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SULTARY

This thesis describes the measurement of
total absorption cross sections for molecular oxygen
and molecular hydirogen in various regions of the
ultraviolet spectrum.

Total absorption cross sections for molecular
oxygen have been measured Ior tiie region ?050»23508 with

a spectral resolution of approximately ﬁg. ihe

dispersing instrument was a 3y metre Seya-ianioks mono-
chromator fitted with a gas discharge tube ac e light
source. The discharge tube was operated with sither
hydrogen, giviog the characteristic specirun of many lines,
or wi%th argon, which emits a continucus spectirum for part
of this region. A number of detectors and a variety of
cell lengths and gas pressures were used o cover the
entire spsctral range.

The regicn containing the Schumann- ange
bancs (1756—20008} has been investigated tiicroughly.
Ir. this region the rotational lines are too narrow to
be comvletely resclved by the instrunent leading to an
observed cross sechtion widecn does not cbey Teer's law.
These resulis have been analysed using simule theoretical

models. The "window" region, the Schumann-iunge



continuum and the region containing the Herzberg I
continuum (2000—23503} have also beenn investizated.
Particular attention has been given to zbsorption at
wavelengths corresponding to those of strong solar
lines, and in particular, to the window in the
absorption spectrum falling at the wavelength of

the intense solar Lyman-o line.

The results for molecular oxygen are
discussed with reference to composition studies of
the terrestrial atmosphnere whien use observations of
the solar spectrum from high altituds rockeis.

. recurate zbsclute abscrption cross sections
have been measured for molecular hydrogen in the region
106@*1130& using, o5 the dispersing instrument, a 1
metre neap normal incidence monochromator with a best
resolution of 0.18. The insbtruament was fitted with

a high presssurg aprzor light source and the installation

L

of the instrmuiment snd asscclated differential vomping
sguipment ie described. Detsction and datse handling
technicuss have Leen refined for this experiment in
order %o measure the relatively low integrated cross
sections Lo the regulred zccuracys this equirpment is
described.

The =bsorption cross sections of the individual



rotational lines in molecular hydrogen have been

measured and a curve of growth analysis, (described

in terms of various models) has been used to determine

absclute integrated cross sections for rotational lines

in the first four vibrational bands of the Lyman series.
The simslest method of detecting moclecular

hydrogen in interstellar space is to detect absorption

in the Lyman bands, particularly in the region from

9503 to 11303. The present data are used tc compute
the expected shosorption by Iintersteliar molecular

hydrogen under o variety of assunptions.
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1.

CHAFTER I

Introducti on

The experimental study of the absorption of
vacuum ultraviolet radiation by gases is reviewed and
1t is pointed out that these studles have led, in
rarticular, to investigations of the composition of
the upper atmosphere.

There have been many determinations of the
absolute wavelength of absorption lines but relatively
few measurements of absolute absorption coefficients.

This thesis presents absolute absorption
coefficients for molecular oxygen from 1050-23508 and
for molecular hydrogen from 41060-11308%,

The relevance of these measurements to the
terrestrial atmosphere and to the interstellar medium
is discussed.

1.1 Experimental vacuum ultraviolet spectroscopy
One of the earllest measurements of absorption

by gases in the vacuum ultraviolet region was made by
Schumann (Lyman, 1928) who showed that strong absorption
in air set in at wavelengths less than 18503. In 41901
Kreusler (Kreusler, 1901) made an investigation of the
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absorption of air at 18608 end 19308,  Kreusler (1901)
also followed the lead of Schumann (Lyman, 1928) in his
early work on some individual gases, mamely molecular
oxygen end molecular nitrogen. Lyman (1908) made
valuable contributions to early work on both these gases
and included measurements on ozone, helium, hydrogen
and water wvapour. Many other gases including nitrous
oxide, nitric oxide, nitrogen peroxide, ammonia and
methane were later studied by Leifson (1926).

Moet of the measurements during this period
(Lyman, 1928) were made with either fluorite optics
or grating instruments; a variety of sources was employed
to cover the range 140-30008.  These early results
obtained from 1896 to 1928 were largely qualitative
surveys but led to an understanding of absorption in the
terrestrial atmosphere and established the range of
wavelengths for which each constituent gas was importent,

The technology of vacuum ultraviolet spectroscopy
developed rapidly from this time with sdvances in the
efficlency of gratings, better vacuum systems, more
intense continuous light sources and advances in photo~
electric methods for detecting ultraviolet radiation.

A review of the work in this field up to 1957
has been given by Watanabe @958). Over the period from
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1928 to 1957 many gases were studied in great detall
and the features in the absorption spectra of most
of them understood in terms of the energy levels of the
molecules. Molecular oxygen, molecular nitrogen,
nitric oxide, ozone, water vapour, nitrous oxide, carbon
dioxide, methane, ammonia, carbon monoxlde, hydrogen
and the rare gasee are some species which have been
studied and the absorption cross-sections which have been
measured for each of them are given in the review by
Watanabe (1958).
Most investigators have used vacuum spectro-
grephs and photographic photometry. Preston (1940)
and Watanabe et al (1953) improved the experimental
techniques by using photoelectric photometers for various
wavelength regions. Curtis (1954) and others (Aboud
et al 1955) have extended the range of wavelengths with
photoelectric techniques down to 1008. Hinteregger (1953)
has developed a double beam type of photoelectric detector.
Later reviews of the absorption spectroscopy of
gases have been given by Weissler (1959), Schultz et al
(1962) and Cook and Ching (1965).
There have been many high dispersion measurements
(e.g. Tilfordetal, 41965; Herzberg and Howe, 1959;
Monfils, 1965) of the energies of absorption lines for
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gsome of the gases mentioned above which have engbled
the molecular constants to be calculated for these
molecules. There have, howsver, been relatively few
sound measurements of absolute absorption coefficients
which are independent of both the instrument used and
the optical path length of the absorbing gas. This is
because it is difficult to measure absolute absorption
coefficients with an instrument limited to a finite
resolution; in this case the measured absorption
coefficient generally depends on the layer thickness
of the absorbing gas.

This thesis gives the results of an investigation
of the methods of determining absolute absorption
coefficients when using sn instrument limited in resolution.
The sbsorption over the spectral line 1s presented as a
function of layer thickness in a manner which is
independent of the instrument resolution and permits
evaluation of the absorption cross~section absolutely.

Determinations of the absorption cross sections
for the atmospheric gases, besldes giving valusable
information about the molecules themeelves (see section
1¢241), can be used to interpret measurements of the

attenuation of the solar flux in the atmosphere, to give



number demsities of certain constituent gases as a
function of height (see section 1.4)e One of the

specles which is an important absorber in the atmosphere

is molecular oxygen and the determimation of its absorption

cros s~-section is important from this aspecte.

1.2 Molecular Spectroscopy
1.2.1 QOscillator Strengths

Frequently experimental data are expressed in
terms of the oscillator strength fnm which represents
the ratio of the quantum theoretical to the classical
value of the transition strength where the classical
value is calculated on the assumption of a single
oscillating electron of frequency C Vim® That 1is,
the oscillator strength is defined by the relation
(Herzberg, 1950)

o _ 8m uC Yom lgnm|2
3he*

where 4 and € are the mass and charge of en electron and

nm
= *
R = [ &2 glln ar

is the matrix element for the transition between the two
states m (initial) and n (final).
The transition probabilities per unit time for

absorption between two such states can be related to the
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absorption coefficient kv wiich is defined by the relation

-k Ax

_ 79 v
Iv = Iv e

o . T a s
whe re Iv and Iv are the intensities of the radiation
incident on and transmitted through a column «f gas of

length Ax, with the gas at 0°C and 1 atmosvhere

pressure. It can be shown that (Herzberg, 1950)

]kvdv = S— I8 ||z
3he

where / kvdv is the inltegrated absorption cocfificient over

the line Em iz the number of varticles in the lower state

and vnm is the wave number cf the transition.

Therefore we have

H
/

J k.vdv .

Oscillator strengths for atoms or molecules obey the
Thomas-Reiche~-Kuhn sum rule according to which the sum

of the oscillator strengths for all possible transitions
from one initial state is numerically =zoual toc the number
of electrons in *he system {(Bethe and 3alpeter, 1957).
Sum rules for hizher order multipole transitions also

exist (Dalgarnc and Lymn, 1257).
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1.2.2 Juantum mechanics of molecules
In crder to make calculations of the oscillator

strengths for molecular transitions the wave functions
for the system must be known. Unfortunately wave
functions for molecular systems cannot be calculated
exactly and one is forced to use an approximation of
some kind.,

The simplifying feature which is the basis
of all molecular approximations is the large ratio of
nuclear mass to electron mass. Born and Uppenheimer
(4927) were able to show that an approxima te solution of
the complete wave equation for a molecule can be obtained
by first solving the wave equation for the electrons
alone with the nuclei regarded as fixed, and then solving
a wave equation for the nuclei alone, in which a
characteristic snergy value of the electronic wave equation,
regarded as a function of internuwclear distance, was used
as a potential function. The nuclear motions may then
be classified into translations and rotations of the
"rigid" equilibrium arrengement and internal vibrations
of the nuclei about equilibrium. Thus the molecular
energy levels can be classified into electronic, vibrational

and rotational typese.
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The complete wave equation for a molecule
may be written in the form
n N

(--—-— S v,2 -3 & 2+v>¢/ By
TIPSR

where there are n electrons and N nuclei and V is the

sum of the electrostatic interactions between 8ll pairs

of particles. The principle result of Born and

Oppenheimer's treatment, then, is that an approximate

solution of this wave equation can be written as
#(2;0Ry) = VolzyoRy) ety (B,

The functions ¢e(£1233) are the electronic wave functions
depending on the electronic coordinates Iy and on the
nuc lear coordinates|gd. These functions are solutions

of the wave equation for the electrons alone - namely

. n2 33_
[_ =2 0V (ri,Rj)] Ve(zyoRy) =

(23)0503(2,1 ’Bj) .
The potential function Ve depends on the internuclear

coordinates so that ¢e and Eel are also functions of

the wvalues selected for the internuclear coordingtes
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Bj‘ If this wave ecuation is solved for sll nogsible
cbnfigurations of' the nuclei to give the electronic
energy Eel(gj) as a function of the nuclear coordinates
gj, the nuclear wave functions ¢vr(£j) can be obtained.
Born and Oppenheimer have shown that the nuclear wave

equation is

b ™ - ’ 4
| -3, v BT @) | el®y) = e, ()

where the values of & are the characteristic energy values
for the entire moleccule. This procedure provides a good
approximation (Born and Uppenheimer, 1927) at least
for the lower vibrational and rotational excited states.
If greater accuracy is required it is necessary to consider
the coupling between electronic amd nuclear motions
(e.ge Violniewicz, 1966).

For the special case of diatomic molecules it
has been found that the potential gnergy functions for
the lowest electronic states can be represented quite
accurately by a function (Norse, 1929) of the form

2*(p) = p {1 - Jalrrg),,

where r is the internuclear distance
Te is the equilibrium internuclear distance

end D end a are adjustable parameters.
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The sc-called Vorse potential is shown in
figure 1.1 together with the curve for the ground state
of' the hydrogen molecule drawn zccording +c Rydherg's

data {Herzberg, 1950).

1.3 Diatomic Holecules

13«7 Iesolution of the total eigenfunction

The eigenfunction ¢vr of a vibrating rotator

can, in first approximation, be expressed as the product

(Schiff, 1955)
1
T by Vs

where % ¢v is the vibrational eigenfunction of s linear
oscillator depending only on the change of internuclear
distance (r—re} and ¢, is the rotational eigenfunction
depending only on the orientation of the molecule in

8pace, Thus in a first approximation the total eigen-

function for a diatomic molecule is given by

V= Ygoted ot
132 Resolution of the total energy
In the discussion of diatomic molecules the
minimum value of the potential energy function (see

figure 1.4) of a given stable state iz considered as
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the electronic energy of the state Ee‘ In addition
the molecule may have vibrational energy Ev and
rotational energy Er; thus the total energy of the

molecule may be written as
E=Ee+Ev+EP.

The relative orders of magnitude for these

terms are
E, © 100E, and Evz1OOEr

Figure 1.2 represents a typical energy level diagram
for an idealized diatomic molecule and a typical vacuum
ultraviolet transition is shown. This particular
transition involves a chmge in electronic, vibrational
and rotational states.
1.3,3 Resolution of the total matrix element

It follows from section 1.3.1 that the total
matrix element for a given rotational and vibrational
transition of a band system may be written as
m Vv I

R =B <Byyp Epot

and similarly the oscillator strength may be written as

nm
£ = fe°fv’fr
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Figure 1.2. Vibrational and rotational levels of
two electronic states A and B of a diatomic molecule
(schematic) ,showing a typical vacuum ultraviolet transition.
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where fe is the osclllator strength for the electronic
transition and fv and fr are vibrational and rotational
line strength factors depending on the vibrational and
rotational quantum numbers in the upper (v’,J°) and

lower (v’°,Jd°°) states.

1.3.4 Calculation of Oscillator Strengths

In order to calculate oscillator strengths
for transitions in diatomic molecules the wave functions
must be known. The calculated values of oscillator
strength depend on the overlap integral and are therefore
extremely sensitive to the choice of potential function;
much more so than are the calculated values of the
eigenenergies.

Une of the aims of the work reported in this
thesis was to measure accurately the absolute oscillator
strengths for molecular hydrogen, a simple diatomic system,
and to compare them with those calculated by Nicholls

(1965) and Patch (1964).

1.4 Atmospheric Absorption processes
I1 has been pointed out (section 1.1) that

vacuum ultraviolet spectroscopy is relevant to the study
of the composition of the upper atmosphere as well as
being extremely useful in giving information about the

molecules themselves.
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The absorntion of the solar vacuum ultraviolet
radiation has been used by many workers {(e.g. Byranm
et al, 1955; Friedman et al, 1964: Smith et al, 1965)
to investigate the composition of the atmosphere over
heights ranging from 40-180km. With the =2id of
sounding rockets measurements have been made of the
attenuation of the solar flux as a function of height
at particular wavelengths in the vacuum ultraviolet
region., Determinations of the variation of this
attenuation with height and wavelength, together with a
knowledge of the absorption cross~sections of atmospheric
gases, provide estimates of the number densities of
particular constituents of the atmosphere. (Jursa et al
1959, 1963, 1965; Chubb et al, 1958; Xupperian et al,
1959). Rockets are more applicable than satellites to
this type of work since they remaiﬁ within the
atmosphere during flight.

Pigure 1.3 shows the altitude at which solar
radiation at wavelengths in the range fron O~3000X has
decreased to % of its intensity outside the atmosphere
with an overhead sun (Friedman, 1960; Watanabe, 1958),
This is the level at which solar radiation undergoes its

maximum rate of absorption in the atmosphere. The
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Figure 1.3 Fenstration of solar radiation through the atmosvhere.
The curve indicates the level at which the intensity has decreased

by a factor ol e ',



L.

absorption features of this diagram may be identified
with the absorption spectra of particular atmospheric
species.

Over the range of wavelengths from 2100-30002
the absorption of radiation by the atmosphere may be
attributed entirely to ozone which has a maximum
concentration at about 25km (Johnson et al, 1951;

Johnson et al, 1952). The primary atmospheric absorber
over the range from 1000—20003 is molecular oxygen which
dissociates in the absorption process (Priedman, 1960).

The variation of the depth of penetration of solar
radiation in this range shows the same features (figure

2,1) as the variation of the absorption coefficient

of molecular oxygen at these wavelengths (c.f. section 3.4).
From 1u003 to 1§OOX, near the pesk of the Schumann-Runge
continuum, solar radiation penetrates no lower than about

11 0km., At shorter wavelengths there are several

narrow deep minima in the absorption spectrum, one of which
corresponds to the wavelength of the intense sclar

Lymar—2« line of atomic hydrogen at 1215.7&. These “"windows"
allow penetration cf the solar radiation to gbout 80km

and thelwindow at Lyman—-o allows this intense solar
rac¢iation to penetrate to approximately 75kme Cn the

short wavelength side of 10003 the atmosphere becomes



15.

increasingly opaque as molecular nitrogen becomes
importent in absorbing the solar radiation. finally
below about 7008 the species 0,,N,,0 and N all contribute
to the absorption.

The results of various workers measurements
of molecular oxygen densities in the upper atmosphere

are reviewed in section 3.5.

1.4e1 Molecular O n
Molecular oxygen is one of the most important

absorbers in the atmosphere and its distribution with
height is shown in figure 3.20 from the results of
various workers (section 3.5.1).
The measurements of the absorption
coefficients of molecular oxygen presented in this
thesis (see chapter 3) have been used by Carver et al (196L)
to measure molecular oxygen distributions from Woomeras.
A detailed discussion of this work is presented in
Chapter 3.

1.5 Interstellar Absorption

It has been suggested in recent years that
molecular hydrogen forms a significant proportion of
the mass of our Galaxy (c.f. section 5.1). There is as

yet, no direct observational evidence for the existence
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of molecular hydrogen in interstellar space and there
exist widely different theoretical estimates of the
expected abundance. (Gould et al, 1963; Gould and
Salpeter, 1963; Lambrecht and Schmidt, 196L4; Xnapp et al,
1965).

If molecular hydrogen is present in sufficient
gquantities it can be detected by making use of its
absorption bands in the vacuum ultraviolet region. In
principle the observations are simple; a hot star (O
or B) is used as a source of continuum radiation and
the interstellar absorption lines are registered on this
background. The observations must, of course, wait
until they can be performed from outside the earth's
atmosphere.

The results of the measurements cf the
cscillator strengths of molecular hydrogen presented
in this thesis may be used to interpret the results
of twe experiments of this %ind which sre being planned
(see section 5.2). The application of the results of
these proposed experiments 1s discussed with reference

to the present measurements in Chapter 5.
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CHAPTER I1

Curves of Growth

Measurements of the transmissivity of a gas
in the vacuum ultraviolet are usually made with instru-
mente whose resolution is insdequate to measure the true
line shape of spectral lines. This leads to0 a measure
of the transmissivity of the gas, at a frequency close
to that of the centre of the line, which does not obey
Beer's lawe.

The manner in which the integrated absorption
over the spectral line varies with the amount of
obsorbing material is called the curve of growth for that
particular line, and it is necessary to discuss the
behaviour of curves of growth, for various types of lines
in order to understand the meaning of any absorption
measurement, made in a region in which lines appear in

the spectrume.

De1 Eouivalent_width

In general, the aim of any absorption
meagurerent is to measure the oscillator strengths for
various %transitions; that is, the guantity to be
measured is f k, dv uhich then gives =2 value for the

oscillator s%rength. The ideal situation for measuring the
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integrated absorption acrose the spectral line is one in
which the resolution <f the instrument being used is
infinitely high. This neans that the measured line
ghape is then the true line shape. In fact, in the
vacuum uvltraviolet region, the instrument band: };a,‘ss

is generally much larger than the width of the actual
lines so that the apparent absorption is no longer
directly related to the absorption coefficient by Beer's
law,

It is ecasy to see qualitatively that this must
be so if the instrmment transmits light over a rarge of
frequencies large compared with the width of the absorption
line: even when & strong line extinguishes the light
at the line centre the apparent transmission is still
greater than zero because light at other wavelengths
within the instrument bandpass is still transmitted
through the absorption cell. The departure from Beer's
law clearly depends on the relationship between instrument
resolution and line width. This difficulty which has
long been recognized in the study of stellar atmospheres
(e.g. Preston, 1961), is overcome by introducing a
quantity which is independent of instrument resolution,

namely the equivalent widthe



19.

Consider the case of an isolated absorption
line of some as y=t undetermined shave. The absorption

at a particular frequency v can be written ag#®

Ay = 1-Tv =1 - exp(—kva)

where a is the amount of material absorbing the radiation
kv is the sbsorption coefficient at frequency v
and Tv is the transmission at frequency v.

The equivalent width W is given by

y G

o0
W(a) = | Avdv = [ 1-exp(-kva)dv

I

0 Yo
and the relationshir hetween W(a) and a is known as the
curve of growth, The integrated absorptiocn over the
line is finite and this absorption area is known as
the equivalent width because the absorption area is
equal to that produced by a rectangular line which is
a perfect absorber over the freguency range /.

If the resolution function of the instrument

belng used to measure the absorption is given by

¢(V”V"5)

¥ The notation in this section is taken from Goody, 1964,
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where ¢ is a parameter which defines the instrument
resolution and the instrument is set at a frequency v°,

then the measured absorption will be

Avo = 1-T'I)'
1 - 00
= = / [1-exp(-kva)]°¢(v—v',§)dv
Y0
where
,r - TN JPN » Ll 3
i PRV=V ,0)dv = 56 .

)

If now the width of the line is small compared with the
instrument width 80 that the intensity of the source

can be considered constant over the line, aad—if—+the

Sﬁiﬁ%*"ﬁﬂ—’l—ﬂ‘—%ﬂ-mﬁ—]—fl%‘ﬁ by—settine—tihe Hine—agt—w=0;
then
£ 1 L4 / o
by = 73=¢@4',63.50 [1~exp(-kva)]dv o
Thus
, I‘ o0 ¢ OO
v {a) = l' A,e av’ = / [1-exp(-kva)]dv
e . O
- .J(a).

Therefore the equivalent width of a spectral line is a
quantity which is independent of the resoluticn function

of the instrument provided that the resolution width



21,

of the instrument is large compared with the width of
the spectral line. This condition can be imposed

on the experiment to sllow a variable, which is
independent of the instrument used, to be measured.
This situation is somewhat paradoxical since if a
resolution small compared with the line width cannot
be achieved one must choose an instrument resolution
large compared with the line width. The intermediate
situation cannot he analysed unless the instrument

profile is well determined.
2e2 Veak 1ine avproximation

In general, the curve of growth (that is the
variation of :/(a) with a) will depend on the shape of
the gbsorption line k, a8 a function of freguencye.

The exception is that if k a <<1 the integrated
absorption is independent of the line shape; this
situation is known as the weak line avproximation.

Let k,, be written as S.f(v-v ) where S is
called the line strength and f(v-vQ) is a function
defining the shape of the sbsorption line and is

normalised such that

j—a> f(v—vo).d(v—vo) =1 .
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V=
. s 0
Introducing the dimensionless parameter x

o
where o is the width of the shape function it follows
that

£(x) = cut{v(x)]

o0
whe re [ f(x)ax = 1.

o0
The expression for the equivalent width of a single line

o0
w=f £1~exp(—kva)]dv

""'Qc

now becomes

i

L0

o 4 I
| [1-exp/- <2 (x) Vax

which can be =zxpanded as

_§a [7 - (32
T OL! f(x)dx /oc

e e o]

Va
f 28

/
rd

§;“(x)dx

~p0

say¥ 1 [ ®
- ("a\- 51 /

R (x)AZ%eevese
/

=0

and if »—% is small (that is if k a <<1) this implies

V>80 »

X

Therefore if a measure of W can be obtained with
sufficiently small the line strength S can be measured

directly. Unfortunately in practice when 3%; is
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made small enough %c satisfy the spproximation, W is

no longer measurapble and S cannot be obtained in this waye
In the present work, for example, vhere the

instrument resolution is % 0}33 and the line width is

~ 0.0058 (see section 2.56), the weak line approximation

is only valid if the value of the absorption at the

centre of the line <2 .

2.3 Single line of Torentz sShape

In general, however, the curve of growth is
not independent of the shape function f(v—vO}. One
case which has been thoroughly treated in the literature
(e.g. Kaplan and uggers, 1956; Schmidt, 1930} is the
single line of Lorentz shape.

for this type of spectral line the shape

function may be written as

f(v—vo) R % L 2, q 2
(v=v,)+ap
and the expression for the equivalent width 1s integrable.
Using the parameter x = E§%° the shape function becomes
£(x) = 1 and the expression for the equivalent

w(x2+1)
width may be written as
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Vo= [ {1-exp r;-%ﬁ f(x)~;} dXee

Bhaee) L

Using £ = %% the results of the integration can be

conveniently expressed in terms of Bessel functions of
the first kind with imaginary arguments. This gives
(Ledenberg and Reiche, 1913)

i .o T, (2 ]
- = & e i—‘ IO 277/+ I,sz,) 'o

In the weak line limit where & is small this gives

it S
— - 28 as before,

.9 e
For large £ it can be shown (Goody, 196l)

from the asymptotic limits of the Ressel functions that

M.s.

-» 2(¢g)

i/

Y
and this is known as the strong line (or sguare root)
approximation.

The natural profile of any spectral line is

Lorentzian with a width O given by

1
% T i

where 7 is the lifetime of the excited state of the

molecule, Typically, however, natural widths of
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spectral lines are negligible compared with line widths
due to Doppler broadening at the sort of temperatures
encountered in the laboratory or the atmosphere. This
means that the pure Torentz shape of the natural line is
dominated by the Doppler shape and the expression for W
given above cannot be vsed. The only case of interest
is that of pressure broadened lines which are Lorentzian
in shape ani this case will be dealt with in s later

section (c.f. sections 2.5; 2.6).

2.4 Doppler lines

Thermal motion of the molecules broadens the
spectral lines because of the Dopnler effect and the
effect becomes increasingly important as the temperature
is raised.

The shape function for a Doppler line may be
shown to be (Goody, 196L)

N — met (v-v )*
" \ )
p(v-v,) = } exp -~ i

2 N 2mkl v 2/ -~ &M S

~
=]
0
[}
-

where m is the mass of the mclecule
T is the absolute temuerature
k is Boltzmann's constant

and the line has a Doppler width#*

% Otrictly spesking this is not a full width as it is

usually understood, but the % half width of the Gaussian
line profile.
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aD e c m}? doosse 20,4-01

Molecular hydrogen at 25°C, for example has
a Doppler width, calculated using this formula, of
ay = 0.0056%. %

At low pressures, where the effects cof
pressure broadening are unimportant and absorption
in the remote Lorentz wings is negligible, a suactral
line has a pure Doppler shape since the natural line
width is small compared with the Doppler width.

Using the Doppler profile

2
£(v-v,) = ~ exp!— % v:) J
oy T L o
V=V Sa )
and again using x = mag with w = EBVﬁ'the exo ression

for the equivalent width W becomes

W= o i\a)[1—exp(—we-xg)]dx.
-
This expression may be expanded in terms of w and
integrated term by term but the expression converges

slowly for large w. This treatment gives (Goody,1964)

W= NTw o {1 + E; (--1)n -Tﬁﬁ } o
N= NeNIL

¥ f\lﬂwudk Yhe T)a/-Her wdth has ke~ defiied (A femns of i+
S e womvenent fo we oy dehied 0 fes of m/e«ﬁjjq i ¥ e
oll A ex y L\,Jn/[ Werk  uses M{Mﬂﬂ\s Vﬁﬂw‘ Ha ‘F\"?m:hé).

Hewe oy s 7t0fw( n Fems of X = )-‘g('zg);/ m ok
of wouchgttn (A7)
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This, then, gives the shape of the growth curve for a
real line nnder conditions where the shape function is
determined solely by Doppler broadening. For large

@ an asymptotic expansion has been developed {Coody, 196L)

W = 2 a_D (lm});‘ I1 + 0.2886 — 0.3335 + ooo—J

1n w (1nw)*

2‘:024-02
These two expressions allow a calculation of the full

Doppler curve of growth as shown in figure 2.1,

2,5 Doppler-Lorentz mixture

The combined Doppler-Lorentz line shape has
been extensively itreated in studies of stellar atmos=—
pheres (Woolley and 3Stibbs, 1953). The shape function
is too complicated for an analytical solution and the
expression for W must, in general, he evaluated
numerically. Wigure 2.2 shows, for the mixed wrofile,
the behaviour o  with a for various values of 4 where
d is a parameter proportional to the ratio between the
Lorentz and Doppler widths.

1f, however, the equivalent width of the line
is considerably greater than both the Lorentz width o,
and the Doppler width Olpys there is an asymptotic

expansion for W which was developed by Flass and Fivel, 1953
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namely

<
-“r_- 5 |
W=o ¢&e zwLIG ‘-2—;,_/+I,<.§m>—}

Ze501

L

2%
“D

where 4 =

©

A8 mentioned previously (c.f. section 2.3)
thig combined profile is impertent in lsborzstory
measurements oiing to the fact that ss the vressure
is increased the collision freguency increases,
and the lifetimes of the excited states sre significantly
shwortened. This introduces, initc the line »rofiley
orentzian wings which are wressure decendent. At the
csame time the incressed layer thickness extinguishes
the centre of' the line, which has a Doppler shape, 80
that eventually the curve of growth is entirely determined

hy the Lorentzian winos,

Zef: Izperimental determinetion of s curve of growth

In the ccourse oi the pregent studieg a
detalled curve i zrowth axnibiting the choracteristics
ol a mixed Doppler-Lorentz line was obiained for the

i . L ot D )
isclated ¥, transition at 107..264 in the (3-0) band
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of molecular hydrogen. The details of the experimental
determination are discussed in Chapter 4.

The equivalent width of the line was measured
accurately at room temperature as a function of pressure
over a range of pressures from 10”2 torr to 30 torr
with a constant cell length of 60cms. The results are
presented in figures 2.3, 2.4, 2.5 and 2.6, At low
pressures {(up to % 0.2 torr) the contributicn to W ®rom
the Lorentz wings is negligible =and the curve of growth
is characteristic of a pure Doppler line. The strength
off this particular line is such that over this range of
layer thicknesses « is sufficiently larce for the
asymptetic expansion to be valid. Sguaring the

expression 2.l.2, and retaining the first two terms, one

obtains
— e o © [ D. 2 2-]
= I % In w 1 + in o |

1n w + constant

H
F

= L o [1n p + constant]

where p is the pressure of the absorbing gus.

i'he experimental dats are shown in figure 2.3 where We

iz rlotted as 2 function of In pe The linear relationship
between the two susntities is well disnlayed, establishing

the Doppler character of the line. 7The slope of the line



4
W2x10 (A 2)
2

| ] I
3 4
In p (p in microns)

Wigure 2.3 OCurve of growth for the P, line in the 3%-0 band of the

Tvman serics of molecular hwirozen shown in the reoion
e . . o - -
vhere W* is linzarly related to In p.
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is L obz & 1.:2.‘2><1O“}‘L R yielding & wvalue for the Doppler
width of 0.0055X in excellent agreement with the value of
0.00556 at 298°K calculated from equation 2.4.1. Thus &
line width of 7 0.006% has been measured using an
instrument resolution of % 0.3 and this in itself is
a remarkable achievement.

In figure 2.4 the low pressure data are displayed
together with the theoretical Doppler curves of growth
for a Doppler width of 0.005563 and assumed strengths of
8 =28y, 8=122nd 5 = 16, BHelow a pressure of = 0.2 torr
the curve for 8 = 12 fite the experimentsl dats well and
the other two curves indicate that the calculated growth
curve is guite sernsitive to a correct choice of 5.
Peyond & pressiure of (.5 torr the experimental points begin
to diverge from the Doppler curve indicatin:g the onset
of significant pressure broadening.

Resultis for higher pressures are urcsented in
Tigure Ze5 These resulis were corrected Tur a constant
amount of sbsorption which underlies all the lines® to

give a more acourate measure of tle strensgth . If the

% Yhis 1s due to the fact that there zre = larze number of
pressure brosdened Lorentz lines overlanring in this region.
4% a pressure of ZC torr these contribute to an effective

conbinuum of sitrength C.5G3cm " »
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Figure 2.5 Curve of zrowth for the line P4{3-0) growing

the experimental points commarasd with the
theoretical curves for chosen values of line
strength 8=8, 8=12, 8=20. 1Inset: "he extension
of the curve Ffor S=12 and the experimental vpoints
to higher vpressures of absorbinsg gas.
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31,

true kv is made up of a line plus some constant level ko

then the observed equivalent width is given by

W = /'1 e O VT 4y

N =-k,aWs+kav (to first order)

where v is the line width

Thus

W - k av
W= 2

1—k°a

The effect of this continuous absorption is quite
significant at high pressures and the results shown in
figure 2.6 used the above gxpression, with an estimate

of k,a from the region between the spectral lines, to give
corrected values of W.

It is pointed out below (see section 2.7) that
the pressure broadened Lorentz width o, is directly
proportional to the pressure p; that is one may substitute
o = 7P into the asymptotic expansion 2.5.1. At high

pressures § 1s large and the expansion reduces to
— i e
2T
e TR n @) ]

-> 2 ap (E)% . ‘
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Introducing
5 p LT,
§ = mmmmmewws gnd substituting o = VP
OLL 760 %
this becomes
' Y3L,T
W= 2wyp V=2 = 2 ap 2,
¥P 760 T

Pigure 2.5 shows the linear dependence of |/ on p expected
when pressure broadening is the dominant feature
deternining the ecquivalent width and the slope of the

plot gives a value for the pressure broadening coefficient

of
-6
y = 6.7 x 10" °%/torr.

Inserting this value of vy into the asymntotic expansion

o a
. ) |4 - TR, 3T 9
¥ = 2(yspa) [f Sa ¥ 8 Ta VD

gives the result for the mixed profile in the intermediate

region

W = 0,00527 p |1 + 213 l(neglecting the small

~

L p? A constant term)
The solid line in figure 2.6 is the curve of this
eque tion and agrees well for as long as the asymptotic

expansion holds.



2.7 Fressure broadening

In the case of pressure broadening it is the
time between ccllisions rather than the lif'etime of the
excited state which determines the width of a2 spectral
line. If it is acsumed that a molecule slwsve decays
after a collision, kinetic theory gives a lover limit
for the width of the spectral line. If o iz the line

width arising from a mean time 7 between collisions then

(Goody, 196kL)

o e (2T 4N B
LT T A g\ mim ¥ mi, }

where m is the mass of the molecule giving rise to the
absorption
ni 1is the number density of the ith clasé of
molecule
mi is its molecular mass
and o¢i is the distance of closest approacih of the two
molecules,
In a mixture of constant composition, at constant
temperature,ni « p where p is the pressure, so that
collision line widths are proportional to pressure. This
is the assumption made in the previous discussion (see

section 2.6).

The kinetic line width can be calculated for

0
molecular hydrogen using a collision frequency of 101
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cer sec at 760 forr and 20°C (Hesser and Dressler, 1966).
This gives a lifetime of 10™10 seconds and a Lower limit
for the line width of 0.000578 at 1 atmnosphare pressure.
The pressure broadening coefficient inferred from the
experimental resulits {seetion 2.6) implies 2 line width

of 0.006% at 1 atmosphere and is a fsctor of 10 greater
than the kinetic limit. This indiceates that the
distance of closest anproach of two moleculecs (o3 )
in their excited state is a factor of ~3 greater than the
ground state collision diameter cbtained from messure-
ments of viscosity and conductivity (Uehlingz, 193i).
Similar estimates of the pressure “rcadening
coefficients have bheen made for =z number of other lines
in molecular hydrogen and are all equal within the limits
of experimental arror (see section L.6.2).

28 Qverlappinc lines

In the case of lines which overlap the problem
of extracting abzolute strengths is somewhat complicated.
Let us congider the case of a doubl:st consisting

]

of two lines of equal intensity which overlap in the sense
that they are not resclved with the dispersing instrument
being used. If the lines are separated at lov pressures
then as the pressure is increased the total integrated

absorption will grow as that of a line with twice the
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strenszth. As the pressure increases still further the
gbsorption will increase in the freguency region between
the two lines until this gap is filled. from this point
on the slope of the growth curve will decrease by a

factor of %2 as the gap between the lines is absorbed

out and only the cutside wings of the two lines continue
to contribute to the sbsorption. This chanze to a line of
less slope will be very slow, however, as the gap between
the lines takes some time to black out completely.

Figure 2.7 shows the growth curve for the PoRs
doublet at x1096.58 in the absorption spectrum of molecular
hydrogen and it can be seen that the behaviqur of the
experimental growth curve can be explained in this WaAY e
A full treatment of this case has been given by Reiche (1956)

Unfortunately it is difficult to extend this
argument in a quantitative way to the case of +wo lines
of unequal strength and thus extract theirp separate

equivalant widthse.

2.9 Band Models

Where compnlete bands of lines are unresolved
there are several models which can be used to describe the
observed growth curve of the absorption over a band with
a variation of pressure.

The Elsasser model (Elsasser, 1942) consists of
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an infinite array of lines of equal intensity spaced at
equal intervals. This model has only been solved for
the Lorentz line shape and in the strong line asymptotic

limit gives for the average absorption

JTL = erf {’n‘WQu}
where y = f% and ¢ is the average spacing between lines
in a band
Sa
HE 2oy

and erf is the error function.
The behaviour of this "error function growth curve'" against
a parameter proportional to the pressure is shown in figure

2.8 where A is plotted against X, where for this model
1 D
X:E\V’H‘SaOGL =E‘m

where a = kp and Op = YDe

The Random model (Goody, 1952) takes an array
of identical lines randomly distributed over some range of
frequencies with an average spacing between the lines of {.
It is assumed that the lines are distributed according to
a FPoisson distribution and this gives for the average

absorption

rd

A=1- exp (—

%
‘%

o, =
\\...
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where W/ is the equivalent width of one line. This

result is obtained by allowing the number of lines to

tend to infinity. If a Lorentzian line shape is introduced
into this equation the growth curve behaves as shown in
Tigure 2.8 where X is now just a parasmeter proportional

to pressure.

An experimentally determined growth curve for
the 9-0 band of molecular oxygen at 183Q2 is shown in
figure 2.8 together with the growth curves for the
Elsasser and Random models. It can be seen that the
actual absorption zrows much more slowly than is predicted
by either of these models. This is due to the fact that
the actual band has some distribution of strong and weak
lines and any gaps in the spectral region where there are
no lines, are not taken into account. Both these
situations will lead to the growth curve for the observed
band following the predicied ones in the low pressure
region but breaking away and growing much more slowly
thereafter, as the gaps between lines or gans caused by

weak lines are absorbed out more slowlye.
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Absorption Neasurements on Molecular Oxygen

Absorption coefficients for molecular oxygen
have been measured using the ssme technique over the
range of wavelencths from 10503 to 23508. The results
are shown in figure 3.4. It can be seen that from
1050—1ZSOX the absorption coeflicient varies over a wide
range with several valleys of low absorption; +this is
the so-called "window" region referred to in zection 1elie

rom §250-17508 the absorption coefficient varies

i,

relatively slowly over the Schumann-Runge continuum and
the region from 1750-2000% is occupied by *he “chumamne
Runge bands, ‘he results in this latter region are
presented in terms of the effective layer thickness for a
range of layer thicknesses corresponding to oxygen
densities in the urper atmosphere. Finally, the spectrum
from 2000-23503 is due to absorption in the mrzberg
continuum,

The application of these results in neasurements
of the number dens ty of oxygen in the terrestprigl

atmosphere is discussced.

3+1 Exrerimental Arréngement

The cexperimental arrangement is showm schemati-
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cally in figure 7.7, 1 dispersing instrument fitted with
a liznt source provided a monochromatic bean O wltra-
violet radismticn vhicn cassed inte bthe absorphion cell
throush a lithium flucoride window. This radiaticn was
detected nt the remote =nd of the cell with a phosovhor-
photomultiplier cembinztion anl the flux of she ultra-
violet radistion incident on %he cell was monitored with
a beam snlitter arrancement (see section 3.1.5). Ture

oxveen was introduced into the cell and the | ressure
4

measured with variong gauges. The current from the two
photomuliipliers ras recorded continuously ag the wave-
length of the light incident on the cell was acanned.
The absorption cocfiicient was then calculated using
Beer's law =xcept in regions where it was necessary to

account rfor the de cndence of the apparent abscrption

i
L

coefficient on th- layer thickness (ce.f.scction 3elle3d)e

3411 Ligit Sources

In general, light sources used in the vacuum
ultraviolet region of the spectrum do not agproach the
ideal of a continuous scurce of constant intensity for all
wavelengths, nor is there 2an unlimited flux svailable from
any type of lamD.

The most commonly used sources in this region

are high current density gas discharges. This method
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yields a usable intensity over a finite region of the
spectrum. The range of wavelengths over which the
source emits a continuum is determined by the choice of
gas and method of excitation of the discharge. HMethods
of excitation of the discharge vary from microwave
excltation, D.C. high voltage and A.C. High voltage

to a mode usually referred to as a condensed spark
excitation., (Wilkinson and Byram, 1965:; Tanaka et al
1962). The most satisfactory sources available at
present, apart from the synchrotron radiation used by
Madden and Codling {1965) are those which excite the
characteristic continua of the rare gases. These
excitation continua have been recorded (Tanaka et al,
1958; Hui'fman et al, 1965; <Tanaka et al, 1962;
Wilkinson and Byram, 1965) and the followin: is a list
of the regions of the spectrum which are accessible by

the use of these various gases

Argon 1070 - 1400 &
Teon 740 - 1000
Krypton 1210 - 1700 &
Xenon 1470 - 4900 R
Helium 600 - 1000 %

Une of the light sources used in thisg work



utilized the eveitation of the many-lined spectrun of
molecular hydrogen by an A.C. high veltage discharge.

In this c¢ase the high woltapge was aprelied to the lamp
through a series resictor o stabilise the discharre

(see Pipgure 3.3(a)). 8 can be seen from Tisrure 3.4

this spectrum, in the region from 1050—1700@, contains many
lines and does not arrreoach the ideal zase desceribed
previouslye. This =scurce must Le ugsed with come ~are

so that it does rnot introduce false structure intc the
gbsorption spectra duc to misalignment of the wavslength
scales betweern consecutive scans.

A much more satisfactory spectral dictribution
of radiation was obtained using a relatively high pover
discharge in arson. In order to obtain the continuum
rodiation from argorn, a high mirrent density was necessary
in the discharge tibe ard consequently the mode of
operation of the lamv was sltered, A bank of caracitors
was charged to a high ootential and then discharced
across the gapillary of the lamm in order to achieve
the required current density. The voltage on the
capacitors built up until a2 spark gap in series with the
lamp broke down discharging e capacitors across the
capillary filled with zr»gon. The breakdown conditions

of the spark gap were stebilised by illuminating it with
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ultraviolet radiation from a small mercury discharge lamp
with a quartz envelope and by blowing away the ionised
air with a jet of compressed air. If an A.C. high voltage
ie applied to the capacitors as in figure 3.3(b) the
resultant wave form on the lamp appears as in figure 3.3(c)
where the capacitors are charged and discharged a number
of times during each half cycle of the A.C. voltage. This
ﬁode of excitation gives rise to unstable diatomic argon
ions which subsequently decay to their gzround state giving
rise to a continuous spectral distribution from 1070—1&002
as shown in figure 3.5. For this phenomenon to ocecur it is
necessary to have a relatively high pressure {200 torr)
of argon in the discharge tuhe to enhance the Tormation of
the distomic ionse.

llost of the work on molecular eoxygen was done
using the much more intense many-lined spectrum of molecular
hydrogen owing to the fact that in order to maintain a
pressure of 200 torr in the lamp, modifications to the

monochromator were necessary. (See section 3.1.2.)

3+41.2 Disvnersing Instrument

The dispersing instrument used in the absorption
measurements on mclacular oxygen was a lodel 235

KePherson monochromator, This is a % metre leya-Namioka
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instrument and is fitted with a concave grating of
600 lines/mm blazed for 20008.

The first order dispersion of the instrument is
approximately Zhg/mm giving a best usable resolution of
about 1% corresponding to slit widths of 30 microns.
Varigble width bilateral slits are fitted allowing
a choice of band vass for the instrument. The mono-
chromator is restricted to first order but suffers a
slight disadvantage in that & small correction rust bhe
made for the background light (that is light of wave-
lengths substantially different from that set on the
machine) vhich is scattered into the exit bean (see
section 3.2).

The "wavelength" emerging from the axit silits may
be set manually or a range of wavelengths can be scanned
electrically at various speeds with a synchronous motor.
A feature of this particular type of instrument is that
focus is maintained at the exit slit while the wavelength
is altered merely by a rotation of the grating on its axis.

The maln chamber containing the grating is
evacuated with a conventlional 4" o0il diffusion pump
surmounted by a water cooled cold trap and backed by an
0il filled rotary nump. The chamber may be eveacuated

to approximately 2 x Jar " o and the system is



By

adequately orotacted apeinet failure of power or
failure of coeling water.
Iin nopmal use 2 Hinteregger tyne lamrm
ia fitted to the enirance nort and the svsten is
operated without 2 window hetween the lamp and
grating chamber. Gas from the lamp is, hovever,
constrained tec flow through only the slit opering into
the main chamber. This aperture may typically Te
hmm x 3C micsrons and, with a pressure of zbout 2 torr
of hydrogen in the lampy the main chamber can he maintained

ah arproximetely 10 1077,

It grder to opsrate the lamp with hich nressures
argon the antrvance 351it sssembly was modified to allow
a high speed Rootez pumy with s suitable baci-inz pump
to he connected immedisztely after the entrance slitse.

This zllowed a large proportion of the gas leaking through
from the lamp tc be pumped away directly without it
entering the naln chamber. /ith this arrangement, and

a pressure of zhout 506 torr in the lamp, the pressure in

the mair chlamier could te maintained at approximately

-1
10 5 Lorr,

3eies Detectors

betectors for the vacuum ultraviolct region

fall into two general classes; those which are used to



them and those used to measure relative intensities
of radiatior.

The Iirst class of detectors is far less
comnen gince avasilable fluxes in this spectral region
are generally low and most "absolute" radiation
detectors are rclatively insensitive. Thermopiles have
been used with some measure of success (lacker and
Lock, 1951; atanabe and Inn, 1953; T¥napp and Smith,
1964 ) but, in general, slaborate precautions must be
taken to measure signals which are of the order of the
magnitude of the background from these detectors. Also
in this c¢lascs are ionisation chambers, filled with one
of the rare cases, which make use of the fazct that
above the lonisation threshold for the gas the guantum
efficiency is 100G .. This type of detector is rather
clumsy to use and ie limited to wavelengths sihorter
than 10228 {the ionisation threshold of xenon). damson
(196l4) and Vetzger and Cook {1965) have used this type
of detector tc determine relatively low absolute fluxes
guite successfully.

The second class of detectors is widely used
where measurements of absolute flux are not necessary:

most detectors which fall into this category are
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relatively simple Lo uses. By far the mos+ useful
detector is a photomultiplier {ube which has been
made sensitive to this region of the spectrum with
a phosphor (usually sodium salicylate). i:ther
detectors include gas £illed ionisation chambers and

platinum cathode photomultipliers.

3¢1.3(2) Sodium Salicylate

Vacuum ultraviolet radiation incident on
sodium salicylate causes it to fluoresce with a
peak in the spectral distribution of the emitted
radiation at about u250g. The spectral distribution
of this radiation is guite well matched with the
spectral sensitivity of a photomultiplier with an
S-type cathode and these photomultipliers are generally
used to view the fluorescant radiation. This particular
phosphor has several advantages over most others.

#irstly, it has a high quansum efficiency
(94 at about 1200%) and the relative quantum
efficiency as a function of wavelength is reasonably
constant from 500-30008 although there is a slight
increase in efriciency from 1000-16008 (Watanabe and
Inn, 1953; Allison et al, 1964; Samson, 1906k
Knapp and Smith, 196L4). Secondly, although the

relative guantum efficiency decreases with the age
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-® Ry

o the coating, this effect is not & rapid one

(C-06  per hoar). This decrease iz dus to a
comblnation of two effects; =« decresse due to
prolonged exposure inside the vacuum system, largely
caused by exposure to minute traces of oil vazour,
and a decressg due Lo exposure to a large number of
energetic photons. {(“amson, 196li; ¥napp and Smith,
19681 ). Thirdly, sodium salicylate is stable under
vacuum; an important Teature, since the fluorescent
material is always inside the vacuum system (Allison
et al, 1964). inelly, the material is readily
available and easy to apply %o most surfaces.

In the present work, sodium salicvlate was
applied, either directly to the face of the photo-
multiplier tube or to a glass plate or metal surface,
by spraying a solution o the material in =thyl alcohol
onto the surface with an atomiser and drying the droplets
of solution as they fell, with a jet of warm air.
Coatings were kept relatively thin where the flucrescent
radiation was being observed in transmission, to avoid
absorption by the fluorescent material itselfs In cases
where large areas of sodium salicylate were %+o be viewed

with the usual 95145 BI'I photomultiplier, which has a

2" diameter cathode, a perspex light pipe was optically
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coupled between the glass plate coated with sodium
salicylate and the photomultiplier. Ihis was
necessary wihen long cell lengths were being used in
order to collect a1l the radiation emerging from the
exit slit, as the beam from the monochromator diverges
quite rapidly. The light pipe served to increase
the collecting =fficiency of the detector.

In 8ll cases the vhotomultipliers were
operated with the cathode at negative high voltage
and this made it necessary to introduce a shield
between the photomultiplier and the earthed case in
which it was normally operated. A sheet of aluminised
Kylar wrapped around the glass envelope and connected
to the cathode potential proved to be an adeguate

electrostatic shield.

3.1.3(b) Other Detectors

A gas Tilled ionisation chamber was also used
as a detector; this device has the advantage that it
is sensitive to only a narrow band of wavelengths, thus
overcoming the problem of scattered light of undesirable
wavelengths which may enter the exit beam. The ionisa-~
tion chambers vere constructed by Carver and I'itchell

(1964) and a number of different bandpass detectors
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was available. sor the experiment using molccular
oxygen as the absorbing gas, the chosen chamber had
a sapphire window and was filled with mesitylene
giving it a spectral sensitivity limited to the
region 1u20—146QS. This detector was used in
determining precise absorption coeifflcients for the
peak of the Schumann-Runge continuume.

For the region 2000-23%502 a "solar blind"
CeB.5. type CLA06L photomultiplier was used directly
in order to minimise corrections for background light.
The spectral response of this tube is limited to the
region 1700-26008.

301.14-0 AbSOPptiOn Cel_]_._g_

Because of the wide range in the magnitude of
the absorption coefficients which were measured a wide
range of cell lengths was employed. The absorption
coefficient for molecular oxygen varies over about 7
orders of magnitude over the range of wavelengths from
1050—23503 and in order to keep within a convenient
renge of gas pressures in the cell it was necessary to
slter the length of the cells. An attempt was made to
maintain approxirztely 50/ attenuation of the incident
flux on passing through the cell at all times.

The absorption cells employed ranged in length
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from O.i3cms to 500cme, zll were made of covrer and all
were fitted with s 1lithium fluoride window at ihe
entrance snd « the cell; 11l cells were Pitted with
'G' rings so that the lengths could be altercd sasilv.

The shorteat ahsorption cell was variakhle in
length from about imm %¢ 20mm derending on the =z=ize of
the spacer placed in it. The next range of cells were
variable in length from 2cms tc 20ems in stews of about
S5cms and a large G diameter cell was adiustable in
length from 50cm tc 300cm in 50cm sters.

A1l the cells were svacuated with a2 2 inch
0il diffusion pump fitted with a liquid air ecld trap
and backed by a rotary pump. Fressures of acprozximately
’lO“6 torr could he maintained in all cells.

3+145 DBeam Splitier

In order to compute the absorption cross
section of a gas it is necessary to measure the
intensity of the radiation incident on and transmitted
through a gase. Since the light sources are notb
perfectly stable devices, ideally, the measurement of
these two intensities must be made simultaneouslyw,
This was achieved by the use of an unusual tvve of

beam splitter due to Ditchburn (41962). Conveniional beam
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splitters use zither mirrors or prisms and these are
difficult to use in the vacuum ultravioclet region of
the spectrum pecause of the low reflectivity of
mirrors and low transmissivity of prisms. This
aifficulty is overcome by allowing the radiation
emerging I'rom the exit slit oi' the monochromator to
fall on a grid of wires coated with sodium salicylate;
some of the radiation passes through the grid and
subsequently through the cell and is detected at the
other end, whilst the remainder causes the sodium
salicylate on the grid to fluoresce and this fluores~
cent radiation is detected with a photomultiplier.
This photomultiplier is placed at right angles to
the beam of emergent wvacuum ultraviolet radiation and
the collecting efficiency of the device is enhanced
by the use of a light pipe {(see figure 3.G.).

If now, the ratio of the currents from
the two photomultipliers is measured with the cell
evacuated and then with the cell containing the
absorbing gas, the ratio of these two measurcments

will be the required transmittance.

3.1 069 ReCOI‘_i:_ZE

The currents from the two photomultipliers
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were U.C. amplified {lewlett-:sckard micro-nicroammeters
model L125-4) and reccrded using potentiometric chart
recorders {(lent}. Initially two separate recorders
were used {(one for each photomultiplier) but
subsequently a ratio recorder was developed which
alloved direct recording of the ratio of the currents

from the two detectorse.

3e1e7. Gus and rressure Wonitoring

"Medical' rrade oxygen obtained from
Commonwealth Industrial Gases was used for this work
and purified by passing it into a liguid air trap
where it was condensed and boiled off under vacuum for
some time before beinz admitted to the cell through a
fine control needle valve. FIressures in the cell were
monitored using a rirani gauge, YMcleod gauge, oil
manometer or mercury manometer., All gauges, with the
exception of the Firani gauge, were trapped with "cold
thimbles" surrounied by a freezing mixture «f 50 carbon
tetrachloride and 50 chloroform winich freezes at
approximately -80°C. The 0il manometer was filled
with Apiezon "C" oil (S.G = 0.875) and was degassed
by heating under vicuum for some time before heing used.

This gauge was used for pressures in the ranze 1 torr



to 20 horre IPreasures below this were msasured with
the lcLeod gauge and pressures above this with the

mercury mancuheher,

3.2 cravterec Light

dhen using sodium salicylate detectors as
described sbove, corrections were made for the scattered
licht, of undesirable wavelengths, in the beam irom the
monochroma tors. Ihis involved wmeasuring the intensity
and wavelength distribution of thie light by placing
various windows in the path of the beam. !/ith a window
such as lithium fluvoride in the path of the beam and
with the moncchromator set at & wavelength below the
tranemission limit for this material (<1OSO§) only the
light of wavelengths above 10503 is transmitted and
measured by the detectors. If now a calcium fluoride
window is vmlaced in the beam instead of the lithium
fluoride and the monochromator setting left unaltered
the intensity of the light incident on the detectors
igs found %o be the same. RBarium fluoride, aapphire
and svectrosil windows produced a similar result
indicating that the scattered light is of a wavelength
greater than 1iw03. With a spectrosil window
(transmission limit of 15003) in the beam the mono-

chromator was scanned from 105OX to 15002 and the
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intensity of the radiation received hy the destectors
remai ned constant indicating that the amount of
scattered light is inderendent of monochrcmator

gettine at least in this wavelength region. A
correction czould then he made for the scattered light by
subtractinge the sppropriate amount of current from

the photomultiplier signal. This correction ffactor
wae checked throughout the experiment by scanning the
monochromator %o Jju-t below 10508 and wlacing a lithium
fluoride window i the beam. With this arrangement
the detector signals were then offset with the zero
control of the current amplifiers,

The mesitylene filled ionisation chamber
with 2 sapphire window was used as a detector at the
remote end of the cell to verify the results in the
region 1&20—1&8Qg. This detector is insensitive
to scattered light and the results showed that the
previous corrections for scattered light were quite
adequate.

The CaDee photomultiplier used as the
detector for the region 2000—235QX algao has the
advantage of nci being sensitive to as much of the
scattered light. This photomultiplier used directly

(that is without a phosphor) was much more sensitive
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to radiation in this wavelength band than was the
sodium salicylate sensitised 95145 photomultiplier

and this was a decided advantage.

33 ZPErocedure

For most of the work on molecular oxygen
the many lined spectrum of molecular hydrogen was
used as the light source. The power supply for the
discharge lamp was operated in the A.C. mode with 60 ma
through the lamp. The slits of the monochromator were
set at 30 microns giving a resolution of approximately
18,

In the region from 12502-17502 a beam splitter
monitor and a salicylate sensitised photomultiplier
at the end of the cell detected the radiation and the
currents from the two photomultipliers were amplified
and fed to separate chart recorders. This method
involved scanning a wavelength band with the cell
evacuated and recording the two currents, filling the
cell and scenning and recording again, then evacuating
the cell for a third scan to check the stability of the gain
of the system. The fact that the grid was coated with phos-
phor on one side only and the fact that the fluorescent

intensity of the radiation from the grid decreased



according to ar inverse sguare law meant that, for the

lengths of cells used, the remote detector did net
respond Lo sny of the fluorsscent radistion £rom +the
grid. Iressures in the cell were arransed so that
there was approximutely 50 absorption over csch small
wavelzangth band.

The absorption coefficient of molecular oxygen
varies rapidly with wavelength in the region from 1050~
1250& (see section 3.':'u5)es The molecular nvirosen
spectrum in this regicn contains many lines and in order
to avoid errors in the results which might have arisen
from the misalignment of successive wavelensths scans
the data were taken in a different way., The current IO
from the photomultirlier behind a sodium salievlate
coated glass disc ot the remote end of the absorption
cell was measured »ith the cell evacuated. Tas was
admitted into the cell until the light internsity had
fallen to about 50  of its initial valuve: +he pressure
and temrerature of the gas and the currert T Freom the
photomultliplier were noted., The cell was then =vacusted
and the value of Io checked for any wvariatior due to
charges in lamp intensity. This procedure was reveated
several times at =ach wavelength and then the absorption

coefficient calculsated from Beer's law. The use of
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different cell lengths enabled a relztively small range of
pressures to be used.

For the remainder of the wavelength range the
ratio recorder was used to record directly the ratio of
the two photomultiplier tube currents while the wave-
length was scanned both with the cell evacuated and cont-
aining a particular pressure of gas. Some raw data of this
type are shown in figure 3.7 where the ratio of the two
detectors is shown both with the cell evacuated and
containing a particular pressure of absorbing gas.

When the monochromator had been modified to
allow use of the high pressure argon discharge lamp,
measurements in the region 1250-15OOX were repecated
with no significant difference in the results.
3+1 Discussion

Previous measurements of the absorption spectrum
of molecular oxygen have been made by many workers and
the results are presented in a review by Watanabe (1958).
Since 1958, absorption coefficients from 1050-18008%
have been measured by Metzger and Cook (196l)
the region from 18503 to 25002 has been investigated
by Ditchburn and Young (1962) and there have been
several reinvestigations of the region containing the

Schumenn-Runge bands (Bethke, 1959; Thompson et al, 41963).
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In this latter region many esarly workers measured an
avparent absorption cesfficient which de =nded on the
pressurs in ,the zbserpticon cell, the layver thickness

of the gas and the resclution of the disnersing
intrunment ( atarave &t s8l, 1953: Ditchburn =ndé Isddle,
195%: 195L). Bethke, 195%, meesured the zbsclute
absorption coeflicients by pressure broadening the lines
and thus smearing out all the sitructure: these measure-~
ments are perhavs the only reliable ones in this region

apart from those presented in this thesis.

3.ltet TFotential curves For Molecular Oxveen

The potential energy cwrves for mclecular oxygen
are shown in figure 2.8 after Wilmore (1965).

The important band systems leading to ground
state sbsorption in the vacuum ultraviolet region of
the spectrum are the Schumann-kunge system Bsgg_n X?E;
and the Herzberg systems, the strongest of which is
AT - X3,

The ground state Ha?é is shown along with
many other states, some of them repulsive, leading to
the dissociation products O°F + O°F at 5.08ev.
Included in thesc states is the upper state oi' the

Herzberg I system, AGL;.
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The BP%L, state which is the upper state of
the Schumann-Runge system leads to the dissociation
0°P + O'D at 17518. Some other states are shown
leading to the dissociation products 0°P 4+ 0O'S at
13338 and O'D + O'D at 13768. These states are
thought to account for the observed features in the
absorption spectrum of oxygen on the short wavelength
side of the peak of the Sichumann-~Runge continuun

(Tanakea, 1952).

3ei4e2 The Herzoberg system

A system of bands a2nd an associated continuum
in the gbsorption spectrum of molscular oxygen between
18508 and 26008 was rirst discovered by Herzberg (1932)

who attributed the bands to the forbidden transition

ﬁS;;__ h32: and the continuum to the dissociation
0, XSE; -> 0°F 4+ 0P, This is known as the Herzberg
1 system.

The other Herzberg sveatems X?E; - 312; and
Xsié ~C34, nre much weaker and need not be considered
in the present discussion.

In the present war k absorption coefficients
were measured in the continuum region using C.5 to

3 rnetre path lengths and pressures from J.5 to
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2 atmospheres in order to measure the relatively low
cross—-sections. Since there is no structure in the
absorption spectrum the analysis is simple and it is
not necessary to measure eqiivalent widths in this
reglon (c.f. section 3.4.3). In agreement with the
results of Ditchburn and Young, 1962, the measured
cross sections (0°) were not independent of the pressure
(p) of absorbing gas and in fact o was found to increase
linearly with p over the pressure range used. This is
probably due to the formation of the complex molecule
O4 as suggested by Ditchburn and Young. The
concentration of the complex molecule will depend on
pressure and may well contribute a term proportional to
p to the measured cross-section. The absorption cross-
sections measured atvarious pressures and the values
extrapolated to zerc pressure are shown in figure 3.9.
The probable error in these determinations is about 5%
and the data were obtained using a monochromstor slit
vidth of 60 microns corresponding to a calculated
resolution of 23. In general, the results compare
favourably with those of Ditchburn and Young who used
photographic recording techniques and long paths

(5, 10 and 30 metres) and high pressures (0.2-5
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A rotational analysis of the Schunann~kRunge
hands in sboorption lhas been nade by Curry and Herzberg
(1934) and by Tnauss and Ballard {1935). 3Jince then a
nunber of other investigators (e.ge Brix and lHerzberg,
19545 Wilkinsgen snd fulliken, 1957; \Watancbe et al,
1953; Ditchburn ard lleddle, 19533 495y: lhompson et
al, 1963) have measured absorvtion coefficients in this
re ionhe. in earlv investigations the resclubtion of
the instruments used was insufficient tco resclve the
rotational structure of the hand system, This led to
results taken at any given pressure in which the maxima

of the vibrational Lands were suppressed gnd the full



denths of the minima between the bands were not
resolved. Bethke (1959) has measured the absorption
coefficients of molecular oxygen in this region at
extremely high pressures (up to 2000 pes.i.a.) and

this had the effect of pressure broadening the
rotational lines giving a measure of the true integrated
absorption coefficients for the bands.

The estimated width of the rotational lines
if threy are only Doppler broadened is given by the
expression in section 2.4 and if the appropriate
values are substituted the result o = 0.001% at room
temperature is obtained.

Using the expression in section 2.7 the
collision frequency can be calculated and the pressure
broadened width at 1 atmosphere and 20°C is approximately
0.00YR and is proportional to pressure. This agrees
well with an estimate which can be obtained from Bethkes
results. In his work with an instrument resolution
of o.uX the lines appear to be pressure broadened to
pe rhaps 0.28 wide at a pressure of 266 p.s.i.a. This
gives a pressure broadened width at 1 atmosphere estimated
as 0.2/17 = 0,018,

In the present experiment a cell length of
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1L3cm and gas pressures varying between approximately
1 torr and 1 atmosphere have been used to measure
absorption in the 1-0 to 16-0 vibrational bands with
an instrument resolution of of.

The wvalues of W, the equivalent width, for
each of the bands were measured at different pressures
and the variation of A with the pressure p is shown
for some of the bands in figure 3.10. As was pointed
out in section 2.9 this particular variation of W with
p is not amenable to a band analysis treatment due to the
gaps in the distribution of the lines and the mixture
of stronz and weak absorption lines. The measurements
of the absorption coefficient are, however, intended
for use in measurements of the absorption of solar
radiation by the upper atmosphere and thus need only be
determined for the range of layer thicknesses likely to
be used in such calculations. The expected layer
thicknesses might be in the range 0.1 to 10 atmosphere-
cms. for an integration over a suitable height range
(1=10km).

The values of k, the apparent absorption
coefficients, were found to vary empirically as %5 at
least over the range of p from 1 to 50 torr, that is,

over a range of n (the layer thickness) from 0.3 to
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10 atmosphere cms. This then provides a reasonable
extrapolation procedure for values of n approximately
within these limits. TFor the range 1750-19308

figure 3.411 shows the cross-sections Te evaluated

for those valves of n for which the transmitted beam
was attenuated by a factor-%. The empirical relation
ow n~% which is illustrated for some wavelengths in
figure 3.12 indicates that for a variation in n by

a factor of order 10 on either side of ng the appropriate
value of o may be estimated from the relation

o = <E§>§. Unfortunately the nf% relation does not
hold at longer wavelengths since the cross-sections

in the Tlerzberg system contaln a tem which is
proportional %o pressure. For the intermediate reglion
between sbout 1900 and 20303 the observed cross-sections
have a complicated dependence on layer thickness;

figure 3.13 shows the observed cross-sections in this
region taken at a pressure of 1 atmosphere with a 1.5

me tre absorption cell.

3eltely Schumann-Runge Continuum

The region between 1250.2 and 17503 is
occupied by the Schumann~Runge continuum with a

maximum sbsorption cross-section at 1u252. This
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involves the transition B2E, - xa.zfg' leading to the
dissociation products O°P + O0'D.  On the short
wavelength side of this continuum there are three
aifferent bands or narrow continua with maxima at

1294, 133l and 135&2. These have been described
previously by Tanaka (1952) and the band or continuum

at 135&3 is thought to be associated with the dissoclation
process leading to O'D + O'D.  Of the other two features
at lesst one and possibly both are thought to result in
the dissociation products O®P 4+ O'S although this
assignment is tentative. Several repulsive states of
molecular oxygen certainly exist in this energy region
hut band assignments are uncertain.

The present data in this region were obtained
using 1mm, 5cm and 10cm length absorption cells with
gas pressures ranging from 2 torr to 20 torr. A
monochromator slit width of 30 microns was used and
this corresponds to a resolution of 1X.

The results are shown in figures 3.14 and
36150 The main continuum has a rather flat maximum
at 1&25& where the sbsorption cross-section is
(1,48 2 C407) % 10—17cm° which is in good agreement
with the value determined by other workers (e.ge.

Vetzger and Cook, 1965; Watanabe and Marmo, 1956;
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Byram =t al, 1955; liatanabe et al, 1953). The cross-
sections at a number of wavelengths corresponding to
strong lines in the ultraviolet spectrum of the sun
(Tousey, 1963) are listed in Table I. The estimated
error in these cross sections is *5 except for the OI

o
lines near 130LA where the error is %107,

Table 1

Molecular oxygen absorption cross sections at solar lines

Wavelength (X) Solar Line Oross-section (cm®)
1302, L, 6 01 o6 x 1071°

1334y 5 CII 2.7 X 10718

139 5,11 1. x 1017

14,03 5,1V 1.45 x 1017

1548, 51 CIV 8.7 x 10718

1656 cI 1.9 x 10718

1670 AL TIT,RIT 1455 x 10710

The oscillator sitrength for the transition
B3L, - x32; was determined for the principal continuum
shown in figure 3.ilte The f-value (oscillator

strength) is given by



’57 *

16

f = 4ax10% | k,, dv (see section 14204)

I3

wor this continuum £ = C.162 where the intesration is
carried out frem 150u§ pe} ?750&. Thig walue is 1in
good zgreemeint witn previous results {Ladenberg and
von Voorhis, 193%; /atanabe =t al, 1953

This continuum is the principal source ot
oxygen atoms above ~30km ir the atmosphere (latanabe,

1958).

3,405 The window region

4t wavelengths between 10503 and i2503
molecular oxygen has a complex hsorption soecirum
and most observed bands have not yet been definitely
classified.

The present data in this region were obtained
using absorption cells varying in length from Cetcms

to 50cms and gas prsssures from 1 torr to 1 atmosphere.

The MONOCLHr OMatLor S.il 68 Wele apaiTSeh—tri—se—Ea-nah 8
. . 9
corresponding tc a resolution of 1A.

The results are shown in figures
3017 and are in agreement with those of ‘atanane et al,
1953. Table 11 shows a comparison between the values
C\bSor{:{'t‘on e ‘S-'Li (w
for the cwess=ssetion at the various windows and bands

obtained in the present work together with those of
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Watanabe, 1958, and lletzger and Cook, 1964.

Table IT

68,

Absorption coefficients for molecular oxygen at various

windows and bands.

Coatmos . e )

Feature #avelength Watanabe et al letzger Present
and iork
(X) Cook

Window 1 1215.7 0.27 0.28 0.28
2 1187.1 0.18 0.20 .23

3 1166.8 0.27 0,29 Ce27
L 1157.0 04 51 Ceolily C.l40
5 110.2.8 C.26 Ce 51 Go29

& 11264.9 Ce53 0.52 C.49

7 1108.3 Oe11 0.20 Cel?7

Band 4 1153 170 20C 120
3 1205 510 130 190

C 1244 1450 200 980

The cross-section determined around the

region of the wavelength of the Lyman-a line is shown

in figure 3.18.

The crogs—section at Lyman~q evaluated at
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various path lengths with a fixed pressure was found
to be independent of path length but when the pressure
was altered the apparent absorption cross-section did
not obey Beer's law. This indicated a genuine
pressure broadening effect which was presumed to be
due to the pressure broadening of the neighbouring
bands. This pressure dependence was studied both
for pure oxygen and oxygen-argon mixtures and in gll
cases the cross-section increased linearly with gas
pressure as shown in figure 3.19.

The diffuseness of the bands in this region
has been ascribed to predissociation by Price and
Collins (1935). The bands are expected to be members
of Rydberg series but only a few have been identified
tentatively by Price and Collins (1935) and by Tanska
(1952) who has reported two progressions one of which
might be a member of Rydberg series.

Preston (1940) and Williams (1940) have
measured the cross-section at the wavelength of the
Lymen-a line (1215.7R). Watansbe et al (1953),
Watanabe and Marmo (1956) and Lee (1955) have measured
cross-sections for many wavelengths and their results
are in agreement with each other and the present worke.

Recently Metzger and Cook (1964) have reinvestigated
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tnis region and zive values for the seven windows of

low absorption (o <5 x 10—1Ocm2) and the strong bands

in this region (see Table II)e The value at Lyman-o

and the shane of the absorption curve around it have

been investigated by Freston (1940), Watanabe et al

(1953), Ditchburn et al (41954) =rd Lee (1955). The

effect of gas pressure on the anparent absorption

coefricient at Lyman-o has been reported by I e

A e e ™ s it pouil 7 . 1
(1540, and atanabe et al (1953}, lowever, using

photozraphic photometry, Ditehburn st &1 (195() and

.

to find any sueh =ffocth,.

g

Lee {1955} were unable

Thic reglon 1s imporbant in the otudy of the

e b

pphere since solar radiation can penetrate through

low absorviion down Lo approximately

e S . xR . -
[Ckms - The deey window ot 12454 allows the inbonse
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1 em =nlong the path traversed by the radiation.
measure of ¢ can be made in the iaboeratory so that N
can be deterained from a measured transmittance.
[his method has been used by a nunber of
rikers (Geze Johnse % oaly, 1951: Byran et 21, 1955)
be termine number densities in the upper aimoschere
neasuring i intensity of the solsyr uliraviclet
radiation at various altitvdes. . mors deitailed treatment
af is type of measurement 1s te be found in
interegger (4 ‘7.;) and 'itchell (19?_1-’.:'}.
e Dal >lecular Oxygen Densities
ny workers have used sclar radiation in
€ 2 1ﬁﬁ’—iﬁf'o to determine molecula Z e
conG n ong i rhmosphere over & helgal range
from & to 180km. ome work with photon counters
- S i edman et al (19%1). Byrom et al (1955)
Qs counter sensitive to the rangs 1.'1.225}’{ $0 15008 to



determine oxygen densitlies in the 120kn reglion and
repeated the experiment two years later in 1955 a2nd
again in 1963, The raesults are summarized in

Priedman et al (196)) and cover the heighi ranse from
110km to 18Ckme Ton chambers were first used for
ebsorption messurements in 1955 by Byram st sl (1956),
Shubb et al {1958} ana later by Yupperian et a1l (1959).
These detectors were sssentially only sensitive to
Lyman=a radiaticn sxcept in one c¢ase where the chamber

[ Yo T s e
22U~

regponded to radistion in the range 1220-13/.Ch.
Analysls of the data giving the attenuation of the
Lyman=o2 £lux as a Diinetion of height zave noleenlar
oxvoen denasiltiss Urom 7C0km to 110km.

Similar nmeasurements have been made by
Smith et a1 (1965, and Smith and Veeks {1965) st
heights from 7C %o 112km and the determinations of
molecular oxygoen densities by both groups of workers
are in excellent zgreemente.

Jursa ot o1 {1959), {1963), {1965) huve used
a difterent %echniguae tc measure the attenuvation of
the solar ultraviclet radiation in the atmosvhere: they
have £lown photogranhic spectrogravhs {covering *he range

from 1000-3000%) in = nocket pointed directly st the sun.

The resolution was sufficient to resolve the
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Figure 3.20 The results of experimental determinations of

molecular oxygen densities in the range 60 to
180 km by workers using various methods. The
height range within vhich each method is
eprlicable is shown in the figure.

FHEND
—— U.3. Standard Atmosthere
1062
FThotographic spectrogranh -+ Jursa st al. (1063%,1965)
Photoelectric monochromator - Mall et 2le {1963b,1965)
14508 Counter v friedman et al. (49A)
Lyman-a ion chanier A ® Carver et al. (1961, 1966)
" S eta Smith and Weeks {1965}
" -—== ~-—=Kupperian et sl. [1959)
1220 to 43502 icon cromberp s “urperian et ale. (1959)

This figure by kind permission of Dr.F. Yitchell.
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CHAPTER

Absorption lMeasurements on Molecular Hydrogen

The experimental arrangement for the

determination of the absolute absorption cross-
sections for molecular hydrogen in the region 1060-11303
is described. The measurements were made using a
1-metre near normal incidence monochromator and the
absorption specira were recorded with a digital data
handling system, developed ffor use in conjunction with
a OC channel anulyser. This system which led to a
marked improvement in accuracy, ond 2 simplifiication in
date reduction, is demcribed in some detail.

rhe results of' these measurements are
sresented in terms of the absolute line strencths and
gacillator strencthe for 37 rotaticnal lines in the
Piveat four vibrational bands of the Trvman svetem of
malecular hydrogen. The measured values of cscillator

strength are compared with the caleulated values and

oy

i rrood apreement,

=
~
T
o

le1 Introductlion

The simplest diatomic system which occurs
in nature is the hydrogen moleciile. antim mechanieal

calculations have bLeen made for this pardicular system
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(Kolos and Wolniewicz, 1965) and there is reasonsble
agreement between calculated and measured term values.
As mentioned previously, however, (section {.3..;) the
oscillator strengths are much more sensitive to the
choice of notential function than are the term values
(Peek and Lassettre, 1963).

There have been many high dispersion
measurements made on molecular hydrogen in absorption
to give the observed temm values {e.g. Honfils, 1961(a);
1961(b); Wersberg and Howve, 1959: Namicka, 196.(a);
196L.(b); 1965: Dieke, 1958} but there has been little
attempt to measure absolute absorption coefficients
(or oscillator strengths) directly. Mulliken and
Rieke (49L1) have estimated the sum of the oscillator
strengths from the Lyvman bands in molecular h drogen
a8 0.65 which can be compared with the calculations of
Peek and Tass~ttre (1963) which gave a value of 0.28.
Nicholls (1965) has calculated the Franck-Condon factors
for the transitions in the Lyman bhand systen.

This thesie revorts measurements of the
absolute absorption cross-sectiongs for molecular hydrogen
from 1060-11308., Cscillator strengths of the rotational

lines in the first four vibrational bands of
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the Lyman systen have been measured. The band strengths
for these four bands have been measured and compared
with the calculations of Nicholls (1965).

These results are important as they are the
first cxperimental absolute oscillator strengths which
may be applied to the problem of investigating the
abundance of molecular hydrogen in the galaxy (see

chapter 5).

Le2 IFrevious measurements of the spectrum of molecular

hydrozen.

Schunann (1901) recognized 4that molscular
hydrosen was transparent in the wavelength region above
the transmission linit of fluorite optics as =arly as
1004

Lymar (1928) succeeded in simplifying the
snectrum of molzenlar hydrogen by mixing argon and
hydregen in a dischargze tibe and later several
investigators (Jeppesen, 1933; 1938: Beutlsr, 1935:
193L 'srner, 1926; itmer, 1926; Hori, 1927: Uieke
and Hopfield, 1920; 1¢27; cpniield, 193%30: Schaafsma
and ieke, 1929; iHyman, 1930: Beutler et al, 1936)
succeeded in photographing the extrems uvwltraviolet

bands of molecular hydrogen and analysing them. Kost
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of these measurenciits were made in emission and up %o
1936 only Dieke and lopfield {1927), Ilopfield {1930)

end Beutler =t al {1936) had photographed %he absorption
gpectrum of molecular hydrogene.

In 19113, Tanaka (19%4%4) made a detailed study
of the absorption spectrum of molecular hydrogen with
a large vacuum spectrograph in order to cbtain better
information concerning the four electronic statasX’ZEs
B‘;;, C‘Hu and D‘Hu; this work included a
vibrational and rotational analysis of the Lyman (E~X)
lerner (C-X) and D-X bands but the intensity of the
absorption lines was only estimated gualitatively.

Cther workers have since made rotational
analyses on various sections of these bands (Namioka,
1961 (b); 1965; lionfils, 1964(a); 1961(b); 1965;

Herzberg and illonfils, 1960; Herzberg and Howe, 1959).

Absolute absorption coefficients, however,
were measured for the first time by Lee and Jeissler
(1952) who measured absorption in the continuum region
at about 50 wavelengths. In 1955 Wainfan et al (1955)
mcasured the photoionization cross-section of molecular
hydrogen at a2bout 9 wavelengths and later some additional
absorption measurements were reported by Bunch et al

(1958). Cook and lietzger (1964) have recently
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measured photoionization and absorption cross-sections
of molecular hydrogen and deuterium in the region from
5808 to 10003. A measurement of absorption in
molecular hydrogen between about 10702 and 11008

has recently been made by Wilkinson and Byram (1965)
who have not given detalls of the strengths of the
observed lines.

There is, then, a notable lack of asbsolute
absorption measurements in the TLyman bands and in
particular in the region from 9508 - 11303 which is
important to the study of interstellar abgerption

(sec section H5.2).

Lie3 General methods

The rotational lines in molecular hydrogen
are well separated from each other (318). Since the
resolution of the dispersing instrument was much
greater than the natural width of the lines appearing
in the absorption spectrum of molecular hydrogen but
not as large as the separation between the lines the
experiment was designed to measure the equivalent
width of each individual line. A compnarison of the
width of the resolution Tunction of the instrument

(~0.38) and the width of the spectral lines {0.0056%)
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meent that the most accurate method of obtaining absolute
line strengths was from a measure of equivalent width
with the layer thickness of the absorbing gas chosen
so that the average absorption lay in the "Doppler
region" of the curve of growth for each of the lines.
A small layer thickness would mean that the equivalent
width was changing linearly with layer thickness but
in this case thc average absorption wonld bte too low
to measure; a larger layver thickness would nean
that the zquivalent width was changing slcewly with
layer thickness. It was estimated that thc ideal
situation would be tc record an zverage absorption
over the spectral line of approximately 3,

In order to measure this relatively low
absorption accurately, a new system of recording
the data was develoned in which the accuracy of the
data could he increased simply by increagsing the time
talten to record it. As a consequence of this require-~
ment a nsw system for data handling and analysing was

developed.

Lol Gxperimental A paratus

Lhelte1 lonochromator

A 1 metre near normal incidence moncchromator®

* McPherson model 225
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was used in this work amd this increased the available
flux/bandpass ratio by approximately a factor of 15
compared with that available from the imetre Seya=-
Nemioka instrument (see section 3.1.2)e This instrument
(the 1 metre monochromator) was fitted with a 1200 lines/
mm grating blazed at 12008 glving a first order dispersion
of 8.38/mm.
hel4e2 Light Sources

In order to avoid false structure in the
absorption spectra due to misalignment of the wavelength
scale between successive scans it is desirable to use a
continuum light source. In this experiment the discharge
lamp was operated with a high pressure (200 torr) of argon
in the lamp and excited in a condensed spark mode
(see section 3.1.1). The lamp was operated without a
window between it and the monochromator and this involved
the use of the differential pumping squipment Aescribed
in Appendix A, The entrance slit was set at 100
microns giving a resolution of sbout 1%,

Then the entrance slit was restricted to
25 microns (~0.38) it was necessary to use a relatively
high power input to the lamp (500 watts) in order to

obtain sufficient intensity in the exit beam from the
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monochromator. Thi s arrangement proved unsatisfactory
since particles of aluminium were eroded from the

body of the Hinteregger type lamp and these drifted
onto the slit faces rapidly clogging the slitse.

Since in this experiment, measurements were
restricted to wavelengths sbove the transmission limit
of lithium fluoride, this problem was overcome by
inserting a lithium fluoride window between the lamp
and the entrance slit of the monochromator and modifying
the lamp as shown in figure L. In this arrangement
argon flowed through the lamp from one end to the other,
the flow rate veing maintained by a small mechanical
DPUMp «

The lithium fluoride window placed in this
position, however, was subjected to 2 considerable
amount of staining. This eff'ect has been noted by
ITuffman et al (1265) whe attribute it to +he intense
undispersed vacuum ultraviolet radiation passing through
the window causing photochemical decomposition of the
minute amount of' ©il vapour present in the vacuum of
the monochromaztor. This gives rise to a orownish-
yellow staln on the window thereby reducing iis
transmission. Dlowing a jet of helium onto the

window on the entrance slit side to flush avay traces

e
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82.

of 0il wvapour overcame this problem to some extente.
With these refinements the lamp was relatively reliable
but a certain amount of staining of the window still
occurred necessitating its replacement every 24 hours
even when the lamp was operated with only moderate
power. If the lamp was operated with the maximum
power available the window staining was much more rapid
snd the window was only usable for 3-L4 hourse.

Lelhe3 Cells and vacuum systems

Zells and pumping systems similar to those
described in sections 3.1.4 were used in these cxperiments.
Care was taken to =znsure that all cells were clean and
leak free to avoid the presence of impurities which might
overshadow the shsorption due to hydrogen wheii the
pressure of hydrogen in the cell is 1lowe.

dtandard commerciszl grade hydrcgen was used
and purified by passing it through an array of palladium
diffusion tubes heated with a tantalum strip heater. The
tubes and heater with the vacuum vessel into which they
are fitted are shown schenatically in figure L.2. This
varticular system was very reliable snd slloved {illing
rates of up to 100 litre torr/minute when operated with

a pressure differential of 10p.s.i. acrosgss the itubes,
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Lsholy Detectors and Peam Cntics

The radiation emerging from the exit slit
of the monochromator is in the form of a beam which
diverges and the distribution of the intensity of the
radiation across the beam varies as the wavelength
changes (Stewart, 1966). It is therefore necessary to
view the complete beam with both the beam splitter and
the remote detector rather than Jjust sample a2 part of
the beam.

{ne oi the most sensitive detectors of

rodiation in the range 2—15003 iz a magnetic electron

pultiplier (Zendix). Thls device fitted with a tungsten
cathode is essentially a noise free detector since both
the cathode and sccondary emissiorn surfaces have a high
work function.

The collecting area of this particular device
is, unfortunately, limited to an ares of apnHroximately
18 x 15mm so that it cannot be used as = detactor at
the remote end ¢ the zell. for typical cell length
{50cms) and with the exit s1lit set at mm x 25 microns
the beam diverced +o an arsa of spproximately 30mm x 4Omm
and this meant that a glass plate coated with =sodium
salicylate was used ag the detector; this wes viewed with

a 2" diasmeter .hobtomultiplier.
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Throuzhout the sxperiments on molcscular
hydrogen the detectors were sodium salicylate coated
plates or zrids viewed by E.lleI. type 9513 photo-
multiplicrs as described previously (see section 3.1.3(a))
and the radiation incident on the sgbsorption cell was
monitored with a bean splitter at all times. Both
photomultipliers were watercooled to stabilize the

gain of the dstection systems.

Ltelie5 'The Digital Recording System

In general, 28 mentionsd in sectiorn ".3%, it was
necessary to meesure very &mall amounts of sbsorption in
thiz rarticilar sxreriment. Tn order to 4a this
accurately with the lov flux svailable from the argon
discharze source it wes necessary to imrrove the signal
to noise ratio considerably over that obtainzd in the work
on molecular oXygen. The main sources of noise are the
fast statistical fluctuations of the =signsls from the
photomultipliers due to random thermal emission from the
cathode and the fluctuationsg of lamp intensity with a
somewhat longer time constant.

The statistical fluctuastions can obviously be
reduced by integrating the signal from s detector for a

lonr veriod. If, however, the fluctuations of intensity
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have & period of the order of the integrating time they
will not be reduced. OCne method of reducing these long
period fluctuations is to sample the integrated signal at
time intervals, lonz comoared with +the flactuations, and
use the average level recorded.

An ideal system, then, is one which integrates

the signal from each detector for a set time (say 1 second)

%)

and egamples this vignal ot longer time intervals (say every
2 minutes) and adds the samrles tegether 4o sive an average
determins tion. ihis type of data handlins can only be
achieved by converting from an anslogue to o nisital system
and using some *tvoe of memory. L 1100 channel analysep®
if used in time mode provides the cguivalzant of LOO scalers
wnich may be addressed sequentially. Losyoten was
developed in which the analogue signals vere converted to
digital form ara stored in the wmulti-chsnrel aznslyser with
the facility of a variable integrating +time 2nd the

2billty to recrcle the recording as manv times ag

reguired. An advantaze of this method of data handling is,
of course, the ¢mvenience with which the data can be

analysed with the direct nse of 2 comnuber. hlock

P

diagram of the spparetus is shown in Pizurs l.3.

If the wavelength of the monochromator is scanned

* ReTeDel model 3L—i2B
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o
o
[ ]

and the cutputs Trom both detectors are recorded

digitally the sequence of avents occurring is as follows;

the wavelength scan is started; at the required

2]

starting wavelenpth an inhibit voltage is removed from

the multi-channel analyser and the output of the D.Ce.
amplifier on detector 1 is fed via the switch & to the
analogue to digital converter (A.D.C.); this provides

g train of pulses of a {requency proportional to the

input voltage which are red to channel ¢ ol the multi-
channel analysers £i’ter a preset time in the range

Prom 1/200C min. ©o 2 mine. a pulse from & “clock” operating
from the mains irequency (50c/s) switches 5 to the
alternate position and advances the address of' the
multichannel anaivser by one channel. oWy the output

of detector U2 1z vasped via © %o thelx.D.J. which feeds

a train of pulses tc chamel 1 of the multichznnel analyser;
when the same time interval has slapsed iz =ripped to

the opposite vozition and the analyser alvanced tc channel
2 and €O Ol ‘hug the multichannel analyscr stores a

get of twe interlaced spectra in alternate channclse.

he mains cloc’s simrlwy counts down the 5Cc/s %o the
reouired Prequency wsin =z number of bistoble nmulti-
vibrators and is prevented from zddressing the multichannel

analyser until the inhibit voltaze is removed. .. reset
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facllity ensures that the spectra recorded from D1 and
D2 always appear in even and odd channels respectively.
Subsequent scans may therefore be added to the existing
contents of the analyser memory, and scanning continued
until the data is sufficiently smooth.

The details of all subsidiary circuits are
given in Appendix B.

Lhelse6 The Analogue to Digital Converter (A.D.C,)

The function of the A.0.C¢ is to convert an
analogue voltage derived from a Wewlett Packard D.C.
amplifier to a train of pulses with s freguency
accurately proportional to the input signal. There is
an sdvantage in designing 2 converter which operates
continuously and makes uvse of all the analogue
information rather than one which merely samples the
analogue cignal repetitively. An integrating analogue
to digital converter was therefore desigrned consisting,
in principle, of = voltage integrator, ievel detector
and a2 reset circuit which discharged the integrator each
time it reached a preset level. The reset pulses
constitute the digital output. The circuit for the
completed A.D.C. is shown in figure .l iThe resistors

R1 and RZ, the condenser C1 and the monolithic
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dece amplifier® zonstitute the integrator. ‘hen s
constant negative voltage is applied to the input the
integrator output rises linearly with time until it
crosses the threshold of the Sechmidt trigger T2, T3,
The output of the Zchmidt trigger fires a monostable
T4, T5 =2nd the neositive going output "ulee from the
monostable nrovides g guantity of charge via the diode
pump ©2, D2, 23 fo reset the integrator. The discharge
time is approximately 55U secs.

The actusl A.D.C, bullt was found Ho have a
non-linearity of Cu.i, wnich increassd ¢ U.5 at low
input voltages (<iUmv). After temperature compensation
the sinort tem stabllity was U.03 . and the leng term
stability {over 3 hours) was O.1 .. Temperature
compencation was achieved by placing a negative temperature
coefficient thermiator in the input circuit ag shown

in figure L.l

Lhelie7 Cutput and data handling

from the multichannel analyser data were
readily available in printed form from a digital printer
(Hewlett Tackard model I123-562A).,  This Form of output
was of ten used wirere little reduction of the data was

NECEBBETY To facilitate data handling a unit was designed

* TWairchild type uA 7020
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and constructed to transfer information from the
multichannel analyser directly to an I.B.M. model 026
card punch. By decoding the bimary coded decimal
information from the analyser with sets of relays and
scanning with a uniselector to detect a unique closure
(one of 10) for each digit, one of the interposer
magnets on the punch was operated and a numeral punched
for each binary coded decimal from the multichannel
analyser. The informstion from the analyser was
presented in parallel form at the output; that is
three bimry coded decimals indicating the channel
number and five binary coded-decimals giving the count
in that particular channel were bresented simultaneocusly
at the output. The 8 banks of relays decoded this
information simultaneously and the uniselector scanned
each bank sequentially and operated the punch to give
8 decimal digits before the next channel was read out.
The circuits for the decoder are discussed in Appendix
Ce The format was arranged such that the channel
number (0-399) and the count for each of 8 channels
were punched ontc one card in succession. Thus the
original experimental absorption data could be

transferred directly to cards in a form sui table for
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sutomatic vrocessing by a computer [(C.D.C. &400).

L5 FErocedures

Le.5.1 Methods for large values of average gbsorption

Transmisnsion measurements for melecular
hydrogen were first made with high gas nressures
{(large sverage abscorption = up to 307) in order to

idertify all the lines appearing in the spechirum. A
typical transmiscion curve for one region in the
molecular hyiropsen absorption spectrum is shown in
Lipgure 1e5e

for these particalar results the syecctrmm of
the radiation emergent from the moncchromntor was first
recorded, over a 108 bend of wavelength, with the
sbsorption cell evacuated. This used 31l 100 channels
of the multichannel ansalyser and tock 40 nirmates to
comnlete; the last {10 channels of information were
recorded without radiation falling on the detectors in
order to vrovide o hackground level, This infermation
in the multichannel znalvser was then transferred to
punched cards. Text, the same wavelength Tend was
ccanned, thig time with the cell containin~ ture molecular

hvdrogen at the regiired pressure amd the information was

again punched out. "inally the same band of wave-
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lengths was scanred again with the cell evacuated,
and the information punched out. These three seis
of punched cards were then fed with a simple computer
programme into the C.D.C. 6400 computer to give a
transmission surve of which figure 4.5 is typicale.
The rrogram used the average value of the ratio between
the signals from the two detectors in the two scans
with the cell svacuated and the ratio of the signals
from the two detectors in the scan with the cell full
to give a value Tor the transmissiorn at a narticular
waveiemgth" "hehackoronnd levels for each detectior
as rvecorded in the lost 40 chennels of each scan
were subtracted from the counts in the asnrooriate
channels. e procrvamme was used, then, to make a
linear interpolatlion between the gain of the system
bhefore and after the scan with the cell full and to

use this value to calenlate the transmissione.

Lhe5.2 Mebhods for low values of averapge absorption

Lo

In most cases the value of the aversre abhsorption

to he measurad wag very small (c.f. section 1.3 and

more zccurate Lranenissiocn dats were reguired. In
these cases the results were obtained in a =lightly

different way. the spectrum from the monochiroma tor



over a 5a band of wavelength was recorded in the flrst
200 channels of the multichamnel znalvser with the
gbsorotion cell evacuated. The cell was then filled
with hydrogen toc the appropriate pressure and the
gbserption spectrum recorded, this time in the second
200 ¢hasnnels of the multichannel analyser. The cell
wasg then evacuated and a further scan =2dded into the
first 20C channels; the cell was filled and the
absorption spectrum added Lo the second 200 channels

and 50 ON. jach wavelength scan took 2 minutes to

uJ

complete so that a complete cycle took about 10 minutes,
allowing Ffor time to £ill ard evacuate the cell. The
cyeling was continued until the Tluctuations on the
numbers in the multichannel anslyser were roduced to a
zuitable level. The data were then iransferred to
punched cards and the transmission was celculated with a
simple presramme. BRackground levels wers recorded in a
similar way to that deseribed in section 1e7.1. In this
way any long term Arift in gein of the two detectors and
arny long term lamp fluctustions had no =ffect on the
spansmission since they wers common Hc hoth scans made

with +he cell evacuated and those made wiih the rell

containing the aboorbing zase.
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o6 Results

Lhe6.1 Identification of the speciral lines

In order to identify all the lines appearing
in the absorption spectrum of molecular hydrogen, the
region from 1060-11253 was measured with good resolution
(:O.ZX) and a relatively high pressure of absorbing gas
(~2 torr). The spectrum from the monochromator was
recorded as described in section L.5.1. The results
are shown in figure L..6 where the signal from the remote
detector is plotted against wavelength. This pives a
good astimate of the position of the lines and the data
can be plotted in this way since the flux of radistion
emerging from the monochromator does not vary gsignificantly
28 the wavelength is altered excent near 10673. It can
be seen that the rotational lines occur in !} vibrational
bands: the (0-0) (1-0), {(2-0) =nd (3~0) vibrational
bands of the B12u+ - A‘Jg+ electronic transition. These
bands are the Lyman bands and invelve transitions from
the ground state X1;g+ to the first excited singlet

state B1duf, snd in this case exclusively from the

v’’ = O level in the pround state.
Unfortimately there is no light from the argon
discharge source in the region from 10668 to 1069X

making this region inaccessible in the precsent experiments;
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thie accounts for the missing data in the middle of the
(207 Dband,

The wavelengths of the rotational linus were
calculated using the dets o Yerzberg ami HTowe {1959)

and 1%t is these vwovelengthe which aspear in thie dlagram.

L.6.2 Absolute line sirengths

It is pcssible that each of the rotational lines
may have a different pressure broadening coefticient (v).
If the equivalent widths of the lines are measgured with
high pressures of absorbing gas where the line has
essentially a pure Lorentz shape the absorrtion grows
linearly with pressure (see section 2.6) =nd & measure
of the slope of ithe growth curve gives an =stimate of
(y5)% (see ssction Z.0). ‘This means that in order to
estimate tne strength & of a line some assumytion must
ve made about Yy Lor each line (that is Yy must either be
assumed to be constant for ali the lines or some function
of the type of line beingy investigated - 1t may Lfor
exanple be a functiicn of the total angular momentum of the
molecule in its particular excited state,.

ro gvoid having to make any assumptions, the
ecuivalent width for each line was measured at low

pressures (1-300 microns) where the absorption is growing
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28 that of & sure Doppler line: that is abt pressures
low enough so theat collision broadening is unimportant.
{tee section 2.5). At these pressures there is the
additional asdvartace that lines close together do not
overlsn, since the average sbsorption is low - the
equivalent widths of the %two lines can be whtained
individuallz.

Once a measure of the eguivalent width of =a

1ine has been obtained at a particular pressurs, cell
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g
i
d
P
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D
r
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’
fort

rve of srowth
figure 2.1) Tor a ppler line can be used to read
off a value o ’ for Lhe meas red eguival ent widtha.
low & = == gnd the values of beth a, the amount of
abaorbhing material, and 0y 2 the Doppler width, 2re Xnown
go that S can be calculated. Sinces, having measured

the wvalue of 7, 1t was necessary to sstim:ie fhe value

af © =e amccurabtaly s possible 1t is advantaposous tho

is a rapidly varying function of Z. A value of
~% was chossn and the pressure in the cell was
justed until the souivelent width measured was

Tl ® Thig wao a compromise bebtween a value of

< whieh gave urn averaps zhsorption too leovw o measure

i =
i = T‘V 3 . o »
accurately and a wvalue of = which wae in the reglon

(¥
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anell error in the measured aquivalent width
would give a large errcr in the value cof . The

ue of = ~3 was nominated, then, =znd the pressures
chosen to minimise the amount ¢of sxtrapolation along the

curve of growth from this point.

In cacses vhere fHwoe lines were not resclved the

aths of the two lines were assumed %o he of the same

order and the squivalent width o the combination was

measured arg divided accordingly. This was done in

the cases of the unreagolved pairs of lineg in Table II1

iisted together with the wavelengths of the two lines.

’ . £ 3 . K
(zpproximately 20 times stronger than any other line in

1) and therefore the second Lline is
making little contributicn to the equivalent width or

that hoth lines are contributing to the measured

gguivalent widih which makes them approximately the

seme atrengthe
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in the manner descrited in section h.5.2 since this
involved measuring average sbeorptions which vere
generally <6 ' for moet linss.
The ghuanlute line strengths c¢btained from
these measurenents azre shown in figure L.0 znd are
estimated to be correct te within s factor of 2,
Irn some cases even with the lowest wressure
{1 micron} of ras which could bhe used in the cell
{that is the smallest layer thickness available) the
value mf'% which wag measured for s sincle line was
muech grester than %, The two gases in guention are
the B; lines for hoth the (3-0) =nd (2-0) hands. The
valuve of & fop the :153—0} line wng estimeted by ohserving
that the measurs’ value of 7 at 1 micron nreosure was
0,025 and that the single isclated line «f strength
=12 which waeg measured in detaill had 2 valus for W of
0.025 at 50C microns. Thus = good gueas Tor the strength
of the R, (3-0) Lline might he 2= 500%x12 = H00C (dmes.coni’ A7)
Some dats tokern in the region iO?“Q e i101R at
relatively high nressurss (2 torr to 30 torr) =llowed
a comparison of the strengths of the RB; lines for the
(2-0) and (1-0) hands (see fizure l.5). 1t was assumed
that the pressure broadening coefficients for these two

lines were the same {a valid assumption since they both
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Pipure 1.8 Line strengths for some rotational lines in molecular hydrogen.



invelve J°° = 1 -» T° = 2 %transitions) and the
relative strengths of the two lines measurad. Lssuming
that the value of the sirensth of the R; (1-0) line

I

was correch, as measured previcusly, the strength for
(atmos.om!. /"7’).
the k;{2-0) line was calculatsd as JO4O., This dat
also sllowed 2 calculation of the pressure bHroadening
coeflicients for various lin=s in this region since

he ahsolute strengths of 311 the Lines were known.

The values of ¥ are shown in Table IV.

Freasgure broadening coaificients of various lineg

Band Line lavelength(R) (S /torr)

2-0 P, 1081.27 7e6 % 10

2-0 Rz 1081.67 Ge3 x 10 -

—
!
\.‘\
N
s
O
oy
*
)=
&
L )

-
i
2
(:l 3
¢
L
UN
(X0
*
-4
X
o

It «an be seen that the pressure broadening coeificients
calculated in this way are of the same order for all

the lines.
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h.6.3 Oscillator Strengths

The cuantity called the line strength S5 which

has been measured is given by

S:]k.}\d-,\ .
Therefore
f 1088
| k,d, = —;f— where N is the wavelength of the

line in zngstrom units.

If now the substitution

Ny = Cen {where n, is Loschmidt's numb er )

is made in the expression for the cscillator strength
in terms of the integrated shsorpticn coefficient
(see section 1.2.1) the relationshiyp betwaen

the oscillator satrength, and 5, the line strength,
becomes

.
£ o= 1197 =
C\:%‘:

where o is the fraction of molscules in a particular
initial state.

The rotational lavels of the ground
vibrational-electronic level were assumed to be populated
according to a Boltzmann distribution with = modification

due to the statisticsl weighte of particular levelse.
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Y . SLsdl = P TR o e RO Tow el e s
[hie gags was asgumed w0 be abt {5 3 and the statistical

weight factors g. were obteined using (erzberg, 1950)

C3(2J+1) for odd J
Led+d for even J

Pable V shows the values of « calculated in this way
for the Tfirst & rotational levels of the ground state.
The smaller values of « (those on the tall of' the
Goltzmann distributicn) are relatively sensitive to

a change of tGeapcrature but the accuracy off tlie
resulse is nobt sulficient to warrant a correction

for the variations in temperature of the absorbing gas

&}

of aboubl 2 degrees.

Teble V

Groundg state populations

o & o4

0 1 C.132

s
O

0,062
5 0.115
21 0,086
C. 004

17 TR ol © U A
(K]

33 0. 001
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strengths for all the lines were zalculated I'rom

sLrengthse. Tahle VI shows the line
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the wavelength, the measured line strength 3, the

oscillator strength Ly and for comparison a sev of

caleulated cecillator
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If the wave function for the hydrogen molecule
is separated into functions revresenting the electronic
motion, nuclear vibration, and rotation of the molecule
about its centre of gravity the oscillator strength for

a particular transition can be written

Fz=F .F .FI‘ (See section 103-3)

where ¥, is the oscillator strength for the electronic
+ransition and mv and Fr are the vibrational and
rotational lins strength factors depending on the
vibretional and roitetionsl quantum numbers invelved in
the transition.

The theoreticel oscillator strengths I' in
Table VI were calculated using a value Tor #_ of 0.028
as cbtained by Peek and Lascettre (1953}, a set of
vibrational factors, ﬂv’ {the Pranck-Tondon factors)
determined by the overlap integrals of the vibrational
wave functions of the upper and lower levels, DV
Nicholls (1965) =nd a set of rotational Tactors, i,s

iven by {(Herzbern, 1250)
gl

J" )
y ) jﬁm;i - R branch
8 o J + J° 41 (23" +1
..»I. = .. = \J'
2(23°° + 1) L

2Jl l+1 - - brmch



LoGel Continuum
Measurements of the transmission of molecularp

hydrogen were made in the region of 1125ﬁ (where no

N . " . . > . -
torr, in order to determine a maximum value for any
continuous azbsorpilion Iin this regicne.

The results yleld an average gbsorption

A = 0,002 + 0,005

absorption coefficient in this region of kX = 0.008cm

L.7 Band Strengtis

The franck-Uondon factors for the Lirst four
vibrational bands of the Lyman system of moleculse
hydrogen were calculated in this work, using the measured
values of the oscillator strength for each of the
rotational linese.

The ocscillator strengths weasured, are the total
oscillator strengtis for sach line and these mav ba

written (see section 1.3.3) as

T = L el T

e e "v'n

In this work the wvalues of £ have heen measured, the

vailue of £ _ was taken as 0.28 (iecek and Lascettre, 1963)



end the values of £, Were calculated from (see section

4e643)

( g1 =R branch
P =) 2T°°%4+1
Lo S -
J -P branch
2J° " 4+4

This meant that fv was the only unknown in the
expression above. In general, then, each of the

lines measured in each band (~9) gave independent
estimates of the Franck-Condon factor for that particular
band. These individual estimates were then averaged

for all %he lines in each banda to give the results

shhown in table VII. The standard deviations guoted

are the gitandard deviations for the mean, calculated
directly from the observed variations in the individual

determinations of fv'

Tavle VIT

francx-Gondon facters for molecular hydrogen

Rana resent ork Nicholls Ratio
C-0 Go01hly £ 0,005 0« 00666 2,2
1=-C G.053%8 & 0,01k G020 1.8
2=0 0.0971 & .03 0.0685 1olt
=0 U.0821 £ 0,020 lei12 0.7
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Wigholle (4965) has calculated the ‘'ranck-Condon
factora for the mcleculsr hydrogen Lyman band system
using the vibrational and rotaitional constants
satablished by Terzberg and Howe (41953). He has used
a Morse representation for hoth the ground state

S Jure.
(x1 7Y and the upper shate(B'D

Y but suscests that

wh
s

thie is probebhly not realistic for the

Table VII and are in goed agreement with the experimental
values., 1t can be sesn, however, that the ratic of the

vauas of the Tranchk-Condon factorg measured in this work

transitions o to higher vibraticnal states in the upper
= oL

slectrenic atate. 8 the present results are the average

af ~2 individusl determinations of the ‘ranclk-Jondon

factors thisg is a sipgnificant and zupports

oh

ot
0
o5
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n
5
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5
(i}
-
4
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L-J
)
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fote
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the suggestion of

- e

well represented by a lMorse potential. Indeed, th:
of measurement orovides 2 censitive test of o ontential

o

uged in c2lenlstions of the tvrpe made hy Ticholls.
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TTA TR
GHATTER 5

Astrophysical Significance of Molecular Hydrogen

The possibility that molecular hydrogen is
present in large quantities in our galaxy is suggested,
following the work of several people (Hulst, 1948;
Spitzer, 1949). Current estimates of the molzcular
hyvdroren concentration are reviewed, The nresent
dats zre nsed to estimste the equivalent widths of
the linss in mol=acular hydrogen == a function of
intercteilsr melacular avdreopen concentration and

ES

interctellar 28 temverature.

o

5.1 Theoreticzl estimates of molecular hydrogen sbundance

Sal

It has been suggested (Hulst, 1948; Spitzer
1949; lelrea and lclally, 196C) that molecular hydrogen
forme a gignificant portion of the mass of our galaxy.
Thegi iz, as yet, no direct observational evidence for

the existence of lzcular hydrogen in interstellar

gpace and there exist widely different theoretical

dersity in the general vicinity of the sun by investigat-
ing the dynamics of the observable stars. He conciudes

- e Be Ton  om fo oy = el 3 o 8} A by %Y 4 - o S ea ~
tha oy CI ThOHS TO0Tal Mash AenEliy near e pgaractlc ,I,_-lane
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which hias beern derived in this way, about 20 . can be
ascribed to interstellar gas and LOY to stars of
known types. Thus 10/ of the mass of the galaxy
remains undetected. To explain this discrepancy one
must postulate either the existence of a large number
of stars of very low intrinsic luminosity or that a
larse ‘raction of the unseen mass is gas, distributed
near the plane of the galaxy (Cort, 1965)., The first
postulate iz the one Ffavoured by Cort, but it is

possible that the invisible mess is molecular hydrogen.

o

Dorschner 2t al, 1905, have calculated six models for

the digtritution =« matter unear the sun and sssuming

th all the unseen ms iz molecular hvidroren, conclude
th-t this species comprises 75 tec 83 [ of gil the

interst=llar gas. They give arpuments fto cupport the
iden that the imseen mass 1s very strongly concentrated
near the galactic nlane and hence would beée unlikely to
be composed of stars. Thig work pives an urner limit
tn the ratio of moleenlsr to stomic hydracen of

Ny /Th: ~5 ith an abundange of molacunler hydrogen
ur ho this isvyel 211 the observations of the motions of
the stars can 34ill be satisfied., Gould and Salneter,

1063, and Gonld et al, 1963, have examined the problem

of the abundsrnce of moleculsr hyvilrocen in seme detail
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and have estimated n_ /n. &8 "likely to be in or near
2] il

u e gl

the range 0.1 %tc WO" and then give arguments 4o reduce
their upper limit to 10. Varsavsky, 1966, in a review
paper, takes the estimate of Dorschner et al, 1965, as

the urper limit to the ratio nHz/nH. He has reviewed

the calculations of several workers on the formation of
molecular hydrogen in interstellar space by means of

dust graing and cabalviie agents and the nesults of

some work on the degtruction of hydrogen by rhotodissocia~-

tion and photeionization {e.gz. Hulst, 1948: dvitzer,

1949: Gould and Salpeter, 1963; Xnapp =t sl, 1965)

and concludes that n. /n? is between 10"2Jr amad % to He

2
If the sbundance of molecular hydrocen were

as high 28 a few times that of atomic hydrogen some ideas

of interstellar space would need to be reexamined

(Varsavazy, 1666). Hirstly, the totzl amount of Tas

in the galazy would be increased considerably and +his

would alter current thecries of star formation.

Secondly, it is sasy tc¢ excite molecular hydrozern into

higher rotaztional states of the lowest vibrational

state by collisions: ihet is, molecular hydrogen is

an =fficient cooling zgent since these levels when

excited can depopulate by radiation allowing energy

to escape from the interstellar cloud. This would mean

a lower temperature for interstellar matter (Varsavsky,1966).
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5.2 Detection of interstellar molecular hydrogen

Although molecular hydrogen is expected to be present in
interstellar space in substantial quantities it has not
yet been detected. The reasons for this can he seen by
looking zt the energy level diagram for molecular hydrogen
(Migure 5.1)s Because of the low temperature (see
section 5.3) of interstellar matter all the molecular
hyvdrogen can be assumed to be in the lowest vikrational
level of ihe ground state. The transitiors to be
expected then 211 inte three general clasces.

"irstly there may be fransitions invelving only
a change of vrotational state of the molecule. The
hrdroren moleeules in the T=2 and T=1 lewvsls of the
cround wibratlonal-zlectronic state can reach more
excltel rotationsl leveles through collisicrns. De~

1.1

syeitotlon may ther ceccur throush either oollisions or

onentum enis ~ion. wicky, 195%, has supgested searching
for the line ot 3le/4d arising from the transition J=1-> J=0
Gaterbreck, 1962, has suggested lcoking ror the line at

L2t arising from the ftransition J=2->d=1 and Gould,
136l, has suzgested that the line at 28.2u =rising

rem the J=2-> J=0 transition mav be det::chabhle in some
regions of the galaxy. All these observations would, of

1

course, have to »e made from halloons to avoid absorption
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by water vapour in the terrestrial atmosphere. Raich
and Cocd {196li) have made calculations of the transition
probabilities of the itwo ortho-para transitions
(J=1=>J=0 and J=2->J=1) and arrive at values of one

transition in 5 x 1012

years for the line at 8h.hu
and one transition every 5 x1010 years for the line

at L2, These transition probabilities put the
expected fluxes below the level of detectability. The
transition J=2->J=C is an ortho-ortho, guadrupole
transition and has a higher transition probstility of

Ly

about cne transition in 107 years. It is unlilkely
howevery that this radistion could reach & detccltuble
level anywhere in intersteliar gspace except for regions
with extreme concentraiicns of molecular hylrogen
(Gould, 1964;.

Secondly, there are vibrationzal transitions
from v=0 to w=1, both in the ground electronic stiate.
In particular the lines v=0, J=0->v=1, J=2; v=0
J=1=->v=1, Jd=1 and vw=0, d=i=->v=1, J=3 can be aexpcecled
and all have wavelengths bDeltween 2 and 2.5 microns.
Some of thesge line= are not abvsorbed in the terrestrial
atmosvhere and Zculd and Harwit, 1963, hove supgested
searching for two particular lines with wavelengths of

2.22U ziid 2612l This search could be conducted from
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the surface of the earth and is about to be performed
with a spectrometer of great lisht-gathering capacity
and good resolution (107°u). The other vibrational
lines cannot be observed because of the background
radiation arising both from local and galactic sources
at the wavelengths of these lines.

#inally, there are the electronic transitions,
some of which have heen studied in this thesis, hetween
v=0 in the ground state and any of the vibraticnal levels
of the mxcited singlet states. These are alloread eleectric
dipole transitions with g high trensition pronsbility
which form =z series of vibrational-rotational bands
lying in the vacuum ultraviolet region aof the snectrum
with wavelengihs shovier than zﬁ1303.

0f these three tyres the wvacuum ultraviolet
transitions are best suited to & aguantitative study of
the distribution, abundance and ghyeical condition of
molzscular hydrogen in interstellar space., Unfortunstely
the atmosphere of the =martn is nct transparent to radiation
of these wavelengths until heights of 200km are reached.
In princirle, the onservations sre simrle: a hot star
(0 or B) is used =5 a source of continuum radiation and
the interstellar absorption lines are registered on this

background. The observations must, of course, walit
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until they can be performed from rockets or satellites
outside the carth's atmosnhere. There are two ulirge
violet experiments being planned: a medium resolution
spectrograph iz to te flown cn a rocket by Friecdman
(Varsarsky, 1966; and &« nigh resclution instrument

is ©o be placed in the CUrbiting Astronomical Observatory
by Rogersorn, 41963,

Spitzer =%t 2l, 1964, have made theoretical
eetimates of the eouivalent widths of the R (0} lines
for the first 13 bends in the Lyman geries using various
A rosen molecy 168;’0!1!2

in the line of zight. Similar estimates for lines in

ne Cirst Tour hands of this series sy based on the

T e P & r 1 R + [ T P 3 2 e X o P e
2Xnerimensal DAOI) LION gavs reported in this LIlesls are
regented in ¢ 1lowing section

5% Calculated fauivalent

s e

23

‘he eqiivalent widths for the lines which may

o

ne observad in exreriments of the tvope describied above,
have heen computed nsing the measured values of the
cacilliator strenpth for each line. This has been done
a6 a funetion of the cencentration of hyilrosen molecules

between the source and the dhserver and as = function

of the temperature of the interstellar gas,
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In these caleculaticns interstellar gas
temperatures of 75°H, 100°K and 125°K have Dbeern assumed

since 100°X is

=]

temperature o

Ag has been nct

@

molecules 1in the

which is to ne us

somevwhat uncertal

ol
hydroren (nH) im
particles/em= |

moina

hanee

sight »rabably 1i

The caleunlatlions

values )
12

perhaps the best
the

A
u

100 to 1000 pa

a’ n the

estimate of Lthe

interstellar gas (Soitzer =t al,i96L).

in section 5.1 the number cof hydrogen

line of sight

ed the sowrce of

aa

v
e

A typical star mi ht De ot a distance

reecg and the mean density of atomic

expected to be approximately 0.7

ifzer et aly, 1961). The ahundance of

=l N N
m ins in the range 10 " n, 0 5n_. and
of hydrogen molecules in the line of

. g iP5 s A6 21 .
jes within the range 40 /em to 10° /em?,.

nibasented in this thesis

o A5 . 1 17 _ ik
line of sighft, o 10"~, 10" 7, 40 and 10" Jcm' .

'he population of the rotational lavels of the
rounl gtbate lecular hplropen was agssun Lo Uellow
a RBoltzmenn distribution as before (see section .6.3) and
the line strengths at interstellar temperaituren were then

calculated using
oy
b ) 1 J-
Dy = I ¢ .
i -")fjl ._{ C"-.—.;‘- %

Faasie
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Table VIII

Calculated equivalent widths for interstellar gogorption

lines

(a) Assumed interstellar gas temperature of 75°K

Nx103(§} calculated for nHZ/cm” values of

Band Line 1012 1016 1017 1018

0-0 Ro 5¢6 10.8 1941 5242
Ry o2 10.1 16.8 4345
Ra 0.08 0.78 51 10.5
Rs - - 0. 01 0415
R _ ol » —
Y, 206 8.2 12.47 29.6
P, 0.03 0.32 2.58 8.8
Py = = - 0.0l
B, = - - -

1-0 Ro 9.8 1640 N0 o6 12.5
Ry 10.0 1645 L2471 131
Ra C.67 .8 1041 1743
Rz - - Ge 0l Coltd
y . - - s
Py 7.7 12,2 2647 745
Ba .07 Ce61 o6 10.3
Ps - M C. 04 O.lihy
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2564
8!
Ce25

1241

S5eLu
0.2

10649
238.0
26.7
9.2
0.17
53l
19.7
8.6
0.02

116.9

2739
21.4

110,.2
645
0.04



(b) Assumed interstellar gas temperature of 100°K

?x103(X) cslculated for nHchmz values of

Band  Line T 46" 1017 1018
0-0 Ro 9 M.7 18.7 W7l
Ry 542 12.0 19,4 1,9.8
Ra Ue32 2T 9.9 15l
Rs - 0.05 0.45 3.5
Ry - - = 0.03
E, 2.6 9.8 156G 33.4
Pa 0.12 1.1 6.6 12,6
Fs - 0.01 0e13 1.2
Pa - - - 0.01
1-0 Ro 1042 15,7 3644 10649
P 11.7 19.0 18 . 152.0
R 2.2 942 107 3047
Rz 0.01 0.12 141 645
R4 - - - 0.06
Py 92 1.0 30, 86.8
P, 0.27 2.3 9l 1.7
Ey 0.01 0.13 1.2 6.9
Tq - - - 0,01



(¢) Assumed interstellar gas temperaturc of 125°K

S r—

3
Wx10 (R) calculated for nHZ/cm2 values of

Band Line 1012 T 1017 1018

C-C Ro L2 1242 18,7 4340
Ry 509 1342 1941 138
Rs .75 501 1248 19.8
Ry B 0.30 Sl *10.3
Rq - - 040l 0.38
By 2.9 1049 1645 3.52
P, 0.28 5.3 1042 15.7
Ps - .08 Ca 7S 5.6
P, - . = 0.1

1 =0 Reo 1G11 15.9 32,9 97.2
7, 13,4 20,2 5045 157.1
R, oy 12.3 1945 o5
Ps 0.07 0.75 5,0 12.9
Ra = - 0.07 0.75
r, 10,2 15.7 31.8 93.5
P, 0.67 e 12,6 1945
Py 0.08 0.8 56 1341

Py = - - 0.13



1648

241 ol

9e9

176

0.75

N
™
L ]
X¢

~J
o
-«

\J

o o~J
L ] L]
N

¢
.

N
W

i

i)

.

O ~{

Be?2
005

106.6
295.5
30.7

0.33
119.7

12.9
0.52



. L P = e
errors 1n Thne A MR Ll

e Gornclusiocons

5

Tvnn, has made

hortcny

¢f the svectrun or
e that the lines in the (1-0;

hydrozen fgll in a

= o o oy = 433 =P - | W om g oy
BUEesoriime. (.Jf:ff- T'leure “ell)e VoS G
; . 5 1ie lines reduce
N3 1 4 4 » | L I1F L a8
ba 3 rabhl 7o g
3 - e [ Ty o - e
) C I I d k} ¥ [ roeio
- .
r B y = i
o
-
- Sl
g g of ival
. | " ] -
Ll ) ¥
1 i 1
. - . -
] 1 sgorptlon )3
) 9z m o8y = ey
11l = e ] .- ]' 3_ 1 e
i e o
LB 1 o Diue
1 e e Ta
. i L Y Y
p- 1 1 'J - \ i_, '_HI
3 4 4 a7
1pik2 & 4 0 RS » . d
0i _ n molscul Loh L1m
a intersteliar temperature is

theoretical

el

Q

ewaleculations

B2 star snd T'rom this wopic 1t can

oL moliecular

relatively unobscured region of the

the e lines lie

crging

b th region
culaor hydrogen
td P K en, he
ezented
MGH
R =pve an
il 1y the
= a8
Lyt ] i order
v i s in the

and
aumber
/em®

king at



1030 1040 1050 1060 1070 1080 1090
L 1 L] L] l 1 T T 1 l 1 1 T I T Al T L4 I L] T 1 l T
4x10°- -
3 .
Fr SIV CiI ¢O Cil cil s I SO Cill NI T
2
‘ .
s} { t t 1 [ t % 1 t I t T i T T { } t 1 = t
41107 ]
3 sill Fe II =
Fr - -
2 -]
[ -
0 1 1 1 1 { 1 3 1 1 3 1 | 1 ] 1 1 ] t 1 1 I
1650 1160 110 1120 1130 1140 1150
WAVELENGTH

Pigure 5.l

Theoretical emission spectrum of a B2 star (after Morton, 1965)



the R.sRy combination of the (4~0) band would give an
S & 2 oA pal p G - y =4 - oy gy i
equivalent width of C.26A which would mean an average

absorption which is quite detectables 3imilarly the

detection with an ingtrument resolution of =1ede
Messuring the equivalent widths of these twe combinations

ahaald esach cive a pood estimate of the amouni of molecular

nvidroren nresent in intersfellar space.

I 2 hish regolution instrument cur = flown

b

[N
]

sue ceasfully, 7ill 21low a measure of the equivalent
Fh for sach individual line. 'heee neasurenents of
couivalent width can ba used to estimate tshe lenrerature
o the Interstellar gas. Let us puppose that the muber
o' hydrogen molecules in the line of sight is ouite high
(say ?Odi/cm )e . caleulation of the eguivalent width

T Lt Re combination of the (1-0) bhand hog been made

calenlation of the eguivalent width of tl.2 tolal (1—-0)
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bard which hog RN madge at wnesse concenerations is in
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which reprecents the equivalernt width of the

“1-0)
Pg and He lines divided by the eguivalent widin of the
complete (1-0) band has been calculated Tor a value of

nﬁ_/cm' of 107 and interstellar gas temperatures of

o
4
|_I
ot
0

=rg the ground state povulations according to a

§ ds amm de o e . -~ . g P ] 4 - oL
oitzmann distrlbuzgion (see section . Ve ) and woe

regults of the zaleculation are shown in talils 13

Vapriotion of oouivelent width with interatelilar temperature
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foactor of ~5 over The chogen temneratire parn o due 1o

the chancing ponvlation distribution in the ~round state.
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Appendix A

Differentisl Fumoing Sys tems

A set of subsidiary pumping eguipment was
ingtalled with the moncechromator so that & high
pressure discharge lamp could be fitted to the entrarnce
slit of the instrument and a pressure of shout 107
torr waintained in the grating chamber without using
g window to isolate the lamp. This Teature was also
available at the exit slit of the monochromator to allow
isolation of the ras-filled absorption cell in the same
way - thus the monochromator could be operated in a
completely windowless mode and tiie system wan designed
to allow a differential pressure of up tc 500 torr over
either the entrance or exit slits of the instrument.

The differential pumping assemblizs® sach
consist of two chambers isolated from sach cother and the
monochromator by slits kept as small as posceible. The
optical slits of the monocnromztor azre incorporated in
the assemblies and the other glitve are reciricted to
a size just sufficient tc allow &ll the li-ht from

the lamp to enter or leave tlie instrument.

# McPherson Instrument Gorporation
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If a sufficiently high pumping speed is
maintained in sach of these two chambers and in the
monochromator the required differential pressure can be
maintained. The required pumping speeds were calculated
and suitable pumping squipment obtained. #*

Consider the entrance slit differential pumping
assembly as an example; gas flows from the lamvn where
it is at a pressure of 500 torr, through the optical
slits of the moncchromator into the first differential
rumping chanmber. It was caleulated that with this
aperture (tyrnically lmm by 50 microns; a Nootes

rat differential

[ =N

mechanical pumn enmld maintair the ©
pumning chamber =t about Q3 torr. The arverture between
the Firet and second differential pumsping chamhars is
gbout imm by OSmm snd the pumping soeed necessary Lo
meintain the second chember at about 10 microns is

f

provided by an oil booster pump (21,000 I/min} and a

o

sui table backing pumDe

Althoupgh the aperture betwsen the gecond
differential punvping chamber znd the monochromator 1is
larper sgain (1mm by 1Cmm) the 6" diffusion yamy and

wacking pump fittied to the monochroma tor itsell have

#%  ud Browne and Co. Lbde
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sdegquate speed to keep the pressure in the zrating

2 torr under the conditione stated

chamber below iC
above. A schematic diagram of the syster is shown
in figure 4.1 with the equipment type numbers listed.
The monochromator itself was installed on the
edge of a pit of dimensions 12' x 8' x L' deep which
was covered with steel decking. The differential
pumping equipment was installed in the pit in such & way
that the pumping lines from sach set of pumps to the
monochroma tor were kept as short as possible. This
design allowed maximum working area around the mono-
chromator and yet relatively easy access to the
differential pumping equipment. Butterfly valves were
fitted between each set of pumps and the monochromator
to allow isolation of any set of pumps from the
instrument. A pressure sensing device was installed in
the monochromator to zlose the main chamber wvalve#® if
the pressure rose above 0.1 torr, This device uses
the current through a Tirani gauge to operate = moving

coil relay to trip the release for the valve.

¥ This is a sliding gate~Valve which is operated

pneumatically.
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Figure A.1 Schematic diagram of the Adifferential pumning ecquirment,




Appendix B

gubsidigry circuits for digital data handling

The "clock"” used to advance the channel
address in the multichannel analyser and 4o operate
the switch $ {see Tigure L.3) consists of a full or half
wave rectifier circuit to provide 100¢/s or 50c/s
respectively followed by a Schmitt trigger, = monostable
multivibrator and a series of binary dividing astages.
The 6000¢/min or 3000c/min from the monostable is initially
divided by 3 and ther divided in turn by either 2, 10,
20, 4100, 200, 1000 or 2000 to give the required pulse
repetition rate. These dividing facilities are
controlled by series gates on the outputs of the divide
by 2 units and divide by 5 units. The circuits are
shown in figures G.1 (a), (b), (c), (d) and (e). These
"clock" pulses are fed directly to the address advance
input of the multichannel analyser and via a tistable to
two reed relays with gold plated contacts which constitute
the switch S. The switching circuit is shown in figure
Be2e

A get of relays is used to provide start, stop
and resect facilities foar the system. The "start” control

initiates the operation of the address scalar and removes



1000 o/m or 2000 co/m

50 ¢/s
or
100 ¢/s

Schmitt trigger

and
Monostable

or

3000 c¢/m

6000 ¢/m

Divide by 3

32 4 2 T+ 5 o2 5 I
Gate Gate Gate Gate Gate Gate GCate
Output Monostable

Switch Channel Advance

Tigure B.1(a)

Schematic diagram of the subsidiary circuits.
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Figure B.1(c) The series gate and output monostable circuit.
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an inhibit voltage from the input to the multichannel
analyser; the stor control prevents the scalar
operating and restores the inhibit voliage. The

reset control is used to clear all the binsvies and

set the switch @ to a predetermined position.
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Avpendix C

Transfer of information from the multichannel snalyser

to _ounched cards

Information from the multichannel znalyser
can be read out in parallel; +that is 8 binary coded
decimal digits are presented at the output simultaneocusly
and these represent the channel number, 3 digits, and the
count in that channel, 5 digits. 1In the present system
these 8 digits zre decoded simultaneously withh 8 relay
decoders (see figure G.1) to provide a unigue closure
(one of ten) for =ach binary coded number. These 8
anigue configurations are then scanned with & uniselector
to operate one of the interposer magnets on the IBM card
punch for each of the & numbers (see ficure G.2).
Thus each channel is punched cut and the sequence is
arranged so that 8 channels are punched ontc each card.
The contents of the multichannel analyser (LUC Channels
comprising numbers up to 99,999) can be punched out in

approximately 5 minutes.
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Avpendix D

T

Fublications

The 7cilowing papers have been written

on the work described in this thesis;

1. "TFhoto-absorovtion cross sections of molecular OXygen
oras? . Eu
petween 412504 and 2350A% .
Aede Blake, J.He Carver and GeNe Haddades

J. cuent. Spectrosc. Radiate ppansfer G, 451 (1966)e

5, "A digital datsa handling system for recoirding vacuum
ultraviolet sbsorption spectra"
T 0, Lokany felle tinddad, A.J.D. Farmer, je3e MeCoy
and B.Re Lewise

in Freparabtlon.
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