steps. Rearranging for AA gives:

AA = [(A îy +(A%27+... + (A%̂ y ]| ' eqn (C2).

But, as the error on xi is Vjc, then

eqn (C3)

which is simply equal to V(mean background counts). AB, the error on the average 

background counts after the peak, is found in the same way.

The error on the measured peak area, E, requires the propagation of the error on the 

average background counts under the peak, C, and the total average counts under the 

peak,D.

135



c  =
(A + B)' N eqn (C4)

where N  is the number of laser steps under the peak. AC is found by propagating eqn 

(C3) for the errors on A and B to give:

(AC f  -  [(AA)  ̂+ { A S f  ] y

so

eqn (C5)

AC - 1 [(AA)  ̂+ (A ^y j y eqn (C6).

The error on the total counts under the peak, AD, is simply:

(ad)^= (axi f + (a^2 y + . . . + (ax^ y eqn (C7)

and as Ax, = Vx, then

AZ>=
1=1

eqn (C8).

As, E, the measured peak area = D - C, then AE, comes from combining AC and AD:

{AEf = {AC f  + {A D f eqn (C9)

giving

A£ = [(AC)"+(AD)"]^ eqn (CIO).

Now that the error on the peak area has been found, this must be propagated through 

with the error when normalising for laser power. The final rotational population, F, is
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found by dividing the peak area, E, by the laser power, G, raised to the power of its 

energy dependence, n, eqn (C ll)

eqn (Cll).

Let G" = H  then:

+
y

eqn. (Cl2).

As AE has already been found, eqn (CIO), the only error needed is AH. 

H =G" so \n H = n \n G

By making the following substitutions:

\nH = J and InG = ^  then J = nK giving

f
2  ̂A n ^ 2 A K " \---- ---- + -----

J  J I » J E  j eqn (Cl3).

As K = InG and AK = , substituting back into eqn (C13) gives:
G

AJ']
2

 ̂An^
2 AG ^---- = — +

■r J I » [ g Ih g J
AJ = J

 ̂AM Y f  AG
+

^GlnGy
eqn (C14).

But J = In H so H = exp7 giving = A J . This means:

AH
= lnH f A n Y  f  AG  ̂

GlnG
eqn (Cl5).
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Substituting eqn (C l5) for AH back into the original equation for 

gives:

AF , eqn (Cl2),

V F y
+ n\nG

f_A G _)
< w  J  I  G l n G  y

eqn (Cl6).

Rearranging eqn (Cl6) for AF gives a final error on the rotational population of:

AF = F
AF
~F^

+ nlnG +
 ̂GlnG y

eqn (Cl7)

which simplifies to:

AF = F
AE

\ J
+ (nlnGy +

AG  ̂
 ̂GlnG y

eqn (CIS).

where F is the rotational population divided by (laser power)", F and AF the peak area 

and associated error, n and An the power to which the laser energy is raised for 

normalisation and its associated error and G and AG the laser power and its associated 

error.
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