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Abstract

H, is the most abundant molecule in the interstati@dium and forms on the
surface of interstellar dust grains. Laboratorydsts have been conducted of HD
formation on a dust grain analogue, which is a Igigiiented pyrolytic graphite
surface held at 15 K, under ultra-high vacuum. Tiaecules desorb from the
surface in a distribution of ro-vibrational statedich are probed using Resonance
Enhanced Multi-Photon lonization Spectroscopy. Haiparticular ro-vibrational
state is ionized using laser photons detected taypeof-flight mass spectrometer.
The HD ion vyields are then data processed to obtain #iative rotational
populations of HD formed within one vibrational é&vand an average rotational
temperature can be found. In this thesis, HD formedbrational states = 3 — 7
have been studied. This carries on from previoudiass of HD and Klin thev =1
and 2 states. Within each vibrational level, thestpmpulated rotational state was

found to bel = 1 or 2. The most populated vibrational state fwasd to bev = 4.

The HD experimental results were extrapolated @ dghe relative ro-vibrational
population distribution of nascent,Hwhich provides a new model for the
formation pumping of bl This new formation pumping model has been
implemented into a radiative transfer code, writtgnCasu and Cecchi-Pestellini,
which takes into account formation, radiative antisional pumping mechanisms
to calculate the total population distribution of H an interstellar cloud and to
generate kispectra. The sensitivity of the, ldpectra to the physical conditions of
interstellar dark clouds, such as cloud density dachperature, has been
investigated. Kl spectra generated using the new experimentaliyatkformation
pumping model has also been compared tosPectra generated using other

established, theoretically-derived formation pungpimodels.
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Chapter One

Introduction

Hydrogen, in its different forms, is of paramoumpiortance to astronomy because it
is the most abundant element in the Universe. Hy@lmocomprises approximately
90% of the Universe by number density or about €§%e Universe by mass [1].
The spectral lines of hydrogen are prominent imeaigvariety of astronomical objects
and the role of hydrogen in astrochemistry has baesubject of much study.
Astronomers have discovered spectral lines fromHdatoms, H molecules, K and
Hs" in vast clouds of gas and dust in the space betstes, known as the interstellar
medium (ISM) [2]. It is from these clouds that stasolar systems, and ultimately,
planets like the Earth have formed; thus the chieyndd interstellar clouds has major

consequences for astronomy.

By far the most abundant molecule found in the ISNH,. It has long been known
that most of the kHdetected in the ISM must form on the surface tdrstellar dust
grains [1, 3-6]. However, many aspects concernegformation of H still remain a
mystery. What is the formation mechanism for theonebination of H-atoms on an
interstellar dust grain? Is the nascentniblecule formed with significant internal and
kinetic energy and can it be detected? Does thedbon process cause heating of the
dust grain? The answers to these questions cowd aasignificant impact on the
chemistry of the ISM. The work presented in thigsib investigates these questions

using a combination of laboratory experiments asttbahysical modelling.



1.1 Interstellar Clouds

At first glance with the naked eye, the space bebmbe stars seems to be empty.
Observations with telescopes have shown that shi®i the case: in the i&entury,
Charles Messier stumbled across faint smudgegybf ih the sky when looking for
comets. We now know that these are actually nelragerstellar clouds, where gas
and dust are so close to a star that the gas bechoteand radiates and the dust
reflects light. One such interstellar cloud of gesl dust is the Iris Nebula, or NGC
7023, shown in Figure 1.1This image of spectacular beauty occurs because
interstellar dust grains are very small — aboutdhme size as visual wavelengths —
leading to blue light being scattered more effidyethan red light to produce the
glowing blue vista below.

Figure 1.1 The Iris Nebula, or NGC 7023, which is about 6 figkars across and
1400 light years away, is located in the constellaCepheus. Gas and
dust surrounds a massive, hot, young star. Filssngtdaw with red
photoluminescence as invisible ultraviolet statlighconverted to visible
red light by dust grains. The nebula is mostlyeblaharacteristic of
reflection of starlight from dust grains, hence NG@3 is known as a
reflection nebula.

Credit: Jean-Charles Cuillandre (CFHT). Image taikem Astronomy
Picture of the Day [7], http://apod.nasa.gov/appd#l229.html



Spectroscopic observations provide much of therin&bion that we know about
interstellar gas. The atoms, ions and moleculéisdrgas may emit or absorb radiation
corresponding to transitions between their variensrgy levels; thus by analysing
light from the Iris Nebula we can determine its el composition. Rotational
effects within the Galaxy can also be used to ¢aleithe mass of interstellar matter.
Interstellar gas is found to have a mean densitaldut 1 atom ci [1]. As
aforementioned, the gas is mainly comprised of $Q#rogen by number density, as
well as about 10% helium. Less than 0.1% of thenatin the interstellar gas are
carbon, nitrogen, oxygen or other heavier elemdhist grains make up about 1% of
the interstellar cloud by mass, such that the gadust ratio is 18 by number
density. This gas-to-dust ratio appears to be eohghroughout the Galaxy in all
regions in the ISM.

Regions in the ISM are loosely defined in a nundderays. For a definitive study of
the classification of interstellar clouds see Sramd McCall [8]. The major volume of
the ISM is comprised of tenuous plasma, known asoital’ gas, and is mainly
heated by supernovae shocks [9]. It is too hobtdain molecules at a temperature of
T ~ 16 K and has a number density of hydrogen nuclei.of16° m™. Chemically
important regions can be classified into those wimautral hydrogen, in molecular or
atomic form, is the most predominant species (ldlaes) or where the hydrogen is

ionized due to starlight (HII regions).

Another useful classification is to make a distimctbetween HI regions: diffuse
clouds, where T ~ 100 Ky ~ 100 cri?; dark clouds, where T ~ 10 Kyn 10 cmi®,;
and translucent clouds, which are an intermediate cloyue between the two
extremes. The material within the clouds is notritisted uniformly, but is ‘clumpy’
such that clouds vary greatly in size and den§itumpiness is due to matter in the
clouds gravitating towards each other. Consequéndge clumps themselves will be
clumpy and turbulent, thus the values given forgerature and number density of
hydrogen are not definitive. Together, interstetimuds constitute only a few percent
of the volume of the ISM, yet contain most of iteisa [9]. Diffuse clouds mainly
consist of atomic hydrogen because they are tis tknse and thus fully exposed to
starlight, which readily dissociates any hydrogeanlaoules [1]. Dark clouds are

relatively dense, hence are not penetrated byvidtet (UV) radiation. Dark clouds



are the regions in which most molecules in the I&M found, and hence are also
known as molecular clouds. The chemistry of diffsed dark clouds will be
discussed in Section 1.8. The whole of the ISMuifused by the cosmic microwave
background radiation left over from the Big Bangl aso by cosmic rays consisting
of high energy protons and electrons from variotgimms such as rotating neutron
stars and supernovae. The Milky Way Galaxy alsdains a weak, ordered, large-
scale magnetic field of ~ 0.1 nT [1]. The diffusedadark cloud densities may be
related in an evolutionary sequence as part ofsteéar lifecycle: diffuse clouds
collapse to become dark clouds, which themselvdaps® until nuclear fusion is
ignited to form stars. These stars interact with E8M via their stellar winds and
radiation until ultimately star-death occurs and #tars yield their metal-rich content
back to the ISM. An image of the stellar nurseny,aative star forming region’, IC
1396 can be seen in Figure 1.2. Dark regions caseés to interact with glowing Hll
regions, where UV photons from hot young starsnhwithin the folds of the dense,
dark regions, ionize hydrogen atoms. As the elestrand atoms recombine they
radiate; hence IC 1396 is also known as an emissonla.

Figure 1.2 IC 1396 in the constellation Cepheus. This image waken in H-Alpha
emission, in the red part of the visible spectrum.

Credit: Nick Wright (CfA), IPHAS collaboration. Ingge taken from
Astronomy Picture of the Day [10], http://apod.ngsa/apod/ap050930.html



1.2 Hydrogen in the Early Universe

Around 3 x 18 years after the Big Bang, protons and electrommédd the first
hydrogen and helium atoms in a period of time knagnthe Recombination Era.
Ever since then, hydrogen in its atomic and mokecidrms has played a leading role
in shaping the Universe. The early Universe was #wremely hot, at temperatures
above 1000 K. Hydrogen atoms were able to radiateyasome of this heat after
being ionized, providing an important cooling mauken so that gases could begin to
collapse under gravity to form the first stars (#lapon Ill stars) and galaxies.
Cooling mechanisms are essential to allow grawitedi collapse because the pressure
of hot gas resists further contraction unless lo@at be emitted in the form of

radiation, both in the early Universe and in thBlIS

Once neutral atomic hydrogen was present in theddse, radiative reactions led to
the formation of molecular ions such as'tnd HD. H was first formedvia ion-
molecule exchange reactions involving protons aedt®ns, with typical reaction

schemes shown below:

H+e - H +hy

H+H- H+e 11
or

H+H - Hy +hv

Hy'+H - Hy+ H' 12

Collisions of H with atomic hydrogen ensued, leading to the etontaof H, in
vibrational levels abover = 0. At the high temperatures of the early Unieers
vibrational levels were easily populated. Theseitedcmolecules could then emit
radiation through vibrational transitions and alldke gas to cool. His also an
effective coolant for gases at T ~ 100 K, whereligiohs result in rotational
excitation, followed by emission. Hence &boling mechanisms also take place in the

ISM and remain of great importance to the presamgt d



1.3 Observations of Interstellar Molecular Hydrogen

Molecular hydrogen was expected to be abundarteriSM as far back as the 1930s
by Sir Arthur Eddington, long before it was actyallscovered [8]. The problem with
observing molecular hydrogen in the ISM arises fiiv@ fact that Bl is symmetric
and homonuclear, thus it possesses no “electrigteli@llowed” vibrational or
rotational transitions. Electric-quadrupole traiosis may occur in the infra-red (IR)
but the probability of these are very small, whie Einstein A coefficient of the 2 — 0
rotational transition being 3 x ¥ds™. This corresponds to a lifetime against radiative
emission of over 1000 years [2]. Hence, althoughfittst molecules were detected in
the 1930s, namely CH, CHand CN, the KW molecule was not observed despite its

much greater abundance [8].

H, in the ISM could not be successfully observedluhé advent of space telescopes
as many of the IR and UV transitions cannot be $emn ground-based telescopes
due to telluric lines, which are caused by absompfrom molecules in the Earth’'s
atmosphere [8, 11]. Finally in 1970, using rockasdd spectroscopy, Carruthers
detected strong Habsorption in& Persei, having observed far-UV electronic
transitions of H in the Lyman and Werner bands lying below 111.5 [ir8].
Subsequently in 1972, th@opernicusorbital observatory was launched in order to
detect interstellar Habsorption, againia UV spectrometry [13]. In this study,,H
was discovered in more than 100 lines-of-sight rowaliffuse regions. Hwas found

to possess significant rotational excitation, wita temperature of the gas determined
to be 81 £ 13 K.

Ground based telescopes first observed emission fig in 1976 [14, 15]. These
observations were of the IR quadrupole emissions,@ft 2.2 — 2.4um, in a region of
the spectrum not obscured by telluric lines. Theatronal temperature of H
determined from these IR observations was fountetol ~ 2000 K. The satellite
telescope, Far Ultraviolet Spectroscopic ExploFU$E, 1999 — 2007) [16], found
molecular hydrogen in ro-vibrationally excited stausing a broader UV wavelength
than Copernicusin a wide range of astrophysical environmentshsas reflection
nebula and circumstellar gas [8]. Ro-vibrationakcited H has also been founda

observations at mid-UV wavelengths using spectmyggaon the Hubble Space



Telescope (HST) [17]. The mechanisms for populatif3gin such highly excited
states, often called pumping mechanisms, are mandy UV and collisional

excitation in the ISM and are discussed in Sectidn

It is much more difficult to detect Hn dark clouds as there is no UV pumping to
populate Lyman and Werner bands, hence the onljadedf direct observation is
from IR emission due to ro-vibrational transitiods stated previously, IR lines are
difficult to observe from Earth due to telluric éi& and due to Hhaving no dipole
moment. Thus, ro-vibrational transitions are vergaw in the cold bulk of dark
clouds. Therefore, alternative means of determiriimgy H abundance have been
developed other than direct observations. Manyheée techniques involve using a
tracer species: molecules, or dust, which are easigetect than fHand then to infer
the molecular hydrogen abundance by some propatiigmelation [1, 18]. The main
tracer of molecular gas is CO, which is the nexsihabundant molecule after ldnd
possesses a dipole momenjcf 0.11 Debye. CO is rotationally excited by catliss
with Hy, molecules and is easily observed at radio and slitetre wavelengths with
ground-based telescopes. In clouds where begtind CO molecules can be observed,
the H:CO ratio is typically n(H) = 1 n(CO) [1], thus the abundance of Ean be

inferredvia observations of CO.

1.4 The “Formation Problem” for Molecular Hydrogen

The high abundance of ;Hn the ISM posed some problems for astronomers.
Photolysis of H readily occurs such that 10 % of all absorptioarngs of interstellar
radiation by H results in the destruction of the hholecule. From rate calculations of
these reactions, it can be determined thag enblecule in a diffuse cloud will have a
lifetime of ~1000 years, which is very short onastrophysical timescale [19]. Thus
there must be an efficient mechanism for the foromadf H, in the ISM to account

for the high abundance.

In the early Universe, Hwas formedvia electron and proton catalysed reactions as
explained in Section 1.2. However, in diffuse aadkdnterstellar clouds, protons and

electrons are sparse, with proton and electrortifeex.: = Xe. = 10% — 10" [20].



Hence proton and electron catalysed formation efidHvery slow and can only
account for 1 in 1000 Hmolecules [19]. The direct radiative associatibhydrogen

atoms, shown in 1.3 below, is also highly ineffitie Although this process is
perfectly adequate in atmospheric conditions, tbe Ipressures in the ISM
dramatically decreases the contact time betweemohtss such that the period of
vibrational oscillation in the molecule is typigalonly 10™ s, in comparison to a
transition probability of ~18 s*. There is not sufficient contact time for the ¢adi

hydrogen molecule to radiate away its binding eperfg4.5 eV before it is likely to

dissociate. This means that the efficiency of malechydrogen formation is too low
to account for observations: only one i £6llisions would result in the formation of

molecular hydrogen [3].

H+H - Hy+hv 1.3

A three body reaction, shown in 1.4 below, wouldrbech more efficient for K
formation as the third body, M, could remove theess energy from + However,
in the ISM, the low pressures mean that the likalth of three bodies colliding is
negligible, hence this reaction is unimportant beld-atom densities of ~f@m?
[1]. Such high densities do not arise in diffusd dark clouds, although do occur in

circumstellar environments.

H+H+Mo Hy +M— Hy+ M’ 1.4

Hence the widely accepted theory is that mdolecules must be formed through
heterogeneous catalysis on the surface of dustggmaithe ISM [3, 5, 11, 14, 21-80].
This formation channel was suggested by van detulk948, then first modelled by
Gould and Salpeter in 1963 [5]. This formation matbm is thought to be highly
efficient, such that almost all H-atoms adsorbeid @dust grain leave as part of a H

molecule [5, 81]. It is this formation processttizaunder investigation in this thesis.



1.5 Formation of Molecular Hydrogen on Surfaces

The formation process can be considered in a sefisgeps: an H-atom adsorbs on
the surface of a dust grain; diffuses across thface; reacts with another H-atom;
possibly undergoes processing on the surface; hed finally, an H molecule
desorbs. The formation of the molecule releasesdirty energy of 4.5 eV. This
binding energy is partitioned between various modbe internal energy of the
molecule; the translational or kinetic energy of tholecule and heat that flows into
the surface of the dust grain. If the nascent nuidedeaves the grain with some
internal energy, such that its rotational or vilmaal levels are excited aboveJ= 0,

0 or 1, then this excitation process is known aségion pumping and is discussed in
Section 1.7.1.

At the low temperatures involved in the ISM, stigkiprobabilities are taken to be
unity, meaning that any hydrogen atoms collidinghva dust grain will freeze out on
its surface [14, 42]. An H-atom adsorbs to a dwatngsurface either due to van der
Waals forces, which is known as physisorption, grthe formation of chemical
bonds, which is known as chemisorption. The mgbdit an adsorbed atom depends
on the strength of the bond to the surface. Therads hydrogen atom then moves
around the surfaceia thermal hopping or quantum tunnelling [39] as shoby
Figure 1.3. The mass of the species is importatiigrmovement around the grain,
which may imply that the formation of HD will diffédrom the formation of K as the
mobility of the heavier D-atom will be restrictad gomparison to the H-atom.

Thermal hopping

Figure 1.3 Possible methods for an H-atom to diffuse acrossstirface of a dust grain
to move from one adsorption site to another adsor(site.



There are two main pathways in which molecular bgdn can be formed, namely
the Eley-Rideal (ER) mechanism and the Langmuirshigwood (LH) mechanism,
which are shown below in Figure 1.4:

wJ

O D
\

a)

wJ

b) ‘)

%o
.

Figure 1.4 The two possible formation mechanisms ferad a surface.
(a) shows the ER mechanism whilst (b) shows therigg¢hanism.

The ER mechanism is the simpler process, whereHsatom is adsorbed onto the
surface and reacts with another still in the gaasph The molecular hydrogen may
then desorb from the surface:

H(ads) + H(g)— Hz(ads)— Hx(q) 15
The LH process requires two H-atoms to be adsotdgds synthesized on the

surface and then possibly desorbs:
H(ads) + H(ads)» Hz(ads)— Hx(Q) 1.6
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The ER and LH mechanisms are two extremes. Thefoemlation process may be

better described by the ‘hot atom’ mechanism (H#9]] which is intermediate to the

ER and LH mechanisms. In the HA mechanism, oneadriais adsorbed, and is

bound to the surface. However, the second H-attthmugh trapped on the surface,
does not become thermalized with the surface befoeacts with the fully adsorbed,

already thermalized, first H-atom to fornp.HAIl three of these mechanisms have
been studied theoretically [14, 41, 42, 50, 525®1,58, 60, 65-67, 82-85], with most

work done on the ER mechanism as it is the easigabdel. However, in interstellar

conditions, the LH mechanism is thought to dominatece at such low pressures,
there will be very low coverage of H-atoms. Thend e so few adatoms on the

surface that it is unlikely that a gas phase atalhcwallide with a pre-adsorbed atom

on impact with the dust grain.

1.5.1 Theoretical Studies of Molecular Hydrogen Formation

As aforementioned, Gould and Salpeter [5] develdpedirst theoretical model of H

formation in the ISM in 1963. They modelled a ‘giite’ surface and found that
between temperatures of 10 — 20 K, the formatiotdpmust have recombination
efficiency between 0.1 and 1. Hollenbach and Setp§45, 86] extended the
treatment to model dust grains as irregular susfacel to include H-atoms bound to
defects. They found that in fact, at low temperguibelow a critical temperature of

40 — 50 K, recombination efficiency is ~1.

Cazaux and Tielens [38, 39] found that ¢dn form efficiently on dustat T =6 —
300 K. A physisorbed H-atom was found to recomlgfiieiently with a chemisorbed
H-atom up to ~ 100 K.At higher temperatures, the residence time of duoybed
atoms on the surface was too short to react amd & hence at high temperature
regions of the ISM, two chemisorbed H-atoms areuireqd to form molecular
hydrogen.The reaction between two chemisorbed H-atoms wasdfdo be less

efficient than the reaction between a physisorlretichemisorbed atom [38].

An investigation into the adsorption of hydrogentoom coronene-like model of

graphite was made by Jeloaica and Sidis [87] udewtsity functional theory (DFT).
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They found a significant barrier to the chemisamptof H-atoms of ~ 0.2 eV. This
barrier was later confirmed by experiment by Zedtoal. on a highly-oriented

pyrolitic graphite (HOPG) surface [88]. JeloaicadaBidis [87] observed that
chemisorption of a hydrogen atom required surfaétaxation and was found to only
occur on atop sites, directly above a surface cadiom. However, physisorption of
hydrogen atoms was site independent and there ighsiobility of hydrogen atoms
around the surface. The ER mechanism ferfddmation was compatible with both
chemisorbed or physisorbed hydrogen atoms. Howéverl. H mechanism was only
possible with physisorption, since any chemisorbtmims could not freely diffuse

around the surface.

As previously described, the;Hbinding energy is redistributed between the irgkrn
energy of the molecule, the translational energthefmolecule and energy taken up
by the dust grain surface. The dust grains in 8 may be formed of carbonaceous
or silicate material and this is likely to have affiect on this energy partition. A
recent study on chemisorption and physisorptiorGoymanset al. [89] has shown
that H formed on a olivine surface, (Fe,M8)Os, should be much less ro-
vibrationally excited than Hformed on a graphite surface. The nature of dushg

will be described in Section 1.6.

Takahashet al.[62, 63] used classical molecular dynamics to sthe formation of
H, on water ice surfacegia both the ER and LH mechanisms. The nascent H
molecules were found to be highly ro-vibrationakcited with significant population
of thev = 5 — 8 levels. The energy partition was calcalas follows: 70 — 79% of
the H-H binding energy was converted to vibratiosa¢rgy of the nascent molecule;
10 — 15 % into rotational energy; 7 — 12 % intmgtational energy and only 3 — 5 %
was absorbed by the ice. Takahastal. conclude that asHs formed in such highly
excited states, IR emissions may be observablegioms without a source of UV or

dynamical excitation.

In 2000, Farebrotheet al. [14] investigated kK formation proceedingia the ER
mechanism, by using time-independent scatteringutations on a potential energy
surface (PES) using DFT. The results indicated ttmatprobability of forming klon

the graphite surface was high, which was in agree¢meth classical, empirical
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studies of interstellar clouds [57, 58]. The stualy Farebrotheret al. [14] also
predicted vibrational excitation of the nascentriiblecule. For the collision energies
considered, it was predicted that the vibrationgtribution of the formed H
molecules would peak about= 2. The same group then investigated further [50]
using a more 3D approach, where plane-wave DFTused to calculate the PES. It
was found that the most likely vibrational statessew = 3 — 5. Most of the molecules
were found to be highly rotationally excited, witlstates up td = 20 populated. The
rotational states with the highest population wdagd = 8 — 11.

In 2001, Meijeret al. [42] performed calculations of Hormation on a graphite
surface, by employing a time-dependent wave packethod. The presence of
spectator H-atoms was included. The H-atoms, in fien of a monolayer
physisorbed onto the graphite surface, did not@atoto form molecules, but had an
effect on the reaction dynamics. A significant stdibution of the energy was seen to
occur, even without the excitation of the spectéesitoms. The excited vibrational
states of nascentyHnolecules were now found to extendste 2 andv = 3. Thus, the
spectator-graphite bond may be an important regenfoenergy, which can be

released or retained during the desorption pfréin the surface.

In a further study investigating the LH mechanisn2007, Kerkeni and Clary [85]
studied the recombination of H-atoms on a graptstaie This study also used DFT
in order to build a PES. Reaction probabilities evealculated for H-H collision
energies of 1 — 15 meV, thought to be relevanh®IEM. Kerkeni and Clary found
that the reaction is barrier-less and that theafibnal excitation of K molecules

peaks av = 8, with significant populations at=5 andv = 4.

Work from the Sidis group predicts varying amouwftformation pumping of nascent
H, molecules depending on the formation mechanismnamdklling techniques used.
Morisset et al. [56] investigated H formation via the ER mechanism on planar
polycyclic aromatic hydrocarbons (PAHSs) at low matin temperatures of 5 K. They
observed vibrational excitation of newly formed Hp tov = 10, with the higher

vibrational states being more populated. In a latedy, the Sidis group found that
formation of B on a graphite surfacga the LH mechanism does not give rise to H

in either low vibrational or rotational states [58jor example, an ER study of two
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para-chemisorbed H-atoms of graphite indicates tthetaverage vibrational level of
nascent molecules should tae= 5 [67]. An investigation of the ER mechanism on
graphene predicts similar vibrational excitationthwev> ~ 4 — 5, 9> ~ 2 — 4 [66].
The Sidis group have also studied the LH recomlmnabf physisorbed atoms on
graphene, including the collision of nascent mdieswvith the graphene wall [65]. It
was found that nascent molecules have < 12 — 14, & ~ 10 and that collisions
result in the conversion of vibrational to rotatbmnergy. Several impacts with the
graphene wall are needed to cool the molecule.

These theoretical studies have been conducted osiadgls of ‘ideal’ grains, and this
will affect the applicability of the theoreticalg@ts to astrophysical regions in the
ISM and also to any laboratory experiments condlchMevertheless, the general
conclusion from the above theoretical studies & the formation of Hon a dust
grain surface is efficient, and that nascent mdéscumay display significant

vibrational and rotational excitation: in other wsy formation pumping may occur.

1.5.2 Experimental Studies of Molecular Hydrogen Formatiamn

Laboratory investigations into JHormation have yielded a variety of results, both
contradictory and in agreement with the theoretresiults. Gough and co-workers
[15] investigated Kl formation on carbon surfaces at T = 90 — 300 Kthwi
temperatures much higher than interstellar dustifiuse and dark clouds. Gougf

al. analysed the Hon yield from dissociative attachment of elecga@a H(v, J). The

H, molecules desorbed from the carbon surfaces werelfto be highly vibrationally
excited up tov = 7. However, the degree of vibration was foundb& strongly
dependent on the temperature of the surface, base tresults may not be relevant to
the ISM.

Lemaire and co-workers [70] studied the ro-vibnaéibexcitation of [ formedvia

the recombination of D-atoms on a non-porous anwuplsolid water (ASW) surface
held at T = 8 — 30 K. The experiments involve terapge programmed desorption
(TPD) of molecules from the surface. TPD experirment carried out by dosing the

reactant molecules onto a surface, then increabmtemperature of the surfage a
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linear or non-linear ramp rate. The molecules tesorb during this TPD experiment
are detected using a mass spectrometer. Angaal. [70] detected nascent,Dn
statesv = 1 — 7, by scanning the kinetic energy of eledroequired to ionize nascent
D,. Congiuet al.[73] extended the work of Amiaugt al.[70] by showing that Pis
not formed withv> 2 on porous ice, hence the molecules are assuoriede their ro-
vibrational excitatiorvia collisions with the pore walls. Furthermore; Was neither
formed internally excited on non-porous ice norpmrous ice in a regime of high
molecular coverage, thus Congitial. concluded that hydrogen molecules thermalize
on the surface of dust grains in dark clouds andbnmation pumping occurs. Other
work by the Lemaire group has studied the adsan@imd desorption processes of H
D,, HD on ASW [70-75] and confirmed the mobility ofdoms on ASW at 10 K,
which implies that recombination of hydrogen atand the hydrogenation of species

on an interstellar dust grain surface may be effic[76].

Goverset al. [90, 91] studied the adsorption and desorptiotHgfand b and the
recombination of H- and D-atoms on a cryodeposit aoriquid helium cooled
bolometer. The atoms were found to be mobile daw® K and recombination of H-
atoms was found to cause desorption of preadsddpedolecules. Zechet al. [88,
92-98] conducted reactions of H- and D-atoms at 2080 K chemisorbed on a
graphite surface. The barrier to chemisorption easdirmed and sticking coefficients
were determined [88]. The graphite surface waseekth create terrace edges on the
planes of graphite, in order to introduce defect®dhe surface. Recombination of
chemisorbed atoms on the surface was found torgelyaindependent of the number
of defects on the surface, which implies that reoioition occurs mainly at the

planar surface of the graphite [98].

Pirronello, Vidali and co-workers [21-33] carriedtd’ PD studies of Hformation on

various surfaces of astrophysical relevance, sscéil@ate surfaces by using olivine
as the dust grain analogue, amorphous carbon sgrfand amorphous water-ice
surfaces. On olivine, the Pirronello group foundttthe recombination efficiency was
lower than model-based estimates [26]. However, rtheombination efficiency
obtained by Pirronello and co-workers could be meded with estimates of the
recombination efficiency from astrophysical obséovas and models, if the dust

grains are taken to be rougher and larger tharetbogently defined in the existing
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models. By studying HD formation on olivine as adtion of surface temperature,
Pirronelloet al. [24] conclude that there are two main regimesuofage coverage by
H-atoms that are of astronomical importance, at $owmface temperatures. There can
be a low coverage or a high coverage that is Isslé than a monolayer. The high
coverage regime exhibited first order desorptionelics, which means that,H
molecules will form at low temperatures but willtraeesorb until that temperature is
raised. The low coverage regime exhibited secoderdkinetics, indicating that the
hydrogen atoms remain on the surface as atoms Bodstay localized without
recombining. The result for the high coverage regimdicates that the binding
energy (~4.5 eV) released by the formation efwill not cause the molecule to be
desorbed directly into the gas phase, but thastinlace may act as a reservoir for a
significant amount of energy. In a further studye Pirronello group also found that
the recombination of His efficient for olivine held at a range of temgieres 6 K< T

< 10 K and for carbon surfaces held at a rangeraperatures 10 K < T < 20 K [29].

The Pirronello group also investigated féarmation on amorphous ice on top of an
inert surface [31], using both low and high densk8W. Low density ASW is
microporous and has a higher surface area to voratieethan high density ice. Low
density ASW has a density of 0.94 + 0.03 g camd was obtained by depositing
water vapour on an inert surface at 77 K, wherégls #hensity ASW has a density of
1.1 + 0.1 g cif and was obtained by the deposition of water orulastsate at
approximately 10 K. It was found that férmation was more efficient on low density

ASW but also that the efficiency increases at lawaxe temperatures, at T = 10 K.

The morphology of the dust grain surface is thoughtave a significant influence on
H, formation. Hornekaert al. [46, 47] carried out TPD studies of molecular
hydrogen formation and desorption kinetics on ASAMarge HD TPD signal was

obtained from a porous ice surface but little orsignal was obtained from a non-
porous surface. These results were attributed tecutes on the non-porous surface
desorbing immediately after formation, hence norerewretained to be observed
during the TPD. On the porous surface, the molsculere thought to be trapped
within the pores, where they thermalize with thefae and desorb only when
activated by heating during the TPD. Thus intemaitation of nascent molecules

would not be expected on porous ice. Howeverfdimed on non-porous surfaces
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may be ro-vibrationally excited, if desorption orzutoo promptly to allow

thermalization with the surface.

Other work by Hornekaeat al. [77-80]was carried out on the formation of molecular
hydrogen following the chemisorption of D-atomsTat> 2000 K on a graphite
surface. Scanning tunnelling microscopy images alexkthat there are two distinct
dimer adsorption structures of D-atoms on the hemaly graphite ring.
Recombination is only possible when D-atoms aredbdnto carbon atoms on
opposite corners to each other on the graphite [#880]. Nascent molecular
hydrogen formed from the recombination of chemisdritoms was found to desorb
with significant velocity normal to the surface,tiwva very broad translational energy
distribution, from 0.5 to 3 eV, peaking at ~ 1.3 |gV].

1.5.3 The UCL Cosmic Dust Experiment

The subject of this thesis is the Cosmic Dust Bxpent, which was built by Permt

al. [99-101]. It was initially developed to probe thevibrational distribution of ki
and HD molecules formed on a highly ordered pyrolgraphite (HOPG) surface
below 50 K. Previous work has included the detectd the populations of the ro-
vibrational levelsr =1,J=0—-4 and/ = 2,J =0 — 4 for H and HD. It was found that
the average rotational temperature of nascent mi@eds much higher than the
surface temperature on which they have formed. p@n& explains the set-up of the
experiment, the results of which are given in Cag@ Chapter 4 extrapolates the
experimental results to create a new formation pogipnodel and investigates
whether there is a characteristic signature fomédron pumping observable in dark

clouds.

1.6 Interstellar Dust Grains

As aforementioned, Charles Messier discovered emnissebulae. His first recorded
observation of a nebula was in 1758, of an objeatdlled M1, now often referred to
as the Crab Nebula. In 1784, William Herschel wakimg a study of nebulae, when

he discovered there were ‘holes in the sky'. Themek patches are actually due to
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dense interstellar clouds, which lie in the linesgfht between the observer and
background stars, causing a phenomenon known axtom. An example of a dark
cloud can be seen belowHigure 1.5 Extinction occurs when starlight is obscured by
interstellar dust. Thus Herschel had made thedioservations of interstellar dust.

Figure 1.5 The dark cloud Barnard 68, also known as Lynds Déekula 57,
about half a light year across and 500 light yeavay, towards the
constellation Ophiucus. The dust particles resulihe extinction of
the background visible starlight.

Credit: FORS Team, 8.2-meter VLT Antu, ESO. Imagleeh from
Astronomy Picture of the Day [102],
http://antwrp.gsfc.nasa.gov/apod/ap090623.html

In diffuse clouds, the surface temperature of ttaéng is ~15 K [44]. In dense clouds,
the grain temperatures are lower, around 5 — 10ul€,to shielding from background
photons by the dust and gas. In total, dust graiake up ~ 1% of the mass of the
ISM. The dust and gas in interstellar clouds cao &k at very different temperatures,

with the gas usually being warmer than the dust.

These dust grains play an important role in inédieat chemistry. The formation of
molecular hydrogen is catalyzed by dust grainsctvigrovide a third body to take

away the binding energy released. It is also thbughat other species whose
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abundance cannot be explained by gas phase formatich as C¥OH, may have
formed on dust [103, 104]. As already discussed, rigsults from astrochemical
simulations of H formation in the ISM are extremely dependent anrnhture of the
dust grains modelled. Not only are the compositumber density and degree of
clumpiness of dust grains in a cloud important,dist their porosity (or ‘fluffiness’),
dimensions and electromagnetic properties. Furtbermexperimental studies have
shown that the composition and morphology of a dystin affects molecular
formation on a dust grain, adsorption and desampfrom the dust grain. In the
experiments carried out as part of this thesisnaaoth graphite substrate has been
used as a dust grain analogue, which has its lionts. The observational evidence

concerning the nature of dust grains is descrileovi

From studying elemental abundances in the intémstehedium surrounding dust
grains, and observing which elements are deplétesddpossible to conjecture that the
missing atoms are locked in the dust grains [9rsSare known to form from the
collapse of interstellar clouds, hence the relaibendances of elements in the Sun
and other stars should be similar to that of inédes clouds. However, near the sfar
Ophiuchi some metals, such as Fe, Ca and Ti hauvedamces much less than
expected relative to the Sun. This depletion caeXptained if some of the gas in the
circumstellar clouds containing these metals cooléorm stable solids which can
then accrete to form dust grains. Similarly, deptets also observed for carbon such

that the percentage of carbon present in the dubbught to be high.

The main source of information on the nature oftdwains is provided by the stellar
extinction curve, where the optical depth is meadwas a function of wavelength, as
shown in Figure 1.6. Dust causes the most extinaiowavelengths that correspond
to the size of the dust grain particle [105]. Farthore, as seen by the image of the
Iris Nebula in Figure 1.1, dust reflects and scattkght, also at wavelengths
comparable to their size. Thus, particle sizes udgtdyrains can be calculated, by
observing the absorption and scattering of UV, agbtend IR radiation from dust
clouds and by modelling the extinction curve. A gvdistribution of dust grain sizes
have been determined, ranging from a few nanomefre® around Jum [64]. The

extinction curve can also give us information oa tomposition of the grains.
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Various dielectric materials have been used in nsodethe extinction curve. From
these models, dust grains are thought to be cordpuisaither carbonaceous material,
or silicates or oxides or a combination of all leége. It has been suggested that the
bump at 4.6am™ in the extinction curve is mainly due to graphimd Figure 1.6
shows the contribution to the extinction curve etpd to be due to graphite [106].
Hence graphite is used in the Cosmic Dust Experirasran analogue of a dust grain
surface.

15 !

-
o
1

OPTICAL DEPTH

A"

Figure 1.6 Plot of the interstellar extinctionweyrtaken from Mathist al.[106].
A dotted line shows the proposed contribution afpdpite to the curve.

The structure of silicate dust grains has been doton be both amorphous and
crystalline from IR observations by the Infrareda8@ Observatory (ISO) [44, 64].
Dark clouds are seen to polarize starlight. Thimqmation is due the alignment of
grains causing greater extinction in the axis @frehent. The polarization only exists
to a few percent since the grains are rotating @it orientations will also be
affected by collisions. The degree of polarizatsuggests that grains are asymmetric
by a factor ~2, such that they are ellipsoid inpgharather like a rugby ball. As
alignment of the dust grains are seen to occurf duEns must be magnetically
susceptible due to the presence of iron and/oresxidt is also thought that some
grains must be refractory, and that dust partialesvery non-uniform in shape [9].
The dust is thought to contain polycyclic aromdtidrocarbons (PAHSs) [8]. In
regions where neutral interstellar gas is heatesitény emission lines characteristic of
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PAHs are found at wavelengths between 3 and ubl The conventional
interpretations of these findings are that PAHsexteited by UV starlight and then

emit whilst cooling.

In dark clouds and hot cores, which are dense megieated by massive stars, IR
spectroscopy has shown that dust grains are suwleduby a mantle of molecular
mixed ices (see Figure 1.7). IR absorption featwfes,O, CO, CQ, CH;OH and
other molecules in the solid phase have been @etdut ISO in dense regions [64].
These species take part in chemical reactions engitain and may undergo
processing from cosmic rays and UV photons [103].1®bservations of diffuse
clouds, however, have shown little or no evidericees on the grains, due to the low
density of these regions [44, 64].

Accretion
Grain provides a by adsorption
‘catalytic’ surface with  from gas phase

a weak H-bonded
network e
[ ]
Cosmic Hz

Rﬁys UV photons
= %
H ngo co ﬂ reaction
e €0 088 CcO products
effects HZO"-...,,'...-
oot Surface diffusion
£ brings adsorbed

molecular species into
close contact

Figure 1.7 Schematic of a dust grain in dense dptaken from Frasest al. [103].
The typical energetic processes to which a dushgsaexposed in the
ISM are also shown.
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1.7 Pumping Mechanisms of Molecular Hydrogen

Observations of Hin the ISM, particularly in diffuse and shockedjimns, have
found the molecule to be populated in highly extite-vibrational levels within the
ground stateCopernicusand FUSE data show that in most diffuse cloudsether
substantial population of Hn rotational levels up to abodt= 6 [8]. This pumping is
due to UV radiation and is important in both di#uand translucent regions [108].
UV pumping occurs when Habsorbs photons and is excited to the Lyman and
Werner bands. Subsequent decay ensues, leadinghér the dissociation of the
molecule or the population of ro-vibrational leveisthe ground stateia quadrupole
transitions in a radiative cascade. In 10 — 15 %dfabsorption events, the molecule

will dissociate [109]. The UV pumping mechanisnsi®wn in Figure 1.8 below:

10 - 15%
» Dissociation

\

IR
Fluorescence

Collisional
Deexcitation, Heating
Figure 1.8 The UV pumping mechanism, taken frométddach and Tielens [109].

Other H pumping mechanisms also occur in the ISM. For g@ejran H molecule
can be ro-vibrationally excited by impacts with tdvas, He and other ortho and para
H, molecules [110-114]. These thermal collisions geeticularly important in
shocked regions of the ISM, such as molecular awtl [115]. Also for diffuse
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clouds, collisions of K with H-atoms can easily populate the low rotatiostates
within thev = 0 level. In dark clouds, UV pumping is negligitdue to self-shielding
by H, and dust. In these dark regions, cosmic rays @asec the ro-vibrational
excitation of H [116]. Pumping of the FHmolecule can occur directly by the primary
cosmic ray orvia excitation due to secondary electrons, which havergy in the
range 30 — 36 eV for a cosmic ray proton of 10 8 M&V. Other mechanisms to ro-
vibrationally excite H include X-ray pumping in XDRs, which are regionbenre
neutral gas is exposed to intense X-rays [117],addradurse, formation pumping.

1.7.1 Formation Pumping

In 1976, Black and Dalgarno first realized thatviorational excitation of nascent
molecules may contribute to the IR spectrum {H8]. Hence they created a model
of formation pumping in which equipartition of theH binding energy released was
arbitrarily assumed. Thus the 4.5 eV is split elyua¢tween the internal energy of the
molecule, its translational energy on desorptiommfrthe grain surface, and heat
imparted to the grain lattice. Also the internategy, assumed to be 1.5 eV, is spread
with a Boltzmann distribution throughout the ronabonal levels, with the ortho-to-
para ratio assumed to be 3.

In another model of formation pumping, Draine anrettBldi [118] proposed a ro-
vibrational distribution function that boosts thepplations of vibrational states
relative to the population of rotational statese Tarmation temperature is found to
be T = 5 x 106 K, the ortho-to-para ratio is 2.78 and the meabrational and

rotational levels are 5.3 and 8.7 respectivelyha Draine and Bertoldi formation

pumping model.

Classical molecular dynamics and quantum mechaocatallations have been carried
out for H, formation on surfaces whose chemical compositiares analogous to
interstellar dust grains [5, 14, 38, 39, 41, 42,5 52-58, 62, 63, 65-69, 83], but the
results have been very different, particularlyhe predicted vibrational distribution.
There have also been experimental studies thairootiie formation of molecular

hydrogen in ro-vibrationally excited states [70,, B®, 119-121], although some
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predict that formation pumping would not occur iarkd clouds [73]. The many
theoretical and laboratory studies on fdrmation have already been discussed in
Section 1.5.

There have also been some studies which consideffiact of formation pumping on
the IR emission spectra o, HThese studies generate IR spectra in order w@iroht
spectral signature of the formation pumping procé&3gley and Williams [122]
suggested a mechanism which differs from previotgpgsals in the method of
stabilization of the reacting complex [122]. Thakslization energy (~ 0.4 eV) is
transferred to a surface band, whose energy ioftthe OH stretching vibration. The
Duley and Williams model predicts that the iHolecule on formation is ejected into
the gas vibrationally excited/ ¢ 6, 7) but rotationally coolJ(= 0, 1). As would be
expected, the intensities vf= 6 lines are found to be considerably greateleutite
Duley and Williams model than in other models, hegrethe fluorescent cascade to

the emission was not taken into account to protlueespectra.

Le Bourlotet al. [123] generate Hspectra for three different formation pumping
distributions. The first adopts the equipartiontleé binding energy and statistical
distribution of the work by Black and Dalgarno [108he second postulates that no
energy is transferred to translation or to dudicatmodes, so His formed in its
highest vibrational levely = 14, close to the dissociation threshold, with 2 and 3,
weighted by the nuclear spin statistics. The tladbpts the scheme by Duley and
Williams with v ~ 6, 7 [122]. Le Bourloet al present spectrbor pure formation
pumping of H, also including excitation by secondary electrfnosn cosmic rays,
but do not include UV pumping. They identify spattmes that may help distinguish
between formation pumping models, but find that #pectra are not observable
1

unless there is a high cosmic-ray ionization rate & 10 s
standard rate af = 10" s™.

, rather than the

H, spectra were presented by Tieteal. [20] based on ER quantum calculations by
Farebrotheet al. [14] and Meijeret al. [42]. Tineet al. predicted H ro-vibrational
emission line intensities for representative poimsdiffuse and dark interstellar
clouds in a chemical steady state, taking into actaollisional and UV processes.

Takahashi and Uehara [68] investigated the effetfermation pumping on the IR
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H, emission spectra produced in a collisionless dé@wever, other pumping
mechanisms were not taken into consideration. Tadtahand Uehara constructed
formation pumping models for hydrogen molecules Igefermed on icy mantles,
carbonaceous and silicate dust, based on classidatjuantum theoretical studies of
molecular dynamics [14, 42, 57, 62, 63]. For eatthese surfaces there were two
rotational distributions used: either a sharp distion, termed Model A, which
peaked strongly at the average rotational levela dess sharp distribution, termed
Model B. Both Takahashi and Uehara and Téteal. conclude that spectral lines
arising from formation pumping should be detectableley and Williams [4] assert
that the most favourable location to detect a failnapumping signature would be
from dense, dark, quiescent, star-less cores, Wwh€rpumping is minimized. This is
supported by Tinet al. [20] who find that the relative emissivities ohdis due to
formation pumping in dense clouds can be a factds0® greater than in diffuse
clouds. However, observations of the dark cloudsliZland L1498 did not yield any
detections of spectral lines due to formation purgpBimilary, a study of dark cloud
Barnard 68 by Lemaire and Field also resulted inoa-detection [73, 124]. In
Chapter 4, an experimentally derived formation pungpnodel is developed and IR
emission spectra of Hn dark clouds from 7 different formation pumpingpdels are

investigated.

Although there have been no positive detectiorfermfhation pumping in dark clouds,
a few tentative claims have been made for the ghen of formation pumping in
diffuse regions. Burtoet al [125] ascribe the 6 — 4 O(3) emission line at 1.7326
pm in the diffuse nebula Messier 17 to formatiomping. A marked difference in
spatial distribution is observed for the 6 — 4 A{B¢ and the 1 — 0 S(1), 2 -1 S(1)
and 1-0S (7) lines in M17, suggesting that the gelimes are populated by different
mechanisms. The spatial distribution and line satibthe 1 — 0 S(1), 2 -1 S(1), and 1
— 0 S(7) emission indicate that they are due toguwhping. Therefore the 6 — 4 O(3)
line is not excited by an UV process and is thoughbe too high in energy to be
thermally populated; hence Burtehal. conclude that formation pumping provides a
significant component to the flux of the line. Thigy be the first direct astronomical
observational evidence of,Hormed in thev = 6 state. Measurements of over 39 H
lines in reflection nebula NGC 2023 by Burtehal. [126] were also made prior to

the M17 observations. Burtoet al. suggest that there may be an excess of H
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molecules in ther = 4 state in NGC 2023, that cannot be accountedyoUV or
collisional pumping. However, these results weré canclusive due to signal-to-

noise issues.

Wagenblast [127] analysé&tbpernicusobservations of the UV spectra of i states
v=0,J=05 6 and 7 towards three diffuse clouds. Wagesibfound that the
populations of these states are not consistent Wkh pumping. Instead, these
rotational states may have been populated by etblisions with H-atoms or by
formation pumping into highl states. Wagenblast found that if it is assumed that
formation pumping occurs mainly into only two adjat rotational states within a
given vibrational level, then the observed popalaimay be explained by formation
pumping into a rotationally hot state, such that 7, and into a range of vibrational

states up to = 11.

Rosenthakt al.[128] observed near- and mid-IR spectra, fromt@.28 pm towards
OMC-1 Peak 1 using the Short Wavelength Spectramete ISO. This study
provided information on the average gas excitatioer an unprecedented range. The
H, v =0, J= 27 state, which is the highest level detectegdeaps overpopulated with
respect to an extrapolation of the lower energgll@opulations. Shock models fail
by a factor of five to reproduce the= 0, J = 27 state. It appears that a different
mechanism might be populating this level and pdgsibher high energy levels.
Rosenthalet al. suggested the presence of gas phase routes,ftoridation, that
preferentially produce FHmolecules in highly excited ro-vibrational levelhis gas
phase route is the associative detachment chanddias already been given in 1.1.

1.8 Chemistry in the Interstellar Medium

Over 150 molecules have been discovered in the tiSkelate [129], both in diffuse
and in dark clouds. A list of the molecules is pded in Table 1.1. Molecules are of
great importance to astronomers because they camsé@ to probe astrophysical
conditions. For example, tracer molecules suchtg NCsN and CS become excited
at high densities only. Therefore emissions froeséhmolecules can be used to infer

the density of interstellar gas. Molecular emissamial absorption can occur from the
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UV to the radio, thus molecules can provide infaioraabout gas in a wide range of
excitation. Molecules also provide cooling mecharssthrough emission, which is
vital in reducing the temperature of a dust cldadilitating the gravitational collapse

required for star formation.

In diffuse clouds, where T ~ 100 K, ~ 100 cr®, there is not much extinction in the
visual or UV wavelengths. The medium is opticalynt hence radiative processes
dominate the chemistry. Characteristically, in us# clouds, the neutral hydrogen is
predominantly atomic and simple molecules exisffude clouds contain i as the
formation mechanism is highly efficient due to meteeneous catalysis by dust grains.
UV photons from starlight can easily initiate phaissociation of the atoms and
molecules in diffuse clouds. Species with ionizatemergy less than that of hydrogen
(Ei < 13.6 eV) can be ionized, such as carbon and sylpéhereas those with higher
ionization energies, such as oxygen and nitrogerfamd in neutral form, since the
higher energy radiation is absorbed by the nelnydrogen. Simple molecules such
as CO, S, §CS, CH, NH, CH and GH, have been observed in diffuse clouds [9].
There is also evidence of much larger moleculediffise clouds. Several hundred
bands have been found between wavelengths of 448 rimmicron. These diffuse
interstellar bands (DIBs) are thought to be cartidspecies on the order of 100
atoms, but as yet it remains one of the ‘big qoesti of astrochemistry to

unequivocally pinpoint the particular species whielve produced the DIBs.

In dark clouds, also called dense cloudsias 10 cmi®, or molecular clouds because
most of the hydrogen is molecular, the dust apgdvide so much shielding that the
temperature to falls to T ~10 K. The temperaturen&@ntained by the ionization of
hydrogen by cosmic rays, which sweep through thé K8 energies of several
hundred MeV. The low temperatures of dark cloudsiltan higher molecule column
densities and richer chemistry. Dust grains in adokids are covered by films of ice,
mostly made up of water and other simple molecakes®xplained in Section 1.6.
Associations of dark molecular clouds can resuthaformation of Giant Molecular
Clouds (GMCs), which are the largest known objentgshe Milky Way Galaxy,
containing up to one million solar masses. GMCs large reservoirs of galactic

matter and are incredibly important as they arestear nurseries of the Universe.
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2 3 4 5 6 7 >8
atoms atoms atoms atoms atoms atoms atoms
AIF AINC c-CH Cs CsH c-CHO CH
ACl  ¢SiG  I-CH C.H CsN' CeH CH,CCHCN
AIO Cs C.CN CH CH, CeH" CH;COOH
C CH CaN C.Si c-H,C:0 CH,CH(CN) H,Cs
CF' C0 Cs0 I-CsH, CH.CN CH,CH(OH) H(CC)H
CH CS CsS c-CeH, CHsNC CHsNH, HC(0)OCH,
CH  ccpP CH, CH,CN CHsOH HaC-CC-H H,C=CH-C(O)H
CN CH, CHs CH,CO CHsSH HC(O)CH HsC-CC-CN
CO CO, HCNO  CH,NH H(CC)H HCC-CC-CN HOCHC(O)H
CO"  HS HCCN CH, H,CCCC H,NCH,CN
CP HCN  HCNH" HCC-CN  H,CCNH CH
CS HCO  HNCO HCC-NC HCC-C(O)H CeH"
CSi  HCO"  HNCS HC(O)CN HCN (CH,):0
FeO HCP  HOCO  HCOOH HCNH* CHsC,H
H,  HCS H,CO  NHCCC  HC(O)NH, CH:C(O)NH,
HCl  HOC'  H,.CN  NH.CN CsN CHsCH,CN
HF H,0 H.CS SiH, HCC-CC-CC-CN
KCl H,S HO"  H,COH' CHsCH,OH
LiH HNC NHs CHsCHCH,
N, HNO SiCs (CH2):CO
NH  MgCN CH5(CC),CN
NO  MgNC HyC-CH,-C(O)H
NS NH" HOCH,CH,OH
NaCl N0 CHsCeH
O,  NaCN HCC-CC-CC-CC-CN
OH  NH, HC(0)OCH,CHs
PN OCN CeHe
PO  OCS CHsCH,CH,CN
SH  SiCN HCC-CC-CC-CC-CC-CN
SN  SINC
Sio SO,
Sis
SO
so

Table 1.1 The molecules observed in the ISM to,datapted from
http://www-691.gsfc.nasa.gov/cosmic.ice.lab/intetat.htm [129].
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When dark clouds collapse to become massive stats;ore regions are formed as
the molecular regions are warmed by starlight. kénlihe bulk of the dark cloud,
these hot cores are both dense and warm (T ~ 200&3® ~ 10 cm®) as well as
optically thick, making for a rich chemistry. Thegh column densities in hot cores
allow the detection of molecular species that asgce in other regions of the ISM.
Hot cores contain large molecular species, the @dmres of which are a factor 0’10
- 10 more than in the cold regions of a dark cloud. tdgenation of molecular
species should occur on the hot core dust gravesjteally leading to the formation
of large organic molecules on the grain, such athamel, ethanol, formic acid and
the sugar glycolaldehyde (HOGEHO).

1.8.1 The Role of Molecular Hydrogen

Much of the formation of molecules found in the ISidn be explained using gas
phase chemistry initiated by cosmic rays.iglionized by cosmic rays, which leads
to the formation of K via the following reactions, wheré @enotes an electron and

c.r. denotes a cosmic ray [1]:

Ho+cr- H,"+e+cur 1.7

H2++H2—> H3++H

The low proton affinity of molecular hydrogen medhat the H' ion readily donates
H* to a large variety of atoms and molecules to gise to the production of larger
molecules. The K ion is required for a large number of reactioms, éxample in
reactions with atomic oxygen to form water and @t radical, which are both found
in high abundances:

H"+ O - OH + H; 1.8
OH" + H; - H,O" + H
H,O" + H, - HiO" + H
HsO" + € - OH + 2H
- HO +H
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The second most abundant molecule in the ISM is @®ajor importance in star
formation. At low cloud temperatures (10 — 100 KP Gs the most important
molecular coolant, radiating excess energy in thiénmetre wavelength range. OH
can react with C or ©to produce CO in the following processes:

OH+C- CO+H 1.9

or

C"'+OH - CO +H 1.10
CO" +H, - HCO +H
HCO +¢€ - CO+H

Simple hydrocarbons, such as £Ean also be produceth radiative association:

Hy+C' - CH +hv 111
CH2+ +H, > CH3+ +H
CHs"+€ - CHy + H

Molecular formation in the ISM often proceeds thgbuon-neutral or neutral-neutral
reactions. As the most abundant neutral speciessetireactions are of course
dominated by hydrogen. Reactive elements such ggeox nitrogen, carbon, iron,
silicon and sulphur are much more likely to collidéh hydrogen in atomic or

molecular form rather than with any other specigs |

A reaction is more likely to occur if an atomic sg@s collides with molecular
hydrogen rather than atomic hydrogen [1]. Atom-atorteractions occur on a
timescale too fast to enable the excess energyoonation of a molecule to be
radiated away; hence two atoms readily fall apattiout stabilizing as a molecule. In
contrast, reactions between kholecules and atoms of other reactive elements, or
between any molecule and an H-atom, may be moiaezff because rearrangements

can occur such that the excess energy is removeloa in equations 1.12.
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XH + H
7 1.12

X+ H; - XHH

Therefore, none of the molecules listed in Tableviould be found in the ISM but
for the presence of Hwhich initiates all of the chemistry in the ISMdais essential

for the synthesis of larger species.

Formation pumping of FHcould have significant effects on the chemistryha ISM
by increasing the overall energy budget of gas ehesactions. For example,
internally excited H is likely to form OH and CHin shocked regions [130]. The
formation of the OH radical is much more likely wh®CP) reacts with blin thev =

3 state rather than with,Hn thev = 1 state [131, 132]. Furthermore, vibrationally
excited H molecules will be easier to ionize than molecutethe ground state, which
can lead to an increase in the abundance of theéod [1]. Also, in the very early
stages of star formation, the collapse of a mokculoud may be facilitated by
nascent Kimolecules. If the molecules are formed in excdtdes, they may undergo
ro-vibrational transitions to emit radiation, thieyecooling the cloud and accelerating

collapse [42].

H, may also affect the chemisty of icy mantles ondhdace of dust grains. As the
formation of the H-H bond releases energy, heatinthe dust grain may take place.
Hence, the desorption of volatile molecules from dlust grain surface may occur [4].
Gas phase species are known to ‘freeze-out’ orgcstinface of dust grains. In dark
clouds, this ice mantle growth is limited by hegtinom H formation, direct cosmic
ray heating and cosmic ray-induced photodesordtl&3]. The desorption of only
one CO molecule per 100,Hormation events is sufficient for ;Hiormation to
become the dominant mechanism in limiting freeze-wtich is considered a modest
requirement [107]. Therefore, the partitioning bk t4.5 eV released during,H
formation between is key to understanding astroasteynand can be constrained by

studying the ro-vibrational excitation of nascentriblecules.

31



1.9 Summary

In this chapter, the background to the Cosmic [Bugieriment has been discussed.
H, is the most abundant molecule in the interstelladium and has been observed to
form efficiently via heterogenous catalysis on the surface of dushgrais yet, there

are still many unanswered questions concernindottmeation mechanism of H

In particular, it is of great importance to knowhthe H—-H binding energy will be
partitioned between internal and translational gnef the nascent molecule and the
energy lost to the dust grain surface during foromatTheoretical and experimental
studies have shown that this energy partitionrangfly dependent on the morphology
and chemical composition of dust grains. The UCki@ic Dust Experiment has been
designed to probe the ro-vibrational distributidnnwolecular hydrogen formed on

surfaces analogous to interstellar dust grains.

The formation of H in ro-vibrational states abowe = 0,J = 0, 1 is known as
formation pumping. Other pumping mechanisms suchradgtive and collisional
pumping also occur in the ISM. Formation pumpindl Wave consequences for the
chemistry that occurs in the interstellar mediurd aray be observable in the ISM.
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Chapter Two

Experimental Set-up to Study HD Formation

2.1 Overview

In Chapter 1, the formation of molecular hydrogen ioterstellar dust grains was
discussed. It is currently unclear how the bindamgrgy of 4.5 eV released by H
formation is redistributed in the interstellar madi (ISM). The energy may flow into
the dust grain surface on which formation occursymay be manifest in the ro-
vibrational excitation of the nascent, tholecule. If the degree of ro-vibrational
excitation is high, this may significantly affechet energy budget of chemical
reactions in the ISM [1, 2].

The UCL Cosmic Dust Experiment probes the internalvibrational energy
distribution of a nascent hydrogen molecule, onht@s desorbed from an analogue of
an interstellar dust grain surface. This chaptdr d@scribe the experimental set-up
and method employed in the UCL Cosmic Dust Expemimd&he experimental
arrangement employed has also been describedait elsewhere [3-7]. To mimic an
interstellar environment, the experiment is carwedlin vacuo H- and D-atoms, in
separate beams, are transported onto a graphiteceuneld at 15 K. The atoms
recombine to form HD, which desorbs from the swefac a distribution of ro-
vibrationally excited states. HD in one particuleo-vibrational state is state-
selectively ionizedvia Resonance Enhanced Multi-Photon lonization spsctioy
(REMPI), using UV photons produced by the lasetesys The HD ions are detected
by a time-of-flight mass spectrometer (TOFMS). Held of HD' ions is directly
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proportional to the population of the HD ro-vibmatal state, after some correction
factors are included. The process is repeated irHmany rotational states within
each vibrational state to give relative populatiafishe ro-vibrational states. The
experiments carried out within this thesis investiggHD formed in vibrational states
v =3 — 7. This thesis follows on from previous workthe design and construction of
the Cosmic Dust Experiment [5, 6] and studies efaHd HD formed in vibrational

statesy = 0 — 2 using the Cosmic Dust Experiment [3].

2.2 Vacuum Set-up

In order to simulate interstellar conditions assely as possible, the UCL Cosmic
Dust experiment must be conducted under ultra-higbuum (UHV) conditions.
Molecular clouds, the densest interstellar regioostain ~ 18 hydrogen nuclei i
which corresponds to a pressure of-i0orr [8]. Indeed diffuse clouds, where the
effects of H formation are more significant because there @p@rtionally more
atomic hydrogen available, will be even less datse 10 hydrogen nuclei i [8].
However, with the current set-up, a base pressuoalyg 10*° Torr can be achieved
with both atom sources turned off, as is usualUbtV experiments. To attain this
low pressure, a vacuum system has been set-upas sh Figure 2.1. Two vacuum
chambers are used, one to house the sources atditgdrogen and deuterium which
will be referred to as the ‘source chamber’, areldther to house the highly oriented
pyrolytic graphite (HOPG) surface, which will bdaged to as the ‘target chamber’.
These chambers are made of stainless steel arsgae=l with conflat flanges. UHV
is achieved using turbomolecular pumps, which haymimping speed of 400 t's
backed by two-stage rotary pumps on both chambetgled with selective warming
of the chamber to return water into the gas phase@n be pumped away. There is
also a titanium sublimation pump (TSP) which canubed to coat a chamber wall
with a clean titanium film. Background,Hinolecules adsorb onto the titanium so that
they are effectively removed from the system, tlowgering the chamber pressure. A
Penning gauge and an ion gauge are used to mdohégressures in the source and
target chambers respectively.
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2.3 H-atom and D-atom Sources

It has been shown in other work [3, 4] that therentr H-atom source also produces
excited H which cannot be clearly distinguished from férmed on the graphite
surface. H from the H-atom source cannot be eliminated unilleesH-atom flux is
reduced below a detectable level. Thus the UCL Godbust Experiment now
studies HD formation using both H- and D-atom sesrcFor the experiments
discussed in this thesis, no ro-vibrationally editiD has been detected entering the
target chamber. Also if either the H- or D-sourseurned off, no HD is detected.
Therefore, the HD signals must originate from HDPnfed on the graphite surface.
Prior experiments [3, 4], in which the H-atom s@udid not produce ro-vibrationally
excited H, achieved by use of a different microwave generdtave shown that the
ro-vibrational distribution of nascent HD measuteete is very similar to that of
nascent Bl The differences between the isotopologues willdilsgussed further in
Chapter 4.
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The H- and D-atom beams are created in separaéx gyass cellsyia microwave
dissociation of high purity Hand D gases. These pyrex cells were passivated before
installation by being immersed in ortho-phosph@otd (HPOy) for over 12 hours,
then rinsed in distilled water. This minimizes aegombination on the glass walls of
the cell [9]. Copper radiators fit around the pyreglls to transmit microwave
radiation into the molecular gas. This type of at@murce was designed by
McCullough et al. [10, 11]. The H-atom and D-atom sources are sa@dpWith
microwaves from the same Sairem generator, withmierowave frequency being
2.45 GHz and the power delivered being 180 W. blepto deliver the microwaves
efficiently, it is important to minimize the poweeflected back to the generator. A
reflected power of less than 10% was achieved lwyecting an external reflected
power meter to the microwave generator, from whSttoflex waveguides were
connected to either side of the radiator on eacinceo A photograph of the H-atom

source is shown in Figure 2.2.

Figure 2.2 Photograph of the H-atom source.

The sources need to ‘warm up’ for 2 — 3 days toieseh optimum H and D

production; therefore they are left on at all timkss estimated that the dissociation
fraction of the molecular gas is 90% on leavinggberce cell [10, 11] and 20% at the
graphite surface. Experiments have found the H-dtamreaching the surface is ~

10" cmi® s* [6]. Note that the continuous running of the sesrincreases the source
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chamber pressure to ~4@orr. The resulting pressure is 40 10° Torr in the target
chamber. However, this pressure increase is dugute hydrogen atomic or
molecular gases, not water vapour, which wouldhHg&ermajor contaminant in other
laboratory studies conducted at similar pressuiéster vapour would readily form
ice covering the graphite surface. As mentioneadteefeven the standard UHV base
pressure of 1€ Torr is still several orders of magnitude highweart typical pressures
of the ISM.

Since the sources are never turned off, theresystem of safety trips in place, which
may be bypassed if necessary. The safety tripsdffirthe microwave generator and
stop the gas flow to the sources if the pressuréhen source chamber reaches
> 6 x 10° Torr or the pressure in the target chamber reaghes 10° Torr. The
temperature of the pyrex cells must be monitored, anly to avoid the apparatus
overheating, but also because recombination of stomthe glass surface increases
with temperature. Heat and light sensors adjacerthé¢ sources also activate the
safety trips if the cells rise in temperature ab@%e°C or if the brightness of the

plasma in the cells falls below a certain threshold

The atomic beams are carried separately from thieces and piped up to the graphite
surface using polytetrafluoroethylene (PTFE) tubibgcause PTFE is highly inert
and has a very low Hecombination efficiency [12]. The atoms leave plyeex cells
via a narrow capillary to enter the PTFE tubes of ouw@meter 6mm. The
‘bottleneck’ ensures that the source cells remaianaoptimum pressure of 0.5 Torr
for maximum dissociation. The H- and D-atom beawiide with the PTFE tubing
walls as they are transported, so that the atoegamnslationally cooled back to room
temperature. The tube passes through an opening thhe source chamber to the
target chamber. The hole is surrounded by a bess® prevent leakage of gas from
the source chamber into the target chamber, otfar by way of the atom beams.
This arrangement allows the two chambers to bemifitially pumped; the pressure
in the target chamber stays low, at <IDorr, whereas the pressure in the source
chamber is ~ I8 Torr to maintain optimum pressure in the discharejés. The ends
of the PTFE tubing are held only 2 mm away fromghdace, so that the atom beams
do not interact with each other before impactingtioe surface. This ensures that

vibrationally-excited HD cannot form in the dissatoon cells, or in other parts of the
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source chamber or the target chamber, because-thadHD-atoms only meet at the

target surface.

2.4 Graphite Surface and Cold Head

As discussed in Chapter 1, dust grains in the 13liely to be carbonaceous. In
order to simulate the dust grain surface to a fagproximation, highly oriented
pyrolytic graphite (HOPG) has been used for theqeeements. HOPG has a very
pure, well-ordered and non-porous surface in cehti@ the fluffy interstellar dust
grains covered by icy mantles. However, it is imt@ot to first understand this simple
system before investigating more complex configarat of carbonaceous material.
Another benefit of using HOPG is that there havenbenany experimental and
theoretical investigations of Hormation on graphite which may be compared to our
results [13-32].

The HOPG substrate has dimensions 10 mm x 20 mmmand a mosaic spread of
of 3.5° £ 1.5°. The mosaic spread is a measuréefelative disorder of the atomic
layers within the graphite, thus a more orderedpdarhas a lower value of mosaic
spread. The sample was cleaned using the ‘scopehreethod’ [33] to expose a fresh
layer of graphite before attachment to the targetmh The HOPG is also cleaned
prior to each experiment by heating to 500 K, whigmoves any unwanted

adsorbates from the surface [34, 35].

The HOPG target must be close not only to the efidee PTFE tubing but also to
the laser focus (see Figure 2.3). The laser intieracegion is 2 cm directly above the
surface so that some of the hydrogen moleculesrbiegofrom the substrate will
encounter UV photons and be ionized. Any newly fdnmolecules which do not
reach the laser interaction region will not be digté by the TOFMS. When the ends
of the PTFE tubing are moved, such that HD molecéitem away from the laser
interaction region, no HD signals are detected.ddeany detected molecules do not
collide with the chamber walls or other apparatef®te ionization.
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Figure 2.3 Schematic diagram to show the arrangeofethe HOPG surface, PTFE tubing,
TOFMS and the laser focus, where HD moleculesarigéd.

The target mount holds the HOPG substrate andt&cklable from the coldhead. The
set-up shown in Figure 2.4 is designed to cool anlystrate to temperatures of
interstellar relevance. At present, the HOPG samgpleooled cryogenically to

temperatures of 12 — 15 K by a closed cycle heloampressor driving a two-stage
12 W coldhead, which has a maximum operating teatpes of 330 K. The coldhead
can achieve temperatures of 9 K from room tempegatuapproximately 45 minutes,
but the sample cannot currently be cooled to T <Kl@ue to thermal contact

limitations. However this temperature range is @&ty suitable to simulate

interstellar dust grains, which typically have teargiures of 10 — 20 K [36, 37].

Thermal conductivity between the coldhead and mbastbeen optimized by use of
a 1 mm thick piece of sapphire. When sapphire @etbbelow 50 K, it is a very
efficient thermal conductor but when it is heatdobvee 200 K, it is a very poor

thermal conductor [38]. Hence the HOPG surface lmamooled to 12 K during the
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experiments and also heated to 500 K before egoériexent, allowing the coldhead
to remain in use during cleaning, without heatirgp\we its maximum operating

temperature. It is possible to heat the mount ad®@0 K, but studies have shown
that only 500 K is required to desorb impuritiesnfr the surface [35]. The target
mount has a tantalum strip heater attached to rhisetemperature. An N-type
thermocouple measures the temperature of the surfAcsilicon thermodiode

monitors the temperature of the coldhead. An alwmnradiation shield protects the
coldhead and target mount from radiative heatingtechfrom the chamber to keep

the surface temperature stable at T ~ 15 K.
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Figure 2.4 Schematic diagram of the HOPG substriadetarget mount
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2.5 Time-of-Flight Mass Spectrometer

After the HD molecules are ionized in the interactregion of the laser, they are
detected by time-of-flight mass spectrometry. Aesohtic diagram of the TOFMS is
shown in Figure 2.5 and follows the basic arrangeneé Wiley and McLaren [39].
Advantages of using a TOFMS to detect the HD iores that it is compact and
relatively easy to build, entailing neither complarving parts nor accurate magnetic
fields.

2.5.1 Principles of Mass Spectrometry

Anode, O V

Back of MCPs, -50V i

MCPs, -1900 V / A

Drift tube, -800V ———» 360 mm

Middle plate, -200 V———> mmeessesssaansss -

Te IS I 30 mm

Repeller plate, 0 V—»

Figure 2.5 Schematic diagram of the time-of-flighdss spectrometer, where D is the length
of the drift tube, d is the distance between theédhei plate and the drift tube, S is
the distance between the repeller and middle pldtgds the electric field
between the repeller and middle platesisBhe electric field between the middle
plate and drift tube anglis the distance the ion travels to reach the reigidtte.
The microchannel plates (MCPs) are located atrildeoé the drift tube.

A TOFMS uses a series of electric fields to acetéerons. The fields are applied to

cations by holding a series of plates and gridsegfative voltages, with the repeller
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plate and middle plate either side of the ionizatiegion. The repeller plate may be
held at a small positive voltage or ground. Théd&eaccelerate ions through grids in
the middle plate and into an area of uniform po#trmalled the drift tube or flight
tube. At the end of the drift tube is a microchdrpiate detector (MCP). A laser pulse
marks the start time at which HD molecules arezediand begin travelling down the
drift tube. lons of different masses will arrivethe MCP at different times. Thus the
mass/charge ratio of an ion can be determined kasumag the time of flight of the
ion through the drift tube using the equation

t=kJm+C 21

wheret is the time of flight of the ionnis the mass of the ioR,is a constant relating
to the electric fields and dimensions of the speoater andC is a constant relating to
the electronic timing system. The output of the M3-is a mass spectrum of ion
counts detected plotted against ion flight timesn&antsk and C are determined
using calibration experiments, by identifying theesies responsible for two peaks in

the mass spectrum. Equation 2.1 is derived as shevenv:

As an ion of chargg moves a distancea;, through an electric fields, it acquires an
energy,U’, given by
U =qs'E 2.2

Thus the total energy, acquired by an ion as it moves from its origipasition in
the ionization region and through the drift tubdéodetected by the MCP is
U=Uy +gsk + qdE 2.3

wheres is the distance the ion travels to reach the mighithte andl is the distance
the ion travels from the middle plate to the dufbe, as shown in Figure 2.5. There
are no accelerating fields within the drift tubdeTtotal time of flight of the ion, is
the sum of the time the ion takes to traverse wcgiss, d and D, whereD is the
length of the drift tube such that

t=t+ 1t + tp 2.4

If vo is the initial velocity of the ionys is the ion’s velocity after being accelerated
through a distancs, anda is the acceleration the ion undergoes due to liwre

field, Es, then Newton'’s laws of motion state that
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a = (v%—w) /ts 2.5

and

Ve = Voo + 2as 2.6

The above equations can be rearranged to give

(v + 2as)% +V, 2.7

t, 5

Only the positive root is taken in equation 2.7desevs must be positive as positive
ions are always accelerated towards the drift tllbe. + arises in front ofp as ions

will be created with initial velocities both towardnd away from the detector.

The initial kinetic energy of the iody will be of the form
Uo = ¥om 2.8

which may be rearranged to fimgland substituted into equati@r to give
1 1 2.9

t :[(ZUO +2asj i(ZUoj Jl

m m a

Newton’s second law asserts that the net force @artcle is proportional to its

acceleration, thus
F=ma=09E 2.10

which implies
a=9gk/m 2.11

Substituting 2.11 into 2.9 gives

: {(&3&1@)% i(zuoﬂﬂ 212
Smoom m ) JqE

which can be simplified to

2m): . \ 2.13
L= o, se ) 04)
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Similarly ty, the time the ion takes to travel from the miduligte to the drift tube can
be derived using
vV, —V, 2.14

wherevy is the ions velocity after being accelerated ttoaglistancel anday is the

acceleration of the ion as it passes through astraldield Ey4. As beforeyy is found

using
2.15
vi=vi+2a,d=Vv:+ 2daE,
m
to yield
(2m): b ) 2.16
t, =—2~U?-(U,+0gsE.)?
d oE, ( 0otq Es)
The ions then travel at constant velocity throughdrift tube to give
D D 2.17
tD = V_ =
d Vsz N 2dgE,
m

Substituting 2.6 and 2.8 into 2.17 gives
D 2.18

(@J(U o +SQE, +dqE, )j

Substituting 2.3, this simplifies to

(2m):D 2.19
2 ?

t, =

2

t, =

Thus 2.4 then becomes

t = (2m)? ((U0+qus)§J_r(U0)i)+(ui _(U0+sq|55)§)+ D1 2.20
I aE, U

Equation 2.20 shows that the time of flight of iba is proportional to root of the
mass of the ion. The time of flight also dependstio&a charge on the ion, the
dimensions of the TOFMS and the electric fieldsclhare all constant. Additionally,
there will be delays from the electronics of theteddon system which are

independent of the ion trajectory and are constamth that
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t =/my2 ((U0+qus)§i(Uo)§)+(ui_(U0+quS)§)+ D |, . 2.21
a5 E, L

Thus, the total time of flight of the ion is of thmmt = kvm+C.

The analysis above may only be applied if all ians ejected from the ionization
region at the same time. The voltages on the mpplate may be pulsed to set the
ions in motion; however this technique can ofteadldo ringing due to sudden
changes in voltage. The UCL Cosmic Dust experina@oids this problem by using
constant voltages and the ionizing laser is putsedreate the ions simultaneously.
The start of the pulse also activates the eleatrdetection system of the TOFMS.
The pulses from the ionizing laser are 4 ns longnduwhich ions are created. Thus,
the ions are produced in packets that have a teahpstribution of at least 4 ns
‘wide’, which will contribute to the peak width d¢ie mass spectra, on detection by
the MCP.

Peak broadening is the spread in the flight tinfesres with the same mass-to-charge
ratio, so that all ions do not arrive simultanegusl form an infinitely sharp peak in
the mass spectrum. It is important to minimizepbak broadening, such that the ions
are detected within a narrow time window. This easuhat the flight times of ions
with adjacent masses will not overlap. Peak broaders also dependent on the
positions of the ions when they were first create@ccelerated. lons formed further
away from the drift tube form at a higher potenti@nce have higher kinetic energies
and will travel faster down the drift tube. Consenqtly ions which are formed further
away from the drift tube catch up with those ionsrfed more closely to the drift
tube. There will be some focus distance, and tlomsesflight time, where the ions
will draw level with each other, despite their difént initial positions, such that the

time-of-flight spread is small. This focus distarma® be expressed as the distance at

which ions with initial positions = s, tzo% from the detector pass ions with initial

positions = 5,. By differentiating equation 2.21 and settirEgdd—tj =0, we can
s
So

calculate the electric field required for the idosarrive coincidently at the particular
distance of the detectorhe voltages on the plates can then be adjustedasdhe
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ions arrive coincidently in the region of the deétecMinimizing the peak broadening
with respect to the initial positions of the iosskihown as space focusing [39]. The
UCL Cosmic Dust experiment does not require muartsegdocusing since the HD

ions are formed in the very small volume of thetdseam waist.

There is also peak broadening in the mass speadtiuento ions having a range of
initial kinetic energies. For example, consider &2 molecule moving towards the
drift tube and another HD molecule moving away frthra drift tube at the time of
ionization. The HD ion initially moving away fronmé drift tube will be decelerated
by the electric fields, come to a halt, then acetéetowards the drift tube. A time lag
arises between the two ions, known as the ‘turmhataime’. Minimizing this time
lag is known as energy focusing [39], and cannatdyeied out in the linear TOFMS
used in this study. However in this investigatipeak broadening of TOF mass
spectra was employed to infer the translationatggnef the nascent HD formed on
the HOPG surface. Further details on how to caleuéa upper limit for the HD
translational energy is given in Chapter 3

2.5.2 Plates, Flight Tube and Detector

To ensure that ions do not collide with other moles as they approach the detector,

the TOFMS must bé vacuq hence it is housed inside the target chamber. MCP
should be used at pressured0° Torr. At higher pressures, MCPs become damaged
due to ion impacts producing an excess of electaodselectrical discharges.

A schematic of the TOFMS is shown in Figure 2.5e Tapeller and middle plates
both have a diameter of 50 mm and are on either gidhe laser ionization region.
The middle plate is mounted on ceramic spacers B0ammove the repeller plate and
30 mm below the drift tube, as shown in Figure a8l Figure 2.5. For most
experiments conducted in this thesis, there waseaNi mesh fixed across the middle
plate. This type of grid allows 98% transmissiontlué ions and is used to keep the
electric field uniform throughout the TOFMS. Thefidiube is 360 mm long and also
has grids at each end. However for some experimattgrids were removed. The
lack of grids, and thus a decrease in field unifoyndid not make any discernable

difference to the time-of-flight mass spectra. Hpectra did not appear to change
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because the ionization region in this experimenteiy localized, hence the ions all
originate from similar initial positions within thigeld. Nevertheless, the grids were

later replaced for consistency.

As shown in Figure 2.5, the detector consists offd@laced directly above the drift
tube. The MCP is constructed of tubes, or micronk& of width 10um cut at an
angle to the plate. When an ion impacts on the whld channel, an electron is
released. As the electron travels down the platehér collisions with the channel
walls ensue and liberate a cascade of electrorfsrio a charge pulse. Over 10
electrons are produced per ion impact, which acelatated 5 mm to the anode by a
small voltage. The anode is funnel shaped, withafered end attached to a wire.
This gradual change in shape avoids any suddengeban capacitance which can
cause electrical interference, known as ringinge €harge pulse is then conducted

away by the wire and amplified by a series of etetts described in Section 2.5.3.

The repeller plate is grounded, not held at a p@spiotential as is common for time-
of-flight mass spectrometers. This is so that #yeeler plate does not attract any
photoelectrons, produced due to reflected lighinftbe laser, which may collide with
the plates to release ions. These ions could tleedeltected and create noise in the
mass spectra. The middle plate is held at a volbhag200 V, the drift tube at -800 V
and the MCP at -1900 V. These voltages were deteanirom experiment for space
focusing. The back of the MCP is held at -50 V #mel anode is grounded to attract
electrons emerging from the MCP.

2.5.3 Electronic Detection System

As previously mentioned, mass spectrometry may belyperformed if the ions are
formed or ejected from the ionization region siranftously. HD ions are only
created when the laser pulse begins and are imimegdeccelerated by the electric
fields. When the laser pulse is switched on, art'signal is sent by the pulse
generator to the time-to-digital-converter (TDChiwh initiates a ‘look window’. The
look window is the period of time, typically|8 long, in which ions may impact on

the MCP and detection may occur. A ‘stop’ signaest to the TDC each time an ion
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is detected. A signal to ‘end’ the look window isatransmitted from the pulse

generator to the TDC.

The detection signal, the aforementioned cascadgecfrons, travels from the MCP
and anode through a system of electronics showkrignre 2.6. The signal is
processed by an impedance matching circuit, api@samplifier (Ortec VT120) and
amplifier (Ortec 573) in order to increase the algstrength. The signal is then
received by a constant fraction discriminator (CEDytec 935) which outputs an
electrical pulse that can be read by the TDC a®mmuletection. The ion counts from
the TDC are then semia a CAMAC/GPIB interface to a computer, which recotie
number of ions detected and the flight time of eamin TOF mass spectra and
REMPI spectra, which will be explained in detailGmapter 3, can be calculated by

the computer.

Laser trigger HD" lons
\ 4
TOF anode
Pulse generator
END OF
Pre-am
START WINDOW P
\ 4
TDC < CFD < Amplifier
¢ STOPS
Computer

Figure 2.6 Flowchart showing the electronic deétecsystem for the TOFMS.

2.6 The Laser System

UV photons of the required frequency to ionize Hibned in vibrational states= 3
— 7 are generated by a laser system consisting@fdifferent lasers. The primary
laser is a pulsed Nd:YAG laser, which producestligitat is frequency tripled to

pump the Sirah dye laser. The dye laser is tuneai#aning that it is a source of light
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of variable wavelengths. The light from the dyeelas then frequency doubled to
give photons of wavelength 210 — 250 nm. The plrotme directed into the vacuum
chamber using beam-steering optics. These photomsused to state-selectively
ionize the nascent HD molecules formed on the HOf@ace via REMPI
spectroscopy. The HDions are then detected by the TOFMS. This sedatiorthe
laser system will describe UV photon generatiomnbateering and the use of baffles
to minimize reflected light within the vacuum chaenb The principles and
methodology of the REMPI technique will be discusseSection 2.8.

2.6.1 Nd:YAG Laser

The Neodymium: Yttrium Aluminium Garnet laser (N&k®) is a solid state laser. A
rod of YsAlsO1, contains impurities of N ions [40]. These Nt ions are randomly
distributed within the YAG lattice, residing in&# instead of yttrium ions. Gas phase
Nd** ions have many degenerate energy levels, but whemunded by the YAG
crystal lattice, the energy levels are split to ogmthe degeneracy. This is due to the
YAG lattice generating a ‘crystal field’ around tiéd®* ions. Some transitions,
forbidden for gas phase Rfdions, become allowed for Ndions in the lattice. The
ground and first excited states of the®Nébns are split into groups of levels, as
shown in Figure 2.7.

V icm*
Fast decay

3/2 e— 4F3/2 =

1064 nm

4
15/2 mi

13/2 a

11/2m—

9/2

Figure 2.7 Energy level diagram for the transisioin the Nd:YAG laser.V is the
wavenumber of the particular level, and is giveori-
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The groups of energy levels of theibn are pumped using two xenon flash-lamps.
The N&* ions are excited from the groufid;, level to levels above th¥, state.
From these higher levels, there is rapid non-radialecay to théFs, state. Photons
are then emitted as the Ndon decays radiatively from th, level back to the
ground state [41]. The most intense laser tramsibiccurs in the infrared at 1064 nm
and is a superposition of the two transitions shawfigure 2.7. The YAG matrix

takes no part in the lasing action.

The laser is forced to produce pulsed laser ramidily use of Q-switching [41, 42].
The intensity of light, and thus energy of the palscan also be controlled by this
method. The Q-switch is an electro-optic devicevkm@s a Pockels cell inserted into
the laser cavity. The Q-switch is used to introdad¢ene-dependent loss in the cavity,
measured by the Q-factor. A poor Q-factor means tha cavity conditions are
unsuitable for lasing. The Q-switch can be rapidipned off and on by an electrical
signal to the Pockels cell. Whilst the Q-switclof§ the population inversion of the
Nd** ions increases, until the levels are saturateds The longer a Q-switch is turned
off, the more intense the resulting laser pulsdil tine upper states are saturated.
When the Q-switch is turned on, a light wave traesrthe cavity to stimulate photon
emission and lasing begins. The Nd:YAG pulses fieguency of 10 Hz with each
pulse lasting a duration of 4 — 6 ns. The 1064 igiit is frequency tripled to 355 nm
by a potassium di-hydrogen phosphate (KD*P,,R8;) crystal and a barium borate
(BBO, B-BaB;0,) crystal. This third harmonic is used to pumptilneeable Sirah dye
laser when investigating HD in vibrational states 3 — 7. A description of higher
order frequency generation in non-linear crystalsch as frequency tripling and

doubling, phase matching and optical mixing camob@d in Section 2.6.3.

For the experiments studying HD in vibrational e¢at = 3 — 7, the 355 nm light
pulses typically have energy ~ 300 mJ per pulgbpagh this is reduced to 100 mJ
per pulse by increasing the delay between the @bwind the flash lamp pumping in
order to conserve the dye in the Sirah laser. HonirHlower vibrational levels, & v

< 2 which were studied in previous experiments |3t dye laser was pumped by
the 523 nm second harmonic. The pulses at 523 nne generatedria energy

doubling, with energies typically ~ 400 mJ per puls
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2.6.2 Tuneable Dye Laser

In order to photoionize HD in a variety of ro-vibomal states, we require a source
that can produce photons of a large range of wagéte. This variable light source is
the Sirah dye laser, which is pumped by the 355tmnd harmonic of the Nd:YAG
laser described above. Dye lasers consist of aanarglye dissolved in a solvent such
as methanol. The dye is excited by the pulsesgbft from the Nd:YAG laser and
fluoresces over a broad wavelength range. An adgenof a dye laser is that it is
tuneable over this broad fluorescence wavelengthed41, 42]. This allows us to
scan over a range of wavelengths until the iororasignal is found, meaning that

photons of the correct wavelength to ionize HD hasen generated within the scan.

The Nd:YAG laser light pumps the dye from the grmdu® state to § the first
excited electronic state, or sometimes to thesl8ctronic state, as shown below in
Figure 2.8. These are all singlet electronic states

Singlet states

= S Triplet states
T2
E == Absorptior
== — K"

T:

Laser

transiton: 7

== S

Figure 2.8 Energy level diagram for the transsgiama dye laser.

The excited states decay to the lower ro-vibratioexels of the g statevia non-
radiative collisional relaxation. This leads to @pplation inversion between the ro-
vibrational levels of the Sand $ states. Due to the ro-vibrational levels withiclea

state being closely spaced, there is the posgibdit many transitions; hence
fluorescence occurs over a broad wavelength radigedR].
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There are triplet states in the dye which may alect the laser action [43]. There
may be non-radiative decay from the ® T, states, although this transition is
guantum mechanically unfavourable. Thestate may be pumped to the State by
the same range of frequencies of light that pungl#éiser transition. Any photons
absorbed by this T— T, transition cannot be absorbed in the-SS; transition,
which results in a reduction in gain of the lasknis problem can be overcome by
pulsing the Nd:YAG light. Time between pulses aliothie T state to decay back to
the S state; the T level is emptied before excitation to the [Evel may occur.
Pumping pulses of less thamg duration are required to avoid significant popara

of the T, level and appreciable loss in laser gain.

The laser dyes chosen for the experiment depertieowavelength of light required
to ionize HD in a patrticular ro-vibrational leve&l.oumarin dyes were used as they
produce photons of a large wavelength range of tadé@d — 560 nm. These photons
are frequency doubled, which will be explained Hertin Section 2.6.3. The dyes
used are shown in Table 2.1, which also includegslifes used in the laser system for

vibrational states = 0 — 2 studied in previous work [3, 4].

Wavelength range
v Laser dye Laser system
of dye photons (nm)
Rhodamine 640 mixed )
0 ) ) 594 - 629 [4] YAG doubled, dye tripled
with Rhodamine 610
1 Rhodamine 101 (DCM 607 — 663 [4] YAG doubled, tiyeled
2 Rhodamine 101 (DCM 607 — 663 [4] YAG doubled, tiyeled
3 Coumarin 120 (C 440) 429 — 463 [44] YAG triplededyoubled
4 Coumarin 2 (C 450) 434 — 463 [44] YAG tripled, dyaubled
5 | Coumarin 102 (C 480) 452 — 500 [44] YAG triplededyoubled
6 | Coumarin 102 (C 480) 452 — 500 [44] YAG triplededyoubled
7 Coumarin 102 (C 480) 452 — 500 [44] YAG triplededyoubled
Table 2.1 The laser dyes used in the Sirah dye, lagth their alternative names and the

range of wavelengths of photons they are able ¢duwre. Also shown is the
set-up of the laser system to show if light frora ¥AG laser or the Sirah dye
laser has been energy doubled or tripled by usiecokKD*P and BBO crystals.
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Coumarin dyes degrade reasonably rapidly througindaaction and need to be
changed approximately every two weeks. To slow ddvenphoto-breakdown of the
dye, the Nd:YAG laser power is set to 100 mJ péseyalthough greater laser power
above 300 mJ per pulse can be employed if necedsarythe Nd:YAG laser at 100
mJ per pulse, the power of the dye laser with Caumtyes is about 12 mJ per pulse

when the dye is fresh, before doubling.

The dye laser consists of an oscillator, a pre-drmphnd an amplifier, all contained
within dye cells. The beam from the Nd:YAG lasesywit by use of dichroic mirrors
and guided into the different dye cells. The dy#sa@re made of quartz and contain a
flow of laser dye, which is pumped by the light frothe Nd:YAG laser. The
oscillator and pre-amplifier are contained withive tsame dye cell, but at different

heights within this cell.

The oscillator is tuneable, meaning that photons lba produced at a specified
wavelength, given that the appropriate dye has lbsed in the Sirah laser system.
5% of the Nd:YAG beam is passed through the osaeilleell and the dye fluoresces.
The emerging dye light is directed onto the ositiaA grating with 2400 lines m

acts as the back mirror of the oscillator and awetyects and amplifies light at the
required wavelength, in a first order reflectiomeTangle of the grating is computer-

adjusted to select the chosen wavelength.

The beam of light leaving the oscillator cavity g&s onto the pre-amplifier, which
acts to increase the power of the dye beam, bnbtis laser cavity itself. The pre-
amplifier is housed above the oscillator in the sasye cell, and consists of dye
pumped by 10% of the Nd:YAG light. The emerging digét is then directed to the

final amplifier cell, which is pumped by the remaigp 85% of the Nd:YAG beam.

This is shown by Figure 2.9:
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Figure 2.9 Schematic diagram of the Sirah dgerlgpumped by the third harmonic of the
Nd:YAG laser, used for studying HD formed in viboaial statey =3 — 7.

In setting up the laser system, it is importantteck the alignment of the dye beam
and the Nd:YAG beam so that there is good overktpvéen them. This will ensure
than the dye beam has a good shape and is uniformeinsity throughout its cross-
section. A uniform beam allows the doubling processvork more effectively and
avoids inadvertent burning of parts of the lasesteasy. The spectral linewidth of the

dye laser beam is approximately 0.1 cand the beam diameter is 3 — 6 mm.

2.6.3 Frequency Doubling and Tripling

Frequency (or energy) doubling, also called sedosunonic generation, is a non-
linear optical process [42]. Light from the dyedasan be frequency doubled using
either KD*P or BBO (Barium Boratd}-BaB,O,) crystals. When the laser light is
frequency doubled, the BBO crystal is used to pcedohotons with wavelength half
that of the incident photons. When the laser lighfrequency tripled, the KD*P

crystal is used to double the light, then this dedbight is frequency mixed with the

fundamental light of the original beam in a BBOgtg/, to result in photons with a

wavelength a third of that of the fundamental phsto
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A light beam consists of oscillating electric an@gnetic fields. When an external
electric field is applied to a crystal by inciddaser light, the electrons and atomic
nuclei are pulled in opposite directions, resultingthe polarization of the crystal.
Electric dipoles are induceda this charge separation, with dipole momentvhich

interact with the electric fiel& as given below. The polarizability of the mediuna.is

H=at 2.22

The crystals used for frequency doubling and wgplare non-linear media, such that
the polarization responds non-linearly with thectie field applied by the incident
laser beam. Equation 2.22 is an approximation feakvelectric fields and comes

from the first term of the power series

,u:aE+%,3E2+é;,E3+___ 2.23

wheref3 is the hyperpolarizability angis the second order hyperpolarizability of the

medium.

Thus, as the strength of the electric field incesason-linear effects arise from the
higher order terms in equation 2.23. At any pomthe crystal, the variation of the
electric field strength with time as the laser pastirough the crystal is

E = E, sin(274t) 2.24

whereE is the amplitude of oscillation of the laser ligintdf is the frequency of the
incident laser photons. Therefore, as the interdditthe laser light increases, so does
the external electric field applied on the crystald non-linear effects on the
vibrations within the crystal lattice become apjable. Effectively, the higher order

terms in equation 2.23 become significant.

The second order term in equation 2.23 cont&fnsvhich can be expressed

E” = Ei{sin(27))’ = EZ(1-cod2r2t) 2.25

Thus the dipole induced in the crystal, will give rise to some photons with

frequency 2 emerging from the crystal. These photons are knawrthe second
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harmonic light. Only non-centrosymmetric crystailfich have a non-linear response

to an applied electric field, can be used for fesgry doubling or tripling [41, 42].

Frequency tripling, used to obtain the third harroai the Nd:YAG laser light in this

work and to obtain the third harmonic of dye lalght in previous work [3, 4], is

produced by frequency mixing in a BBO crystal [42]. Two light beams are
incident on the BBO mixing crystal: the originalnflamental laser light and the
second harmonic of the laser light.

For two beams of frequencids and f, and amplitudess; and E,, the effective

strength of the electric field is

E = (E sin ft +E, sin f,t) 2.26
The second order polarization term from equati@3 Decomes
B(E, sin ft + E, sin f,t 2.27
Expanding this term gives
B(EZsin? ft+EZsin f,t + 2EE, sin ft sin f,t) 2.28
The third term in this expression can be rewriten
E,E,Blcodf, - f,)t —cod f, + f, ] 2.29
Therefore, the crystal emits some photons withueegiess where
f,=f,£f, 2.30

Hence, when the fundamental light and doubled lgghtmixed, the third harmonic of
the laser light emerges from the crystal. There aiso be components in the
emergent laser beam of fundamental and doublet ligh

Accumulating substantial intensity of the second #mrd harmonic light can be a
problem. The optical properties of doubling angbling crystals are such that the
refractive index of the crystal, and therefore speed of the light travelling through
it, depends on the wavelength of the laser lightwé take the case of second
harmonic generation, the doubled light travels digiothe crystal at different speeds
from the fundamental light. The fundamental ligehgrates more frequency doubled

photons as it propagates through the crystal, hémeaoubled light cannot stay in

67



phase with itself. This may lead to destructiveiifégrence, reducing the power of the
doubled light. To overcome this problem, a techaigmown as phase-matching is
used. A direction through the crystal is choserhsihat both the fundamental and
harmonic light propagate through this directiontla@ same velocity. Hence, the
doubled light does not interfere destructively wittelf, and the power of the doubled
light is optimized. This phase-matching directisrfaund by rotating the crystal until

maximum doubled light is emitted from the crystal.

The required path through the crystal for phasechmag will change with the
wavelength of the doubled light. Any deviation frahe path means that the beams
cannot stay in phase indefinitely, so the crystioon must ensure that both the
fundamental and harmonic beams travel exactly albaglesired direction. To direct
the beam along the desired path, ‘look-up’ tablesceeated for the crystal position as
a function of wavelength. Look-up tables are setargoth the doubling and tripling
systems. The rotation of a crystal is changed imallssteps to find the optimum
position of the crystal at which maximum conversiorthe harmonic light occurs, at
a certain wavelength. The laser is then moved tothem wavelength and the
optimization process is repeated to find the ngtinum position of the crystal until
crystal positions have been found for a range ofelangths. The optimum positions
for both the BBO and KD*P crystals are stored as g@ints in these look-up tables
so that the crystal position can be computer-aégusthe computer fits a line to the
data points, incorporating parameters to accounth® angle cut and temperature of
the crystal, so that the appropriate crystal pmsitbetween data points can be
estimated. During a scan, the computer moves tsaty mounted on a motor, to the
correct position for a given wavelength, as spedifby the look-up tables. This
means that as the laser scans over a particulael@vagth range, the crystals are

automatically moved to the position where the plraa&hing is maximized.
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Figure 2.10 Schematic diagram of the set-up fquency doubling of the dye laser light.

For HD in vibrational stateg= 3 — 7, the dye laser light is frequency doulidgdhe
series of optics shown in Figure 2.10. Detailshef $et-up of optics for the tripling of
dye laser light, used for HD in vibrational states 0 — 2, are not provided as part of
this study and are given elsewhere [4]. The dyerléght passes through the BBO
doubling crystal, which is rotated to the optimuosgpion using the look-up tables, as
described above. The refractive indices of thetatysare temperature dependent, thus
the BBO doubling crystal is attached to a heatat thaintains a constant working
temperature at around T ~ 50 °C. After emergingnftbe doubling crystal, the light
then enters a quartz compensator, which compentgeadgyht for any ‘beam walk’
that may occur as a result of the twist of the dioglcrystal. The compensator is also
moved according to the same look-up table thatrotenthe BBO crystal position, in
order to maintain constant beam position for alV&angths. As mentioned before,
both the fundamental and the doubled light leaeeBBO crystal. Any higher order
harmonic light is negligible as it does not progagaa an appropriate phase-
matching pathway. A series of Pellin-Broca prisnss used to separate the
fundamental and second harmonic beams. Only thenddtarmonic light is allowed
to leave the prism box. This doubled light typigdias energy 1.5 — 2.5 mJ per pulse
when the dye has been freshly changed. In ordeotserve the dye as long as
possible, the Q-switch delay is adjusted to lover doubled light power to ~ 1 mJ

per pulse when REMPI scans are performed.
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2.7 Laser Beam Steering and Stray Light Minimization

After generation, the doubled light must travethe ionization region of the time-of-
flight mass spectrometer. The laser beam is dideict® the vacuum chamber using
two UV-reflecting steering mirrors. The beam mustfbcused down to an intense
spot in order to achieve adequate power for thelime@ar REMPI process to occur to
a sufficient number of HD molecules for detectidhus the beam passes through a
lens of focal length 30 cm before it enters theuume chamber, which focuses the

beam into a spot of radius 0.15 mm and area 7 @>ctr.

As one pulse from the Nd:YAG laser is approximatelys long and has an energy of
about 1 mJ, the resulting power density per pulskealaser focus is

E 2.31
107 5 1 - 935Gy cnt
7.1x1C* 4x10

Given that the Nd:YAG laser pulses at 10 Hz, tlosver density must be multiplied
by 10 Hz to give a time-averaged power density .6f GW cm. This value is in
good accord with other groups who have carriedREENMPI of H, [45, 46].

Within the vacuum chamber, scattered laser lightredease photoelectrons from the
stainless steel chamber walls. These photoelectnaysionize background HD gas in
the chamber, which may be detected by the TOFMSsa@anp the HD signal for the
REMPI process. To minimize any stray light from theer beam as it traverses the
chamber, conical baffles have been arranged asrshmowrigure 2.11. One set of
baffles is placed next to the quartz window to imdiragely surround the laser beam
entering the chamber. Attached to the end of tlitelsas a copper tube, of diameter
10 mm, which has a roughened inner surface. Aray dight that hits the rough walls
of the copper tube will be reflected around inside copper tube and will not be
directed on to the TOFMS ionization region. Theraisecond set of baffles, attached
to a section of PTFE tubing, placed in front of #het window. This arrangement
blocks any back scattered light reflected by thi& window reaching the TOFMS

ionization region.
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Figure 2.11 Schematic diagram of the set-up ofiémfised to minimize stray light within the

vacuum chamber.

The laser beam alignment also has a marked effedhe scattered light in the
chamber. A badly aligned laser beam results in msimgy photons producing
photoelectrons, which increase the background sodatected by the TOFMS. In
order to measure the background count, the lasesetigo produce photons at a
wavelength not expected to ionize HD molecules. TO&MS is used to detect the
number of HD ions in a particular period of time, usually ab@@ seconds. The
alignment of the laser beam through the chambireis adjusted by manipulating the
steering mirrors and the background count is resonea. This process is repeated
until the background count has been minimized byinuping the laser beam

alignment.
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2.8 REMPI Spectroscopy

In order to ionize molecules for detection by th©FMS, the Cosmic Dust
Experiment uses Resonance Enhanced Multi-Photaraion spectroscopy. In the
REMPI process utilized in this study, newly formeD molecules are ionized from a

particular ro-vibrational quantum statg ) to form HD'.

REMPI is a well established spectroscopic technigu®nize molecules in specific
ro-vibrational states [45, 47]. REMPI spectroscapg two stage process. Firstly, one
or more photons are used to excite a moleculer¢s@nant electronic state. Secondly,
the molecule is ionized from this resonant stategusiore photons. The ions are then
detected by a TOFMS. REMPI processes are labefle8) where A corresponds to
the number of photons required to excite the mdéetu the resonant state and B is
the number of photons used to ionize the moleaola the resonant electronic state.
Figure 2.12 shows the prototypical transitions lagd in (1+1) and (2+1) REMPI

schemes.

If more than one photon is used to excite the nudéeto the resonant state, the
excitation has occurreda non-resonant ‘virtual’ states [48]. A virtual sas not an
eigenstate of the molecule and is very short liweith lifetime ~10' s. In order for
the resonant state to be reached, the virtualsstatest be populated by A photons
within 10%° s. The population of the virtual state can bertte-limiting step of the
REMPI process. The photon density must be suffilyiemgh for the virtual state to
be populated and thus for REMPI to occur. It is netessary for the A and B
photons, or all of the A photons, or all of the Bopons, to be of the same frequency
as long as the combination of their energies iicseit to excite the molecule to the
resonant state.
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Figure 2.12 The transitions involved in (1+1) 48¢d1) REMPI schemes.

To state selectively ionize hydrogen molecule2+#€l] REMPI scheme is required,
shown below in Figure 2.13. Two photons are usesktite the HD molecules from a
specific ro-vibrational level in the ground electio state X 12g+ (v, J"), via a virtual
level to theE,F 12g+ (', J) resonant electronic state. A third photon themizes the
HD. The third photon is of the same frequency aspitevious two photons, as all the
photons originate from the same laser beam, pratlogérequency doubling the light
of the dye laser as explained in Section 2.6. Rwoational levels in the lower state of

a transition are denoted’( J”) and the upper state of a transition is denotédY.

As shown in Figure 2.13, two photons are requicedxcite hydrogen in the ground
electronic state to the resonant state; hence liaage in the rotational quantum
number isAJ = 0, = 2. The Q branch transitions are approxitga@® times stronger
than those in the O or S branches [49-51]. Thueskd#y step in the REMPI transition
employed in the Cosmic Dust Experimenki§y,* (v, J) — E,F'Y4" (v, J' = J").
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Figure 2.13 The (2+1) REMPI scheme for hydrogetemdes [45].

The wavelengths of the two photons used in thet&xan process are such that they
each have half the energy required for the tramsitifThe standard spectroscopic
equations for electronic, rotational and vibratioeaergies are used to calculate the

wavelengths of the photons required for REMPI titéorss.

The energy of a vibrational state above the botbthe potential well is given by

1 1\2 2.32
E, = (v+—jwe —(v+—j a X, cm*
2 2

The energy of a rotational state above the vibratistate is

E, =[B, ~a(v+1)9(3 +1)- DI2(3 +1)* cni* 2.33
where

E, is the energy of the vibrational state, vibraticaantum numbey,

E; is the energy of the rotational state, rotatianantum numbey,

We is the fundamental vibration wavenumber,

Xe IS @an anharmonicity constant,

Be is the equilibrium value of the rotational cons$tBn

a is a vibration-rotation interaction molecular carst

D is the centrifugal distortion coefficient.
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The values of the spectroscopic constamts,x.,, B, 0 and D, are taken from the
NIST online database [52] or other literature [58]. The total energy of each state is
given by

Etota = Eelec+ B/ + E5 2.34

whereEgiec is the electronic state energy.

As aforementioned, the laser photons involved & REMPI process used in the
Cosmic Dust Experiment must cause the transXidl," (v, J) — E,F 'Y, (v, J

= J"). An example of the calculated photon wavelengtihddD formed on HOPG in
the vibrational state = 3 are shown in Table 2.2 below. In this cage; 3 and the E,
F vibrational state chosen for the transitiorv’iss 1, because of favourable Franck-
Condon Factors between these vibrational statesnckr Condon factors are a
measure of the overlap of two vibrational stated amicate the likelihood of a

transition occurring between these states.

. . Wavelength of REMPI Wavelength of dye laser
’ ' photon / nm photon / nm
0 3 219.732 439.465
1 3 219.810 439.619
2 3 219.964 439.928
3 3 220.194 440.388
4 3 220.497 440.995
5 3 220.872 441.744
6 3 221.314 442.629
7 3 221.820 443.641
8 3 222.385 444,771
9 3 223.003 446.007
10 3 223.668 447.336

Table 2.2 Calculated photon wavelengths for theditionX 'z, (v" = 3,J") — E,F'Z,"
W=17=J)
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In order to ionize HD, the Sirah dye laser is ses¢an over a range of wavelengths
until the REMPI transition is found. For exampler HD formed in the\(" = 3,J" =

0) state, the dye laser can be set to scan oved339 439.495 nm, as the dye laser
light is frequency doubled to produce the REMPItphs, in steps of 0.003 nm in a
20 step scan. HDions are detected by the TOFMS when the REMPIsttian
occurs. This total ion yield is known as the REMRJnal. The laser is set to dwell at
each wavelength point for a given accumulation timewhich ions are detected by
the TOFMS. The accumulation time depends on tlemgth of the REMPI signal and

can range from 30 s for a strong signal to 320 afeeak signal.

If there is no REMPI signal for the scan, a difféarevavelength range is chosen and
another scan is performed. The REMPI signal witlmecessarily occur at exactly the
calculated value. This discrepancy is due to a d¢oation of reasons. Firstly, the
inbuilt calibration of the laser is not perfectlgcarate and leads to a laser ‘offset’.
Secondly, there are higher order terms in equao82 and 2.33 which are neglected
in the calculation. Hence ranges of wavelengthstypieally searched up to 0.5 nm
away from the doubled light wavelength value cated in Table 2.2, until the

transition is found.

2.9 Summary

This chapter has described the experimental sebfuphe UCL Cosmic Dust
Experiment, which has been used to study the foomatf HD on an analogue of an
interstellar dust grain, namely an HOPG surfacel la¢l15 K. This chapter includes
details on how UHV has been achieved and the geoeraf H- and D-atom beams,
which are transported to the HOPG surface. The H@Bface is cryogenically
cooled by a helium cold head and heated by a tantatrip heater for cleaning.
Nascent HD molecules desorb from the HOPG surfawk are state-selectively
ionized by REMPI spectroscopy. REMPI photons adpced by the laser system.
For HD formed in vibrational states= 3 — 7, the third harmonic from an Nd:YAG
laser is used to pump a tuneable dye laser. Then be@m the dye laser is then
frequency doubled to obtain the REMPI photons. R&EMPI photons ionize HD
from a particular ro-vibrational state in the grdwlectronic statgia a resonant E, F
state in a (2+1) REMPI scheme. The Hbns are then detected by the TOFMS. Data

76



processing of the mass spectra of "Hbns is required to calculate the relative

populations of the ro-vibrational states of nasddbt The data analysis procedure

and results will be explained in Chapter 3.
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Chapter Three

Results of the HD Formation Experiment

3.1 Overview

This chapter will describe the results of the UCbs@ic Dust Experiment on the
formation of HD in vibrational states= 3 — 7. Previous work using the Cosmic Dust
Experiment, pertinent to this thesis, will be sumzed in Section 3.2. The particular
experimental method procedure for thes 3 — 7 experiments will be explained in
Section 3.3. After collection, the data needs t@ioeessed, taking into account laser
power to obtain the relative rotational populationkich will be explained in Section
3.4.1. Section 3.5 describes the calculations peed to obtain the average rotational
temperature within each vibrational state. The ilvational distribution of nascent

HD molecules will be discussed in Sections 3.69- 3.

The complete set of UCL data, from all HD ro-vilwatal states detected to date, is
used to determine the energy partitioning betweba internal energy and
translational energy of the nascent HD molecule andrgy lost to the graphite
surface in Sections 3.10 and 3.11. In this chaptevjbrational states within thx
state, in which the HD is formed, will be denoted, ") and ro-vibrational states
within theE, F state used in the REMPI process will be denot&d’}.

82



3.2 Previous Work

The UCL Cosmic Dust Experiment was commissionedydfirs ago to study the
formation of molecular hydrogen on surfaces analsgo interstellar dust grains. The
aim of the experiment is to probe the ro-vibratiasiatribution of nascent hydrogen
molecules using REMPI spectroscopy: &hd HD formation on an HOPG surface
held at a range of temperatures between 15 K an& B@&s been studied [1-3].
Newly-formed H was detected in the = 1,J" =0 - 3 and/” = 2,J" = 0 — 3 states.
Newly-formed HD was detected in thé =1,J"=0 -4 and the" =2,J"=0-4
states. The rotational temperatures for each wdralt state were found to be

significantly higher than the surface temperatur@ are shown in Table 3.1 below:

Vibrational Rotational Surface Rotational
Molecule
state,v” states,J” Temperature / K Temperature / K
H, 1 0-3 23 314 +9[1]
0-3 30 214 £ 11 [3]
0-3 50 224 + 21 [3]
H, 2 0-3 15 364 + 37 [1]
0-2 23 309 +41 [1]
0-3 30 316 + 41 [1]
0-2 50 345 + 153 [1]
HD 1 0-4 15 265 + 15 [2]
0-4 27 274 + 20 [2]
0—-4 40 198 + 13 [2]
0-4 50 283 + 20 [2]
HD 2 0-4 15 286 + 37 [2]
0-4 27 299 + 31 [2]
0—4 40 331+ 37 [2]
0-4 50 345 + 39 [2]

Table 3.1 Ro-vibrational states and rotational terapres for nascent;land HD detected
in previous work.
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A search for HD formed in vibrational sta#® = 0 was also made, but was not
successful. This was because the observed REMRIsigf HD inv’ =0,J"=0-4
were not necessarily due to nascent HD moleculesifg on the surface but were, in
fact, dominated by thermally relaxed HD moleculdseay present within the
vacuum chamber. Very high rotational states sucH' as7 and 8 are not expected to
be populated by thermalized HD, thus the REMPI agifior these states should not
be swamped by the background gas. However, thegesstvere not detected,
indicating that nascent HD does not populdte 0,J” = 7 and 8 at a level above the

experimental detection limits.

3.3 Detection of HD inv=3 -7

The experiments carried out in this thesis prolmedformation of HD in vibrational
statesv” = 3 — 7. They” = 3 and 4 states were detected first, followedibbyatus of
three months, after which th¢ = 5 — 7 states were observed. The delay in data
collection occurred because of contamination ofvdliium chamber by pump oil due
to a power cut, leading to a loss of signal. Alsothe higher vibrational states, the
values of spectroscopic constants from the NISTalikege [4] are inadequate to
calculate an accurate wavelength for the REMPI gigjtthus an alternative source
for calculating the energies of the E, F energyelewad to be sought [5]. This

calculation is given in Section 3.7.

For the first period of data collection, in whidety” = 3 and 4 states were studied,
the pressure in theHsource was 0.14 — 0.25 Torr and the pressureeiidtsource
was 0.16 — 0.20 Torr. The target chamber pressaeeM2 x 10 — 2.4 x 10 Torr.
During the collection of the” = 5 — 7 data, the pressure in theand D sources was
0.24 — 0.37 Torr and 0.22 — 0.29 Torr respectivélye target chamber pressure for
thev” = 5 — 7 experiments was 5.0 x®.0 1.0 x 10 Torr, marginally lower than for
thev” = 3 and 4 experiments, as the chamber had beanedeand new pumps had
been installed. As outlined in Chapter 2, the sesiare never switched off, so that H-
and D-atoms continuously dose the HOPG surfaceshwibicooled cryogenically to T
= 15 K by the helium coldhead. The surface is deanefore every REMPI scan by
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heating to 500 K to remove any adsorbates on thacgi It takes approximately 45
minutes for the HOPG to cool back down to 15 K.

HD is formed in a distribution of ro-vibrationalases ¢”, J) in the X state, but the
Cosmic Dust Experiment can only probe the poputatibone state at a time. HD is
state-selectively ionized using laser photas a resonank, F (v', J) state. For each
v” value, the most favourabl¢ state must be determined from Franck-Condon
factors. For HD in th& state withv” = 3, 4, 5, 6, and 7 the resonant E, F states used
werev' =1, 1, 1, 2 and 3 respectively. The FCFs forthe V' transitions are shown
in Table 3.2. The Q-branch is the most intensetiostal transition, and is always
used in the REMPI process; hence there is no chandke value of rotational
guantum number, s@ = J". The two-photon wavelength is then calculatedtifar
REMPI transitionX 'y, (v, J) — E, F1Y" (v, J = J") taking into account any
possible offsets, such as laser calibration offséle dye laser is then set up to
perform a scan over this wavelength. When the REWH?isition occurs during the
scan, HD ions are formed and detected by the TOFMS: thecaamt detected is the
REMPI signal. The dye laser wavelength range acWwiREMPI signals occurred,

when first detected, is shown in Table 3.2 below:

v, J" A FCF Wavelength range of detected
REMPI signals / nm
3,0-6 1 0.182 439.55 — 442.79
4,0-6 1 0.283 455.09 — 458.18
5,0-6 1 0.154 470.83 -473.70
6,0-4 2 0.242 475.81 - 476.73
7,0-3 3 0.159 481.40 — 482.66

Table 3.2 The ro-vibrational states detected withresonant E, F state for each vibrational
state and Franck-Condon factor for thé — V' transition. The range of
wavelengths of the dye laser at which REMPI sigvedse detected for each
vibrational level is also shown; this is the wawgjth of the dye photons before
energy doubling by the crystal optics.

85



As stated in Chapter 2, a look-up table must batetkand enabled for each scan, so
that the doubling crystal is in the correct positim ensure constant laser power
throughout the wavelength range of the scan. A agerpprogram is used for data
collection, which enables the TOFMS and the TOFM#inting electronics to
communicate with the laser. The laser scans theelagth range in small
incremental steps of 0.003 nm in size. The laser lba set to dwell at each
wavelength point for a given accumulation time. Térggth of accumulation time set
depends on the strength of the REMPI signal andjemrfrom 30 s to 320 s,

depending on the strength of the signal.

The yield of HD ions is counted by the electronics associated thithTOFMS, as
described in Chapter 2. In order to find the flighthe of the HD ions, a mass
spectrum is taken with the laser off-resonanceyStght from the laser beam hits the
stainless steel chamber walls and releases phota®is. These photoelectrons ionize
the background gas in the chamber to forfridts, which can be readily identified in
the mass spectrum. The other peaks in the mas#rgpecan then be assigned to
particular ions such as,H HD" and 3, which are also abundant in the vacuum
chamber; thus the flight times of Hlons can be constrained to a finite range from
the size of the peak. The TOFMS counting electaie then set to integrate over
the flight times which contain only HDons. Figure 3.1 shows an on-resonance mass
spectrum, taken during a REMPI scan when HD iniboational state/” = 4,J"= 1
was ionized. The Hpeak appears at approximately 250 ng, & 680 ns, HDat 940

ns and B" at 1250 ns. The spectral peaks fd; H," and " are due to ions created
by photoelectrons and are wider than the on-resmna#D” peak producedia
REMPI.
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Figure 3.1 On-resonance mass spectrum forvB 4,J" = 1, showing the peaks for'H
H,", HD" and B".

The timing electronics of the TOFMS count each"H@n signal from the detector.
However, after one ion is detected, there is add@ae’ of 50 ns during which
another ion cannot be detected. Thus the laser ipowst be set so that only one
ionization event occurs for each laser pulse. Tdmerl start signal repeats at a

frequency of 10 Hz, so the laser power is adjusiddlfil the relationship

lon counts per wavelength step 10 x accumulation time 3.1

The output of the data collection computer progrisnthe HD ion counts per

wavelength step, as shown in the REMPI spectrurangin Figure 3.2.
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Figure 3.2 REMPI spectrum of HI' = 3J” = 1, following the reaction of H- and D-atoms
on a HOPG surface held at 15 K. The REMPI transiisoX 12; v'=3,3"=1)
— E, F Xlzg+ (v =1, J = 73", which is the Q(1) line. The ion signal is the
number of HD ions detected during an accumulation time of pérswavelength
step. The error bars are the square root of theoants.

The area under the peak in Figure 3.2 can be detatéhe rotational population of
HD formed in one rotational state within a vibraiab level. REMPI scans for other
rotational states within the same vibrational leaed then performed. The first state
searched for was the' = 3,J"” = 1 state, ag” = 1 has been found to be the most
populated rotational state in previous work [1]eTH = 0 state was investigated next,
followed by stated” > 2 in ascending order @f’, until higher rotational states could
not be detected. Subsequently higher vibratiorsdéstwere investigated by the same
method. The/” = 8,J” = 1 state was later searched for, but not detdéje&earches
were made by scanning the dye laser over rangesetlengths near the calculated
2-photon wavelength until the REMPI transition vadsserved. When searching for a
REMPI signal, short accumulation times of 30 sesoper wavelength step are used,
for as many as 30 wavelength steps. When the REMRsition is found, it occurs
over several wavelength steps, as shown in FiguPe Bor data collection, to
determine the rotational populations, the lasaetsto scan over a range with only 10
— 12 wavelength steps, spending 30 s — 320 s pezleragth step, depending on the
strength of the REMPI signal. REMPI signals for #ie- 4 level are shown below:
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Figure 3.3 REMPI spectra showing the transitths X (v =4, =0-6)- "I, E, F (V'
=1,J =J). All the spectra shown are from the Q-branchheff” = 4 REMPI
transitions. The entire spectrum was not takematsame time due to the large
separation between the rotational lines and thg &metumulation times necessary
to obtain good signal to noise.

The integrated areas under the REMPI spectra aneecied to the relative population
of the rotational states by correcting for accuroiatime and laser power. The ion
signal in a REMPI spectrum is the number of Hbns detected by the TOFMS
during the accumulation time. This is scaled taedive number of HDions expected

to be detected in an accumulation time of 60 s.[&ker power correction calculation

is shown below in Section 3.4.1.

3.4 Data Processing

3.4.1 Relative Rotational Populations

The power of the laser beam is liable to vary figgan to scan and during the course
of a scan because the laser dye efficiency is daklg#gnon wavelength. The dye

efficiency of Coumarin 480 dependence on wavelergggmown below in Figure 3.4.
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Figure 3.4 The dependence of laser power of tp&edtr light with wavelength for the dye
Coumarin 480, which was used for the= 5 — 7 states. A list of the dyes used
for each vibrational level is given in Chapter 2ple 2.1.

The dye also deteriorates with use, as well asimgnyith wavelength, such that the
laser power of the doubled light typically dropsb%.1 mJ per pulse by the end of a
laser scan, with even greater drops in power foy leng scans. Thus the integrated
area under the REMPI peaks must be corrected &ar lpower. The ion signal

strength varies with respect to the laser intengéyhe power dependence

lon signal L] (laser power) 3.2

The value ofn, the laser correction factor, is also transiti@pehdent, thus needs to

be calculated for every vibrational state.

To determine the value ofin equation 3.2, ion signals from one ro-vibrasibstate
are measured at different values of laser powegrajph of In(laser power) against
In(ion signal) is plotted, which gives rise to eagght line with a gradiem, as shown

in Figure 3.5. Within each vibrational level, thetational state with the strongest
REMPI signal is usually used to determmeTlhe strongest rotational states used are
typically thed” = 1 or 2 states. The valuesrofor each vibrational level are shown in
Table 3.3.
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Figure 3.5 Power dependence plot of In(laser ppagainst In(ion signal), taken for REMPI
of HD v” = 3J"” = 1 at different values of laser power of the dedHight. The
laser power is measured in mJ per pulse, where ther 10 laser pulses per
second. The line of best fit, y = 1.4297 x + 6.0884s a gradient of 1.43, which
provides the value afi for all scans withv” = 3. The error bars on the x-axis
indicate the drop and fluctuation in laser powetiduthe scan.

Vibrational Level, v” Laser Correction Factor, n
3 143 +0.11
4 1.62+0.17
5 2.13+0.29
6 2.69 +0.32
7 3.32+1.24

Table 3.3 Laser power dependence fagtofor each vibrational level;”

As the (2+1) REMPI scheme used in this experimeat3-photon process and the ion
signal strength depends on laser power as shownuation 3.2, for a non-saturated
process the expected value for the laser corredtiotor isn = 3. If only the one-
photon process is saturated, timen 2, and if the 2-photon process is saturated, then
=1 [7, 8]. Furthermore, it is unlikely that thenipation step will be saturated without
also saturating the resonance step.Wor 3 and 4n < 2, thus at least 2 photons are
saturated, hence it is probable that the resonstegeis saturated. Similarky’ = 5
exhibits some saturation of the resonance stepmwitl2. However, fov” = 6,n ~ 3
within error bars, so there seems to be little @saturation in either step. Fot= 7,
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the level of saturation of the REMPI process carb®tnferred fromn due to the

large error bars.

The integrated areas under the REMPI peaks foit @fsetational states within a
vibrational level are divided by the laser poweised to the value oh for that
vibrational level. The corrected areas are thematized to the)” = O state to give

the relative populations as shown in Figure 3.8.

3.5 Rotational Temperature

It is possible to create a Boltzmann plot from thktive rotational populations to
determine a characteristic rotational temperature dach vibrational level. The
Boltzmann distribution describes the populatiorthef rotational levels Pelative to

the population of th@” = O state, as shown below:
B g, (23 +1)ex —(5) 3.3
P KT

k is the Boltzmann constant,

where

J" is the rotational quantum number,
E, is the corresponding rotational energy,
T is the temperature and

g; is the nuclear spin degeneracy, for Hp= 1.

Rearranging equation 3.3 gives

E, _ P 3.4
S - kin| — 2 |+kin(P
T n(gj(2J+1)J+ ()

Equation 3.4 is of the form y = mx + c, therefotetfing —kln _ B vS. E;
g,(23 +1)

gives a straight line with gradient 1/T and intgtdén(P) for rotational states whose
population follows a Boltzmann distribution.
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The data points will not necessarily fit on theagjht line, as the relative populations
may deviate from the ideal Boltzmann distributidh.the rotational populations
determined from the REMPI peaks are located on dtraight line, then the
distribution is Boltzmann and the gradient of time Igives the rotational temperature,
T. A least squares method is used to determinertiemt of the line of best fit to the

data.

However, if the Boltzmann plot is non-linear, thide rotational distribution is non-
Boltzmann. In this case, the average rotationalrggne<t..>, is calculated by

statistical mechanics:
(E) =D PE, 3.5
J

An average rotational temperatukel > can be calculated from this average

rotational energy:

<Trot> = <E|;0t> >0

The rotational populations themselves are foundgusi
3.7

where } is the power normalized ion signal detected ftational state J.

A validation of this method is given in previous nkd2], where the REMPI and
TOFMS system was used to detegtdt room temperature. A Boltzmann plot of the
v" = 0,J" = 0 — 3 ro-vibrational populations were found tdldew a Boltzmann

distribution with T, ~ 295 K, as expected.

3.6 HD Formed in Vibrational Statesv” = 3 and 4

The results in this section were published in Isktnal 2006 [9]. Nascent HD was
detected in vibrational state$ = 3 and 4 following continuous dosing by H- and D-
atoms of the HOPG surface held at 15 K. The data cotlected over a period of 3
months. The 2-photon wavelength for each REMPIsiteom was calculated by
determining the value of th¢ state andE, F state energy levels, using equations 3.8,
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3.9, 3.10 and 3.11 below and taking into accouatligted offsets. The values of the
spectroscopic constantsje, %, Be, 0 and D, were taken from the NIST online
database [4], whereu. is the vibrational wavenumber, is the anharmonicity
constant, Bis the equilibrium value of Bthe rotational constant as a function of the
vibrational stateq is the vibration-rotation interaction molecular stant and D is

the centrifugal distortion coefficient.
E,  is the energy of a particular vibrational stateand is given by
(oo (ve3) o
E,=|vV+=- @, —|V+=| TX, CM
2 2

E; is the energy of the rotational state above theational state given by

E, = B,J(J +1)-DJ*(J +1f cm® 3.9

where B is calculated using
B,=B,—a(v+i) 3.10

The total energy of each state is given by

Etotal = Eelec+ Ev+ E; 3.11

where Egec is the electronic state energy. The differenceotaltenergy of thds, F

state and th& state is then converted to the 2-photon wavelength
Typically 4 — 12 REMPI spectra were recorded najuseatially for each ro-

vibrational state and the ion signals from theserayed to obtain relative rotational

populations with error values, as shown in Figufe 3
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Figure 3.6 Relative rotational populatiofte HD formed in vibrational leveV” = 3. The
area under the REMPI peak for eakhstate has been laser power corrected and
normalized to thd” = O state.

For thev” = 3 level, the most populated rotational state feasd to be thel” = 1
state. REMPI signals were detected for rotatiotetks])” = 0 — 6. For strong signals,
the signal-to-noise (S/N) values are in excessOoard for weak signals, S/IN ~ 5. A
search was made for stat¢s= 3,J” = 7 and 8, but no HDions were detected above
the background noise, even at very long accumuldimes. The signal-to-noise ratio
for this non-detection, at the predicted wavelesdir thev” = 3,J” = 7 and 8
REMPI transitions, was S/N = — 0.2. This implieattkither thev” = 3,J” =7 and 8
states are not populated by nascent HD moleculethab the population is small
enough to be masked by the background counts oéxperiment. The background
counts are typically 1 — 10 ions in 60 seconds eeslillt from ionization events
initiated by photoelectrons. As aforementioned séh@hotoelectrons are liberated

when stray laser light hits the stainless steeidyex walls.

The Boltzmann plot for the” = 3 state is shown below in Figure 3.7. The rotationa
temperature was found to bg:E 330 £ 26 from the gradient of the line of bettds
described in Section 3.5. The relative rotationapyations roughly follow a
Boltzmann distribution as the data points are kedain the line of best fit, taking into

account error bars.
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Figure 3.7 Boltzmann plot for the relative rotatib populationsfor HD formed in
vibrational levelv” = 3 with a weighted least squares fit to the datahe T
rotational temperature was found to hg ¥ 330 + 26 K.

This procedure was repeated for te= 4 level. The areas under the REMPI spectra
in Figure 3.3 were corrected for accumulation tanel laser power to determine the
V" = 4 relative rotational populations, which arewhan Figure 3.8. Again, HD was
found to be formed in rotational stat#s= 0 — 6 with the most populated rotational
state being thd@” = 1 state. After Boltzmann analysis, the rotaticeahperature was
found to be T: = 368 + 22. They” = 4 Boltzmann plot is shown in Figure 3.9. Points
that lie below the line of best fit shown in Fig8e, such as th@” = 6 state, are
marginally overpopulated with respect to an idealtBnann distribution with J; =
368. The Boltzmann plot appears non-linear, suahttie data points seem to follow

a curve, rather than lying on the line of best fit.
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Figure 3.8 Relative rotational populatiofts HD formed in vibrational level” = 4. The
area under the REMPI peak for eaklstate has been laser power corrected and
normalized to thd” = O state.
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Figure 3.9 Boltzmann plot for the relative rotatib populationsfor HD formed in
vibrational levelv” = 4 with a weighted least squares fit to the datae Th
rotational temperature was found to hg ¥ 368 + 22 K.
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The rotational populations relative to thie= O state are given in the tables below:

v’ J’ Relative
Population
1.00 £0.20
1.94 +0.32
1.15+0.26
0.63+0.17
0.34£0.16
0.09 £0.04
0.03 £0.03

S 01~ W N P O

Table 3.4 Relative rotational populations for HPrfied inv” = 3 on HOPG held at 15 K,
normalized to the” = 3,J" = 0O state

v’ J’ Relative
Population
1.00£0.25
1.75+0.34
1.49 £0.23
0.69 +0.15
0.30 £ 0.08
0.11+0.04
0.05 +0.02

®» o1 A W N P O

Table 3.5 Relative rotational populations for HPrfied inv” = 4 on HOPG held at 15 K,
normalized to the” = 4,J" = O state

As can be seen in Table 3.4, ilfe= 3,J" = 6 state has a relative population of 0.03 +

0.03, which is effectively negligible, within errtyars. Hence, it is unsurprising that

higher rotational states were not detected. Inrol@eompare the populations of the

V' = 3 and 4 states, the data in Table 3.4 and Taldlevas scaled by the Franck-

Condon factor of the REMPI transition used to detsch rovibronic state. This is

discussed further in Section 3.8.
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3.7 HD Formed in Vibrational Statesv” =5-7

HD formed in the ro-vibrational state¥ = 5, 6 and 7 was also detected [10]. This
work was conducted after an interval of about 3 th®ndue to experimental
problems. A power cut occurred after tfie= 4 data was taken, which resulted in
significant loss in signal. The' = 4,3"” = 1 signal was reduced from 160 ion counts to
27 ion counts for an accumulation time of 60 sesoiidwas suspected that the drift
tube of the TOFMS had been contaminated, thus @EMS was removed from the
chamber, dismantled and cleaned. After reassenmalyr@installation of the TOFMS,

the REMPI signals returned to their previous sttieng

However, despite the cleaning, thié = 5 signals remained elusive although large
ranges of wavelength were searched for a REMPkitian. It transpired that the
calculated 2-photon wavelength for the REMPI traoisiwas not accurate, due to the
values of the spectroscopic constants involvedjiragons 3.8, 3.9 and 3.10. Hence, a
new method of calculating the energy of the rotatlcand vibrational levels within
theE, F state and thX state was developed. This involved recalculatirgvilues of
E,, E;» andE,» with experimental data taken from Dabrowski andzHderg [5], as

described below.

The constants for thg, F state used in the origina! = 3 and 4 calculations aB =
24.568 crit andD = D, = 0.0123 crit, whereBs is the equilibrium value of the
rotational constant anD is the centrifugal distortion coefficient Thesdues were
obtained from the NIST database [4] and are sefifity accurate for ro-vibrational
levels where/ = 0, but led to a large range of wavelengths besayched before HD
formed in thev” = 3 and 4 states was found, because these statesizedvia thev’

= 1 state. Thus for the¢' = 5 — 7 states, which are ionized via the resowantl — 3
states respectively, experimentally derived consténom Dabrowski and Herzberg
[5], shown in Table 3.6, are preferable to NISTadathe values given in this paper
are B and 0 which are the rotational constant and centrifutistiortion detected for
each vibrational state. Equation 3.9 was used dalcglate the rotational energy of
theE, F state Ej, with the new values of Band by setting D = P
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E, F state,V’ B, (NIST) B, Dy
0 23.924 23.924 0.0123
1 22.636 22.636 0.0118
2 21.348 20.820 0.0830
3 20.060 14.580 0.0997

Table 3.6 Values foB, andD, taken from Dabrowski and Herzberg 1975 [5]. Th&NI
value has been calculated usBg~ B, —a(v+%), whereB, = 24.568 andx =

1.288. The NIST value fdb is D, = 0.0123, used for all vibrational levels in the
E, Fstate [4].

As aforementioned, the NIST data is only suffidgnaccurate for the lowest
vibrational levels. Therefore the energy of rotasiblevels withinv" =5 — 7 in theX

state, k-, also needed to be recalculated using values Dabrowski and Herzberg
[5]. The values of Band ) used for the vibrational level§ = 5 — 7 in theX state are

shown below in Table 3.7. The corresponding vaft@a NIST are also shown.

X state, v’ By (NIST) By Dy
5 34.732 35.311 0.0228
6 32.746 33.460 0.0221
7 30.760 31.605 0.0219
Table 3.7 Values foB, andD, taken from Dabrowski and Herzberg 1975 [5] for ¥he

state. The NIST value has been calculated WBjrgB, —a(v+%), where

Be. = 45.655,a0= 1.986. The NIST value fob is D, = 0.026 used for all
vibrational levels in th& state [4].

Dabrowski and Herzberg also provide the experimigntdoserved energy levels of
all states in th& state relative to the” = 0,J” = 0 stateE(v”, J”), and the energy of
thev” = 0,J" = 0 state above the€ state potential wellE,. These can be added to

calculate E, theX state vibrational energy of the HD molecule, stnzt

E,=E(v", J"=0) + Eg 3.12

E,» + E;» can also be obtained directly from the Dabrowsld &terzberg paper by

calculatingg(v”, J") + Eo.
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The vibrational energy of the, F state, E, is not given in Dabrowski and Herzberg,
but the band originsy’, of the vibrational levels are provided. The banidin can be
expressed as

Vo' = Eetec, e + Ev— (Betec, x + Eo) 3.13

The 2-photon wavelength can then be determinednioyniy the difference in energy,
AEwta, between the ro-vibrational level in tikestate and the ro-vibrational level in
theE, F state, such that

AEtotal = (Eelec, £F + Ev + E3) — (Betec, x + Ev + Ey) 3.14

where Eec, erand Eiec, x are the electronic energy levels of theF and X state
respectively. Thus by substituting equations 342 &13 into 3.14, we obtain
AEwa = Vo' + Ey — E(V,J'=0) — & 3.15

which can be calculated without using values frol8 N

The wavelength of the dye laser photons requirezhtoy out the REMPI transition is

then calculated by doubling the 2-photon wavelength can be seen in Table 3.8,
which shows the wavelengths &f = 1 transitions within each vibrational level, the
wavelength values calculated using the DabrowskKi ldarzberg are more accurate

than those using constants from the NIST datalmas@é higher vibrational states.

Wavelength, | Wavelength, Wavelength,
v’ | v | Observed D&H Ak, O = D&H NIST Ak, O - NIST
/ nm / nm
/ nm / nm / nm
3 1 439.711 439.838 -0.127 439.619 0.092
4 1 455.247 455.389 -0.142 455.001 0.246
5 1 470.973 471.135 -0.162 470.482 0.491
6 | 2 475.983 476.132 -0.149 475.142 0.841
7 3 481.611 481.790 -0.179 479.780 1.831

Table 3.8 The calculated and observed wavelengththe dye laser photons, for which the
transitionX 'Z," (v, 3= 1) — E, F X'2;" (v'= 1, J' = 1) occurs. O indicates the laser
photon wavelength for an observed REMPI signal, Di&Hicates that the Dabrowski
and Herzberg constants have been used to caldhlatéaser photon wavelength and
NIST indicates that only NIST constants were emptbyo calculate the laser photon
wavelength. The difference in observed and prediatgvelength is also shown.
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The REMPI transitions are much closer to the ptedievavelength foy” > 3, when
the predicted wavelength is calculated using thérdaski and Herzberg values.
Thus HD ion signals are much easier to find usimg method. The” = 5 — 7 states
were found in quick succession in a period of 3 kgedypically 3 — 6 REMPI
spectra were recorded non-sequentially for eachilm@tional state. As before, the
area under these peaks were converted into rothfpmpulations relative to th# =

0 state within each vibrational level, as showTable 3.9. For” = 5, the rotational
states)” = 0 — 6 were detected and signals were noticeabgker than for the” = 4
state. This trend continued as tffe= 6 and 7 signals were also subsequently weaker
than thev” = 5 signals, such that only tli& = 0 — 4 states could be found for tHe=

6 level and only th@” = 0 — 3 states could be found for tfe= 7 level. The relative
vibrational populations will be quantified in Sexti3.8. Longer accumulation times
were required for these weak signals, such the sipemt per wavelength step during
the laser scan ranged from 120 s to 320 s. Sigradise values were typically S/N ~
6 for strong signals and S/N ~ 0.9 for weak signAlgain, higher rotational levels

than those detected were searched for, but notifoun

The rotational populations relative to thie= O state are given in the table below:

JH
0 1 2 3 4 5 6

1.00+0.15 1.40+0.17 196+0.24 0.72+0.11 8&®.08 0.09+0.05 0.08 +0.05

1.00+0.32 210047 2.22+0.48 0.59+0.25 5&¢3.19 - -

1.00+0.44 188+0.60 184+0.56 1.11+0.46 - - -

Table 3.9 Relative rotational populations for HDPrfied inv" = 5 — 7 on HOPG held at 15
K, normalized to thd” = O state within each vibrational level.

Rotational and Boltzmann plots were created forthe 5 — 7 states and are shown
in Figures 3.10 to 3.19" = 2 is the most populated rotational statefor 5 and 6,
whereas for the lower vibrational levets< 4,J" = 1 is the most populated. Similarly
to thev” = 4 Boltzmann plot, the” = 5,J" = 6 state is overpopulated with respect to a

thermal distribution. In fact, Table 3.9 shows ttte population of the” = 5,J" =6
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state and the” = 5,J" = 5 state are very similar, which would not be ¢hse for an
ideal Boltzmann distribution. However, the popwas for these high rotational states
are very small, taking into account the errors. Boézmann analysis of the' = 6
and 7 rotational populations indicate that thessest are thermally distributed.
However, the ion signals for the” = 7 state were very weak, leading to
proportionately large error bars. Also, becausevthe 7 signals were weak, long
accumulation times of 320 s per wavelength steweed, resulting in scans which
were over 40 minutes long, during which the dyeedetates significantly.
Consequently, there are large laser power fluainatior thev” = 7 signals. Hence
there is a greater degree of uncertainty in thatiaoal temperature value fot = 7
than for the other vibrational states. The rotaldemperatures were found to be 338
+ 22 Kforv' =5, 266 + 55 K fov” = 6 and 336 = 102 K for" = 7.
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Figure 3.10 Relative rotational populatidios HD formed in vibrational level” = 5. The
area under the REMPI peak for eathstate has been laser power corrected
and normalized to th&’ = O state.
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Figure 3.11 Boltzmann plot for the relative ratatl populationsfor HD formed in
vibrational levelv” = 5 with a weighted least squares fit to the datdhe T
rotational temperature was found to hg ¥ 338 + 20 K.
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Figure 3.12 Relative rotational populatidos HD formed in vibrational level” = 6. The
area under the REMPI peak for eakhstate has been laser power corrected
and normalized to th&' = O state.
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Figure 3.13 Boltzmann plot for the relative ratatl populationsfor HD formed in
vibrational levelv” = 6 with a weighted least squares fit to the datde T
rotational temperature was found to hg ¥ 267 + 55 K.
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Figure 3.14 Relative rotational populatidos HD formed in vibrational level” = 7. The
area under the REMPI peak for eakhstate has been laser power corrected
and normalized to th&' = O state.
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Figure 3.15 Boltzmann plot for the relative ratatl populationsfor HD formed in
vibrational levelv” = 7 with a weighted least squares fit to the datae Th
rotational temperature was found to hg ¥ 337 £ 102 K.

The rotational temperatures of all the vibratiostdtes investigated by the Cosmic

Dust Experiment are tabulated below, includingdh&a forv” = 0 — 2 from previous

work [2]. These rotational temperature values aleutated from a weighted least

squares fit to the Boltzmann plots and are muclhédrighan the temperature of the

HOPG surface for all vibrational levels. It cand®n that the rotational temperature

106



peaks at” = 4. The average rotational energy of the statbg;h is determined from
the statistical mechanics calculation describedSection 3.5 is also given. The
average rotational energy is a useful alternatieasure of the rotational excitation
for populations that do not strictly adhere to Batzmann distribution, which may
be the case for thé" = 4 and 5 rotational populations, where the getiats on the

Boltzmann plots would be better described by aeuather than a line of best fit.

States Detected, Rotational Average Rotational

v, J" Temperature / K Energy /cm*

V" = 0, undetected - -

vi=1J"=0-4 246 + 24 177 £ 4
v'=2J"=0-4 282 +31 180 + 30
vV'=3J'=0-6 330 + 26 213+4
V'=43"=0-6 368 + 22 2173
vV'=5J"=0-6 338 £ 20 224 +3
vV'=6,"=0-4 267 =55 163 +6
vV'=7,"=0-3 337 +£102 147 +8

Table 3.10 Rotational temperatures and averagaaogh energy of HD formed on HOPG at
15 K for all states investigated by the Cosmic DEsperiment. As previously
discussed, the” = 0 state could not be detected above the backdrblD in the
target chamber.

We can speculate that the data points on the Baltmnplots in Figure 3.9 and 3.11
do not follow a straight line due to the presendenmre than one formation
mechanism or different formation sites. Howevegréhis noa priori reason for the
rotational populations to obey a Boltzmann distiiftu However Boltzmann
distributions have often, but not always [11] bedserved for recombination on
metal surfaces. For example, the rotational pojuatof Dy formed on an Ni(110)
surface has been found to follow a Boltzmann distion in a study by Winkler [12],
with the calculated rotational temperatures beiggiicantly higher than the surface
temperature of 180 K. In this study, the rotatiotemhperature was found to decrease
with vibrational quantum number, wherg,E 2120 K, 1840 K, 1070 K, and 520 K
for the desorbing Pmolecules in the vibrational states 0, 1, 2, ande8pectively.

Boltzmann rotational distributions were also obsdnfor the formation of Pon
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Ag(111) by Murphy and Hodgson [13], who found ttreg rotational temperature was
Tt = 550 K, again much higher than the surface teatpez of 210 K. Conversely,
when studying the formation of ;Hon Pd(100), Schroteet al. [14] found that
although the rotational populations did obey a Buolnn distribution, the average
rotational temperature of the molecules was loWwantthat of the surface, withod=
281 K from a surface at 570 K

Furthermore, the reverse process to the associdggerption of atoms has been
observed, where molecules in a Boltzmann distriputlissociatively adsorb onto a
surface [15, 16]. The final state distribution abguct molecules from associative
desorption can be related to the dynamics of digBwe adsorption by the principle
of detailed balance [15]. The principle of detailslance involves equating the rates
of adsorption and desorption for a surface at diin, which allows state-resolved
sticking coefficients to be derived from state-teed desorption data. Thus, it is
plausible that HD molecules formed from recombimaton a graphite surface have
nascent rotational populations following a Boltzmadistribution and that the

rotational temperature varies with vibrational lleve

The rotational temperatures calculated in Tabl@® &® much higher than the HOPG
surface temperature of 15 K. Thus the binding gnefghe H- and D-atoms must be
converted into rotational energy on recombinatibhere must be some dynamical
origin for the rotational angular momentum, possilancing collisions between H-
and D-atoms to fornHD molecules. The high rotational temperature indicates that
the atoms do not thermalize with the surface befecembination. This would rule
out the Langmuir-Hinshelwood mechanism, where llo¢hH- and D-atoms undergo
physisorption, thermalize witthe surface and diffuse across the surface to react.
Instead, the hot-atom mechanism, where the H- aatbBs are bound to the surface
but not thermalized, seems more plausible. The-Ridgal mechanism, where one
atom in the gas phase impacts on the other prdagt$@tom, is unlikely to occur for
this experimental set-up as the coverage of atanth@HOPG surface is expected to
be low. Previous work has determined the steadg-staverage of the HOPG surface

to be approximately one hundredth of a monolaygr [2
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The rotational temperatures shown in Table 3.1gedrom 246 K to 368 K, near the
value of room temperature, thus we must elimin&ie possibility that the HD
molecules were involved in collisions before datectExtensive studies were carried
out in previous work [2] to show that it is imprdiba that the HD molecules were
thermalized. When experiments were repeated atthalpressure in the atom cell,
and hence at half the pressure in the target chambelifference was found in the
observed rotational temperature [3]. If the HD noales collide with other atoms and
molecules before detection, then the decreaseesspre would reduce the degree of
thermalization and the value of the rotational terafure would be affected, which is
not the case. This indicates that the determinttiomal temperatures are indicative

of the nascent rotational distribution and noth&rimalized HD molecules.

3.8 Relative Vibrational Populations

As well as quantifying the rotational distributiomthin each vibrational level, it
would be valuable to quantify the vibrational distition and calculate relative
vibrational populations. To do this, the probabilif each REMPI transition must be
determined. The rate-determining step of the REpMBtess is the transition from a
(v", J") level in theX state to a\(, J)) level in theE, F state, as the efficiency of the
non-resonant ionizing step is large. Of course etkmtation step to the resondntF
state has different probabilities of occurring degieg on the states involved, and this

is measured by its two-photon transition momistsi.

Huo et al. [17] have calculatedV,f* for REMPI transitions of bland HD from
different ro-vibrational levels in th¥ state ¢”, J”) via E, F (V' = 0,J = J"). This
work showed that the magnitude M{f* varies significantly with the vibrational state
but is not significantly dependent on the valud'bfFor the H transitions, Hucet al.
[17] compared their calculatedd]* values with theX — E, F Franck-Condon
factors, FCFs, which are a measure of the overfagvo vibrational states. It was
found that the probability of a REMPI transitioncacing appears to be dominated
by the relevant FCF. For HD, we compared Mg[] values of Hucet al.[17] with
the relevant FCFs as shown in Table 3.11. Agaiapjtears that the probability of a
REMPI transition occurring appears to be dominatgthe FCF.
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V'V Mof FCF
0—0 6.87 0.12
1-0 22.12 0.31
20 28.50 0.33
3—0 19.07 0.18
4-0 7.18 0.053
5—0 1.53 0.0089
6—0 0.18 0.0008

Table 3.11 Two-photon transition momerl;, >, taken from Hucet al. [17] and Franck
Condon factor, FCF, for the transitio?ﬁ; XV,J=0)— 1Zg* EF(V =0,
J =J=0)forv"=0-6.

Huo et al.[17] provide the two-photon transition moment for the 0 level of theE,

F state and” = 0 — 6 of theX state. However, the experiments detailed in thesits
involved transitions to thE, F statesy’ = 1, 2 and 3 and go up to tiie= 7 level of
the X state. For the FCFs of the states actually usetht@n data, with their values of
V" andVv/, see Table 3.2. As aforementioned, the resdaahtstates were selected due
to their favourable FCFs for the particult — v REMPI transition, because a
transition with a high FCF will correspondingly teas high value oMy and thus
lead to strong, detectable signals. We extenddhelasions from the study Huet al.
[17] and assume that the REMPI probability for th&ansitions is dominated by the
relevant FCFs and does not depend strongly oniootdtstate. Hence, to express the
relative rotational populations of all the vibrata&d states on the same scale, the
REMPI signal of all ro-vibrational states must beided by the Franck-Condon

factor of the transition.
Scaling the normalized ion signals of each REM&ngition by the appropriate FCFs

gives an indication of the relative ro-vibratiomalpulations as shown in Figure 3.16.

The scaled normalized signals are then summedmnéach vibrational level to give
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the total normalized signal for each vibrationatest which indicates the relative
vibrational populations, shown in Figure 3.17. Madidity of this intercomparison of
vibrational states lies in a variety of experimémarameters remaining effectively
constant for all sets of data collection. For exnghe laser alignment and beam
shape, the atom fluxes from the sources and the detection efficiency are
experimental parameters that change over time.t#ed previously, the” =5 - 7
data was collected three months afterthe 3 and 4 data. However, every effort was
made to ensure that the experimental conditiong vaemtical for ionization of the”

= 3 and 4 states and theé = 5 — 7 states. It is important to realize tha TOFMS
measures the density of the ionized nascent masauid this measurement is related
to the flux of desorbing HD molecules by the vetpaf the ion. Thus, implicit in the
intercomparison of ro-vibrational levels, is thes@asption that the nascent velocities
of HD in all vibrational levels are similar. Frornet temporal widths of our TOF mass
spectra, which are not dependent on the HD vikbmatitevel, we have no reason to
assume that there is a difference in velocity of iH@ifferentv” states. Furthermore,
HD in all vibrational states is known to have tdatisnal energy under 1.1 eV. This

is discussed in Section 3.10.

Also included in Figures 3.16 and 3.1%fs= 1 and 2 data collected in previous work
[1, 2], which has been scaled by the appropriated=@sing the same methodology
described above. Since these data on the lowentiobal states were recorded
sometime earlier, although under very similar cbads, there is undoubtedly more
uncertainty in the relative vibrational populatione derive. Due to the considerable
reconfiguration of the laser system necessary tectleahev” = 1 and 2 states, a
remeasurement of the intensities of these vibratiprexcited molecules from the
surface would be no more accurate than comparitiy eur previous measurements.
Forv’ =1 and 2, the YAG light is energy doubled to putmg dye laser and the dye
laser light is energy tripled to produce the RENRobtons; whereas for thé =3 — 7
states the YAG light is energy tripled to pump tlye laser and the dye laser light is
energy doubled to produce the REMPI photons. Furdegails of the difference in
laser configuration for the” = 1 and 2 states are given in Chapter 2. The radmi
of the laser power and the laser power fluctuatians similar for both laser
configurations, therefore the intercomparison ef\th= 1 and 2 states to thé = 3 —

7 states is still valid, despite the change inrlagstem.
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The ro-vibrational states in thw& = 0 level cannot be detected due to thermalized HD
molecules in the vacuum chamber swamping the REBM@als as described in
Section 3.2. Without the detection of thé= 0 state, a Boltzmann plot cannot be

constructed for the ro-vibrational populations. Ténerage ro-vibrational energy,

calculated using(E) =Y P,,E,; , is 1.75 eV, where all non-detected states are
v,J

neglected and the” = O state ro-vibrational populations have been tdakesgual the

v" = 1 state ro-vibrational populations, WE P,; =1. An alternative method is to

v,J
assume that the populations of tiie= 0 states are negligible, as well as all non-

detected states, which gives an average intereaggof 1.83 eV.
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Figure 3.16 Relative ro-vibrational populatidos HD formed in vibrational level”"= 1 -7
on an HOPG surface held at 15 K. The normalizedsignal has been scaled by
the appropriate FCFs as described above.
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Figure 3.17 Relative vibrational populatidios HD formed in vibrational level” =1 — 7 on
an HOPG surface held at 15 K. The rotational pdjmra have been summed
within each vibrational level to obtain this plot.

Figure 3.17 clearly shows that the total vibratiogp@pulation roughly doubles with
vibrational state up to the' = 4 state, after which there is a decline in theational
populations. The raw data of Figure 3.16 and Fiqui& are given in Table 3.12 and

Table 3.13 respectively below:

J”
N

0 1 2 3 4 5 6
1 799 144 + 10 75+10 31+9 9+7 - -
2 89 + 26 400+72 180%+36 9329 26+21 - -
3 33065 642+105 379+86 207+55 113+53 2%+ 8=*9
4 | 560+137 983 +190 833+12/387+83 168+46 64+23 30+13
5 209+31 293+36 411+51 151+23 80+17 18+117+11
6 40 £ 13 84 +19 88 £ 19 23+10 14+8 - -
7 33+14 61+ 20 60+20 3615 - - -

Table 3.12 Relative ro-vibrational populatidios HD formed in vibrational levey” = 1 — 7
on an HOPG surface held at 15 K. The normalizedsignal has been scaled by
the appropriate FCFs as described above.
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Vibrational Level, v"' Total normalized signal

1 339 + 20

2 788 + 92

3 1708 + 169

4 3025 + 284

5 1179+ 77

6 60+8

7 305

Table 3.13 Relative vibrational populatidies HD formed in vibrational level” = 1 — 7 on
an HOPG surface held at 15 K. The relative rotaigopulations in Table 3.12
have been summed within each vibrational levebtaia this plot.

3.9 Consecutive Scans

A series of rapid consecutive scans were carriedimwrder to check the ro-
vibrational populations calculated in Figure 3.I&ree REMPI scans were carried
out and averaged for the most abundHrdgtate in eackh” state for vibrational levels
v" =3 — 7. The states used wevé& 0") = (3, 1), (4, 1), (5, 2), (6, 2) and (7, 2). The
normalized ion signals were then scaled by the@ppate Franck-Condon factors as
described previously in Section 3.8. The populabérihe one rotational state was
then used to scale the population of the othetiostal states within each vibrational
level to obtain the full ro-vibrational distributio This allowed data collection to
occur over a very short timescale of a few dayapkng experimental conditions to
be kept constant. In particular, conducting thensceonsecutively facilitates more
consistency in laser alignment, beam shape, atoxnaihd source and target chamber
pressure. The ro-vibrational populations obtainee tonsecutive scans is shown

below in Figure 3.18.
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Figure 3.18 Relative ro-vibrational populatidos HD formed in vibrational level” = 3 — 7
on an HOPG surface held at 15 K calculated by cctiratyi consecutive scans of
the most populated rotational state in each vibnaevel, then scaling the rest of
the rotational state populations to the most pdpdleotational state.

Using this methodology of scaling by the conse@itgans, the populations of e

= 3 and 5 states appear to be reduced in compaoseigure 3.16, although the =

4 states were found to be approximately similapapulation for Figure 3.18 and
Figure 3.16. When comparing the results of the weathodologies, it was found that
the populations of 19 of the 30 detected ro-viloral levels agree withincl whilst

28 of the 30 levels agree withirs.3Hence, it seems clear that the data presented in
Figures 3.18 and 3.16 sample the same ro-vibrdtiatiatribution, within

experimental uncertainty.

3.10 Translational Energy

The primary goal of the Cosmic Dust Experimentasdetermine the ro-vibrational
population distribution of nascent molecular hya@gnedorming on the surface of dust
grains in the interstellar medium. However, addidib information such as the
translational, namely kinetic, energy of the nasdsmirogen can also be ascertained

from the experiment. This information may have im@ot consequences for the
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energy budget of chemical reactions in the intdestanedium. Furthermore, the
translational energy and the full ro-vibrationaktdbution of nascent hydrogen
molecules can be used to constrain the energyfévaed to the surface during the
formation process, as described in Section 3.11.

The translational energy of the HD molecules desgrirom the HOPG surface in
the Cosmic Dust Experiment cannot be measuredtlyineith our current TOF mass
spectrometer. Nevertheless, the temporal widthikeofTOF mass spectra can be used
to infer an upper limit to the translational eneigythe direction towards the MCP
detector, which is perpendicular to the HOPG surfadn example of a TOF mass
spectrum is given in Figure 3.1. The temporal wsdth the peaks in a TOF mass
spectrum depend on many factors. Jitter in thengnalectronics and non-uniformity
in the electric fields can lead to a spread in flight times of an ion. Also, if
molecules desorb from the surface with non-zeroeticnenergy, they have a
distribution of velocities in all directions. Whehese molecules are ionized, they
retain their translational energy and the velodigtribution will affect the flight
times of the ions, and will, in principle, contrieuo the width of the peaks in a TOF

mass spectrum.

To illustrate the effect of the velocity distriboti on the time-of-flight of ions,
consider two ions, which are formed at the samatpwoith the same magnitude of
velocity, but travelling in opposite directions.nld is travelling towards the MCP
detector, whereas ion 2 is travelling in the opgoslirection, with both motions
perpendicular to the HOPG surface. lon 2 will beallerated by the electric field in
the source region of TOFMS, until it becomes stetiy, then accelerated to the same
speed as ion 1. Thus ion 2 has been ‘turned arcamdi’'the motion of the two ions
has become identical, except for the time-lag of Z Therefore, there will be a
spread in the flight timesX, of the ions hitting the detector, which is eqtalthe
‘turn-around time’. This turn-around time is equal twice the time required to
decelerate ion 2. Bis the distance required to bring ion 2 to a hb&n

U, =0gsk 3.16

where Uy is the initial kinetic energy of the ions) is the mass of the iom, is the
charge on the ion artgl is the electric field in the source region of T@FMS.
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Using the equation of motion and the standard esgowa for the kinetic energikE,
both given below, where v andyv; are the velocity, final velocity and initial velbe

respectivelys, is the initial position antlis the time:

KE = S myv? 3.7
2
5= 5+ (v, +U)t -
We obtaind, the spread in the flight times
g5 = 2(2mU0)5 3.19

qE,

This expression foét was first given in Wiley and McLaren 1955 [18].

The flight time of an ion with zero initial kinetenergy is known as the thermal flight
time, term and lies between the flight time of ion 1 and Zon

.\ (2mUO)% 3.20
expt qES

whereteyy is the measured time-of-flight of the ion withtial kinetic energyJy in

t =t

therm

the direction of the detector.

Considering equations 3.16 and 3.17, equation G2Me rearranged to give

v, = —[t ]q_:S 3.21

expt - ttherm

wherev, is the velocity of the ion in the direction towarthe detector, perpendicular

to the surface.

Thus, if the spread in times of flight of ions ahge to the initial velocity of the ions
only, thenv, can be calculated using equation 3.21. Of codlné® cannot be the case
for the HD ions involved in the Cosmic Dust Experiment asT@lF mass spectra
obtained to date have very similar peak widthstifier HD peak. This indicates that
the HD peak width is dominated by the instrumentfion of the TOFMS, not by the

translational energy of the HD ions.
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However, we can calculate an equivalent valuer,dbr our HD peaks, which are
approximately 40 ns wide. This value wfcorresponds to the minimum velocity an
ion would have to have in order to cause observab#k broadening. The spread in
flight times of the ionsX is 40 ns, the chargg, on the ion is 1.60 x 1 C, the mass

of HD is 4.98 x 187 kg. The source fieldEs is % =133x10" V m*, because the

separation of the middle and repeller plate is ®rDand the voltages on the middle
and repeller plates were 400 V and 0 V respectjwelyen the mass spectrum was

taken. As the thermal flight time occurs at thetenf a spectral peak, we can use

]:E 3.22
2

[texpt - ttherm

to obtainv, = 8.57 x 16ms®. The equivalent translational energy is ~1.1 eVaor
translational temperature ofizhs< 12 800 K.

Thus, for the HD ions to cause observable broadening in the TOR spesctra, they
must have initial kinetic energies above 1 eV. Heme assume an approximate
upper limit to the translational energy of nasddbt formed on our HOPG surface of
1 eV. This is supported by the findings of Ros¢ral. [19] who monitored the
translational temperature of;Desorbed in TPD experiments from an amorphous ice
surface previously dosed with D-atoms. Raoseal. calculate that the kinetic energy
of the hydrogen molecules is ~3 meV. Hence, the wjymi of 1 eV derived above
may be a considerable overestimate, although iildhoe noted that the HDons in
consideration are forming on a non-porous HOPGasetfrather than on porous ice,
as in the Roseet al. study. This is an important difference becauseemdés
desorbing from a porous surface are more likelgebtrapped in pores and thus lose

their translational energy before escaping theaserf

The installation of a position sensitive detectalt allow the translational energy of
the HD' ions to be calculated more precisely. This isutised further in Chapter 5.
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3.11 The Energy Budget

The upper limit of 1 eV to the translational eneafynascent HD molecules formed
on an HOPG surface held at 15 K can be used tadiparthe 4.48 eV released during
the formation of the molecules between various rmoéstly, there is the internal
energy of the HD molecule, consisting of the vilonadl and rotational modes which
are probed directly by the Cosmic Dust ExperimeBecondly, there is the
translational energy of the molecule, which is know be less than 1 eV. Thirdly,
there is energy that is lost to the HOPG surfacenduformation. There may be
important consequences to molecular hydrogen demmged with significant internal
excitation. Energy may be emitted from nasceptmblecules, providing a cooling
mechanism for a molecular cloud in the early stagfestar formation. This cooling
facilitates the collapse of a cloud to form a stAlso, ro-vibrationally excited
hydrogen molecules may have enough energy to onertbe energy barriers to form
radicals such as OH and Ckh the ISM [20, 21]. Furthermore, highly excited H
molecules with/” > 4 may be directly ionized or undergo charge-axge with H to
form H,". H," can then subsequently react to forrg",Han important precursor
molecule for much of the chemistry in the ISM, ascdssed in Chapter 1. If a
significant proportion of the binding energy is dsjted into dust grains during the
formation of molecular hydrogen in the ISM, therstimay cause localized heating of
the grain mantle to desorb other molecules [22, 2Blis, the energy partition of the

binding energy of molecular hydrogen is of gregbamance to interstellar chemistry.

Using the standard spectroscopic equations givesgirations 3.8, 3.9 and 3.10, the
energy into the vibrational and rotational modes #1iD molecule can be calculated
for each value oV andJ". The translational energy upper limit is 1 eV, @i
corresponds to 22% of 4.48 eV. As aforementionéds iunlikely that the HD
molecules are thermalizing with gas in the vacuumantber and thereby losing
energy to other molecules. Hence, the remaind#reoénergy is assumed to flow into
the HOPG surface. Table 3.14 below details howbthding energy is partitioned for
HD molecules in a selection of particuldr J” states:
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HD State Energy Distribution, % of 4.48 eV
v’ J” Translation Vibration Rotation Surface
1 0 22 15 0 62
1 4 22 15 2 60
2 0 22 25 0 54
2 4 22 25 2 51
3 0 22 34 0 44
3 6 22 34 4 40
4 0 22 42 0 35
4 6 22 42 4 31
5 0 22 50 0 28
5 6 22 50 4 24
6 0 22 58 0 20
6 4 22 58 2 18
7 0 22 65 0 13
7 3 22 65 1 12

Table 3.14 The distribution of the 4.48 eV bindemergy into the different modes of a HD
molecule. The energy into the vibrational and iotatl modes is calculated as
described in the text. The upper limit of the ttatisnal energy is taken as 22%
and the remainder is assumed to be lost to thaurf

As shown in Section 3.8, the average internal gnerfythe HD molecules is
calculated to be 1.83 eV, neglecting the populatiointhev” = 0 state and other non-
detected ro-vibrational states. This correspond¥t® % of the binding energy being
converted into internal energy on average. Thernaleenergy is the sum of the
vibrational and rotational modes, with 40.3 % an@ @ of the binding energy
converted into vibrational and rotational energypectively. An upper limit of 22 %
of the binding energy may be converted to kinetiergy, hence at least 37.1 % of
4.48 eV must be lost to the HOPG surface. As thestational energy may be
significantly lower, the energy that flows into teaerface may be even higher, up to
59.1 % of the binding energy; the energy impartethe surface must be 1.66 — 2.65
eV. Thus, there may be heating of interstellar dyistins by the formation of
molecular hydrogen. Of course, in the ISM, molecbldrogen is mainly in the form

of H,. For H, the internal energy is expected to be margirater than for HD, as
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the energy levels are more spaced out within thenpial well, therefore the energy
that flows into the surface during the formatiolmqass may be less for; kthan for
HD. This is discussed further in Chapter 4. If esawvithv” > 8 are significantly
populated, the internal energy of nascent hydragelecules will be much higher and
very little energy will be lost to the dust graiarothg formation. However, we feel this
is unlikely due to the sharp decline in populatrath progressive vibrational state for
states with/" > 4.

3.12 Discussion

In this section we will discuss the results presdrdbove in conjunction with other
studies relevant to the formation of molecular logdn on surfaces analogous to
interstellar dust grains. Both theoretical and expental work will be discussed. For
astronomical implications of Hformation and observations of formation pumping,

see Chapter 4 and Chapter 1.

3.12.1 Comparison of Results to Theoretical Studies

Theoretical studies of the heterogeneous recombmaif hydrogen atoms have
mainly focused on the Eley-Rideal (ER) mechanist32] because this mechanism
is easier to model than the Langmuir-Hinshelwoodl)(lmechanism [40-43]. As
described in Chapter 1, the ER mechanism consfsé oancident atom in the gas
phase colliding with a preadsorbed atom on theaserf whereas in the LH
mechanism, both atoms reach equilibrium with théase, then diffuse together and
react. The ER mechanism is more straightforwanthaalelling terms because there is
only one atom bonded to the surface, and this asohcalized. Most ER studies
consider the preadsorbed atom to be chemisorbdtetsurface [26, 36, 44, 45]
although a few consider physisorbed atoms [37, 46 ER studies have been
discussed in Chapter 1 and predict a variety dediht ro-vibrational distributions
for nascent molecular hydrogen. Most studies asgmeement with our results in that
ro-vibrational excitation of nascent molecules igedicted, but the amount of
vibrational energy predicted is inconsistent. Ire tmost recent study to date,

Bachellerieet al. [35] studied the ER mechanism whereby a gaseoati-reacts
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with a chemisorbed H-atom on graphene. The grapsieeet is allowed to pucker out
on adsorption of an H-atom. Bachelleeteal. predict similar internal excitation to our
observations, with ¥> =5 — 4 and &> = 2 — 4. The work by Meijeet al. [28],
which involves a time-dependent wave packet metbadudy the formation of Hon
graphite, predicts that thé = 3 — 5 states will be most populated, as is eseby
our experiments. Conversely, Meigtral also predict high rotational excitation, with
J” =8 — 11 being the most populated, in contrastuloexperimental results, whefe
=1 and 2 are the most populated rotational staies.trajectory calculations of Kim
et al.[47] study the recombination of hydrogen atoms mphite grains in the limits
of strong and weak interactions between the atomasthe grain surface. For the
strong gas-grain interactions, where chemisorptimminates, the ro-vibrational
distribution spans” = 0 — 4 and peaks 4t = 0, thus is similar to our results. Other
than the study by Kinet al. [47], the rotational excitation detected by the @ixs

Dust Experiment is much lower than predicted bytie

However, the comparison of ER models of molecularbgen formation may not be
appropriate to the results of the Cosmic Dust Exrpant. This is because our incident
atoms are at room temperature, with an equivaleatgy of ~ 26 meV, and thus do
not have sufficient energy to chemisorb to the gitapsurface, assuming chemistry at
defects is unimportant. A barrier to chemisorptwas first derived theoretically by
Jeloica and Sidis [48] and later confirmed expentally by Zechoet al. [49] to be
0.2 eV. The chemisorption barrier also implies tiat LH mechanism dominates H
formation in diffuse and dark clouds, where theetstellar gas has very low
temperatures of 10 — 100 K [50]. Furthermore, a&vipus work has calculated that
the coverage of the HOPG surface in the Cosmic Bxygeriment is much less than a
monolayer [2], a gas phase atom is unlikely to iohyman a preadsorbed atom, hence

ER reactions do not dominate the HD formation psece

Morissetet al. [40, 41] have studied the LH mechanism using guantlynamical
calculations of H-atoms physisorbed on a graphitdase and predict that the
formation of molecular hydrogen is efficient at KSwhich has been confirmed by
our experimental results. Morisset al. [41] found that nascent jHmolecules are
likely to be highly vibrationally excited, with theost populated states bewvig~ 12,
J”~ 10 for incident atoms at energies 10 — 50 mi\Us this study predicts higher ro-
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vibrational excitation than observed by the Cosiicst Experiment. Nevertheless,
the Morissetet al. study is in accordance with our results in thateast some ro-
vibrational excitation is expected and the popatatof the ro-vibrational states
increase withv” andJ “abovev” = 0 to peak at some highéi J ” state. Morissett al.
explain this phenomenon in the following way: The fdolecules trapped on the
graphite surface will rotate and vibrate. The riotal and vibrational motions in the z
axis are hindered by the surface, where the zisypsrpendicular to the plane of the
surface. When the rotational and vibrational matiohthe molecule are hindered, the
molecule may desorb rapidly; hence molecules witrermotion in the z direction
have the greatest probability of desorption. W¥ien O, the motion of the molecule is
directed along the z axis, thus these states d&sdgsack to atoms. A€  increases,
the vibrational motion becomes more parallel to sheface and consequently the
lifetime of the H-graphite complex increases witfi Morissetet al. found that the
ro-vibrational populations, explicitly the reactigmobability to form particular ro-
vibrational states, are dependent on the lifetirhéhe H-graphite complex. Hence,
the population of the ro-vibrational states inceeagthv” abovev” = 0.

Bachellerieet al. [43] modelled a non-rigid graphene sheet as arstgllar surface
on which physisorbed H-atoms recombingalthe LH mechanism. The desorbing H
molecules were then allowed to undergo collisiofth whe graphene, acting as pore
walls within the grain. The results were similaithe Morisseet al. study [41] in that
the nascent molecules have high ro-vibrationaltakon, withv” ~ 12 — 14 J" ~ 10.

It was found that typically only ~ 0.05 eV is impad to the surface during formation,
which is in contrast to the 1.66 — 2.65 eV caledafrom our experimental results in
Section 3.11. If a nascent; holecule collides with the graphene walls, it nieey
reflected or trapped onto the surface. Most calfisiresult in reflections, as only 7 %
of H, molecules get trapped at T = 200 K. For the réflgéanolecules, there is
significant conversion of the vibrational energy ttotational energy with each
subsequent impact. After 10 — 15 impacts, theiostat distribution is extended from
5 <J < 20 upward by 5 to 10 quanta, whilst the vilmadl distribution is cooled
from 5 <V’ < 15 down to 0 <V < 10. On average, 0.03 eV is converted to
translational energy and 0.05 — 0.06 eV flows the® surface per impact event. After
12 ps, H molecules typically undergo 12 impacts with refl@as and 6 impacts with
trapping, such that 56% of molecules are reflearatl 44% are trapped. This suggests
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that our results, where the vibrational distribntgeaks av” = 4, may be explained if

the nascent HD molecules undergo collisions bebmi®g ionized by the REMPI

photons. However, this is unlikely to be the caseH®OPG is non-porous, hence
molecules will not collide with pore walls. Alsos aliscussed previously, the HD
molecules detected in our experiment have not thkzed with background gas in

the chamber. Furthermore, the Bachelleti@l. models predict high rotational states
after collisions, in contrast to the low rotatioredcitation detected by the Cosmic
Dust Experiment.

Work on the LH mechanism by Kerkeni and Clary [42}s also been conducted.
Although this study predicts less internal energypascent hydrogen molecules than
the Bachellerieet al. [43] and Morisseet al.[40, 41] LH studies, with the distribution
peaking atv” ~ 8, the degree of ro-vibrational excitation gl & little higher than
observed in our investigations. Thus, in genefraptetical models of the formation
of molecular hydrogewia the LH pathway predict higher ro-vibrational eatibn
than observed by the Cosmic Dust Experiment. Thay lme due to defects in the
HOPG surface used in the experiment. Defects mdgctafthe ro-vibrational
distribution of a nascent molecule as they allownrat to chemisorb, hence bond more
strongly with the graphite surface. Thus more eperqy be lost to the surface,
reducing the internal energy of a nascent hydragelecule [46]. As a consequence
of a defected surface, the formation of HD in tles@ic Dust Experiment may not be
completely dominated by the LH mechanism. Instéadet may be contributions from

the ER mechanism, where defects facilitate cherpiswor.

In general, ER studies often predict vibrationakition [24-39] less than or
comparable to that observed by the Cosmic Dust iixpat, whereas the LH studies
usually predict more internal energy [40-43]. Heniteis also probable that the
formation mechanism occurring in our experimens letween the two extremes of
ER and LH, whereby at least one of the H or D-at@res trapped on the HOPG
surface and diffuses across the surface to redbtamother atom and at least one of
the atoms is not thermalized by the surface. Thiknown as the ‘hot atom’
mechanism, which has not yet been studied in destilhere are no predicted internal
energies of nascent molecules formeda this mechanism to date. As described in

Section 3.7, the rotational temperatures calcul&tedll vibrational levels detected
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are much greater than the HOPG surface temperdture.possible that the high
rotational temperatures are due to incident atowtshbeing thermalized with the
surface before recombination. This scenario favtlueshot atom mechanism, where
at least one of the atoms is not thermalized whth surface, over the LH process,

where both atoms are in equilibrium with the sugfac

Undoubtedly it is the formation process, whethés dominated by the ER, LH or the
hot atom mechanisms or a combination of these,dérmines the energy partition
between internal and translational energy of ndseceolecules and the energy
imparted to the HOPG surface during formation. Témults presented in this thesis
confirm experimentally that nascent hydrogen mdescare ro-vibrationally excited,

as predicted by theory.

3.12.2 Comparison of Results to Experimental Studies

Goverset al. [51] used bolometry to determine the sticking ptabties of H-atoms
on a 4 K surface. From this data, the rate of Hratecombination as a function of
surface coverage was determined. It was also fakadwhen the surface was pre-
dosed with @ molecules, the recombination of H-atoms liberddgdnolecules from
the surface. There are two possible pathways ®d#sorption of the Dmolecules:
either a proportion of the H-H binding energy magvé flowed into the surface
during recombination to cause localized heatingtled surface and desorb, D
molecules, or, nascent,ktollided with O molecules to liberate them from the
surface. Both these pathways result in a redudidhe internal energy of nascens.H
On average, it was found that at least oneriDlecule is desorbed per recombination
event, although it is assumed that this number lvélla function of the coverage. In
light of this study, we must examine the possiititat a significant fraction of the
HD molecules desorbing from the HOPG surface inGbemic Dust Experiment may
not be nascent molecules, but instead arise franofsdary” desorption events. It is
feasible that the HD molecules may be nascent mt@ecthat have undergone
impacts with other molecules on the surface befl@sorption, or they may be pre-
formed HD molecules liberated by nascent HD molesuHowever, previous work
[1, 2] employing a kinetic model and data supplsd Goverset al. [51, 52] has
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shown that the coverage on our HOPG surface is mted by hydrogen molecules
in the chamber, not by HD formed from the reactaioms on the surface. The
coverage has been found to be very low: approximatéo of a monolayer. Hence,
under these low coverage conditions, the HD moéscdktected in the Cosmic Dust
Experiment are assumed to be nascent moleculeghwdesorb from the surface

without collisions with preadsorbates.

Goverset al.[51] have shown that H-atoms are mobile on a serfaith temperatures
as low as 4 K, which implies Hormation is efficient at very low temperature$is’
agrees with our experimental results, which cowd e obtained if HD formation
were not efficient on HOPG at 15 K. However, thsutts of both our work and the
study by Gover®t al. are somewhat in contrast to the work of the Pelongroup
[19, 53-77]. This group uses temperature-programdesrption (TPD) experiments
to study the formation of molecular hydrogen on gyhous carbon, silicate and
water ice surfaces at 5 — 20 K. In some of theoRello experiments [68], the
detection of HD is attempted during dosing of thefece by H and D in order to
investigate the ‘prompt’ reaction of the atoms. MDalso detected after dosing,
during the heating stage of the TPD, in order tagtthe ‘delayed’ reaction. It was
found that the prompt reaction is weak for surfaatel®ew temperatures such as 15 K,
in disagreement with our results. Pirronello andvookers have also suggested that
the recombination process is thermally activateence the delayed reaction is
efficient at temperatures as low as 8 K. Howevemiust be noted that the surfaces
used by Pirronelleet al. [68] are mostly amorphous surfaces; whereas thami2o
Dust Experiment employs non-porous and well-orddf€@PG. Hence, the prompt
reaction is probable on HOPG, but may be lessylikeloccur if nascent molecules
thermalize in pores. This thermalization has bdews to occur by TPD studies of
the reactivity of H- and D-atoms on amorphous watefaces [19, 78]. Significantly
reduced HD signals for the delayed reaction weseoniked when a non-porous water
surface, was irradiated with H- and D-atoms. Thikicdion in signal indicated that on
a non-porous surface, the nascent molecules arprimsptly to the gas phase during
dosing, before the heating cycle. Thus it is likéhat such promptly desorbing
molecules will be detected in our continuous dosaxgperiments on non-porous
HOPG.
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Also, the flux of incident atoms on the surfacetie Pirronello experiments are'20

atoms cr s, which is a factor of 10 lower than for the Cosriast Experiments,

hence the Pirronello results may be applicable taffarent energy regime than our
experiments. The Pirronello group [68] suggest Hialow coverages, the principal
formation process is the LH mechanism, but at hagiverages approaching a
monolayer, the hot atom mechanism dominates. Aga&rcan compare this to our
results, where we estimate we have coverage ot &monolayer, but have a much
higher flux of incident H-atoms on the surface. rEfere, the hot atom mechanism

seems the most likely pathway to HD formation, asldefects play a significant role.

Pirronello and co-workers [54] constructed kinetiodels from their H- and D-atom
TPD experiments. It was determined that 40 % ofntecent HD molecules reside on
the surface for significant timescales before desam. The residence time must be at
least comparable with the timescale of a TPD expami. This indicates that a
considerable amount of the energy released upanatown of the H-D bond must
flow into the surface before desorption. This resmlaccordance with the energy
partition calculations in Section 3.11, where itswietermined that at least 37.1 % of

the H-D binding energy must be imparted to the HGR@ace.

As previously discussed, there is a 0.2 eV batdecthemisorptions [33, 48, 49] on
graphite surfaces, which arises from carbon atoengng to pucker out of the
graphite sheet to bond with incident hydrogen atoRence for the Cosmic Dust
Experiment, where the incident H- and D-atoms dre-300 K, chemisorption is
improbable unless the formation mechanism is dotmathdy reactions at defects.
TPD of an etched graphite surface irradiated bytdtina at 2000 K was conducted by
Zechoet al.[49]. The high temperature of the H-atoms allowseht to overcome the
0.2 eV barrier and chemisorb to the surface. Thieeet surface created terrace edges
on the graphite surface, namely defects. Zeehal. found that atoms bond more
strongly at the defects. However, there was miniohange in the recombination of
chemisorbed atoms with the density of terrace edgdbe graphite surface, implying
that the formation process was dominated by comnwealtsites on the planar surface.
Hydrogen atoms adsorbed at terrace edges were towteksorb primarily in the form
of hydrocarbons, rather than molecular hydrogenw@ier, these results may not

apply to the Cosmic Dust Experiment due to the mawaler energy of the incident H-
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and D-atoms than in the Zecho experiments. Thus #till feasible that defects
dominate the reaction of hydrogen atoms at low tFadpres, facilitating

chemisorption and the ER formation mechanism.

Hornekaeret al. [79] studied the formation of molecular hydrogen graphite
surfaces using scanning tunnelling microscopy (STiM)conjunction with TPD
studies. Atomic beams at 2200 K were used to clwimi®-atoms onto the graphite
surface. The STM images showed that the deuteriuth@graphite had two different
characteristic structures: one with pairs of D-atoadjacent on the graphite ring,
known as theortho configuration; and the other with pairs of D-atob@nded to
opposite carbon atoms of the graphite ring, knowsntlee para configuration.
Hornekaeret al.[79] showed that the recombination of D-atoms os®ia the para
structure. A subsequent study [80] used laserstaskiassociative desorption in
tandem with TPD techniques and time-of-flight meaments to identify the velocity
distributions of chemisorbed,Hnd 3 desorbing from graphite at different angles to
the surface. The average translational energy .0atl 3 moving normal to the
surface was found to be 1.3 eV, leaving about 60% e desorption energy to be
converted to ro-vibrational excitation of the mallecor flow into the surface. Again
these results are for chemisorbed hydrogen atochsua@nin a different energy regime
to the H- and D-atoms in the Cosmic Dust Experiménis the results may not be
comparable. Nevertheless, in Section 3.10, theslkutional energy of the HD
molecules was found to be less than 1.1 eV. In génee have observed energy
transfer to the surface and also significant irdeaxcitation of the nascent molecules,
in agreement with the experiments of the Hornekgerup. In another study,
Hornekaeret al. [81] also investigated the formation of moleculaydrogen on
amorphous and non-porous water-ice surfaces uskD. TThey found that HD
formed on porous amorphous solid water (ASW) hadllyothermalized with the
surface before desorption; whereas nascent mokecidsorbed promptly from non-
porous surfaces. Internal excitation is expectedHose rapidly desorbing molecules,
as they have not had sufficient time to impartgmnificant proportion of the binding
energy to the surface. Our observation of ro-vibretlly excited HD molecules
desorbing from non-porous HOPG is in accord witksthresults, indicating that the

HD has not fully thermalized with the surface. Thihe rotational temperatures
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determined in Table 3.10 are significantly higheart 15 K, the temperature of the
HOPG surface.

Using REMPI spectroscopy, Yabush#a al. [82, 83] detected Hin ro-vibrational
statesv" = 0 — 5,J° = 0 — 17 from the 157 nm photodissociation ofoaops ASW
surface at 100 K. Two distinct formation mechanismere identified. Firstly,
endothermic abstraction of an H-atom frommCHby another H-atom liberated by
photolysis, which produced vibrationally cold nasicel, mostly in thev” = 0 state
with translational energyyfns= 100 K. Secondly, the recombination of two H-asom
which yielded H molecules with a highly excited vibrational dibtrtion and non-
Boltzmann rotational population distributions iratsisv” > 2. This is in general
accord with the results of the Cosmic Dust Expentnalthough it must be noted that
the H-atoms in our experiment are not produced ftoenpholoysis of water-ice and
H, is formed not on ASW, but on a non-porous graphiigface. Yabushitat al
found that the K formed from recombination of H-atoms exhibitednsiational
energy distributions with f,s = 1800 K and Fans = 110 K, well below the upper
limit of Tyans< 12 800 K calculated in Section 3.10. Yabusaital attributed the two
characteristic translational energies to the foromaof H, in different regions of the
ice. The ER mechanism was found to dominate themmbmation reaction near the
top of the surface, whereby a preadsorbed, thergdhliH-atom encounters a
phtotoproduced H-atom. A nascent hholecule near the surface can easily escape
without losing its translational energy. The recamakion reaction is more likely to
occur within micropores in the bulk of the ASW,hat than close to the ice surface —
vacuum interface. FHimolecules will collide many times with the ASW faae walls
before desorption, hence their translational eesrghermalize to that of the bulk.
Yabushitaet al also expect the Hormation reaction and subsequent energy release

to lead to the simultaneous desorption of watereawdes.

Goughet al.[84] developed a new technique to study théoH yield produced by the
reaction of H in different ro-vibrational states with electron$ga dissociative
attachment. BHformation on carbon surfaces at T = 90 — 300 K imgsstigated. ki
was detected in vibrational states up io= 7, in general agreement with our

experimental results, although it must be noted tha carbon surfaces used by
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Goughet al. were at much higher temperatures than the HOPIS & used by the

Cosmic Dust Experiment, thus the formation mechmasimay not be comparable.

The ro-vibrational excitation of Dformedvia the recombination of D-atoms on a
non-porous amorphous solid water (NP ASW) held at 80 K was studied by
Lemaire and co-workers [85] using TPD. The recoratiom and desorption occurred
during the irradiation stage of the TPD experiméetice the prompt reaction occurs
for NP ASW. This is in accordance with the CosmigsDExperiment, where the
prompt reaction is observed on HOPG. Amiaidal. [85] detected nascent,Dn
statesv” = 1 — 7, by scanning the kinetic energy of elewreequired to ionize the,D
desorbing from their surface. In the apparatus lsethe Lemaire group, the kinetic
energy of the electrons that ionize Molecules can be tuned in steps of 0.1 eV. The
D, ions are then detected by QMS. Thus it was pasdibldiscriminate between
ground state Pmolecules with an ionization threshold of 15.46 &wl excited P
molecules, which have their ionization thresholdvdeed by internal excitation.
However, this does not mean that statés 7 are not populated, as these states are
more difficult to detect due to the sensitivityd#tection decreasing rapidly with the
energy of the ionizing electron. Most recently, Gioret al. [86] extended the work
of Amiaudet al.[85] by showing that Pis not formed in vibrationally excited states
with v’ > 2 on porous ice surfaces. They also found thatedegf internal excitation
of D, to be significantly reduced on both non-porous andoorous water ice in a
regime of high molecular coverage, as is the aaskuik molecular clouds, which will
be discussed further in Chapter 4. The resulth®fLiemaire group do not provide a
guantitative comparison of the vibrational disttibn betweenv’ = 1 - 7.
Nevertheless, their work is further confirmationanir results with the Cosmic Dust
Experiment that molecular hydrogen is formed inraiionally excited states, at least
on non-porous surfaces at low coverages. Perhapsithilarity between the two
experiments implies that formation of hydrogen males on HOPG and NP ASW
are similar, or that internal excitation of nascérydrogen molecules does not
significantly depend on the chemical compositiorthe surface, given a non-porous

surface.
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3.13 Summary

HD formed on a HOPG surface held at 15 K was deteasing REMPI in the” = 3

— 7 vibrational levels, with 4 — 7 rotational statetected within each vibrational
level, such that a total of 30 ro-vibrational stateere detected. The complete ro-
vibrational distribution was estimated by scalihg REMPI signals by the Franck-
Condon factor of the REMPI transition. The most ydaped vibrational level was
found to bev” = 4. The most populated rotational states weradao beJ” = 1 or 2
depending on the vibrational level. The ro-vibratibdistribution peaks at’ = 4,J"

= 1. The rotational temperatures were calculatetieignificantly higher than the
temperature of the HOPG surface, implying that B molecules were not
thermalized with the surface. The average intesrargy of the HD molecules,
neglecting undetected states, was found to beeN82\n upper limit of 1.1 eV to the
translational energy was derived. This implies tB&tl — 59.1 % of the binding

energy flows into the HOPG surface.
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Chapter Four

Modelling the Formation Pumping of Molecular

Hydrogen in Interstellar Dark Clouds

4.1 Overview

There have been numerous studies [1-9] that predditd be formed in highly excited
ro-vibrational states in the interstellar mediurhisTexcitation of nascent molecules,
namely formation pumping, may be observable inlthemission spectra of HThis
chapter describes a new formation pumping modevei@rfrom the results of the
UCL Cosmic Dust Experiment. The ro-vibrational disition of nascent HD is

extrapolated to give the new UCL fbrmation pumping model in Section 4.2.

H, emission spectra from 0.5 -uf have been generated incorporating the new UCL
H, formation pumping model. A radiative transfer cosiétten by Silvia Casu and
Cesare Cecchi-Pestellini of Cagliari Observatory waed to calculate the, Hevel
populations and subsequent emission spectra addsisribed in Section 4.3. The
internal energy of H is redistributed if the molecule undergoes callsi and
excitations in the interstellar gas. In other wordgmation pumping competes with
other pumping mechanisms to ro-vibrationally excli® molecules. Pumping
mechanisms taken into account by the radiativestearcode to calculate the evel
distribution include ultraviolet (UV) absorptiorgdiative decay, collisional excitation

and de-excitation as well as formation pumping.
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To avoid excitation by UV radiation from starlighye have studied Hin dark
interstellar clouds. As explained in Chapter 1,dyuhnd Williams [10] assert that the
most favourable location to detect formation purgpwould be from dense, dark,
guiescent, star-less cores, where UV pumping ismied. This is supported by Tine
et al. [9] who state that the relative emissivities oiels due to formation pumping in
dense clouds can be a factor of 500 greater thdiffuse clouds. The purpose of this
chapter is to discuss the characteristics of a &ion pumping signature in the IR
emission of Hin dark clouds. Thus in Section 4.4, we presengrdission spectra for
dark clouds at a variety of different densitiesnperatures, electron and proton

fractions generated using the new UCL formation pungy model.

The radiative transfer code also has the capalilityncorporate other formation
pumping models [11-13] to calculate the ldvel distribution. Section 4.5 compares
H, spectra generated using the new UCL formation pognmodel with H spectra
generated using the previously postulated formatomping models. All previous
models have been based purely on theoretical edlons and are described in more
detail in Chapter 1. This is the first investigatito generate Hemission spectra

using an experimentally-derived formation pumpinggel.

Section 4.6 explains the use of a chemical modetawoborate and explain the
results of the radiative transfer code. In Secfiof) the validity of the UCL formation
pumping model is examined and put in the contexbtber studies. Astrophysical

implications and observational evidence of formapomping are discussed.

4.2 Extrapolation of HD Experimental Data to H,

Previous studies carried out by the UCL Cosmic DEsperiment [14, 15]
investigated both Hand HD formation. However, currently the experitprobes
HD preferentially to H because it is easier to determine that the nasoetgcules
have come directly from the surface with HD detattiThere is a significant amount
of undissociated Horiginating from the H-atom source, thus signals have to be
carefully monitored for contributions from thermya#xcited H. Likewise, we do not

investigate R because there is a significant amount gfrbDthe D-atom beam. Perry
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et al. [16] showed that no ro-vibrationally excited Emerged from the ends of the
PTFE transport tubing, once the beam was cooledseyof an aluminium channel.
Thus, accurate Hdata could be obtained, albeit with difficulty apeinstaking
rigour. Studies ofv = 1 and 2 for the isotopic species revealed vemylar flux
densities and rotational distributions for both ldBd H molecules [14] . Therefore
we feel it is fair to extrapolate the HD= 3 — 7 data to obtain an approximate ro-

vibrational distribution of nascent,H

There are a number of considerations to take iotount when adapting the HD data
to H,. The HD rotational populations deviate from thdtBoann distribution in the
vibrational statesr = 3 — 7 detected in this work, as shown in Chagtefhis
deviation would not be reflected by merely assuntiveg HD and Hwere formed at
similar rotational temperatures, as was found bgigbanet al. [14]. In fact, all
deviation from the Boltzmann distribution would hmst in assuming a definitive
rotational temperature. Therefore the relative papans for HD must be scaled by
the appropriate nuclear spin statistical weight to convert them to relative
populations of K Most studies find the ortho-to-para ratio of fdrmation in space
to be ~3 [12, 17]. Thus we have talg= 1 or 3 for even-J and odd-J respectively to
retain any deviation from the Boltzmann distribatio our data.

Nascent HD in ther = O state could not be detected by REMPI. The sifnoan
surface formation is swamped by background couhte-wibrationally relaxed HD
already in the chamber. However, émission spectra cannot be produced without the
inclusion of thev = O states. As a modest estimate of the internztagion of H, we
have taken a rough upper limit of tie O states: We set the= 0 populations to be
equal to the populations of tive= 1 states (see Figure 4.1) such Rat=Py;= Py,

for all J states. Since this is an arbitrary choice, éfinission spectra have been
generated with thes = 0 states both significantly more and less popdlahan
expected by a factor of 2. The sensitivity of the $pectra to the error in the
population of thev = 0 states is discussed further in Section 4.4he felative

populationsP, ; of all the states are then normalized to obtgin the fraction of H

formed on grain surfaces that leaves the grairewellv, J, such thatvaé'vyJ =1.

The standard population distribution of Mie have used throughout this paper is
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shown in Figure 4.1. Henceforth, we refer to ttosvibrational distribution as the

UCL formation pumping model (moda).

By scaling the ro-vibrational populations from HD H,, it must be noted that
although the ro-vibrational distribution has beeesprved, the average energy of the
molecule has been marginally increased. This changgernal energy is due to the
energy levels of KHbeing more spaced out within the potential weltshese H is
lighter than HD. In Chapter 3, the average ro-\ibral energy was found to be 1.75
eV. In this calculation, all non-detected statethwi> 7 were neglected and the= 0
state ro-vibrational populations were taken to édba v = 1 state ro-vibrational
populations. However, an ;Hmolecule with a ‘corresponding’ ro-vibrational
distribution has <E> = 1.95 eV.

Figure 4.1 The standard UCL formation pumping modiékse relative ro-vibrational
populations for H are extrapolated from the distribution determiried
Chapter 2 by assuming an ortho-to-para ratio aidahoosing?, ;= Py ;=
P.s The relative populations have been normalizedlitain 6,; the
fraction of H, formed on grain surfaces that leaves the graievel v, J.
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4.3 The Radiative Transfer Code

The radiative transfer code was written by Casu @edchi-Pestellini of Cagliari
Observatory and has been previously used to stydipdmhation pumping [18, 19]
and H excitation in turbulent molecular clouds [20].drgtellar cloud parameters and
formation pumping models can be specified by champgnput files to calculate the
ro-vibrational level populations of AHThe H emission spectrum is then calculated

for wavelengths between 0.5 -ubn for a specified telescope instrument resolution.

431 H, Ro-Vibrational Level Populations

Casu and Cecchi-Pestellini have constructed mamelsalculate the Klevel dis-
tribution expected in a thermally and radiativekgieed gas. The approach is similar
to those developed by Sternberg and Dalgarno [2d|Cxraine and Bertoldi [12]. The
code computes thd populationsn; for each ro-vibrational level= v, Jat statistical
equilibrium. The populations of the ro-vibrationabels,n;, are solutions to the set of

algebraic equations

ni{Z(A‘i iy +VVij)+Z(Cij +W,)+ 5 +{+D;} 4.1

j< E

=Y n,(A; +C; +W, )+ Rn,nJ, +k.n_n,

[
j>i

In equation 4.1W; are the excitation rates from the levéd levelj via UV pumping
to electronically excited stategy; are the Einstein coefficients for spontaneous
radiative decayC; are the temperature dependent collisional r@eis the rate of
photodissociation out of the level and D; is the rate of additional destruction
processes, such as collisional dissociation anization. The cosmic ray destruction
rate is denoted by. The last two terms in the r.h.s. of equation dekcribe the
formation of B via grain catalysis and gas phase associative detathespectively
and are described in more detail below. The nundkeesity of hydrogen nuclei, the
number density of neutral atomic hydrogen, H, dr&rnumber density of hydrogen
anions, H, areny, m andn_ respectively. A standard formation rake= 3 x 10*'
cm® s ' [22] has been used. In equation 4lis the fraction of Kl formed on grain
surfaces that leaves the grain in levelwhile n. is the abundance of negative
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hydrogen ions. The final term on the RHS of equmatdl, whereq; is the formation
rate of H via associative detachment, concerns gas phase formatiH, through
H and is discussed later. The radiative transfer codees equation 4.1 fod = 300
bound states of Kl with J < 30. The highest lying state 1 J = (3, 27) at about
52,000 K above the ground state. The level popriatiare subject to the

normalization conditionszwnv’J =n, andny = n; + 2N, wheren, is the number

density of molecular hydrogen,H

The radiative transfer code includes inelasticisiolhs with H, He, and ortho and
para-H, with fully quantum mechanical calculations of Iabnal rates given in
studies by Floweret al. [23-27]. For levels where quantum calculations aoct
available, the extrapolation scheme for the Hildte collisions provided by Le
Bourlot and co-workers in their code for photon-doated regions (PDRs) has been
adopted [28]. For all other collisional partnersanfguantum calculations are lacking,
the collision scheme put forward by Tim¢ al [29] has been employed. Energy
levels, transition and dissociation probabilities electronic transitions have been
published by Abgralket al [30-33]. Extra data, covering levels up ic= 25, was
provided by Abgrall [34]. Quadrupole radiative dgg@nd energies of ro-vibrational
levels of the ground electronic state were takemfiVolniewiczet al. [35]. All
radiation induced processes have been computeagtakio account dust extinction,

which has been assumed to follow the mean galextécstellar extinction curve.

In the present study, for all formation pumping mlgdexcept the UCL formation

pumping modelsy) the assumed molecular hydrogen formation modgivisn by

5V,J = C_lgN f1 (v,J) exp[- fZ(AEv,J T ) 4.2

whereC = ZVJ 9d,, is a normalization constant, ad, ; is the energy in K of level

v, Jreferred to the ground state. The nuclear spimssitatveight has valugy = 1 for
evend andgy = 3 for oddd. The shape functionls andf, depend on the specified

formation modeb, d, i, ¢, s, orm.
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We consider several surface formation pumping nsodel

(u) The UCL formation pumping model, wher& ; is taken directly from
extrapolation of HD experiments [14, 36, 37], asvsh by Figure 4.1.

(b) The acquired internal energki, is statistically distributed among the energy
levels:f; = 2J + 1 andf, = AE, 5 /Ts. By setting the formation temperature=T9,000
K (Ent ~ 1.5 eV), the model proposed by Black and Dalgdiil] is recovered,
although any value of formation temperature mayirgqmitted into the radiative

transfer code;

(d) To enhance the populations of higktates with respect to higtstates, formation
pumping functions withi; = v+ 1 andf, = AE, ; /T; are also investigated; this class of
formation models with = 50,000 K provides the pumping profile suggedbgd
Draine and Bertoldi [12]. Again, any value of foroa temperature may be inputted

into the radiative transfer code;

(i, c, 9 The three ro-vibrational population distributicios H, newly formed on icy
mantles (), carbonaceous dust)( and silicate dusts| given by Takahashi and
Uehara model A [13];

(m) A minimal H, formation pumping model which limits the ro-vikmatal
distribution to the lowest possible levelsJ = (0, 0) and (0O, 1) in the ratio 1:3. This

represents the ‘no formation pumping’ case.

The radiative transfer code also includes gas phadermationvia the associative
detachment mechanism involving atomic hydrogentaedhegative ion H This gas
phase formation channel can be switched on or ®ffeguired in addition to the
formation pumping models, b, d, i, ¢, s, m, so that the models can be run in surface
formation mode only or in both surface and gas eli@asnation mode. The gas phase
formation channel was added to the code to studyptiesence of Hin very high

rotational states which were observed by Roserthall [38].
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H™ is formed principally by radiative association

4.3
H+e—H +hv

and is destroyed by the associative detachmennethan
4.4
H+H-H+e

The abundance of the Hon is limited by the electron fractior in the cloud. At

equilibrium, wherex , = Zi K; is the total rate of associative detachment:

4.5
Kol = KiXn,

The surface-to-gas formation ratio is thus givenRWk_x, = (T /300*2x_™", where

ko = 5.57 x 107 (300mM*2 cn?® s is the reaction velocity of the radiative assdoiat
to produce H[39].

Since x. < 10° for interstellar clouds [40], the recombination téfatoms adsorbed
onto grains produces much more than any gas phase process. The associative
detachment channel can be important under particaladitions, such as during the
recombination epoch in the early universe [41]jrmothe transition zone of gaseous
nebulae [42]. Associative detachment might be muoie efficient if the formation
of H, in space proceeds according to the model propdsedrield [43], who
conjectures that efficient production of kay take place on dust surfaces attach-
ment of weakly bound electrons to adsorbed H-atorhe radiative transfer code
scales the associative detachment reaction toubkestdirface production rate, which
in turn artificially increases the Habundance, n such thatn_ = Rn, /. The as-
sociative detachment reaction producesntblecules preferentially in highly excited
ro-vibrational levels, which then cascade towards ground vibrational state by
guadrupole radiative transitions. Rate coefficierase used to calculate the
populations of the ro-vibrational levels J by associative detachment of H and, H
which were computed by Launay, Le Dourneuf and @eip[44] by means of

resonant scattering theory.

146



4.3.2 Generating H, Emission Spectra

Once the level populations are calculateg ehhission spectra can be generated. The
cloud is assumed to be a plane-parallel slab ofteom densityny, and kinetic
temperature T. The cloud is single-sided, illumagaby a normally incident UV
radiation field. The incident UV field intensity &ssumed to be the UV field scaling
parametery, times the Draine estimate [45] of the mean in¢dles radiation field in
the same manner as Sternberg and Dalgarno [21]afféeuation of the field due to
dust extinction is computed using the analyticdlitbon to the transport equation in
plane-parallel geometry given in Flannegy al. [46]. The predicted IR emission
spectra are obtained by integrating the emisssvisdong the line of sight, and
convolving with a Gaussian profile with line widtbf 5 x 10° um, as this
approximately corresponds to the instrument resmiubf state-of-the-art echelle
spectrometers used by current ground based telescepch as the Phoenix
instrument on the Gemini telescope, which has alugen of 50 000 — 80 000 for
near-IR wavelengths 1 —@m [47]. H emission spectra have been produced using
Gaussian profile line widths of 1 x ¥qm, 5 x 10° um, 9 x 10* um, 8 x 10° um as
well as for 5 x 10 um which roughly correspond to resolutions of 2500,52 800,

32 000 and 50 000 respectively.

To minimize the effect of the UV field, simulatioms$ dark clouds have been run.
Dark clouds were chosen as a consequence of tlgestign by Duley and Williams
[10] and Tineet al. [9] that quiescent, dense clouds with no UV purgpame the
regions of the ISM best suited to detect formapamping. Dark clouds of densityn
= 10° — 1¢ cm?® with column density N(p) = 4.8 x 16' — 1.6 x 16° cm?, and
temperatures ranging from T = 10 — 500 K have haeestigated. The results are
summarized in Section 4.4 and 4.5. A table of th@nnparameters varied in the

radiative transfer code is shown in Table 4.1.
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Formation

Pumping Model u b d ! ¢ S m
Formation
mode Surface only Surface and gas phase
A B C D
N(Hz) =4.8x | N(H2)=1.6% | N(H2)=8.0x | N(Hy)=1.6x
Density 107 cm?, 107 cm?, 0% cnri?, 107 cm?,
ny=1x16 ny=1x1d n=1x16 |ny=1x16cm
cm? cm’ cm? 3
Temperature,
T 10 K 50 K 100 K 500 K
Resolution,
A 5x10°um | 8 x10Cum | 9x 10°um | 5x 10°um | 1 x 107 um
Electron . ] ,
fraction, Xe 1x10 1x10 1x10
Proton fraction,
e 1x 108 1x 10° 1x10*
UV field
. 0.5 1 2 4
scaling, ¥

Table 4.1 The main parameters changed in the tiegligransfer code to generate, H
emission spectra. Dark clouds of density types ACBnd D have A~ 3, 10, 50
and 100 mag respectively using N 1.6 x 16" cm” mag" x A, [48].

The complete grid of spectra exploring the entiaeameter space would consist of

40320 models. Therefore, we have only run a seleaf models, which includes all

the formation pumping modelsi, b, d, i, ¢, s and m, in surface and gas phase

formation mode at density; = 1 x 16 cm® (cloud type D) and temperature 10 K,

with proton fraction and electron fraction both afjto 1 x 1¢". A number of other

combinations of parameters have been run to cheekdsults are consistent. The

total number of spectra which have been generatethte is over 200. For clouds

with temperature B 30 K, we have incorporated three rate coefficiémtortho-para

conversions provided by Sun and Dalgarno [49] fas gt temperatures T = 30 K —

1000 K. These conversions are the excitation ofltheD level to thel = 1, 3 levels

and the excitation of thé = 1 level to thel = 2 level, in thev = 0 state, by impacts
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with atomic hydrogen. For T < 30 K, the rate caméfints for ortho-para conversions

are taken from Flowest al.[26].

4.4 H, Spectra for the UCL Formation Pumping Model

In this section we will consider the,Hpectra generated using UCL experimental
data, namely those using formation pumping modehly. An intercomparison of all

the models follows in Section 4.5.

The spectrum with all the ‘default’ parameters lwwn below in Figure 4.2. This
spectrum is for the UCL formation pumping moda), (where only the surface
formation mode is permitted, for a dark cloud witensityny = 1 x 16 cm® and
column density N(b) = 1.6 x 16? cm?, temperature T = 10 K, electron fractir=

1 x 10% proton fractionx = 1 x 10%, with the standard UV field y(= 1). The
spectrum has been convolved with a Gaussian prefiteline width ofAx =5 x 10°
um. Most of the strong emission lines are in the elewgth range 1 — 8m. Strong
lines include 4 — 2 O(3) at 1.5In, 2 — 1 O(3) at 2.9¥m, 2 — 1 O(2) at 2.7Am and
1 -0 Q(1) at 2.4um, in order of line strength.

250E-03 1 4-20(3) 1-00Q() 2-100) 2-10(3)

; 2.00E-03 N \ ‘ /

1.50E-03 -

pm™

1.00E-03 -

flux / erg s* cm® sr

5.00E-04 -

0.00E+00 - ﬂ.dn.lm.‘l IJLI‘ ‘|||.| | |.I. N
0.5 1 15 2 2.5 3 35 4 4.5 5

wavelength /um

Figure 4.2 H spectrum generated using the UCL formation pumpiogdel (1) at resolution
AL =5 x 10 um, for dark clouds with parameters density= 1 x 16 cm?® and
column density N(B) = 1.6 x 18 cm?, temperature T = 10 K, electron fraction
Xe= 1 x 107, proton fraction, = 1 x 10°, with the standard UV fieldy = 1).
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4.4.1 Effects of Cloud Density

Figure 4.3 shows spectra generated for dark cloofdsncreasing density of
temperature 10 K, using the UCL formation pumpingdei and keeping all other
parameters at the default values used in FigureGldud A, with densityny = 1 x
10° cmi® has column density N@ji = 4.8x 10* cmi? chosen so that A~ 3 mag,
assuming that in dark clouds most of the hydrogesiem are in the form of molecules
and that 1 mag corresponds to ~1.6 X*Hn™ [48]; cloud B with densityy = 1 x
10" cm® has column density N@ji = 1.6 x 16* cm?, chosen so that\A~ 10 mag;
cloud C with densityny = 1 x 10 cmi® has column density N@i = 8.0 x 16* cm®
chosen so that\A~ 50 mag; and cloud D with density = 1 x 16 cm® has column
density N(H) = 1.6 x 16° cm? chosen so that A~ 100 mag. To more easily

compare the spectra, the plots are superimposeigjime 4.4.

From Figure 4.3 and Figure 4.4, it is apparent thatline flux increases with cloud
density and the shapes of the spectra do not chadnageatically with cloud density.
Nevertheless, there are some changes in the sHapiee spectra which may be
analysed by considering the ratios of particulaedi within a spectrum, in particular
the line flux ratio between the 2 — 1 O(3) line2e@7 um and the 2 — 1 O(2) line at
2.79 um. This ratio is 0.984, 0.827, 0.911 and 1.09 flmuds A, B, C and D
respectively and does not change consistently withieasing cloud density or
increasing column density, as can be seen in Figwe The formation pumping
component to the lines should increase with cloesdy, as more atomic hydrogen
is available for the formation reaction. The fdwdttthe 2 — 1 O(3) line ‘wins out’ over
the 2 — 1 O(2) line at the highest densities isaatordance with the formation
pumping distribution shown in Figure 4.1: the 2 -O@3) line has a greater flux at
high densities than the 2 — 1 O(2) line becauseetisemore excitation into the= 2,

J =1 state than into the= 2,J = 0 state during formation, specificalbg,i > d- o.
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Figure 4.3  H spectra generated using the UCL formation pumpiogel (1) for dark
clouds of increasing density and column densifly at10 K.
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Figure 4.4 Superimposed plots of gpectra generated using the UCL formation pumping
model (1) for dark clouds of increasing density and colufensity.
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Figure 4.5 Line flux ratio of the 2 — 1 O(3) line2.97um and the 2 — 1 O(2) line
at 2.79um against cloud density; plotted on a logarithmic scale.

In general, the line fluxes do not scale linearithveloud density or column density,
as can be seen in Figure 4.4. Although cloud D factor of 100 more dense than
cloud B and has 10 times the column density, tine fhagnitudes of lines from cloud
D are not even twice as large as those from cloud Bossible explanation for this
phenomenon is that in dark clouds, there is ndicseifit atomic hydrogen available to
take part in H formation, such that;ndoes not scale withyn Due to shielding by

dust, UV photons do not penetrate the bulk of dadckids, hence Hdestruction is

minimized and can only occur through processes sscbosmic ray ionization and
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chemical destruction mechanisms. The radiativestearcode does not take chemical
destruction of H molecules, by reaction with other species, intcoaat. Therefore,
although the density of hydrogen nuclei and coluensity of H are significantly
increasing from cloud B to cloud D, the increaseatomic hydrogen abundance
calculated by the code may be relatively small. firtegority of the hydrogen in dark
clouds is in the form of thermalized molecules, ethdo not produce significant
emission because they already occupy the lowegibrational levels. To verify that
there is only a small increase in atomic hydrogamadance withny in dark clouds, in
accordance with Figure 4.4, a chemical model hasnbesed to calculate the
fractional abundance of H-atoms in clouds of dgnsypes A, B, C and D. A
chemical model was used to confirm that there issigmificant production of H-
atoms through chemical channels, which are neglduyethe radiative transfer code.

This is explained further in Section 4.6.

H, emission spectra increase in line strength, bainago not scale linearly with
cloud density for clouds at higher temperaturesshamsvn in Figure 4.6, Figure 4.7,
and Figure 4.8 below. Again this is thought to loe do the H-atom abundance not
scaling with the cloud density and the thermal@atwf most of the Fimolecules. In
Figure 4.8, a strong line at 2.4in appears fony = 1 x 16 cm®. Thisis the 1 — 0
Q(1) line and is ascribed to collisional pumping.
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Figure 4.6 H spectra generated using the UCL formation pumpmaglel (1) for dark
clouds of increasing density and column densifly at50 K.
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Figure 4.7 H spectra generated using the UCL formation pumpmaglel (1) for dark
clouds of increasing density and column density at100 K.

155



50E-02

O0OE-02

OOE-03

Lokl | l”

——nH =1e3 cm-3

II. N T | |

JOE+00

1.50E-02 -

1.00E-02 -

5.00E-03 -

L ul|‘ ”| .

15 2 25 3

——nH=1e4 cm-3

L...Lﬂ.llh.u nL.l.I.“ |I .|‘

L | | |

).00E+00
1

1.50E-02 +

1.00E-02 +

flux / erg s* cm? srt pm™

5.00E-03 -

| ‘ HJ .

15 2 25 3

—nH=1e5 cm-3

\‘l L ‘

0.00E+00
1

1.50E-02 -

1.00E-02 -

5.00E-03 +

Ll

|L. ...| JL.| Y
15 2 25 3

——nH=1e6 cm-3

«— 1-00(@)

0.00E+00
1

.|\|. .|| ]||.|.|...|| : ||‘. l I
1.5 2

wavelength /um

H spectra generated using the UCL formation pumpmoglel (1) for dark

Figure 4.8
clouds of increasing density and column densitly at500 K.

156



4.4.2 Effects of Cloud Temperature

The same spectra in Section 4.4.1 can be re-pltdtethow the effect of increasing
the temperature of a dark cloud at a specific dgnBbr spectra with B 50 K, the
radiative transfer code includes ortho-para coneessstudied by Sun and Dalgarno
[49] rather than by Floweet al. [26]. However, when the Flowest al. values are
used for clouds with » 50 K, there is no significant change to the émission

spectra.

For interstellar dark clouds, the line flux strdmghcreases steadily, although not
linearly, with temperature. As the temperatures;iseore collisional pumping occurs.
As before, the shape of the Bpectrum does not greatly alter as the temperafuae
cloud is increased, but there are small changdmeénratio, which can be seen in
Figure 4.9. For the most dense clouds, witke 1 x 16 cm®, there is a sharp increase
in strength for the 1 — 0 Q(1) line between 10000 K. This sharp rise in line

strength is due to thermal excitation oftd thev=1,J=1 level.
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Figure 4.9 H spectra generated for dark cloud A, with= 1 x 16 cm® and N(H) = 4.8
x 10 cm? using the UCL formation pumping modal)(at increasing
temperatures.
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Figure 4.10 H spectra generated for dark cloud D, with= 1 x 16 cm® and N(H) =
1.6 x 16° cm?, using the UCL formation pumping modei) (at increasing
temperatures.
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443 Effects of UV Field

The UV radiation permeating the dark cloud cannoegased in strength by use of the
UV field scaling parameter in the radiative tramsfede. Figure 4.11 shows that the
line strengths of KHlemission spectra are linearly dependent on thefield, due to
ro-vibrational excitation of Kby UV photons. Quite simply, Figure 4.11 illusasit
the effect of UV pumping in the dark clouds invgated. However, it should be noted
that the increase in UV field scaling factor froame= 0.5 toy = 4 is insufficient to
liberate a significant number of H-atormg photodissociation of Hmolecules in
such dense cloud; the UV field is weak such thatdlouds remain ‘dark’. Therefore

it is unlikely that UV excitation plays an importale in formation pumping in dark

clouds.
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Figure 4.11 H spectra generated using the UCL formation pumpirgglel (1) for dark
clouds of densityy; = 1 x 16 cm® and temperature T = 10 K, with different UV
field scaling parametey,= 0.5, 1, 2 and 4.

444 Effects of Gas Phase Formation

The gas phase JHformation channelia the associative detachment mechanism
involving atomic hydrogen and the negative ion s also been studied. There is
negligible difference between spectra when the gasse formation channels are

turned on, as is shown by Figure 4.12. The spettral strengths are identical to

within 0.25%. This is because the overwhelming migjoof H, formation in dark

clouds proceedsia surface reactions, thus the gas phase channaeingpartant. As
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described in Chapter 1, this gas phase formatiompmg route may be more
important for shocked regions rather than for quees dark clouds, as was found by
observations of OMC-1 Peak 1 by Rosenttadl.[38].
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Figure 4.12 H spectra generated using the UCL formation pumpingel (1) for dark
clouds of densityny = 1 x 16 cm® and temperature T = 10 K, in surface
formation only mode and in surface and gas phasesfiton mode.

445 Effects of Electron Fraction

The electron fraction parameter has negligiblectften the H emission spectra as
shown in Figure 4.13. Spectra generated usirgl x 10°, 1 x 10° and 1 x 1d for
dark clouds at temperature T = 10 K and density= 1 x 16 cm® are similar to
within 0.01%.
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Figure 4.13 H spectra generated using the UCL formation pumpiglel (1) for dark

clouds of densityyy = 1 x 10 cm® and temperature T = 10 K, changing the
electron fractione = 1 x 10%, 1 x 10°and 1 x 16.
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4.46 Effects of Proton Fraction

There is a noticeable difference in gpectra for interstellar dark clouds with varying
proton fractions, which have been varied indepetigenf the electron fraction.
Clouds with relatively higher proton fractions hawarginally lower line fluxes. This

is because protons collide with IFholecules and provide a de-excitation mechanism,
so that the gas is more thermalized. In Figure ,4tid spectral line strengths for a
dark cloud with densitpy = 1 x 16 cm® and temperature T = 10 K but with different

values ofxy. are similar to within 10%.
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Figure 4.14 H spectra generated using the UCL formation pumpiglel (1) for dark
clouds of densityy; = 1 x 10 cm® and temperature T = 10 K, changing the
electron fraction, = 1 x 10%, 1 x 10°and 1 x 186.

4.4.7 Effects of Changing thev = 0 Populations

The experimental results obtained for the formabdmD on graphite described the
ro-vibrational level populations for vibrationalaggsv = 1 — 7 [14, 36, 37]. As

described in Section 4.2, the distribution for HRsaextrapolated to create the ro-
vibrational level distribution of nascentH'he HD level populations were scaled by
the appropriate nuclear spin statistical weight to convert them to relative

populations of K Data for thes = O state could not be obtained due to the presaince
background HD in the ground state, thus e 0 level populations were estimated.

Thev = 0 level populations were taken to be equal tosthel level populations, such
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thatP, ;= Py ;= Py jfor all J states detected. This is slightly over-estimatiregyy = 0
populations, as Figure 4.1 shows that lower vibrati states are less populated than
higher vibrational levels, for 1 € < 4. This vibrational scheme was adopted as a
‘lower limit’ to the total excitation, in order ttake a modest estimate of the amount
of formation pumping. As there is more uncertaiimythe population of ther = 0
levels than for the other vibrational states, $pectra has been generated for a
distribution where the = 0 levels are twice as populated asvhe 1l levels (model
up) and for a distribution where the= 0 levels are half as populated as e 1
levels (model 5). Figure 4.15 shows that changing the populaticthev = 0 levels

in the UCL formation pumping models makes only argmeal difference to line
strengths. For a dark cloud at density= 1 x 16 cm® and temperature T = 10 K, the
spectra generated using modejs, u andu, are similar to within 4%.
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Figure 4.15 H spectra generated for dark clouds of densify= 1 x 16 cm® and
temperature T = 10 K, changing the population ef\tlx O levels in the UCL
formation pumping model.
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4.4.8 Effects of Telescope Resolution

H, spectra can be generated for any instrument mesolvequired. IR spectra are
presented below for a dark cloud of densify= 1 x 16 cm® and temperature T = 10
K generated by convolving with different Gaussiare lwidths,AL. Corresponding
instrument resolutions for spectra at ~ 2nd are 250, 2800 and 50 000 ok = 0.01
um, 9 x 10* um and 5 x 10 pm respectively.
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Figure 4.16 H spectra for a dark cloud of density = 1 x 16 cm® and temperature T =
10 K, using the UCL formation pumping model).(The spectra has been
generated by convolving with Gaussian line widthao= 0.01um, 9 x 1¢'
umand 5 x 18 pm.
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4.5  Comparison of Formation Pumping Models

The aim of this study is to find a signature fornfi@ation pumping. This signature
would be some feature in the, l@mission spectra due to the formation pumping
mechanism only, rather than UV or collisional pungpiWe also seek to identify the

optimum conditions to distinguish between formagommping models.

H, spectra for the 7 different formation pumping mede&e presented in Figure 4.17

below:
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Figure 4.17 H spectra for a dark cloud of density = 1 x 16 cm® and temperature T =
10 K, using the 7 formation pumping models.
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Most of the models produce emission spectra wherenajority of strong lines fall in
the wavelength regioh = 1 — 3um, therefore this would be the best wavelength
region in which to search for evidence of formatipnmping. To obtain an
observational signature of a formation pumping nhodeae must compare the,H
spectra generated using the model to thespectra generated using mode/ the

minimum pumping model, as shown in Figure 4.18 Wwelo
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Figure 4.18 Superimposed; ldpectra for modeli and modelm for cloud A and D at
densitiesy = 1 x 16 and 1 x 10cm?® respectively, at temperature T = 10 K.
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In Figure 4.18, the UCL formation pumping mode) {s compared to the minimum
formation pumping casem) for clouds of density 1 x f0cm?® and 1 x 10 cm®,
Formation pumping could be identified by comparadjacent line strengths of the
spectra for modell and modeim. For example, if both the 4 — 2 O(3) line at 1.509
um and the 6 — 4 O(2) line at 1.67d% were observed, and their flux ratio was found
to be ~ 2 for dark clouds with density = 1 x 16 cm®, this would be a positive
detection of the UCL formation pumping model. Hoeewif the line strengths are
approximately equal at such a high density, thewaduld suggest that model is

incorrect and there is no formation pumping intevl 4,J=1 level.

The UCL formation pumping model has characterispectra because, unlike most
formation pumping models, it does not predict thpydation of high rotational states.
As shown in Figure 4.19 and Figure 4.20, the UCimfation pumping model does
not predict a strong line at 1.74im, whereas most formation pumping models do
predict a significant flux at this wavelength. Thsgsthe 1 — 0 S(7) line, which
originates in thev = 1, J = 9 level. The UCL formation pumping model doeg no
predict rotational states with> 4 in thev = 1 state to be significantly populated. In
Figure 4.19 for clouds withy = 1 x 18 cm®, modelsd, b, i, c ands all predict line
fluxes > 5 x 10 erg cn¥ sr! s* um™ at 1.747um, whereas models andm predict
line fluxes of 3.7 x 18 and 2.5 x 18 erg cn? sf* s* um™ respectively. Note that
modelm is the minimum formation pumping model, where easd4 is formed in
the two lowest ro-vibrational states, so this mockhnot populate high rotational
states. Furthermore,;Hs unlikely to be excited to high rotational lesiebuch ag =

9, from collisional pumping only [9], thus the 10-S(7) line will not have significant
flux for modelsm andu. Therefore, observations of the 1 — 0 S(7) lina muiescent
dark cloud may be able to constrain the formatiomping mechanism. If the line is
detected and found to have flux5 x 10* erg cn? sr* s* um™, then B must be
populated in high rotational levels by formatiommgping. If the line is not detected,
or found to be weak with flux ~ Terg cn¥ sr! s* um™?, then either there is no
formation pumpingrf) or the UCL formation pumping modal)(may be the correct
pumping scheme. Astronomical observations efsHectra are discussed further in
Section 4.7.
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Figure 4.19
densityn, = 1 x 16 cm® and temperature T = 10 K.
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densityny = 1 x 16 cm® and temperature T = 10 K.

When there is mimimum formation pumping and moatels used in the radiative
transfer code, nascent;Hinolecules are formed at the lowest ro-vibratioleakls
possible ¢, J = (0, 0) and (0, 1). Therefore, all other levate populated by other
pumping mechanisms, mainly by collisional excitatidcrom Figure 4.21 it is
apparent that the spectra for modetlo not scale linearly with N(BL This indicates
that the cloud is thermalizing, which means thatithpacts between particles are so
frequent that much of the ;Hgas is collisionally de-excited to the lowest ro-

vibrational levels and so cannot contribute tolfRemission. Denser clouds are more
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thermalized, such that above a certain density>(1 x 10 cm®), there will be no

significant increase in line strength of the dhectra.
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Figure 4.21 Superimposed kpectra for minimum formation pumping, model nr, do
clouds of density Ay = 1 x 16 cm®, N(H,) = 4.8 x 16" cm?), B (ny = 1
x 10 cm® N(H,) = 1.6 x 16° cm?), C (0 = 1 x 16 cmi®, N(H,) = 8.0 x
107 cmi®), D (g = 1 x 16 cm®, N(H,) = 1.6 x 16°® cm?), at temperature
T=10K.

Changing the parameter space for modelb, i, ¢, sandm yields similar results to
changing the parameter space for the UCL formatiomping model. Increasing the
cloud temperature increases the line flux, althoafjlsourse the relationship is not
linear. Lines such as 1 — 0 Q(1) increase in strepgoportionately more than lines
such as 1 — 0 S(7) with cloud temperature. Thisesause the 1 — 0 Q(1) line has a
much greater collisional component than the 1 —(0) 8ne. The proton fraction
makes a small but noticeable change to the linengths, whereas the electron
fraction has a negligible effect on the eimission spectra. The effects of the helium
fraction, extinction factor R gas-to-dust ratio and cosmic ionization rate loa
emission spectra produced by the different fornrmapamping models have not yet
been fully investigated.
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4.6 Chemical Modelling of Hydrogen Abundance

The radiative transfer code written by Casu andc@ieestellini [18, 20] described
in Section 4.3 includes Hdestruction mechanisms such as photodissociatoh a
photoionization, collisional dissociation and icatibn and cosmic ray ionization. The
bulk of a dark cloud is not penetrated by UV phestdmence the H-atom abundance is
predicted to be low by the radiative transfer cotiecause only collisional
dissociation and cosmic ray destruction processetaien into account to liberate H-

atoms.

However, the radiative transfer code neglects tbstrdction of H leading to the
production of H-atomsia chemical reactions. To investigate chemical dettn of

H, independently of the radiative transfer code, soaleulations have been carried
out by use of a chemical model, known as UCL_CHEMNY, which was developed
by Viti and Williams [50]. The model uses a netwark gas phase and surface
reactions taken from the UMIST RATEO06 and RATE9®abase [51, 52] to calculate
the abundances of chemical species in intersteftaironments. Included in the code
are 119 gas-phase species and 39 surface spetseaciimg in 1728 chemical
reactions. For this study, time-dependent, singietpcalculations were performed
for clouds of different density and visual magndéudhe cloud starts from a medium
in atomic form with initial fractional abundance®10.075, 4.45 x 1) 1.79 x 1d,
8.52 x 10, 1.43 x 10 and 5.12 x 18 for H, He, O, C, N, S and Mg respectively to
match the findings of Sofia and Meyer [53]. The roieal model was run for dark
clouds of constant density and temperature for X. NDyring this time, atoms and
molecules react in the gas phase such that sp@adsrmed and destroyed and also
deplete onto grain surfaces. Surface chemistrydexd in the model consists of the
conversion of a fraction of CO to GBH (methanol) and hydrogenation of adsorbates
whenever possible. The advantage of this appraadhat the mantle composition is

derived self-consistently by the chemical model bt assumed.

The chemical model was used to obtain the fractiabandance of H-atoms; for
dark clouds at 10 K. Cloud densities used were 1 x 16, 1 x 1d, 1 x 10 and 1 x
10° cm® as these are the values for whichdpectra have been generated. In order to

study the chemistry as a function of depth aloreggdloud, the chemical model was
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run at A, =3, 5, 7, 10, 50 and 100 mag. This is becausedges of the cloud are
translucent and UV radiation photolyzes iHolecules to increase the abundance of
hydrogen atoms. Therefore, the atomic abundancelbmayfunction of depth within
an interstellar cloud, as well as dependent orémsity of the cloud.

Species abundances, and hence the network of chlereactions, are dependent on
the amount of freeze-out occurring in the dark dlokreeze-out is the depletion of
gaseous molecules such as CQaNd Q, which are believed to be formed in the gas
phase but adsorb onto the grain surface [54, 56 \WCHEM 1999 models freeze-
out using a parameter, fr, that can be varied fdoml. After 1 Myr, any species that
can freeze-out onto the dust grains will have demeThe freeze-out parameter was
chosen for each density of dark cloud so that gregntage of CO frozen out onto the
grains was consistent with observations of darkid$p as CO is a good tracer of H
[56]. The values for the freeze out parameter Usecach density, along with the

resulting percentage of CO frozen out onto grarasshown below in Table 4.2:

Ny 1x 16 cm?® 1x 1d em? 1x 16 cm? 1x 16 cm?®
fr 0.5 0.5 0.05 0.01
CO on grains 6.3 % 45 % 62 % 88 %

Table 4.2 The freeze-out parameter used in the icaémodel for dark clouds of
different density.

In this study, UCL_CHEM 1999 has been used to pl®xj the fractional abundance
of H-atoms in dense clouds. The abundance of atdmdrogen and molecular
hydrogenn; andn; respectively, are then calculated usxag n; / ng andng = n; +
2rp. The results are shown in Table 4.3.
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ng (cm3 Ay (mag) X1 n, (cm?) n. (cm?)
1x 10 1 6.586 x 108 4.671 x 16 65.860
1x 10 3 6.586 x 16 4.671 x 16 65.860
1x 10 5 6.586 x 108 4.671 x 16 65.860
1x 10 7 6.586 x 16 4.671 x 16 65.860
1x 10 10 6.586 x 18 4.671 x 16 65.860
1x 10 50 6.586 x 18 4.671 x 16 65.860
1x 10 100 6.586 x 10 4.671 x 16 65.860
1x 1d 1 4.186 x 10 5.000 x 16 0.419
1x1d 3 3.687 x 10 5.000 x 16 0.369
1x 1d 5 3.656 x 10 5.000 x 16 0.366
1x1d 7 3.639 x 10 5.000 x 16 0.364
1x 1d 10 3.630 x 18 5.000 x 16 0.363
1x1d 50 3.630 x 10 5.000 x 16 0.363
1x 1d 100 3.630 x 18 5.000 x 16 0.363
1x 10 1 5.518 x 16 5.000 x 16 0.552
1x 10 3 3.562 x 16 5.000 x 16 0.356
1x 10 5 3.534 x 16 5.000 x 16 0.353
1x 10 7 3.476 x 16 5.000 x 16 0.348
1x 10 10 3.439 x 18 5.000 x 16 0.344
1x 10 50 3.436 x 16 5.000 x 16 0.344
1x 10 100 3.436 x 18 5.000 x 16 0.344
1x 10 1 4.703 x 10 5.000 x 18 0.470
1x 10 3 3.689 x 10 5.000 x 16 0.369
1x 10 5 3.622 x 10 5.000 x 18 0.362
1x 10 7 3.473 x 10 5.000 x 16 0.347
1x 10 10 3.412 x 10 5.000 x 16 0.341
1x 10 50 3.408 x 10 5.000 x 16 0.341
1x 10 100 3.408 x 10 5.000 x 16 0.341

Table 4.3 The abundances of atomic and moleculdrogen in dark clouds of
densityny = 1 x 16, 1 x 1d, 1 x 16 and 1 x 1&6cm?® as a function of
depth within the cloud.

As can be seen from Table 4.3, there is a sligbtedese in H-atom density,] with
depth for dark clouds of density; > 1 x 1d cm®. The higher atomic abundance is
due to the outer layers of the cloud being peredrdty UV radiation, leading to
photolysis of H molecules. There is shielding of UV radiation Ime tdust in the

denser clouds, hence the atomic abundance decredgbesicreasing A. A more
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surprising result is that the H-atom abundance dussincrease with density for
clouds withny > 1 x 1¢ cm®. In fact, the least dense dark clond € 1 x 16 cm®) is
found to have the highest H-atom abundance. Tméroas that chemical destruction
routes would not increase the H-atom abundancdéde clouds. Hence the radiative
transfer code does not underestimate the H-atomdaimee. As a continuation of this
work, these H-atom abundances determined by UCL MHER99 could be
incorporated into the Casu and Cecchi-Pestellsiatave transfer code, which will be
discussed further in Chapter 5.

4.7 Discussion

The radiative transfer code has been used extépdiyeCasu and Cecchi-Pestellini
[18-20]. The main uncertainties that arise in tloelec are from the collisional rate
coefficients. In this work, the radiative transfende has been modified by
incorporating the new UCL formation pumping mode). (As this model is derived
from experiments, there are only 45 ro-vibratioleaels included in modal. It is
possible that some other ro-vibrational levels populated, but are below the
detection limit of the Cosmic Dust Experiment. Tadvantage of the theoretical
formation pumping modelsd( b, i, ¢, s, m is that they provide a continuous
distribution of level populations. The= 0 level populations, not detectable with the
Cosmic Dust Experiment, were estimated to be etqudiev = 1 level populations.
As shown in Section 4.4.7, the Bpectra are widely unaffected by the error invhe

0 level populations.

The Cosmic Dust Experiment probes the ro-vibraliodistribution of HD by
measuring the flux density of HDions detected by a time-of-flight mass
spectrometer. The flux density of HAbns is related to the flux of the nascent HD
molecules by the velocity of the ions. Thereforee tro-vibrational distribution
described by Figure 4.1 only holds if the velositief the HD ions are similar.
Accurate measurements of the translational enesgyfanction of ro-vibrational state
are essential in corroborating this formation pumgpmodel. Currently, it is known
that the translational energy of all Hibns must be below 0.9 eV, for HD formed in
any detected ro-vibrational state. This value heenbcalculated from analysis of the

time-of-flight mass spectra, as described in Chragte Nevertheless, a position
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sensitive detector has been installed to furtherstain the translational energy of

molecules in each ro-vibrational state (see Chdpter

The incident atom beams were at room temperaturetfe HD experiments.
Interstellar gas is typically much cooler. Howewdis discrepancy in temperatures is
small in comparison to the energies involved irradional transitions, so there should
be minimal effect on the ro-vibrational distributioEach atomic source provides a
flux of ~10'* — 10" atoms cnif s* onto the surface [16]. Experimental pressures are
much higher than in the interstellar medium and ipossible that this affects our
results. The flux of HD molecules desorbing frone tburface is also very high,
relative to the interstellar medium. Neverthelasss unlikely that the nascent HD
molecules interact with each other on the surfacenodesorption from the surface,
thereby causing a redistribution of the internagrgy. Thermalization is unlikely
because the surface coverage is estimated to headalv percent of a monolayer for
the Cosmic Dust Experiment [14, 57]. Work by Congfial[58] suggests that at such
a low coverage, desorbing hydrogen molecules do thetmalize with other

molecular species resident on the surface, asstisduater.

The Cosmic Dust Experiment uses a highly-orientgdblgtic graphite (HOPG)
surface, whereas interstellar dust grains areylikelbe porous. Thus Horming on
interstellar dust grains may be trapped in poreslase excitatiorvia collisions with
pore walls [59-62]. Therefore, it is possible tlatly a small percentage of,H
molecules may leave an interstellar dust grainnetg their ro-vibrational excitation.
In this case, the most accurate formation pumpiegehmay be one where there is

very little ro-vibrational excitation, such as mbderather than model.

The HOPG surface is made of carbon, but dust giaiasparticular dark cloud may
be composed of silicates. For a dark cloud witicaté dust, the Takahashi and
Uehara modeld) could be used to generate Bpectra, which predicts significant
formation pumping into the& = 7 level [13]. The Takahashi and Uehara model for
carbonaceous grains)(predicts that Bl formed on carbonaceous surfaces has less
internal energy, witlv = 2 to be the most populated state. However, iirast to the
Takahashi and Uehara work, a recent study by Gosreaml. [63] suggests that

nascent His actually less ro-vibrationally excited if itrfas on olivine rather than on
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graphite. Furthermore, the results of the Cosmist@uperiment have shown that

4, notv = 2, is the most populated level for molecular doggn formed on a
carbonaceous surface. As discussed in Chapteere #re many different theoretical
formation pumping models with no prevailing consexshence more laboratory

experiments and astronomical observations are deedmnstrain the models.

4.7.1 Observations of Formation Pumping

The Congiuet al. study [58] provides both experimental data andk deloud
observations. Congiat al. confirmed experimentally that,Zdormed on non-porous
water-ice desorbs in states® < 7 but [} formed on porous ice does not desorb with
significant vibrational excitation. Unlike the CommDust experiment, vibrational
states withv > 7 and rotational states could not be probed #ed population
distribution of the vibrational states could notdpgantified. A full comparison with
the Takahashi and Uehara model for icy manilesgnnot be made because madel
predicts a ro-vibrational distribution which pealtghev = 8 level. Congitet al. also
found that nascent hydrogen molecules will thernealvith other adsorbates for both
porous and non-porous surfaces if the coveragéesaa saturation of ~ 1.8 x40
molecules crii. Hence there should be minimal formation pumpimgH, formed in
the icy dust mantles of dark clouds, irrespectivewface morphology, as dust grain
surface coverages are 1.5 x10- 2 x 16" molecules cif for dark clouds. Again,
this indicates that modeh may be a more appropriate formation pumping mucsi
model u or modeli for interstellar dark clouds. Congiet al. [58] report that
observations of Lynds Dark Cloud 57 (or Barnard ®@ye made by Lemaire and
Field [64] in 2001 at ESO-VLT using the ISAAC instnent in spectroscopic mode
using the K-band. Despite an integration time ohdurs, no H emission was
detected, hence formation pumping was not obsei@edgiuet al. assert that this
non-detection demonstrates that either that thesam line intensities put forward by
Tine et al. [9] are not correct or that formation pumping doe$ occur due to de-

excitation of the Blmolecule on the grain surface.

As aforementioned, Duley and Williams [10] and Teteal. [9] consider dense, dark

clouds as the ideal interstellar regions in whizxlolbserve formation pumping. Tie¢
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al. [9] used theoretical calculations of Fbrmation on a graphite surfagea the Eley-
Rideal mechanism to generate $pectra. UV and collisional pumping processes, as
well as formation pumping, were incorporated. Tenal. [9] found that H formation
pumping should be evident for both diffuse and delduds and that the relative
emissivities of lines due to formation pumping irkl clouds can be a factor of 500
greater than in diffuse clouds. However, when ola@ns of Lynds Dark Cloud
1512 and Lynds Dark Cloud 1498 were made for the41S(4-9) lines from 1.47 —
2.03um using the CGS4 spectrometer on UKIRT, nosHectra were detected. The
total on-source time was 48nd 85for L1498 and L1512 respectively. The @pper
limit to the non-detection signal for an integratidime of 85 was found to
correspond to a line strength of 3.6 x20N m™. This upper limit is just above the
predicted line strengths of ~ 3 x TOW m™? arcse® assuming a pixel size of 1
arcseé. Co-addition of the signal from the 100 rows mawpiove the S/N by a factor
of ~ 10, assuming that the emission is uniformistritbuted along the slit. This co-
addition has not yet been performed. TakahashiWeldara [13] also predict that
spectral lines due to formation pumping should etectable for clouds with density
ny =1 x 16 cm® using the Subaru-IRCS K-band echelle for an exgosie of 8
hrs. However, no observations have yet been coeduct corroborate the work by

Takahashi and Uehara.

In the Casu and Cecci-Pestellini radiative transtede models, the H-atom
abundance increases with cloud density, althouighigmot a linear relationship. The
higher H-atom abundance boosts the formation pugnmiachanism. Therefore, lines
in the spectra which have a significant formatiomping component, such as the 1 —
0 Q(7) line for modelsl, b, c, iands or the 4 — 2 O(3) line for modael, increase in
flux when the density of a cloud is increased. Bynparing Figure 4.19 and Figure
4.20, it is apparent that that these formation pamfines increase in strength with
cloud density at a greater rate than the lines Iydine to collisional excitation, such
as the 6 — 4 O(4) line at 1.796n. In the spectra presented in this chapter, the
formation pumping lines are strongest for the dehstouds, where the H-atom
abundance is the greatest. It is also easier terdiftiate between formation pumping
models using stronger lines for detection andnfittpurposes. Consequently, the
spectra generated by the radiative transfer mouditate that the best dark clouds to

search for a formation pumping signature wouldhH#edensest of the dark clouds, in
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accordance with work by Tinet al [9]. However, it is not conclusive that dark
clouds would display greater IR emission from fotiova pumping than diffuse
clouds, thus klin dark clouds may not be observable: as aforeiovesd, dark clouds
may not exhibit formation pumping at all, as Congiual. [58] find that nascent
molecular hydrogen may undergo de-excitation ondpenantles of dark clouds. The
results from the radiative transfer model show thatH line flux is dependent on the
H-atom abundance and the results from the chemmnzalel confirm that H-atom
abundances in dark clouds are very low and drapfsgntly for clouds of densityy

> 1 x 1¢ cm®. In other words, dark clouds may not be the ideglon in which to
search for a signature of formation pumping becatise hydrogen is mostly

molecular and H abundances are low.

Furthermore, the lines in the spectra presentatignchapter have fluxes ~ i@rg
cm? sr! s* um™ for dark clouds of densityy =1 x 16 - 1 x 16 cm, generated by
convolving with a Gaussian profile with line widdti 5 x 10° um. This corresponds
to a surface brightness of ~ 2 x¥0W m™ arcse@, which is more than 10 times
lower than the predicted value of Tim¢ al. [9]. For the UKIRT CGS4 echelle
instrument, the &0min sensitivity at 1.6m, near the 4 — 2 O(3) line, is 8 xdowv
m 2 pixel’. The resolution of the echelle is 37 000 and psigke is ~ 1 arcséc
Therefore, it would take over 500 hours to deteat dine from the K spectra
presented in this chapter. Hence, the non-detedioa formation pumping signal
from observations of dark clouds L1498, L1512 [84 868 [58] is unsurprising.

Identifying formation pumping by means of diffudewd observations is non-trivial
due to the prevalence of UV pumping. In diffuseuds there is less shielding of the
radiation field by dust than for the denser, ddduds. UV photons can excite; ltb
some higher electronic state, which then decays-tobrational levels in th& state
via a radiative cascade [11]. UV pumping dominatespthigulation of ro-vibrational
levels accessiblgia this pathway, although there may be some formapmping
component to the lines. Observations of the diffusleula, Messier 17, have detected
the H 6 — 4 O(3) emission line at 1.73@g6. This line has been ascribed to formation
pumping by Burtonet al. [65]. Observationally, a marked difference in spatial
distribution was observed for the 6 — 4 O(3) limeld — 0 S(1), 2 -1 S(1), 1 — 0 S(7)

lines in M17 suggesting that these emission pr@&sease not the result of the same
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excitation mechanisms. The topology and line intgmatios of the 1 — 0 S(1), 2 -1
S(1), 1 — 0 S(7) lines suggest that they are dudtg@umping. Due to the differences
in emission topology, Burtoet al.conclude that at least some component of the 6 — 4
O(3) line is not due to UV pumping. They estimdtattthe UV pumping component
of the line in the steady-state regions of M17 B0~%, with ~ 80 % being ascribed to
formation pumping. This detection may be the fifisect astronomical observational
evidence for formation pumping of;Hhto thev = 6 level. However, the 6 — 4 O(3)
line is not predicted to be strong by any of therfation pumping models, d, b, c, i,
sor m, although it must be noted that these spectra haea generated for dark, not
diffuse clouds, hence the excitation mechanisms beayery different. Neither do
Tine et al.[9] nor Takahashi and Uehara [13] predict a strérg4 O(3) line for their
formation pumping spectra. This throws some doubthe classification of the 6 — 4
0O(3) emission as a formation pumping line. It isgble that the Burtoaet al. spectra
may integrate regions exposed to different exatagources, leading to unexpected

changes in spatial distribution of the spectrad ktrengths.

In an earlier study, Burtoet al.[66] also observethe reflection nebula NGC 2023,
which is also a diffuse medium. An excess of emissif H in thev = 4 states was
detected, which was found to be too great to betoudv pumping alone. Burtoat

al. speculate that this excess of moleculesvigx 4 was evidence of formation
pumping, but signal-to-noise considerations meait the results were not definitive.
However, it is worth noting that the;ldpectra presented in this chapter also show that
lines originating form the = 4 ro-vibrational states are some of the stronigedark
clouds.

Wagenblast detected,Hn statesv = 0,J = 0 — 7 in diffuse clouds [67]. From
comparison with UV models, Wagenblast found that ppulations of thd = 5, 6,
and 7 levels were not consistent with UV pumpingstéad, these rotational states
may have been populated by either collisions withtéims or by formation pumping
of H; into highJ states. The UCL model) does not predict significant formation
pumping into these high rotational states. Howetrex,Cosmic Dust experiment has
not yet searched for nascent molecules in rotatistades withJ greater than 9. It is
feasible that such states could be populated ifrot@ional distribution of newly-

formed hydrogen is bimodal.
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Indirect observation of formation pumping may ald®e possible through
astrochemical and astrophysical effects. For exajrarrodet al. [68] find that the
presence of internally excited,hay lead to the formation of free radicals such as
OH and CH, particularly in shocked regions. This is suppatbe the work of Weck
and Balakrishnan [69], who find that at 100 K, teaction of OfP) + H, (v = 3) to
form OH is 11 orders of magnitude higher than f@ teaction of GP) + H (v = 0).
Furthermore, vibrationally excited ;HmMolecules will be easier to ionize than
molecules in the vibrational ground state [70],stlthere will be consequences for
interstellar chemistry. Specifically, ,Hnay undergo charge exchange with, First
forming H," then subsequently forming ars'Hon [71]. As discussed in Chapter 1,
Hs" is a very important molecule in the ISM and isracprrsor for species such as
H,O. Also, the release of the H-H binding energy migirformation may lead to
localized heating of the molecular cloud. A studyRobertset al. [72] has shown
that if only one CO molecule is desorbed per 100fétmation events, this is
sufficient to affect freeze-out onto grains, hehoet the depletion of gaseous CO in

dark clouds.

4.8 Summary

A new H, formation pumping model that is derived from HDnf@tion experiments

has been developed. We have characterized thentission spectra that arise from
this formation pumping model. The spectra were gerd using a radiative transfer
code for dark clouds and the effects of varyingrogdtysical parameters were
investigated. K IR emission was found to increase non-linearlyhvagtoud density

and temperature. Both the gas phase formation m@iuéssociative detachment and
the electron fraction were found to have negligibféect on the spectra of dark
clouds. Varying the proton fraction frory. = 10% — 10% was only found to change

the spectral line strengths by less than 10 %.
The new UCL formation pumping model was then coragaio other established

theoretically derived formation pumping modelsthé spectra can be detected, then

observations of the 1 — 0 S(7) line may help dggtish between the UCL formation
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pumping model and most other formation pumping nsdeecause the UCL
formation pumping model does not populate high rotational states. TheD1S{7)
line is expected to be significantly stronger fasdelsd, b, i, c,andsthan for model
u and for the case of no formation pumping, madelAnother way of obtaining a
signature of formation pumping is to compare lineerggth ratios. For clouds of
densityny = 1 x 16 cm® at temperature T = 10 K, modelpredicts that the strongest
line will be the 4 — 2 O(3) line at 1.5(®n.

The H spectral line fluxes depend on the abundance dfdgen atoms within the
dark cloud. The KHspectra do not scale linearly with NjHThis is because in dark
clouds, the H-atom abundances are low, due tceitledf photodissociation of by
UV radiation. A chemical model has been used tmiakte the possibility that there
are extra channels of;Hlestruction to augment the H-atom abundance. hbmical
model found that the H-atom abundance drops farte 0.4 cn? for clouds with
densitiesny > 10" cm®, hence there is no increase in H-atom abundaneetalu
chemical destruction routes. Furthermore, the Buodkethe spectral lines presented in
this chapter are ~ T0erg cn¥ sr* s* um™, generated by convolving with a Gaussian
profile with line width of AL = 5 x 10° um. Observation of one line is estimated to
require over 500 hours of integration time with 86&S4 echelle instrument on
UKIRT. Thus detections of Hspectra in dark clouds are probably not viablehwit
current ground based telescopes, which may expt&@mon-detections of Lemaire

and Field [64] and Tine et al. [9].
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Chapter Five

Conclusions and Further Work

This thesis has described the use of the Cosmi¢ BExiseriment to probe the ro-
vibrational distribution of HD formed on highly—erited pyrolytic graphite (HOPG)
held at 15 K. The results of the experiment wer&agolated to create a new
formation pumping model for H The observability of formation pumping in dark
clouds was investigated using a radiative transfedel, with a chemical model used
in conjunction to perform checks. The conclusiorfs tleese studies and the
astrophysical implications on ,Hformation in the interstellar medium (ISM) are
presented in Section 5.1. This chapter will alsdimel the next stages for the UCL
Cosmic Dust Experiment and the further work thayrba carried out by means of
the radiative transfer and chemical models in $acii2. It should be noted that some
of the changes listed in Section 5.2.1 on the Codbist Experiment have already
been made, although all the changes were implemhaafter the data presented in

Chapter 3 were taken.

5.1 Conclusions

At the outset of this thesis, we posed a numbejuektions that are of importance in
the field of astrochemistry. What is the formatimaechanism for the recombination of
H-atoms on an interstellar dust grain? Is the nast® molecule formed with
significant internal and kinetic energy and carbeat detected? Does the formation
process cause heating of the dust grain?
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Firstly, let us tackle the question of the formatimechanism. The Cosmic Dust
Experiment conditions most closely resemble thadlifftise clouds, where the grain
surface is relatively bare and the gas is mostynat. Important differences between
regions of the ISM and the Cosmic Dust Experimerd the surface coverage,
temperature of the gas, grain morphology and thematal composition of the
surface. Therefore, in order to extrapolate ouunltesa working theoretical model of
the experiment should be developed which can bel tseprobe the effects of
interstellar conditions. We must understand fulhe tformation mechanism that
occurs on the HOPG surface and apply this knowlettgghe more complex
environment of the ISM. As described in Chapteh#re are three possible formation
recombination mechanisms to form molecular hydrogdre Eley-Rideal (ER)
mechanism where one gas phase atom impacts onfacesupound atom; the
Langmuir-Hinshelwood (LH) mechanism where both aoare bound and fully
thermalized with the surface; and the hot atom (H&thanism where both atoms are

bound to the surface but at least one atom isuligtthermalized.

The coverage of the HOPG surface in the Cosmic Byperiment is much less than
a monolayer [1, 2]. Therefore, a gas phase atonunigkely to impact on a
preadsorbed atom on the HOPG surface. Thus, ERiageaado not dominate HD
formation and recombination proceeds the LH or the HA mechanisms. For the
Cosmic Dust Experiment, where the surface is heldb& and the temperature of the
incident H- and D-atoms is T ~ 300 K, atoms andeunoles are physisorbed to the
surface because there is a barrier to chemisorphienertheless, it is still possible
that atoms chemisorb at defects. However, a stcbegical bond is likely to impede
the mobility of an atom on the surface of the HORGch that chemisorbed atoms
form moleculesvia an ER process. Thus it is improbable that defdotainate HD
formation in the Cosmic Dust Experiment, as the rB&hanism is unfavourable at
low coverages. By the same argument, chemisorgabrdefects or otherwise) is
unlikely to dominate Kl formation in diffuse and dark clouds where thesiistellar
gas has low temperatures of T ~ 10 — 100 K [3].tains in diffuse clouds are
bare; whereas in dark clouds, although the graimsavered by ice mantles, the gas
is mostly molecular. Subsequently, surface coverageH-atoms is low in these
clouds and ER reactions are improbable. Chemisorps required in hot regions of

the ISM, such as in photodissociation regions (PD&®und massive stars, to
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increase the residence time of H-atoms on a duain gsurface in order for
recombination to occur [4]. Hot atoms in PDRs ohperature T ~ 1000 K [5] are too
energetic to bind to a dust grain surface by ploypison. Therefore in the ISM, the
ER mechanism is important in PDRs and other habnsgonly.

From coverage considerations, the formation meshanin the Cosmic Dust
Experiment must follow an LH or HA process, whelne titoms diffuse across the
surface to react. No thermal activation is requiredrder to obtain HD signals,
implying that the atoms are highly mobile on theP®surface. This is supported by
the sequential dosing experiments of H + D recoatimn on amorphous solid water-
ice (ASW) conducted by Hornekaetr al. [6], where H and D atoms are also found to
be reactvia the LH or HA mechanism and be highly mobile on ASWd at
temperatures down to 8 K. As the H- and D-atomsaan@om temperature in both
experiments, physisorption occurs on both ASW a@PB surfaces; therefore it is
probable that the recombination mechanism shoulditdar. Studies of molecular
hydrogen formation on silicates have also confirrttesl physisorption and mobility
of adsorbed H- and D-atoms [7]. Thus H-atoms arédil@oon dust grains in
interstellar regions of low gas temperature an@mdznation follows an LH or HA
mechanism given low surface coverage, widely inddpat of the chemical nature of
the dust grain.

As shown in Table 3.10, the rotational temperatafethe nascent HD molecules are
246 K < Tt < 368 K, which is much higher than the HOPG swefenperature of 15
K. As the temperature of the atomic beam is T ~ 3Q0the high rotational
temperatures may suggest that the atoms have hpthHarmalized with the HOPG
surface before recombination. The reaction is nlikely to proceedvia the HA
mechanism, where at least one of the atoms isutigtthermalized with the surface,
rather than the LH mechanism. However, this resaly be coverage dependent and
therefore may not hold for the extremely low gasspures in the ISM, although it
must be noted that repeating experiments with ttw ddeams at half-pressure has no
discernible effect on the rotational excitationnaiscent HD. It is unclear whether H-
atoms in the interstellar medium have a longer timthermalize with the dust grain
surface before encountering another H-atom for mdxoation. Therefore, the LH

mechanism may still be important in interstellagioas.

190



We now try to answer the next question: is the emis¢t molecule formed with
significant internal and kinetic energy and cabdtdetected? According to the results
of the Cosmic Dust Experiment, hydrogen molecules mdeed formed with
significant internal energy, with the ro-vibratidmkstribution of nascent HD peaking
atv = 4, as presented in Figure 3.16. However, theex@nt can only provide an
upper limit to the kinetic energy of nascent HD. é&splained above, the internal
excitation may be dependent on the length of tina# &toms are accommodated on
the surface before recombination, thus the ro-titmal excitation of interstellar H
may peak av < 4 due to the low gas pressures in the ISM. Theag also be some
isotope effects on the ro-vibrational distributi@j, as the Cosmic Dust Experiment
investigates HD formation rather than, Hbrmation. However, earlier work by
Creighanet al. [2] has shown that there is no discernible diffieee in level
populations for Hand HD formed in vibrational states= 1 and 2. A more important
factor is the dust grain morphology, in particulze porosity of the surface. Both bare
and icy grains may exhibit a microporous strucf@ré1]. Although atoms are mobile
on porous grains [6, 12, 13] and recombinationfiient [6, 14-16], the nascent
hydrogen molecules are found to thermalize in theeq losing kinetic and internal
energy [6, 16]. Therefore, although the molecule may originally form with ro-
vibrational excitation, collisions with pore waltsay mean that there is no apparent

formation pumping of molecules which have escapedgtain surface.

In the case of no formation pumping, the most liked-vibrational distribution of
nascent b molecules is the population of the lowest possilelsv, J= (0, 0) and
(0, 1) in the ratio 1:3 as described by moatein Chapter 4. For KHspectra in dark
clouds generated for modei, see Figures 4.17 and 4.18. By use of the Casu and
Cecchi-Pestellini radiative transfer code, charastie spectra have been generated
for different formation pumping mechanisms. HowevVienits in telescope sensitivity
mean that the Hspectra presented in Chapter 4 are currently entidile, regardless
of the degree of formation pumping. The reasonstlits are twofold. Firstly, as
discussed in Chapter 1,HR emission occursia quadrupole transitions which are
very weak; H is known to be difficult to detect, hence CO iseafused instead to
calculate the densities of molecular gas [17]. 8dbo although the abundance of H

is extremely high in dark clouds, very few of themelecules are ro-vibrationally
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excited due to formation pumping; there is compeaedt little recombination in dark
clouds. The H formation rate is dependent on the number of Haaton, and the
density of the dust grains. The density of dusknswn to be proportional toyn
throughout the Galaxy [3]. Checks carried out usirgchemical model UCL_CHEM
1999 have shown that the abundance of atomic hedrdgops to n~ 0.4 atoms ci

in dark clouds with g > 10* cm?®. The transition regime between diffuse and dark
clouds, namely translucent clouds, haye=r66 cm® and @ = 10’ cm* as shown in
Table 4.3, so should exhibit a greatey fdrmation rate than dark clouds and be
relatively free from UV pumping in comparison tdfdse clouds. Hence from the
results presented in this thesis, it seems unlikieat a formation pumping signal
could be observed in dark clouds, with translucgauds being a more favourable

alternative.

The final question posed at the outset of thisithesncerns the heating of the dust
grain by B formation. It has long been suggested that theasel of the KHbinding
energy may liberate volatiles from the grain sweffi8]. Astrochemical modelling by
Robertset al.[10, 19] has shown that grain heating may havigrifecant impact on
CO abundances if only one CO molecule desorbs g#awh 100 H molecules are
formed. In fact, desorption of adsorbates on dtaihg resulting from kformation is
known to occur: data by Govees al. [20, 21] indicates that on average at least one
D, molecule is desorbed per H-atom recombination tev&Bso, observations of the
Taurus dark cloud imply that the sticking efficignaf CO is lower than expected by
theoretical models due to desorption of CO byfditmation [22]. The results of the
Cosmic Dust Experiment are that on average at Qs of the binding energy,
namely 1.66 — 2.65 eV, is imparted to the surfaménd HD formation. However, if
this much energy were transferred efficiently téatites in the dust mantle during,H
formation, then > 20 molecules could be desorbedgmmbination event, thereby
preventing any build-up of ices in dark clouds [1%hus, desorptive heating of
volatiles by H formation is known to be inefficient. The therncahductivity of dust
grains is unclear, although dust grain size, denaitd chemical compositon are
known to affect how the energy spreads throughptieon bath of the surface [18].
Furthermore, as explained previously, on porousngrathe internal and kinetic
energy of H molecules will transfer to the pore walig repeated collisions, thus it is

probable that most of the;Hbrmation energy is lost to dust grains in the ISM

192



5.2 Further Work

5.2.1 On the Cosmic Dust Experiment

There is still more work to be done on the formatmechanism of HD in the Cosmic
Dust Experiment. In order to further constrain tipper limit of ~ 1 eV determined in
Chapter 3 for the translational energy of nascebtriblecules, a position-sensitive
detector (PSD) has been installed. PSDs have baploged in many experiments to
investigate the dynamics of both unimolecular amdotecular reactions of molecular
dications [23]. As explained in Chapter 2, the eas¢iD molecules must be ionized
via REMPI in order to be detected. The translatiomargy of an HD ion can be

determined quantitatively using the PSD, which ¢asof a position-sensitive
microchannel plate (MCP) and a time-of-flight megsectrometer (TOFMS). A
schematic of this arrangement is shown in Figure Fhe trajectory of the ion
through the drift tube of the TOFMS is used to ghlte the translational energy.
Stationary ions travel straight through the dnifbé, whilst ions with some kinetic
energy have anisotropically distributed velocitieence they will travel to different
places on the MCP of the PSD. Thandy positions of impact of the HDion on the

MCP can be established, hence the velocity ofdhean be determined.

H, is by far the most abundant molecule and is tkeyrsor for most of the chemistry
in the ISM. Therefore, the energy budget of mamgtiens in the interstellar medium
could be clarified when both the translational andvibrational excitation of Hare
known [24-26]. As already discussed, when HD isnfed by heterogeneous catalysis
on an HOPG surface, the released binding enerpgaristioned between internal and
kinetic energy of the molecule and heat lost to sheface. The average internal
excitation of the HD molecule has been determiretdd ~1.83 eV, neglecting the
populations of the” = 0 state and other non-detected ro-vibratiorakst Therefore,
the value of the translational energy determinedguthe PSD could then be utilized
to determine the amount of heat lost to the HOPase during the HD formation
process. More knowledge of the grain heating poeesuld help elucidate problems
relating to the growth of icy mantles on dust gsamthe ISM [10, 18, 19, 22].
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Figure 5.1 Schematic diagram to show the possibjedtory of ions in the TOFMS with
PS MCP detector installed.

To further simulate the conditions of the ISM, wdéypical temperatures of the gas
are T ~ 100 K in diffuse clouds and T ~ 10 K inldalouds [9, 11, 27, 28], a method
of cooling the H- and D-atoms has been employealiGg of the atoms has been
achieved by piping the atomic beams through an ialum block attached to the

helium cold head directly before the atoms impingehe HOPG. The current set-up

of the experiment cools the atomic beams to T K45

Although no new data has been taken as yet, wespaculate on the effects of cold
atoms on the formation mechanism. Cold atoms maye hhigher sticking
probabilities and longer residence times on the BGfrface, thus may attain a
greater degree of thermalization with the 15 K acef Therefore, the recombination
process may become marginally more like the LH rapim at low atom beam
temperatures. Technically, if there is no effect tbe ro-vibrational excitation of
nascent molecules as a result of reducing the attemiperature, then this indicates
that the molecules thermalize with the surfaceaibioth cool (45 K) and warm (~300
K) atoms. Thus the recombination process oceiagshe LH mechanism. However,
the change in temperature of the atoms corresptmnda energy of only ~ 22 meV.
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HD levels ¢, J = (4, 1), (4, 0) and (3, 1) have energies of 1.8¥, 1.902 eV, and
1.529 eV respectively. Therefore, it is unlikelatlsuch a small change in atomic
temperature could affect the vibrational distribatiof the HD molecule, although a
reduction in rotational excitation is feasible. ¢ed theoretical work by Kerkeni and
Clary [29] shows no strong effect on the ro-vilwatl excitation of nascent;Hith

H-atom translational energy.

As described in Chapter 1, interstellar dust graires very different from an HOPG
surface. Interstellar dust may consist of silicated oxides as well as carbonaceous
material. Thus other interstellar dust grain anaéogurfaces such as olivine, a
mixture of M@SiO, and FegSiO,, could be investigated. There have been many
experimental studies of molecular hydrogen formrmatam olivine [30, 31] which
could be compared to the results of the UCL Codbust Experiment. It has also
been predicted that Hormed on olivine should exhibit less internal iibon than

H, formed on graphite [32]. Hence, we would expectfdined on olivine to be less
ro-vibrationally excited than HD formed on HOPG ttwthe vibrational distribution
peaking atv < 4. Similarly ASW surfaces could also be investggl. Particular
comparison could be made with the work of Amiat@l [33], which has shown that
molecular hydrogen is formed on non-porous ASW ilrational statey = 1 — 7,
although the ro-vibrational distribution could nbe determined and no other
vibrational states could be probed outside thiggeaThe results of Amiaudt al.

could be quantified using the Cosmic Dust Experimen

5.2.2 On H, Spectra

There are many parameters in the Casu and Cecstelite radiative transfer code
that may be varied and sensitivity tests shoulddreed out for as many parameters
as possible. In particular, the cosmic-ray ionaatiate,, should be investigated, as
work by Le Bourlotet al. [34] has shown that cosmic rays can produce obb&r\H
spectra if¢ = 10* s*. In accordance with the work in this thesis, LeuBat et al.
find that H spectra generated with the standard cosmic-rdgdtian rate of, = 10%’

s* are not observable in dark clouds. An increaseosmic rays liberates H-atoms,

thus is expected to significantly boost the formagpumping signal. Other parameters
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not yet investigated due to time constraints inelbelium fraction, total-to-selective

extinction ratio and gas-to-dust ratio.

In Chapter 4, it was calculated that the line gjtles of the H spectra generated using
the Casu and Cecci-Pestellini radiative transfetecare not strong enough to be
detectable in dark clouds. The non-detection frbendbservations of Tinet al.[35]

in dark cloud Lynds 1512 give an upper limit foetbipectral line strength of 3.6 x
10 W m % which is more than 10 times greater than the evgitedicted in this
work using the Casu and Cecci-Pestellini code. Einal. assert that co-addition of
their observations could boost the signal-to-nddige~ 10, hence this co-addition
should be carried out. If the new; ldpectra are correct, then co-addition should not
result in detection of formation pumping, but thepar limit of the spectral line

strengths will at least be further constrained.

The study could also be extended to diffuse cloanis compared to the extensive
observations of OMC Peak-1 made by Roserghal. [36] from 2.4 to 28 um, which
were used to calculate,Ho-vibrational level populations up to= 4. Although the
detection of formation pumping in dark clouds may leeyond the limits of the
current telescope sensitivity, studies of diffusel dranslucent regions may prove
more fruitful. The formation rate of Hmay be greater in these regions as the
abundance of H-atoms is expected to be ~ 10 — n0din diffuse atomic clouds
[37]. The abundance of H-atoms in diffuse cloudsuldobe predicted using
UCL_CHEM 1999. The H-atom abundance could thendbdcsthe correct value in
the radiative transfer code, thereby taking intostderation chemical channels; thus
H, spectra could be generated for diffuse clouds. éd@wn diffuse regions are more
easily penetrated by the UV field, resulting innsigant UV pumping, hence any,H
spectra would be more difficult to interpret.

5.3 Summary

The Cosmic Dust Experiment probes the ro-vibratiaigtribution of HD formedria
heterogeneous recombination of H- and D-atoms oH@RG surface held at 15 K,

under ultrahigh vacuum conditions. This state-e&#nt experiment has confirmed
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that HD is formed with significant internal excitat, at least on a non-porous
surface. The recombination process is thought ttoviothe HA or the LH
mechanism. The complete ro-vibrational populatiastridbution of HD has been
presented in this thesis, which peaks awthet,J = 1 state. A radiative transfer code,
written by Casu and Cecchi-Pestellini was emploiedenerate KHspectra, which
may be used to distinguish between formation pumpnechanisms. However, the
rate of H formation in dark clouds is thought to be slow diwelow atomic
abundances, thus the Bpectra are too weak to be observed.

This chapter has also described how the studyrafdbon pumping may be extended
by means of the radiative transfer code and UCL_KIHEB99. Existing observations
could also be employed to constrain the upper lohithe line flux of H spectra in
dark clouds. The Cosmic Dust Experiment will con&no probe HD formation by
utilizing cold atom beams at 45 K. The use of tlesvriPSD should also allow a
complete investigation of the energetics of nasdébt Thus, the Cosmic Dust
Experiment could clarify many issues of significame modern astrochemistry.
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