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SUMMARY

This thesis describes the measurement of absolute
oscillator strengths for a number of Lyman and Werner bands
of molecular hydrogen in the spectral region 900 to 1100
Angstroms.

In spite of its astrophysical significance and quite
precise theoretical calculatlons, there have been only a few
accurate transition strength measurements for molecular
hydrogen. There have been to date no optical intensity
measurements for the Werner bands, and the recent measure-
ments for several Lyman bands are not in good agreement wlth
the theoretical calculations. The only experimental oscill-
ator strengths which generally agfee wilth theory are those
inferred from 1lnelastic electron scattering results. Con-
sequently, there have been to date, no conslstent experi-
mental oscillator strengths which may be critically compared
with theoretical calculations or used with confildence in
astrophysical calculations.

Experimental absorption measurements were made with a
fully automated photoabsorption system incorporating photon
counting techniques and on-line digital data reduction and
storage. The design and operation of this system is des-
cribed in detail. A one metre near normal incldence mono-

chromator operated in first order with a resolution of about
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0.3 Angstroms was used as the dispersing instrument. The
monochromator was fitted wilith a gas discharge lamp operated
in a pulsed mode by a thyratron triggered power supply and
used with elther helium or argon, the continua of which
covered most of the required spectral regilon.

Absolute oscillator strengths were derived from the
measured absorption by using a curve of growth analysis.

This was simplified by using low pressures where only

Doppler broadening is significant. Measurements were made
for as many rotational lines as possible for the Lyman and
Werner band systems, and band oscillator strengths were
obtained from the rotaticnal line strengths using theoretical
line strength factors (HSnl-London factors).

The results obtained are 1in excellent agreement with the
electron scattering results and in reasonably good agreement
with recent theoretical calculations. From the consistency
between the present results and the electron scattering
results, it also appears that the theoretical calculations
are correct for the Lyman bands, but consistently too high

for the Werner bands.
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CHAPTER I

1. Introduction

In recent years'there have been considerable advances
in.the use of numerical techniques for generating potential
curves and molecular wavefunctlens. In particular, very
accurate calculations have been performed for the ground
state and a number of excited states of the hydrogen molecule
(e.g. Kolos & Wolniewicz 1965, 66, 69, Wolniewicz 1966,
and others), with good agreement between the theoretical
elgen values and the observed energy levels. A comprehensive

review of theoretical calculations for H, up to 1968 has been

2
given by Kolos (1968). More recently, tabulation of the
potential curves and extensive references to theoretical

calculations for the various states of H, have been given

2
by Sharp (1971). There have also been a number of calcula-
tions of Franck-Condon factors (Halmann & Laulicht 1968,
Spindler 1969 (a) (b) and (¢), Allison & Dalgarno 1969,
Villarejo et al. 1968, 1969) and electronic transition

moments (Rothenberg & Davidson 1967, Browne 1969, Wolniewilcz
1969) from which transition probabilities (oscillator strengths)
for a number of band systems have been calculated (Allison

& Dalgarno 1969, 1970).

It has been pointed out by a number of authors, (e.g.

Ehrenson & Phillipson 1961, Peek & Lassettre 1963) that the



oscillator strength is far more sensitive to small varlations
in the eigenfunctions than the corresponding eigenvalues.
Consequently a comparison of theoretical against experimental
oscillator strengths is a far more sensitive test of the
accuracy of the theoretical wavefunctions than a comparison
of eigenvalues against measured energy levels. There have,
however, been only a few experimental oscillator strength
measurements against which the theoretical values can be
compared.

This thesis describes the measurement of oscillator
strengths for a number of Lyman and Werner bands of molecular
hydrogen. The present results are significantly more
accurate than the previous optical measurements (Haddad et al.
1968, Hesser et al. 1968) and are in close agreement with
the recent electron scattering results of Gelger & Schmoranzer
(1969). Both the present results and the electron scattering
results approximately agree with the recent theoretical

calculations of Allison & Dalgarno (1970).

1.1 The Ultra-violet Spectrum of Molecular Hydrogen

The far ultra-violet spectrum of molecular hydrogen
consists of a number of band systems belonging to transiftions
between the electronilc ground state and several exclted
states., The first successful analysis of a part of the

spectrum was made by Witmer (1926) when he recognized that
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the enhanccd emisslian spectrum of hydrogen in argor [first
observed by Lyman (1911)] was a v”~ progression (v’=3 of the
B state).

During the period 1926-1935 a large number of authors
studied the ultra-violet spectrum of molecular hydrogen
(Werner 1927, Hori 1927, Dieke & Hopfield 1927, Richardson
1930, Jeppesen 1933 and others) and classified it into two
groups of transitions, now known as the B-X and C-X systems,
giving rise to the Lyman and Werner band systems respectively.
The D-X system was also observed 1in absorption by Hopfield
(1930). This system was subsequently observed 1n emlssion
by Jeppesen (1938). A comprehensive review of the known
spectrum and structure of molecular hydrogen up to 1934 1is
given by Richardson (1934).

Most of the ultra-violet spectroscopic work on molecular
hydrogen since this period has consisted of more accurate
high dispersion studies resulting in more accurate wavelength
measurements and improved molecular constants [e.g. Herzberg
& Howe 1959, Herzberg & Monfils 1960, Monfils 1961 (a) and (b),
1965, Namioka 1964 (a) and (b), 1965 and others]. There
have also been reported a number of other states with band
systems involving the ground state [i.e. (1scnpo)123 and
(lsoan)lﬂu states other than the B, C and D states mentioned
already]. The (1lso3po)B” 123 state was first reported by
Dieke (1958), the (1solpo)B””'L, and (1schpl)D*'N states

by Monfils [1961 (a) and (b)] and more recently similar



states with n ranging up to 12 have been reported by
Takezawa (197C).

Consequently the wavelengths of most of the transitlons
in the vacuum ultra-violet region of the specfrum have now
been tabulated with high precision. However, in spite of
these extensive spectroscopic measurements, there have been
only a few measurements of transition probabilities for these

band systems.

1.2 Experimental Transition Probabilities

Molecular transition probabilities can be experimentally
determined by a number of different techniques. The
following is a brief summary of the varlous techniques and
the molecular hydrogen transition probabilities obtained by
themn.

Since the intensity of emitted or absorbed radiation 1is
directly related to the transition probability (oscillator
strength) and the number density of emitting or absorbing
molecules, intensity measurements are the most direct means
of measuring the oscillator strength. There are, however,
two other widely used technigues, namely, the measurement of
inelastic differential cross sectlons for high energy
electron scattering and the measurement of excited state
lifetimes. The widely used anomalous dispersion or "hook"

method of Rozhdestvenskii is confined to atomilc osclllator



strength measurements and 1s not applicable to molecular
measurements because the line separation is generally too
small. The need for an interferometer also limits this
technique to lines above 14008 (Zaidel & Schreider 1970).

Oscillator strengths for molecular hydrogen have been
obtained by all of the above mentioned techniques except
emission intensity measurements. Emission studies are
difficult because the number densities of molecules in the
excited states cannot be determined unless the molecules
are excited in a predictable manner such as thermal
excitation. Also, with the uncertaintles 1n the absolute
efficiencies of spectrometers, absolute emission intensity
measurements cannot be made. Consequently, many emission
intensity measurements are only relative and need to be
normalized in some way to give absolute values. In the
case of molecular hydrogen, there have been no reported
oscillator strengths obtained from emission intensity meas-
urements.

With absorption studies, on the other hand, the
number density of molecules in the ground state is readlly
measured (pressure), and the absolute intensity is not
required since the oscillator strength is related to the
integrated absorption coefficlent. In principle, the

integrated absorption coefficient can be obtained by



numerically integrating ilhe measured absorption coefficient
over the frequency (or wavelength) range of the absorption
line. Unfortunately, ultra-violet absorption lines are
generally quite narrow and usually narrower than the resolu-
tion width of the dispersing instrument. For example, a
typical line in the vacuum ultra-violet may have a width of
0.00lﬁ, and an instrument with a comparable resolution at
10008 would need to have a resolving power of 10°. To
actually measure the absorption coefficient over the line,
however, a resolving power well 1n excess of 10% would be
reguired. The highest resolving power attainable with
present dispersing instruments 1s nv10% (with echelle gratings
used in high orders). Resolving power limitations of
dispersing instruments are discussed by Samson (1967).
Consequently, for such narrow lines, the correct absorption
coefficlent cannot be measured directly and an alternatilve
technique must be used.

One such technique is the use of high gas pressures
such that the lines under 1nvestigation are pressure broadened
to the extent that they are much wider than the instrument
resolution width. This technigue has been used on oscillator
strength measurements for several bands of N2 (Ching et. al.
1967), NO [Bethke 1955 (a)] and the Schumann-Runge bands

of O2 [Bethke 1959 (b)] with considerable success. However,



this technique is applicable only to spectral reglons where
a pressurized cell with windows can be used (1.e. above the
Lithium Fluoride cutoff at 10508), and cannot therefore be

used for the Werner and most of the Lyman absorption bands

of H2.

There 1s, however, an alternative absorption technique
known as the curve of growth or equivalent width method.

The curve of growth refers to the growth of the integrated
absorption (equivalent width) with the amounts of absorbing
material (length or pressure of the absorbing gas column).

If the shape of this growth curve 1s known, the measured
equlivalent width can be related to the integrated absorption
coefficlent. This technique has been used for several
Lyman bands by Haddad et al. (1968) and Hesser et al. (1968).
The results obtained by this technique should, in principle,
be accurate; however, the above mentioned Lyman band results
are not in good agreement with theory or with each other.
Possible sources of error in both works are discussed in
Chapter 6.

The most reliable experimental Lyman and Werner band
oscillator strength determinations to date have been made by
high energy inelastic electron scattering measurements
(Geiger et al. 1964, 1966, 1969). In the limiting case

of forward scattering where the electron momentum change 1s



small, the Born approximation for differential cross

sections can be reduced to yileld optical transition matrix
glements (e.g. Geiger 1964), The only limitation of this
technique is the difficulty in measuring absolute differential
cross sections. Gelger's measurements are only relative

and have been normalized to the theoretical elastlc scattering
cross section of H2. In view of the results, however, this
normalization appears to be accurate. Differential inelastic

cross sections for the H B and C states have also been

X
reported by Roscoe (1941): however, individual vibrational
levels were not resoclved 1in this work and the measured

cross sections represent the differential cross sections
summed over the entire band system and therefore cannot be
used for a comparison with the present results.

The remaining technique of excited state lifetime
measurements offers one distinct advantage over the other
oscillator strength measurement techniques, namely, indepen-
dence of the number density of excited molecules. Lifetime
measurements, which have been extensively used for oscillator
strength determinations of many unstable mclecules and lons
which can only be produced in discharge, can be obtained by
a number of different technliques such as the phase shift

technique described by Lawrence (1965) or the Hanle method

described by Lurio et al. (1964), However these



measurements alone cannot be used for the determination of
individual band oscillator strengths. The reciprocal of

the lifetime 1is equal to the emission transition probabilities
summed over all the decay channels, consequently the branching
ratios for decays into the lower levels needs to be known

or measured before the individual transition probabilities

can be determined. For many molecules, the lower state

has a continuum into which the excited molecule can decay.

If the transition probability between the upper level and

this continuum is large, the measured lifetime and branching
ratios for discrete levels will give incorrect transition
probabilities. Allison & Dalgarno (1969) have pointed out
that the transitions from the v~ > 7 levels of the B state

of H, to the continuum of the ground state can give transitiocn

2
probabllity errors of a factor of 2 cr more from lifetime
measurements.

Average lifetime measurements of the v” = 3, 4, 5, 6, 7
levels of the B state and v*> = 0, 1, 2, 3 of the C state of
H2 have been obtained by Hesser (1968) using the phase shift
technique. These results, however, cannot be used to
determine individual band oscillator strengths without
assuming the relative transition probabilities (branching

ratios).
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1.3 Present Measurements

The present experlmental oscillator strengths have
been obtained with absorption measurements and the curve of
growth analysils. In principle, thls technique appears to
be the most reliable, since the integrated absorption can
be related to the oscilllator strength without recourse to
other measurements for normalization or branching ratios.
The experimental equivalent width can be readily related
to the integrated absorption coefficient by choosing
experimental conditions where the growth curve is that of
a Doppler line only, and can therefore be determined. The
validity and experimental conditions required for the Doppler
curve of growth are discussed in detail in Chapter 3.
Experimentally, the only difficulty with the use of this
technique is the need to make measurements under conditions
where the observed absorption is very small. This limitation
is caused by the relatively poor resolution of the dispersing
instrument used (McPhersons model 225 1 metre normal incidence
vacuum ultra-violet monochromator) and is not inherent in the
technique. The problem has been largely overcome by the
development of a fully automated digital absorption recording
system which, in principle, is limited in accuracy only by
the counting statistics. The system 1s described fully in

Chapter 4.
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With the above mentioned system, absorption measurements
were taken for a large number of rotational lines of the
Lyman and Werner bands of H2. The results for both band
systems appear to be in good agreement with the electron
scattering results of Geilger and Schmoranzer (1969) and
also in close agreement with the theoretical calculations
of Allison & Dalgarno (1970). Experimental electronic
transition moments are also compared with the theoretlcal
calculations of Wclniewlcz (1969). The results are

presented and discussed in Chapter 6.
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CHAPTER 2

2. The Spectra of Diatomic Molecules

This chapter is a brief summary of the quantum mechanics
of diatomic molecules and the interpretation of the intensity
of the observed spectrum. It 1s not within the scope of
this chapter to give a detalled account of any particular
aspect of the theory as this can be found in any of a
number of books on molecular structure (e.g. Herzberg 1950).
The discussion of transition strengths is, however, given
in some detall because there appears to be some ambilguity
and varlety in the notatién used for band strength and
Honl~London factors. There also appears to be discrepaney
in the interpretation of these terms and 1t is therefore
necessary to define the terms used in the present work.

The notation for the section on transition strengths has been
taken from Nicholls & Stewart (1962).

Although much of the discussion in thls chapter is
applicable to other molecules, 1t 1s intended only to cover
the case of absorption by homonuclear diatomic molecules,
particularly molecular hydrogen. Consequently, examples

relating to H2 have been given where applicable.

2.1 The Nature of Molecular Spectra

The observed spectrum of a diatomic molecule is

considerably more complex than that of an atom because the
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molecule has two modes of excltation not present in atoms,
namely vibration and rotation. Each electronic state
possesses a set of rotation-vibration levels corresponding
to the nuclear motions, and an electronic transition will,
in general, be accompanled by a change in the rotation and
vibration of the molecule, giving rise to a large number of
discrete lines in the spectrum. These llnes are grouped
into bands corresponding to transitions between given
vibration levels in each electronic state. The bands are
classifled according to the vibrational quantum number v
in the upper and lower state. A band is termed (v =v~™")
for a transition from the v”” vibrational level of the
lower state to the v~ level of the upper state. In absorp-
tion, the observed bands are simplified because all the
vibrational levels of the lower state (ground state) are
not populated. In fact, at room temperature only the
lowest vibratilonal level (i.e. v*“=0) is populated, gilving
rise to a progression of (v”-0) bands.

The rotational lines within a band appear as branches
(see Section 2.4.3) determined by the difference in the
rotational quantum number J between the upper and lower
states, where J is the quantum number of the total angular
momentunm. The nature of the coupling between the nuclear

rotation, electronic angular momentum and spin to give
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the resultant J, are discussed in detaill by Herzberg (1950).

2.2 The Born-Oppenheimer Approximation

The sclution of Schrddinger's equation for the
molecular system will yield wavefunctions which will depend
on both the electron and nuclear coordinates. However,
according to the Born-Oppenheimer approximation (1927), the
much more rapid electron motions can be treated separately
from the nuclear motions and the total wavefunction can be

written

po= Py soss 2.1

e'vr

where we Is the electronic wavefunction for the electrons
(in nuclei fixed coordinate system) and wvr is the wave-
function of the vibrating and rotatﬁng nuclei. The wave-
function can be further simplified by considering the
vibration and rotation separately. This yields (Pauling
& Wilson 1934)

_1
wVI‘—i"—wvwr 2.2

where % wv is the vibrational wavefunction (and depends only
on the nuclear separation r) and wr 1s the rotational wave-
function.

The above approximations are falrly good for most
molecules, however equation (2.2) becomes inaccurate for

light molecules (e.g. H2) where the centrifugal force has a



15.

significant effect on the nuclear vibration. This rotational
interaction with the vibrational motlon is often referred

to as centrifugal distortion. In such a case, the rotation-
vibration wavefunction wvr can still be separated according

to equation (2.2) except that the vibrational wavefunction
now has a rotation dependent term in 1t (as shown for

example by Pekeris 1934).

In a more rigorous approach, the electron and nuclear
spin wavefunctions should also be considered in the expression
for the total wavefunction. The inclusion of these spin
wavefunctions and thelr effect on the observed transitions

will be considered in Section 2.3.2.

2.3 Classification and Symmetry of Molecular States

2.3.1 Clagssification of Electronic States

The classificatlion of electronic states of a
molecule have been discussed in detall by Herzberg (1950
Chapter 5) and the following is a brief summary of the
notation used.
Electronic states are denoted by the symbols I, II, A
... ete. according to the magnitude of A, where A is the
quantum number of the component of the electronic angular
momentum along the internuclear axis. The states are
designated £, I, A .... as A = 0, 1, 2 .... respectlvely.

A given electronic state is further gualified according to
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the following notation.

1)

2)

3)

The multiplicity (or electron spin degeneracy)
given by (2S+1) where S is the quantum number of
the total electron spin. For the two electron H2
molecule, S 1s either 0 or 1 giving rise to
multiplicities of 1 (singlet states) and 3
(triplet states).

+, -. These symbols apply only to I states and
refer to the symmetry with respect to reflection
through a plane containing the internuclear axis.
For states with A # 0 the component of the
electronic angular momentum can, for the same A,
be in eilther direction along the internuclear axis
(A represents only the magnitude of this angular
momentum) . Thus states with A # 0 are two-fold
degenerate and each of the degenerate sublevels
have opposite symmetry. Consequently the +, -
classification becomes redundant for these states.
The symbols g, u which refer to the symmetry with

respect to inversion about a centre of symmetry

and apply only to homonuclear molecules.

The classification of some of the molecular hydrogen

states can be seen from the energy level diagram shown in

Fig. 2.1.

The dlagram shows only the electronic levels.
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It can be seen from this diagram that the ground state of
H2 is classified as a 12; state. To distinguish between
different states with the same classification, the states
are also labelled alphabetically, the ground state being

labelled xlz;

2.3.2 Symmetry of Molecular Wavefunctions

Symmetry properties of the molecular elgen-
functions are important for the determination of selection
rules and thelr understanding i1s therefore essential in
the interpretation of the observed spectra. Comprehensive
discussions of these symmetry properties are given in texts
on molecular structure (e.g. Herzberg 1950, King 1964).

One important symmetry property for homonuclear
molecules is the symmetry with respect to nuclel exchange.
If the nuclel are fermions, the total molecular wavefunctions
(including nuclear spin) must be antisymmetric under nuclei
exchange. The total wavefunctions may be written ¢£ where
¥ is the molecular wavefunctlon excluding nuclear spin and
R is the nuclear spln wavefunction. As the total wave-
function must be antisymmetric, we may write 1t as
w(S)B(a) or w<a)s(s) where the superscripts denote
symmetry(s) or antisymmetry(a) with respect to nuclear
exchange. For the 12; ground state of H2 the non-spin (y)

wavefunctions are symmetric for even J~7 and antisymmetric
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for odd J°° (Herzberg 1950). For the nuclear spin wave-
functions, the statistical welghts of the symmetric (B(S))
and antisymmetric (B(a)) are 3 and 1 respectively

(Herzberg 1950). Consequently the statistical weights of
the odd J°~ levels (v(®)) will be three times that of the
even J77,

A similar argument can be used in discussing the
electron spin which, for otherwise ldentical states, glves
rise to lzg and 32; states with statlistical weights of
1 and 3 respectively.

As electric dipole transitions between different spin
states (electron or nuclear) are forbidden according to the
selection rules (Section 2.4.3), we may ignore the triplet
states 1in an absorption process since the H2 ground state
is 2 singlet. Both nuclear spin species are found in the
ground state and due to the above mentioned selection rule,
the different spin states cannot combine. This gives rise
to the concept of H2 as consisting of two distinct species
called ortho-hydrogen (odd J”°) and para-hydrogen (even J°7).
For a general discussion of transitions, however, it 1s
convenilent to treat H2 as a single gas with odd and even
J*“* levels having a statistical weight of 3 and 1 respec~-

tively (see Section 2.6.2).



19.

2.4 Electric Dipole Transiltions

2.4.1 Transition Probability

The probability that a molecule will undergo

-,

an electric dipole transition from a lower state n to an

upper state n” when irradlated by photons of energy

hvn‘n" (the energy difference between the states), 1s given

by the Einstein transition probability of absorption B

n.‘naa
This may be written for non-degenerate levels, as (Herzberg
1950)

an 3

B‘a)z3_h2_c' IR);» o 8o ow 2.3

nn nn

where Rn‘n" is the matrix element of the electric dipole

moment
N R —_ * P
l.e. s . = wn’ ewn’)dT TR 20“

where wn" and wn’ are the initial and final state wave-
functions, Pe 1s the electric dipole moment of the electrons

and dt is a volume element of configuration space.

2.4.2 Degenerate Levels

If the levels n”” and n” are degenerate, with
substates 1 and j respectively, the transition probability
between these levels will be modified to give (see Nicholls

and Stewart (1962) for corresponding case in emission).
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L
3
B . h i

n‘n”” = 3h%c W, -~

' 2
J'Rijl 2.5

where the summation 1s over all the degenerate substates

i and j and W, - is the number of substates i(degree of
degeneracy of level n” 7). This equation holds only if the
sublevels 1 are equally populated (i.e. the molecules are

in thermodynamic equilibrium). For a given rotational level
in an electronic state, the degeneracy may be written as the
product of the electronic and rotational degeneracies. In

general W, - Mmay be written

e (2"60A”)(25 +1)(2J°7+1) egey [
where (2J°°+1) is the rotational degeneracy, (2S°7+1) is the
multiplicity (spin degeneracy) and (ZWGOA“) 1s the A

degeneracy term,

f 1 if A" =0
-
1 2 iIf A7 # 0

i.e. (2_60A")

2.4.3 Selection Rules

In general |R|2 has non-zero values only for
transitions between certain states of the molecule. The
restrictions governing the nature of the states define the
selection rules which, for electric dipole transitions, may

be briefly summarized as follows.
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I Electronic

1) AA

0, =1

2) AS =0 1.e. Multiplicity does not change

3) The reflection symmetry does not change.
Transitlons will therefore be of the types
st or 27— 27 but 3t e 1T,

4) The inversion symmetry changes, 1.e. g « u

but u <~ u, g <~ g.

11 Rotatlonal

1) AJ = 0, * 1 where AJ = J"=J7"7. The exception
is AJ # 0 for I-I transitions. This selection
rule gives rise to branches in the rotational
spectrum. The branches are designated P, Q, R
for AJ = -1, 0, +1 respectively.

2) Parity must change i.e. + <> - but + -~ +,

- -,
3) Nuclear symmetry does not change l1.e. s «+> s,

a <> a but s <4 a,.

There are no selection rules governing vibrational

transitions.

2.4.4 Other Translitions

The above discussion and selection rules have
dealt only with electrlc dipole transitions. In cases where

the matrix element is zero for electric dipole transitions,



22,

it 1is still possible to have a finite transition probability
for different types of transitions; e.g. magnetic dipole,
electric guadrupole etc. The relative probability of these
transitions is, however, several orders of magnitude less

than a similar electric dipole transition and they are
classified under the general category of forbidden transitions.
As forbidden transitions will not be considered 1n this
chapter, the term transition willl be taken to mean electric

dipole transition throughout the text.

2.4,5 Hydrogen Transitions

Applying the dipole selectilon rules to the
ground state of hydrogen, 1t 1is evident that only transitions
to the states of the type 12; and 1Hu can take place.

The lowest members of these types of states, as shown in

Flg. 2.1, are the BIZE state and Clnu state, and transitions
from the ground state to these states give rise to the well
known Lyman and Werner band systems.

i.e. the B‘Zz « Xlz; Lyman system

and the Clﬂu « xlz; Werner system

2.5 Transition Strengths

2.5.1 Line Strength

In general, an upward transition wlll take

place from a vibratlon-rotation level v’?J”°” of an electronic
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state n””, A”” to another such level v°, J° in the upper

y

state n”, A (The convention of denoting the upper state
by primed quantum numbers and the lower state by double
primed quantum numbers will be used throughout the text).

The transition strength 1s (Nicholls and Stewart 1962)

n’V’J‘A’ 2 - - s 2
R =é—, LJ I lp - Pl - rd P w o, A, lldT
nﬁIvl’J"A” i.j MAMJI j V J A M e iV J A

- = & B8 2.8

where the summation 1s over the degenerate electronlc states
1 and J and the rotational degenerate states denoted by the
magnetic quantum numbers M”” and M~. The integration is
taken over all configuration space, and the wavefunctions ¢
refer to the states denoted by the appropriate quantum
numbers. Pe is the dipocle moment of the electrons. Using
the Born-Oppenheimer approximation, equation (2.8) reduces

to (Nicholls and Stewart 1962)

n;V»J/A‘ 2 J;A;
R = P s as S eeee 2.9
n;AVAAJ;)AAn V V J}‘ A‘ﬂ
JA”
where S is called the H®nl-London factor and depends
J’;A/'

onlv on the initial and final angular momentum quantum

numbers J and A. Py vy~ is called the band strength and

is given by
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2

sl ® 13
va, RSV ¥ ..dr ce.. 2,10

Pyvoe T 13

where Réjwis the electronic transition moment.

1.e. BYE - [¥p y.ar 2.11
B LI ] j —e i * ® o8 1 ]

where wj and wi are the electronic wavefunctions of the
states J and 1 respectively.

It should be noted that the notation for band strength
(equation 2.10) is not universal. A number of authors

(e.g. Wolniewicz 1969) use the expression

2
- ¥ il
p - ~a = IJIIJV, Re wv,,dr « 8 o0 2-12

i.e. the band strength is not surmed over the degenerate
electronic levels. This notation is convenient for
theoretical calculations because, with this notation Pyry~~
depends only on the electronic transition moment and the
vibrational wavefunctions. However, to determine the

theoretical absorption intensity, we need the value

ijpv’v” of equation (2.12) above to make the transition

probability consistent with equation (2.5). The notation
used in this thesis (equation 2.10) directly relates the
band strength to the observed transition probability

(equation 2.5) and is therefore a more convenient expression

for experimental work.
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In the case of H2, this difference in notation 1s
significant only for the C <« X Werner band system where the

C state is doubly degenerate.

2.5.2 Honl-London Factors

P

The H6nl-London factors Sg,éA,, are the
relative strength factors of the rotational lines within a
vibrational band. The exact form of the Honl-London factors
willl depend on the type of states involved in the transition,
including the coupling of the various angular momenta in
both states. Extensive tables and references to tables of
Hdnl-London factors for transitions between states belonging
to Hund's coupling cases (a) and (b), as well as intermediate
coupling cases, have been tabulated by Tatum (1967) and
Schadee (1964). Both authors have pointed out that many
earlier tabulations of H®nl-London factors are incorrect

and need to be normalized to the sum rule

where the summation 1s over all transitions originating

from a common lowecr level J°° for absorption. A similar
sum rule
:s7li = (20041 .. 2.14
JIA
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holds for emission, i.e. transitions from a common upper

level J7.

2.5.3 Hdnl-London Factors for Hydrogen

The ground state of molecular hydrogen 1s a
12; state, consequently only the singlet transitions of
the type 'T « !% and T + 'Z need be considered.  HOnl-
London factors for singlet transitions have been evaluated
on the basis of a symmetric top model of the molecule
(Rademacher and Reiche 1927, Kronig and Rabi 1927) and

the normalized H®nl-London factors are (Schadee 1964)

-q ;J"+1 for R branch
Y = A vees  2.15

J
Sy-+g =
IJ" for P branch

for v <« '3 transitions (A” = A"7 = 0). For I « 't

1) the H®nl-London factors are

transitions (A~

( L(J77+2) for R branch
%(2J°°+1) for Q branch cee. 2.16

i (T "=1) for P branch

\

2.5.4 The Franck-Condon Factor

The electronic transition moment Rij
generally varies only slightly with varying internuclear
separation. Consequently, the mean-value theorem can be

applied to the integral in equation 2.10 to give
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O
\
\

I

e

V‘V qv‘v)’ij R \ e 2-17

where
2

qv'v’z

*
Jwv'wv"dr

is called the Franck-Condon factor.

If the electronic transition moment varies significantly
with internuclear separation, the band strength may still be
expressed in terms of the Franck-Condon factor and the
electronic transition moment by using the concept of the

r-centroid.

2.5.5 The r-~Centroid

The transition time is very short compared to
the vibration period of the molecule. Therefore,
according to the Franck-Condon principle, the transition
can be considered as taking place at a constant internuclear
distance, The internuclear separation at which a transition
v”’~v* takes place is called the r-centroid for that transi-
tion, and is written r(v7v’™7). The r-centroid may be
considered as being the most probable internuclear separation

at which the transition takes place and is given by

(Nicholls & Stewart 1962).

Jw*, r Y .. dr
r(v’v™?) = Y A4

Iaﬁ, V- dr
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Consequently, we may replace Rij by Réj[r(v’V")] for the

particular transitilon. Hence equation (2.10) may be
written
2 ’
= i,j - -
Pyey” Ayoy~” 13 Re [r(v'v™7)] vees 2.20

The range of validity of the r-centroid approximation has

been discussed by Fraser (1954).

2.5.6 Rotational Dependence of Band Strengths

It was pointed out in section (2.2) that the
vibrational wavefunction for light molecules (e.g. H2) can
have a slight dependence on the rotation. In this case

the band strength 1s dependent on J and may be written

‘_.J’J‘)

(Wolniewicz 1969) R

The extent of thls J dependence can be seen from
Table 2.1 (after Wolniewicz 1969).

A similar variation of the Franck-Condon factor of
several Lyman bands has been calculated by Halmann and
Laulicht (1968).

In principle, the magnitude of the varlation in band
strength is large enough to be detected by the present
experimental measurement. However, attempts tTo observe
such a variation in the results were unsuccessful due %o
several limiting factors. These will be dlscussed in

Chapter 6.
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TABLE 2.1
J BF _
Pog (1072 atomic units)
J°” P R
0 0.5955
1 0.6341 0.5701
2 0.6461 0.5413
3 0.6528 0.5100
4 0.6539 0.4769
5 0.6494 0.4428
6 0.6395 0.4083
7 0.6246 0.3741
8 0.6053 0.3408
9 0.5822 0.3090
i0 0.5562
JAJ-;’

The band strength pj, (0-0 band)
of the Lyman bands. (after Wolniewlcz 1969)

2.6 The Oscillator Strength

Experimental transition strengths are often expressed
in terms of a dimensionless quantity called the oscillator
strength. The oscillator strength represents the ratio
of the quantum theoretical to the classical value of the
transition strength, the classlcal value belng calculated

for a single harmonic oscillating electron radiating energy
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hv .. The oscillator strength fn‘n" for a transition

n"n”

n“«n”” 1is given as (Nicholls and Stewart 1962).

£ n’n

2
= z
an.ﬂa = 3he‘wn,‘ iJlR1J| o ow e 2.21

2
where ileij' is the transition strength, m is mass of the

electron and the other symbols have their usual meaning.

2.6.1 Experimental Oscillator Strengths

The oscillator strength can be related to
an experimentally measurable quantity (see Chapter 3), the
integrated absorption coefficilent Jkdv by (Herzberg 1950,
Nicholls and Stewart 1962)

me

fn‘n»‘ = m’;—") [l{d\) .x ¥ 2.22

where the integration 1s over the line (or band) assoclated
with the transition n“+n”” and Nn” is the number density
of molecules in initial level n”~. Nn” may alternatively
be wriltten in terms of the molecular number density N and
the fractional population a_.. of molecules 1n state n-’.

n

i.e. Nn" = Nuh,, ceee 2423
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The absorption coefficlent is generally defined at S.T.P.

in which case the molecular number density is given by

No (Loschmidt's Number). Since the absorption measurements
are taken at room temperature, however, it 1s convenient

to define the absorption coefficient at 1 Atmosphere and

room temperature and a corresponding number density NA

(see Chapter 5). Hence we may write equation 2.22 as
me
fovvo = kdv vee. 2.24
n'n lie NA n’”
n‘nl’

2.6.2 Line Oscillator Strengths

In the case of H2, we are interested in
transitions originating at the varilous rotational levels
of the lowest vibrational level (v~ °=0) of the ground state.
We may write the fractional distribution 0ya- of molecules
in rotational level J”“ in terms of the Boltzmann distiribution
and the appropriate statistical weilghts GJ,, for each level

J'l E P
l.e. ag.. = a exp| - KET— cwem 202D

where kB is Boltzmann's constant (the symbol kB has been
used to avoid confusion with k, the absorption coefficient),
€y~ is the energy of the J°° level and Qr is the rotational

state sum



T J J kT

5 €g-n
i.e. Q =4, . G exp|- —
B

Qr is alternatively known as the rotational partition

function. The statistical weilght GJ

-- 18 determined by

the degeneracy of the J°° level and by the relative ortho

to para hydrogen ratio (discussed in Section 2.

Consequently we have

k. T

e E ~ .
(gi——il)exp[— —i——-] for
B

L3(2Jﬂa+1) EJ/.-
e " QXD | = T for
Q, [ kT ]

The correspohding line oscillator strength may

JIJ)J mc
f = g kdv
. e NAuJ,,

J°J°°
where the integration is over the (J°°J”) line
(v’=0) band.
Spectroscopic measurements are generally
terms of wavelength rather than frequency, and

experimental integrated absorption coefficient

Sh2g)] -

even J°°

odd J°~

be written

of the

taken in
so the

is generally

expressed as Jkdk, (see Chapter 3) and the line oscillator

strength will therefore become
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N e 2
7 = et kd A ceen 2.29
v o 0 AT
J°J°-
where A, is the wavelength of the line centre. (This

expression is only valid if the line wildth is very much

smaller than AO’ a condition met for optical and ultra-violet

transitions).
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CHAPTER 3

3.1 Introduction

Experimentally, Integrated absorption coefficients and
hence oscillator strengths, can be determined by absorption
measurements provided that the line shape 1is known.

The knowledge of line shape 1s necessary because, in general,
laboratory absorption measurements do not yield the corréct
value for the absorption coefficilent as a function of wave-
length unless 1t 1s constant over a spectral region defined
by the resolution of the dispersing instrument. This can be
readily seen by determining the observed absorption in terms
of the actual absorption.

The transmission Tx at a given wavelength A may be
expressed in terms of the absorption coefficient k (at wave-
length A) and the amount of absorbing gas a by Beer's Law

(Goody 1964).

i.e. T, = exp(-ka) cevs 3.1

For a dispersion instrument of finite resolution
we may define a resolution function F(A-2") which depends
on the size and shape of the slits and dispersion of the

instrument. We may normalize this function such that

F(A=A") dx =1 yaus 3.2
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The function F may be considered as determining the observed
fractional intenslty of the incident spectrum at wavelength A
when the instrument is set at A”, and is determined only by
the wavelength difference (A-A7), 1.e. it is independent,
within reasonable limits, of absolute wavelength setting.

The observed intensity I“, at apparent wavelength A7, will

then be

I° = J F(A=21") Ildk vess 3.3

where IA is the incldent intensity at wavelength A of the
source. If we now consider a gas of transmlssion Tk the

apparent transmission T will be given by

JF(A_A’) I, T, dA
T =

cees 3.4
JF(A—X’) IA dx

Consequently, only if Tk (and hence k) 1s constant over the
range of wavelengths over which F is finite, will the
observed transmission glve the actual transmission, and

therefore the correct absorption coefficient.

1.e. T™ = Tx = exp-(ka) ceee 3.5

If, on the other hand, k 1is varying within the range of

finite ¥, (e.g. an absorption line which 1is narrower than
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the resolution full width) the observed absorption will not
give the absolute absorptilon. However, if the variation of
k with A (1.e. the line shape) is known, it i1s possible to
relate the integrated observed absorption, within certain

approximations, to the integrated absorptilon coefficient.

3.2 Curve of Growth

3.2.1 The Equivalent Width

The integrated absorption over a line 1s called

the equivalent width W

i.e. W

]
.

ax

.

= |l-exp(-ka)d\ viss 3.6

(W represents the width of a rectangular line which is a
perfect absorber). The equivalent width can be related to the
observed integrated absorption under certain restrictions to
the intensity variation of the incident spectrum. By imposing
the restriction that the source spectrum has a constant
intensity in the vicinity of the absorption line, 1t is
possible to show that the equivalent width is equal to the
observed integrated absorption. For a constant IA” equation

3.4 reduces to

T = [F(A-27) TA dA — T
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Consequently the integrated observed absorption may be

written
IA‘dA’ = [dk’[l«IF(A—A’) TA dx} .e.. 3.8

Since the resolution function F depends only on the wave-

length difference, we may write equation (3.2) as
[F(k—k')dl = {F(X—X')dk' =1 wewie: 349

The right hand side of equation 3.8 may therefore be written

.( r
Idk’ﬂuJFt)\-)\‘)T)\ dx] d)\’[F()\-)\’)(l—TA) da
)

= |dr” F(X—A‘)Jl«TA ax
J

=W eess 3.10

Consequently, the integrated observed absorption 1is the
equivalent width under these conditlons. Goody (1964) has
shown that this result also holds if the intensity of the
source spectrum varies linearly wilth wavelength in the reglon
of the absorbing line. However, the added condition that
the resolution function F be symmetrical is required for the

-proof of equation 3.10.
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i.e. F(A=1") = F(A"=-}) sees 3011

This resolution function may be considered as a combination
of the slit function (convolution of entrance and exit slit
shapes) and the dispersion linearity of the grating. The
slit function will be symmetrical for rectangular slits and
the dispersion is approximately linear over the region of
interest. Consequently the symmetry condition is generally
met experimentally. The integrated observed absorption will
therefore yield the correct equivalent width provided that
the source spectrum is either constant or varying linearly

in the wavelength region near the line.

3.2.2 Small Absorption Reglon

The manner in which the equivalent width W
grows with increasing amounts of absorbing gas a and the
absorption coefficient k is known as the curve of growth.
This curve of growth depends on the line shape (i.e. the
variation of k with wavelength), and a value of Jkdl can
only be obtained from a measured W and a if the curve of
growth or line shape 1s known.

The only instance where the equivalent wldth does not
depend on line shape is 1n the limiting case of small
absorption. If ka << 1, exp(-~ka) may be expanded to give
1-ka, the higher order terms being vanishingly small. Hence

equation (3.6) may be written
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W= alk dx

The range over which this expression is valid defilnes the
linear region of the curve of growth and a measure of W and
a directly yields the integrated absorption coefficlent
without a knowledge of the line shape or growth curve.

The corresponding value of W 1is, however, very small in
this linear regilon and, as will be seen in Section 3.4.2
and Fig. 3.2, corresponds to a W value of less than 1m®

for a typical absorption line of H2 at room temperature.
Experimentally, such small equivalent widths cannot be
measured accurately because the peak observed absorption is
very small. The monochromator used for the present work
had a resolution half width of about 0.33 and, if a triangular
resolution function 1s assumed, an equivalent width of

1mR corresponds to a peak observed absorption of about 0.3%.
It will be seen in Chapter 4 that experimental measurements
of such small absorption cannot be accurately made.

With the limiting resolution of the present instrument,
it 1s therefore necessary to take equivalent width measure-
ments where the absorption is stronger, and the line shape
must be taken into account in relating W to the integrated

absorption coefficient.

3.3 Line Shapes

The shape of a spectral line may be attributed to
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three main factors giving rise to natural, pressure and
Doppler broadening. Although all three forms of broadening
occur simultaneously, thus complicating the curve of growth,
it is possible to select experimental conditlons such that
only Doppler broadening need be considered (see Sectilon
3.4.1).

The absorption coefficient may conveniently be
expressed in terms of the line shape and a peak absorption
coefficient ko

iee. Ky = ko £ ) cees 3.13

where f(k,xo) is the shape of the line centred at Ao and

is normalized such that

X)) =1 swew 3014

3.3.1 Natural Broadening

A molecule in an exclted state has a finite
lifetime before it decays into a lower level. From the
Uncertainty Principle, the finite lifetime of the state must
pe associated with an energy spread of the exclted level.
Consequently transitions from the ground state to the
excited state will have a spread of energy which 1s charac-
teristic of the upper level lifetime. The energy spread

defines the line shape which, for natural broadening, is
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Lorentzian and is given by (Goody 1964)

AZ
£(hsr,) = N — ... 3.15
(A—AO) + Ay

where AN is the natural width of the line and is given by

2
1O

QN=H-]:-£‘&-{; veeo 3.16

where ™ is the lifetime of the excited state and Ao is

the wavelength of the line centre. The above expressions
for line shape and width are only approximate and hold only
if the width AN is very much smaller than the wavelength of
the line centre AO. The above expression for line shape
(equation 3.15) and subsequent line shape expressions are
also not standard. The expressions differ from the
expressions found in most texts (e.g. Goody 1964) because

of the particular normalization used (equation 3.14).

3.3.2 Pressure Broadening

The interaction between molecules 1s, in
general, complex and thils gives rise to a complex expression
for line shape. However, an approximation can be made
by considering only colllsions which terminate the absorption

process by inducing decay. This situation 1s analogous
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to natural broadening where the lifetime 1s now replaced

by the mean time between collislons, and the line shape 1is

similar to equation (3.15). The pressure broadened width
is given by
)\2
_ o
Ap = HTpc cees 3.17

where Tp is the mean time between collisions. Using

kinetic theory, thils can be expressed as (Goody 1964)

28 2 t
y = 0O [ 2RT ]

p S co.. 3.18

MI

where o is the diameter of the molecule, and N is the number
density. R is the gas constant, T the absolute temperature

and M is the molecular weight.

3.3.3 Doppler Broadenlng

The thermal motion of the molecules gives rise
to a Doppler shift of the absorbing frequency for each
molecule. The overall observed line profile will therefore
be determined by the velocity distribution within the gas.

The line shape is Gaussian and 1s glven by (Goody 1964)

A=A 2
f(l,lo) = exp - AD .... 3.19
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where

SR *
_ 0 RT
AD == [ ——-—] Laa. 3.20

is the Doppler width of the line. R, T and M are the

same as in equation (3.18).

3.3.4 Mixed Profile

As both natural and pressure broadening are
Lorentzlan in shape, the general line shape may be considered
as a mixed Doppler and Lorentz profile. The curve of
growth of such a mixed profile cannot be determined analy-
tically; however, a numerical analysils for several
combinations of Doppler and Lorentz widths has been given
by Van der Held (1931) and the corresponding curves are
shown in Fig. 3.1. The parameter d 1s given by twice the

ratio of the Lorentz to Doppler widths,

where AL is the total Lorentz width (i.e. AL=AN+AP).
The curves d=0 and d== represent the curves of growth
for a pure Doppler and pure Lorentz line respectively.
These curves, however, are useful only as a guide
to the general nature of the curve of growth. In a

practical case, the curve of growth is complicated by two

important features.
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Fig. 3.1 Curves of growth for a mixed Lorentz and Doppler |
profile. (after Van der Held 1531)
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1) The pressure broadening width will itself wvary
with pressure. Consequently the total Lorentz
width will vary with pressure in a way which
will depend on the relative magnitudes of the
natural and pressure broadenlng.

2) The above curves only apply to isclated lines.

If a pair (or a group) of lines are closely spaced
such that there is some overlap between them,
the observed curve of growth will, in general, Dbe

different from that of an 1sclated line.

Consequently, before applylng a curve of growth analysis,
it is necessary to know the relative magnitudes of the
different line widths and the proximity of lines to each

other relative to their width.

3.4 Curve of Growth for Molecular Hydrogen

3.4,1 The Doppler Approximation

In the case of H2 the problem is simplified
because the lines are quite well separated compared to the
line widths. The closest rotational line separation is
about 0.18 which is considerably larger than the line
widths, approximate values of which are given below.
Furthermore, as will be seen below, a simplification can be

made by considering only a Doppler curve of growth for the
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analysis. First, we can obtaln deflnite parameters for

the curve of growth by considering the magnitude of the
Lorentz and Doppler widths under the experimental conditions.
The lifetimes of both excited states (B and C) are approx-
imately 107 ° sec. (Hesser 1968). Experimental results were
taken at pressures of about 10~ % torr, where the two Lorentz

wilidths (at AO n 10003) are

~ 107% 8

>
2

~ 1079 R

>
?

where the values have been given to an order of magnitude
only. Consequently the Lorentz width can be attributed
only to natural broadening and 1s constant under experimental

conditions. The Doppler wildth for H, at room temperature

2
(v300°K) will be approximately

s =3
Ap = 5.10 R

Consequently the curve d=0,01 in Flg. 3.1 will give an
approximate representation of the expected curve of growth
for H2.

Experimentally, it i1s desirable to obtain equivalent

wldth measurements in a region where the gradient of the

curve of growth is as large as practicable (i.e. W 1s varylng
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rapldly with gjkdl. This 1s necessary because the reciprocal
of the gradient effectively multiplies the error in W.

From Fig. 3.1, for example, 1t can be seen that for a Doppler
curve of growth in the region where it 1s varying slowly
("Doppler saturation" region) an error of; say, 10% in W will
give an uncertainty of several hundred percent in gfkdx.

Tt therefore becomes necessary to take measurements either
below this "Doppler saturation” region (i.e. %— <3) or in
the higher pressure region where the Lorentz wgngs of the
natural broadening become important. The latter choice 1s,
however, undesirable because the natural width is not known
with great precision, and also the pressure broadening
becomes more important and can no longer be ignored. Conse=-
quently, measurements of W need to be taken for %— < 3 to
yield accurate values of gjkdx. This procedure hgs the
added advantage of being independent of the Lorentz width
provided that d << 1 1.e. the curves d=0 and d=0.01 are
indistinguishable in the lower regilon of the curve of growth.
It would appear, from Fig. 3.1, that this condition holds

for all values of d, however, there are minor differences
between the curves which cannot be shown on the log/log scale
of the flgure. Nevertheless, the differences are negligible

for d < 0.1, and a Doppler curve of growth can be assumed

under the experimental conditlons.
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3.4.2  Equivalent Width of Doppler Lines
Substituting the Doppler profile into

equation 3.6 gives the equivalent width as

A=) 2
W = |l-exp |~-k_a exp- dA eees 3.21
o= ﬂD

The integral can be expressed as a power series of kog,

(Mitchell & Zemansky 1934) giving

s I a)n

- % N n+l ( o=

W= A, TE ) (=) Sp—
n=1

1 3.22
nlrfé

The integrated absorptlon coefficlent can be expressed in

terms of k
o

A=A 2
i.e. [kdx = ko exp- A di eess 3.23

This reduces to (Mitchell & Zemansky 1934)

1
Jkdk = ko AD n cves 3,24

Hence the relationship between W and ngdl (curve of growth)
can be established by expressing @Jkdl in terms of k a

(equation 3.23) and substituting into the power series in
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equation (3.22). The corresponding curve of growth is
shown in Fig. 3.2 (only the experimentally useful region

%—— < 3 ig shown). This curve is, 1n fact, the lower part

o? the d=0 curve of Fig. 3.1 plotted on a linear scale.

A linear curve of growth (l1.e. W = ngdx) is shown for
comparison by the broken line. From the two curves 1t is
clear that, for Doppler lines, the linear small absorption
reglon (see Section 3.2.2) is approximately valid only for
= < 0.2 (1.e. Wg1 mf for AD = 5 mk) .

i From this curve of growth it is therefore possible
to obtain a value of Ikdx from the measured value of W and

amount of gas a (or pressure and length - see Section 5.2).

From Fig. 3.2 it can be seen that the gradilent at

M_ -3 1s small (<0.5) and the error in Ikdx would be more

D

than twice the experlmental error 1in W. An arbitrary upper
1limit of useful measurements was taken at %— = 2.5, where the

D
gradient is about 0.5 and the error in Ikdl is twice the

error in W,

3.4.3 Experimental Curve of Growth

The Doppler approximation can be verified
by determining an experimental curve of growth. The general
procedure consists of measuring W as a function of pressure

and verifying that the variation of W with pressure does in
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fact follow the Doppler curve of growth. Since quite
accurate values of W are required to ohtaln a meaningful
curve, however, thils procedure 1s quite slow. It 1s possible
nevertheless, to obtain a relative curve of growth quite
rapidly by using an approximation which is valid when the

line width is very much narrower than the resolution width

of the instrument. Using equation (3.4), the apparent
absorption A” may be written

F(A-A7) I. A, dA
A‘=[ A_A sess 3.25

JF(A-A’) I, ax

For a given wavelength setting A7, the deneminator in

the above expression is constant and may be written v i,

- dA sivsw 3.26

i.e. A” = YJF(A—A ) IA Ak

The integral is finite only when A # 0, l.e. over the limits
of the absorption line. If the line 1s centred on wavelength
AO and if the resolution function is much wider than the

line, we may approximate F(A—A’)Il in equation 3.26 by

F(AO—A )IA and write

o

A" = YF(AO—X )IAO AA dA

l.e. AT a W mee ol
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Hence if the wavelength setting is kept constant and the
apparent absorption A” is measured as a function c¢f pressure,
the variation of A” will follow the variatlon of W, i.e. the
curve of growth, Naturally, such a curve will not give
the absolute values of W against pressure and therefore
reflects only the nature of the curve of growth. However,
the experimental values can be normalized by measuring the
actual equivalent width at one pressure and fitting it to
the unnormalized curve.

An experimental curve of growth has been taken for
the R1 line of the (3~0) Lyman band using thils technlque.
The monochromator was set at a wavelength A~ just greater
than the Rl line centre to avoid interference from the Ro
line. (The line separation between the RO and Rl is
approximately 0.53). The corresponding curve of growth
is shown in Fig. 3.3. The solid line represents the
theoretical Doppler curve of growth for the Rl line (based
on the average strength of the R1 line from the results
in Chapter 6).

Tpransmission measurements were taken with the photo-
absorption system described 1n Chapter 4 and operated in
the mode described in Section 4.6 except that the monochromator

wavelength drive was turned off. Transmission measurements
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Fig. 3.3 An experimental curve of growth
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were repeated a number of times for each pressure untll the
statistical error for the transmission was about *0.2%.
The corresponding error in the absorption is therefore
. gig%g . The maximum absorption in the Doppler saturation
region was about 4% and the error indicated by the error bars
in Fig. 3.3 is about *5% of the absorption in this region.
For smaller absorption, the relative error becomes increasingly
large. The low absorption measurements also have a larger
uncertainty in the absolute pressure than the higher pressure
values (see Section 5.2.2); however, pressure error bars
have been omitted from Fig. 3.3.

It can be seen from Fig. 3.3 that the experimental

points are in excellent agreement with the theoretical Doppler

curve of growth.

3.5 Doublet Analysis

One frequent type of measurement that cannot readily
be analysed in terms of the slmple treatment given so far
is the case of unresolved pairs of lines. This occurred
quite frequently, in fact, more frequently than isolated lines
and was caused by the relatively poor available instrument
resolution. In the case where a pair of lines is unresolved
(e.g. the RO and R1 lines of theIWerner bands which are
typically 0.18 apart) we are able to measure only a total

equivalent width W, for the pailr. We know, from the

T
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Honl-London factors and Boltzmann factors, the ratilo of

the theoretical line integrated absorption coefficients;

but, because of the non-linear curve of growth the ratio of
the equivalent widths will be different. If, for example,

we have two lines where the values of E% kdx are 4 and 2
respectively, the corresponding values of %— are approx-
imately (from Fig. 3.2) 2.1 and 1.4 (i.e. a ratio of 3:2).

To obtain correct values of Ikdl for these two lilnes WT

would therefore need to be split into corresponding components

W, and W, which are in the ratio 3:2. As this ratio will

1 2
vary, depending on the value of WT as well as the ratio
of the line strengths, a trlal and error test would be
required to obtain the corresponding correct components
wl and W2.

The problem can be overcome by introducing another
parameter which is approximately linear with W and is
related to the integrated absorption coefficient. If we

introduce the function S(ko)

w wl
i (k_a)™

where S(k.) = 24 (_)n+1 ——9:—3 iiwi 3.28
© n=1 nt n?

and substitute it into equation 3.22, the integrated absorption

coefficient may be expressed as
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W
kdx “ja_‘S"—m ] 3'29

o

W can also be related to the functlon S(ko) by equations

(3.22) and (3.28) above

i.e. W= S(ko) kog_ADIIl/2 cess 3.30
The above approach is particularly convenlent because the
values of the function S(ko) have been tabulated in terms of
k,a and S(k )k a by Mitchell & Zemansky (1934) [Mitchell &
Zemansky actually use the term £ instead of a which 1is
consistent with thelr discussion of absorption in a gas

of one atmosphere. It will be shown in Section 5.2.1

that a=& when the pressure 1is one atmosphere]. For a given
value of W (i.e. 8(k )k, a from equation 3.30), the corres-
ponding value of S(ko) can be determined, and the values of
W and S(ko) can then be used to determine the integrated
absorption coefficlent from equation 3.29.

Furthermore, the relationship between W and S(ko)
turns out to be approximately linear over the range of
experimentally useful equivalent wldths. Fig. 3.4 shows
the relationship between %— and S(ko) (the parameter AD
normalizes the curve to beDindependent of line width).

It can be seen that in the range %u < 2.5 (see Section 3.4.2)
D

the relation

- w_
S(k,) = 1 - 0.225 5 vassn 331
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is approximately valid. This approximately linear relation-
ship enables a glven value of WT to be split into its two

components quite accurately by using the relations

WT = Wl + W2 ceas 3.32
and
W W
l =1L s 3.33
m 'm - & & & 3
074 i,2 0 5
where the terms S(ko) refer to the value of S(ko) for
1,2

line components 1 and 2, and L1,2 is the theoretical ratio

of the strengths (integrated absorption coefficients) of
lines 1 and 2. L1,2 will be determined by the corresponding
Honl~London and Boltzmann factors for the two lines. Using
equations (3.31~3.33) it 1s therefore possible to determine
the corresponding components wl and W2 for a given wT if

the line strength ratio L1’2 is known.

As the use of the function S(ko) is equivalent to the
Doppler approximation used earlier (Section 3.4.2), it is
convenient to adopt thils form of analysis for all lines.

It will be shown in Section 5.5.4 that the use of S(ko) also
lends itself to an accurate error analysis by relating the
error in W to an error in jkdk.

Using equation 3.29 we can express the line osclllator



strength (equation 2.29) directly in terms of W and S(ko)

J’J - mCW s 3’3”_

l.e. i 27 Z
v0 Ny ag-- I e®2 S(kj)a

55.
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CHAPTER 4.

b, The Photoabsorption System

It was pointed out in the previous chapter that the
main limitation in determining equivalent wldths accurately,
is the necessity to measure relatively small apparent
absorption. Experimentally, this poses a problem because
it is, in fact, the transmission that 1s measured. With
conventional analogue techniques it 1s quite easy to measure
transmissions to within say, 5%. However, 1f the absorption
being measured is only 5% the relative error in the absorption
will be 100%. If, therefore, accurate equivalent widths
are to be determined it 1s necessary to use a technique
whereby the transmission can be measured more accurately,
or a multiple scanning system which repeats the measurement
a large number of times and therefore improves the stat-
istical accuracy. The present system is of the former
variety and, in principle, the accuracy is limited only by

data accumulation time (i.e. by counting statistics).

4,1 General Description

The following is a broad outline of the complete
experimental system shown in Fig. 4,1, The various elements
in the system and their functions will be described in
greater detall 1n subsequent sections. Basically the system

consists of a differentially pumped cell, two detectors,
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Fig. 4.1 A schematic of the photoabsorption system
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one for measuring the incident flux and the other for
measuring the transmitted flux through the cell, and a
monochromator as the photon source. Near monochromatic
light from the monochromator is sampled by the partially
transparent incident flux monitor, the output count rate of
which is proportional to the flux incident on the cell. A
second detector at the other end of the cell measures the
transmitted flux, and the outputs from these two detectors
are used to determine the relative transmission. Normaliza-
tion of the detector gains is achileved by alternatively
measuring the transmission with the cell "full" and Tempty".
(As the cell is differentially pumped, a high pressure can
only be maintained by leaking gas into the cell. Hence the
terms "full" or "empty" refer to the case of the gas leaking
into the cell or not). The "empty" pressure was considerably
less than the "full" pressure, hence, defining the transmission
ratio for the "empty" as equal to unity enables the "full"
transmission ratio to be normalized such that it is 1n fact
the absolute transmission. (The term "absolute trans-
mission" will, for brevity, be taken to mean the absolute
transmlsslion integrated over the wavelengths defined by the
instrument resolutions).

In practice, it 1s impossible to evacuate the cell

completely, hence, there will be some absorption
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associated with the "empty" transmission measurement.
However, this absorption is small, and certainly much smaller
than that associated with the "full' measurements; conse-
quently, the error introduced is small and certainly much
smaller than the statistical error.

The transmission ratio is obtalined as a binary number
from a digital divider and stored on magnetic tape. The
data handling and reduction, as well as the operation of
the system such as wavelength advance, emptying and filling

the cell, is controlled electronically.

4,2 The Monochromator

A McPhersons model 225 1 metre near normal incidence
vacuum ultra-violet monochromator was used as the dispersing
instrument. The monochromator was filtted with a 1200 line
per m.m. grating blazed for 12008 and giving a reciprocal
dispersion of 8.38 per m.m. in the first order. The mono-
chromator was operated with a resolution of about 0.33
corresponding to an entrance and exit slit size of about 30u.
Narrower slits with correspondingly improved resolution could
not be used conveniently because the entrance slits became
rapidly clogged by sputtered material from the lamp cathode
(see Section 5.R/.1).

The wavelength drive of the monochromator was modified

with a stepping motor which enabled the wavelength to be
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incremented in small predetermined steps. Increments of

2.5 m? or any multiple thereof could be obtained by feeding

a command pulse into the stepping motor control unit.
Absorption measurements were taken as normalized ftransmission
measurements for each step position and the final spectrum
consisted of a large number of measurements taken at regular
intervals (see Section 4.6). A typical 1line absorption
spectrum is shown in Fig. 4.2.

For most absorption measurements a wavelength increment
of 10 m® was used. The use of such a small step served two
purposes. First, the statistical error associated with
the equivalent wildth (integrated or summed absorption over
the llne) is less than that of a single measurement.

Second, minor irregularities 1in the magnitude of the wave-
length increment are insignificant if the increments are

much smaller than the apparent width of the line.

4.3 The Light Source

A water cooled capillary discharge tube operated in a
pulsed discharge mode was used as the light source. The
lamp was pulsed by a thyratron modulated power supply and
operated at a repetition rate of 2KHz with a pulse voltage
of 7 K.V. and an average current of 20m.A. The circuit

and description of the power supply are given in Appendix I.
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band taken with a resolution of ~ 0.5 R and a
wavelength increment of 20 mR between measure-
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The lamp construction was basically the same as the
capillary discharge tube described by Newburgh et al. (1962)
and consisted of a hollow aluminium cathode and a pre-slit
adjacent to the entrance slit of the monochromator as anode.
The windowless lamp was isolated from the monochromator
vacuum chamber by a two stage differential pumping system
consisting of a high speed Roots blower first stage and a
high speed oil booster second stage. Both pumps were

backed by conventional rotary vacuum pumps.

4.3.1 Rare Gas Continua

The lamp was used with either argon or helium,
the continua of which have been investigated by many authors
(e.g. Huffman et al. 1963, 65(a), Wilkinson & Byram 1965).
In the case of argon, the two broad resonance lines at
10488 and 10668 were also used as “continua" because the
lines are sufficiently wide compared to the resclution
width of the monochromator, to allow the equivalent width of
absorption lines in the wings of the resonance lines to be
measured. Maximum intensity of these resonance lines was
obtained when the lamp was operated at a pressure of about
5 torr. The maximum intensity of the argon continuum 1s
obtained at lamp pressures of about 200 torr (Zaidel &
Schreider 1970). However, the differential pumping did

not permit such high lamp pressures to be maintalined and the
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lamp was operated at a pressure of about 60 torr.

The helium continuum was used for the absorption meas-
urements below 980R%. The continuum intensity above 9808
was too low to enable sufficiently accurate line measurements
to be made within a reasonable time (see Section 5.5.1).
The maximum flux from thls contlnuum was obtained when a

gas pressure of about 100 torr was used in the lamp.

b,3.2 Gas Purity

It has been pointed out by many workers
(e.g. Huffman et al. 1965(a), Wilkinson & Byram 1965) that
the rare gas continua can only be excited when the impurity
level in the gas is very low. This arises from the fact
that the rare gases have a high ionization potential and
the presence of lower ionlzation potential impurities can
gquench the continuum discharge.

For the present work commercial grade bottle helium
and argon were used. Surprisingly, purification wilth
liquid nitrogen traps and a molecular sieve (type 13X) did
not produce a notlceable change in the intensity of the
continua. In the case of unpurified helium, the low
intensity of the observed impurity emission lines suggested
that the impurity level was small. Purification reduced
the intensity of these llnes but did not completely remove

them. However, the continuum intensity did not rise
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noticeably.

As there was no gain in the continuum intensity, the
only beneflt that could have been gained from using the mole-
cular sleve would have been the removal of impurity emission
1ines and an increase in the amount of useable continuum for
absorption measurements. According to the discussion in
Section 3.2, the integrated observed absorption is equal to
the equivalent width only if there is no structure such as an
emission line superimposed on the continuum. The molecular
sieve purificatiqn, although reducing the intensity of the
impurity emission lines, did not reduce them sufficlently
to allow absorption measurements to be taken, and therefore
did not warrant its use. The commercial grade argon also
exhibited a minimal effect when purified by the molecular
sieve. Therefore no purification was employed for the lamp

gases.

.4  Detectors

Both detectors were Mullard type BLU19BL channel electron
multipliers (C.E.M.) operated in a pulse counting mode. These
detectors are ideally suited for far ultra-violet work as they
have an extremely low noise of less than one count per second
and ave insensitive to scattered light above 1600R. The
rear detector was used as a photon detector, the gquantum
efficlency being about 7% at 10008 and the photoelectric
response curve in this region 1is similar to tungsten (Evans

1965).
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The front detecting system consisted of a tungsten
grid photo-cathode and a C.E.M. Photo-electrons from the
grid were accelerated towards the C.E.M. entrance cone which
was at a positive potential relative to the grid. This
accelerating potential, which was adjustable, was set to gilve
the maximum count rate. The optimum accelerating voltage
was found to be about 200V which is in agreement with the
results of Frank et al. (1969),who found a peak electron
collecting efficlency for a Bendix C.E.M. to be v85% at
200eV incident electron energy. A more detalled description
of this detecting system and its associated vacuum chamber

is given in Appendix II.

h.4.1 Gain Stabllity

The maximum operating pressure for the C.E.M.
quoted by the manufacturer is about 1073 torr. As the
absorption measurements were made at pressures of about
107% torr or less, the detectors could be safely operated
without any precautions. However, the gain of a C.E.M.
was found to be slightly sensitive to ambient pressure (see
Section 5.4.1). To maintain gain stabillity, it was therefore
essential that the detector chamber pressures be kept
constant; consequently the cell was differentially pumped
at all times, even when cell pressures of about 107" torr

were used.
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Relatlive variations of the gains of the two detectors
due to power supply 1nstability was overcome by operating
both detectors from the same power supply (Fluke model 408B).
The slightly different operating voltages and the electron
accelerating voltage for the front detector were obtained from
simple resistive voltage dividers and the multiplier voltages
were about 3 K.V.

However, even with these precautions the gain of the
two detectors did not remain constant. There was a slow
gain change due to a gradual degradation of the C.E.M. as well
as a galn change caused by pressure varlations between the
"empty" and "full" cell. The slow gain drifts were corrected
for by an averaging technique which 1s described in Sectilon
4.6.2 and the pressure induced gain changes were allowed for

in the analysis of results (see Section 5.4.1).

4.4,2 Detector Outputs

The outputs of the two C.E.M.'s were amplified
by preamplifiers mounted adjacent to the vacuum system.
(see Appendix III). The preamplifier output pulses of
approximately 40 n s width and several hundred mV height were
fed into a dual discriminator (E.G. and G type TR104S) and
then into fast three bit prescalers (E.G. and G type S100)
which interface between the discriminators and the rest of

the data handling system. This interface was needed because
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the integrated citcultry used cannot handle the narrow
output pulses frofi the discriminator.

For convenience, and brevity, the outputs from these
scalers will be referred to as the monitor and detector

outputs.

4.5 The Absorption Cell

The absorption cell consists of a tube, approximately
41 ¢.m. in length, with parallel narrow differential pumping
slits at each end. The gas flow into the cell was via a
needle valve coupled to the inlet of a small electrically
controlled two-way valve which will be referred to as the
gas admittance valve. One outlet of this valve was connected
to the cell, the other to a pump such that the gas flow through
the needle valve would be elther into the cell or into the
pump. The use of this pump prevented the gas pressure
between the needle valve and the admittance valve from
building up when the cell was isolated (i.e. "empty").

The cell pressure was determined by the needle valve
leak rate which was reasonably constant for a glven needle
valve setting. The pressure stability and reproducabillty
was as good as the reading accuracy of the pressure gauges
(i.e. within a few percent). As the absolute pressure
calibration (see Section 5.2.3) was only accurate to within
57, the error due to pressure variations was negligible

compared to the absolute pressure accuracy.
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Emptying the cell was achieved by shutting the gas
admittance valve and simultaneously opening a second elec-
trically controlled valve coupling the cell to a 4"
diffusion pump. Filling the cell was similarly achileved
by shutting the diffusion pump valve and opening the gas
admittance valve,

Water vapour was pumped out of the cell by a small
liquid nitrogen trap connected to the cell via a 1%
butterfly valve. This relatively small aperture enabled
any water vapour 1in the system to be pumped out readily
without affecting the average gas temperature in the cell
due to the large remaining surface area of the cell at room
temperature.

Between the cell and both the front and rear detectors
there were two differential pumping chambers (see Filg. 4.1)
which could be connected to a 4" diffusion pump or a larger
differential pumping system identical to that used for the
lamp. The 4" diffusion pump was used for all absorption
measurements as these involved cell pressures of about 10”3
torr or less (see Section 5.3.1), and the larger differential
pumping system was used for preliminary high pressure scans

of up to 0.1 torr for location of the absorption lines.

4.6 Digital Data Handling System

The mechanical operation and data handling are
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incorporated into the same basic electronic control system

and their operation will therefore be considered together.

Fig. 4.3 shows a simplified schematic of the basic

control and data reduction system. The principle of

operation may be summarized as follows. The ratio of the

transmitted flux for a"full cell and an "empty' cell is obtained

by using a digital divider. By ensuring that the incident

flux is the same for both measurements, this ratio will be

the absolute transmission. The constant flux condiltion is

met by controlllng the data accumulation times (i.e. total

recorded flux) from the incident flux monitor.

The various elements and thelr function in the system

are (see Fig. 4.3)

1'

The reference scaler.

The binary scaler used to accumulate the monitor
counts is referred to as the reference scaler.

When this scaler has accumulated 2 counts (where

n can be set between 10 and 19), it generates a
pulse which is used to trigger the other electron-
ics 1n the system.

The digital divider.

The digital divider consists of two 16 bit binary
scalers which we call X and Y, an arithmetic binary

dividing unit and a 16 bit count down scaler at
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Fig. 4.3 The schematic of the digital data reduction

and recording system
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the output. On a command pulse, the binary
ratio of X and Y is obtained and presented as a
series of pulses from the count-down scaler.

3. A magnetic tape storage system.
The tape storage system consists essentially of
three scalers for data accumulatlon and one scaler
used as a channel number (or data recognition
channel). Onn a write command pulse, the contents
of these scalers are transferred to the tape and the
channel number advanced by one.

Iy, The control scaler.
A simple two bit scaler 1s used to control the
various stages of operation of the system. The
four distinct states of this scaler are decoded
to control the operation of the entire system
which has four measurements associated with each

complete cycle (see next section).

Detalls of the operation and circuits of the various
sections of the data handling system are given 1ln Appendix

IvV.

h.6.1 Operation
The control and data handling system 1s a
recycling system, each cycle giving two transmission values.

The overall operation of the system can be understood from
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the operations contained within a single cycle, which, from

a cell "full" condiltion, consist of the followlng sequence.

1.

Cell "full" (gas admittance valve open)

The reference scaler (initially reset) accumulates
the monitor counts and the rear detector is gated
into the X scaler of the divider.

When the reference scaler fills (1.e. reaches 2n),
the rear detector is gated off, the gas admittance
valve shuts (and 4" diffusion pump valve opens).
After a delay of about % minute during which time
the cell pressure reaches equilibrium, the rear
detector is gated into the Y scaler of the divider
while the reference scaler again accumulates the
monitor output.

When the reference scaler again reaches 2n, the

following operations take place.

a. The Y scaler gate closes.

b. A divide command pulse is fed into the divider,
giving the ratio X/Y out. The scalers X and
Y are automatically cleared after this
operation,.

c. The wavelength of the monochromator is incre-

mented by a preset amount (typlcally 0.01%).
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5. After a short delay (approximately 3 secs) the
contents of the tapc scaler (X/Y) is written on
tape. The Y scaler gate opens again and another
"empty" measurement 1s made.

6. After the "empty", another "full" measurement 1s
made (with a suitable delay for gas pressure to
reach equilibrium). At the end of the "full",
operation U is repeated (except 4(a), X scaler

closes).

The reason why the "empty" and "full'" measurements are

alternated 1n pairs is discussed in the next section.

4,6.2 System Stabillty

The time taken to obtain a single absolute
transmission measurement was less than 10 minutes. It had
been noticed that the relative gain drift between the two .
detectors was small and the gain fluctuations had longer
perlods than 10 minutes. Gain drifts with periods consilder-
ably longer than 10 minutes were eliminated by using an
alternating technique described below. In considering the
operation, there 1s a time lag between the accumulation in
the X and Y scalers of the divider. Hence, if there is a
slow change in the gain of one detector relative to the other
the ratio X/Y is not a correctly normalized transmission

ratio. If, for example, the galn in the rear detector is
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slowly increasing and the accumulation order is X, then Y,
the ratio X/Y will be slightly smaller than it should be.

A suitable technique to overcome this error consists of
reversing the order of accumulation for the next transmission
measurement, (i.e. the accumulation sequence is X, Y, ¥, X,

X etec.). A slow gain change will therefore give ratios of
X/Y which will be alternatively higher and lower than the

correct value, giving close to the correct average value.

4.6.3 Statistical Accuracy

Most transmission measurements were made to
constant statistical accuracy. This condilition could be met
over a large range of photon fluxes by varying the wavelength
increment and the reference scaler, always keeplng the complete
"empty" and "full" measurements to less than 10 minutes,

e.g. a typical spectrum may be obtained with an increment

of 1/508 and reference scaler set for 2!® counts. If the
flux level drops to a level such that 2!® counts would take
more than 10 minutes, the spectrum can be obtained at 2!'°
counts and 1/1003 steps, i.e. half as many counts/data point
with twilce as many steps for the same spectrum. Total
accumulated counts and accuracy are the same in both cases.
Hence by suitably varying the reference scaler and magnitude

of increment, the same total accuracy can be obtained with
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each transmission measurement restricted to less than 10
mlinutes. Typical scanning accuracies will be discussed

in the next chapter.

4,6.4 Absolute Transmission

The divider output X/Y represents the absolute
transmission as is evident from the following. Since the
data accumulation time is controlled by the accumulated

monitor counts, the recorded rear detector counts will be

#
ol % s Where o' 15 the total monitor counts registered by the
reference scaler, and % is the ratio of detector to monitor
count rates. Hence the X scaler of the divider contains
n DF
2 W= counts where the subscript F denotes cell "full™. Simi-
F
D
larly Y contains on ME counts, E denoting "empty". Hence X/Y
Dy /Dy
represents i/ i.e. the "full"™ detector ratio normalized
P/ K
by the'empty'detector ratio. As the pairs DF’ MF and DE’

ME are measured simultaneously, the result was also independent

of any varilations in flux.

*
Assuming that the relative gain of both detectors 1s constant
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CHAPTER 5
5. Procedure _and Data Analysis

5.1 Introduction

Equivalent width measurements were taken with the
system described in Chapter 4 for as many lines of the Lyman
and Werner bands as possible within the experimental limita-
tions which will be discussed in this chapter.

The wavelengths of the rotational lines were obtained
from the data of Dieke (1958) and Namioka (1964 a) and were
located by calibrating the wavelength drive of the monochrom-
ator from observed emission lines. For the argon continuum,
the wavelengths of the two broad resonance lines were used,
and for the helium, the large number of impurity emission
lines served as a reference. The wavelengths of the emission
lines were taken from the tables of Kelly (Report UCRL-5612).

This chapter describes the preliminary measurements
and assumptions required for the correct analysis of the
experimental data. The experimental limitatlons are briefly
discussed also. The analysls of the data to give band
oscillator strengths is discussed, and a typlical example of
an absorption spectrum and the appropriate calculations are

given.
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5.2 Preliminary Measurements

5.2.1 Measurement of a

The determlnation of the integrated absorption
coefficient from W needs one other measured parameter, namely
a the amount of absorbing gas present. This is determined
by the average number density (pressure) and the length of
the absorbing column. In a static gas column a will be given

by (Goody 1964)
a==2p eeo 5.1

where % is the length of the gas column and p is the pressure
(in atmospheres).

Although the absorption cell was differentially pumped,
the value of a was assumed to be given by the static cell
expression above, where the length was taken as the distance
between the differential pumping slits. At the experimental
operating pressures of about 10™°® torr, the above approximation
should hold because the rectangular differential pumping
slits (v 3x15 mm) are very much smaller than the mean free
path which is approximately 160 mm at 10~ ® torr for H,
(C.R.C. Handbook 1968).

The valildity of the above approxlmation can be tested
by measuring a as a function of pressure. We may write

Beer's Law 1In the form
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In T = ~ka ... 5.2

Consequently, for a region where the absorption coefficilent

is constant (i.e. a continuum), the variation of a with
measured pressure can be determined from the variation of

the transmission with measured pressure. When k is constant,
we also have the added advantage that the transmission is
independent of resolution and can be measured directly (see
equation 3.5).

Ideally, it would be best to take such a series of
transmission measurements with H2, as they could then be
directly related to the experimental work. Unfortunately,
the H2 continuum 1s weak and has a superimposed band structure,
and an alternative gas had to be used. Oxygen was chosen
as a suitable alternative because it has -a strong ionizatilon
continuum with several regions of approximately constant
absorption coefficilent. One such regilon (A ~ 7&58) is
particularly useful because the helium continuum is quite
intense in this region, thus enabling rapid transmission
measurements of high statistical accuracy to be made.

Transmission measurements were taken wlth the photo-
absorption system operated as described 1n Section 4.6 except
that the wavelength advance was off (i1.e. the measurements

were made at a constant wavelength). About 20 measurements
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were taken for each pressure, with a statistical error of
about 1% per transmission measurement, tbus gilving a final
transmission accuracy of about 0.2% for each pressure.
When sufficient measurements were taken, the wavelength was
advanced by about 28 and several measurements were repeated
and found to give the same transmission within the statis-
tical error. This then served to verify that the absorption
coefficient was approximately constant in this spectral
region.

The values of 1n T against pressure are shown 1in
Fig. 5.1. The best fit straight line suggests that the

proportionality
aop «v. 5.3

holds over the appropriate pressure range. The proportion-

ality may be written in terms of an effective cell length -
1l.e. a=2"p ... 5.4

We may therefore express the gradient of the line in Fig. 5.1

as

d(1n T)
dp

= K0~ sae D.5

Expressing p in atmospheres, this gradient has the value

22,200, and the absorption coefficient k in this region is
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about 545 em™! at S.T.P. (Cook & Ching 1965). At the
temperature at which the measurements were made (2200),
this gives k = 505 em ! and ¢° = 44,0 cms. The measured
cell length was 41 cms. In view of the present experi-
mental error, as well as the 10-15% error in k quoted by
Cook & Chiling, the value of &° may therefore be assumed to
be the same as the cell length (i.e. 41 cms).

There is no obvious reason why H2 should behave differ-
ently from O2 at comparable pressures, because the mean free
path is much greater than the slit size for both O2 and H2.
It is therefore expected that the above result will be valid

for H, as well as 02. Consequently, a constant cell

2
length of 41 cms was assumed for the H2 absorption measure-
ments. An arbiltrary uncertainty of 5% in this length was
also assumed.

It will be noticed from Fig. 5.1 that the best fit
line does not pass through the origin (T=1 when p=0). This

tzero offset" 1s due to an experimental inadequacy which 1is

discussed in detail in Section 5.4.1.

5.2.2 Pressure of the Absorblng Gas

The absolute pressure of the absorbing gas pg

was taken as proportional to the difference between the "full"

and "empty" pressure readings.
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i.e. Py = C(pF-pE) 297 Brb

where pp and Pp are the "full"™ and "empty" pressure gauge
readings and C is a calibration scale factor (see Section
5.2.3). As pg was about 5.107% torr, the differencing
procedure can be ignored for "full' pressures above 10~ * torr.
This differencing procedure was necessary for the lower
operating pressures because ot did not, 1in fact, correspond
to the partial pressure of the residual hydrogen in the "empty"
cell. A mass spectrometer (A.E.I. minimass) was fitted to
the cell and 1t was found that, when the cell was "empty",
the partial pressure of H2 was very small (v 1077 torr) and
the larger "empty" pressure reading was mainly due to water

vapour and some N Moreover, when the cell was "full',

5
the partilal pressure of water vapour and the other impurities
did not appear to change. It was therefore assumed that

the "full™ pressure reading corresponded to the partial
pressure of hydrogen plus that of the impurities which corres-

ponded to the "empty” pressure reading. Accordingly, the

measured partial pressure o of the absorbing gas 1s given by
pm = pF-'pE o o » 5-7

The measured pressure can then be related to the absolute

pressure pg by a calibration factor C (see Section 5.2.3).
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i.e. p. = Cp

e - = C(pF_pE) c e 5.8

This differencing approximation was alsoc tested by relative
partial pressure measurements with the mass spectrometer and
found to be valid. The mass spectrometer was not used for
absolute partial pressure measurements throughout the
experiment because its operatlng pressure upper limit

(v 1075 torr) would have restricted its use to a few of the
strongest lines.

It is Interesting to note that, under the experimental
conditions, the presence of the water vapour (plus other
impurities) does not affect the measured transmission. From
Section 4.6.4, it can be seen that the transmission can be
written in terms of the separate "full"¥ and "empty'" measured

transmissions TF and TE'

T
1.e.T=T—F .e. 5.9
B

If there 1s no interaction between the hydrogen and the
impurities, the transmission will be given by the product of
the hydrogen and impurity transmissions, (Goody 1964) which
can be written T(H2) and T(Imp) respectively.
T(H2) . T(Imp)

T F

T(H2)E . T(Imp)E te

= SN =38 T = 5.10
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As the Impurity level does not change between the "empty"
and "full®" cell conditions, and the "empty" H2 partial

pressure 1s very low, we may write equation (5.10) as

T = T(H2) «+s 5.11
F

Hence the presence of the impurities does not affect the
accuracy or reliability of the hydrogen transmission measure-
ments, provided that the partial pressure of the absorbing

gas can be measured.

5.2.3 Pressure Calibration

Cell pressures were measured by an lonization
gauge (Edwards Speedivac model 3B) for pressures less than
107% torr and a Pirani gauge (Edwards model T7/2B) for
pressures above 10 3% torr. Both gauges were calibrated
absolutely with hydrogen and oxygen (for the cell length
determination) against a McLeod gauge. The lonization
gauge callbration was limited to pressures between 10~ % torr
and Just above 10 ? torr because the McLeod gauge was not
sufficiently accurate at lower pressures and the lonization
gauge could not be operated above 10~ 3 torr. However, the
observed linearity in this range was used to extrapolate
the calibration to lower pressures. The accuracy of the

pressure calibration was estimated to be about 5%. Although



81.

the Piranl gauge calibration was more extensive and covered
a larger pressure range, the abéolute calibration error was
also taken as about 5%. Both gauges exhibited a linear
variation of reading with absolute pressure, and the gauge
pressure could therefore be directly related to the absolute
pressure by an appropriate scaling factor C.

In the case of the icnization gauge reading, however,
a temperature dependence must be taken into account. The
lonization gauge reading Py depends on the gas ionization

potentlal and the gas number denslty, not the pressure

i.e. P, @ N

From the gas equatlons this proportionality can be written

p
D =AT% ... 5.12

where A is an arbitrary constant, pg is the absolute gas
pressure and T” is the temperature at which the reading was
taken. For the temperature Tc at which the gauge was cali-
brated, the absolute pressure can be related to the gauge

reading by equation (5.8), giving

Tc
A:-C_. DRI 5»13
where C 1s the scale factor relating the gauge pressure to the

absolute pressure at the appropriate temperature Tc' Hence
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equation (5.12) can be written,

pg = C[%—} P ... 5.14

i.e. the absolute gas pressure is related to the gauge
reading by a scale factor C and the ratio of the calibration
temperature to the temperature at which the measurement was
made.

The oscillator strength, however, depends on (NA pg)—1
(from equations 3.34 and 5.1), where NA is the number
density of the gas at one atmosphere and at temperature T~
at which the absorption measurement was made. Substituting

for pg from equation (5.14), we can write,

r 3
T i
NA pg = NA Tc Cpm sew D.15
()
From the gas equations, NA %— will be the number density
[ €)

of the gas at one atmosphere and temperature Tc, and can

be written Nc’

i.e. NA pg = CNc P, ... 5.16

Consequently, the value of (NA pg) will depend only on the

gauge reading and willl be independent of temperature.
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The same relationship does not hold for the Pirani
gauge; however, the error introduced by the aprroximation .that
the measurements can be taken as independent of room tempera-
ture is not significant.

The pressure calibratlion was made at 22°C at which
temperature the number density at 760 torr is about 2.487.101!'°
molecules per cm?. Taking a cell length of 41 cms, and
substituting for the various constants, the oscillator strength

can be written (from equation 3.34)

0.084 w
f = = ..o 5.17
o Agoes pA S(ko)

where W 1s expressed in mﬂ, A in R and the approximate

pressure p = Cpm in torr.

5.2.4  Gas Purity

The gas used for the absorption measurements
was unpurified commercial grade hydrogen. Mass spectrometer
tests falled to reveal any impurity in the gas which regis-
tered a change in the residual impurity level of the cell.

In other words, although some lmpurities (e.g. H2O, N2, O2
etc.) were present in the gas, their partial pressures were
very low compared to the residual impurity level. It was
pointed out (Section 5.2.2) that the residual impurity level

does not affect the absorption measurement. If, on the other
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hand, the incoming impurilties are to have a noticeable effect,
thelr absorption coefficients would need to be extremely
large compared to H2.

A heated palladium (diffusion type) purifier was used
in an attempt to verify whether the gas impurities had any
effect or not. There did not appear to be any difference;
however, this result was not conclusive because the flow
through the purifier was not constant (i.e. the pressure was
not reproducible). This was, in fact, the main reason why

it was not used throughout the experiment.

o 3 Equivalent Width Measurements

Prior to taking any equivalent width measurements, a
lamp spectrum was obtained (over the required wavelength range
only). This spectrum was then used to select the wavelength
regions where the equivalent width measurements could be taken.
(According to the discussion in Section 3.2, regions where
there are emission lines, or other rapid intensity variations,
do not yield a correct measure of W, and therefore cannot be
used).

A second criterion for rejecting some regions is the
absorption line spacilngs. Within a given separation
(determined by the instrument resolution), adjacent rotational
lines cannot be resolved, If these lines belong to the same

band system, they can be treated as an unresolved doublet
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(see Section 3.5). If, however, they belong to different
band systems, they cannot be conveniently analysed unless
one of the lines is very much weaker than the other, in

which case it can be ignored.

S Operating Pressures

When the lines which could be studied in a
particular region had been selected on the basls of the fore-
going section, approximate operating pressures were determined
from estimates of the oscillator strength (from other experi-
mental and theoretical values). The optimum operating
pressure was chosen as that which yielded an equivalent
width of ~ 10 mf. (In the case of line doublets, the
criterion that the stronger line contribution to the total
equivalent width be about 10 mR was used).

The initial pressures selected were modified by trial
and error until the above condition was met. As the
trend of the results became obvious, however, it was possible
to estimate approprlate operating pressures quite reliably.
The maximum operating pressure used was "V 5,103 torr.
Although the large differential pumping system could easily
handle higher pressures, the length calibration could not be
taken with the same rellability because the gas mean free
path is comparable to the slit dimensions at pressures above

107? torr. As the mean free path of 0, and H, are different
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by ~ 50% (C.R.C. Handbook 1968), the correlation between H2
and an 02 calibration at these higher pressures would not be
as reliable as the low pressure calibration.

This upper pressure limit restricted work in most cases,

to lines with J°° < 3.

5.3.2 Measuring Limits in W

It has already been pointed out (Section 3.4.2)

w_

bp

corresponding lower limit can also be determined from the

that the useful upper limit of W is ~ 12 mf [ ~ 2.5]. The

acceptable error in W. This lower 1limit was arbitrarily

taken as W v 5 mf. Hence the operating range was taken as

1< o 2D Most measurements, however, were almed at an
D
optimum W = 10 mf [%— = 2] which gave a reasonable relative
D

error and yet left enough margin for error (i.e. #20% of 10 mf

was still a useful and accurate value of W).

5.3.3 Line Scans

Equivalent widths were obtained from a trans-
mission scan over a line; a scan consisting of normalized
transmission measurements at regular wavelength intervals
(typically 0.0lﬂ), For convenience, each transmission
measurement will be referred to as a channel (corresponding to
a channel of data). With a resolution of ~ O.BR (half width)
we therefore need about 60 channels of data to define the

complete observed absorption line.
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A typical scan was started approximately 1% before
the line centre, thus allowing for a margin of error (the
wavelength calibration of the morcchromator was not exact)
and also enabling a reference background level (no absorption)
to be obtained before the line (provided that the region
pefore the absorption line in question is free from other
absorption lines). The need for this background measurement
is discussed in Section 5.4.1.

During the scan, the temperature and both the "empty"
and "full" pressures were noted. The pressures in particular,
were noted regularly to obtaln an average value of the pressure
reading difference (see Section 5.2.2). These pressures were
generally found to be quite reproducilble and most observed
variations, in fact, appeared to be in the gauge units rather
than the pressure itself. (This was inferred from the lack
of correlation between two different gauges during these
variations).

A typical scan over a line is shown in Fig. 5.2. This
scan was over the P; line of the (3-0) Lyman band. The
wavelength increment was 0.018, the resolution v 0.48 and
the reference scaler was set at 2'7.  The analysis of the
equivalent width and oscillator strength for this line will
be gilven as a typilcal example in Section 5.4.3, The accuracy

of this scan will also be discussed 1n Section 5.5.
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Fig. 5.2 A scan over the P3 line of the (3-0) Lyman band.
The resolution was ~ 0.4 % and the wavelength

increment was 10 mX
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5.4  Data Analysis

On completlon of a scan, the contents of the tape
were read into a multi channel analyser (R.I.D.L. model
34~12B) which served both as a convenient visual display of
the data and a buffer to a printer (Hewlett-Packard model
H23562A). The printed information was in the form of a
channel number (corresponding to wavelength) and the channel
content (corresponding to transmission ratio). A visual
inspection of the displayed data was then used to determine
the limits between which the data should be summed. The
average transmission on elther side of these limits was taken
as a background reference level (see next section) from which
the summed transmission was subtracted to yield the summed
absorption. Multiplying this absorptlon sum by the wavelength

Increment A, then yilelds the equivalent width.

A

{rér w=A)\§Ai i ea D .18

where the summation is over the N channels deflining the

absorption line.

5.4.1 Background Correction

It has been mentioned on several occasions that
the measured transmissions for no absorption (referred to as

background level) is not always unity [e.g. the typlcal
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spectrum (Fig. 5.2) and measurement of a (Fig. 5.1)].
However, this effect could not be attributed to absorption
because it did not change with cell pressure, and was often
above 1.

The most likely explanation which appears to be con-
sistent with observatlon is that this offset was caused by
gain changes in the detectors due to small pressure varilations
in the detector chambers between the "full" and "empty" cell
condlitions. The ultimate pressure of the diffusion pumps
appeared to be lower when no gas was being pumped (cell
"empty"), than when gas was being pumped (cell "full"),
giving rise to a small pressure change in the detector chambers.
However, the pressure in the latter case did not appear to
depend greatly on the cell pressure (within reasonable limits),
possibly due to the high pumping speed.

The most direct evidence of the cause of this offsef
came from tests with the discriminators. The amount of
offset from unity could be changed by changing the discrimin-
ator setting, suggesting that the pressure variation shifted
the pulse height distribution slightly. It was also noted
that for old C.E.M.s (for which the pulse height distribution
was at a lower voltage level) the offset became worse. When
new C.E.M.s were installed, the apparent transmission was

close to unity, or just above, and over several months (at the
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same operating conditions etc.) the level gradually fell to
a few percent below unity.

As this effect could not be corrected without redesigning
the entire system, a measure of the reference level (back-
ground) was requlred for each measurement. As the offset was
small, and approximately reproducible over a scan, the
relative effect on the integrated absorption is small and can
be ignored. The equivalent width can be written (from
equation 5.18).

[TB_T:L] .e. 5.19

where Ti is the value of a transmission measurement in the

line and T, is the background level.

B

5.4.2 0Oscillator Strength Calculation

From the experimental value of W the correspond-
ing value of S(ko) was determined from Fig. 3.4. This then
enabled the line oscillator strength to be calculated using
equation (5.17). Of more interest, however, is the
band oscillator strength. The individual rotational line
strengths are related to the band strength by the Honl-London
factors (see Equation 2.9), and therefore yield no more in-
formation about the system than the band oscillator strength.

Consequently, the line oscillator strengths need not be
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evaluated; instead each measurement was used to determine
the band oscillator strength directly. From equations
2.21 and 2.9, the line oscillator strength may be written

in terms of the band oscillator strength.

J°N”

IR S

i.e. T T —————f
vio - (2J77+1)

V-0 dwe 5.20
Therefore, from a given line equivalent width measurement,

the band oscillator strength can be written (from equation

5.17)

0.084 W(2J7"+1)
J‘A’ L

f
Vo

5.21

6-.. PA2 S(k ) S
J O JJ’A),‘

5.4.3 A Typical Example

The data analysis can be demonstrated by con-
sldering the determination of the oscillator strength of the
P3 1line of the (3-0) Lyman band shown in Fig. 5.2 as a
typical example. The background transmission level TB was
determined from the transmission averaged over channels
0 to 50 and 150 to 200, while the line absorption was deter-
mined from this background level and the transmission summed

over channels 50 to 150. The total summed absorption was
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0.84 and, with a wavelength increment A, of 0.018, the
corresponding equivalent width W is 8.4 mf. The measure-
ments were made at a pressure of 1.35 . 107? torr and a
temperature of 23°C. The line centre AO = 10708 and the
Doppler width was 5.58 mfl, giving a value of 0.67 for S(ko)
from Fig. 3.L4. The fractional distribution Oya- in the J°°
rotational level of the ground state was about 0.09 and the
H8nl-London factor is 3 (i.e. J°7 for P branch). Substitu-
ting the above parameters into equation (5.21), the corres-
ponding band oscillator strength reduces to 1.8 . 10 2.

The error associated with this calculated value will be

discussed in Section 5.5

S Error Analysis

The error in a calculated line oscillator strength is
determined by the statistical error associated with the
measured equivalent width and the error associated with the
determination of the parameter a. The error in a can be
attributed to the 5% uncertainty in the cell length (see
Section 5.2.1) and a 5% uncertainty in the absolute pressure
calibration (Section 5.2.3) as well as the error assoclated
with the pressure measurement (the reading accuracy of the
gauge scale). Assoclated with the error in W, there 1is also

a corresponding error in S(ko). This error is, however,
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directly related to the error in W since S(ko) is a function
of W (equation 3.30).

The band oscillator strengths are determined from
welghted means of a number of individual line osclllator
strength measurements, The errors can therefore be separ-
ated into the statistical and measurement errors, from which
the weighting factors are determined, and the systematic 10%

uncertainty in a.

5.5.1 Scanning Accuracy

Tt was mentioned in Chapter U4 (Section 4.6.3)
that scans of constant statistical accuracy could be obtalned
by varying the reference scaler and wavelength increment
according to the available photon flux. In practice,
however, it was found that scans over low flux regions,
especially with narrow monochromator slits, could not be
taken with high statistlical accuracy because the scanning
time involved was long (over 24 hours) and satisfactory
results could not be obtained. This was caused by a slow
clogging of the entrance slits by the lamp when the slits
were narrow. This clogging effectively changed the resolution
function F(A-A") during a scan (see Section 3.2) and rendered
the equivalent width approximation invalid.

Consequently, scans over the lines in such reglons were

taken with poorer statistics than lines in higher flux reglons.
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This was compensated for by repeating the line measurement
several times, Alternatively, if the line was sufficiently
well separated from adjacent lines, a scan was taken with
poorer resolution (i1.e. wider slits and hence higher photon

flux). This also reduced the clogging problem.

5.5.2 Transmlission Accuracy

The statlstical error associated with a single
transmission measurement can be determined from the total
number of accumulated counts for the "empty" and "full"
transmission ratios. From Section 4.6.4 the transmission T

can be written as

T=——l Y e 5-22

where D D M_ and M. are the detector and monitor "full"

F?> "RE° °F )
and "empty" total accumulated counts. The accumulated
monitor counts were determined from the reference scaler

setting and can be written

—1 - n
MF ME 2
when the reference scaler 1s set on g The corresponding
C.E.M. output counts were, however, 2n+3_ The factor of 23

arises from the 3 bit prescalers usced to divide both C.E.M.

outputs prior to accumulation. From counting statistics,
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-3
the relative error in ME and MF 1s therefore [2n+3] .

Since the absorptlion was small, DF and DE were about equal

and can be written as a fraction % of the monitor counts,

n
l.e. DE . DF = %— . The error in transmission can therefore
be wrltten
f; - 2r 2
T k2n+3 2r1+3
F 1/
1 2
?n+2] sas D.23

For example, the P3; line of the (3-0) Lyman band shown 1n
Fig. 5.2 was taken with the reference scaler set at 217 and
the ratio r=3. The corresponding relative error (from
equation 5.23) is about 0.28% per transmission measurement.
As the absorption is small, (1.e. T = 1), the error for all
transmission channels in either the line or the background

is approximately the same.

5.5.3 Error in W

The equivalent width (equation 5.19) may

conveniently be expressed as

N
i
W=AN[1 L i] ... 5.24

A NTB
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As the background level TB is determined by averaging over

1
N” channels, the error in the value of Ty will be N’_ZGT.

N
<
LTy -3
Similarly the statistical error in - will be N O
The corresponding statistlcal error in W will be
1,1)"
Oy = NAAGT [ﬁ + NT] s De2D

For the P3; line of the (3-0) Lyman band (Fig. 5.2), the
background level was determined from the average of 50
channels on either side of the line (i.e. N”=100) and line
full width was about 100 channels (i.e. N=100). With an
increment of AX=O.018 and a value of oy = 0.28% (previous
section), the error in W is

o, = 0.40 mi

The corresponding value of W is 8.4 mf. Consequently, the

relative error in W is about 5%.

5.5.4 The Error 1n §T¥—7
0

An error in W will have a correspondlng error
in S(ko) because S(ko) is a function of W (i.e. equation 3.30).

The standard deviation in §T§'7 can therefore be written
o)
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R T
“w,s T %w W [8Tk)
98(k )
— W o’
= oy [%(ko) 1 STy - ] cov 5,26

W
where UW’S is the standard deviation of §TE;7 .

The relative error 1in 57%—7 can therefore be written
e}

S(k.) o 98 (k)
0 _ W 0
“W,s [ W ] = ST )W [S(ko) B B

This equation can be simplifled by using the approximate
linear relationship between W and S(ko) (i.e. equation 3.31)

95(k,) g, 005

i-e- P = : ® s @ 5.28
aW &D

Consequently, the bracketed term on the right hand side of

equation (5.27) can be written from equations (3.31) and

(5.28) as
S(k ) W EEEEQE - 1- 9.225, w|=20.225
o’ ~ W o | i el B i v
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o]
Thus the relative error in §T¥—7 is given by W(§¥_7 s 1l.e.
o) o

the relative error in W divided by the value of S(ko).
Consequently, if we apply this correction to the
typical example of the P; line of the (3-0) band, the relative
W
error of 5% in W gives an error of about 7% in
kaos
[S(ko) = 0.7].

5.5.5 Error in Doublets

For a doublet, this treatment is not valid
because the value of S(ko) applies only to each llne component
and not the total WT' The foregoing analysis is still
valid for determining the total error OWT in WT. If the
errors 1in each component wl and w2 were proportional to the
value of W (i.e. the same relative error), the different
S(ko) values would give different errors in §T%;7 for each

line, However, as Wl and W2 are derived from the same

W
i .
MT the relative error in §TE;7-must be the same for both

lines. Consequently, the error in WT(i.e. Oy ) was split
T
into components Oy and Iy which gave the same relative
1 2
errors in L
S(k
o
°Wy "W,

i.e = see 95.30

W Sk, ) W,S(k )

1 2
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However, the values of Wl and W, and the correspondlng values

2
of S(ko) are related by the theoretical absorption coeff-

icient ratio L1 5 (equation 3.33), which can be written
5

W S(ko)

_1.=L 1 53]_

W, 1,2 (k) e 2
'8

Consequently the ratio of the errors Oy and oy can be
1 2
wriltten

2

W
1 _ 1
e L1,2 [ﬂg] ewe D32

The total error in WT (1.e. GW ) can therefore be split
T
into two components by equation (5.32) such that the relative

errors in the oscillator strength are the same for both lines.

5.5.6 Pressure Uncertainty

Apart from the uncertainty in the absolute
pressure calibration (Section 5.2.3), there 1s an uncertalnty
in the pressure measurement due to the finite precision of
rcading the pressure gauge. This crror can be represented
by a constant absolute reading error; consequently the
relative error is smaller for large scale readings than for

small scale readlngs. There 1s also a dependence on the
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absolute pressure because the reading error in the "empty"
pressure can be ignored if the "full" pressure is very much
larger than the "empty" pressure. The lonization gauge

scale was estimated to have a reading error of about 1% of the
full scale. For example, the lonization gauge pressure

(not corrected for the calibration factor of about 3) for

the P3(3-0) Lyman band was PF=(4.8 + ,1) . 107" torr; the
"empty" pressure was very much smaller (v 5.10 ¢ torr) and

the corresponding error can be ignored. The relative error
in the pressure reading is therefore v 2%.

The relative values of the calculated oscillator
strengths, therefore, are accurate to within the relative
errors in grggj-and the pressure. For the absolute values,
however, the systematic 10% uncertainty in the cell length

and pressure calibration must be taken into account.
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CHAPTER 6

6. RESULTS AND DISCUSSION

6.1 Previous Measurements

It has been pointed out in Chapter 1 that the only
previous band oscillator strength measurements for molecular
hydrogen have been the photoabsorption results of Haddad et
al. (1968) and Hesser et al. (1968) for a number of Lyman
bands, and the i1nelastic electron scattering results of Geiger
et al. (1964, 66, 69) for both the Lyman and Werner systems.
Only the most recent electron scattering results (Geiger &
Schmoranzer 1969) will be considered for comparison with the
present and other photoabsorption results.

The previous photoabsorption results have been expressed
in terms of absolute band oscillator strengths; however,

the electron scattering results have been given in terms of

Py-o

|Rg

relative band strengths [ 2] and dipole strengths D from

which the absolute band oscilllator strength can be determined.
The mean dipole strength is given by (Geiger & Schmoranzer

1969)

5= |5 |? ceg Guil

Geliger & Schmoranzer approximate the mean dipole strength to
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the dipole strength at the equilibrium internuclear separation
D(re) and quote their results as such. The dipole strengths
for the B and C states (DB and DC) are given as 0.98 and 0.89
(atomic units) respectively. The absolute band strengths

may be written

p -
p.-_ =D z 2 saw 0.2
v O lRelz

The band strength can be related to the oscillator strength

(equation 2.21) which reduces to

e . - 303.8

7o 3 wei 6.3

v©o
where the band strength 1s in atomic units and A 1s in R.

6.2 Present Results

The results for the Lyman and Werner bands are pres-
ented in Tables 6.1 and 6.2 respectively. The results are
given in terms of the band oscillator rather than the line
oscillator strengths (see Section 5.4.2) for the various lines
measured. The relative errors associated with each value
(excluding the 10% uncertalnty in the absolute calibration of
a) are also given.

The results represent most of the lines in both band

systems which could be conveniently measured. No measure-
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ments were taken in the region between 980 R and 1040 R
[the (0-0) Werner and (5-0) to (10-0) Lyman bands] due to
insufficient flux from the lamp. Of the remalning spectral
reglion below 980 R, a large number of lines from both systems
could not be measured due to overlap of bands of both systems
(see Section 5.3). This overlap criterion restricted Lyman
pand measurements more severely than Werner band measurements
because the Lyman bands in this region are considerably weaker
than the Werner bands. Lines of the Werner system (espec-
ially the strong RO, Rl or Ql lines), which were close to
weaker Lyman lines (i.e. lines with J”” > 2) could be studied
since the weaker Lyman lines could be ignored. On the other
hand, only lines of the Werner system wilth J”° > 4 could be
ignored if they were near strong (RO, Rl or Pl) lines of a
Lyman band. A further limitation in this spectral reglon
was caused by the presence of a number of impurity emission
lines in the helium discharge. (see Section 5.3).

Below 900 R the overlap problem was further compllicated
by the presence of the B + X and D <« X band systems and no

measurements were taken in this regilon.

6.2.1 Lyman Bands

It can be seen from Table 6.1 that the band

oscillator strengths for different lines in a band are, 1n
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general, the same within the quoted standard deviations.
The largest varlations in a given band are about two standard
deviations from the weighted mean wvalue. Although measure-
ments for a given band were taken under similar conditions,
the standard deviations for different lines differ due to the
numbers of scans used to determine the oscillator strengths.
For example, the oscillator strengths for the lines in the
(13-0) band were obtalned from one scan over the P2 line and
two over the R2 line, and the corresponding standard deviation
for the R2 line is about 21/2 times smaller than that of the P2
line. The band to band variations in the standard deviations
were due to different numbers of scans as well as differences
in scanning accuracies necessitated by variations in incident
photon flux (see Section 5.5.1).

The mean band oscillator strengths will be given and

compared against the other experimental and theoretlcal

values in Table 6.3.



Measured band oscillator strengths for several
rotational lines of the Lyman bands

TABLE 6.1
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f_. Standard f . Standard
Band Line(s) x¥093 deviggion Band Line(s) x¥0—3 deviggion
x10 x10
0-0 RO Rl 1.6 0.3 13-0 R2 11.9 0.9
P1 R2 1.7 0.3 P2 12.2 1.2
P2 R3 1.7 0.5
15=0 R2 8.5 1.0
1-0 RO Rl 5.3 0.8 P2 8.7 1.1
Pl R2 6.0 1.3 R3 13.1 1.6
P3 10.7 1.6
2-0 RO Rl 16 .6
Pl R2 12 .1 16-0 R1 P1 7.7 0.7
P2 R3 13 1.8 R3 7.6 0.8
3-0 RO Rl 17. 1.0 17-0 RO 5.2 0.5
P1 R2 18. 1. R1 P1 4.5 0.6
P3 18. 1.1 R2 8.4 1.2
P, 7.0 0.7
h-~0 RO Rl 28 2.0 R3 7.0 0.7
Pl R2 24 2.0
P3 2l 6.0 19-0 Rl P1 3.8 0.4
P 3.9 0.6
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6.2.2 Werner Bands

The Werner band results are given in Table 6.2.
As can be seen from the table, oscillator strength measure-
ments for all the measured bands have been restricted to only
a few lines per band due to band overlap and the presence of
impurity emission lines mentioned previously. In the case
of the (3-0) and (4-0) bands, for example, only measurements
of the unresolved RO’ R1 pair of lines were taken. However,
a high accuracy for the band oscillator strengths was main-
tained by repeating the measurements a number of times. For

example, the R Rl pair of the (3-0) band was measured eight

0°
times, giving an accurate weighted mean band oscillator
strength with standard deviation lower than most other line
measurements of bands where more than one line (or one line
pair) measurement was possible. The (4-0) band was treated
similarly. Unfortunately, the individual results for the

R R1 line pair in this band had an abnormally large spread

0°
of values between 2.5 . 1072 and 5.4 . 107%. The weighted
mean value was therefore subject to the accurate choice of
standard deviations for the individual measurements.
Although the standard deviations of the individual
measurements were accurately calculated according to Section
5.5, the large spread in values (the largest value of
5.4 # 0.8 . 1072 was 3 standard deviations from the mean

value) suggests that the welghted mean is less accurate than

the calculated standard deviation implies.
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TABLE 6.2

Measured band oscillator strengths for several
rotational lines of the Werner bands

fv’ Standard -fv‘o Standard
Band Line(s) =, deviation | Band Line(s) =, deviation
A XlO xlo—z x10 xlo_z
1-0 RO R1 5.5 0.8 4.0 RO Rl 2.8 0.1
Ql 6.8 1.4
Ry B1) 5.8 0.6 5-0 R, R 2.4 0.3
) 01
R Ql)
Ql R2 2.0 0.3
2=-0 P2 5.3 0.6
Q3 7.4 1.0 6-0 RO Rl 1.6 0.2
P3 6.9 0.8 Ql R2 1.8 0.3
30 RO Rl 4.1 0.2

The only other Werner band measurement which needs
comment is the group of four lines (RO’~R1’ R2, Ql) of the
(1-0) band. The lamp flux in this region was relatively low,
and it was difficult to obtain accurate equivalent width meas-
urements without encountering problems with the monochromator
entrance slits clogging during the long scanning time. Con-
sequently, of the large number of measurements attempted, only

a few yielded results. However,; by opening the entrance slits



108.

and thus minimizing the clogging problem, satisfactory
measurements were obtained. The increased flux also con-
siderably reduced the time taken to obtain a measurement of
sufficient accuracy (less than 20%). Unfortunately, the
corresponding drop in resolving power did not allow the first
four lines (the RO’ Rl’ R2 and Ql) to be resolved, and only
an equivalent width representing the total equivalent width
of the group could be obtalned. The group of lines was
analysed by splitting the total equivalent width into two
nearly equal parts corresponding to the RO and Rl palr and
the R2 and Ql pair. As the R1 and Q1 line strengths are
equal and larger than the RO or the R2 line strengths,
splitting the total equivalent width into the ratio of the
strengths of the R, and R

0 il
analysing these two palrs as doublets (see Section 3.5) gave

pair and the R2 and Ql pair and

approximately consistent results. The final band strength
value was taken as the average of the two determinations.
The results of this analysis were consistent with the separ-

ately determined R, Ry pair and Q line values (Table 6.2).

6.3 Comparison with Other Results

Average band oscillator strengths have been obtained
from the weighted means of the band oscillator strengths

presented in Tables 6.1 and 6.2. The mean values of the
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oscillator strengths have been tabulated and compared against
the other experimental values and the theoretical values of
Allison & Dalgarno (1970) in Tables 6.3 and 6.4 for the

Lyman and Werner bands respectively.

6.3.1 The Lyman Bands

It can be seen from the results shown in Table
6.3 that the present experimental oscillator strengths are in
good agreement with the electron scattering results of Geiger
& Schmoranzer (1969) and the theoretical values of Allison
& Dalgarno (1970), but do not agree, in general, with the
results of Haddad et al. (1968) and, to a lesser extent,
Hesser et al. (1968). The differences between the various
results can be readily seen from Fig. 6.1, which shows the
band oscillator strength as a function of the upper state
vibrational quantum number v~. The (3-0) band result of
Haddad et al. has not been included because it 1s beyond the
scale of the figure. From the figure it can be seen that
both the present and electron scattering results approximately
£fit the solid (theoretical) curve of Allison & Dalgarno.
The results of Haddad et al., although agreeing with the
v” = 0 band, show a much more rapld increase in fv’o for

increasing v~ than the present results. Hesser's results,

on the other hand, show a more rapld decrease 1n fv‘o for

-

v” > 16 than the present results.
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TABLE 6.3

Comparison of band osclllator strengths for the
Lyman bands

v fv'o x 1077
rrsere| St T et [ iten
0 1.7 1.9 1.69
1 5.5 13 5.4 5.79
) 13 el 9.9 11.56
3 18 37 16.5 17.55
4 26 30 21.0 22,5
13 12 12 12.7 12.66
15 9.6 7.3 8.2 8.73
16 7.7 5.0 7.04 7.19
17 5.9 4,2 6.12 5.89
1 3.8 2.3 4,25 3.914
I

6.3.2 Electronic Transition Moment

The experimental and theoretical results can
alternatively be compared in terms of the electronic transi-
tion moment as a function of the internuclear separation
(i.e. the r-centroid). For transitions between non--iercnerate

I states, we may write
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.. 2 L2
T Rij[r(v‘o)]| = Re[r(v’o)]|

130 €

and the transition moment may be written (from equation

2.20)

%

U 7o

Re[r(v’o)]‘ - [p"'c‘]

where the band strength can be related to the oscillator
strength by equation (6.3). The Franck-Condon factors

d,-o Were taken from Allison & Dalgarno (1970). The resul-
ting electronic transition moments have been compared agailnst
the theoretical curve of Wolniewicz (1969). The r-centroids
were taken from the tables of Halmann & Laulicht (1966).

Fig. 6.2 shows the experimental |Re| values compared

against the theoretical transition moment variation with

internuclear separation (Wolnlewlcz).

6.3.3 Lyman Band Dilscussion

It can be seen from the oscillator strengths
(Fig. 6.1) and the electronic transition moments (Fig. 6.2),
that the present results are in harmony with the electron
scattering results and the theoretical values of Allison &
Dalgarno and Wolniewicz. The only exception appears to be
the high (4-0) band result. Tt can be seen from Table 6.1

that the large value can be attributed to the large value
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for the RO, Rl pair. Hesser et al. have polnted out that
their results do not contain a measure of the Rl line because
the presence of underlying structure in the wings of the
argon resonance line would give rise to an error in the
equivalent width. Although no such structure was observed
in the present work, it was possibly due to lack of resolu-
tion rather than lack of structure. Consequently, it is
possible that the present RO, Rl line pair measurement 1is
less accurate than the results imply. The other photo-
absorption measurements of Haddad et al. and Hesser et al.,
however, do not show good agreement with any of the above,
even though a similar equivalent width measuring technique
and a Doppler curve of growth analysis were used. In the
case of the results of Haddad et al., the discrepancy could
possibly be accounted for by the nature of the analysis used.
Unlike the present weighted mean averaging technique, Haddad
et al. summed their line strengths to determine a band
strength and computed the band oscillator strengths from them.
This technique places undue weight on the stronger lines in
the band, especially the R1 line. Consequently,in spite of
accurate measurements of other lines, the error in the R1
line dominates the band strength error. The operating
pressures used for these measurements were all > 10~ 3 torr

wlith a cell length of 60 cm. (Haddad 1967). The present
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results suggest that for a 60 cm. path length, pressures of
107?% torr would give equivalent widths well beyond the
Doppler saturation region for the Rl lines of all the bands
studied by Haddad et al. except the (0-0) band. Consequent -
ly, the R1 line strengths and hence the band oscillator
strengths for the remaining three bands would be subject to
very large errors.

The discrepancy in the results of Hesser et al. (1968)
are more difficult to account for due to lack of experimental
detail and unreliability of their analysils. The authors
have quoted an expression containing an incorrect factor of
2(ln2)1/2 in the reduction of line oscilllator strengths from
peak absorption coefficients ko. While the authors acknow-
ledge that this factor is incorrect (Lawrence 1971), they
are unable to determine whether the published error was used
in the actual analysis or not. If this term was included
in their analysis, their values would be too low by a factor
of 2(1n2);i (v 1.7) which would bring their (16-0) to (19-0)
results into line with the present values. However, the
other values, especially the already high (4--0) band result
would be increased to well beyond the present and theoretical
values. As can be seen from Fig. 6.2, the results of
Hesser et al. suggest a much more rapid variation of elec-

tronic transition moment with internuclear separation than
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the present or theoretical results; a difference which

cannot be accounted for by a constant scaling factor.

6.3.4 The Werner Bands

The welghted mean Werner band oscillator
strength results are given in Table 6.4 as are the values
derived from the electron scattering results of Geiger &
Schmoranzer (1969) and the theoretical values of Alllson &
Dalgarno. The results are also graphically displayed 1n

Fig. 6.3. It can be seen from both Table 6.4 and Fig. 6.3

TABLE 6.4

Comparison of band oscillator strengths for the
Werner bands

> -2
v fv’o x 10
Gel & A111 &
Present dehmoranzer Dalggggo

1 5.8 5.92 7.28
2 6.1 5.55 6.98
3 4.1 437 5.47
I 2.8 3.37 3.87
5 2.2 2.10 2.60

6 1.6 1.53 1.70

that the present and electron scattering results are consist-

ently lower than the theoretical values. Although the
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10% systematic uncertainty in a could be used to raise the
present values by about 10%, thus minimizing the discrepancy
between the present and theoretical values, the good agree-
ment between the theory and present results for the Lyman
bands suggests that this uncertainty is considerably less
than 10%. Furthermore, the approximate agreement between
the present results and the electron scattering results for
both band systems suggests that the discrepancy is real and
not an experimental error.

The electronic transition moment for the Werner bands
can be computed from the experimental band osclllator
strengths as in the case of the Lyman bands, except that the

upper (CIHu) state is two-fold degenerate

i.e. E:

1]

R
€

and the electronic translition moment is given by

p. - 2
R [r(v7o)] = [2V 2 ]

The experimental electronic transition moments are compared
to the theoretical electronlc transition moment variation
with internuclear separation of Wolniewicz (1969). The r-

centroids were taken from Halmann & Laulicht (1966).
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It can be seen from Fig. 6.4 that the experimental
(both present and electron scattering) electronic transition
moments exhlbit a less rapid varlation with changing inter-
nuclear separation than the theoretical curve.

It is difficult to suggest a likely source for this
discrepancy. Inaccuracies in either the Franck-Condon
factors or the electronic transition moment could account
for the high theoretical values. However, the Franck-Condon
factors of Allison & Dalgarno which are based on the theor-
etical potential curves of Kolos & Wolniewicz (1965, 66, 68)
are in close agreement with the Franck-Condon factors derived
from empirical R.K.R. potential curves (Halmann & Laulicht
1966). This suggests that the Franck-Condon factors are
reliable and the corresponding vibrational wavefunctions and
potential curve are accurate.

On the other hand, the electronic transition moments
published by Miller & Krauss (1967) and Rothenberg &

Davidson (1967), although larger than the experimental values,
are sufficlently different from the values of Wolniewicz to
suggest that the transition moments are not as reliable as

the Franck-Condon factors. In particular, the results of
Rothenberg & Davidson show a large discrepancy (v 10%)

between dipole "length" and "velocity"™ transition moments.

Although Wolniewicz shows good agreement between "length"
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and "velocilty" calculations. Rothenberg & Davidson have
pointed out that such an agreement is not a sufficient
condition to establish the accuracy of the wavefunctlons

used. It therefore appears that inaccuracles in the tran-
sition moments for the Werner system are the most likely
source of the disagreement between the theoretical and experi-

mental oscillator strengths.

6.3.5 Summary of Results

From the present results, we may conclude that
the inelastic electron scattering results of Gelger &
Schmoranzer (1969) yield accurate optical oscillator strengths
for both the Lyman and Werner band systems. The theoretical
calculations for the Lyman bands are also rellable. However,
for the Werner band systems, the theoretical values are
larger than both the photoabsorption or electron scattering
results, suggesting further theoretical study of the C‘IIu

state, in particular, the electronic wavefunction.

6.4  Suggestions for Further Work

The present results suggest that there are several
extensions and modifications of the experimental work which
would yield added information about the two band systems.

One of the most valuable improvements to the present

system would be an increase 1n power of the light source such
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that the helium continuum in the region above 980 2 would

be sufficlently intense to allow absorption measurements to
be taken. Of particular value would be a measure of the
osclilllator strength of the (0-0) Werner band to determine
whether the value of |R_ | follows the electron scattering
results or not. It would also be an advantage, with a
greater lamp flux, to take measurements of the (1-0)

Werner band with an improved resolution and improved statis-
tical accuracy. It would also be of interest to repeat and
improve several of the present measurements [eg. the (4-0)
Werner band].

Tbe second obvious reason for taking measurements in
this region 1s to complete the information in the missing
region [(5-0) to (10-0) bands] of the Lyman system. However,
this is less vital since the agreement with the electron
scattering results suggests that the electron scattering
values are reliable.

It would also be valuable to extend the work to the
region below 900 . This would reveal more information
about the higher v~ transitions of both systems, and would
also give a better overall picture of the |Re| variation
with r-centroid for the Werner bands. With the present
dlspersion instrument, however, this region cannot be studied

under the experimental conditions described in this thesis



119.

because of overlap between the Lyman and Werner bands as

well as the B” «+ X and D « X systems. However, this spec-
tral region can be satisfactorily studied with the present
dispersion instrument if the gas is cooled to liquid nitrogen
temperature. At this low temperature, only the J°° = O

and J°° = 1 rotational levels have an appreciable population;
consequently we need only consider three lines in each band
(the Ry, R, and P

for -¥ transitions and the R Rl and

0° 1 1° 0°
Ql for Z~H transitions). This simplification of the observed
spectrum would then enable a number of bands to be studied
that cannot be studled at room temperature with the present
available resolution.

Probably the most useful extension of the present work
would be a detalled study of the strengths of individual
lines in one particular band in an attempt to measure centri-
fugal distortion effects on the Franck-Condon factors (see
Section 2.5.6). Although the experimental system 1s suffi-
clently accurate to measure the band strength to within a
few percent if enough measurements are taken, the present
results are not extensive enough to observe such an effect,
The largest variaticn is between the P and R branches for
bands with small v°, eg. the (0-0) Lyman band. The lines

in these bands are, however, closely spaced and, in the

Lyman bands, they occur in pairs such as P1 59 P2R3 etc.
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whilch, with the present instrument resolution, cannot be
separately resolved. Consequently, a detalled study of a
particular band is not possible with the present resolution.
However, it should be possible to verify the existence of
such an effect and determine the approximate magnitude by

comparing the average strength of an R Rl pair with the

0’

strength of a P3 line. The Ru line intensity is only 5% of

the P3 line at room temperature, consequently 1its effect
on the measured P3 line strength is small and can be approx-

imately accounted for. The P3 line was not studied in the

(0-0) to (2-0) Lyman bands due to structure in the continuum

and the lowest Lyman band for which a P, line measurement

3
was taken was the (3-0) band. It has been polnted out that

a large number of measurements for this band were taken and
it can be seen from Table 6.1 that the band oscillator

strength of the P, line 1is larger than that of the R R

3 0’ 1

pair. However, the standard deviations for the measurements
are not, at present, sufficiently low to attribute the diff-
erence to centrifugal distortion effects, and a large number
of additional measurements would be required. The theoret-
ical difference in band strength between the R

0° R1 line pair

and the P3 line is about 8% (Wolniewicz 1969), and hence
it would be necessary to reduce the standard deviations of
the experimental measurements to less than 4% before it would

be possible to verify that such a difference exists.
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APPENDIX I

Lamp Power Supply

The lamp described in Section 4.3 was powered by a
thyratron triggered capacltor discharge system. The circuit
is shown in Fig. I. This circuit is a simplified version of
the pulsed discharge circult described by Huffman, Larrabee
& Chambers (1965).

Briefly, the operation is as follows. The capacitor
(0.001 uf') is charged via the 100k resistor to the positive
H.T. supply (approx. 5 k.v.) and the inductor to ground
(parallel to lamp). When triggered, the thyratron (Philips
type 5C22) starts conducting rapidly (with a risetime of less
than 1 us), causing a negative high voltage pulse to be gen-
erated on the cathode of the lamp. The lamp breaks down
(by ionization of the gas in it) and discharges the capacitor.
(As the risetime of the negative voltage pulse is very fast,
the impedance of the parallel inductor is high and practically
all the discharge current goes through the lamp). When the
thyratron current falls below a critical level (capacitor
discharged), the thyratron turns off and the capacitor
slowly charges up again.

The trigger pulse for the thyratron 1is generated by a

blocking oscillator which is essentially a transformer
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coupled oscillator which 1s prevented from oscillating by
a diode across the collector winding of T2. Transistors

T. and T. are a Darlington palr (for higher gain) which are

1 2
coupled to a bifilar wound toroid. The oscillator is

triggered by a pulse 1into T3 from a slgnal generator. As

T, turns on, the collector voltage on T2 drops, thus inducing

3

1
which in turn blases T2 on. The positive feedback gilves

T. to turn on (due to positive feedback via the transformer),
rise to a rapid risetime pulse (v 1 us). The pulse width

is determined by the inductance of the toroid and 1in this
circuit, the width is ~ 5 us). A secondary, wound on the
coupling toroid, supplies the high trigger voltage (v 200 V)

required for the thyratron.
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APPENDIX ITI

Beam Monltor and Chamber

The incident flux monitor consists essentilally of a
semitransparent tungsten grid acting as a photocathode
and a C.E.M. as the electron multiplier (see Section h.ny.
However, the layout within the chamber (see Fig. II) is a
1little more elaborate due to the beam optics and the differ-
ential pumping slits on either end of the cell.

The radiation emerging from the exit slits of the mono-
chromator is in the form of an approximately 4 degree diver-
gent beam, and, due to the size of the differential pumping
slits, the rear detector 1is able to view only a small
fraction of the total beam. It was deslirable to monitor
only the section of the beam passing through the cell itself,
hence a narrow collimator was placed between the exit slits
of the monochromator and the grid. The grounded baffle
just after this collimator prevented photoelectrons generated
at the collimator from reaching the C.E.M.

A second baffle (exit baffle) was used to ensure that
only photoelectrons generated at the grid were detected.
Without this baffle, a portion of the photon beam 1llumin-
ated the first differential pumping slits (due to the length-
wise spread of the beam), glving rise to photoelectrons which

could be detected by the C.E.M, The exit baffle was at a
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potential equal to the C.E.M. cone potential (~ 200 V) and
therefore removed thls source of photoelectrons. It was
sufficiently far from the grid (further than the C.E.M.)
not to affect the electrons generated at the grid.

The C.E.M. output represents, therefore, as accurately
as possible, the incident flux into the cell (as sampled
by the grid).
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APPENDIX III

C.E.M. Preamplifiers

The gain of a C.E.M. is typically 107 (i.e. each
detected photon or electron gives rise to about 107
electrons at the output). This current pulse 1s amplified
and converted to a voltage pulse suitable for the discrimin-
ators (E.G. & G. type TR104S) by a very simple two stage
amplifier, the circuit of which is shown in Fig. III. Due
to the simplicity, the amplifier 1s stable against oscilla-
tion and has a speed (risetime) limited only by the transis-
tors used. It was found that the C.E.M.'s when operated
in a saturated gain mode, had a relatively slow risetime
(v 10 ns) and pulse width of about 40 ns which enabled rela-
tively slow transistors (type 2N 3646) to be used without
degrading the risetime or width of the amplified pulse.

The output pulse height was just less than 1 volt which
adequately covered the discriminator input range

(100-600 mV).
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APPENDIX IV

Digital Data Handling Electronics
The logic circuits and a brief deseription of the
operation for the control scaler and data recording system

are given in this Appendix.

IV. (1) Control Scaler

The data acquisition system was controlled
by a simple two bit subtract scaler called the control
scaler, A schematic diagram of the circuit is shown in
Flg. IV(a). The scaler was clocked by the output of the
reference scaler and the various operations associated with
each phase of the data accumulation (see Section 4.6.1) were
obtained by appropriate decoding of the different states of
the scaler, and generating appropriate command pulses at each
change of state.

The operation can be followed from the timing sequence
diagram [Fig. IV(b)3. The outputs of the two J-K flip-flops
(the two bit scaler) are denoted Q and Q,. If Q; and Q,
are both 1initially low, the reference scaler output pulse
changes the state of both Ql and Q2 to a high state. Also
triggered by the reference scaler pulse is a change of state
of the gate control R-S flip-flop which controls the input

gates (both monitor and detector inputs). Corresponding
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to the change in Ql, a pulse 1s generated by a monostable
which resets the reference scaler, A second monostable
generates another pulse, which, after a delay of about %
minute (delay 1) resets the R-S flip-flop (i.e. opens the
data accumulation gates). The corresponding change in Q2
changes the cell from "full" to "empty" and also changes the
corresponding divider input from X to Y (see Fig. 4.3).

The cell pressure is allowed to reach equilibrium durilng the
1 minute delay (delay 1) before data accumulation starts
agaln.

The next reference scaler output pulse again changes
the R-S and Ql but not Q2. Hence the cell remains "empty".
The correspcnding change in Ql initlates a reference scaler
reset pulse and a divide command and wavelength advance
pulse. After a short delay (delay 2) during which time the
divider output 1s transferred to the tape scalers (see next
section) a tape write command pulse is generated. Thils
pulse also resets the gate control R-S. The next reference
scaler output pulse again changes Ql and Q2 and the operation
1s similar to the first step, except that the cell changes
from the "empty"™ to "full" state and the corresponding

divider gates change from Y to X.
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IV. (2) Tape System

Both the "empty" and "full" detector outputs
as well as the divider ratio (X/Y) were recorded on tape by
a relatively simple recording system. The recorder con-
sisted of three scalers for serlal information as well as an
internal address or channel number scaler. Data was stored
on tape as words corresponding to 80 bits or 20 decades of
B.C.D. information (i.e. the 3 scalers and channel No. of 5
decades each).

The recording unit was designed around a domestic 2
track tape deck (Revox model A77) which was converted to
operate in a semi-incremental mode. The tape transport was
modified such that 1t could be rapidly engaged or disengaged
on a command pulse. Just prior toc recording a word on tape,
the tape transport mechanism was engaged, advancing the tape
at a rate of 1 1.p.s. At the end of the 80 bit word, which
was written as two trains of 40 coincident pulses on each
track, the transport mechanism was disengaged. A begin and
end of word pulse was also recorded before and after the 80
bits of information, and served as a reliability check on
play back. The bits were recorded on tape as bidirectional
pulses for both a binary "0" and "1" [see Fig. IV(f)].

A schematic of the write circuit 1s shown in Fig. IV(c).
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An operatlon sequence diagram showlng the essential opera-
ting features 1s given in Fig. IV(d). Serlal data 1is
accumulated in the three data scalers (1, 2 and 3) via
appropriate input gates. On the write command, a mono-
stable pulse is generated which 1nitiates the following,

1) closes the input gates to the scalers,

2) sets an R-S flip-flop which activates the tape
transport,

3) resets the shift scaler,

Iy after a brief delay (delay 1) the contents of the
three data scalers and the channel number are trans-
ferred in parallel (80 bit transfer gates) to two
40 bit shift registers,

5) a short delay after the transfer (delay 2), the
data scalers are reset and one is added to the
channel number scaler (i.e. advances the channel
number by 1),

By this time (approx. 2 usec. after initial write command)

the monostable pulse ends and opens the gates to the 3 scalers.
After a long delay of about 0.1 secs (delay 3), during

which time the tape transport mechanism has engaged and

reached the correct speed, the actual tape writing procedure

is started. The output of delay 3 is used to wrlte a pulse

(corresponding to a zero) on the lower track as an identi-
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fication marker (begin word) after which (delay 4) the write
oscillator starts. The write oscillator sends a write
command pulse to both write amplifiers which write the state
of the last bit of both shift registers onto the tape. This
is followed (delay 5) by a shift of the shift register ready
for the next write pulse from the write oscillator.

When all 40 bits have been shifted through the shift
register and transferred onto tape, the shift scaler fills
and sends a pulse which stops the write osclllator and writes
a zero onto the lower track as an end of word recognition
pulse. Finally after delay 6, the tape transport stops
(R-8 changes state).

The tape play back was designed to transfer the inform-
ation from the tape into a multichannel analyser (R.I.D.L.
model 34-12B), and its readout characteristlcs were therefore
restricted to the mode particularly suitable to the analyser.
Apart from transferring information, it was convenient to
add scans in the analyser and thls necessitated the use of
a semi-serial output since the analyser did not have parallel
add or subtract facilities. Also the use of the analyser
restricted the play back of information to 40 bits corres-
ponding to the channel number and 1 of the 3 input scalers
at a time.

The most important feature of any tape reading system
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is the check of correctness of the recorded information (i.e.
checking against dropouts or spurious pulses on the tape).
With only 2 tracks it was not possible to include a parity
check; however, the read circult was designed such that a
word would only be accepted as correct provided that it con-
sisted of 40 coincident pulses on both tracks as well as a
begin and end of word recognition pulse.

A schematic of the tape read circuilt is shown in Fig.
IV(e) and the essential operational sequences 1n Fig. IV(f).
The tape was played continuously at 15 i.p.s. and pulses
from both tracks were amplified and fed into a pulse recog-
nition circult which essentlally controlled the entlre read
sequence., The beginning of word pulse starts the read in
R-S flip-flop which opens the shift gate and sets the
excluslve OR gate to gate the lower track information into
the lower 40 bit shift register. Subsequent pulses are read
into the shift registers by setting appropriate high or low
states at the shift register inputs and then generating shift
pulses to clock the information into the shift register.
After 40 coincident pulses, the end of word pulse changes the
state of the read in R-S, which changes the exclusive OR
gate such that it couples the two shift registers in series.
The end of word pulse also transfers the last 4 pits (1 B.C.D.

decade) into a count-down scaler, and after a brief delay
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(v 1 us), 1nitiates a shift oscillator, This shifts the
contents until stopped by a suitable command pulse. The
command pulse comes from the second bilt of the shift scaler
and gives out a pulse for every 4 counts. Hence the shift

is by 4 bits or 1 decade. The stopping pulse also inltilates
the transfer gate which transfers the contents into the count-
down scaler. This process is repeated until all 80 bits

have been shifted through the shift register and read out.
After the 80%" bit, the shift scaler output (denoted by 80)
inhibits the shift oscillator start.

The 4 bit count-down scaler, after receiving parallel
information via the transfer gate, counts out the appropriate
number of pulses and transmlts them to an output buffer which
consists of a number of gates which are controlled by the
state of the shift scaler, Consequently the output serial
information is channelled according to its position on the
shift regilster or which section of the original tape written
Information it represented. The buffer can be set to transmit

whichever section of the data is desired.
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