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ABSTRACT

The primary objective of this work is to use coupled Schrodinger wave equations (CSE) to
interpret the spectra of transitions involving mixed molecular states. The secondary objective
is the development of spectroscopic instruments, in particular an ultraviolet laser, tunable near
1244A, for use as a high resolution light source.

In Part I, the spectrum of Oz(a'Ay) is measured between 1190 A and 1540 A to obtain quanti-
tative cross sections of higher quality than was previously available. This was necessary to take full
advantage of absolute cross sections produced by the CSE based calculations. (The analysis car-
ried out by earlier investigators relied mainly on line positions.) Three valence and three Rydberg
electronic states are included in coupled Schrodinger equations that theoretically reproduce these
new measurements in the region between 1270 A and 1540 A (primary objective). This allowed,
for the first time, the correct assignment of this region. Most of the structure is due to A, — A,
transitions with only two bands due to II, — A, transitions.

Part II introduces a study of the suitability of helium molecules for a UV laser (secondary
objective). The available literature was reviewed. Although this work found no practical far

UV laser, two previously unassigned continua in helium discharges are definitively assigned as

transitions between the bound Hej (C®Il,) and unbound Hej (A®L}) electronic states. As in

Part I, coupled Schrodinger equations are again used to model a variety of unexplained experimental
spectra reported in the literature.

The discovery of He2+(C2Hu) is of theoretical interest as it has at present the smallest observed
bond length of any molecule. An arc-laser based on He (C?Il,), predicted to be broadly tunable
in the visible wavelengths, is described, and a gain feature tentatively assigned. The proposed laser
belongs to a new hybrid category: “ Ion-excimer lasers ”.

In Part III the development of instruments for improved spectroscopic techniques is described.
In furtherance of the second objective, the reasons for the selection of krypton for generation of
a tunable high resolution light source by four-wave-mixing of laser radiation is explained. Also
reported here is an improved technique for the use of double ion chambers and a novel design for
a photoelectron distribution spectrometer.

The Appendices contain a He;(CZHu) laser patent, additional oxygen spectra, and of particular

importance, a summary of the theory of diatomic molecules.
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Chapter 1

Introduction

1.1 Overview

In this work the absorption spectrum of O, (alAg) is measured using a 2.2 metre monochromator
and an argon continuum light source. This spectrum provides unique information about the sin-
glet,‘u’ (odd symmetry) II, A and ® states of oxygen not given by conventional ground state triplet
absorption. These states cannot be accessed from the ground state in allowed dipole transitions.
It may be seen from Table 1.1 that O, (alAg) absorption is just one of many symmetries and
techniques available to investigate molecular oxygen. Features that are weak and forbidden for one
symmetry may be allowed and strong for another. Each technique contributes in a different way
to an overview of the excited states of oxygen. This overview, in turn, is useful in the analysis of

oxygen spectra.

1.2 Aim of Study

In the years leading up to this study, the Ultraviolet Physics Group at A.N.U. had extensively

studied transitions from ground state OQ(/YSE;). In particular, the following had been developed:

e Stabilized 2.2 m monochromator and an argon continuum lamp source([l, 2].

e Successful description of the Schumann-Runge band system of Oz between 1750 — 2050 A
using a variety of techniques including a perturbation theory treatment of the predissociation

line widths(3, 4].

e Explanation of the band structure of O, at wavelengths < 1300 A by considering the interac-
tion of valence and Rydberg potentials, using coupled Schrodinger wave equation techniques

(for examples of the technique involving other molecules see Refs. [5], (6] and (7).
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CHAPTER 1. INTRODUCTION

e Investigation of the rotational structure of forbidden transitions, including improvement of

the existing Honl-London factors[8].

Initial States of Oxygen:

Electronic ¢ | Lifetime | Energy above Occurrence Method of | Yield Probe *
State (s) ground (eV) in Nature Production (%)¢ | Technique
XaSg’ 00 0 everywhere n.a. 100 ABC
a'A, 38764 0.977 30 to 80 Km bubble® 65 n.a./
Max at 50 Km | Oz photolysis | 100 A

12 700 A microwave 20 AC

sky glow discharge 6 none
bz} 12 1.626 7619 A, 8645 A | discharge 1 A
day glow microwave 0.01 cs

Probe Techniques:

Probe Resolution | Signal to | Maintenance Application
(A) Noise requirement
A Excimer 0.06 good very low Broad, weak features,
Lamp states accessed by dipole transitions
B UV laser 0.008 poor continual fine structure not covered by ‘A’
C  Multiphoton 0.008 good continual states accessed by
ionization two-photon transitions *

@ Isotopes O'® and O'® are used for additional information

® The letter symbol A, B, C, are explained in the bottom table.

¢ Typical values, Yield = [—?%ﬂ

4 lifetime at room temperature, completely destroyed for T < -100 ° C
¢ for use in COIL laser

/ contamination problems prevent the measurement of the absorptivity
9 The identification[9] should be treated with caution due

to the low yield [10, 11] of this technique.

" ie. ‘g’ symmetry states

Table 1.1:Summary of oxygen studies.
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1.2. AIM OF STUDY :

With this back ground, transitions from Os(a’A,) could be analysed using the computer codes
and techniques developed for transitions from the ground state. Knowledge of both ground state
and metastable state transitions, together with limited ab initio potential calculations, provides a
firm interlinking basis from which to analyse the excited states of oxygen.

The absorption spectra of ground state oxygen (triplet) contained features that where attributed
to forbidden triplet-singlet transitions. Some forbidden triplet-singlet bands were so weak that they
became evident only at liquid nitrogen temperature[12]. The need for more information to conclu-
sively identify these features (triplet-singlet transitions) provided the impetus for the metastable
state absorption study in which the analogous transitions (singlet-singlet) are allowed and strong.
The symmetry of the metastable molecule, that leads to the additional and complementary infor-
mation contained in its spectra, also means that it is strongly forbidden to decay to the ground
state. Consequently it has a lifetime of one hour [13] making it possible to generate the state and
measure its absorption cross section before it decays.

The experimental part of this study aims to produce metastable O, (a’!A,) and measure its
UV absorption, while the theoretical part seeks to model these measurements.

Metastable Oy(a'A,) absorption has been extensively studied [14, 15, 10, 16] and assigned us-
ing classical band analysis. Such analysis is, however, deficient where there is significant valence-
Rydberg interaction or perturbation as found in the O2(a'A,) spectrum. This study applies
coupled Schrodinger wave equation techniques to account for valence-Rydberg poten-
tial interactions.

This study provides:

e correct assignment of metastable absorption features,
e semi-empirical potential curves,

e examples of coupling.

The study confines itself to the analysis of the 1270 A — 1540 A region. With the large amount of
data collected, and the techniques available, there is scope for many further detailed investigations.
For instance, the analysis of the 1260 A metastable oxygen feature (Fig. C.5) involves the use of
twenty or more coupled equations and is outside the scope of this thesis. Some of the additional
scans are contained in Appendix C.

The scientific interest in O, (a'A,) is largely centred on the aforementioned spectroscopic
information, and atmospheric observations. The reactions in the atmosphere involving this state
will be discussed briefly in the following section, by way of introduction, because they yield insights
into the methods of metastable production encountered in this study. In Chapter 2 the methods
of production are then reviewed and the reason for the use of the microwave generation technique
discussed. The apparatus is then outlined; the function of the individual components is described.

Chapter 3 gives an account of how the experimental outputs are converted into cross sections. The
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experimental results obtained with this apparatus are then presented and interpreted in Chapter

4, while the theoretical background behind the interpretation included in Appendix A.

1.3 Industrial and Atmospheric Importance

Recently the metastable state has aroused commercial interest as the basis for a chemical oxygen-
iodine laser (COIL) which operates in the near infra-red 13 150 ;\[17]. It is reported to have an
efficiency of conversion of chemical to light energy of greater than 75% [17].

The metastable state is produced in the atmosphere by the photodissociation of ozone[18].

Some of the relevant chemical reactions are given in the following table:

0, t-]—V°()+O

0,4+0+X — 03+ X,X =0,,N; etc.
Os = (a'Ag)02 + (*D)O

(D)0 + 0, — (b'E})02 + (°P)O
(*D)O —-(3P)O+h1/6300A°

(a'Ag)O2 —'Oz+hu12000;

(a'Ag)O2 + (a'Ag)O, —~O;>+(b1$g)0-_>
(al-\g)oz+03 —+ 0240240

Table 1.1: Atmospheric Reactions

The ozone layer exists at altitudes between 10 and 50 Km, with a maximum concentration at 25
Km. Ozone is bound by approximately 1 eV and can liberate about 4 eV of energy in an oxidizing
reaction. Ozone absorbs weakly in the infra-red and visible wavelengths. At light energies in the
ultraviolet (the Hartely continuum) there is sufficient energy to break the ozone bond and form
the spinless atomic (' D) and molecular (a'A,) excited states.

In the atmosphere this state is found ! chiefly between 30 and 80 Km [18]. Once produced, it
may survive to decay naturally to the ground state and produce the observed glow at 12 000 A.
Alternatively it may be quenched by other gas molecules[19]. Wayne[20] discusses of the role of

this state in the terrestrial, and planetary atmospheres.

by rocket studies




Chapter 2

Experiment

2.1 Previous Approaches: Photographs and Photomulti-

pliers

In 1967 Huffman et al. identified metastable O,(a'A,) absorption in microwave excited oxygen[21].
By the early 1970s these absorption bands had been thoroughly investigated. The work took the
form of photographic studies [15, 14], and quantitative (but lower resolution) measurements of
the absorption with a photomultiplier[10]. The former provided the exact wavelength location of
spectral features, as the photographs themselves could be accurately calibrated. The latter allowed
absorption to be quantitatively measured! because the photocurrents gave a linear representation
of the amount of light accepted. These two approaches culminated in the tentative identification
of many bands. The weaker features and the broad structure of the absorption continuum were
yet to be adequately explained. A more detailed study was required; that would produce spectra
with the details found in the photographs, and accurate values for the relative absorption found
in the quantitative studies. Modelling of the bands (here measured) would then allow definitive
assignments. With this knowledge, the modelling of the experimental spectrum could guide the

development of semi-empirical potential curves and couplings.

The current study, which used photomultipliers, could then rely: 1) on the use of the photo-
graphic studies, atomic emission and absorption lines for wavelength calibration and, 2) on the
broad quantitative studies to select the best operating parameters under which to measure a par-

ticular band or wavelength region.

lto an accuracy of 20 — 50 %
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2.2 Methods of Metastable Production

Four methods have been used to produce metastable oxygen: bubble-type chemical generation,

photolysis of ozone, microwave method, and pulsed discharge.

2.2.1 Chemical

The bubble-type chemical generation used for COIL (see Sec. 1.3) is inappropriate for the gen-
eration of the metastable state for spectroscopic purposes because of contamination by the other
reagents. The generation involves the bubbling of chlorine gas through a basic solution of hydrogen

peroxide to generate at best a 60% yield [22] of metastable state oxygen,
H,05 + 2NaOH + Cl; — O5(*A) + H0 + 2NaCl . (2.1)

The metastable state is used to populate an atomic level of iodine, that then lases. The con-
tamination problem leaves the photolysis of ozone and the microwave methods as the only viable
techniques. The former produces near > 95% [19] metastables while the latter produces at most
20% [10]. The following discussion will relate the details of each method and then justify the

selection of the microwave method for the production of metastables in this study.

2.2.2 Photolysis of Ozone

Photolysis of ozone [23] involves the production and concentration of ozone, and then its photodis-
sociation with a light source emitting over the range of 2000 — 3000 A (this is analogous to the
production of Oy(a'A,) in the atmosphere). The production of ozone is typically done with a
commercial ozonator. In such an apparatus, a high tension supply strikes a silent discharge across
neon, a glass wall, and flowing oxygen. Some 4% yield of ozone is achieved. Traditionally, the
concentration of ozone was achieved by liquification at its condensation temperature of -80° C [19].
This process is dangerous as liquid ozone is explosive. Investigators[23] were able to circumvent
this problem by condensing the ozone in cooled silica gel normally used for removing moisture. The
coolant used was a mix of dry ice and acetone. Special silica gel has to be used, as the moisture
indicating dye normally found in commercial supplies renders it ineffective for the absorption of
ozone. The gel is then isolated and pumping on it extracts pure ozone, which is then subjected to
light from a krypton dimer lamp. The oxygen atoms produced are removed by passing the mixture
over hot MnO,. The result is 100% yield of metastable Og(aIAg) state.

A 100 % metastable fraction would be desirable in the situation where the absorption of ground
state oxygen presents difficulties. The region 1270 — 1540 A did not require this yield to produce
results. In general, the weaker absorption continuum of the metastable state is smooth and broad
and can be adequately resolved in the presence of a groundstate background. Also, the rotational

structure found in the bands is relatively strong and can therefore be resolved. It was decided that




2.2. METHODS OF METASTABLE PRODUCTION

the limited advantages of having near 100% metastable yield were outweighed by the advantage of

simplicity that the lower yield microwave excitation technique offered.

2.2.3 Microwave Generation

The microwave excitation technique involves the production of the metastable state through elec-
tron impact. A microwave cavity [24] is coupled to a tube that supplies a flow of oxygen to the
absorption cell. Energy supplied at 2450 MHz (as per a domestic microwave oven) drives the
discharge. The initial source of ions is supplied by a high voltage tickler. The discharge extends
from the walls of the supply tube in towards the centre. The ion concentration attenuates the
microwave energy due to a skin effect. A total pressure of at least 0.5 Torr is desirable to make
repetitive striking of a discharge easy. An argon or helium buffer gas was used to raise the total
pressure for a given partial pressure of oxygen < 0.5 Torr [10]. In this study, this process gave a
yield of metastables in the range 6.5 — 13 %. The yield depended only on the partial pressure of
oxygen and was unaffected by the power level of the microwave discharge. This study found, in
agreement with Ogawa and Ogawa[10], that the optimum yield was acheived using 0.2 Torr partial

pressure oxygen.

That flowing conditions are only required in the microwave, but not the photolysis technique,
suggests that the flow is not required simply to reduce quenching by impurities. Possibly, the build

up of species produced by the microwave discharge could destroy this metastable state.

2.2.4 Pulsed Discharge

Vasileva et al.[25] investigated pulsed electrical discharges as an energy efficent technique of pro-
ducing the metastable state for COIL lasers. Although few details of the apparatus used are
reported, the requirement for vacuum feed-throughs make it more difficult to build than the mi-
crowave technique (for which one simply clips on a cavity). Although Vasileva et al.[25] say the
technique is capable of producing 17%, yield the maximum percentage actually reported was less
than 6%. By comparision the microwave technique is more efficent and simple than the pulsed

discharge technique.

In summary, the microwave technique produces only ~ 10% metastables and thus is more lim-
ited in terms of the wavelength range of the spectrum that it can access. Its advantages are the
simple implementation of the technique and the ease with which it can be reliably automated -
switching on and off the microwave generator enables the subtraction of the ground state contribu-
tion. Of the two techniques suitable for this work — photolysis of ozone and microwave excitation

— the overall simplicity of the microwave technique led to its selection.
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2.2.5 Production at Low Temperatures

One significant deficiency in previous work was the lack of observations of the absorption spectrum
at low, liquid nitrogen temperature. A finding in the current work is that there are no metasta-
bles present at temperatures below -100° C and this naturally prevented measurement at
liquid nitrogen temperature. A thermocouple monitored the cell temperature, while the average
temperature of the gas could be checked by observation of the ground state oxygen spectra. The
metastable state oxygen could be seen to disappear over a range of a few degrees. A seperate
apparatus would have to be built, capable of cooling the cell to specified temperatures, in order
to determine the exact cut off temperature. The spectra of the cold gas would have been less

convoluted with higher rotational lines, and thus serving as a significant aid to analysis.

2.3 Experimental Apparatus

The apparatus consists of a light source, a monochromator, an absorption cell, and a light detector
(Fig. 2.1).

The initial attempts to measure the absorption of the metastable state used the existing stan-
dard absorption apparatus that had been used for ground state studies. In this configuration, the
lamp was connected directly to the monochromator with the desired wavelength emerging from
the exit slit. A beam splitter then diverted some of this light to be monitored, the rest passing
though an absorption cell to be detected. These attempts failed due to the fact that ultraviolet
light was produced by the microwave excited oxygen. The excitation region was placed a consider-
able distance from the cell with several bends in the connecting tubing to break the direct optical
path. A dog-legged pin-hole in a teflon block was placed in the tubing to eliminate the possibil-
ity of reflected light reaching the absorption cell. The unwanted light signal was undiminished,
indicating that excited species were flowing around the bends into the region, and glowing. The
glowing species was not determined as the glow was too weak to be analysed with a monochromator
but the registration of the signal in a solar-blind photomultiplier meant the light must have been
ultraviolet. Such glow could in principle be subtracted, but in practice the background light signal
swamped the desired signal, rendering this configuration useless.

The final configuration was similar to that used by other metastable oxygen investigators [14,
10], with the absorption cell placed between the lamp and the monochromator (which discriminated
against the unwanted absorption cell glow)

The monitor, which detected the light before it entered the cell, was not adversely affected by
the glow from it. This was because the lamp light at this range is now many orders of magnitude
brighter than the glow.

The inclusion of a monitor, the degree of automation, and the techniques used to limit the

degradation of the windows in the system, are some of the ways in which some improvements have

AT R e R
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12 CHAPTER 2. EXPERIMENT
been made. What follows now is a description of each component of the apparatus:

Laboratory: The laboratory is temperature controlled 2 to 4+ 1° C. The cooling system is per-

manently on, with the temperature being smoothly adjusted by heaters.

Lamp: The lamp is an argon dimer afterglow lamp[26] producing usable wavelengths from below
1090 A (LiF cutoff) up to 1500 A. The light arises from the decay of a bound state to the
unbound ground state. The power supply is a copy of the one used at the Argon National

Laboratory [27] lab and employs vacuum triodes in 100 kHz, 5 kV pulsed configuration.

The lamp itself uses a water-cooled quartz capillary. A weakness was found in the lamps
at the start of the capillary, which would erode the most rapidly, and cause failure. The
capillary was then extended about 1 mm from the cooling jacket so that this ring would

erode first, delaying failure.

The anode and cathode are water-cooled stainless steel. Arcs struck on nonrefractory material
wander and are unstable[28]. Indeed, the arc in the central region of the capillary could be
seen to oscillate. However, the inclusion of tungsten mesh in the electrodes made the lamp
more stable and also allowed it to be struck at its operating pressure of 40 kPa rather than
the more usual 1 kPa. The light output doubles for wavelengths greater than 1400 A if the

operating pressure is increased to 80 kPa.

The pressure regulation was originally controlled by setting a needle valve. The argon was
fed into the system from a group of 8 argon G-size bottles, enabling roughly a month’s
continuous operation. As the bottles were outside the lab, they were prone to fluctuations in
temperature, causing pressure fluctuations in the lamp. This problem was overcome by the

inclusion of a regulator inside the laboratory itself.

A surprising feature of the lamp was its emergent light distribution. On axis, at sufficient
distance for the light that had reflected off the walls to diverge, there was a diminution
of light, a ‘black spot’. This effect became apparent as the lamp approached its operating
pressure. The effect was attributed to the differing refractive indices of the hot central core
of the plasma compared with the cooler wall regions, spreading the light. This black spot

served as a useful aid aligning the optics.

Monitor: The monitor system  recorded the lamp intensity just in front of the lamp. It consisted
of a stainless steel wire that intersected the emergent light beam. Some of the light was

reflected through 90° into an attenuator and a band pass filter (Acton Research Corp. 1340

A with a 200 A band width), into a photomultiplier. The photomultiplier tube is a solar-

blind type, with a magnesium fluoride window and thus is sensitive to this band of radiation.

2control system designed and built by Colin Dedman, U.V. Physics Group, ANU.
3designed and built by Colin Dedman, UV Physics Unit, AMPL, Canberra.




EXPERIMENTAL APPARATUS 13

The monitor therefore more accurately reflects the lamp continuum output. Even with this
arrangement the absorption tube glow contributed to about 1% of the measured signal. To
counter this, the side of the wire facing away from the lamp and towards the absorption cell
was coated with a carbon particle suspension — ‘aqua-dag’. This significantly diminished the

problem.

Lens: A 200 mm focal length magnesium fluoride lens was used to focus the lamp output onto the

slit. This led to a 30 fold increase in detected light, an improvement which was necessary to
use the less intense wavelengths, towards 1500 A. The major problem encountered with the
use of lenses, and windows, directly in front of the lamp, was ion damage. At low pressures,
the energy of the argon ions would be high enough to cause damage and eventually form
opaque colour centres. Such low pressures occurred when the argon supply ran out or when
low pressures were used to strike the lamp discharge. Two remedies to reverse the damage
are suggested in the literature. The first, baking the optic to temperatures of 500° C [29]
(necessary for LiF), did indeed enhance transmission, although it was time consuming to
perform. Raising the temperature to 900° C resulted in the entire volume of the optic
turning white. The other remedy involves abrasion[29] (Vienna Chalk). This was the quicker

of the two methods and sufficient for routine maintenance of MgF, optics.

Windows: The windows (MgF, and LiF) were contained between two flanges, sealed with respect
to both, by ‘o’rings. This enabled easy maintenance of the windows, allowing a shutdown,
clean, and restart, within 30 minutes. The windows were at the extremes of the absorption
tube. This meant that the metastables were introduced and withdrawn at distances between
the windows and consequently there is uncertainty as to exactly what length of the tube
contained metastable oxygen. A different approach was taken by Ogawa and Ogawa[10]. In
their design, the windows were recessed into the absorption tube, with the metastable oxygen
being produced before the lead window and removed after the far window, thereby having
the length between the widows the exact distance of metastable absorption. Knowledge of
the exact length is not necessary to determine the absolute cross section of the metastable
state (as will later be explained in Chapter 3). Any region in which there may be a reduced
number of metastables is accounted for in the overall percentage, and thus in the current
design it is still possible to determine the absolute cross section with this simpler, easy to

maintain apparatus.

The major source of degradation was the cracking of contaminants on the surface of the
windows by ultraviolet light. Of the four surfaces of the two windows the one facing the
lamp experienced no degradation. The two surfaces facing into the absorption tube decayed
rapidly when the tube was evacuated (which was done every two data points in order to

monitor the lamp flux). The degradation was avoided and even reversed by running the
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microwave discharge at high power with 0.5 Torr of oxygen for several minutes. The surface
facing the monochromator vacuum was then apt to decay the most rapidly. In the absence
of a lens, the central region of this window would quickly develop a brown film. This region
corresponded to a minima in the output of the lamp. The extra intensity of light incident
upon the window originated from reflection from the walls of the tube. The final solution was
that of filling the monochromator with argon. This removed the need to place light baffles
in the absorption tube to reduce the extra light reflected from the walls. By supplying a
pressure of argon on the far side of the window, and never letting it be pumped down by the
diffusion pump, the system could be operated for several weeks without maintenance. This
source of difficulty may have been why Yamawaki[14] decided not to employ a far window,

but to use a differential pumping system instead.

Absorption Tube: The tube is fabricated from quartz so that it may be reliably cycled down
to liquid nitrogen temperatures. The tube provided for an absorption length of 30 cm. The
metastables were introduced at a junction some 30 mm from the front end of the tube. The
inlet tube passed through the liquid nitrogen cooling jacket and then extended for a distance
beneath this in order to allow the attachment of a microwave cavity and an exciter coil. This
was then connected by flexible stainless steel bellows to the gas inlet, an arrangement which
essentially put little mechanical strain on the quartz. The lamp end of the main tube was
sealed onto a window via an aluminium flange. This small amount of metal exposed to the
gas did not measurably affect the metastable production. The monochromator side of the
main tube was sealed onto a window, and then this onto the monochromator. The entire
assembly was held together in a teflon block, which included a pressure measuring port and
a extraction port. The block had to be baked at 300° C for 24 hours before it was clean

enough not to cause serious contamination problems.

Liquid Nitrogen Operation: The cell has a jacket for liquid nitrogen which is filled from a
4 litre dewar. The ends of the main tube are heated with nichrome wire to maintain the
‘o’rings at room temperature. Temperature sensors and the spectrum of ground state oxygen
confirmed that the cell reached liquid nitrogen temperatures, however, the metastables had
completely disappeared by ~ -100° C. As the microwave generator is at room temperature, the
metastables are created but then destroyed upon entering the cooler regions. At present there
is insufficient information about the absence of the metastable species at low temperature to

offer even a speculative explanation.

Microwave Excitation System: The system employed a standard medical 2450 MHz microwave

power supply (Kiva Instrument Company) and Evenson cavity[24] (Opthos Instrument Com-
pany). The cavity clipped around the inlet tube. The total pressure of gas necessary to strike

the discharge was greater than 0.5 Torr. The yield of metastables was not power dependent
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after the discharge glow had extended across the entire cross section of the tube. Additional
power beyond this level only created more atomic oxygen. Although in theory this would
boost the effective fraction of metastable to ground state oxygen, high power conditions led

to a more variable output. At low powers there is no longer the need for forced air cooling

of the cavity. Traditionally a Tesla coil ‘Tickler’ is necessary to strike the discharge. Such a

device is very electrically noisy, sending spurious signals to the photon counting systems and
moving the monochromator through its automated drive. A wire coiled a few times around
the inlet tube and driven at 50 Hertz and 2500 V provided a low-noise method of striking
the discharge. The fact that the exciter and the microwave power could be switched on and

off by computer allowed this to be done for each data point.

Pressure Control: The pressure was measured using a capacitance manometer (Datametrics
Barocel pressure sensor). This was placed at the end of a tube leading to the end of the main
absorption tube. As there was no net flow of gas in the tube leading to the manometer there
was no pressure drop across its length and thus the pressure measured was that at the end
of the main absorption tube. There is, however, a pressure gradient down the main tube and
thus the measured pressure is not the average pressure. The main role of the manometer
was to maintain constant flow conditions. This was done with control circuitry and a servo
valve. The pressure control was only needed for the maintenance of constant conditions, as
the cross section for the metastable state was deduced from the ground state cross section,

which in turn was determined in static conditions.

The opportunity was taken, whenever the cell was emptied for each data point, to re-zero

the manometer.

Monochromator: The process of optimizing the 2.2 metre normal incidence VUV scanning
monochromator (Minuteman) took place over several years [1, 2]. Over the two years the
data was taken, there was no degradation in the 0.06 A resolution, and over months of con-
tinuous operation there were drifts of less than 0.5 A. The monochromator was mechanically
stabilized with additional supports, the entire system being encased in a foam and perspex
cabinet/oven, temperature controlled to +£0.2°C. The lead screw and cam were replaced
and remachined, to improve accuracy, and the residual lead screw error measured, tabulated
and accounted for in the results. No wavelength drift was observed if the wavelengths were
changed at slower speed by the computer control rather than the faster external control. Cal-
ibration lines from impurities in the lamp are listed in Appendix C. The calibration of each
scan was routinely checked with these lines, which were stored in a file and superimposed on

lamp spectra.

Light Detection: Magnesium fluoride (EMI G26 E314) and, later on in the program, lithium
fluoride (EMR 5429) windowed solar-blind photomultipliers were used in photon counting
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mode[30]. Essentially the gains were set to saturation so that each pulse counted corresponded
to a photon incident on the tube. Pulse counting has the advantage of being insensitive to

drifts in the gain of the photomultipier tubes.

Computer Control: The system was fully automated and could take data for days unattended,
controlled by an IBM compatible PC running a fourth generation language called ‘Asyst’[31].

In particular, the following tasks were some of those performed by the computer:

1. move to a wavelength accounting for
e backlash
e lead screw error
e last calibration
2. read the light counts and subtract the backgrounds
. control the pressure
. monitor the cell and room temperature
. cycle the system through
e measure light with no gas in the cell
fill cell to a particular pressure
ground state oxygen measurement
measurement with microwave on
move to the next wavelength
measurement with microwave on
ground state oxygen measurement
empty cell
measure light with no gas in the cell

e move to the next wavelength

The cycle is organised to acquire two data points for every cycle of filling and emptying.

Processing of Data: The data was transferred from the control computer to a mainframe. Files
of emission lines, and results from other investigators could then be used to check and, if need
be, calibrate the wavelengths. Curves were superimposed and the effective number density

of the various species deduced. The exact procedure is outlined in Chapter 3.




Chapter 3

Cross Section Calculation

3.1 Determining the Percentage Yield of Metastables

In this experiment, the light from the lamp is measured for three different absorption conditions:
absorption cell empty; absorption cell with a pressure, P, and the microwave discharge off; and
absorption cell with a pressure, P, and the microwave discharge on. I.mpty, oy, and o, can be
divided by the monitor counts of the respective counting periods to account for lamp fluctuations
between the periods. Although this source of error is reduced, the three additional numbers increase

cm? then, at a given wavelength of light,

ey s _ 1
the statistical error. Let Yi= (cell length xXnumber den:ity)

for a metastable state yield, r ;

1
Ometastable = ;(Utotal =(1"= r)o'ground)

12 <1n( L )—(l—r)ln(—ﬁ—)) :

g Lempty empty
The metastable yield, r, is a function of the pressure, the absorption cell geometry, and the mi-
crowave discharge conditions. A single parameter, r, has to be determined to produce the correct
shape of metastable oxygen spectrum albeit in relative units. For band analysis and for the coupled
Schrodinger wave equation simulations, it is the shape of the absorption spectrum that provides a
significant amount of information.

Ogawa and Ogawa[10], who were the first to make quantitative measurements of the metastable
state, adjusted r such that they got ometastatie = 0 at 1500 A. (The theoretical model presented

later confirms that the cross section is comparitively small at this wavelength, ~ 10~'¢ cm?.) This

principle may be extended and r selected so that:
1% Gmetastable>10VA;
2. Ometastable Made equivalent to a known magnitude,

3. Ometastable = 0 where theoretically predicted,

17
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18 CHAPTER 3. CROSS SECTION CALCULATION

4. Ometastable NAS NO Oground Structure,

5. there is consistency in shape of the overlap with adjoining scans taken under different con-

ditions.

Using computer graphics to superimpose scans, it was possible to select quickly a value for r
that best met the above criteria. The selection of an appropriate r is illustrated in Fig. 3.1 (The
ground state bands are assigned in Ref. [32], the metastable state in Ref. [14]) To assist in this
process most scans were made under standardized conditions : microwave power at 2 — 6 watts;
measured pressures of 3 and 1 Torr for 100% O or 1.6 and 0.8 Torr for 10% O, in argon. Asr
can be expected to be fixed for a particular set of conditions, standardized conditions limited the
number of different values of r and assisted cross-checking, while the variety of conditions allowed
the transmission to be selected that gave the best results. Scans of weak features were extended
to include identifiable strong features to ensure fidelity. r was in the range of 6 to 12% and was

able to be determined to an accuracy of + 0.5%.

The error in metastable associated with an error in r is given by differentiating Eq. 3.1 to give;

Ometastable — Tground (3 2)

AGmetastable = AT -

Thus if r is overestimated, ometastasie Will be too low for ometastabie < Tground and too high for

Ometastable > Oground-

In the microwave technique, the effect of atomic oxygen is an issue that is still to be adequately
resolved. Atomic oxygen is produced by the microwave discharge, particularly at higher powers[10].
For the wavelengths under investigation, it only has line absorption, so for most of the spectrum
is it a completely transparent gas, not impacting on the shape of the spectrum, as r is selected
so as to generate the correct shape. The magnitude of the metastable state cross sections will
be underestimated in proportion to the amount of atomic oxygen present. (For example, if there
is 1% atomic oxygen, 10% metastable state, 89% ground state oxygen, the metastable oxygen
cross section will be underestimated by 10%). In practice, this means that the deduced dipole
transition moments will be low, but the semi-empirical curves, the various coupling strengths, and
the explanation for the metastable state spectrum (all of which are deduced from the shape), will
still be accurate. As microwave power increased, the metastable yield remained constant but more
atomic oxygen was produced[10]. Naturally, this suggested that the lowest practicable power be

used and low powers were used in this study.
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Figure 3.1: Subtraction of the ground state spectrum (middle) from the microwave excited spec-

trum (top) with r = 10% yields the metastable state spectrum (bottom). The ground state spec-

trum would then be scaled to give the correct absorption units. The feature occurring at ~ 1219.5 A

is caused by noise pick-up during the empty cell measurement for that channel.
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3.2 Determining the Absolute Cross Section

From the equation 3.1 it may be seen that the value of q, 1s necessary

1
cell length xnumber density’

to calculate the cross section in absolute units. The equation for the ground state cross section,

Ioﬂ'

1
Oground = _1n( )5 (33)

q Iempty
yields this value. Suppose at a particular wavelength, o4,,un4 is known, then for a particular scan,
the ground state transmission ln(ﬁiﬁ) can be used with Eqns. 3.1 & 3.3 to give the metastable
oxygen cross section in absolute units. The cross section of the Schumann-Runge continuum is
measured by Gibson[33] and the literature values reviewed. The value of 143 x107'° cm? at the
peak of the continuum (1420 A) was confirmed in this study for static conditions. In this new
approach, pressure measurement during the experiment served only to maintain constant density
conditions. Likewise cell temperature was monitored for each data point to check for fluctuations
during a scan. The cell length was also removed as a source of error using this new approach. The
multiplication factor for the ground state oxygen used to obtain the correct magnitude of cross
section is the same as that used to obtain the magnitude of the metastable state cross section.

If one neglects the contribution of atomic oxygen, Eq. 3.1 shows that points at which the
metastable and ground state cross sections are equal has special significance; at these points the

cross sections are the same regardless of the value of r.

3.3 Determining the Atomic Oxygen Fraction

In the region of interest, atomic oxygen is transparent to all but its own line radiation. In terms
of the metastable experiment, atomic oxygen behaves as metastable oxygen that does not ab-
sorb. This leads to an underestimation of the metastable cross section equal to the ratio of
atomic/metastable oxygen. Determination of the yield of atomic oxygen is critical in assessing this
source of error. The consistency of the metastable cross section, measured under different pressure
and microwave powers for which the fraction of atomic oxygen is expected to change, indicates
that the concentration and the associated error is small.

Ogawa and Ogawa are the only investigators to produce quantitative values for the metastable
oxygen cross section. They determined qualitatively the presence of atomic oxygen, using titration
of NO which reacts with O to produce the brown NO, (although this method could also have been
used to determine quantatively the concentration of O, by observation of the visual end point).
Ogawa and Ogawa found that the yield of metastable species was independent of microwave power
but that the O yield increased with power. Thus in Ogawa’s experiment the microwave power was
kept to a minimum, and this was followed in the current study.

This current investigation did, however, measure atomic absorption lines. The amount of

absorption and the oscillator strength could then be used to determine the atomic oxygen con-
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centration. As was recently noted by Hey and King[34], there is much work needed to obtain

satisfactory agreement between theoretical and experimental oscillator strengths for many atomic

oxygen lines. The 1300 A lines present particular difficulties. The lamp contains trace oxygen (< 3

ppm) which produces strongly self-reversed lines. This weights the light collected in a bandwidth
of the monochromator’s resolution, around the resonance line. If this is not adequately modelled
the absorption, and consequently the concentration of atomic oxygen, is overestimated[35]. This
also means that different light sources and different resolution monochromators will produce differ-
ent spectra, preventing the direct determination of the atomic oxygen concentration through the
comparison of spectra.

There have been two studies that relate the atomic oxygen spectra and the concentration of
atomic oxygen measured by NO titration in order to determine an experimental oscillator strength.
Morse and Kauffman [36] chose to use an optically thin oxygen line source so that they could
approximate the line profiles as Gaussian and neglect self-reversal. Their work predicts the value
[0] = 2 x10'2em =3, for an absorption of 40 % at 1304.9 A as measured in this current experiment.
On the other hand, Prag et al. [37] chose a strongly self-reversed source and much higher number
densities, which were later modelled and accounted for in their analysis. Their work suggests a
concentration of 2 x10'e¢m =3, for the 40% absorption observed in this experiment. Neither of the
investigators was able to fit a Boltzmann distribution to their experimental results and attain the
theoretical 5:3:1 weighting of line strengths. The use of a krypton four wave mixing light source
(discussed in Chapter 7) with an optically thin absorption length would be an ideal tool with which
to determine an experimental oscillator strength, because of its resolution and the lack of structure
in the spectrum of the light source. The current experiment is at a disadvantage, with a light
source and absorption length an order of magnitude longer than those of the two aforementioned
investigators, however it does have the advantages of higher resolution (0.06 A -1 A), and that
it uses a continuum light source with the amount of atomic oxygen in the lamp reduced by the
inclusion of a titanium getter in the argon inlet line.

The experimental data were modelled on the assumption that the temperature of the absorbing
and emitting species of the lamp were the same and that all species could be described by a
Boltzmann distribution. The temperature of gas in the cell was taken to be room temperature.
A further approximation was made that the line shape was Gaussian rather than Voigt. This
is justified by the low pressure of the absorbing gas. The theoretical lamp emission and cell
transmission were calculated for all three atomic lines. The effect of the spectrometer function was
included by a fast Fourier transform convolution.

For a Doppler broadened self-reversed emission with a continuum background,

Bx3

I, = (Aue_Bra Sl e

where A, C etc. are constants to be determined, while u is the population of the level




I
H
5
E
5
¥

P e s e

e e i e et

AALERTe T

22 CHAPTER 3. CROSS SECTION CALCULATION

AMA) 1302.2 | 1304.9 | 1306.0
AE (eV) 0 0.01970 | 0.02770
7 5T 3T 17

Table 3.1: Wavelengths, energies amd populations of atomic oxygen

and 7 is the Boltzmann factor for a level at a particular temperature. Thus I, is fitted by the
factors A,C,D and the temperature.

The emission transmitted through the absorbing cell is given by
—-Bz3 -Gz3
jit :(Aﬂe—Br’_‘}_C)e-Duc B=S Fpe=S —HY (3.5)

with the additional factors of the atomic and molecular absorption F and H respectively to be
determined. Atomic oxygen has a Doppler width at room temperature G equivalent to 0.237
em™ L.

All six lines, three emission and three transmission, were similtaneously fitted. The conditions
used produced 10% yield of metastable states in 0.1 Torr partial pressure of oxygen with 2 watts
of microwave energy. The emission line at 1306 A is the most optically thin and thus least in error.
The value of the F parameter for the three lines was found to be 2.2 £0.1. With a cell length of

30.6 cm this F parameter corresponds to an absorbtivity, o' of 0.16 &+ 0.03. The concentration of

atomic oxygen, [O], is then given by

[0]i=i1:13x 1012/f/0'(p)61/ : (3.6)
For a theoretical oscillator strength[38] f of 0.031,
[0] = 1.13x10'%/0.031 x 0.16 £ 0.03 x 0.237 (3.7)
= 6.14+0.4x 10'1em™3 (3.8)
= 1.7+0.1x 10" °Torr (3.9)
[0)/[02(a'Ay)] = 1x1072/4.3 x 10~3Torr (3.10)
= 0.17+0.1%. (3.11)

The presence of atomic oxygen thus leads to an underestimate of the singlet cross section of <

0.2%.

3.4 The Impact of Ground State Oxygen

Although the absorption due to the ground state species was subtracted to give the cross section

for the metastable species, there is a certain minimum transmission at which saturation effects

are seen. This is illustrated in Fig. 3.4. The stray light was determined at various wavelengths
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by measuring the cross section as a function of pressure. For the Schumann-Runge continuum

the stray light signal was 0.9 £0.2%. All features were scanned at several pressures to check and

correct for stray light effects if necessary.

3.5 Errors

The effects dealt with in the previous sections each contribute to an overal error in metastabie-

These errors are summarized in Tab. 3.2.

CHAPTER 3. CROSS SECTION CALCULATION

Oground

Source of Error How Measured Magnitude
Atomic Oxygen Absorption lines 0.17+0.1%
Number Density +1%

Shape of Spectrum

Araground-amzla.lable

L r
see Sec. 3.1 Ar =1%
Stray Cross checking at corrected for
Light different pressures
Statistical scan-to-scan |, size of
noise point-to-point scatter scatter

The statistical errors may be determined analytically, through numerical simulation, or through
experimental observation of the scatter of data points. The analytical representation indicates high
statistical error for transmissions either close to unity or zero. In practice with the averaging of
dozens of scans carried out under differing conditions, over wavelengths for which the light intensity
varies by factors of 5 or more, the experimental observation is the simplest method of determing

the statistical error. For example by inspection of Fig. 4.1 it is possible to estimate a point-to-point

Table 3.2: Error in 0metastabie

error of + 15% at 1450A.




Chapter 4

Results and Analysis

4.1 Vibrational Analysis 1270 — 1540 A

Although the region 1270 - 1540 A has been assigned previously by a number of investigators[14,
16, 19, 39], few features were identified unanimously. The traditional band-progression analysis is
at a disadvantage in this region as there are no resolvable rotational lines and there are irregularities
due to strong coupling between states. In general, the features were assigned by extrapolation of
shorter wavelength vibrational bands that did have assignable rotational structure. As the coupled
Schrodinger wave equation technique (CSE) has proved very useful in analysing a similar situation
in the absorption from ground state oxygen([7], it should yield superior results when applied to this
problem. Essential to this technique is a precise understanding of the sense in which word “assign”
is now used. As we are dealing with transitions to mixed states, the assignment refers to the
predominant state. With the CSE development it has also been possible to identify features such
as near-window resonances and attribute them to particular states. The potential curves of the
states involved are direct inputs for the coupled equations. In contrast, traditional band analysis
derives constants that then describe these potentials.

The experimental results of Ogawa and Ogawa[10] had to be verified and substantially improved
upon to enable the adequate application of the coupled Schrodinger wave equation theory. Some
twelve scans at pressures from 3 to 0.1 Torr were conducted in the region 1270 - 1540 A and
averaged to give the result shown in Fig. 4.1. Corrections for the stray light signal (1 %) are
included, and the wavelength calibration was confirmed by the identification of impurity emission
lines in the lamp spectrum.

From 1270 — 1400 A there is reasonable agreement with Ogawa and Ogawa[l0], except that
this study detected a weak new band at 1310 A. Ogawa and Ogawa reported this region to have
a cross section beneath the limits of their detection, < 3 x10~!° ¢cm?, perhaps because they had

overestimated their percentage yield of metastables. In this experiment, at 1310 A a cross section

27
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of approximately 10 x 10-19 ¢m? is measured. Also a new "window” feature at 1377 A appears in
these smaller step-size measurements.

The argon continuum is some 15 times weaker at 1400 A than at its peak, 1260 A. In the region
1400 — 1540 A, Ogawa and Ogawa changed over to a hydrogen line light source. In general, for
this region they measured a cross section that was lower than in this experiment by about 20 - 30
%. The use of a lens in the current experiment increased the flux of light so the argon continuum
could still be used in this region.

Ogawa and Ogawa also overestimated the ground state oxygen cross section at the top of the
Schumann-Runge continuum (Fig. 4.2). They obtained 153 %x10~!° ¢cm? in contrast to the 143
%10-19 ¢cm? found in this study and by Gibson [33]. Their results can be simulated in the current
study, by overestimating the scattered light component.

The coupled Schrodinger wave equation program developed by Gibson' was used for the gener-
ation of the theoretical spectrum. It was based on the Numerov method described in Appendix A
and was similar to the one written by the author for the analysis of helium molecules (see Part II,
Chapter 6). Importantly, the code normalized open channels, using Bessel functions and scattering
theory described by Mies[40]. In the case of the A — A transitions there are two open channels.
For the theoretical development, the potentials, dipole transition moments, and couplings of the
states involved have to be deduced.

In the region 1270 - 1540 A, six potentials (Figs. 4.3 & 4.4) account for all the spectral features.

They are:

A, - Rydberg )2(042p)%(7u2p) Y(my2p)  3pmy

)(K)(0425)*(7u25)? (042p)* (1u2p)* (74 2p)°

) )2(042p)*(mu2p)*(mg2p)  3PTu
K)(K)(0,25)*(0u25)(042p)" (mu2p)* (74 2p)°

', - Rydberg (K)(K)(0425)%(0u25)*(0,2p)*(mu2p)*(7y2p) 3P0

I, -valence (K)(K)(0425)(0u25)*(042p)*(mu2p)*(me2p)  ou3p

K)(K)(042s)%(0u2s
1A, - valence K

3A, - Rydberg

)(

L
K)(K)(0425)*(ou2s

)il

(
(
(
C3A, - valence (

ouls

Table 4.1: Electronic configuration of Rydberg Orbitals

The valence potentials produced with small modification to the ab initio potentials derived by
Saxon and Liu [41]. The initial diabatic Rydberg potentials (electronic configuration see Table
4.1) were modelled by translating the ion potential, and as may be seen in Figs. 4.3 & 4.4, the
three Rydberg potentials are positioned almost identically.

The Rydberg potentials have a similar shape because the electron in the outer Rydberg orbital
does not contribute significantly to the nature of the bond in the ion core. The three Rydberg

states are of similar energy as they have the same principal quantum number (n=3) and orbital

1U.V. Physics Group, A.N.U., Canberra
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Figure 4.3: A symmetry, diabatic potential energy curves of O—2. Solid - singlet, dashed — triplet.

0 eV is the minimum in the ground state potential. The energy of 'A —' A zero cross sections

(Fig. 4.5 Frame 1) are marked and correspond closely to the diabatic energy levels.
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angular momentum (p) that would lead to a similar overlap with the ion core giving a similar value
of quantum defect. In keeping with Hund’s rules, the triplet state with aligned spin is of slightly
lower energy.

As the spectra were taken, Lewis? continually modified and revised the potentials to better

model the experiment. Further attempts to improve upon the fit beyond this did not yield signifi-

cant results.

IA Ryd 'Aval 3ARyd C°A val IIT Ryd 'II val
-0.386 1.258 0 0 0.693 -0.246

Table 4.2: Dipole transition moments to O (atAy).

The diabatic dipole transition moments (Table 4.2) are assumed to be constant, independent
of R . Modern ab initio codes will be able to routinely calculate the dipole transition moments as a
function of R. At present such calculations have been carried out for the 'A, — a*A, transition[42]
giving a values in the range of interest, from 0.9652 a.u. at 1.08 A to 0.7182 a.u. at 1.35A .
This approximation of a R-independent dipole transition moment will not affect the position of
minima and maxima except for possibly the broadest features, but will affect the relative heights
of features. This effect will be more pronounced over larger wavelength ranges.

The dipole transition moments were derived by trial and error. The dipole moment for the
forbidden singlet to triplet transitions is zero. The relative sign of the dipole transition moments
are set to account for the relative phase of the wave functions, which in the CSE technique are set
to start with a maximum. Consequently the phase information is not contained in the couplings
which are set to be positive. As with the 3T states D(v)/D(R) =0 [43]. The transition moments
are given here in arbitrary units. The Group? intends to improve the code so that it uses absolute
units.

The larger values for the valence dipole transition moment is intuitively expected[44] because
of the large spatial extent of the Rydberg orbitals compared to the valence orbitals. This is not
the case for 'A transitions in this experiment.

The H*' couplings between the various states of the same symmetry were derived by trial and
error (Table 4.3). The coupling between the 3A states is 750 cm~! is of the appropriate order
given the CI calculation of no more than 645 cm =2 [43]. The low value of this coupling occurs
because Rydberg and valence states differ by two molecular spin-orbitals. As all electrons have the

same spin, both terms in

H® x< ¢a¢b | 1/rl'l l ¢c¢d =S d’a¢d I 1/7'12 | ¢c¢b > (41)

2U.V. Physics Group, A.N.U., Canberra
3ibid.
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'1ARyd !Aval 3ARyd C3%Aval !MRyd I val
0 2751 92 0
2751 0 0
92 0 0
0 0 0
0 0
0

0
0

Table 4.3: Coupling between states (units = cm™?)

are nonzero and therefore some cancellation occurs. The singlet state cancellation does not oc-
cur and the value of 2751 cm™! is of similar magnitude to the value of 4000 cm~! which was
calculated[43] for Oy (3L+) that has the same electronic configuration. The crossing of the II state
is considered a different class of valence-Rydberg interaction[44] because the character of a single
orbital changes in a process called “Rydbergization” rather than the simple configuration mixing
found for the A states. This class of interaction has been noted to have large repulsions[44]. For
0, (®M,), a value of 8500 cm~! has been calculated[43].

There is spin-orbit coupling between the singlet and triplet states but the coupling only occurs
when AQ = 0 and have the same electronic configuration[44] (the coupling between states that
differ by one orbital is described by second order spin-coupling and is much smaller). For the
metastable state there can only be spin-orbit coupling between the two A Rydberg states and
between the two A valence states. The valence potentials are sufficiently separated that the
synthetic spectrum is insensitive to the value of the coupling. In Table 4.3 it is set to zero. The
spin-orbit coupling for A, - 3A, was taken as 92 cm~! the value given for the F31II, given on page
217 of “Perturbations in the Spectra of Diatomic Molecules” Ref. [44]. The electronic configuration
of the Rydberg A and F3II, states differs only by the last Rydberg molecular spin-orbital. The
I, operator in H*® gives zero when applied to the o spin-orbital of F?II,. The contribution of the
the Rydberg 7 orbital in the the Rydberg A state to H* is negligible compared to the valence
contribution (page 108 [44]). The spin-orbit coupling for *Ay - *A, could be varied by 50 %
without significantly affecting the shape of the spectrum.

Increasing the coupling increases the strength of the triplet window resonance but the position
of the minima is invariant.

The coupling between the Il and A states is described by L-uncoupling and is proportional to
(J(J+1)+ 2)‘5‘. This complexity is not explicitly considered in the coupling here.

The various levels of theoretical development are represented in Fig 4.5.

Frame 1 gives the cross section for only the T = 0 K, the coupled valence and Rydberg 'A -

alA transition. The bound Rydberg transition at 1481.5 A is so narrow that the simulation
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stepped over the feature. The zeros rather than the maxima correspond to the diabatic

Rydberg energy levels. Many general features of the experimental spectrum are explained.

Frame 2 is at T = 0 K but now includes the triplet contribution. The introduction of coupling
to the triplet state fixes the general position of minima, maxima, and “window” resonances
allowing the shape of the A potential curves to be determined. The 1481.5 A feature,

becoming broader, is now seen.

Frame 3 isT=0K (!A,3A) + 'IT - ' A. The inclusion of the valence and Rydberg II potentials

(Fig 4.4) now provides an explanation of all the bands in the region.

Frame 4 is for T = 300 K. As explained further in the Appendix A this is done by including
a J(J+1)/R?, centrifugal term, in the potential functions. The Boltzmann factor and the
Honl-London factors (rotational wave function overlap integrals) for the various rotational
transitions are also included. The relative strength of a band does not change with temper-
ature, though the shape broadens. The final frame took over 24 hours to compute, and thus
fitting high temperature scans with the CSE technique is clearly time consuming. If liquid

nitrogen scans were possible they would have allowed a simpler, more well-defined fitting.

The match between the current theory and experimental results allows the features to be identified
with confidence.

The broad features of the spectrum may be interpreted in terms of the CSE theory thus:

Positions of Minima: As discussed in Appendix A, the positions of the minima are fixed close
to the energy levels of the diabatic Rydberg state. To illustrate this, the zeroes as the appear
in Frame 1 of Fig. 4.5 are marked on the potential energy diagram, Fig. 4.3.

This may be seen in Fig. 4.3 for the singlet and triplet states in Frames 1 and 2 respectively.

Diminished Cross Section near Curve Crossing: The overall shape of the cross section dips
near the 1325 A with stronger bands on either side of this. This corresponds, in energy, to
the position of the ! A avoided crossing (see Fig. 4.3). The heights of the 1285 A, 1310 A and
1345 A features are particularly sensitive to the value of the coupling between the singlet A
states. This effect is more pronounced for the II states with have a larger repulsion (Table
4.3: 6272 cm™!) leading to a broader minimum. The II bands on the short wavelength side of

the minimum are seen at 1229 A and beyond, and are outside the region under investigation.

Triplet Contribution: The triplet Rydberg potential is slightly lower in energy than the singlet
Rydberg potential. This leads to the triplet zeros occurring at slightly longer wavelengths
than the singlet zeros. The 3A features appear (1490, 1452, 1413, 1377, 1343, 1312, and

1285 A) as resonances near the ! A maxima.
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As the dipole transition moments for singlet to triplet transitions are zero, they are only
manifest in their influence on the wave functions of the allowed transitions. This process has
been termed ‘borrowing’ of intensity. Consequently, only the Honl-London factors of allowed
transitions are relevant for the CSE treatment. The value of the triplet coupling determined

the strengths and shapes of the ‘window’ resonances.

Roll off at > 1500 A and cut-off at 1535 A: This is analogous to the Schumann-Runge con-
tinuum and band structure. In both cases, the upper potential is bound beneath a certain
energy (see Fig. 4.3, the lowest LA, state), creating a continuum cut-off. The A valence
transition will exhibit band structure at energies for which it is bound. These bands are
inaccessible with the existing apparatus as the argon continuum lamp produces little light
at these wavelengths. The reduction in dipole moment at greater distances [42], and re-
duced Franck-Condon overlap will lead to very weak bands that would have to be detected
against a strong oxygen background. The II valence transition is unbound at all internuclear
separations and exhibits a steadily reducing continuum as its Franck—Condon overlap dimin-
ishes. In contrast to Ogawa and Ogawa [10] who attribute this region to a II transition, this

theoretical analysis shows clearly that it is of A in origin.

A and T contributions: The II state contributes only to the longest band and the broad feature
at 1455.5 A with the sharp bands broadening at shorter wavelengths as their character
changes from Rydberg to valence. A - II transitions have AQ = -1 and therefore strong
Q branches, while for the A - A transitions this branch has much reduced intensity (see

Appendix A: Theory of Diatomics).

Dipole Transition Moments: The dipole transition moments are here considered to be inde-
pendent of internuclear separation. Ab initio calculations, or the cross-referencing of different
transitions would be necessary to determine the radial dependence of the transition moment.
As the valence transition moment is increased with respect to the Rydberg transition mo-

ment, the shorter wavelength part of the spectrum becomes stronger.

This study is able to assign all the bands in the region 1270 — 1540 A. Save for the 1486.5

and 1455.5 A features that are II in origin, the rest of the spectrum results from LA states that

contain 3A window resonances. These assignments are a significant advance on those of earlier
investigators (Table 4.4). Instead of using the position of an individual band in relation to shorter
wavelength, more easily identified bands, the entire region was modeled as a whole. Not only
are the positions of the bands correctly reproduced by the theoretical simulation, the shape and
relative cross sections are modeled. The couplings, dipole moments, and potential curves used to
do this are realistic given the ab initio calculations, and physical picture of the oxygen molecule.

In conclusion, the combination of careful measurements and a theoretical technique which

models valence-Rydberg interactions, has successfully accounted for the bands in the 1270 - 1540 A
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region. Semi-empirical potential curves, couplings and dipole transition moments have been derived
with the approximation of a constant dipole transition moment, and neglecting of the effects of

higher potentials.

Position  Alberti et al.[16] Yamawaki [14] Collins et al.[19] Katayama et al.[39] This work
(A) (1968) (1972) (1973) (1977) (1990)
1495.6 - 3 L -
1486.5 ? 1A 1A I
1481.5 ? 1A, LA YA,
1455.5 m. 215 Il
1442.7 ? A A 1A 1A
1413.0 0 5 1A Iy
1407.0 LAY UA% A
1380.0 1T, % GAwAG)E
1345.0 1T, : G A)
1310.0 - - (A, Av)e
1285.0 : ? FAEIAL®

? Observed but not assigned.

¢ Identified two A bands superimposed.

b 1A, accounts for the broad band, 3A, accounts for the window resonance in the band.
¢ The theoretically predicted 3A, window resonance was not resolved. This band was

absent in Ogawa and Ogawa’s measurements.

Table 4.4 The upper-state assignments of bands by various investigators for the range 1270 -

1540 A.

4.2 Individual Bands 1270 — 1540 A

The inclusion of the rotational effects in the CSE technique lessens the need for a separate rotational

analysis, as the rotational structure is reproduced directly in the theoretical simulation (Fig. 4.5,
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Frame 4). However, band modelling is a computationally rapid way of extracting B values and
identifying branches. The effect of coupling between states is accounted for by the inclusion of
suitably shaped Fano profiles for the rotational lines, and the final results of the analysis can be
expected to be consistent with the semi-empirical curves generated for the coupled Schrodinger
equation technique.

In the current study no rotational line structure was resolved experimentally in this wavelength
region.

In particular there are three bands in this region worthy of further discussion:

1481.5 A band: Yamawaki[14] reported rotational lines for the A - A band at 1481.5 A. Some
ten scans were taken of this region in order to identify rotational lines. The structure was

not discernible and must be smaller than the noise in the scan.

1442.7 A band: The 1442.7 A feature is the strongest one in this region and for this reason
Ogawa and Ogawa [10] suggest its use to determine the concentration of metastables. In this
study, however, a peak cross section of 1275 £ 60 x107'° cm? was determined, as opposed
to Ogawa and Ogawa’s value of 823x107'° cm?. In Fig. 4.1 the wavelength step size misses
the peak for both the theoretical and experimental curves. Fig.4.6 has a 0.02 A step size and

shows its true magnitude.

1285 A Band: The 1285 A (Fig. 4.7) peak would be more suitable for the determination of the
fraction of metastables because it is broader. As with the 1442.7 A peak, it has a significantly
stronger cross section than ground state oxygen. It is a band that fits less well with the CSE
theory. If the valence potential is lowered in the energy region of this band a better fit is
obtained. The introduction of additional higher potentials that would be responsible for this

localized effect is outside the scope of the current work.
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Figure 4.6: 1481.5 A band. Solid line represents measurements taken in this work, circles represent

Ogawa and Ogawa, vertical lines mark the positions of lines identified by Yamawaki.




'sdays y 200 1 Yiom siy) - du|
uayoiq ‘sdeys y g'( e jIom sIyy - dul| pI[os ‘emed() pue emeS() - s9[oI10 ‘pueq y LZHPI [ 2andiyg

)
n
e £
) o
80 5
o s
S z
= N
,w e
- )
n
< o
- )
e p—
(0]
= >
(o]
=

backround = 1000.0

File number 22
2.0 Torr

1270go4.dat
scale = 100.00
27-N0OV-1990
17:59:27.68

ANEU i ! Juo1303g SS0.I)

SISATVNY ANV SL11STY % YALdVHO




4.2. INDIVIDUAL BANDS 1270 - 1540 A

(@]
|
(e}
—
N
=
@)
-~ —
—
&
)
P}
n
n
(@)
St
(&)

Metastable Oxygen

1270fi.dat

File number 100
9.00%

scale = 10.00
backround = 1000.0
1.0 Torr
14—-0CT—-1990
23:33:21.88

1280 1285 1290
Wavelength(Angstroms)

Figure 4.%: 1285 A peak:circles - Ogawa and Ogawa, solid line - experiment, broken line - theory.




RESULTS AND ANALYSIS

CHAPTER 4.

-
e

ST et w0 B ) R i B

Salinad) et hiaie 0B A e bl Tid de Calatetutatiidashtiot alatatutadt

A L P T T




Part 11

Molecular Helium Emissions







Introduction to Part II

Although the ultraviolet continua of noble gas dimer sources (employed in Parts I & III of this
thesis), are used extensively in spectroscopy, there is perhaps less known about them than the
majority of gases the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>