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sut\ß,tARY

This thesis describes the rneasurement of oscillator strengths

and linewidths of rotational lines in the Schumann-Runge bands of

molecular oxygen, for the wavelength r¿rnge 1750-2000Ä A study of

the variation of absorption coefficient of nolecular orygen with

pressure and temperature was also done near the H Lyman+, enission

line at 1215.6Å The absorption coefficient here varies rapidly,

and the forn of the variation is important, as it determines to what

depth into the atnosphere the incident Lyman-o radiation penetrates.

The dispersing instrument used was a 6.65 n vacuun ultra-

violet scanning monochromator with off-plane Eagle mount, operated

in first order with a resolution of 0.04-0.06.Â. . Light was provided

by a thyratron triggered hydrogen discharge in the case of the

Schumann-Runge bands, Ðd by an argon discharge in the case of the

Lynan-cr work.

The cross -section measure¡nents in the Lynan-cl window were

made at 0.2Ã, intervals in the wavelength region 1214.0,& to 1218.6,q'

with a path length of 1.1 metres at tenperatures of 294 oK, 195'K

and 82 " K using respectively, alnbient roon terperature, a solid COz

nethanol slush coolant, md liquid air. The mininum value of absorption

was found to decrease with a decrease in temperature, and this minimun

also shifted slightly to longer wavelengths as the tenperature decreased.

The pressure dependence of the cross-section was found to be in

agreenent with earlier measurements, but the roon temperature observations

were found to disagree somewhat fron the previous observations.
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Rotational lines in the (1-0) to (f5-0) Schunann-Runge

ba:rds were scanned, and the integrated line areas at two different

pressures recorded. After taking into account adjacent lines,

Herzberg and Schumann-Runge continua and 0+ continua (in the case of

lower bands and higher pressures), this integrated absorption area was

simulated by computer using curve of growth techniques to extract

oscillator strengths and linewidths. The (2-0) to (15-0) bands

were observed at room temperature and pressures in the range 0.02 torr

to 850 torr. The measurements for bands above (15-0) were rnade at

liquid air temperatures to reduce spectrum conplexity.

The results of these Schurnann-Runge band investigations show

previous neasurements to be in error. A measure of the rotational

dependence of ba¡rd strength was obtained for each vibrational band, and

a straight line fitted to the points where possible, and these were

compared with theoretical predictions.
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CFIAPTER 1

l.l Introduction

The absorption of ultra-violet light by oxygen in the wavelength

region of the Schunann-Runge bands (1750 - 2000Â) has been the subject

of nunerous investigations (described later in this chapter), mostly

with the view to applying the newly devised experimental results to

atnospheric problems. The Schumann-Runge bands provide all the atomic

oxygen dissociated fron the nolecular form in the height range near 80 kns

in the atmosphere, as well as having inportant consequences for the

dissociation of vtater vapoul. Any nodels of the atnosphere requiring

the transrnission of radiation downwards to the surface, or the production

rate of oxygen atoms, therefore requires accurate measulements of

absorption coefficients, and the Schumann-Runge results are difficult to

obtain, due to the large number of lines present, and to their snall

widths preventing their direct resolution by present instruments.

Also of atnospheric interest, is the penetration of the intense

solar Lynan-cr line into the atmosphere. Accurate measurements of the

absorption coefficient of olfgen in this region are vital, since this

coefficient is varying rapidly there, to determine to what depth this

radiation will penetrate, and thus remain active at dissociating various

molecular species.

gxygen is also the classic case of predissociation, the Schunann-

Runge ba¡rds providing quantities of data on the predissociation process.

The 1inewidths obtained experimentally can be used to estimate crossing

points of various potential curves of states of the molecule (this will

be discussed more fully in Chapter 6).
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This thesis presents both the line strengths of absorption

lines in the Schumann-Runge bands, in the form of band oscillator

strengths, and linewidths obtained indirectly from the measurements.

Also presented are the absorption coefficients of the Lynan-cr absorption

window of molecular o4¡gen, and their tenperature dependence.

I.2 Previous Experinental Work - The Schumann-Run Bands

The Schunann-Runge band system of molecular o4fgen

fB3I- - X3I-) has been studied extensively. The first significant'ug
measurements hrer.e made by Curry and Herzberg (1934) and l(nauss and

Ballard (1955) who identified the various lines, assigned these lines to

bands and obtained rotational constants for the upper states, as well as

a measurement of the dissociation linit. Watanabe et al (1955) obtained

values of the absorption intensities of the bands, as well as an improved

value for the dissociation linit of the UtI; state. Brix and Herzberg

(f954) published high resolution data for the I2-0 to 18-0 bands,

with accurate values for line positions, rotational constants and a

definitive value for the Utt; dissociation linit. The first values of

oscillatol strength for the bands were obtained photographically by

Ditchburn a¡rd Heddle (195a) assuming a Doppler line shape, but these

results were later shown to be in error by Bethke (1959), who used a

pressure broadening effect to overcome the problem of 1ow instrumental

resolution. Oscillator strengths were also obtained by Farmer et al (I968)

using a curve of growth technique for the 2-0 to 20-0 bands, and by

Hasson et al (1970) using high resolution direct photography for tl're 0-0

to S-0 bands. Halmann (1965) used a pressuïe broadening effect and

measured values for the 2-0 to 10-0 ba¡rds while Ackermann et al (1970)
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calculated oscillator strengths from absorption measurements at the

wavelength of various narrow silicon ernission lines. The experinental

results of Hudson and Carter (1968) were analysed and oscillator strengths

extracted by Hudson and Mahle (L972) using a fitting procedure on the

high resolution data. Huebner et al (1975) published oscillator strengths

for the 1-0 to 20-0 bands using electron inpact studies. The

numerous oscillator strength results wilI be discussed fully in Chapter ô.

Predissociation in oxygen was first suggested by Flory (1955) as

being responsible for the rotational line broadening. Wilkinson and

IrtuIliken (1956) and Carroll (1958) obtained qualitative evidence of line

broadening, and gave an estimate of the crossing point of the potential

curves near vr = 4. Hudson a¡rd Carter (1969) confirned the predissociation

of the vr = 3 to vt = 17 bands, and Ackernan et al (1969) also

confirned that the lines were broadened fron that of the Doppler case,

using spot neasurements of absorption at the wavelengths of numerous

silicon enission lines. Murrell and Taylor (1969) performed theoretical

calculations on potential curves, and showed that the observed

predissociation could be explained by a single crossing of the potential

curves of the ground and upper state near vt = 4 of the grourd state,

confirning the previous work. Ackernan and Biaurne (1970) made photographic

estinates of the linewidths for the 0-0 to the 19-0 bands, as well as

measuring accurately the line positions for the 0-0 to 13-0 bands

and obtaining rotational constants. Their results confirmed that the

maximum of the linewidths occurred in the 4-0 band, with a further

naximun at vr = 11 and a nininum at vr = 9 , Schaeffer and Miller

(1970) however suggested that the curve crossing was not as previously

put forward. Julienne and Krauss (1975) and Julienne (1976) discuss the
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predissociation problem, as well as presenting theoretical linewidths.

Hudson and Mahle (1972) also present linewidths along with their values

of oscillator strength. The discrepancies in the linewidths are

discussed fully in Chapter 6.

Once line positions, strengths and widths for the rotational

lines in the Schumann-Runge bands have been obtained accurately, then it

will be possible to calculate transmission through the atnosphere and

to build up atmospheric nodels. These atnospheric nodels depend critically

on the absorption coefficients and on the predissociation. Hudson et al

(1969) discuss the predissociation and its atrnospheric effects, while

Kockarts (1970) presents a theoretical analysis of the absorption of the

Schumann-Runge bands in the atmosphere. Blake et al (f966) present low

resolution absorption cross-sections and discuss the validity of Beerrs

law for transnission through the Schunann-Runge bands. Thornpson et al

(1963) also present low resolution data for oxygen and many other gases

of atmospheric interest, as does Huffinan (1963). Creek and Nicholls (1975)

re-analyse the Schumann-Runge bands, and re-assess the molecular constants

previously derived. Fang et al (1974) present a theoretical attempt to

describe transmission through the bands using opacity distribution

functions, while Blake (197S ) presents a nodel using effective absorption

over l0Å, and 2.0^ wavelength intervals. Hudson et al (1966)

investigate the effect of tenperature on the absorption coefficient.

L.3 Previous Experinental Work

Lyman -a Photoabsorption by 0z

Laboratory measurements of the absorption cross -section of

molecular o4fgen at H Lyman-o were first done by Watanabe (1958) and
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Metzger and Cook (1963), and somewhat nore comprehensively by Ogawa

(1963). Ogawa and Yamawaki (1970) obtained values for the pressure

dependence in reasonable agreement with Watanabe, a¡rd the nore recent

results of Dose et al (f975) confirm the pressure dependence of the

absorption coefficient. Use of the laboratory measurements to extract

molecular oxygen densities was done by Carver et aI (1964). Knowledge of

the solar hydrogen Lynan-o line profile allowed refinements to be nade to

the calculations of the extinction of Lyman-cr radiation as it passes

through the atrnosphere. Purcell and Toussey (1960) and Quessette (1970)

presented their results for the line profile. Hal1 (1972) took account

of the variation in the cross-section with wavelength in his calculations

of extinction. The realization that the absorption cross-section could

not be assumed to be constant soon led to the conclusion, that laboratory

roon tenperature measurernents r^Jeïe inapplicable to the atnosphere [thrane

and Johannessen (1975), Smith and Miller (1974), Weeks (1975) and Prinz

and Brueckner (1977)]. The tenperature dependence of the absorption

coefficient was thought to be responsible for the discrepancy between the

0z densities derived using Lynan-cl extinction and other methods. It is

noted that rotational lines of the q,'I.l - X3I- of high rotationalug
number coincide with the long wavelength side of the nininun of the

absorption coefficient [nfUerti et al (1967), Ogawa and Yamawaki (19701.
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CHAPTER 2

ELECTRONIC TRANSITIONS IN DIATOMIC N'OLECULES

2.I Introduction

This chapter is a brief sunmary of the various energy levels of

diatonic nolecules and the spectra resulting fron transitions between

those energy levels, with particular reference to orygen. A more

comprehensive treatment is given in I'Spectra of Diatomic Moleculesrr by

G. Herzberg (1950). This chapter will concentrate mainly on basic quantities

and concepts necessary to discussions in later chapters.

Molecules, like atons, have electronic energy levels between which

transitions nay occur. However, molecules have the additional complexity

of possible rotational and vibrational notions, and these result in

vibrational and rotational energy leve1s. The total energy of the molecules

can be resolved into electronic, vibrational and rotational parts, so

that each electronic level nay be considered to have vibrational fine

structure, and each vibrational level as having rotational fine structure.

The resulting spectrum can then be a complex series of ba¡rds, as for

exanple, in the Schunann-Runge bands.

The absorption or enission of radiation corresponds to a

transition between two different energy states, the frequency of the

tra¡rsition given by

AE (2.r)hv

where 
^E 

is the energy difference between the states, and h is Planckrs

constant. In general, there witl be a simrltaneous change in electronic,

vibrational and rotational energy. Differences in energy between

vibrational energy levels are much smaller tha¡r those for electronic levels,



7

while rotational energy level differences are snaller sti11.

2.2.L Rotational Energy

The simplest ncdel for a rotating diatomic molecule would be

that of a rigid rotator, having solutions to the appropriate Schroedinger

equation of

h2J(J+r) (2.2)J
aTÉ r

rnl m2
where I ur2 and u is the reduced mass and I is

ill +rilz

the moment of inertia. Here E.l is the energy of the Jth rotational

level, Ðd J is the rotational nunber. The appropriate rotational

wavefunctions V are

M M0
N

R
(cos 0) e

M
where P¡ (cos 0) is the associated Legendre function, N_ is a

'R

nornalization constant, Ðd M is a second quantun number representing

the component of the angular nomentum ¿ in the direction of the z-axis

in terms of h Equation 2.2 shows the rotational energy to be quantized,

there being only certain allowed solutions, when J is integer.

Transitions between the various energy levels can occur when-the

transition natrix elements

x

are non-zero. Here M M andx'y are the components of the rotator

dipole moments in the x, y and z directions respectively, and Y.,

Vt are the wavefunctions of the upper and lower states respectively.

E

P.l
R

V

(*
= lvJu

R

R
v

l-;

(x
R = [vz)u

Mx

M
v

M
z

dr

dr

dr

ï

T

vr

M

and
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The selection rules satisfying the condition O* = O, = R, = 0

are AJ = t 1 , and then only when the dipole rnoment of the molecule is

non-zero. For a transition, the rotational level in the lower state is

denoted by Jtt, while the level in the upper state is denoted by Jr

(similarly for Nt, Nil and for vibrational number vt, vrr ). This

rules out pure rotation spectra for hononuclear nolecules like 02 ,

where both atoms have the same charge configuration and the dipole moment

is thus zero. However, when an electronic transition takes place,

rotational transitions nay then be possible. This is found to be the

case in o4fgen, which has no pure rotational spectrum, but electronic

transitions are accompanied by rotational transitions.

Using equation 2.2 and Jr'= Jt + 1 (ÀJ = t 1) then

AE
R

2B(J + 1) (2.3)

where B = * is the rotational constant, and AE* is the energy

separation of two adjacent rotational levels for a given electronic

vibrational state. The rotational spectrun consists of a number of

equally spaced lines in frequency v , so the variation with wavelength

will be slightly non-linear. For J - 10 , the rotational energy

difference

AE* * 10-22 Joules ('ooo0 ev)

for o4¡gen.

Approxirnating diato¡nic molecules with rigid rotators shows the

basic properties of the spectra one would expect to see. However,

considering a nolecule as a rigid object can only be an approximation.

Some account of the centrifugal stretching of the chemical bond as the

molecule rotates faster must be taken into account. This centrifugal

$o*n
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force tending to stretch the bond holding the molecule together

increases with increasing rotation, so the internuclear distance and

therefore the monent of inertia, increase with increasing rotation.

That is, the quantity B is dependent upon J The non-rigid rotator

model takes these factors into account. The rotational energy levels of

the non-rigid rotator are given by

E,¡ = B J(J + 1) - DJ2 (J + 1)2 (2.4)

where D depends on the sharpness of the potentiot curve and therefore

on the vibrational frequency uJ , and is very much snaller than B The

selection rule is still ÂJ = t I which gives for the energy difference

AE* = 2B(J + 1) - 4D(J + r)' (z.s)

That is, the levels are no longer equidistant with frequency, but their

separation decreases slightly for increasing J It is found that

D < 10-48 , so the rigid rotator nodel is often accurate enough.

2.2.2 Vibrational Enersy

The simplest nodel for vibration of a diatonic molecule is the

simple harmonic oscillator, since for sma1l anplitudes, the restoring

force exerted by the atoÍls on each other is approxinately proportional

to the change in internuclear distance. This will nean a parabolic

potential energy curve, as is the case for the simple harnonic oscillator.

The energy levels of the sinple harmonic oscillator are

Er, = hu 0*'¿) = w(v+%) (2.6)
osc

That is, a series of equidistant levels. Note v = 0 does not correspond

to E = 0, but to U = tzhvoss, the zero point energy. The vibrational



wave functions are found to be

4trz Uvosc

U=f(r -r )

v N., e4p( -'4 0 )¿). Hv( tõ'x )

10.

(2.6)

where q, = h
and H__ are the Hermite polynonials. These

have maxinun amplitudes close to where the energy level meets the potential

curve. The selection rule for vibration is Av = t 1 .

Again for nolecules consisting of like atoms, such as 0z , tro

pure vibrational spectrum results, but electronic transitions are

accompanied by vibrational transitions.

Comparison of observed potential curves with the parabolic

assumptions of the linear harmonic oscillator show large discrepancies

as the displacement increases. The addition of a cubic tern to the

potential e.g.

2 -g(r 3
)-r

e e

gives an anhar¡nonic oscillator showing better agreenent over a wider range.

The new energy levels can be written as

E., = 0u( v , k) - r" *"ç v +'e)' (2.7)

where o.x^ is the anharnonicity constant, and o^ is a neasure ofe-e e

the curvature of the potential well near the mininun. The selection rules

for the anharnonic oscillator give Av = t I for the most intense

transitions, but Âv = t 2, ! 3 etc., are also possible, although the

intensities fal1 off very rapidly.

The vibrational wavefinctions for the a¡rharnonic oscillator are

very similar to those of the harmonic oscillator, with the exception that

they are no longer syrunetrical. Due to the asynmetry of the potential well,
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the nolecule spends longer on the shallow right hand side of the

potential well, and therefore the probability density there will be

higher.

The energy difference between transitions can be fou¡td quite

sinply fron the harmonic oscillator energy levels

E., = o"( v + k)

and
^E 

= Ânho 10-2oJoules (.06 eV)

2,2.3 Interaction between Enerqy Modes

A simultaneous vibration and rotation will mean that there will

be some interaction between the two rnodes of motion. A nolecular vibration

means that the internuclear distance, and thus the rnoment of inertia is

changing, and this leads to a vibrational dependence of the rotational

constant B The period of a rotation is considerably larger than the

period of a vibration, so during the course of a single rotation, the

molecule undergoes nnny vibrations, with consequent change of internuclear

distance. Therefore in the presence of vibration, some sort of mean value

of B nust be used. Pauling and Wilson (1935) have shown that in a

vibrational state v , B can be written as

B(v) = B"-o"(v+k)

to a first approximation, while the mean centrifugal stretching constant

D can be expressed as

D(v) = D"*ßu(v+Le)
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The suffix e denotes values taken at the equilibrium nuclear

separation tu in the appropriate electronic state. The energy levels

of a vibrating synunetric top can be written

E=E +E
\,I B ROT

E(V, J, 
^)

coI Arr(v + ¿¡n + B(v) J(J + 1)o1
n=1

+ (A - B(v))Â'- D(v)J' ( J + 1)'

where A is dependent upon the monent of inertia about the internuclear

axis and is unaffected by vibration and where l¡l is the electronic

angular nomentun neglecting spin, Ðd 
^ 

is the quantun number of the

angular ¡nomenturn of the electrons about the internuclear axis. Choosing

A.^ to suit the potential curves takes the electronic-vibration interaction
n

into account.

2.3 The Diatomic Molecule as a Synnetric Top

The model of the rotation of a diatonic molecule described

earlier was based on the assumption that the noment of inertia about the

internuclear axis is zero. This is not the case, because of the electrons

revolving about the two nuclei, which produce a snall moment of inertia

about the line joining the two nuclei. The resultant can be thought of as

a synmetric top. The monent of inertia Io about the internuclear axis

is very nuch snaller than I, , but the angular momentum is comparable,

since the electrons rotate much nore rapidly. The total angular

nomentum J. is then the sum of the angular monenta ß and A

perpendicular to and along the internuclear axis respectivetry (see Figure
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2.I). Here R represents essentially the rotation of the nuclei alone.

That is

J = R+.4,

and J. is constant in nagnitude and direction. The conponent along the

internuclear axis is constant in nagnitude, but not in direction, and is

due to the revolution of the electrons. The rnagnitude is

l¿l = 1@:-J] ¡

and also lnl = ffi

Since A and J- have integral values, ß cannot have an integral

value, and there is no quantun number associated with B . J. is always

larger than [ , and can be written

J - 
^ 

, l,+1, I\+2,

The wave equation for the syrunetric top was solved by Reiche

and Radenacher (1926,1927) (see also Pauling and Wilson (1955)) and the

resulting energy levels are given by

E(J,^) = 3J(J+1) + (A-B)^'

¡z
and A

h2

T
A

where
21"

and where I" = ¡lr2 and Io is the moment of inertia of the electrons

about the internuclear axis. Since Io is small, A is very much

larger than B . The energy levels are vet1¡ si¡nilar to those for a

sinple rotator except for the shift in magnitude (A-B)ff , which is

constant for a given electronic state. Levels with J < 
^ 

are absent.

The non-rigid syrnmetric top has energy levels given by

B

Err( J' 
^)

B.rJ(J+1) + (A-B__)f -D._J2(J+1)2'v'v
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vrhere B and D are effective values of the rotational constantsvv

which differ for different vibrational levels.

The energy levels will be degenerate, since for each value of J,

there are two values of M, = + 
^ 

. Also, M, the magnetic quantum

number giving the component of J along a given axis is

M = J, J - 1, , -J

that is , 2J + I values of M are possible, giving (2J + 1) independent

eigenfunctions. Energy levels with A=0 will be non degenerate, while

levels with 
^ 

+ 0 will have degeneracy 2( 2J + I)

2.4 Electronic Ener and Total Ener

Molecules, like atons, have different possible electronic states,

depending upon which orbitals are occupied by electrons. The differences

in electronic energy levels in rnolecules are sinilar to those in atons,

given by

AE
nl + n2

Àn

and this is approxinately equal to lO-llrJoules (6 eV) with û = 1,

An = I for oxygen. That is, the ratio of electronic energy to vibrational

energy to rotational energy is 104 : 102 : I

The nolecule is held together by the attractions between nuclei and

electrons of the opposing atoms being greater than the repulsive forces

acting between the two nuclei and the thro sets of electrons. The total

energy of the molecule consists of the potential and kinetic energy of

the electrons, md the potential and kinetic energy of the nuclei. Because

the electrons move so rnuch faster than the nuclei, the electronic energy

when the nuclei are free to move takes up the value corresponding to the
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instantaneous positions of the nuclei. The sun of the electronic energy

and the Coulonb potential of the nuclei acts as the potential energy wrder

whose influence the nuclei carry out their vibrations. If the potential

energyts dependence on internuclear distance has a minimun, and only

then, will the state in question be stable. No minimrn means the state

is unstable, and the molecule will break apart (see Figure 2.2).

The Schroedinger equation for a nolecular system nay be resolved

into two separate equations. One describes the behaviour of electrons in

the field of fixed nuclei, and the wavefunctions of this equation V" are

functions of the electronic coordinates and the internuclear separation.

The second equation is for the nuclei in a potential field (8", * V"),

where Eel is the total electronic energy and V* is the nuclear Coulonb

potential. Here the wavefunctions Y--- are dependent only r4lon the

internuclear separation.

Born and Oppenheiner (L927) showed that to a good approxination,

the total eigenfunction V could be sptit into V" and Vrr* , because

the variation of V" with internuclear distance r is slow enough to

nake its first and second order derivatives with respect to r negligible,

so we can write

v vgvR

Pauling and Wilson (1935) show that V "rfi b" divided into
VR

1! V and V . so the total waveftnction can be written
rVR

Y

The total energy of the molecule can be considered as the sum of

electronic, víbrational and rotational energies, E = E" + Er, + E"

V

R
YvYt_

Te
Y
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2.5 Symnetry Properties of the Electronic Eigenfunctions

In a diatonic molecule, any plane through the internuclear axis

is a plane of symnetry. Therefore the electronic eigenfunction of a non-

degenerate state ( f state with .4, = 0) remains either unchanged or

changes sign when reflected at any plane passing through both nuclei.

If the eigenfunction remains unchanged it is called a X* state, if it

changes sign, it is a I- state. Herzberg (1950) shows that this

classification is redundant for states with 
^ 

> 0

In diatomic nolecules, where the nuclei have the same charge, as

in oxygen, the field in which the electrons move has a centre of synmetry.

That is, the field remains r.rrchanged by a reflection of the nuclei about

this centre (the nid-point of the internuclear axis). The electronic

eigenfunctions remain either unchanged or change sign when reflected about

this centre. Remaining unchanged, the state is called an even state'

changing sign rnakes it a¡r odd state, ild these are denoted by the subscripts

g and u for even and odd respectively.

For X states, the selection rules are

+- Ix+I*f,*

The selection for even and odd states is

g-u¡ g+9, u u



17.

2.6 Syrunet ry Properties of the Rotational Levels

2.6.L Positive and Negative Rotational Levels

Inspection of the rotator eigenfunctions (see Section 2.2.I)

shows that for a reflection about the origin the eigenfutctions either

remain unchanged or sinply change sign. For even values of J they

remain unchanged, while for odd values of J , they change to -VR

A rotational level is called positive or negative depending on whether

the total eigenfunction remains unchanged or changes sign upon reflection.

We have

v

and the vibrational component I n, always remains unchanged upon

reflection. If Â = 0 and Y" remain unchanged, the parity of the

rotational 1eve1s i.d positive or negative if J is even or odd.

If 
^ 

+ 0 , w€ have a syrunetric top, and therefore for each

value of J there is a positive and a negative rotational level of

equal energy. For dipole radiation, the selection rules are positive levels

conbine only with negative and vice versa, that is

+ H ,

2.6.2 S c and Antis ic Rotational Levels
for Homonuc AT e ES

For homonuclear molecules, the $¡ave equation of the system remains

unchanged if the two nuclei are exchanged. So, for an exchange of nuclei,

the total eigenfunction either remains unchanged or símply changes its

sign. If they remain unchanged, the eigenfi.rnctions are synÌnetric, if not,

F.
Yv

Ire
vY

,l +
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antisyÍùÌetric. For a given electronic state, either the positive

rotational levels are all symmetric, ild the negative all antisymmetric

or vice versa. The levels are labelted s and a depending upon

whether they are symnetric or antisynnetric, md the selection rules are

S-SrAæArS a

In a given electronic state of a ¡nolecule, either the positive

rotational levels are synmetric and the negative are anti-syrrunetric

throughout, or vice versa. For the case with Â = 0 , either the even-

numbered levels are symîetric (s) and the odd are antisymmetric (a) ,

or the reverse is the case. Figure 2.3 shows the two alternatives for

electronic states whose V" rëmâir{s turchanged upon reflection at a plane

through the internuclear axis. For electronic states where Y" changes

sign, both designations -, + and s, a nust be reversed.

2.7 The Influence of Nuclear Spin

The nuclear spin may be non-zero, giving an angular momentum L '
and this produces an alternation in intensity, where every second line is

weaker. There is a contribution to the statistical weights of the various

levels (Tatun (1967)), and for homonuclear molecules' can be written

I integral (2I + L)

(2I + 1)

(I+1) for a

for a

leve1s

leve1sI

I
I odd-half

integral (2I + 1)

(2T + L)

for s levels

for a levels

then every

(r+1)

If the nuclear spin is zero, as is the case for 0z

alternate line will be conpletely nissing.

,
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2.8 Classification of Electronic States

In diatonic molecules, only the component of the orbital angular

momentum of the electrons about the internuclear axis is a constant of

the notion. This component along the axis of ! is M' , ild M" can

take the values

M. - L, L-1 -L

In diatomic molecules, states differing only in the sign of M" have

the sane energy. States with different lU" I have widely different

energies. AccordinglY we define

A = lrrl

where A represents the component of the electronic orbital angular

monentum along the internuclear axis, of magnitude /lh 
^ 

can take

the values À = 0, Ir 2r....L, and the states are designated X, T, Â,

Q, etc., where the Tt, 
^, 

0, states are doubly degenerate.

In nolecules, as in atons, the spins of the electrons form a

resultant f , the corTesponding quantum number S being integral or

half integral as the nunber of electrons is even or odd. Ms is the

corrponent along the internuclear axis, and is denoted by I , where

f, = S, S - 1, S -2, -S

That is, there are 25 + I values. I can be positive or negative, and

is urdefined for states with A = 0 ( I states).

The total angular momentum of the electrons, denoted by ! is

the sun of A and Ë . Since both A and Ë are along the internuclear

axis, algebraic surning is sufficient. The total quaritum number is then

l.l,*r Itì
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Therefore an electronic tern with 
^ 

+ 0 splits into 2S + 1 coÍponents.

If /\ = 0 , in the absence of rotation, no splitting occurs. The

quantity of 2S + 1 is called the multiplicity. A full electronic state

may then be written as, adding the symmetry properties

2s + I

^
A+I

and in the case of X states are written

25+T +, -
L

8ru

2,9 Coupling of Electronic and Rotational Motion

The influence of rotational and vibrational notions upon each

other has already been discussed, as has the coupling of vibrational

and electronic notions, where the vibrational levels are chosen to fit

the potential curve of the electronic state. All that renains to consider,

is the influence of rotational and electronic motion on each other.

The different angular ¡nomenta in the molecule such as electron

spin, electronic orbital angular monentun and angular monentum of nuclea.r

rotation form a resultant J, , the total angular momentum. If the spin

E and orbital angular momentun A of the eLectrons are zero, that is a I I

state, then the angular nomentun of nuclear rotation is identical with

the total angular momentum L , and we have the simple rotator case. In

all other cases, there are different nodes of cot4tling, first investigated

by Hund.

a
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2.9.L Hund rs case la)

Here the interaction of the nuclear rotation with the electronic

motion (spin as well as orbital) is weak, but the electronic notion is

coupled very strongly to the line joining the two nuclei. The electronic

angular momentum A is well defined, and with ß , the angular nomentum

of nuclear rotation, forns the resultant ¿ . We have

J fì, CI+1, Çl+2,

that is, levels with J < f¿ do not occur.

2 .9 .2 Hund I s case

When Â=0, and S#o, thespinvector Ð isnotcoupledto

the internuclear axis at all, or for light atons with 
^ 

+ 0 , the coupling

may be weak, and therefore ! is not defined. In this case the angular

moments A (when 
^+0) 

and E formaresultant N(asdid e and &

in case (a) ) and where

N=4, Á,+1, IY+2 r....

where N is the total angular nomentum apart frorn spin. If Â = 0 then

N = & , and is therefore perpendicular to the internuclear axis, ! and

g form a resultant !. , the total angular nomenturn. Possible values for

the quantum number J are

J = N+S, N+S-1, ¡l +S-2,.....1¡¡-Sl

Therefore in general (except when N < S) each level with a given

N consists of 23 + I components. Again J is half-integral for an

odd number of electrons, and integral for an even nurnber of electrons.

A slight coupling of Þ and N produces a snall splitting of the levels

with different J and equal N , which increases with increasing N

Other coupling cases are also possible, and are dealt with nore
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fully in Herzberg. Hundrs coupling cases (a) and (b) are the ones

nost often encountered.

N.B. The quantities N and B and the quantum

number for N , N are referred to in Herzberg

as K and N respectively, with the quantun

number of ,K being K This change was nade in

1953 by the International Astronomical Union.
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2.L0 Selection Rules

hlhether a transition will take place between two particular

levels of a diatornic molecule depends on the quantum numbers and syrunetry

properties of the two levels concerned. These selection rules are

obtalned by calculating the matrix elenents Rrz of the electric dipole

Íþment of equation 2.8. This natrix element may turn out to be zero, in

which case the transition strength is zero, md the transition is denoted

as forbidden (at least for electronic dipole radiation). If the matrix

element is non-zero, then the transition is allowed. There are selection

rules that always apply, regardless of the two states involved, and

there are selection rules which apply to particular energy levels.

2.I0.1 General Selection Rules

These selection rules apply to all states.

(1) The selection rrrle for the total angular momentum

quantun number J is

AJ = 0, t I with J = 0 -/* J = 0

That is AJ = 0 is not allowed for X-X transitions.

(2) Parity must change. Positive terms co¡nbine only with

negative and vice versa. This is written as

+l+ - + ---L----- ¡ - /,
//

(3) Nuclear synnetry rnust not change. That is, symmetric

states conbine only with syrrunetric and antisymmetric

only with antisynrnetric, and this is denoted as

s<+g, ã++ a, t --+* a
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(4) Finally, for nolecules with equal nuclear charge,

even electronic states conbine only with odd, and

this is written as

gælI, U u, g û
b

2.10.2 Selection Rules holding in case (a) and case (b)

Sone selection rules hold in Hundrs case (a) and Hundrs case (b),

but not in other coupling cases. These are the cases that occur most

frequentlL so these selection rules are significant.

(5) ÂA=0, 11

(6) reflection synnnetry does not change, that is

I+** I+ , f,-<+ I-, f -þt-

and both X* and I- can conbine with fi states.

(7) ÂS = 0, so only states of the sane multiplicity can

combine with each other.

2.I0.3 Selection Rules hòldine for case la)

L, the quantum number of the component of spin along the

internuclear axis is defined, so for both states belonging to case (a)

A I = 0 that is, the component of spin along the internuclear axis

doesnotalter. Alsoapplyingare Àf,2=0,11 and AJ=0 is

forbidden for fl = 0 +-+ f) = 0

2.L0.4 Selection Rules holdine for case rb)

N , the total angular momentum apart fron spin, is bound by the

rule on its quantum nunber N of

AN
I

= o, l I

but A N = 0 is forbidden for I-X transitions.
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2.LL Selection Rules APP lied to the Schunann-Runge Bands

The selection rules discussed in the previous section can be

applied to the Schumann-Runge bands. The electronic transition in

question is

x3 r - ---------> 83 xgu

so the selection rules

ÀÂ=0rt1, f,-+X-, g€u and ÀS=0

are obviously obeyed. The selection rules still remaining are

À J = 0, t I and can be denoted as follows

AJ = + I = F.rr(J + 1) + Frr,,(J) R branch

ÂJ = o = Frr, (J) Frr,'(J) Q branch (2 "B)

ÀJ = -1 = Frr, (J - 1) + Frr,,(J) P branch

Figure 2.4 shows the possible transitions for the 15-0 band of

the Schumann-Runge bands, with leve1s of alternate N values nissing in

both the ground state and the upper state (the even-nunbered N nissing in

the ground state, the odd-numbered N levels nissing in the upper state) due

to zero nuclear spin (see Sectíon 2.7). This results in only symmetric

levels (s) occurring in both states, and only positive levels (+) occurring

in the ground state, and only negative levels (-) in the upper state' so

the last two selection rules s <--+ éÙ, 4 æ - are autonatically

fulfilled. This also means there is no a branch for the Schunann-Runge

bands.

It should now be possible to discuss the terminology used in

later chapters. For example, the oscillator strength of the Rl3(2-0) nay

be discussed, and this terninology contains the quantun nunbers used above.
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That is, (2-0) neans vr = 2, vrr= 0. R13 ÍìeâDS ÂJ = +1, Ntt = lJ----->

Nr= 14 The Rrg line actually consists of a triplet of lines, the

Rr (15) , Rz (13) and R3 (15) , where Jrr = Nrt + 1, Nrr' Nrt - 1

respectively. Sirnilarly, the PI I (5-0) line, mearis vr = 5 ¡ vrr = 0,

ÂJ = -1, Nr = 11 -------t Nrr - 10, and this line is also composed of a

triplet of lines, the Pr(fl), Pz(11) and P3(11) lines with Nrr = 11,

Jrr = Nrr + I ¡ Ntt, Nrr - I respectively, there are six nain branches

between any thlo levels, md they are Pr , Pz, P3 and R1 , Rz , Rg

The¡e are also six allowed satellite branches, denoted by PQrr, PQzs,

-PRr r, Rqr r, uQrr, *Qt, (shown in Figure 2.4) . The strengths of these

satellite branches fall off very rapidly with N , and they only play a

significant role near the band head (N < 7) . The selection rule

AN = 1 I is not as rigorous as the other selection rules, ffid lines with

AN = I 3 have been observed, denoted by TR' and *or, , but they only

occur weakl¡ for low N values.
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2.12 Transition and Transition Strength

The strengths of transitions between the various nolecular

states described previously vary greatl.y. As shown by the previous

section, nìany transitions are completely forbidden. The interaction of

an electronagnetic wave with electric vector E with a molecule of

electric dipole moment I has been done by Pauling and Wilson (1955),

and for a molecule in state I urdergoing a transition to a higher state 2

when exposed to radiation of energy hv = AE , the energy difference

between the states, it is found that

2

Brz
sTÉ lnrzl
5h2 4r e

o

where Btz is the Einstein transition probability of absorption, and

Rrz is the transition monent, written

Rrz(r) Y' MYraT (2.e)

where Vr and Yz are the total wave functions.

It is often useful to consider the components of R where

a 2 a 2

+ +

and it is to these transitions to which all quantities referring to line

strength eventually relate. The electric dipole line strength S is

defined by

lRt, (r) I

Srz

lRtr(*) I lnr, (v) 
I lnrz(z) I

lnr. (*) I lnrr(y) I

a

* ln12¡21 |

2

2

2

lntr l
+

2 2
)e'(lxrzl + lrt, I

+ zlz

where xl2, ylz and ztz are the electric dipole moment matrix elenents.
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The strengths of transitions between states depends prinarily on the

overlap integral between the two wavefirnctions, given by equation 2.8.

If the matrix element is non-zero, and therefore an allowed transition,

then this natrix elenent or transition moment can take a range of values,

the larger the value, the greater the transition strength. Wavefunctions

which maximize this overlap, wilI therefore be accompanied by the strongest

transitions.

2.LS Population Numbers and the Boltzmann Distribution

The strength of a line depends not only on the transition

probability, but also upon the population of the state from which the

transition arises.

Boltznannrs formula for the ratio of the populations of two

energy levels Er and E2 in thernal equllibrium at temperature T is

Nz

N¡
gz

9t
exp t

where gr and Ez are the statistical weights of the respective states,

N1 and Nz are their populations and K" is Boltzmannrs constant. This

can be written as

)l

where N is the total nurnber of particles,

Boltznann factor "td Qirra is the partition

a.1nt rj exp( - uj/ K,T )

Nr
ñ- ^L e)ç(vint

Erm
B

) (2.10)

exp( - Erlt<"T ) is the

furction given by

and is the sum of all the weighted Boltzmann factors. At roon tenperature

only the ground state vibrational level is populated to a significant

extent, although the lst excited vibrational level has a small fraction of

æ

x
j=o
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the population. The rotational Ievels in the ground vibrational state

are populated, since the energy available at roon temperature

( - 300 "K ) is 500 x 1.38 x 10-23 = 4.2 x 10-21 Joules and ri

Glv) = ÀE 10-20 Joules while F(J) = AE-^- - s.7 x 10-23 Joules.
-\./ --VtB . ROT

That is the thermal energy available at 300 o K is sufficient to excite

sone of the nolecules to the first vibrational level, md to a large

nunber of rotational levels.

Tatun (1967) gives a detailed analysis of population number for

a1l. the different types of energy levels. Since the Schunann-Runge bands

consist of transitions between states, the following equations are

specificatly for such states.

Consider a sample consísting of N molecules. The fraction of

these molecules in a particular electronic state n is given by

8e expl - ( hc/K"T )T
(2.rr)N(n)

N
Be expl - ( hclKBT)Te ]

all states

where N(n) is the number of nolecules in electronic statê D , N is

the total nunber of molecules, Tu is the electronic energy, and ge is

the electronic statistical weight, given by 8" = ( 2 - ôo,Â) (2S + 1) =

(2S + 1) for I states.

The denominator in equation 2.10 is the electronic partition

function, Qel.

Of the N(n) molecules in the electronic state n , the fraction

in the vibrational level v of that state is

V MAX
I erçl -

v=o
hcm
B

e),cp [ -5 G(v) ] / G(v) I (2.12)
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urhere G(v), the vibrational energy should be referred to the lowest

vibrational level, and not the potential minimum. The statistical weight

of vibrational levels is I The denoninator of equation 2.12 is the

vibrational partition function, Q,r, 
"

Of the molecules in that vibrational state, the fraction in the

Nth rotational level is

2óhcB,V
KT

E¡

N(nvN J)
N(nvN)

hc

where O = #+ for s levets, and h for a levets (see

section 2.7), and 8,,, is the rotational constant for the vth vibrational

level. The rotational partition fi¡tction in equation 2.12 has been

replaced by

(2N + 1) exp I KT
B

F(N) ]

KT
E¡

E-Fcv

a good enough approxination at terperatures above 273 " K .

The number of nolecules in sub-level J is N(nvN J)' and is

given by

2J+TTffiÑ;jr

(2J + t) exp I

(2.r3)

(2.14)

+ G(v) + F(t)) l

except for the N = 0 state of a I state, in which case N(nvNJ) =

N(nvN) , and where (2J + L) is the rotational statistical weight.

Transitions involving I states are always single, and states

are always of the Htrndrs case (b) coupling type. The population of a

single level is then, using all the above interrelations is

(r
2Q

Q"r Qrr, 
" %ot

e

(2.1s)
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and hrhere the electronic statistical weight ge is 1, since only

one state is under discussion.

The above section allows the populations of levels to be

calculated, but what is also needed, .is the transition strengths of

the various allowed transitions.

2.I4 Line S ths

For a molecular line within a band, the line strength S can

be written as

Á(Nt J I Nrr Jrr) R^-. (nt, n't, ntt vtt)'ev

OT Á(N' J' Nrr J") . S(nr vl nil vil) (2.16)

where S(ntvr, nttvt') is the band strength (usually denoted ptvtv")

and is the square of the transition monent of the band. The lt, ûtt are

the upper a¡rd lower molecular states, and the vt, vt' are the

vibrationat leveLs in these states. The á(Nt Jt, Nrr Jrr) are related

to the Hönl-London factors. The justification for the above factorization

is the Born-Oppenheiner approxination, which regards the effects of

nuclear motion as perturbations to the electronic wavefirnctions. It is

possible to write the total wave ftrnction as the product

a

S

S

v v (r) Yel

S(ntvt, nttytr)
(2

I 
,J 

Y., ,Re ¡r) Y,, 
',dr I

(r) vvt B ROl'

where the first two terms depend on the internuclear separation T '
and the last term only has angular dependence. The radial part of the

transition noment can be written

(*
R" = ) 

V" U Y" d t and U is the dipole moment of thewhere
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nolecule. Since both the vibrational and electronic wavefirnctions are

functions of r , the integral cannot be separated exactly into two

factors. However, if R" is assumed to vary slowly with r' over the

range in question, the approximation

S(ntvr, nttvtt) = S(vtrvtt). Re2 (ntrntt)

nay be nade. Here S(vt,vt') is the Franck-Condon factor (usually written

eu, ry,,) , and is a measure of the overlap integral between two vibrational

wave functions. That is

5(vt rvtt) Y.r" dr 
I

and these factors satisfy the sum rules

X S(vt,vt') = f, .$(vrrvrr) = |
vl vlt

It would appear that the band strength S(ntvt,n"v") could be determined

from the Franck-Condon factors, and a knowledge of *"t. However, O"'

has a dependence upon vr and vrr (that is, the Born-Oppenheimer

approxirnation is inadequate), and the O"' term has been replaced by a

mean < R_2 > for the whole system, which is independent of vr and vrr
e

This quantity is called the r-centroid, and is defined as

Vvt Vrr " rdr
(r

v vll
)= (2.17)

v dr
vll

An electronic transition, in a hononuclear molecule such as

oxygen, is acconpanied by vibrational and rotational changes of state. The

strengths of the vibrational and rotational transitions are given by the

Franck-Condon factors and the Hönl-London factors, lespectively.

2.14.1 The Franck-Condon Principle

The variations in the vibrational intensity distribution can be

explained briefly as due to a naxinizing of the overlap of vibrational

= l*
)v

I *",
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wavefunctions. Franckrs postulate was that an electron jump in a

molecule takes place so rapidly in comparison to the vibrational motion

that inmediately after the transition the nuclei still have very nearly

the same relative positions a¡d velocities as before. Condon showed that

this corresponds to transitions vertically upwards or downwards in the

potential energy diagram (see Figure 2.5). Since the ground state

vibrational wavefunction has its maxi¡num at the centre of the potential

curve, whenever this centre lines up with the naximum of some other

vibrational state in the upper state, the transition with the greatest

strength will occur. Thus, Franck-Condon factors are a neasure of the

overlap, ffid thus the strength of various vibrational transitions.

2.I4.2 Hönl -London Factors

The Hönl -London factors determine the relative intensities of

the branches within a band, in the case of the Schumann-Runge bands, the

rotational line strengths for a given vibrational transition.

The H0n1-London factors ,5 (NtJr rNrurr) are often normalized

so that

L ¿ (NtJt, NttJtt)
J I orJtr

2Jt + 1 or 2Jtt + I

respectively.

A table of Hönl-London factors for the Hundrs case (b) coupling

is given in Table 2.1. (see also Tatun (1966).

Tatum and Watson (1971) present Hönl-London factors for

interrnediate coupling cases, pointing out that departures from Hundrs

coupling case (b) have been observed in the Schumann-Runge bands. However,

a conparison of the two types of Hönl-London factors shows virtually exact
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TABTE 2.L

Hänl -London Factors for t Xt - t It Transitions.

P1
N"(2N" + 5)

2Nrt + 1

Rr
(Nrt + 1) (2Nrr + 5)

PQrz

Nr-1 tt+1
Pz

¡rr(¡rr + 2)
Nrr+1

PQz s

RQz r

P3
¡r' (!¡rlt' - S)

2Nf-l

Ra
(]rltt + 1) (2Ntt - l)

2Nrr + I

RQs z I
(N" + 1) (2N'r + 1) (2Nrr + 5)

(Reproduced from Tatun (1966))

I
Í'

I
ñ

(J" - t) (2J,, + t)
zJn -r

Jr(2J" + g)
2Jtt + L

(J" - 1) (J" + 1)
Nll

¡rr¡¡'r + 2)
Jrr+1

ZJtt + L

(J" * 2) (2Jtt + l)
2Jtt + 3

Rz

I
ñ

L Ir
(Jtt + 1) (2Jr' - 1)

1
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agreement for rotational levels above Nrr = 5, with only slight

departures below this level, so the original factors of Tatum (1966) were

used in the results analysis.

2.LS 0scillator Strength

When the Hönl-London factors have been correctly normalizêd, then

the line strength S can be written

S
Á (N tJ r , Nrurt) . S (nt vt , nttvtt) (2. 18)(2S + 1) (2J + t)

for a X state. The designation J in (2J + L) should be changed

to J I or Jrr depending upon whether enission or absorption is being

discussed. The quantity, oscillator strength is defined as the ratio of

the number of classical oscillators ,\J to the number of molecules N

which absorb the same amount of energy, that is

l\/ = Nf

where / is the oscillator strength.

is related to the line strength S by

llator strength of a line

rs74))

á (NtJ I rNttJrr)S(n tn, t rntrvrr)
(2S+r) QJ+I)

(2.rs)

d by sunning f (v'Jt,yrU'r)

S(ntvt, nttvtt)

f (v tJ t, vrtJtt)
8rÉ mv, S

3he2

The osci

(Thorne (

8rÉ rV,

3ha-

where v_ is the frequency corresponding to the energy difference
J

between the states.

A band oscillator strength can be define

over all branches of the Jt' sub-levels, that is

8É mv
f (vr ,vtt) = I f (v tJ r, YrUrt) = , . t

J I 3he' (2S + 1)

where V' is the frequency conesponding to the energy difference

between the two vibrational levels. We can write
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f (vr , vrr)
vf (vtJ t , vttJrt) (2J + I) v

á (N rJ r 
, NrrJtt) Àvrt

(2J + 1)

á (NrJ t rNtrJrt) V,

or as f (v tJ I ,YrtJtt) f (vr rvfr)

That is, there is a wavelength dependence in the sunning procedure.

0n1y if the extent of the vibrational band is snall, that is Àr - À,

can it be saíd that

f (v tJ l , yttJtt) vr vr 6 NIJ I NIUT

and also that

f (v r rvrr) E f (vfJr, vrUtt).
J

That is the band f -value can be obtained fron the line f -values by

summing over all transitions of lines comprising the band.
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2 16 Predissociation

Predissociation is discussed comprehensively in Herzberg (tgSO),

and only a short introduction, sufficient for understanding later sections

of this thesis, is given here. Transitions between different states were

discussed previously in the section on the Franck-Condon principle. The

states shown in Figure 2.5 were all bound states. If a transition should

occur between the lower state vrr = 0 a¡d a state vr above the level

A-B (of Figure 2.5), then dissociation of the molecule would take place,

since A-B designates the dissociation continuum level.

If the situation in Figure 2.6 ís now considered, then it can be

seen that the bound states of the upper potential curve have dissociation

levels of other states below thern. This neans that vibrational and

rotational states of the upper electronic state, given by the upper

potential curve, can nake radiationless transitions to states belonging to

the lower electronic level, ffid when this lower leveI is an r;nboutd state,

or corresponds to a vibrational or rotational state above the dissociation

1evel if it is a bound, stable state, then predissociation occurs for the

molecule. The predissociation, illustrated more clearly in Figure 2.7, does

not necessarily occur immediately the molecule is in the region of the

intersection point of the two curves, but occurs with a probability that

depends on the types of states in question. The larger the overlap of

wavefunctions, as shown in Figure 2.7, the rnore likely is the transition

and the shorter is the predissociation lifetine 5 This gives a

relation to the predissociated linewidth % , using the uncertainty

principle, ffid is discussed further in Section 3.3.3. The predissociation

lifetime T_ is usually mrch larger than the natural lifetine T* , and
p

so the lines appear to be broadened, as is the case in the Schumann-Runge

bands.
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CHAPTER 3

3.1 Absorption of Radiation bi a Gas

As monochromatic radiation passes through an absorbing gas,

the intensity is attenuated in such a way that the fractional decrease

in intensity dI/I (here dI is the actual decrease in intensity, and I

is the incident intensity) is the sa¡ne for each snall path length dx

This can be written as

dI -Ikdx ( 3.r)

where k is the absorption coefficient. The way the intensity varies

over a path length x comprising a whole series of dxrs is found by

integrating equation 5.1 over the path length,

F

o
f.
o

dI.T -kdx

togive .0nI.-.0nIo=-kx.

Taking ex¡lonentials of both sides, the well known Beerrs Law is obtained

I- = r^ exp( - kx ) G.2)Fo

The above derivation applied to monochromatic radiation, but a

case of more experirnental interest is when the intensity is not constant

with wavelength, a¡rd it is then necessary to write I (À) . Consider

radiation incident over a wavelength interval 
^l 

The total intensity

I is then

I

and it nay also be that the absorption coefficient has some wavelength

dependence, and k(À) is the absorption coefficient at wavelength À

The intensity after passing through a length of absorber x can then be

I rru dÀ

^À
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(5.5)l= r(À) dl = Io(À) expl - k(À)x ] dr
I
A À AÀ

If k(À) = k, that is, is constant with hravelength then equation 5.3

again reduced to Beerrs Law, that is

I = elp( -kx ) I
o o

Otherwise, if absolption coefficient varies with wavelength, then

Beerts Law is not val.id over the wavelength interval 
^À 

, and the

intensity is a more conplex fr.nrction of the path length. For exanple,

in Figure 3.1, Beerrs Law would not be obeyed ovel the wavelength

interval ÂÀ , but would be obeyed to a good approxination over the

interval dÀ

If the wavelength region Ào I 
^), 

of Figure 3.1 is considered

again, then for small absorber thickness x, radiation will be absorbed

at all wavelengths, and the effective absorption over the wavelength

interval will be as if due to soÍþ constant absorption coefficient keff,

where k s,fteff average.

For larger absorber thicknesses however, the central regions

near À^ will be completely absorbed out, ffid will thus no longer
o

contribute to continuing absorption. Only the radiation in the wings near

À^ t AÀ will be absorbed, and the effective absorption coefficient k^-o..o ett
will be approximately equal to Çirrg, (this process is called radiation

hardening). Figure 5.6 shows an exanple of absorption occurring at

different wavelengths within a wavelength region as the absorption path

length changes.

ExperimentaLly, Beerrs Law is obeyed when the incident wavelength

is monochromatic, that is when extrenely high resolution is used (for exanple

(À) dÀ I ery( -kx )
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a narrohr enission line of a hollow cathode lanp), or when the absorption

coefficient k(I) is constant (a continuun). Beerrs Law fails when

k(À) varies rapidly over the finite instrunental resolution wavelength

interval AÀ , and this is the case encountered in this thesis for the

work done on the Schumann-Runge bands.

The departures from Beerrs Law occur because light detectors

looking at the incident Light, measure how much light there is in the

wavelength band tnder inspection, and take no account of the distribution

of intensity with wavelength. Wavelength distribution of the light

changes as the beam passes through the absorber, because of the effects of

the varying absorption coefficient, and a detector looking at this final

intensity again does so independently of the wavelength distribution.

In many experilrents, the absorption coefficient varies over the

s¡nall range of wavelengths given by the instrument resolution. In such a

case the intensity is made as near as is possible constant over the region

of interest, by choosing the lamp, ffid the lamp gas to provide a

continuum of fairly constant intensity with wavelength. This is not

always possible, æd care should be taken if there are enission lines

present.

Absorption lines, the principal source of rapid variations of

absorption coefficient with wavelength, are due to ato¡ns or molecules of

the gas absorbing radiation and rmdergoing transitions from one energy

state to another. In the case of molecules, electronic, vibrational and

rotational transitions are all possible, and each peak in the absorption

coefficient corresponds to radiation at that wavelength being absorbed,

and the energ"y used for a transition to another state. What the

experinent seeks to find is a ¡neasure of absorption coefficient at each

wavelength, and this can be accomplished if the strength and line-shape
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parameters of each transition are neasured. This would be sinple if the

monochromator had instrunent width nuch less than the line widths. In

this ideal case, a scan across a certain wavelength region would exactly

reproduce the absorption coefficient of that region. Howevel, as the

monochromator always has sone finite resolution, the absorption coefficient

will be greatly modified.

3.2 The Effect of Instrument Resolutioq

Consider an ideal experimental case, whete an absorption line of

some r¡rdeternined shape is to be measured. The shape of the absorption

line can be described by sone function k(À). A scan acloss the line,

with very high resolution (a delta-ftutction perhaps), will simply

reproduce the line shape. As the resolution is reduced, the delta-fturction

scan function broadens out, Ðd this function can be denoted by g(À).

Now each point on the etçerimentally measured absorption curve is given by

area rnder the convolution of the resolution fi.nction g(f) and the

absorption of the line ftnrction k(À) It is possible to define A(À)

as the absorption at wavelength À , where

a¡rd where nn* is a path length factor.

The convolution fi¡rction c(Ài) is then

A(ri)

c(Ài)

ery [ _ kpx k(ri) ]

Ài) A(rj) dÀj

(3.4)

(3.s)
¡).

J 

^" 
tt^-

Ideally, the integration ïange should be { to - , but experirnental

linitations preclude this. This convolution, representing the

experimentally measured absorption curve will now be different from the

actual absorption coefficient, and the effect is to smear out the

absorption line, by reducing its peak height and increasing its width.
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This is illustrated in Figure 3.2 for three different values of

instrument resolution crg , $rher" og is the half-width of the

resolution function (fu|l-width at half height), taken to be a Gaussian

function. If both frmctions g(À) and A(f) were Gaussian, then the

resultant would also be a Gaussian with width

cx=
T

d,?+0,2ÛAÞ

where o^ is the half width of the absorption firnction. This expression

is only accurate for the case where both fwtctions are Gaussian, though

it can be applied to other cases to obtain qualitative results.

Irrespective of the fofln of A(À), if g(I) is much nalrower,

the resultant function C(f) will have a width comparable to A(À),

while if g(À) is much wider (as in case (c) of Figure 3.2) then the

resultant will have a width conparable to g(l). Figure 3.2 shows the effect

of blending of two individual Lines by the poor instrumental resolution

to produce an apParent single line, soÍ¡ething which happens often in

the Schunann-Runge bands.

The area r:nder the resolution futction should be unity, since

this function should neither reduce nor add to the area of the absorption

line, but only affect its distribution. That is

c (À) dÀ A(À) dÀ
I

(5.6)

and the above integral is independent of the width of the resolution

fi.rrction (see Appendix t ).

3.3 The Width and Shape of Spectral Lines

In considering a spectral absorption line, there are three basic

quantities which completely define the line. These quantities are the

position of the line centre Ào , the width of the line o.,, , and the



I

I

I
I

A(À)-

c (À)

I

I

t

o¿=10
s

s( À )

t

I
I
t
t
I
I
\

Case (a)

Case (b)

Case (c)

Wovelengt h

Wovelength

Wovetengt h
The effect of resolution function g(À) upon observed
absorption C(À) for a given absorption A(À), plotted as

intensity,verbus wavelengùh. Tlie peak height of apparent
absorption decreases as the resolution ftulction broadens out,
and the two absorption lines are no longer resolved. The total
area beneath the fturction C(À) remains constant.

A À

ÀC

I

I
I

I
I
I

I

I
I

¡\
¡t
,l¡ì
lr
I

I

tt
ll

'\t
,

t

a- =20

s (À)

I
I

I

I
I

I

I
I

I
I
I

/-\rl
l¡jr
ll
,l

A( À)-i \
ll

I

I

I

ì

I

\

\

(À)

s (À)

,rt-- 
--ata

a- =LOg

FIG 3.2



43.

line strength S Each line is characterized by a f¡nction k(À)

which conpletely determines the way in which the absorption will behave

as optical depth or absorption path length is increased. Comrnon examples

of the type of frurction k(À) are the Gaussian or Doppler function.

À-À
k(À) = exPI-(-ell'4e"n2 I (3.7)

and the Lorentz or Natural broadening function

I (5.8)k(À)
L+4( )

N

There are other possible parameters, such as peak height Un (the height

at the line centre) and the integrated absorption coefficient I U,^, dÀ ,
)

but knowledge of any three parameters allows the others to be determined.

3.3.r D ler Broadenin

Absorption lines have a Doppler profile when the major

contribution to the width is due to randon thermal motion of the atoms or

rnolecules under consideration. The fornula for the Doppler width is

À
o-e (2

T ,4

d, (3.e)
e

where cx is the
e

temperature in o 
K

I/e half width (see Figure 3.3) and T is

K" is Boltzmannrs constant

M is the mass of the rnolecule, and

C is the speed of light.

Equation 3.9 is derived as follows.

The Doppter effect, where there is an apparent shift in wavelength

of signal fron a moving source, applies to the molecules in randon notion.

K
Êl

M
)



The observer will see molecules noving towards as well as away from

hinself, with wavelength shift given by

44.

(3.10)

(3.13)

À=À ( 1 * v/c )o

or AÀ = v/c where AÀ is positive when v is negative (away fron

observer) and negative when v is positive (towards observer). There

will be a distribution of velocities given by the Maxwell distribution,

and thus a distribution of observed wavelengths, resulting in a broadened

line.

The Maxwell distribution gives

dn e
2t2-v/u

dV
(3:11)

v uV-ñ

is the fraction of nolecules having velocity between v and
n
along an axis, md u is the nost probable velocity

(3.12)

n

g't
where

v+dv

u

(Thorne ( 1974 ) page 259).

This gives

dn

ETT
v -f-

À -c'L*/x a
u C

À
o

dÀe o
a

1

*/nn

Since the absorption coefficient at À is proportional to dntr , the

line profile can be written in terms of the peak value at the line centre

kasp

k(À) = un "* [ - .'(Ào x)'/\a? ] (5.14)
o

The full width at half-naximum of the Doppler line oú
D

is given by
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cr = 2JM cr = 2

k(À) dÀ k 0 \in

4s.

(3.rs)

(3. 16)

1o-
c

K
B

M

e

and the area rmder a Doppler line is given by (see Appendix 2 )

D

p e

That is, the area under the line varies linearly with width, a not

unsurprising result. It is a property of the Doppler line, that the

intensity of the line wings falls off in a very rapid manner' and is

virtually zero beyond 2 to 3 ae Typicat Doppler widths at room

temperature in the Schumann-Runge bands were of the order of 0.004Â

(0.13 cm-t) or 4.0 m,{, there being a sma1l variation with wavelength

over the range 1750,4. to 2000,{

3.3.2 Natural Broadening

Associated with each energy level in an atom or molecule, is

a lifetine, which is the tine the energy level is in existence or is

occupied, before decaying to a lower level. From the r¡ncertainty

principal, such a lifetine nmst have associated with it a spread in

energy AE , where

AEAt=h (3.17)

so that the shorter the lifetime, the larger the energy spread. Since

the ground state is a stable state, with infinite lifetime, its energy

is uniquely and accurately defined. However upper states, with varying

lifetines have varying energy spreads, and it is these energy

uncertainties which give the finite width to the transitions. Natural

widths are usually rnuch snaller than Ðoppler widths [by several orders of

magnitude) at roon temperatuTe, a:rd can only be observed with low
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tenperature gas samples with snall Doppler widths.

The Lorentz or Natural Broadening function is

k(À)
1

1+4(
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(3. I 8)

(3.1s)

where the natural width 0*

is the full width at half maxirnum ( see Figure 3.4 ) and T" is the

lifetirne of the state.

The area tmder a Lorentz line is given by (see Appendix 3 )

k(À) dÀ k
p

r/2CT

That is, for the sarne peak height (say kn = I ) and the sane width

( o* = oo ), the area turder a Lorentz line-shape function is greater than

that urder a Doppler line-shape function. This must be taken into

account later when a ¡nixed function is used as an approxination to the

Voigt profile.

3.3.3 Predissociation Broadening

predissociation broadening can be considered to be a special

case of Natural broadening. In Natural broadening, the distribution of

lifetimes results in a distribution of energy levels (because of the

uniertainty principle) and this distribution gives rise to the Natural

or Lorentz line profile. For predissociation broadening, the natural

lifetime is replaced by the predissociation lifetine -p , which is a

rneasuïe of how long the nolecule will exist in a certain state before

making a radiationless transition through dissociation to an unbound state.

This dependence on state lifetine gives predissociation broadening a

line profile of the same form as the Natural or Lorentzian shape. It is



47

no longe1 possible , if a state is predissociated, to talk of a natural

lifetime, because the lifetime of the state is completely deterrnined by

T_ . In almost all cases r_ (( T¡,¡ thus giving line widths for-pP

predissociation broadening which are rnuch greater than the natural Iine-

widths would have been. The predissociation linewidth % is related

to the predissociation lifetine by

'\a/\o-
(3.20)Oú

p

and in the Schumann-Runge

ro 1S0 m,4 (+.1 cn-l ) .

4tr C 'r
p

bands was found to vary from 2.0 mÂ (0.06 -1rcm)

3.3.4 Pressure Broadening

This is a broadening phenomenon due to the effects produced by

pressure on the transition taking place in nolecules. These effects can

be of different types, and thele is no one theory which completely

describes all the effects and produces a single formula for the plressuÏe

contribution to the linewidth. The simplification that is made is that

only actual collisions are considered. That is, if an absorption p]focess

is taking place in a molecule, when it collides with another molecule,

thus terminating the process, then the wavelength of that process will

be altered, a situation analogous to natural broadening. The lifetime

however, nust now be replaced by the nean time between collisions, and the

line width for such a pressure broadened line is given by

I
nnd (3.22)

where n is the number density, and d is the diameter of the rnolecule.

The value that should be assigned to the diameter is uncertain, the

actual diameter of the outer electron shell being inappropriate in this

case. For this order of magnitude calculation, a dianetet of 2 to 4 times

r"
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an e)q)ression relating pressure to number density can be obtained, for

exanple

the electron shell radius is assumed. From the ideal gas equation

P KT
El

Substitution into equation
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(3.23)

(3.24)

(3.2s)

(3.26)

(3.27)

(3.28)

(3.2e)

N

7 KT = r¡r

3.23 gives

. KTIB= tT-f TtT

The nost probable speed of the molecule, is given by equation

M

and the collision tine T 1S
c

9"

p

)tz
__o_
4ttc

Prd2

p

V
p

Substitution into equation 3.2I gives

-1- J!f- c ft=lz\/Z Pnd2

r/2 . 2 KBT,,t-rr¡ J

L--
T,

Vc

o¿
c R-T

B

which reduces to

where Z

in metres

P d2 c #wl%
a

0 ô
c

q = Z X2 Pco

lies between the values 2.9 and 11.5

and P in atmosPheres.

À

2c

Using a value of d = 5 ,& to d = l0 '4' for 0z

the above equation becomes

Àis
o

a¡rd where
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The maxinum paessuïe used during the present measulements in the

Schumann-Runge bands is 850 torr or 1.12 atmospheres (in the 1-0

and 2-0 bands near | = 2000Â) so the maxinurn pressure width would be

of the order of

cx= (1.3 to 5) x lo-r3mettes or 1.3 to 5 mÂ
c

Collision broadening gives a line with a Lorentz core, so the total

Lorentz width o" , due to natural broadening cx and collision

broadening o. would be

cl c[ (3.30)
c

where both processes sinply conbine to give a total Lorentz shape' It

rnust be remembered however, that only collision induced broadening has

been taken into account. Close encountels and perturbations of

surrounding molecules, which have been neglected, produce broadened

wings. The presence of a foreign gas will increase the number of

collisions and will broaden the line-shape as well as shifting the actual

position of the line.

3.4 The Mixed Ling Profi 1ê

To produce realistic line shapes in the Schunann-Runge bands,

it is necessary to use a function with a parameter which changes the line

shape from pure Doppler to puÏe Lorentz, since the lines in these bands

nay vqry in such a fashion. This parameter' is catled the rnixing parameter

a , and is defined

ct
a. - --L ,lw (3. 31)

0o

O[+
NL
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hrhere 0. and oo are the Lorentz and Doppler full -widths at half

maximum resPectivelY.

A line in the Schurnann-Runge bands will have a certain shape

and width, due to mixing of the Doppler effect due to temperature, and

the natural and predissociation broadening effects which produce a

Lorentz line shape. Lines will therefore be a combination of all these

effects, and can be described by a Voigt width or, , and a mixing

paraneter q , detailing the ratio of Lorentz to Doppler width. A line

with a = 0 will be a pure Doppler line and will have 0,, = oo , whereas

a line with Q = æ is a pure Lorentz line, with o = ct

The Voigt profile is given by (see Appendix l, )

k (À) k f;
exp( - xt ) dx (3.32)
a2+(v x)t

t-ì
where v = 2( ì-lb )\ñî . That is, each point on the Voigt profile

requires tire cafcllation of an integral. Therefore a calculation of an

equivalent width requiring the integration across an absorption line

profile, first requires n integrations to obtain n k(À) points. To

speed up conputing, the enpirical approxinations of Whiting (1968) were

used. Whitingts second approximation basically consists of a weighted

sum of the two limiting cases, the Doppler ftrnction and the Lorentz frrtction,

with the addition of a correction terrn so that the final function is in

close agreement with the Voigt function. Errors in the line profile are

very small (always less than 5%, and usually less than 3%), ild eTrors

in the equivalent ü/idth are within I% of those given by the Voigt profile.

Whitingrs second approximation can be written as

q

o-1I-
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z + E (3.55)k(r) =

where

and

)

E = o.ot6( þ)(1 þl(e4[- o.a( )
2.25

l
10

10 + (\_&- )2 '2s )0v
v

k(À) dÀ

(aJ')
o¿v

(3.34)

(3. 3s)

(3. 36)

(3.37)

kp

0,

ov( 1.065 + 0.447 q + 0.058
0,,

is the peak height at the line centre Ào

ffir1*( l
| + 4In2

2
4

+ cÍo
a

q

is rhe voigt width (total width of the final line). This width can also

be written as

oúv

There are many other approxirnations to the Voigt profile, which give

varying degrees of accuracy, and they are listed in Penner (1959) and

also by Arnstrong (1967). Some of the properties of the second

approxirnation of Whiting are discussed in Appendix 5

o¿

-L- +
2

%
4
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3.5 Equivalent l{idth

In considering an absorption line and the passage of radiation

of a wavelength coincident with this line through a gas, an interesting

result is obtained. Although the measured absorption at any one wave-

length point in the vicinity of the line depends upon the resolution of

the system making the measurement, the total i-ntegrated absorption across

the line is independent of system resolution (if the limits of integration

are extended far enough). The lirltit is reached if the resolution of

the systern is so poor in comparison to the linewidth that the intensity of

the line is dispersed over such a wide region, that it becones very

difficult to measure.

In the case of an isolated absorption line, it would be possible

to integrate right out along the wings, md a total integrated absorption

independent of instrumental resolution would be found. However in the

real case, as in the Schumann-Runge bands, the experimental conditions are

far from idea1. Lines are crowded together, so the above condition is

not satisfied. In nany cases though, it stilt holds to a good

approximation. The further out onto the wings of a line the integration

is taken, the more closely the result approximates that for the ideal case.

For exanple, in the case of a Doppler line, integration onto

the line wings beyond 3oo frorn the line centre is unnecessary, as

adequate accuracy has been obtained by then. This is much less true of

Lorentz lines, but if the integration is taken out onto the wings far

enough to include nost of the area under the line, then it is true to a

good approximation. The total integrated area under an absorbed line is

cal1ed the equivalent width (not to be confused with the total integrated
(

area under an absorption coefficient 
,|UC^l 

dÀ), and is the width of a
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rectangular line with the same integrated absorption. In Figure 3.5

this is illustrated by the shaded rectangle with a given width being

equivalent to the area of absorption for the absorption line centred at

The intensity transmitted through a gas is

À
o

I exp( - k k(À) x )
o pI (3. 58)

(3.3e)

( 3.4 o)

where I is the incident intensitY,
o

coefficient at wavelength À , and

absorption is

kp k(À) is the absorPtion

x is the path length. The

I -I
I

=l-exp(-kpk(À)x)

while the equivalent width is defined as

o

o

W f" , t - expl - kp k(À) x])dr

and is thus the integrated sum of the absorption. The equivalent width

at low optical densities is linear with pressure or path length x (see

Appendix 6 ), and can be written

W

In equation 3.40, the only unknown is Un so this can be determined, to

give a value for line strength. In the linear limit, the equivalent width

is independent of a-vaIue, ild depends only upon the oscillator strength,

and the normalized path length X Equation 3.39 represents the ideal

case for infinite integration range. In practice this is not possible

and the measured equivalent width is given by

rX
wr= I " t1 -exp( -k-k(À) x) ldÀ G.4r)

)P
À

KXp k(À) dr
o
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FIG 5.5(b). Figure 5.5 Part (a) shows the variation of absorption

co wãvelength while part (b) shows the variation in
tÎ "itr, *"í"length for a particular value of optical depth.
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eq e shadeä area of the rectangle which is the equivalent
wi etely absorbed rectangular line'
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wheïe the further out onto the line wingt Ào and À" are the closer

Wr approximates W (see Appendix 7 )
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3,6 Curves of Growth

The behaviour of absorption as the path length through the

absorbing gas increases is not irûnediately obvious. If a smoothly

varying absorption coefficient is considered, such as a continuun, then

Beerrs Law is obeyed. However, different behaviour is noted when the

absorption coefficient consists of an absorption line and its associated

wings. The variation in equivalent width as either the path length is

increased, or as pressure is increased is of great importance. Equation

3.41 for equivalent width can be written as

À
E¡ [ 1 - ery( NP273

ijõ i6õ'f x kp k(À) ) I dÀ (3.42)li\Ir

l{lr

I
À

.A

where N is the nurnber density, No is Loschmidtrs number and is the

number density at standard pressure and temperature (2.687 x 1025 nolecules/

mt), p is the pressure in torr, x is the actual path length in cms.

and T the temperature in " K . The tern nn is introduced to fix the

values of k(À) on an absolute scale, and is simply the peak height at

the line centre. Equation 3.42 redtrces to 3.4I at standard temperature

and pressure, and it is possible to re-write equation 3.42 as

À
B

À

1 - exp( - kpx k(À) I dÀ (3.43)

(3.44)

A

by defining X as the optical depth where

273
X xP

ñ
N

m-

and is a normalized number density, path length term.

T

There is no analytical expression for l^Jr (or w), in terms

of k(À) or k,,X unless simplifications are nade (as in the snal1
t

optical depth case in Appendix 6 ). A curve of growth can be defined as
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the growth of equivalent width as a function of optical depth Un* . The

variations of equivalent width W with Un* are plotted in Figures 3.10

and 3.11 for the pure Doppler case, and the pure Lorentz case, as

well as for intermediate cases with ø-values between 0 and 100,000.

A numerical study has been nade of curves of growth and the

characteristics of different a-values and widths, and is described in

Appendix 8 A sumnary of the properties for the two irnportant

limiting cases, an isolated Doppler line, ild an isolated Lorentz line

follows.

For the Doppler case, equation 3.43 becomes

À
EI

T

2

l/\Ir (1-exp[-knXexp( 4e"n2)l)dÀ

,A

( 5.4s)

For snall optical paths, the equivalent width increases linearly with

number density. However, when the optical density (or path length) reaches

a high enough value ( > 0.1 ) the growth in the absorption area starts

to slow down, and departures fron the straight line begin (cases two and

three of Figures 3.6 and 3.7). As nore and more absorption takes place,

the departures fron the linear become even greater (case 4 of Figure 5.6).

By the time the transmission at the line centre Ào nears zeTo ' the

increase in equivalent width with number density has become very smal1,

and is rapidly approaching a new constant value of increase (cases 6 and

7 of Figures 3.6 and 3.7).

The residual increase is due entirely to the Doppler wings of

the line, which fall off very rapidly with increasing wavelength from the
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FIG 5.6. Part (a) shows the variation of absorption coefficient vlith
wavelength for an absorption line (in this case a Doppler line)
while Part (b) shows the variation in absorption due to the
line at different vafues of optical depth.

The nu¡nbers on the various absorption curves correspond to the various
k X values shown in Figure 3] It should be noted that Curve I is
P identical in shape and forr to the curve for absorption coefficie4t, since

this is in the region of low absorption.
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line centre, and thus contribute little. The line centre has by now

been virtually absorbed out, and has already contributed a very large

absorption area. The snall values of absorption coefficient in the wings

can produce only insignificant absorption, and the small section of the

line-shape absorption coefficient which is currently providing the

increase in equivalent width at that value of optical thickness (that is

with a transnission value neither too near zero oT unity) is very narrohr'

The transrnission cuÎVes for the Doppler line pass fron values neaÎ zelo

(that is, completely absorbed) to unity (hardly absorbed) very quickly due

to the rapid decrease of the line wings (see Figure 3.6). Once the

transmission curve has bottomed out at À = tro , then for a 10-fo1d

increase in k- x , only a small fraction is added to the equivalent
P

width area (cases 6 and 7 in Figure 3.6). Consequently curves of growth

of Doppler lines flatten off quickly, once the line centle has been

absorbed.

AcomparisonoftheLolentzandDopplerlineprofiles

(Figure 3.8) shows that with the sarne area beneath each curve, the Doppler

line(withcto=1.0,kn=1.0)hasalmostallofitsareawithinSoo

of the line centre, while the Lorentz line (with o. = 1'0' On =

I
)hasasignificantproportionofitsareainthelinewings.ñttz

This diffelence in the wings of the two lines produce differences

in the curves of growth. The Lo'tentz line also has its linear region' For

k x < 0.1 , the absorption curve is proportional to the curve for
p

absorption coefficient at the same wavelength (that is, case I of Figure

3.9(b) is of the same type and shape as the absorption coefficient curve
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in Figure 5.9(a)) as in the Doppler case for low Un* Once kpx > 0.1

however, the curve of growth of a Lorentz line begins to depart from that

of the Doppler case. ft remains linear for slightly longer, since its

peak height is slightly less, and therefore the zero transnission will

be reached at a slightty higher value of nn* The fact that the wings

extend out from the line centre and decrease at a slower rate than the

Doppler case, means that even a long way from the line centre there will

be values of absorption coefficient which are significant. Once the line

centre has been absorbed out, the equivalent width can still grow because

the wings start to contribute. This can be seen in Figure 3.9, where

increasing k_X increases the equivalent width area of the absorption-p
curve. The Lorentz line does not flatten off as does the Doppler case,

but continues increasing in such a I4Iay that (see Appendix 8 ) .

(3.46)

when k X becomes large (that is following a square root law, with slope
p

in Figures 5.10 and 5.11).t4 as

It is the curves of growth shown in Figure 3.10 with constant

Voigt width or, , and constant area beneath each line profile
(

( I k(À) dÀ = constant), which nore clearly show the effect of line
)

shape upon curve of growth. The variation in these curves is due entirely

to shape factor, denoted by q, where

.@

The curves are for constant or, , achieved only at the expense of varying

both o.. and oo . Figure 3.11 shows curves of growth for varying

values of a, , but with oo = constant (that is at constant temperature).

They were first plotted by Van der HeId ( 1931 ), copied ever since

/rr0,W p

ct
-l-
0,

D

u
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(for exanple Goody ( 1964)). These curves are stightly rnisleading

in that they seem to suggest that the curve of growth for the Lorentz

case ( a = - ) is a straight line of slope l, which it is not. The

cuïves of growth in Figure 3.11 are for lines of equal a]"ea' and for

constant Doppler width (as in the experinental case), but the Voigt

width is allowed to vary with a-vaLue. To conpensate for this increasing

width, the peak height un must be reduced. For example, a line with

a = 1000 has cl., = 1000 oo , so the height must be 1/1000 of the

Doppler peak height. This low peak height neans the line will not be

absorbed out (saturated) until approxinately 1000 tines the value of X

tharrifithadkn=1.0(theDopplercase).Thatissaturationforboth

cases occurs at the same value of nn*, but nnt = 1/1000kp so Xr

is 1000x In this way, a line with a = @ (and therefore kp = o)

will have an infinitely long linear region'

Very rarely in practice are either pu1.e Doppler or Lorentz

lines encountered. Lines are usually a mixture of both, so their curves

of growth will have features of both ideal cases. The exact behaviour

is deternined by nixing ratio q , since this determined how much of

each type of line is present. A line with a = 0.001 will fairly

closely follow the Doppler case (for most of the curve) while a line with

a = 100 will closely follow the Lorentz case. In general, the behaviour

of all cases is as follows.

All lines, whatever their a-value, have equivalent widths

that increase linearly for low nunber densities. Above kpx > 0'1 they

begin to diverge, the Doppler case diverging first, the most Lorentz case

last, and all other cases at sone stage in between, cases with lower

a-va|ue first. This is because a higher a-value neans that the line has
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more Lorentz component than Doppler, and the Doppler line centre Ís

absorbed first, at low and mediun optical depths. The Lorentz wings do

play some part, at first insignificant, but rapidly beconing greater.

Then as the nunber density increases, úd the Doppler component has been

virtually absorbed out (leaving only the Lorentz conponent), the line

starts to behave like a Lorentz line, and its curve of growth starts to

follow the Lorentzían agarin. At very high Un* values, the wings of

the line are now the only part still absorbing, and these wings, with

their Lorentz shape, increase the equivalent width quite rapidly with

k_X (Figure 3.11).
P

The curves of growth in Figure 3.10 are plotted as logro W/cx,r,

against logr o knX and are for various values of the nixing parameter a.

Figure 3.1I shows curves of growth of various a-values plott.ed as

logro W/cro against logro nn* The division of W by 0,, in Figure 3.10

will change 0.,, , and thus line area. For instance, the curves of

growth of two pure Doppler lines could be compared only with difficulty,

if one line had twice the width of the other (and thus twice the area).

This would give two similar curves displaced by a snall amount. The

curves can be made coincident by dividing W by the Doppler half-widths

oo , thus making the curves of growth of alt Doppler lines coincident.

To sumrnarize, this experiment seeks to find a curve of growth,

satisfying the conditions of equivalent width and On* , passing through

both neasured values of W, W.. and W., at the correct values of Un*"

and k_X.. Only one curve of growth can pass through the required points,pu
and is denoted in Figure 3.I2 by a solution for the ø-value of of
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CHAPTER 4

EXPERIMENIAL APPARATUS

4.I General Description

The various components comprising the experinental apparatus

will be described in nore detail later, but the basic system consists of

an absorption cell containing the target gas, in this case oxygen' a

monochromator providing radiation of approximately one wavelength and

detectors to measure the incident and transnitted flux of radiation through

the gas (see Figure 4.1). Radiation fron the discharge lamp emerges from

the exit slit of the monochromator and is incident onto a very fine wire

grid which partially transrnits and partially sanples the beam. The grid

has a sodiun salicylate coating which absorbs the ultraviolet light and

fluoresces in the visible and this light is then passed along a light-pipe

to the monitor photonultiplier, and is thus a measure of the flux of light

incident on the cell. The light transnitted through t'he grid passes into

the absorption cel1 through an end window, usually lithium fluoride, and

then through the target gas. Radiation which reaches the other end of

the cel1 is incident onto another window, and then onto a pelspex light-

pipe which also has a thin coating of sodiun salicylate deposited on the

face nearest the exit window. Fluorescent radiation from the phosphor

then passes through this short light-pipe to the detector photomultiplier.

The outputs fron the two photomultiplier detectors are used to measure a

relative transnission. This relative transnission value can be normalized

to a maxirnum of ¡nity, by measuring the ratio of outputs with the cell

empty of any absorbing gas. The empty cell pressure was usually several

orders of magnitude less than the oase with the cell "fu11r', and thus

introduced very little erlor. The pressure in the cell was kept at a
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constant value by an M.K.S. Baratron gauge and a Granville-Phillips

servo-controlled needle valve. The target gas was fed in through the

needle valve after being purified by passing through cold traps and

drying agents. The photomultiplier outputs in pulse counting mode were

fed through pre-amplifiers back to the nulti-channel store-calculator

unit, where the results \,ìiere accordingly plotted, printed or put into

visual display.

4.2 the Lieht Source

The tight source r^ras a thyratron triggered hydrogen, helium or

argon discharge, depending on the wavelength region required. The

repetition rate of the discharge was I-2 Y,.Hz and pulse voltage up to

l0 KV, with an average current of between 30 to 40 nA It consisted of

a water-cooled, rectangular cr.oss-section, capillary discharge tube

operated as a windowless system with two stage differential pumping

consisting of a high speed Roots blower and high speed oil booster pump

backed by rotarY PunPS.

4.3 Lamp Spectra

The experimental results obtained for the schurnann-Runge

continuum were done with hydrogen as the lamp gas, at a plessure of 2-4

Torr, giving a continuun in the wavelength range 1600-5000,{ For the

Lynan+ work, argon at 40 Torr was used, giving a continuum in the

wavelength range 1066-1500,{ A sketch of the various possible lamp

gases and their useful wavelength ranges for continuum light are shown in

Figure 4 .2.



He HOPFIELD CONTINUUM

60 mm Hg

t¡lrl

IN T ENSITY

INT ENSITY

INT E NSIT Y

600 700 800 900 1000 1100

1000 1100 1200 1300 1400 1500

1600 1700 1800 . 1900 2000 2100
WAVELENGTH {AI

FIG 4.2 Discharge lanp outputs versus wavelength for the three

ffiused, helium, afgon and hydrogen. The usual pressure of gas

in the lamp is indicated in the Figures '

Argon

100 mm Hg

/.-10mm HgH 2



63.

4.4 The Monochromator

The Adelaide University 6.65 netre monochromator was used as

the dispersing instrument, and a ful1 description of its construction

and use is given by Carver et al (1978). This nonochrornator uses ari

froff-plane Eagle'r mounting in first order and has fixed entrance and exit

slits which always remain on the Rowland cylinder as the grating is tilted,

and are placed a small di'stance either side of the Rowland plane. The

Rowland circle is in the vertical plane so that the two sets of entTance

and exit slits are horizontally placed, an arlangement which is nore

practical erperimentally. The wavelength is scanned by rotating and

translating the grating so that the Rowland circle always passes through

the point bisecting the line joining the entrance and exit slits.

The monochromator is fitted with a 1200 lines per nm grating

blazed for 1500Å and with a radius of curvature of 6.65 netres. It

has a ruled area of 175 mn wide and 100 mm long The rnonochromator

hras operated with a resolution of 0.064 with an entrance and exit slit

width of between 24 and 50 microns (10-6rn) The grating mount and slit

system as well as the nain vacuum tank are supported on a rnassive (30 tonne)

reinforced concrete pier acting as an optical bench, 10 rnetres in length

and providing a rigid experinental platforn. The concrete pier is

isolated from building vibrations and other disturba¡rces by nine servo-

controlled air supports (see Figure 4.3).

htavelength selection and increnents u/ere all controtled fron the

Hp 9810-A calculator, which calculates focus positions sinultaneously.

Scans covering rnore than 4A used the coarse scan system, where the

grating is rotated and translated using electric mototrs. The motors hlere
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driven to a position near the wavelength required, and a 10-154 scan

covering a whole vibrational band could then be done. Once the position

of the line of interest has been deternined, a fine detail, high

ïesolution scan could be done at the correct position. The fine scans

were always done using the piezo-electric crystal stack, since this

systen allows wavelength increments as small as f ÍÅ . This piezo-

electric system allowed a scan range of approximately 4Ä' , using 4095

steps of I ú , though increments of 10 to 20 mA u/ere almost always

used. With the piezo nurnber on 2000, that is in the centre of its range,

the wavelength passing through the exit slit was equal to that given by

the setting of the coarse wavelength control.

4.5 The Absorptíon Cel1

The absorption cel1 is shown in Figure 4.4. It consisted of an

outer vacuun chamber, enclosing a double walled cel1 with end-plates,

all nade fron stainless steel. The radiation entered through windows

mounted in the end-plates, and both windows and end-plates blere

interchangeable, so that different window materials could be used. Due to

bean divergence fron the nonochromator, the end exit window v¡as

necessarily larger than the entrance window ( 40 nn to 25 mm ). The

volume between the walls of the inner cell could be filled with a cooling

tiquid, such as liquid air, so that absorption by cooled gas samples could

be neasured. This necessitated the use of vacuum seals which would not

fail at low temperatures. Neoprene r0r rings becone hard and brittle at

such 1ow ternperatures, and no longer rnake good contact to forrn vacuum

seals. The end-plates were sealed with annealled copper gaskets pinched

between netal to netal fittings, and these provided excellent vacuum

sealing for very long tine periods. The gaskets were re-usable, but
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after about three or four compressions were no longer useful. The

windows were attached to the end plate, and used r0r rings nade fron

extruded indiurn wire. These worked satisfactorily, but generally

degraded with age, and had to be renewed. The continual changing of

pressure in the cell worked the nalleable indium down, so that the windows

were held less and less tightly. Except for their finite lifetine, these

indium seals worked well.

Two end-plates "ran 
Urrrerent window materials in place were used,

and these could be interchanged to allow work in a different wavelength

region. Quartz and lithiun fluoride were the only window types used,

the advantage of quattz being that it was m;ch more resistant to thermal

shock than was lithium fluoride, a definite advantage at liquid air

tenperatures. The constant changing of teÍIperature as the cel1 jacket

was filled in the norning and enptied at night eventually produced

cleavage lines in the lithium fluoride crystal which shattered the window

when the gas pressure was re-applied. The Lynan-cl results necessitated

using lithiun fluoride windows, and working at low tempenatures, so

window failures were inevitable.

Gas was leaked in through an inlet pipe at the rear of the cell,

and the plessure monitored at another inlet pipe. A large screur-turn

plunger valve allowed purnping access to the cell. A snall line running

from the inside of the cell to the purnping region allowed some of the

target gas to be bled off, and thus allowed gas cycling, new gas entering

to replenish the cell.
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4.6 The Lisht Detectors

The tight detectors used were both EMI 9514S photonultipliers.

The incident ultraviolet light was converted to visible by sodium

salicylate, deposited on a partially tra-nsparent wire grid for the

nonitor, and a coating on the perspex light-pipe for the detector' The

wires on the grid were set vertically, each one sampling the radiation

passing through the hori2ontal exit slit of the monochronator.

Some of the preliminary measurements made at Lyman-o were made

using a quartz exit window, which was replaced by a lithium fluoride

window when one of sufficient size becane available. This had the

advantages that it transmitted more light, and that the salicylate coating

could be noved fron the inside of the exit window to a position external to

the absorption cell, on the perspex light Pipe, to nininize effects due

to interaction between the target gas and the salicylate. The transmission

of quartz at I2I6L is virtually zero, so the incident light must first be

converted to visible to exit the cell if a quartz window is used. This

problern does not arise with lithiun fluoride, which has a tuavelength

transmission down to f050,q Visibte light produced by the salicylate

passed down 25 nm diameter light pipes to the photomultipliers.

The photomultipliers were cooled to approximately -20" C using a

snall refrigerator. Considerable care was necessary to maintain both the

light sealing of the photornultiplier housing as well as the noisture

sealing. Any rnoisture condensing inside the housing tended to produce

discharges and increase the dark current. Cooling the photonultipliers

reduces the noise and dark current by a factor of between 15 and 20

The photonultipliers wele operated in pulse counting mode, the

output passing through a preanplifier to the ORTEC counters. These had
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a discriminator set to reject the low level noise and to accept only

pulses. The counteïs were tgatedt to the discharge lanp, and only

counted when there was a pulse of light enitted by the lamp. The dark

current was monitored for both detectors for a length of tine equal to

their count time, and this hras then subtracted from the total counts,

leaving onty the counts due to incident light. The detectors were

shielded with aluminiun foil, and the outputs taken along co-axial cable

to prevent pickup of stray signals from the lanp power supply.

The light detectors were carefully checked for stray light,

scattered light and noise pickup from the lamp. The lamp was shielded

carefully, as hlas the lanp pottter sqply, with earthed wire-mesh, and

co-axial cables with sufficient shielding were used. Precautions for

interference effects and noise pickup were considered adequate when the

dark current measured by the counters remained rmchanged with the lamp on

or off. Stray fight was checked by noting that, with either of the

monochromator valves shut, all incident light was temoved, there being no

light counts registered on the counters. Stray light was also

elininated from other souïces, by carefully checking that all joins near the

photornrltipliers were light tight, and noting no difference on the counters

with the room darkened.

Scattered light was corrected for by observing an absorption line,

and then increasing the pressure 10 to 20 times. This means that the line

will have saturated (case 5 of Figure 3.6), and that there should then no

longer be any light of wavelength Ào , the wavelength of the line centre,

incident onto the detector photormrltiplier, all light of this wavelength

having been absorbed on passing through the cell. However, some light,

apparently of this wavelength, but actually consisting of scattered light
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fron the nonochromator grating, was getting through. Measurements of

this residual light allowed corrections for scattered light to be made,

and these corrections were usually nininal, of the order of 0.3% ot less.

The response curve of sodium salicylate with wavelength can be considered

as flat for all the wavelength intervals considered for this work (see

Samson (1967) p. 2L4).

It was found necessary to add a third lithiun fluoride window to

the experimental systern, between the rnonochrornator exit slít, and the

first photonultiplier. This was due to the monitor photornultiplier

observing second order lines of wavelength less than 1050Â' of large

intensity, and moving to a non-linear region of its lesponse curve. The

photonultiplier output became non-linear when the input light flux

became large, as was the case near intense emission lines. The second

photomultiplier, screened by the two windows thus remained linear, but

the ratio of the two detectors then becarne neaningless. The addition of

the third lithiun fluoride window meant that the rnonitor photomultiplier

could then only observe light of wavelength greater than f050'q , and

thus behaved in a rnanner similar to the detector photomultiplier. When an

emission line of wavelength greater than 10504 was encountered, ancl was

thus visible to both photonultipliers, the ratio of detector counts

remained fairlY stable'
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CHAPlER 5

PROCEDURE AND DATA ANALYSIS

5.1 Experírnental Quantities

As will be shown in this chapter, the experimentally

derived quantities such as equivalent width, pressure, temperature,

path length and wavelength are all used in the calculation of oscillator

strengths. Each of these quantities has an associated error, and the

combination of these various errors gives a measure of the tncertainty

in the final value for oscillator strength. The two other terms in the

ex¡lression, the Hönl-London factors and the Boltznann factors can be

considered to be known exactly, although the Hönl-London factors will

have to be carefully considered at some other stage (see Section 2.11,.2).

Each quantity is dealt with individually, its method of measurenent,

and the eïror associated with each measurement.

5.1.1 Wavelenqth

The values of wavelength assigned to the various lines studied

were taken from the published values of Ackernan and Biaume (f970) for

vr < L2 and from Brix and Herzberg (1954) for vt )- 12 . The accuracy

quoted on these figures is 0.0002e" for Ackerman and Biaume and

approxinately 0.0004% for Brix and Herzberg. These figures apply to the

main lines in each scan i.e. either the Przg or Rrza lines under

consideration. It will be shown later that in the theoretical analysis of

the equivalent width, weak lines of neighbouring bands lying close to the

lines under analysis, had to be accor:nted for, and wavelengths assigned

to these lines. The worst possible case error for these lines occurred

when a calculated value of wavelength, that is, a value using the known

nolecular constants to calculate energy levels and transitions, I^/as used,
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and was never nore than .05 A' in error, that is a maxinum error of

.003% Since these lines only make minor contributions to the

equivalent width, it can be seen that wavelength errors are negligible

in comparison to other sources.

5.1.2 Tenperature

The entire experiment was perforrned in a room in which the

tenperature is controlled so that the variation in the ambient temperature

is less than Bo C over the coulse of the year. The variation over any

one day would be less than I-2"C. For roorn tempelature results, the

target gas was assumed to be in thernal equilibriun I'vith its surroundings,

and over any one equivalent width measurement, this temperature never

varied by nore than I loc or ! 0.3% . Some equivalent width

neasurements were made with the cell cooled by liquid air, giving a

tempeïature of about 82oK. Uncertainty in the cel1 tenperature results

fron variations in the nitrogen-oxygen mixture of the liquid air, the

effects of topping up the coolant container and non-uniform cooling of

the cell. The error in the tenperature for this case was estimated to be

! 39o

5.1 .3 Abs tion Path Len

The absorption path length, the distance between the inside

faces of the entrance and exit windows along the interior of the absorption

cell, was measured to an accuracy of l-2 mm, giving an error of 0.L9o

or less. This error is so small that it can be neglected in the calculation

of oscillator strength.

5.1 .4 Pressure

Most of the pressure measurements were made with a capacitance

nanometer (MKS Baratron) gauge. This gauge was first calibrated against a



7L.

Mcleod gauge, over the range 10-3 to 2 torr. over this range,

agreement was found to be very good, errors being no larger than L L9o '

The reference side of the Baratron gauge was always kept at a pTessure

of 5 x 10-6 torr or less, so that this contributed at maxinum' an error

of t 0,025vo (when the ce1l pressure was 0.02 torr, the nininum used).

For very high pressures, in the range 30-700 toÏr, a mercul.y

manorneter was used to neasure a Teference plessure for the Baratron gauger

the height of the mercury colunn being measured to 0.1 runs using a

telescope with attached vernier. This was necessary because the naximum

pressure difference the Baratron gauge could measule hlas 30 torr . The

pressure in the cel I was then put equal to the Baratron gauge reading plus

the reference pressure. Typical errors in this lange would therefore be

of the order of 0.I% or less. The servo-controlled needle valve

naintained a constant cell pressure to within an accuracy of 1 0.002 torr.

The maxinum pressure erïor uias ! I9o, and occurred for very low pressure

measurements.

The o4¡gen pressure in the cell was assuned to be the cell

full pressure P minus the cell empty pressure P. , or

Since P"(5x10-ótorr,

oxygen pressure put equal

=P -Poxygen F t

this could safety be neglected, and the

P

to the measured Pressures or P P
oxygen
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5.2 Expe rirnental Procedure

Introduction

The equivalent width of a line or group of lines is measured

by observing the transnission of the gas as a function of wavelength over

a region containing the lines. Beginning at a wavelength to one side of

the region of interest, transmission is measured at a set of wavelengths

separated by snal1 steps. of wavelength 
^). 

Each value of wavelength Ài

will thus have a measured value of transrnission .i associated with it,

a¡rd this procedure is called a scan, some terminology which will be used

frequently. Each scan produces a value of equivalent width.

Measurernents of equivalent hlidth thus require the ability to

increment wavelength by regular, fixed amounts. As discussed previously

in Chapter 4, the Adelaide 6-metre rnonochromator has two wavelength

stepping procedures, a coarse wavelength shift using electric notors' and

a fine wavelength shift using a Píezo-electric grating drive. All

measurements of equivalent width used the Piezo-electric fine wavelength

control, since only this had sufficient precision to make the necessary

very snall wavelength steps. The limitations of the Piezo-electric wave-

length control was its narror^¡ wavelength range of only 4A' This only

accorrnodated 3 to 4 rotational lines, so that if it was desired to scan

across more than this, such as a whole vibrational band, then it was

necessary to use the coarse wavelength stepping ¡notors, since these have

unlimited range.
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5.3 Equivalent lllidth

5.3.1 Line selection and Scan Range

Before an accurate scan was done on a line doublet, the

entire band under discussion, or a section of it, was inspected first.

This consisted of doing a very quick scan, at high pressur.e to achieve

substantial absorption, and with sufficient counting tine to allow lines

to be reasonably resolvetl (about 200-500 cotnts). The lines were then

identified by their line spacing, or by position in reference to the band

head. A conparison of line spacing of the rotational lines with those

given by Brix and Herzberg (1954) for v t Þ L2 a¡rd Ackerman and Biaune

(1970) for vr < L2 allowed positive identification.

With the coarse wavelength drive motors set at a fixed position

at a wavelength close to the line of interest, ¿rn accurate locating scan

was done with the Piezo-electric grating drive to position the line within

the 4A' range of the Piezo-scan system. The scan range of the equivalent

width measu1.ement u¡as selected to conpletely enclose the line, and as

much of the wings of the line as possible. This was done by choosing

linits where the absorption due to the line was negligible, that is where

the transnission was close to the value for the backgrotnd. The equivalent

width is not invariant with scan range tnless the integration is taken

well out onto the wings of the lines (see Appendix 7 ), but it is true

to a good approximation if most of the area of the line is taken into

account, as is the case once the transmission value in the líne wing

approaches the background or zero pressure value. When the lines were

close together, the scan range was set up so that the beginning and end

of the scan coincided with maxina in transmission between lines. If the

Scan range was increased from these values, then the neasurement of
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equivalent width would begin to include significant absorption fron

neighbouring strong lines, which it is desirable to mininize' Decreasing

the scan range means reducing the integration linits for the equivalent

width,aquantitywhichshouldbenaximized(seeFigure5.r).

5.3.2 Scan Procedure

Before each equivalent width measulement scan was made, a

pre-scan to accurately locate the rotational line was done' care must be

taken to ensure that the line is inside the scan-Ïange of wavelengths,

and this ü¡as accomplished by beginning the experimental run at a wave-

length below À^ (of Figure 5.1), and continuing on past À", the final

wavelength setting. only the transnission values measuted at points

between Ào and À" will be used to calculate the equivalent width,

but the above precaution r^tas found to be necessaly to allow for slight

apparent wavelength shifts of the line with time, and for different

apparent linewidths at different pressures (lines appear wider at high

pressure than at low, so the scan rafige must be increased at high pressure) '

to be sure of conpletely enclosing the line'

The wavelength increment AÀ was chosen to give sufficient

points across the apparent half-width of the line to allow acculate

deternination of the equivalent width (usually nevel less tha¡ 10 points) '

The increnent was usually 20 rnAo for a high pressule scan, ild usually

10-20 nA" for a low pressure scan (though sometines as srnall as 5 mA')'

This gave between 50-100 points peÎ scan. The nonitor-detectol signal

ratio yi (measured at wavelength Ài), was stored away in the nulti-

channel store. A typical scan is shown in Figure 5'1'
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5.4 Background Corrections and Background Factor.

Once the monitor-detector signal ratios yi at the various

wavelengths Ài have been recorded a¡ld stored in the multi-channel store,

values of transmission .i nay be extracted. To do this, knowledge of

the backgrorurd, or cell empty signal ratio yo rnust be obtained. The

transnission value with the cell enpty is unity (by definition), but due

to different collecting efficiencies of the light gathering systens

supplying each photomultiplier, then it will almost never be the case,

that the cel1 enpty, nonitor-detector signal ratio, yo , will be unity.

The differences due to grid transmission at the monitor photomultiplier

not being equal to the transmission of the celt end-window near the

detector photomultiplier, different salicylate thicknesses at each

detector, different light pipe arrangenents and lengths, a¡rd intrinsic

differences between the photornrltipliers will ensure that yo is not

unity. The values can be converted to true transmission values by

T \i/\o (s.r)
1

where r. is now the transnission at h¡avetength À,1"1

The empty cell ratio of signals, yo , was measured at a

wavelength inside the scan range À^ - Às , but away from the line centre

(to ninimize any absorption due to gas remaining in the cell, usually

several orders of nagnitude less than the pressure at which the scan was

done) . The total number of cormts used for yo was rnade equal to the

total number of counts comprising the equivalent width measurement. If

the equivalent width was measured over 50 channels, and each channel had a

monitor count of 2000, then the equivalent width was composed of 100,000

corrnts, Ðd the total number of counts used for the background, zero
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pressure ratio yo rrtould also be 100K (10 channels of 10K counts).

In this way each contributes equally to the total error.

It is assurned here, that the cell ernpty signal ratio yo is

invariant with wavelength over a scan (found to be the case in nunerous

checks). T. is now the transnission value through the absorbing gas due

to absorption in the gas, and thus consists of absorption due to all

processes which nay have.a contribution to nake at wavelength À. . The

quantity of direct interest is the equivalent width due to absorption by

the rotatíonal absorption line alone, ffid the contributions to the

absorption of any underlying continuum, and due to neighbouring lines nust

be subtracted fron the measured equivalent width value. The equivalent

width is given by

W I (s .2)

where T_ is the transmission inside the scan r¿rnge. The above integral
T

should actually be written

r).
W,, = l'( 1-., ) dI (s.s)

t
since the integration never extends to infinity in the experimental case.

Here Wr I is approxinately equal to l,ll , the approximation beconing

better the more of the line is included inside the integration limits

(see Appendix 7 ). An integral can be approximated by a surnnation,

especially if the fi.mction being integrated does not vary too rapidly

between measured points (the reason for choosing sufficient points across

the line half-width by choosing small enough AÀ ). Equation 5.5 can

therefore be approximated by

(l -r ldÀ
'T'
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since yo is a constant, equation 5.4 reduces further to

nrr-$ i y
'l'o i =1

wrr
l_

(s .s)

Here yi and yo are measured experinental quantities. what is

needed is to isolate the equivalent width due to the rotational line

alone. The procedure is as follows. Other absorption lines nearby

usually have wings which contribute significant absorption inside the

scan rafige. A computeï progranme was used to calculate the absorption

coefficient due to neighbouring lines, by sunming contributions fron all

lines within 100 cn-l (3 to 4 A" ) of the reference line (inside the sca¡t

range), at the wavelength of the reference line, tro That is, a value

of the absorption coefficient k, , due to external lines was cornputed. To

this was added the value for the continuum absorption coefficient at that

wavelength, k" The total absorption coefficient inside the scan

range is the sun of the three values.

k, = k,- * k= k. (5'6)

where k" is the absorption coefficient due to lines inside the scan

range. The values used for k" are some extrapolated values for the

Herzberg continuum of Shardanad and Prasad Rao (L977) for the Schumann-

Runge continuum (see Section 5.8 ) .

The transnission 'r is related to the absorption coefficient

by Beerrs Law,
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.. e)ç ( -k x)
T

hrhere x is the path length. That is, 'r can be written

l/tlr (1
n

AÀ= f (
i=1

T. /IA,B

T -T.o1
T

(s.7)

(s .8)

(s .s)

(s.10)

(s.r1)

rr = exp [ - (k, * k.) x ] exp ( - k,. * ).

xl

fk +k)xlc'

so equation 5.3 reduces to

r(r AÀ

i=1

T
T

exp t fk +k +
'LC

n

kr)

or

This reduces to

T
T

where T" = exp tT.T
BL

Here T
T

is ti at wavelength Ii

n
Wr = I (1

i=l
- tt)

T.

+)

)AÀ

where T = T,/T a¡rd T- is conputed by the background factor
Ll-'BEl

progranme. Division by this factor T, is equivalent to subtracting

the continuum and external line contributions frorn the ai values.

5.4.1 AnalYsis of Data

The equivalent width due to lines tnder consideration is

given by the area enclosed between the backgror:nd transmission and the

total transmission values of Figure 5.2. The expression for equivalent

width is

n
W' =nAÀ-AÀ I

i=1

The values of equivalent width were calculated from the values for Yi

stored in the nulti-channel store, ild the cell empty monitor detector

sigral ratio Yo , rneasured either innediately before or after the
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equivalent width scan. At the sane time, the HP 9810 A calculator

computed the statistical errors associated with each equivalent width

measurement, based on the number of counts (see section 5.5).
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5.5 S tat-istical Errors r Eouivalent Width Measurements.

Each measured value of equivalent width l4I has an e1.ror Aw

associated with it, and this error quantity has contributions frorn two

nain sources (see equation 5.11). Neglecting the minute consequences from

n and AÀ , these two sources are T. , the backgrotrnd transnission

values, ild the transmission values ti

From Figure 5'.2, the equivalent width is the sum of all

( -" - ai ) points, corresponding to the area between the r" line and

the various T. points. Errors in the background value correspond to
1

displacing the background line T" of Figure 5.2, and thus changing the

area (and the equivalent width value), while errors in the ti values

result in changes to the contributing area of those points to the

equivalent width.

The contribution fron the individual points ti consists of

statistical errors due to cor.urting statistics of the nonitor and detector

for the signal ratios Yi and Yo Defining the monitor counts as M ,

and the detector coults as D , the signal ratio Yi is

Yi D. /M. (s.r2)
1l_

where M. and D. are the monítor and detector counts of the ith
l-1

point respectively. The courts conprise that due to the light source, md

that due to the dark current of the detector. That is, we have

M
L

M -M and D
L+D Þ L

D D
L+D

where the subscripts I and D refer to coturts due to the light source,

and those due to dark counts lespectively. The quantities of direct

interest are M a¡rd D
L

and the errors in those quantities.

D

L

The signal counters are gated for a short time period synchronised
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with the pulsed light source. The counts recorded in this interval

are M and D The dark current counters are gated for an
L+E, L+D

equal tine period between lanp pulses, giving counts Mo and Do which

are subtracted from the former couts to give M" and D, The counts

M"*o are nnrch greater than Mo , so the ratio Mo/Mr*o is very snall

(a fraction of a percent) since the dark currents are kept to a nininum.

The error in M, = M,.*o - MD can then be written

6M
L 6M2 + ôltfL+D D

(s.13)

where 6M and ôM- are the errors in M- .-L+Þ D L+D

and are equal to Vlq;" and r/[ Equation

ôM
L 6M

L +E,

ôM
L

6M=
L+D \Æ

and

5:,r3

M respectively,
D

canr then be written

o1

which reduces to

L

can be

(s .14)

(s.1s)

The erroîs in M,. and D'. are therefore lfì-ttl" and õ'

Using equation 5.L4, the expression for the error in Yi , 6Yi

written as

ôYi

--ri
2

) +(( I'
D.

1

0yi

Yi

Since in alnost every case, the number of monitor counts used for each

point was held constant, the Mi in equation 5.15 can be replaced by

M to give

ôyt
Yi

(s .16)



82.

and this tern gives the dependence of the equivalent width upon the

number of counts M used for each point.

The statistical erïor associated with the neasurement of

cel I empty signal ratio yo takes the same form as equation 5.16 , and can

be written

ôy
o

*Yo
(s .1 7)

Y MYo'oo

yo is measured for a total nunber of counts equal to Mo (usually

100,000, or put equal to D M , where n is the ntunber of channels

comprising the equivalent width, and M is the number of counts per

channel). T, has no statistical error to contribute, although it does

have a¡r error (usually small). For e:ranple, an eTIor of 10 -20% in the

value for the continuum background absorption coefficient value would

only have an 0.2-O.4eo change in the value of ao for a low pressure

equivalent width measurement, and an 0.6-1.0e" change for a high

pressure equivalent width measurement. The value of T" is calculated

fron theoretical line spacings, strengths and continuum values.

The error in Wr written ôWt can then be obtained as

follows,

2fL
(ôl\I') - I

i=1

2

)ôv + I ôt.B

2

i
a a

aü¡ '
ãr

B
( ðI,1ll

ãY.,l
( âIlIt

ã7-'o
)ðv +(

o

(s.18)

of the equivalent uridth with respect

s the partial derivative of the

equivalent width with respect to the zero pressure signal ratio and

âWl r r -i ---1: --^ ..: aL -^^-^^+ +n rlrn l-^^L^-^,,n,1 +-

# is the partial derivative with respect to the background transnission

ur"" ao continuum and external lines. The quant:'-' - ðwr âwlLties ü, fr-, and



# aTe a measur.e of the rate of change of equivalent width Wt urith

"rr"*g" 
in signal ratio yi , zero pressure signal ratio yo and

background contribution respectively.
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(s.1e)

(s. 20)

(s.21)

âW AW

ãî-.
1

and
ðW

F'o
are used in preference to to

ry,

elininate cross-product derivatives in equation 5.18 and sinplify the

calculation. since the expression for equivalent width is

Wr =.n AÀ - ^ÀY

then

al,lll
ãY.'1

AÀ

The terms

n
Iv. '1

l-= IT
EIo

awr
F-'o Y1I

Y T
E¡o

and

(ôl4¡ ')
l+v.'1
-Y--'1

2

't
B

1

n
ç

=

Yi) 6

n
(x
i=1

2n
x

rl

n
(I
i=l

ðl1Il
ãr

B

AÀ
G2'o B 1

Yi

substitution of equations 5.19 to 5.2I into 5.18 yields

a
2

^À22(

2

AÀ

Er:

t" Yo )Yi

2

AÀ 22

( ) + ( )

+

and this reduces further to

( ) Yi) Yo

(6ll]') Yi) t

1+v'o
M-Yo'o

2

ôt
B¡-' a2

B

2

n

rlrYi ( 1* vi )n
L

=I
( + ( ) l

The above expression nay be written as

n l+Y'oIy

)(. B- v,
a=I -

MI

T
Bilr Yi

AÀ

ur(r!, vrl

( l*vi) ô
+

T
o

ôl4¡'
Y EI i=1 1 MYo'o

+ a a-,
B

2



and this gives a final result for 6W' of

1+v'o
MY-o'o

(t+yotr)
a

ôt
B+.....-T.
B

84.

(s.22)

(s.23)

n I

n
I

1 T

ôI4I'
AÀ
T

T.
1

1I +

1
T

n(r
i=1

o
Irfye i=l )

5.6 Computer Simulation of Experinent

An important part of the results analysis is the theoretical

sinulation of the experinentally measured equivalent widths. A conputer

progranme first built up a theoretical total absorption coefficient

using line positions, strengths and widths, ffid this was then used to

compute the absorption at all the different wavelengths across the scan

using a snall increnent 6À (usually I or 2 nÂ ). This conputed

absorption (a function of wavelength denoted by A(f) ) was then

convoluted with the instnrment resolution ftrnction, g(À), and the

area of this new absorption function, C(À) I^Ias sunmed and compared with

the measured experinental equivalent width values W. (the value

measured at low pressure) and Wr, (the value measured at high pressure).

This process u/as repeated with varying values of the optical density

until the theoretical equivalent width absorption areas agreed with the

experimentaLLy deternined equivalent widtht W,. a¡rd W' at the corlect

value of pressure ratio Y , where

Y PlPu' r.

and where P and P are the pressures used to measure W- and Wr.uu
respectively. The line broadening parametel a is varied during the

computation, to obtain the best fit to the two measured equivalent widths

s.6.1 The Theoretical Absorption Coefficient

To buíld up a nodel of the absorption coefficient in a
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certain wavelength region, three basic palaneters are required. These

are the wavelengths of the lines À^ , line strengths Sm , a¡rd 4m ,

where a is the ratio of Lorentz to Doppler broadening of line m .
m

The line width is related to this ø-value by equation 3.38. The

absorption coefficient at wavelength Ài inside the scan range is the

sum of all the contributions from the various lines at that wavelength.

This coefficient is stored in a matrix used by the conputer programme,

and may be used a nunbei of tines during the course of a calculation.

Each scan usually contained a P and an R branch rotational line,

each consisting of a triplet of lines ( Pr , P2 and P3 , ild R1, R2 'and

Rs ), as well as a number of weaker lines, usually from neighbouring bands

or from bands of the first vibrational level. If it is not possible to

resolve the individual triplet corlponents, as is often the case in the

lower bands, the three triplet coÍponents were combined to form one line

of approxinately 3 times the strength at the wavelength given by

Ackerman and Biaune (1970). When separate wavelengths are given for the

conponents, these are then used in the progranme. The wavelengths of

lines from vr = I , and forbidden transitions, and fron neighbouring

bands were calculated by a computer programme using level constants and

splitting paraneters of Bergeman and Wofsy (1972) to calculate energy

levels and wavenumbers of transitions.

The strengths of the individual triplet conponents are

calculated using Boltznann factors, Hönl-Lonclon factors, and theoretical

oscillator strengths of A1lison, which are used as initial starting values.

Line strength St, is given bY

,lS n o¿^
J

(s.24)



where o, is the weighted Boltzmann factor, ó, is the Honl-London

factor and f is the oscillator strength. One line was chosen as the

reference line (usually the Pr coTnponent) and assigned a strength

of 1.0, and the other lines were adjusted so that their strengths

v/ere

86

(s .2s)
sr

m

sr
R

m
S

where Srt is the strength of line n , and Sr t is the calculated

strength of the reference line. After this nornalization, an

oscillator strength is obtained frorn the computed value of k_X for
p

this reference line. The variation in ø-value during the computation

produces a solution of , the final value of ø , which produces a

curve of growth passing through both W' and W,, As a first estimate

for the values of em , linewidths of Hudson and Mahle (1972) were

used. An example of a theoretical absorption coefficient built up

using known parameters is shown in Figure 5.3.

5.6.2 Instrurnent Resolution Function

The absorption coefficient at wavelength Ài is used to

calculate the absorption at this wavelength by using the variable nn*

which is a measure of the absorption path length. Beerrs Law gives

I = Io exp [ - kp* k(fi) ]

where I is the final intensity after passing through an amount of

absorber length X , and k (Ài) is a fturction representing the

absorption coefficient at wavelength Ài The actual value of

absorption coefficient at any wavelength Ài is kpk(Ài), where Un

is the peak height at the line centre. It is usual to write Io as

independent of wavelength, as the larnp provides a continuum, (uliioh
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5. 5. An exanple of a theoretical absorption coefficient built up by computer sirnulation.
The three triplet components near À1 and À.2 are combined to form a single line,
of strength 51 and 52 The width of the cornbined lines are c,,-- and cr__ ,

where or, and ou, n" the widths of each of the triplet "otpor,"Htt. 
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FIG' 5.4. A plot of the instnrment resolution fi.nction g!Àj

tnõ*-tption ir:nction A(À), to produce the convolution point

ÀD Wovetengt h *
- À= ), and the convolution with

' c¡Àr), where c(Ài) =

n

.I. A(À j) g(Àr-Àt) aI.
J=t
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FIG. 5.5 The alternate convolution process. The point

Wovelength

A(À, )L.as g(
is rnultiplied in turn bY

À . -1,. I sweeps Dast.
)L'all the g(À., -tr, ) points to the left of À=-- J L' ¡ 1
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has a retratively constant value ovel wavetength intervals which

are larger than any used to Scan equivalent widths. However, some

r4ravelength dependence will be introduced by the instrument resolution

function g(À) This instrument resolution furction was assurned to be

a Gaussian function, of the form

À-À 2

s(À) = ro"*t-( 
"jt 

49.n2I (s.26)
tõ

where the half-width (full width at half height) og ü/as 0.05Â .

Before the equivalent width can be calculated, the theoretical absorption

rmrst be convoluted with thê instrunent ftnction. This then produces art

absorption spectrum, which should closely resemble the one obtained

experimentally. Convolution of the absorption A(I) with the instrunent

function g(À) produces a convoluted absorption spectrun, C(À) where

c (Ài)

and this can be written as

) . r(\ - \) dÀ-
fo 

o,\
a

(s.27)

(s.28)

(s.2s)

c (Ài)
m
1

j=L
A(rj) . e(Àj - \) nr

Here o[Àj and c (Ài)) exp

s(À) dÀ

[ - k(Àj) kpx ]

is the value of the convolution at wavelength Ài, A(Ij ) is the value

of the absorption at hravelength 
^j 

, and g(Ij - Ii) is the valuej of

the instrument function at 
^j 

(see Figure 5.4). The instrurnent function

g(À) is nornalized so that

1.0

æ

which can be written I g(À. - À.) AÀ = 1.0.
j=l J 1-

This is simply a statement of fact that all light incident on the slit
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area passes thlough the slit, ild the only effect of the lesolution

function is to redistribute sone of the light to different vravelengths.

The equivalent width Wr is now given by

rX
W, = l"C(Ài)dÀi (s.30)

)
À^

L

or more relevantly by Wr = .I C(À{) AÀ, where
r=K r

integers corresponding to À^ and À" in Figures

The convolution method consists of centring the resolution

function at wavelength Ài , and convoluting with the absorption A(\ )

using (see Figure 5.4)

m

T

=

A(\).r(\ -Ài)^À

l^lr

and this value will be a good approximation to the ideal case of infinite

scan and the true value W , if the scan encloses nost of the line. Here

!, A(t) 
'(1 -\ÞÀ

c (Ài)

K and L are

5.2 and 5.3

)

Ij

Here the variable is ¡ (or f, ) , the conputer programne multiplies

the various different values of A(Àj ) by the value of the resolution

function at that wavelength g(Àj - Ài ) when it is centred at Ài , ffid

then takes the sum over all values of 
^j 

for which the resolution function

has a significant value. The resolution function is then noved to Ài*l '

and the process repeated. In this way, the values of the convolution

fi.¡nction C(Ài) are obtained, and the equivalent width is then the surn

of all these values. That is

m

x A(À. ) g(À. - À )¡r (s.31)
j=l J ) t

n
ClÀ.)AÀ= [-1'

t=I

n
L

i=1

æ

_ç
-L

i=1
W

J

and the above expression is independent of t(t

summation signs can be interchanged as follows

I
1

since the

(s.32)
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11

æ

W=I
j=l

l

æ

L

i=1

æ

t
æ

A (À.
J

) g(À. - À. )AÀ = I
j=1

s(À.
J

A(À. ) A). using
JJL

e(Ài r.)
æ

L

=

)À
i

1.0
J

In a typical computation, the above method would involve

about 800 wavelength points Ài acr'oss the entire scan range, with

Al of l or 2 nÄ , and 200 points across the resolution fi¡nction

g(À - Ào) This means at each wavelength Ài, 200 nultiplications of

A(À. ) g(À. - À. ) must be done, and this Íust be repeated 800 times
JJl

across the sca¡ range from Ào to À" , giving a total of 160,000

rnrltiplications for each value of nn* . The above procedure can be

visuali zed as sliding the resolution function across the absorption

function to produce the convolution function, the convolution being done

at each point Ài between Ào and À,

The reason a number as srnall as 200 can be used for the number

of data points comprising the resolution function is because it is Gaussian,

and a property of Gaussian functions is that the amplitudes fall to zelo

very quickly. If the half-width og is 50 ne , then by 100 steps of

I mA out onto the line wings, the amplitude will be negligible. Thus a

Gaussian curve of 50 nÂ half-width can be adequately represented by

2OO data points seParated bY I mÂ .

There is an alternative convolution method, which uses this

very rapid arnplitude decay property of the Gaussian ftrnction to greatly

reduce conputing time. If the half-width of the Gaussian og is 50 m'{ ,

then the I/e half -width o¿e is 30 nrÂ If Ào and tr" are the

limits of the scan range, then the interval Ào - 3o" to À, * 3o"

encloses virtually all of the contribution to the measured equivalent width.

1



In the ideal case of equation 5. 12 we have
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(s. 53)

(s. 34)

æ

5'

i=1

oo

l,1l-x
j=L

A(À. )
)

r(^j - Ài )^).

and this is identical to choosing a fixed value of the absorption

function A(À.) and multiplying it in turn by the various values of
)

g(À. - À= ) as the resolution function sweeps across that wavelength
.JL

Ài (see Figure 5.5). This is equivalent to mrltiplying this absorption

value by the area beneath a Gaussian function, or by part of that area

if the entire resolution function does not sweep across that wavelength,

as is the case near the edges of a scan. This has the advantage that

the area required is given simply by the error function, erf(x) , where

2

\Æ'
erf(x)

(x -t2ju
o

dr

Some of the properties of this ft¡nction are described in
n

Appendix g The tern g(Ài - Ài) in the expression for
1=

equivalent width can then be replaced by erf(x) , where x is a variable

depending upon where in the scan range the wavelength 
^j 

is. If 
^j 

is

equal to Ào or À" , then that value of absorption firnction A(Àj) will

be nultiplied by k , since one-half of the points g(À, - À1) will be

multiptied by A(Àj) as the function g(À) sweeps past (ha1f the area

contributes). Values of A(Àr) well inside the scan range (between D and

E in Figure 5.6) will be nultiplied by I.0, since this value of A(1 )

will be multiplied by each and every value of t(} - 
^r) 

in turn as

g(À) shreeps past (see Figure 5.5). Any point more than 5oe inside the

edges of the sc¿tn, Ào , À" , will have this multiplication value of 1.0,

and any point more than ,o" outside the scan Tange will have the

nultiplication value zeno, since the amplitude of g(À) outside these
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A(À)

ÀB

ÀA

g À À
D

E

INTENSITY

FIG 5.6. g(Àj - Ii ), the instrr.¡ment resolution ftrnction sweeps across A(I) fron À^ to À".

Any wavelengthbetween D and E will be rmrltiplied by every value of- g(À;-À¡): in other words by

the full area. points outside D and E will be m.rltiplied by some fi:nction of the area given by

the relationship between distance fron the scan edge À-^ or À, , og (where og is the half-width
of the resolutiòn function) and the error fr¡tction.
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linits is negligible. In this way, a scan fi¡rction s(Ài) can be

built up, showing the effect on spectral íntensity across the scan range.

The rate of rise and fall of this scan function (shown in Figure 5.7)

at the integration limit edges À^ , À, is a characteristic of

instrunent resolution. If the resolution function was not Gaussian, but

instead consisted of a delta function (the infinite resolution case), the

scan function would then consist of a rectangular block between À^ and

ÀB , with value 1.0 betwèen those linits and zero outside them' The more

precise the resolution, the faster the scan function rises to the value

1.0 from 0 at À^ , À" (see Figurc 5/7).

Some approxinations are nade in this analysis, such as the

assumption that g(À - I.) is negligible when I À - Ào I ' 3o" and

that the measured equivalent width

m

x t(^j - Àr)AÀ is equal tol^¡r

n
x

i=l
A().)

JIJ

æ

l
J

A(À.); s(À.-À,)^À'I i=l - J r-
W

I

or more exPlicitlY

c (Ài) A(À ) s(À. - r.1¡¡= i
i s t j=t

otlj . e(Àj - Ài) AÀ

which is true to a good approxirnation, since the scan 1ange encloses

most of the line. The area obtained using this er1'or fi'¡nction

approxination, is equal. to that obtained using the convolution process'

so both will give the sane answer for theoretical equivalent width.

However, only the convolution process produces a picture of what the real

absorption spectrum would look like. The use of the error function

approximation cuts the nunber of nultiplications needed to calculate a

n
ç

j=l
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theoretical equivalent width from 160,000 to 800, and thereby

considerably improves computing tine, with no real loss of accuracy'

This was checked by comparing answers obtained using both nethods'

5.6.3 Calculation of Oscillator Strensths and Linewidths

The oscillator strength was extracted from the measured results

as follows. After the equivalent widths had been adjusted to take account

of the continuum contribution, they were used as input data for a

computer progranne, which varied the optical depth nn* for the lower

pressure case until the theoretical equivalent width produced by the

pTogramme

À
B exp t k( À,4) l) dÀ (s . 3s)lr|lr (r

agreed urith the experinental quantity, W" The notation k(À,ø) is

used here because the absorption coefficient, as well as being a fr.mction

of wavelength, is also a function of a-value, which is aLlowed to vary

in an effort to find a solution. The value of nn* which produced this

À

L
KXp

A

agreement, denoted bY

of the thro scans, Y,

nn *, , hras then multiplied by the pressure ratio

to give nn *, , where

(s .36)Y P /Pu L

where P_. is the pressure used for the upper equivalent width
u

measurenent, and P. is the pressure used for the lower equivalent width

measurement, k-X. was found to be almost independent of a-value ,' pL
since the equivalent width was deliberately chosen in this region of the

curve of growth. The a-value parameter was then varied so that the



value of equivalent width obtained at this new value nn*.,

Iilr u t I - exp ( - kpX, k(À,4) ) I dÀ

A

f cr Ne2 x'
I

k(À) dÀ

where in all cases, k(À) has been norrnalized so that

f^"
À

k(À) dÀ k \Æ o{,pe
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(s .37)

(s.38)

(s .3s)

(s.40)

agreed with the experimental quantity, Wu . A new value of Un*, was

then caLculated for this new a-vaLue and the cycle repeated until a

curve of growth was obtained that passed through both equivalent width

valuesarrdwithnn*'=Yknx'.Thatis,aculveofgrowthisfitted

to the pair of points (nn*", Wr) and (Y kpXL, W,r) , as discussed

previously in chapter 5 (see Section 5.6 and Figure 3.L2).

The two experinentally measured quantitiet W¡. and W., are

thus used to give thro quantities of direct theoretical interest, the

oscillator strength f and the linewidth, given indirectly by a . These

t$ro quantities completely describe the rotational line at a given

temperature. The oscillator strength is calculated fron the equation

(see Thorne (1974). (Sections 9.5 to 9.6)) '

2
mce

o

À

and where o¿
e

o
c M

is the I/e Doppler half-width, N = P/KaT is the number of molecules

per unit volurne, Ào is the wavelength of the line rnaxirnun, c is the

velocity of light, K" is Boltzmarmrs constant, M is the mass of the 0z



molecule, T is the temperature ín o K , to is the free space

pernittivity constant, n is the nass of an electron, e is the

electronic charge and of is the Boltzmann factor of the state in

question, so that oït gives the total number of molecules in that

state. The above equation reduces to (see Appendix 10 )

L.577 x 1o-3 ko* t,

J'r ') (2J" +1)

94

(s.41)

f (v t, Vtt Ntt , Jtt )
P (u) ),o (4" ) L (cns) o,r"

and is the line oscillator strength, and where p(U) is the pressure

of 0z in microns, f'C4o ) is the wavelength of the line centre in Â' ,

and .Q,(cms) is the path length in cms'

A more useful quantity is the band oscillator strength f (vt, vrt , Nr' )

and this is related to the line oscillator strength by

(vt, v" Nil
f (vt, vtl N") f

J

where 
^

is the Hönl-London factor of the line. we can therefore write
J

I.577 x 10-3 X
3

Tl2 (s.42)
f (vt, vtt , N" )

P(U) À(A') 1,(cms)

^

ctil 
^J

il
J

5.7 Errors

The expression for the oscillator strength given by equation

5.42 shows which quantities (and thus their associated errors) will

contribute to the error of the oscillator strength. The contribution to

the error frorn the wavelength would be very small, as discussed in

Section 5.1.I. This wavelength dependence of the oscillator strength

shows itself in the final equation because of the dependence of Doppler
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hridth upon wavelength, there being a small, steady change of Doppler

width with wavelength over the ï¿uìge of the Schumann-Runge bands' At

constant tempeïature (near roon tenperature) the Doppler width varied

from 4.4 n:Ã near 2000,{ to 3.8 mÂ near 1750Ä .

As a check on the uncertainties in wavelength of the

neighbouring lines which are included during a calculation of Un* ,

these wavelengths were allowed to vary by 10 - 20 mÄ to observe the effect

on values of k X and q . The errors associated with these lines would
p

certainly be less than 10 nA , and as the effects produced by shifts of this

nagnitude were very snall (fractions of a percent), they can be

neglected. The erïors in pressure and path tength have already been

discussed previously (see Sections 5.1 .3 and 5'f .4) '

The contribution of tenperature erÏo1. to the error in

oscillator strength was carefully exanined. A rotational line and its

associated experimental equivalent widths were chosen at random, and

the results analysed at different values of temperature. The final values

for the oscillator strength and line broadening parameter a hre1.e

compared at different values of tenperatule, and were found to vary by

only snall anounts (see Figure 5.8 a¡rd 5.9). The variation of nn* for

a veo change in temperature (about t SoK) was only ! 0-6%, while at

the sarne time, the line-broadening paraneter q, changed by about ! 0'S%

The effect at liquid air teÍperature would be more rnarked, and would

begin to become sígnificant for higher rotational states. However, at

room temperature, the tenperature erïor would not introduce much error.

The worst possible case error would occur when the temperature

of the low pressure result was in error in one direction (too large or

too small), while that for the high pressure result was in the opposite

direction (too smal1 or too large). since the oscillator strength
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deternination is only dependent upon the low pressure equivalent

!,ridth measulenent, this worst possible case error would only'affect the

ø-value The very slight dependence upon ø-value that the oscillator

strength deter¡nination usually has is negligible. The result is a

maximum uncertainty in the oscillator strength of ! 0.2'o due to

tenperature (accurate to t 1'K), but tlne a-va1ue, dependent as it is

upon both measured values of equivalent width, will have a ¡naxinum

possible error of approxÌnately ! 0.4eo

The terqperature erlor will also have sone effect upon the

Boltznann factor oJ . Although each factor is known to a high degree of

accuracy as a function of tenperature, the temperature has an uncertainty,

and may be in error by + 1" K , neaning that a slightly different

Boltznann factor oJ should have been used in the analysis. A 1% change

in temperature, will produce different percentage changes in Boltzmann

factor, depending upon the rotational number. In almost all cases,

J( or Nt t) was 2L or less, and at this value of 2L, a 2.2eo error

would be introduced by a Leo ehange in tenperature. However, for lines

with between 7 and 15 (as was usually the case) , a leo change produces

a change of 0.6vo or less (see Figure 5.10). The rapid rise in error

for the high rotational numbers is due to the fact that these levels are

sparsely populated, and even a small tenperature change will add a

significant amount to the population, and thus produce a relatively large

change. The Boltzmann distribution has maxima near J = 9, 11 or 13, and

this ¡neans a population change for these levels is relatively small, as

can be seen from Figure 5.10.

The nost significant contribution to the error in oscillator

6k X can be
pthe error in k X The error in

p
k

p
Xstrength is

written as

t
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(s.43)

(s.44)

2 2akxp
AW

a
) ôa(6

o1

kx)p
( ) ôW

( 6kpx )
ðkx

p
âl{l

akx
+l .P- dd.

a

2 t 2 ôø
( ) ôW )

ðkx
where -ãfi- is the rate of change of nn* with equivalent width W ,

akx
-å is the rate of change of k-X with a-value , ôW is the error
òa"P

in W (also written as 'AW) ; and ôa is the error in q . For almost

all bands (the exceptions are the 1-0 and 2-O bands) , y is a

variation of 10% or less, and this coupled with a veTy snall value of

ðkxp
ða

since the oscillator strength determination is deliberately done

in a region where the ø-value dependence of nn* is snall, produces an

error which is snall compared to that due to equivalent width. It was

found that a IO-20% change in a-value produced a change of Leo or less

in the value of nn* . Thus, the terrn

ðkxp
àa

22
( ) àa in equation 5.44

âkX 2 2(+) ôtll

is of the order of 6-L0eo , and this outweighs the other term. Equation

5.44 can safely be reduced to

akxkx æ -ãfi- 6r,rl =# ^r^l 
(s.4s)p orr q_

where is the slope of the tangent to the curve of growth at KX
p

can be neglected, since the term

AWinW

Thus, the error in Un* is basically due to the ellor

L , the lower value of equivalent width. A value of ôkpx is

dw
ãmp

L



obtained using the results of iterations towards the solution for nn*

to extract the value of the slope to the curve of growth. In Figure 5.11

the curve of growth near the low pressure equivalent h¡idth is plotted

(that is, near the linear region of the curve of growth). The rneasured

equivalent rrridth is WL t AWL , and the corresponding value of nn*.

is obtained from the computer simulation. The error ôkpx (or Àk X) ,

is related to 
^W 

and the slope of the tangent to the curve of growth

98

(s.46)

dW

ãk- x
p

W Wr

nn*, - nn*t

dW

can be used as

by

AW

Ãffipp
Xkd

Use of the iteration points (k PX, W),

near the value W. - AW, (in this case,

estimate of the slope to be calculated.

in particular, a point falling

Wr of Figure 5.12) allows an

This slope

L dW

Because of the curvatuTe of the curve of growth, the err.or 
^kpx 

is

slightly asynmetric, there tending to be a slightly larger 
^kpx 

on the

upper side of nn* However, the difference was usually negligible

when compared to the si ze of Ak
p

it was neglected.
AW

¿,kpx
and can thus give value for 

^k-X 
.p

X for most of the lines analysed, so

d,W

']FTp
Since had values between

was between 5-109o, and was thus the major

contribution to error in the oscillator strength.

One error quantity which is not apparent from equation 5.42,

but which may play a significant role is that of instrumental resolution.

For all the lines analysed, an instrumental half-width of either 50 or 60 rn{

was used. The uncertainties in this quantity would be no greater than

L was of the order of. 59o, and since-w-
l- AkxpL

KXpr.
L arrd 2, the error
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10 nÄ , and Figure 5.13 shows the variation in nn* with resolution.

A large change in resolution (25u"7 produces only a 0.18% change in the

value of k X Sinilarly for the line-broadening parameter q ,
p

shown in Figure 5.14. Here a 25% change in resolution, produces only an

0.07Yo change in a .

The error in a-value requires a little more calculation.

Figure 5.15 shows a series of curves of groldth with different a-values

passing through the allowed range of equivalent widths. The two basic

errors important in the a-value determination are ÂW., and 
^kpxu 

.

Ak-X-- is directly proportional to 
^k-X. 

, being related by the ratio of
"'þ"u ----J f--f --- p L

the two pÎessures at which the two equivalent widths W'. and W., weÏ.e

measured. We have therefore that Onn*, = YÀknX" (fron equation 5.23 ).

The line-broadening para¡neter is dependent upon only two

quantities, the equivalent width and the index of absorption, nn* .

Holding the equivalent width constant, and varying nn* (by an amount

^k 
X say) wilt allow a variation in ø-value . Sinilarly, holdingpu

k X constant, and varying the allowed equivalent width, also allows a
pu

variation in a . The total variation in a due to both quantities

varying simrltaneously can be written

2

( ô(ø))

where

for a fixed value of

2

üI

with equivalent width

àa
ãï[

( (+ôW

22

)
ða
5ï- x

p
) (kô x) (s .4 7)

KXp p

( ) is the variation in a-vaLue

àaand ( ) is the variation of q, -valueKXp

with k-X for a fixed equivalent width. Equation 5.47 can be approximated
p

2

^kp

2La
Ãtl¡ )(

La
AW +

^kx
( X )

p

by

(ô (ø) )
2

u

2

)( u

2
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where ô(ø) is the error in a, La and AW are obtained from the

conputer printout of iterations towards a final solution, as are Lq

and Ak_X . Values of ôø were calculated for each line analysed,
p

and #- will vary from line to line depending upon pressure,
p

number of background lines and scan range.

A further complication to the uncertainty in ø-value

deternination was caused.by a combination of factors which became

important in the 1-0 and 2-0 bands. Firstly, the rotational lines

become weaker as rotational number increases, Tequiring a gradual increase

in pressuae at which the lower value of equivalent width W tüas

measured. Near the band head, this pressure l4¡as 161 torr (for the 2-0

band), and it increased to 500 torr for the RzrPrg (2-0) line group. Since

the naxinun pressure attainable in the cell was 850 torr, this neant a

gradual decrease in the pressure ratio along the band, declining fron

Y = 5.28 near the band head to Y = 1.70 for the higher lines. The

pressure ratio was alnost always 10.0 for the other bands, although

this .may not have been quite the optinum value in many cases. As shown

in Figure 5.16, two equivalent width measurements with the same error

bars, but separated by different ratios Y , will produce widely differing

errors in ø-value . These errors are usually taken into account by the

terms

KXp

and in case I of Figure 5.16, the error ôø

while case 2 will have a much snaller erlfor

in equation 5.47,

will be extrernely large,

ôø

)(
a

àa
ã-t,n¡"

) and (
2

W

A siruultaneous effect, which coupled with the above pressure

ratio behaviour, makes the determination of ø-values for higher
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rotational lines in the 1-0 and 2'0 bands unreliable is that

the underlying continuun. As nentioned above, the rotational line

strength decreases with increasing rotational nunber (for N" >9), the

higher nu¡nbered lines producing progressively smaller amounts of

absorption, at the maxirn¡n plessure of 850 torr. The amou¡tt of absorption

produced by the lines under examination becomes comparable to that produced

by the continuum for high rotational nunber (Nt' >13). It thus becomes

very inportant to set the anount of absorption due to the continuum accurately,

so that the arnount actually due to the absorption lines can be determined.

The valuesof the absorption coefficient of the L¡nderlying

continuun, in this case the Herzberg continuum, have not been measured

accurately in this wavelength region inside the bands. Experirnental

neasurements of the Herzberg continuum extend down to 20004' , the

beginning of the Schunann-Runge bands. To overcome this problem a

theoretical extrapolation of these experimental results v'as used,

extending down to 1750Å . These continuum cross-sections, and those of

the Schumann-Rtrnge continuun ( as shown in Figure 5.17) were

used to calculate backgrognd contributions for all lines in each band,

and were found to work satisfactorily. This was because, with the

exception of the 1-0, 2-0 and 5-0 bands, ãLl the results were taken at

relatively low pressures. However, for the 1-0 and 2-0 bands, taken

at higher plessures, the Herzberg conti-nuum values failed to give

solutions when applied to line analyses.
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5.8 The Pressure Dependent Absorption Continuum

The failure of the Herzberg continuurn values to provide solutions

in the 1-0 and 2-O bands was due to the fact, that these bands had

their high pressure equivalent width values, Wr, , neasured at pressuTes

of I atmosphere or greater. The absorption cross-section in the Herzberg

continuurn has been observed to be pressure dependent, md at pressures of

8S0 torr, this can have the effect of nore than doubling the effective

continuun cross-section (in comparison to pressures neal zero). This

dependence has been ¡neasured by Shardanand and Prasad Rao (L977) for the

wavelength range 2000-2500,{ They interpret the increase in absorption

coefficient as due to the formation of 0'+ at high Pressure' and list

their values of the continuun absorption of 0+ at 50Ä intervals,

and these results closely paralLel the results of the 0z continuu¡n cross-

section in the same wavelength region (see Figure 5'17)'

The ratio of 6o+/õoz does not vary much in the wavelength range

2000-2500,{, and use is nade of this fact to extrapolate the 0+ continulirm

cross-section to lower vJavelenEths. The continuum absorption values of

Jarnain & Nicholls (1967) for the Herzberg continuum have been

renormali zed to bring thern into agreement with the more Tecent measurements

of Shardanand and Prasad Rao (L977), and the shape of the cuîve of their

values in the range 1750-20004 was used to extrapolate a similar curve

for 0+ continuun cross-sections by using the relation Õo+/Ú 0z È constant.

The results are plotted in Figure 5,L7. The extrapolated results for 0+

continuun cross-section can then be conbined with the 0z continuum cross-

section to give a total effective cross-section using the equation of

Shardanand and Prasad Rao

q_ (À) oo z (À) + knoo+ (l) ( s.4s )
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where ooz(À) and 904(À) are the continuun cross-section of 0z and

0+ at wavelength À respectively, and n is the number density of 0z'

The constant k was found by Shardanand and Prasad Rao to be

2.6 x 10-23 cn3/nolecule, Ðd this value was adopted for this work.

Irrespective of whether Shardanand and Prasad Rao are correct in

their assunption of the formation of an 0+ diner , their experimental

rcsults can be assumed to.be correct' and thus

or(À) = o¡2(),) + nA (s.¿g)

is a correct description of the total effective cross-section.

A = koo+(À) is a directly rneasured quantity, and neither k

need to be known separately, to use the results.

Here

nor o o,r (À)

This new value of total effective continuum cross-section was

then used to calculate a background contribution. In the case of the 1-0

alrd 2-0 bands this had the effect of reducing the anount of high pressure

equivalent width attributed to the absorption lines. The a-vaIue

iteration was then able to find a solution, which had previously eluded it,

due to the W., values being too large, ffid falling outside the range of

allowed values.

The 3-0 results were also re-analysed using the new 0a corrected,

continuum background contribution, and there hras some effect, the new

values of oscillator strength and line-broadening differing slightly from

the previous values derived using only the 0z Herzberg continuun

background correction. Compared with the 2-0 and 1-0 bands, the

effect in the 3-0 is snaller, and it becomes negligible in the 4-0 and

5-0 bands. This is because, in moving from the 2-0 band through to the

5-0 , the lines become strongeT when conpared to the continuum, and tiius

less dependent upon the continuum corrections, and because the plessures
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at which the measurements are made become lower, and thus the pressure

dependent contribution decreases, and also because the actual value of the 0+

continuum cr.oss-section begins to fal1 off with wavelength, again

resulting in a less significant contribution.

The effect of 0+ continuum is to change equivalent width

values , and since the errors in the 0r* continuum cross-section values

will be substantial, due to the approxinations made (that Õo+/Úoz is

constant in the wavelengtit ""tg" 
1750-2000À , and o02 are only

extrapolated theoretical values), this will introduce substantial

uncertainties to the valuet W,. and Wr, (nore inportantly W.r). In

addition to the statistical uncertainties, there will be utcertainties

of 10 -20% ín the value of Wrr, and the effects of these uncertainties will

be greater, the smaller the pressure factor (that is, the closer to case I

in Figure 5.16 the situation becones). The net effect is to make ø-value

determinations of high numbered rotational lines unreliable in the 1-0

and 2-0 bands.
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5.9 Rotational DePendenc e of Oscillator Strength -
Calculation of Slopes and Intercepts.

The least squares fit fornn¡la for a straight line of the form

lo + ßx

to describe the form of the rotational variation of the oscillator

strength f , where x is related to the rotational nunber (c.f. equation

6.I), can be derived as fbtlows. The pointt (xi, fi) are to be fitted

tothelineofslope ß andintercept Ío,andtheerrorsin fo, ôfo 
'

and ßrôß arerequiredfromtheerrorsin *i and fi. Thee1.Tol

in f i, ô fi , it simply the statistical error in the oscillator

strength f , and the error in *i, ô *i is assumed to be zeTot since

the nunber of a rotational line is a known integer.

The sum square deviation of the

f =fo + ßx is

fi fron the straight line

2

I fi - (ßx' + fo)]

î

n
-ç

i=1
a

n_\'
i=1

2

t ( fi - fo ) - ßxt I

Solving dQ

æ =Q and
do
dfo

ß(x*i') + fo¡rxr) = xxrYi

and g(Ixr) +r fo(n) Xv.

0 gives

Solving for ß and fo gives

ß nI (s. s0)



106.

and

fo

Since ôx.
]-

upon ô fi

ôßq
and so

(ôß)

= Q , then the errors in ß and fo are dependent only

and are

(ôß), x( ôßq ôf
2

I

)
2

)(

(s. sl)

(s. s2)

(5.53)

(ôfo) x( 6fo

ôfi
) (ôf i)

and ôfo can be obtained fron equations 5.50 and 5.51
ôf.

1

I

2 2 2

nx.
1

Xx.
1 I (ôf i)'2 n

=f,t
i=L

I

Xx.l

nxxr2 - ¡rxr)'

¡xxr)'!

x. Ex
L l (ôt i)'z

2
n
x

1

1(ôfo)2 = t
nXx.2

J
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CHAPT ER6

S_ UMAN N - NGE

6.1 Introduction

The results pïesented in this chapter are split into two nain

parts, the first covering oscillator strengths, the second covering line

width measurements. Oscillator strengths for the same vibrational band

were often calculated at slightly different values of a , the line

broadening paraneter. This occurred because the experinental results

used in the computations almost invariably produced a slight difference

in the value of of for each line, and the oscillator strength quoted is

for this value of ol The a-value was allowed to vary in this nanner

because it was hoped to present results for the variation of linewidth

with rotational number, and the quantity ol is required if this is to

be done. However, the error associated hlith each ¡neasurement of linewidth

was usually larger than any differences noticed between the various

rotational lines, so no real width dependence on rotational number could

be determined. The individual linewidths and ø-values for each rotational

line, and their accompanying oscillator strength are listed in Appendix 11.

N.B. For Figures in this^thesis, a point corresponding to,

for example, 1.0 on a vertical axis labelled f x 105 is actually a value

f = L.Ox 10-s . The ter¡n x lOs means values in the Figure are nultiplied

by 10s and then plotted. Some of the Figures reproduced fron other

works use the alternative notation x 10s to mean that all points plotted

in the Figure are of the order of nagnitude 10s
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6.2 Previous Experimental Results

The first oscillator strength neasurements for the Schunann-

R¡nge bands of molecular o4¡gen were obtained by Ditchburn and Heddle

(1954) for the (0-0) to (20-0) bands using photographic techniques.

They used an indirect an+lysis technique, conbining line broadening,

spectrograph paraneters and observed line intensities. However, their

results were shown to be in error by Bethke (f959), ffid subsequently by

other investigators. Bethke overcane the probtem of low instrumental

resolution by pressure broadening the absorption lines with argon.

Allowance for 0+ continuum was made by subtracting the pressure

dependent continuurn from the integrated area. From Table 6.1, it can be

seen that Bethkers results (2-0) to (17-0) compare reasonably with

other more recent investigators.

Oscillator strengths were also obtained by Halmann (f966) for the

(2-O) to (10-0) bands, again using a pressule broadening technique with

argon to overcone the instrurnent resolution problem. Farmer et al (1968)

used curve of growth techniques similar to the present work to obtain

oscillatol strengths for the (2-0) to (20-0) bands. Absorption

neasurenents hrere made at low values of absorption (in the linear region

of the curve of growth), so that the integlated areas were directly

proportional to the oscillator strengths.

Hasson et al (f970) obtained oscillator strengths for the (0-0)

to (3-0) bands, as well as the (2-I) to (5-1) bands, by measuring

absorption in air. Ackerman et al (1970) present a comprehensive list of

oscillator strengths for (0-0) to the (f9-0) bands obtained
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6.59 x l0-ó

1.13 x 10-¡

1.42 r l0-3

3.44

3. E97

2.37

9.88

3.21

8.51

r.91

3.81

6.68

1.06

1.57

2.O9

2.SS

2-88

5. 03

2 .91

2.59
2.2s

1.83

1.43

(8.7s ! 0.73)

(2.45 I 0.09

(1.0r 1 0.037)

(2.70 : 0.12)

(7-72 ! 0.r9)
(1.7s ! 0.07)

(3.8S I 0.16)

(7.s5 t 0.3r)
(r-32 t 0.07)

(1.84 ! 0.0s)

(2.60 I 0.16)

(3.21 ! 0.r0)
(3.6s t 0.1s)

(4.46 I 0.10)

(3.45 I o.r0)
(3-4 1 0.ls)
(2.s8 t 0.13)

(r.69 1 o.19)

TABLE 6.1 A corqparison of the results of this work with those of previous experimenters'

Ho(o
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photographically. Hudson and Mahle (1975) used a fitting procedure on

their photometrically obtained results, to deduce oscillator strengths

for the (0-0) to the (19-0) bands. Their results weTe used as a

first estimate in the present work. All the results mentioned above are

compared with those obtained by electÍon inpact studies of Huebner et al

(1975) and the present results for band oscillator strength in Table 6.1.

Allison (1975) has theoretically calculated the variation in band

oscillator strength across a band as the rotational number Nil is varied.

His theoretical estimates will be conpared with the present results for

the 1-0 to 15-0 bands. A typical example of the rotational dependence

of the band oscillator strength fron the theoretical calculations of

Allison is shown in Figure 6.I for the 9-0 band of the Schumann-Runge

bands. The present experinent atteÍPts to find the values of I o , the

oscillator strength for zero rotational nurnber, and the rate of rotational

dependence ß , by fitting the measured oscillator strengths to a straight

line of the form

f ( vt,v",Nt') = f o(vt,V") - ß(vt)(N" + l)Ntt (6.1)

where f (vr,vnrNr') is the oscillator strength of the Nrr rotational line

of the vr vibrational band, and where the subscript vr for fo and ß

refers to those quantities for the vr vibrational band.

It should be noted that Allisonrs theoretical predictions are not

exactly straight lines. The P branch rotational dependence departs from

the linear at very low N'r values, flattening off somewhat, while the R

branch rotational dependence has an ever increasing value of slope towards

lower Nn values, rising away from the linear towards the value for the

p branch f o value. The accuracy of the results obtained in this

experinent allow estimates of the fo oscillator strength values, and the



fo
P

P Branch

Branch

1.1

x10

fo R

1.0

5

0.9

0.8

0,7

t

200 400 600 800 1000 1200

N"( N "* 1l
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slope parameters for a linear fit to be evaluated, but is insufficient

for rnrch ninor variations as shown by Figure 6.1 for low Nrr to be

deterrnined as well. For such small variations to be detected, errors in

the individual oscillator strength would need to be L% or less, accuracy

unattainable by this experiment. No experinental determination of

variation of band oscillator strength with rotational nunber has been

attempted before.

6.3 The Present Results

Oscillator strengths and linewidths were obtained for the 3-0

to 14-0 bands, the operating conditions obtainable for the absorption

cell allowing these measurements to be ¡nade to good accuracy. Results

were also obtained for the 2-0 and 15-0 bands, but not to the same

accuracy, and sone results for the 16-0, L7-0, t8-0 and 1-0 bands

were also obtained, though these results should be considered no more

than qualitative. The variation in band oscillator st1.ength IÀIith

rotational nunber for the 1-0 to 15-0 bands are plotted in Figures 6.5

to 6.19 , and are compared with Allisonrs theoretical predictions. Each

band will be compared with these theoretical predictions and discussed

fully later, but the general trend is that Allisonrs predictions are too

low, and in most cases the variation of band oscillator strength with

rotational number measured experinentally is more pronounced than predicted.

The oscillator strengths quoted in the tables are those calculated

using the final solutions to the curve of growth fitting the experimental

equivalent widths. Each pair of equivalent widths usually produce a

solution, af . That is, using the value of line-broadening paranþter 4f

the curve of growth of the lines in question pass through the two equivalent

widths, w|. , wu at the right values of pressure. This final value of

% is then used to extract a Un* , from which the oscillator strength is
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calculated. The exceptions to this are the 1-0, 2-0 and 16-0 bands.

The oscillator strengths quoted for those bands are all calculated at

the sane value of q. for each line. In the case of the 1-0 band, the

value of d chosen is the average of the first two lines in the band.

In the case of the 2-0 band, the first four lines had their a-values

averaged, and then this average value of q was used to extract a value

of k X for each line, and this value was then used to calculate
p

oscillator strengths. This procedure tends to reduce random scatter due to

different a-vaLue solutions being used to extract On* values. In the

bands 3-0 to 15-0 , the scatter in ø-value was not too plonor.nced,

but in the 2-O band especially, a-value determinations becone unreliable

at high rotational nunber.

6.4 Comparison with Previous ExP erinental Results

Before any comparison can be nade between the present work, and

that Of previous experimenters, the quantity required for comparison,

namely mean band oscillator strength f (vt rvrr), nust first be calculated.

The results obtained in this work are band oscillator strengths / (vr rvr'rNr'),

and are listed in Appendix 11 for all the various rotational lines for which

they were measured. The results for each band have been fitted to a

straight line of the forn given in eqtration 6.1. A weighted mean band

oscillator strength fvrvrr can then be calculated from this straight line

fit, using the following equation

f (vr ,vrr)

I f (v t,Vttr¡r'¡ d (vr rNtrrT)
Nil (6.2)

I cl(v t ,NttrT)
Nrl

the band oscillator strength obtained from equation

is the total relative population for the Nrr

v I vibrational band at tefiIperatute T (that is

where f (v r rvttrNtt) is

6.1 and o=(lr t,NttrT)

rotational line of the
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ct is the sum of the relative populations of the three triplet components).

The weighted nean band oscillator strength obtained in this way would then

be comparable to that neasured by other experimenters using pressure

broadening to measure the total absorption area of a whole band, since each

line contributes an oscillator strength proportional to its population,

which is related to its Boltznann factor and its associated statistical

weight. Use of equation 6.2 to calculate the weighted nean band oscillator

strengths gives an answer f (v!rvr') identical to the band oscillator

strength for the Pr r line of each band, that is by Nr' = 11 in equation

6.1.

A comparison of the weighted rnean band oscillator strengths of

this work with those of previous experimenters, in particular Bethke (1959)

Hudson and Mahle (Lg72) and Ackerman et al (1970) is shown in Figures 6.2

and 6.5 and Tab1e 6.1. The results of other experinenters are also shown

in the table, but the above nentioned group, plus the electron inpact

measurenents of Huebner et al (1975) forn the basis for comparison.

Figure 6.2 shows the results for this weighted mean band oscillator strength

to be in fair agreement, for vt = 2 to Vf = 8 . For the purpose of

clarity, where the oscillator strengths of different experimenters have the

sane value, or are in very good agreement for some value of vr , the

plotted points in Figures 6.2 and 6.3 ate displaced slightly in the

horizontal direction to inprove visibility. Figure 6.3 shows the results

of this work tend to be slightly higher than nrost of the other neasurements'

the difference between the values of this work and those of other

investigators being a maximum at vr = 14" Values of weighted nean band

oscillator strength quoted for the 16-0, L7-0 and 18-0 bands are

only approximate, the value actually being an average of the oscillator
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st1engths obtained rather than a weighted mean, there being insufficient

points measured for these bands, to realistically calculate a nean band

oscillator strength. For the 16-0 band, the band oscillator strength

for the Prr line, found to be equal to the weighted mean band oscillator

strength for the other bands, is quoted. For the L7-0 band, a weighted

nean of the three line oscillator strengths is used, while for the 18-0

band, with only a single Ineasurenent, the band oscillator strength for the

line in question is quoted.

6 .5 CoÍIp arison with Theoretical Predictions

A comparison of the nean band oscillator strengths of this work

with the theoretical predictions of Allison (1975) is made in Table 6.2

and also in Figure 6.3. Between the 7-O to 16-0 bands, the predictions

of Allison are all lower than the results obtained in this work, the maximum

difference occurring at vr - 14, as for the previous experinental results,

upon which Allisonfs work must be based.

Also shown in Table 6.2 are 1uhe fo(vt) , the oscillator strengths

for Nn = 0, for both the P branch and the R branch where possible,

calculated from a straight line fit to Allisonrs values, and also for the

results of this work. To nake the conparison valid, fo (vt) and ß(vt)

values were calculated from Allisonrs theoretical results, but only

theoretical oscillator strengths corresponding to rotational lines which

were also used in the calculation of fo" (vt) and fo*.(vt) values for

this work, I{¡ere used. In this work, values obtained for f o" (vt) and

fo^ (v,) are only independent above the 8-0 band, since only for vrrÞ B

can sufficient lines be resolved to use R branch oscillator strengths in

a calculation of f o (v') and ß .(v') In the range B -0 to 15 -0,
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Allison predicts

fo"(v')/ fo*(v') r.02

whereas the results over the same range for this e4perirnent are

fo"(v')

fo"(v')
1.06 t 0.014

The small error in the experimental result arises from counting

statistics, but there will be a snall additional error because of the

assuned linear dependence in equation 6.1.

Allisonrs predictions for the slope are compared with the results

obtained in this work in Table 6.2. The results for the bands 1-0 to

4-O are subject to large errors, md refinements to the experirnental

system, and also to the analysis are needed, before further attempts at

rneasurements in this region are perforned. Fron the 5-0 band onwards,

however the results obtained for the slope of the oscillator strength with

rotational number, ß , are sufficiently accurate to allow corparison.

In the range 8-0 to 15-0 , Allison predicts

ß
P

t.23

whereas the results of this work give

B*/ß"=l'03!0'05

That is, the prediction of Allison that the dependence of R branch

oscillator strength on rotational nunber is greater than for the P branch

is not verified by this experinent.

Figure 6.4 shows a comparison of the rate of decrease of oscillator

strength for this work and for Allisonrs theoretical predictions, The

B*/
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quantity

vr f
v

vlf Nr (6.3)

is calculated for the bands vr = I' to L4, with Nrr= 15 . The

experimentalLy determined results do not confirn Allisonts predicted

variation. Between vf = 6 to vr = 14, Allisonrs predicted results are

too low, showing that the.sLopes assigned to the rotational dependence

by Allison are too small (this will be conpared for individual bands in

the next section). Allisonrs predicted slopes are represented by the

dashed lines in Fígures 6.5 to 6.19, while the results of this work are

represented by the solíd line.

6.6 Discussion

For the purpose of this work, the results will be discussed in

sections. The first section consists of the lower bands, comprising the

1-0 to 5-0 bands. The second section conprises the bands fron 6-0

to 1.4-0 , and the third and last section describes the l5-0 to 18-0

bands.

6.6.1 The Lower Bands: 1-0 to 5-0

The accuracy of these results inproves steadily from the 1-0

through to the 5-0 bands, increasing with increasing band oscillator

strength. The band oscillator strength obtained for the 1-0 band is

higher by a factor of 2 tlnan that obtained by nost of the other experinenters,

and this discrepancy is almost certainly due to the weakness of the lines

in comparison to the Herzberg continuum in the region of the measurements

(discussed in Section 5). The large error is due to the large

uncertainty in a-value, which means that the tern

0

akxp

ða

2

( ) ôa
2
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of equation

other bands

5.43 is no longer negligible as it is for nost of the

(the 2 -0 band is the other exception) .

Atterrpts to work out slope parameters B (see equation 6.1)

for these low bands were not overly successful. Although values were

obtained, the errors r{ere so large (with the exception of the 5-0 band)

that the values were almost mea¡ringless. This was basically due to the

fact that lines of high rotational nunber ü¡ere so difficult to neasure

for these low bands, either because the strengths were so low, or because

of overlap with neighbouring bands, or both, and the ornission of these

lines nakes the slope deternination difficult.

.The pressure ratio Y decreases for the higher rotational lines

in the 1-0 and 2-0 bands, because the limitations of the absorption

cell rule out pressures greater than 850 Torr for the high pressure

neasurenent, while the low pressure value must increase due to the

weakness of the lines (see Section 5.7 ). This neans that the two results

obtained fron the measured equivalent widths, f and a are no longer

independent. The liniting case would be if only one equivalent width

measurement were possible, in which case f and a. would be conpletely

dependent. This smaller value of pressure ratio Y means a larger error

in the a-value determination. Sorne idea of the dependence of oscillator

strength on a-value can be seen in Figures 6.5 and 6.6 for the l-0 and

2-0 bands respectively. Oscillator strengths for the various lines are

plotted for the final a-value solution for each line, oî , for the final

band average a.-value ( a = 0.53 for the 1-0 band, and d. = 3.8 for the

2-0 band), and for one other ø-value.

The band oscillator strengths for the 2-0, 3-0, 4-0 and 5-0

are in reasonable agreement with those of previous experimenters, the

results of this work tending to be slightly higher. The 2-0, 4-0 and
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5-0 bands exhibit the characteristic of having the oscillator strengths

for low N" near the band head, somewhat lower than those of intermediate

Nn . That is, oscillator strengths seen to increase with rotational

number, attain a maximum, ild then decrease with Ntr . This observed

effect was also noted for the 7-0, 10-0 and 1I-0 ba¡rds.

No attempt has been made to calculate independent R-branch

oscillator strengths for the 1-0 to 5-0 bands, because in each band,

only the last few lines visible could be resolved into separate R and P

lines. In these cases the ratio of P and R oscillator strengths of

Allison were assigned, and the calculations done to give a P branch

oscillator strength, although R branch values could just as easily have

been calculated instead.

6.6.2 The Middle Region: 6-0 to 14-0 Bands

A comparison of the weighted mean band oscillator strengths of

this work with those of the'previous experinenters (Figure 6.5 and Table 6.1)

shows the present results to be larger over the range 6-0 to 14-0 There

appears to be a gradual increase along the bands in the difference between

these results and the previous values, the maxinum difference occurring at

vr = 14 , which is also the largest value of band oscillator strength.

comparing these results with those of Bethke (1959), who used a

pressure broadening technique, and obtained oscillator strengths from

overall integrated band absorption coefficients, shows his results to be

consistently lower. The explanation for this may be due to uncertainty

introduced in trying to take account of overlap between bands.

Ackerman et al (1970 ) have assumed linewidths which appear too

large at the higher values of vr , and the effect of this is to lower the
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value of oscillator strength obtained. Hudson and Mahle used a nethod

exanining individual lines at high resolution, and then used an

analytical technique sinilar to that used in the present work. The

variability of their results nay be due to the dependence of band

oscillator strength on Nrr , the relatively high values they obtained

perhaps coning fron lines of low Nrr , and their relatively low values of

oscillator strength perhaps coming fron lines of high Nrr . No details

of which lines were studied is given by Hudson and Mahle. If this

rotational dependence is the correct explanation, then Hudson and Mahlers

results may not be inconsistent with those of this work, and tend to

support,values higher than obtained by other experimenters. The agreement

with the low resolution electron impact results of Huebner et al (1975) is

slightly better than with the other results near vr = 13 and 14

Figures 6.10 to 6.18 show the present results for oscillator

strengths for differing rotational nunber Nrr . For vr Þ 8 , the P

and R branch lines become separated enough to allow both high and low

pressure absorpti-on measurements to be nade individually for both branches.

This then allows independent neasurement of the R branch oscillator

strengths and the slopes associated with the rotational dependence. The

straight line fit to the individual results of the rotational lines of

this work is denoted in Figures 6.10 to 6.18 by the solid lines, and the

theoretical predictions of Allison are denoted by the dashed lines. Table

6.2 lists and compares the present results with those of Allison. In

almost all cases, the absolute values for the weighted rnean band oscillator

strengths of this work are higher, while the theoretical predictions of

Allison for the rotational dependence of the oscillator strength are found

to be too low.
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6.6.3 The Upper Bands: 15-0 to 1B-0

Above the 15-0 band, perturbations due to curve crossings of

the molecular state potential curves in oxygen result in an increase in

the complexity of the spectrun, and nake the taking of useful neasurements

difficult. The 15-0, 16-0, L7-0 and 18-0 bands were observed with

the target gas at liquid air temperature (82 " K) to reduce spectlun

conplexity. Due to the curve crossing perturbations, energy levels were

shifted, resulting in a shift in wavelength of rotational lines, thus

rnaking line identification difficult. The energy level shifts also

affect Hönl-London factors, so theoretical line strengths for the

perturbod lines cannot be calculated. Therefore, only useful measurements

could be nade when a rotational line of a given band could be identified,

and when it was separated sufficiently frorn neighbouring lines for these

to have little effect on a measured equivalent width. This reduced the

number of available lines for these higher bands, and nrade calculation of

a weighted ¡nean band oscillator strength impossible.

Appendix 1I lists the results for the 15-0 to 18-0 bands,

and Figure 6.19 shows the variation in oscillator strength t^Iith rotational

number for the 15-0 band, the only one with sufficient rotational lines

visibly neasurable. These errors assigned to the slopes of the rotational

dependence for the oscillator strength for this band are large because

no lines of high Nrr could be measured.
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6.7 Predissociation and Rotational Linewidths

It was first suggested by Flory(1935) that the rotational lines

in the Schumann-Runge bands underwent predissociation broadening. He

based this conclusion on the apparent diffuse-ness of rotational lines

above the vt = 2 level, and on the absence of enission fron vibrational

levels with vr > 2. To account for the predissociation, he postulated

that the t T.- state potential curve crossed that of the t I.: on the
u-u

outer linb between the vt = 2 and vr = J vibrational levels, the

transition 'Ir] * tn., being an a¡lowed one (see Figute 6.20). Feast

(194g) concluded that the experinental evidence was against predissociation

but Wilkinson and lrtulliken (1956) found some evidence for the l2-0 band

being predissociated, since the lines there were observed to be visibly

nore diffuse than those of the neighbouring 13-0 band. They ruled out

the possibility of the t n., potential curve crossing that of the t t, in

two places, on the right limb at vt = 4 , and on the left limb at vt = L2

(see Figure 6.21).

Carroll (1958) re-examined sone high resolution plates of the

Schunann-Runge bands, and obtained a qualitative measure of the line

broadening for some of the bands. Even allowing for blending of the

triplet components increasing the apparent widths, instrumental broadening,

and pressure broadening it was inpossible to attribute the large widths

in sorne cases to these factors alone. From close observations of micro-

densitoneter tracings, Carroll concludes that the 4-0 band is

definitely predissociated, more strongl"y than either the 3-0 or the 5-0

bands, though these too, show broadening. He also concludes that

Wilkinson and lrfullikenrs results must be modified, in that though the

Lz-O band is predissociated, the 11-0 band is much more diffuse. Carroll
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lists the bands with associated broadening as follows. The 11-0 band

is more diffuse than the I2-0 ; the 10-0 is more diffuse than the

I2-0 but less than l1-0 ; the 9-0 is slightly diffuse, approxinately

thb same as the I2-O ; the 8-0 is nore diffuse than 9-0 ; but less

than the 4-0 There seem to be two maxima in the broadening process,

one at 4-0, and the other at 11-O Carroll is undecided as to whether

this implies two predissociations, and thus two curve crossings, or whether

it can be explained by one crossing point at vr = 4, with the subsidiaty

maximum at vr = 11 and the minimun at vr = 9 corresponding to varying

overlap integrals between the tn,, , tt, states which are obtained using

the Franck-Condon principle. If two predissociations are present, Carroll

suggests that one of the other repulsive states, perhaps the tn.r, tt;

or ,1T COuld be the cause, crossing the curve near vr = 11 . He
u

suggests the most likely possibility is that of one potential curve crossing

point, on the inner limb of the t t, , as suggested by Wilkinson and

lrfulliken, but with vr changed from vf = 12 to vr = {¡ . Murrell and

Taylor (1968) showed that predissociation probabilities could be e>çlained

by a single crossing at vr = 4, with several subsidiary maxima above this.

They give an expression for the repulsive curve, and discuss the different

possible types of crossings. Their calculations show that the ttr, - tn,

crossing in 02 is of the type (i) in Figure 6'22'

Hudson and Carter (1969) confirmed the predissociation of the

B3I- state for vr = S to vt = 17 . They noted a definite increase in
u

line width of the 5-0 band compared to the 2-0 band, but did not rule

out the possibility of predissociation in the 2-0 band. They suggested

the intersection of the t n, and tt t; states could be between vr = I

and vr - 3 rather than between vr = 3 and vr - 4
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Ackerman and Biaune (f970) as well as measuring line positions,

also observed apparent line half-widths appearing on the spectra, and

the1r results are compared with the predictions of Murrell and Taylor in

Figure 6.25. Ackerrnan, Biaume and Kockarts (1970) obtained line-width

values, and these are listed in Table 6.1 for comparison with later

experirnenters. They conclude that the iine shapes and widths in the

Schumann-Runge bands can only be explained by predissociation. Schaeffer

and Nliller (1971) perform some theoretical calculations, and conclude

that the t'tT state crosses the tf* state on the inner limb, and that
UU

the tT crosses too low to be the second state in question. They do not
u

rule out the possibility that the sn, or sI- states may cr'oss near

vt = 4

The most conplete papers on predissociation in the Schumann-Runge

bands of Oz are those by Julienne a¡rd Krauss (1975) and Julienne (1976).

Julienne and Krauss deduced the position of the dominant repulsive curve by

a deperturbation of the level shift in the second vibrational difference.

Their use of ab initio results combined with inforrnation contained in

available elçerimental data, allowed them to calculate level shifts and

linewidths for each repulsive state. They stated that the level shift

provi-des better contact between theory and experiment than linewidths,

which were not available to enough accuracy. They decided that the dorninant

state in the predissociation was the t n, state, although the t n, and

.tT states contribute slightly as we1l. Their predictions of linewidths
u

agreed well with experimental data for vr - 2 to vt = 4, and for vt )' 12

(since the spin splitting of the rotational lines is resolvable here),

but agreement for vr = 5 to vr = 11 was poor. Their results are shown

in Figure 6.25. Also shown in Figure 6.24 are the deduced crossing points

for the potenti-al curves. They conclude the levels v'= Q and vf = I ,
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and to a lesser extent vf = 2 are predissociated by the t n, state'

but that the dorninating predissociation of the t n' state causes the

linewidths to rise rapidly for vr = I to 4 . Here, their theory and

experinent agree well. The levels vr = 12 to 16 also give good agreement

between theory and experiment, showing that the t n, state predissociation

is substantially correct. The tnr-, and 'n., states also contribute to

the linewidths above vt Þ 12, the tn., state being more important'

ttr, - tn' coupling should produce different widths for the three

different triplet components. The lack of agreeflìent between the

theoretical and experimental linewidths for vf = 5 to vf = 11 resulted

in a theoretical papel by Julienne,r (1976). He took account of the

interaction of the ,tr: state, which contributes to the widths of

v, 2 6 levels. Julienne also examined whether it was possible for the

line-shapes to be non-Lorentzian, and concluded that slight departures could

occurforlow J lines(J<5)nearbandorigins,butthat P and R

triplets could adequately be represented by non-interfering Lorentzian

profiles. The variation of width with J-value only affects the Fr and

F3 levels, and is strongest for the lcw J values, and also depends

upon which states are interacting. He concludes that the J-variation is

quite complex, since there are sever.al sources of possible variation'

Each of the four states tt, , ttl , tn' and tn' contribute to the

width, and the total width is simply the surn of the various contributions.

Julienners results are also plotted in Figure 6'25'

6.8 The Present Results

The results of the present work confirm that the rotational lines

in the Schumann-Runge bands are predissociation broadened. The maximum of
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this predissociation broadening occurs at vt - 4 with a subsidiary

maximum at vr = 11 , and a rninimum at vr - 9 . Some predissociation

may occur for the l-0 band, the non-Doppler colrponent of the linewidth

being comparable to the pressure-broadened width, thus making an exact

evaluation of the width due to only predissociation very difficult. For

all bands above the 1-0 , predissociation definitety occurs, though in

varying amounts. The individual linewidth results are listed in Appendix

11 , while the band average linewidths a1'e listed in Table 6.3.

Variations in predissociation linewidths along a vibrational band

occuïred, but the variation was less than the error in rnost cases, so no

atteÍpt has been made to plot the variation in line-width with'rotational

number.

6.9 Comparison with Previous Experinental Work

The present results are compared with the results given by

Ackernan and Biaune (1970), Hudson and Mahle (1972) and Ackerman et al

(1970) in Table 6.3 and Figure 6.25. The results of this work are

consistently less than those obtained by the other experimentets, and are

more closely in agreement with those of Hudson and Mahle in the range l-0

to 18 -0 than with those of Ackerman et aI (1970) or Ackerma¡ and Biaume

(the exception being the 7-0, 8-0 and 11-0 bands). The reason for

this appears to be that Ackerrnan and Biaume have listed apparent half-rvidths,

and have thus not taken any effects due to instrument resolution and

triplet splitting into account. Sirnilarly, Ackerman et al have obtained

linewidths which are based on those obtained previously by Ackerman and

Biaume (1970), but which have been modified by comparison with absorption

coefficients measured at the wavelengths of narrow silicon ernission 1ines.

Their results obtained in this way aTe not markedly different from
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those of Ackerman and Biaume (i970). Failure to take instrument

resolution into account nay explain why the linewidths so obtained are

too large in comparison to both Hudson and Mahlers results, and the

results of the present work, and why the apparent linewidths obtained for

the I4-0 to 18-0 bands are all 0.5 cm , a width conparable to the

ins trument resolution.

6.10 Comp arison with Theoretical Predictions

The theoretical predictions of Julienne and Krauss (f975) and the

more recent work of Julienne (f976) are compared with the present results

in Figure 6.25. Overall agreement in the range 1-0 to 18-0 is quite

good for both theoretical works in cornparison to the present results, the

poSitions of maxima and minirna in linewidths corresponding c1osely.

Agreenent with Julienne and Krauss is closer over the range B-0 to 16-0,

while agreement with Julienne is better over the Tange 5-0 to 7-0

The two theoretical works differ because the interaction of the t f]- state
u

with the B3I- state is taken into account in the latter work. This has
u

meant an increase in the theoretically predicted widths in the range 5-0

to 11-0 , the region where the discrepancy between the previous

theoretical PaPers was largest.

The present result for the 1-0 band linewidth due to

predissociation is very uncertain, but both the previous experimental

measurements of Ackerman et al and the theoretical predictions of Julienne

appear to be too large. The value obtained by Hudson and Mahle for the

1-0 linewidth is quite low, as is that of tlre present work.
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6. f1 Conclusions

The theoretical predictions of Julienne and Krauss (i975) and

Julienne (1976) based on the deperturbation of the second vibrational

differences appear to be basically colïect. The addition of the Z'Zl.
u

interaction had improved agreement between the present erçerimental results

and the theoretical predictions in the lange 5-0 to 7-0 , but has made

the agreement worse in the range 8-0 to 16-0 , by increaging the

theoretically predicted widths there slightly. So the predictions of

Julienne and Krauss ale correct, and although some of the 2'I* - BtI-

interaction discussed must be added in, a better agreement could be obtained

if the interaction was weaker than predicted by Julienne.

The good agreement between this work and the predictions of

Julienne and Krauss suggests that their analysis is correct, and that

the curve crossings of the various nolecular state shown in Figure 6.24

are fairly accurate. The exception may be that the intersection point of

the 'T state on the left-hand side of the tf- state be noved upwards'u g

to a position above the lst vibrational level, in order to reduce the

predissociation there.
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RESU LTS LY MAN - o¿ REGI0N

v-L Measurement of ErcPe rimental Quantities

The measulement of temperature, wavelength and pressure for

the 0z Lyman-o, absorption coefficients was identical to the procedure

for the Schumann-Rr.nge bands described in Chapter 5 (Section 5. f). One

major difference betrn/een the experimental cases was the much greater

care required to purify the oxygen before entry into the absorption cel1

for the Lyman-a work. Because the cr.oss-section of water vapour at

Lynan-cr is so high compared to that for molecular oxygen (1.4 x l0-r? cm'

as compaïed to 10-20 cm' for o4¡gen), even a small amount of water vapour

impurity will greatly affect the results. For this reason, additíonal

vapour traps were used. The medical grade oxygen was first passed through

thro test tubes containing drying agents, and then through two test tubes

imnersed in a cold slush mixture of carbon tetra-chloride and chloroform,

to condense out the water vapour impurity. The absorption ce1l was also

pumped continuously, when not in use, to remove impurities adhering to the

wa1Is. Any exposure to the air for maintenance pul?oses meant a few

days continuous pumping of the cell to clean off surface impuriti-es.

The Lyman-cx line emitted by the laboratory discharge souÎce

consists of a doublet, due to self absorption by hydrogen removing the

central core of the enission line. The wavelengths of the peaks and

rninimum are known to a high degree of accuracy, and the wavelength

calibration was checked against the minimum in the Lyman-a line at

L2IS.67L. The absolute errors for the wavelengths quoted in this chapter

are less than 0.06Å.

The pressures used for the measurements varied between 0.2 and

50 Torr, giving plessure eIToIS of approxinately I9o oT 1ess. Since the

cross-section is a smoothly varying one, the scan procedures used in the
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case of the Schunann-Runge bands wer.e not used here. The chosen

wavelength was selected, the pressure stabilized at the desired value'

and a number of measurements of transnission T were made, again using

\/vo

where y is the monitor detector signal ratio at the pressure of the

measurenent, and Yo is the signal ratio al zeTo pressule. We have

L_

P 273T-t- Y/\o - exp ( kx
760 )

k
760 ¿n (y/yo) I/xor
P

where k is the absorption coefficient, x is the actual path length,

p is the pressure in torr. T is the tempeTature in o K , and x is

the path length normalised to S.T.P. The neasurement of transnission r

at various values of pressure allowed the calculation of the pressure

dependence of the cross-section. Tra¡rsnission measurenents were repeated

at wavelength intervals of 0.2^ , and also at tenperatures of 294"K and

82o K using respectively room terrperature, a dry ice-methanol slush and

liquid air in the cell coolant jacket.

ø" (v/vo) I T
Tß



7.2 The Statistical Error in Transrnission

The error in the absorption coefficient is related to the error

in transrnission, ôT , and can be expressed as

ðk
ãr- ôr' (7.1)ôx2

a

r32.

(7.2)

(7 .3)

(7.s)

(6k)' + )(

where ôk is the error in the absorption coefficient, ôX is the error

in the parh length, and # and # are the rates of change of

absorption coefficient k with path length and transnission respectively.

Equation 7.I becones

a a
ôx-a- I

X

2

c 9i- l'( ôk) (.4,n t) ( + ( )

and, since + is very snall, this term can be neglected. The above

equation can be written as

ôk

1*Yo

6'r
T

1+Y x
Itff Î,n'r

l.
X

where

ôk
k

A plot of the

ô'r
T

+MYo 'o

AS

is obtained fron equation 5.I7. The relative error ôk
k

can be written

ôkr
-t ¡t M

*Yo
+ (7.4)I

X Yo

Setting M = Mo , that is putting the number of counts used for Y and

yo equal to each other, equation 7.4 becomes

+2
I

.[n'r

above is shown in Figure 7.1 for fixed

as 'r is varied. The nininum error in

M for various
o

the value ofvalues of Yo
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absorption coefficient k for fixed counting tine and fixed Yo occurs

for transmission values near 'r = 0.1. This neant the ex¡periment would

have achieved optimum perfornìance if this condition could have been met.

It was not always possible however, due to the fixed cell-length, and

the limitations of the Baratron gauge used for the e4periment restricting

the pressure to 30 torr or below. Most of the measurements carried out

were done with transmission values of close to 0.5 , ild the error does

not vary markedly for values of 'r below this.

7.3 The Previous Expe rimental Work

The absorption coefficient of molecular oxygen at Lyman-cr is

important for two main reasons. Since Lyman-cv, is one of the most intense

ernission lines in the solar spectlum, it has an important role to play in

dissociation processes in the atmosphere, in particular the dissociation

of molecular oxygen in the height Tange 75-105 kn, to form atonic oxygen.

Accurate measurements of the absorption coefficient are therefore

necessary to deternine to what height significant amounts of Lyman-cl

radiation will penetrate. Many measurenents of the molecular oxygen

density in the atmosphere have been nade by observing the absorption of

solar Lyman-cr as it passes down through the atmosphere. A discrepancy

between these measurements and those made by other techniques indicated

that the laboratory derived absorption coefficients were in error, Ðd

it was in an attempt to resolve these discrepancies that the present

measurements hlere taken.

The first laboratory measurements of the absorption cross-section

of molecular oxygen at Lynan-cl were nade by Watanabe (1958) and Metzger

and Cook (1963), md they obtained 0.27 and 0.28 cm-t respectively at

), = L21S.7,&. Watanabe obtained a number of other values at nearby wave-
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lengths, and his results are in good agreement with the present work.

Watanabe also obtained a measule of the pressur'e dependence clf the

absorption coefficient at Lyman-o. Ogawa (f968) obtained values of the

absorption coefficient at 0.2Â intervals near 1215.7Ã. , and attempted

to measuïe the pressuïe dependence of the coefficient, but due to the

low pressures used in his experiment was unable to find a measurable

pressure dependence. However, the rnore lecent results of Dose et al

(1975) and Ogawa and Yanawaki (1970) confirn the pressure dependence of

the absorption coefficient. These laboratory measurements have been used

to analyse the extinction of Lynan-o radiation in the atmosphere.

EatIy rocket measurements, such as those of Carver et a1 (1964),

were all analysed by assuming a constant cross-section for molecular

oxygen, in particular the one obtained by Watanabe of 1.0 x 10-2o cm-2

(0.27 cm t). Hall (1972) showed that the variation in the molecular oxygen

cross-section over the width of the Lynan-o line, which coincides with a

deep rninimurn in the cross-section (see Figute 7.2), has a significant

effect on the analysis of results of the rocket observations. Using the

measurements of Ogawa (1968), he showed that there is sorne tthardeningrl

of the radiation as it passes through the atmosphere, the lower wavelength

limb being absorbed more strongly than the right linb, and consequently

the effective absorption coefficient will be height dependent. Snith arld

Mi1ler (L974) came to the conclusion that the laboratory derived

absorption cross-section for rnolecular oxygen uras either in error, or did

not apply to atrnospheric measurements because of a narked tenperature

dependence. They based this conclusion on the fact that the molecular

oxygen densities derived from the Lyman-o extinction method were in

disagreenent r^rith those nadô using three other independent techniques;

grenades, falling sphere and Pitot tube, while these three methods were in

agreement.
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Thrane and Johannessen (1974), with their measurements of

the Lynan-o¿ extinction in the Arctic mesosphere, also came to the

conclusion that the laboratory derived measurements were inapplicable to

atmospheric results. Weeks (1975) ascribed the major uncertainties in

the extinction results to uncertainty in the behaviour of the 0z closs-

section with temperature, md to over-estimates of the densities due to

absorption by nitric oxide and water vapour. Later work by Prinz a¡rd

Brueckner (Lg77) obtained cross-section versus wavelength measurements from

rocket observations, and had values agreeing welt with Ogawa in the wave-

length range I2I5 - 12L7.8Â , but they also had better agreement with the

values of lVatanabe on the short wavelength side of Lyman-o, down to

À = 1214.44 (see Figure 7.3).
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7.4 Results and Discussion

7.4.I Pressute DePendence

Watanabe (1958) and Ogawa and Yamawaki (f970) had obtained

values for the pressure dependence of the cross -section of molecular

oxygen at Lynan-cx, at high pressures (20-500 Torr) of about + 2 x lO-" ctf /

torr. Values of this order would explain why Ogawa (f968) found no

noticeable effect of pressure dependence in the pressure range he used for

his elçeriment (1.2 - 6.3 torr), the differences being too slight to show

through his experinBntat error. The present measurements, taken at room

temperature, over' the pressure range 5-50 torr, and at wavelengths of

l21S.63A and I2L5.72É^ corresponding to the peaks of the Lynan-cr line

emitted by the discharge lamp used in these experirnents, are plotted in

Figute 7.4. As shown in Table 7.1, these results are in satisfactory

agreement with those of previous investigators, although their measurements

were done at higher pressure. This indicates that the linear dependence

of cross-section on pressure extends down to pressures of about 5 torr. The

error bars on the points plotted decrease because a large part of the error

for each point is a pressure error, which decreases as the plessure

increases. There is no reason to believe that the pressure dependence is a

strong function of wavelength near 1216x^, and the pressure dependence

shown in Figure 7,4 has been used to correct all the measured roorn temperature

cross-sections to zero pressure. Since 30 Torr was the naximum pressure

used, these corrections wele never more than 5%, and over most of the

range were less than 2%. The uncertainties in naking a correction to

zero pressure make a negligible contribution to the overall error. There

is a snall absolute eïror of approxinately 2eo due to uncertainties in the
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TABLE 7.7

PRESSURE DEPENDENCE OF }'IOLECULAR OXYGEN PHOTO-

ABSORPTION CROSS SECTIONS NEAR I,YMAN-O.

5- 30

5- 30

20 - 500

25 - 400

fnvestigator S xro'z 3 (cr# /torr) vùavelength (Å) Pressure Range (torr)

This work 2.L4 ! O.33

2.15 t 0,37This work

Oga'sa cnd Yøna¡aki
[1e70J

Dose et aL, ÍI975i

I^latqrøbe et a'1.,

lre 5 8l

,Shardanønd IL967l

1..60
1 .56

2.5 t r.5
3.0 t 0.8

1.9

I.7

I2L5.72

r215.63

r27 5 .7
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measurement of ce11 temperature, ce11 length and pressure. Randorn error

in the results is due predominantly to counting statistics of L-Seo.

7.4.2 Temperature Dependence

Room tenpeïature cross-sections measuled in this work are

displayed in Figure 7.5 versus wavelength at 0.24 intervals, and the

values are given ín TabLe 7 .2, The previous measurements of Watanabe

(1958), Ogawa (f968) and Dose et al (1975) are also shown in Figure 7.5,

and as can be seen, all the results are in good agreenent near the rninimum

in the absorption cross -section at 1216.0Å At shorter l^rave lengths , the

present results 1ie significantly below those of ogawa, and the

measurements of Watanabe, though more widely separated, are in better

agreement with the present ones. The present results also lie below those

of Ogawa on the long wavelength side of the minimum, and the results of

Dose et a1 (f975) above 12f8Ä. have been calculated from their analytical

curve, and are also above those of this work.

Figure 7.6 shows the variation of the absorption cross-sections

with temperature in the wavelength range I2I4.0 to 1218.64 . Each set

of points represents a variation with wavelength at one of the

experimental temperatures 2g4 " K, 195 o K or 82 o K. The temperature

dependence is significant, and varies with wavelength, the greatest

,dependence being on the long wavelength side of the ninimum, which

includes high-order rotational lines (J=25 to 33) of the ot I* - *t I-

band of motecular oxygen [Ogawa and Yanawaki (f969), Alberti et al (1967) and

Dose et al (1957) ]. The ninimum of the absorption cross-section at 294 " K

is at 1216.0,q., but has shifted to 1216.4A at 82 o K, while at the same

tine decreasing to 60% of its ïoom teÍperature value. The Lynan-cl profile
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TABLE 7.2

MEASURED MOLBCUI,AR OXYGEN PHOTOABSORPTION COETTF-ICIENT'S AS

A FUNCTION OF TEMPERÀTURE AND WAVEL,ENGTH NEAR l'YI'4ÀN-tr'

The errors listed are statistical errors; there is an

additional error of ! 2* ín the abso.ì ute cafibration
arising from uncertainties in pressure, temperature and

cell length.

0.15

o. r5

0.07

0.07

0 .0'7

0. o7

0.05

0.03

0.03

5.50

4.16

3.64

3.23
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3 .27
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r.25
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0-66r

0 .6f1
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0. o7

0.03

o.02
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oxlo2o (..'),T-,,B2oKoxlo2o (.*'),T=1950Koxlo2 o ("*t ¡ ,t=291.o KWavelength (Å)

5.58 t 0.11

4.50 t 0. t]
3.90 t 0.11

3.19 t 0.07

2.49 t O.O4

1.96 t 0.03

1.50 t 0. 04

I.22 t O.O2

1. 06 1 0.02

r. 052t o. ol'1

0.9591 0.007

0.9331 0.0ls
o.877t 0.007

0.9001 0.015

o.929t 0. o15

1.02 t 0.02

r.2B t 0.02

I.46 ! O.O2

r.14 ! O .O2

1.94 t 0.05

2.24 ! O.O4

2.62 ! O.O5

3.03 t 0.02

3.46 t O. rl
3.83 t O.1l

4.35 t O.07

l2l_4.0

r2I4.2
r2I4.4
r2L4.6

1214.8

1,215 . 0

r2L5.2

I2L5 .4

l2l5 .6

1215.63

L2r5.72
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1216.0

L2r6.2

1216 .4
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in Figure 7.5 is based on the work of Purcell and Tousey (1960)

7.5 Absorption of Solar L -cx, Radiation in the Atmosphere

Figure 7.5 clearly shows that the molecular oxygen absorption

cross-section varies significantly over the width of the Lynan-cl profile.

The exact amount of this variation will depend upon the temperature. The

tenperature of the atmosphere varies with height (see Figure 7.7), so

laboratory neasurements at room temperatule can be expected to yield

incorrect results, when applied to the atrnosphere. The following

calculation illustrates the inportance of taking the temperatule

dependence into account, for example, the case of a rocket probe carrying

a Lyman-cr detector. Sone assumptions necessary for the calculation are

that the detector has a flat response over the width of the Lynan-cr 1ine,

that the detector has a negligible response to radiation of other wave-

lengths (not always a safe assurnptíon), and that absorption by other species

in the wavelength region is either negligible or correctable [Carver (1964),

Hall (1972)1. Provided the solar zenith angle is not too large ( X < 75"),

then the attenuation of the solar flux J over a height interval d is

given by e)ç( - ond sec X ) where o is the effective absorption cross-

section and n is the molecular oxygen number density. A knowledge of the

detector current allows n at altitude z to be deternined as follows

n(z) I
o(z) sec X

1

J
dJ
î1

LL3

(7.6)

(7.7)

The effective absotption cross-section at aLtitude given by

o(À) 0 (À, z) dÀ
o(z) =

0(À, z) dtr

where O(À) is the oxygen absorption cross-section at wavelength À
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Q (À,2) is the Lyman-cr flux at altitude z , and the integration extends

over the full width of the Lynan-cr line. If N(z) is the total column

density of oxygen molecules above altitude z ' then

0 (À, z) 0 (r, oo) e)ç[ -N(z) o (À) ] (7.8)

where 0 (À, -) is the solar flux at Lymal-cr incident on the atmosphere.

It should be noted that the shape of the Lyman-c line, 0 (À, z) , changes

as the radiation penetrates to lower altitudes z (the radiation rrhardensrr)

owing to the variation of o(À) over the width of the line. o(r) has

been evaluated from (7.7) using the cross-section measurements of Table 7.2.

The results are expressed versus the extinction j(z), of the integrated

Lyman-a flux, in the atmosphere, where

0 (À, z) dÀ

i (z) (7 .s)

0 (À,-) dÀ

Figure 7.8 and Table 7.3 show effective molecular photoabsorption cross-

sections o(z) calculated as functions of the integrated Lynan-cr extinction

j(z) . These effective cross-sections have been calculated for

atnospheric temperatures of 82, 195 and 294 " K, together with the

solar Lyman-a profile of Purcell and Tousey (1960). To show that the

calculated effective cross-sections are not very sensitive to the Lyman-o

line profile used, the results using Quessetters profile (1970) are compared,

and can be seen to be not very different fron that of Purcell and Tousey

(Figure 7.S ). Also shown for comparison, is the effective molecular

oxygen cross-section calculated using the Ogawa (f968) cross-section values,

and these are identical to those derived by HalI (1972). Figure 7.8 shows

the present results lead to effective cross -sections differing

significantly from those based on 0gawars room tenperature measurements.

J (z)
iïry
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TABLE 7.3

EFFECTIVE MOLECUI,AR OXYGEN PHOTOÀBSORPTION CROSS SECTIONS

O (Z) CAI,CULATED AS FT'NCTTONS OF THE INTEGRATED LY¡4À,N-T-l

EXTINCTION j (z) , FOR VARIOUS TEMPERÀTURES AND SOLAR LYMÀN-(I

PROFILES.

t@) ã(")*to'o (.*')
Solar Ly-c profil-e:

P\treeLl øtd Tousey [1960] Quessette II97O)

T 2940 K T = l95oK T 82u K T L95oK

t

0 9

c.8

o.7

0.6

0.5

o-4

0.3

o.2

0. l_

0. o5

0. 0l-

o. ool-

0

L.I0

1.09

r.08

1 .08

1.07

1. 06

1 .06

t. 05

1 .03

r. 01

1. O0

o.97

o. 95

0.88

0 .99

0.98

0.96

o. 95

o.94

0.93

0 .91

0.89

0.86

0.83

o. B0

o.76

o.72

o. 66

0 .91 I

1

1

0

0

o4

0.91 o2

0 .9c) oo

0. 89 99

0. 88 97

o.87 0.95

0.85 o.92

0

0

84 0.90

u¿ o

0

0

0

B6

o.79 B2

o.71 79

o.72 7¿

0.69 0.71

0.53 0.66
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Fig 7.8 Effective molecular o4fgen photoabsorption cross-
Gffi for the integrated solar Lynan-o line as functions of
the integrated Lynan-o extinction. Effective cÏ.oss -sections
calculatéd by using the cross-sections measured by ggawa (1968)
are also shown for comparison.
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The empirical effective cross-sections deduced by Snith and

Miller (Ig74) in their attery)t to bring their atnospheric nolecular

oxygen concentrations derived fron the Lynan-cr extinction measurements

into agreement with those obtained using the other three techniques are

also shown in Figure 7.7. The agreement between their range of values

(the shaded area) and the effective cross-section derived using the

present results and a teÍperature of 195 'K is quite reasonable, and is

definitely better than between this work at 294 'K and Srnith and Miller,

or Ogawafs Toom terfiperatule measurements, and Snith and Miller.

7.6 Conclusion

The conclusion to be drawn fron these results is that the

assumption of Snith and Mi11er that room temperature absorption cross-

sections are inappropriate for application to atmospheric transmission

problens is basically correct, since it resolves almost a1l of the

discrepancy between the molecular oxygen densities derived by different

nethods. It is essential to take account of tenperature and wavelength

dependence of the molecular oxygen absorption cross-section if satisfactory

oxygen densities are to be deduced fron the Lynan-cr extinction neasurements

by rockets in the atnosphere. The narked effect of tenperature on the

long wavelength side of the Lyman-o window seems to be due to the

rotational lines known to be there, the populations of states of high

rotational number depending critically upon temperature. Rotational lines

of the ct,l,I+- XtI- system exist at wavelengths near Lyman-cr, and while---u g

none u/ere observed by this e4perinent below 1218Â , some of the lines

above LZ2O1^ were observed, due to their larger strengths. The rotational

number varies between 2L and 33 between 1218'{ and L2I4L , and so a

temperature change would be expected to have a significant effect, since
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levels with such high rotational nunbers would be sparsely populated,

and therefore subject to large variations with tenperature. The variation

in absorption cross-section with temperature decreased with decreasing

wavelength, and this could be elçlained by a decrease in population of

rotational Levels as the temperature decreased.
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CFIAPTER 8

App lication of the Results

8.1 Theoretical Absorption Models

Attenpts to build theoretical nodels of absorption of incident

solar radiation at different heights in the atmosphere in different

wavelength regions require a knowledge of the leal absorption behaviour

of the gases under discussion. This is especially difficult for band

staucture, where the fine structure of the bands is not directly

resolvable by the present measuring instruments, as is the case with the

Schumann-Runge bands. The present results provide the most accurate

measurements of parameters required in an analysis of transnission of

light through these bands, and as such provide the 'realt absorptions and

transmissions to which all simplified or approximate absorption nodels

should tend.

Theoretical absorption nodels are basically necessary because of

the breakdown of Beerrs Law, due to structure present in the absorption

coefficient over the wavelength range of ínterest (discussed more fully

in Chapter 3). In order for Beerrs Law to be valid over the range of the

Schumann-Runge bands , a very naïrow wavelength interval would be required,

and therefore at least 10,000 data points are necessary at any given

temperature to adequately describe these bands. To simptify the

calculations, various band nodels have been devised. Some of the band

nodels in Goody (1964) for the calculation of transinission in the infra-

red region aTe useful, i-n that they provide a simple expression for the

calculation of absorption or transmission as a function of the colunrt

densj-ty or optical dePth.
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Brinknan (i971), and Turco (1975) have calculated atrnospheric

photodissociation rates using the absorption cross -section measurements

of Blake et al (1966) as well as the square root law associated with the

absorption by the wings of a Lorentzian line. Blake et al (1966) showed

that Beerrs Law was not valid for the Schumann-Runge bands for wavelength

intervals of I to 2Å. , but that a square root law of the forn

r - e)ç(-cVN) (8.1)

where T is the transmission, and N is the number density of the

absorbing species is a valid approximation.

Fang et al (I974) produced opacity distribution functions for

various wavenumber ranges, with different sets of coefficients for

different temperatures. Their method requires the numerical integration

of the functions to obtain the transmission through an oxygen colunn.

Several nodels have used constructions of detailed absorption cross-sections

for the Schumann-Runge band region. The cross-section at any wavelength

is computed by using the molecular constants to sum the contributions at

that wavelength from all nearby absorption lines. A contribution due to

the lnderlying continuum nust also be added in. Using a resolution of

0.5 cm-1 , Kockarts (1971) has calculated photodissociation rates by

integrating a theoretical cross-section.

Hudson and Mahl e (1972) have calculated average transrnissions

for wavelength intervals between successive vr - 0 band heads.

Kockarts (1976) has computed coefficients for the mean transmission as a

function of absorber thickness for intervals covering a whole band,

500 cm-l , ild 10Â. The transmission for each interval is directly



r47.

described by a function with eight coefficients. Blake (1978) modified

the random band mode1, ffid expresses the transmission versus optical path

or nunber density as a function of ß = õ'/2nd , the ratio of líne spacing

to linewidth, and X = 5/6- , the mean line strength to average line spacing.

That is, T , the mean transnission is

(8.2)

and for ß << 1 the above expression tends to Beerrs Law, and for ß

large, it tends to equation 8.1.

In order to apply any of the theoretical nodels to the problems

associated with the atrnosphere, such as photodissociation rates of

various molecular species or transmission of radiation versus height in

the atmosphere, knowledge of the number densities of the numerous

atmospheric gases is required. Chapter 7 has dealt with the problem of

determination of Oz number density by using Lyman-cr absorption

measurements. Ivlost of the more recent models take some account of the

teÍperature profile of the atmosphere for their calculations. Use of the

models to give photodissociation rates, aIlows calculations on atmospheric

photochenistry to be perforned (see Blake and Carver (1977)).

8.2 Atmo c Evolution : A Statement of the Problem

Knowledge of the photodissociation rates and photochernistry of

the present atmosphere allows inproved nodels of past atmospheres to be

devised. It is generally accepted that the present atmosphere is a

secondary atmosphere, and the earthrs primary atnosphere consisting of the

gases hydrogen, helium, neon, algon 36, krypton and xenon hlas completely

lost. This is inferred fron the deficiency of a1l these gaseous elements

on earth relative to the cosrnic abundances of these same elements. The

exo. -XNT _ ¡ t- II - 'VTTTlff[ '
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question of how the earth went from a state of no atmosphere to one

consisting of nitrogen and oxygen is still very much under investigation.

The atmosphere and oceans were produced by discharge of volcanic

gases over a long period of time. Arnounts of various compounds and vapours

produced by efflux frorn volcanoes have been measured from Hawaiian

volcano eruptions. It is found that oxygen in its free state does not

exist in volcanic gases. Leaving aside the problem of the growth of

nitrogen in the earthrs atmosphere, which is not as simple as the I-38%

arnount present in volcanic effluent rnight suggest, we will concentrate on

the growth in the amount of oxygen in the atnosphere. The transition

from this prinitive (anoxygenic) reducing atmosphere of volcanic gases to

the present oxidizing atrnosphere should be derivable fron predictable

sou1'ces and known reactions and with a definite tinetable.

The origin of the o4rgen in the atmosphere has been suggested

as due to the photodissociation of water vapour by ultraviolet radiation.

Berkner and Marshall (1965) I^/ere amongst the first to look into this

problem.

The photodissociation of water vapouT to produce oxygen is

limited by the vely oxygen it produces. This was first pointed out by

Urey (1959), and is due to the shielding effect of the oxygen produced.

That is, although incident radiation may at first dissociate the water

vapour, once enough oxygen is produced it absorbs the radiation and no

more water vapour is dissociated to form oxygen. The oxygen concentration

possible by this nethod is therefore linited. Oxygen is distributed

exponentially above the surface, while water vapour falls to very low

concentrations above the base of the stratosphere due to the stratospheric

cold trap. That is, the content of water vapoua in the atmosphere is
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limited to regions below the super-cooling temperature linit, -40 oC 
,

which occurs at a height of approximately 10 kilometres. The content of

water vapour above this diminishes rapidty and the stratospheric cold trap

prevents significant convective circulation upwards above 10 krns. This

means that the oxygen produced is nostty above the water vapour and thus

can more effectivelY shield it.

Berkner and Marshall thus reach the conclusion that a

concentration of oxygen in the prinitive atrnosphere greater than 10-3P.4.L.*

would be impossible due to the rturey self-regulating effect". As well as

this, strong photodissociation of 0z and production of 0 and 0¡ '

which are very reactive, close to the surface where they will react quickly

to forn surface oxides, giving a large loss rate further reduces the 0z

level. Therefore water vapour dissociation cannot explain the oxygen leve1

of the present atmosphere and \^/as a minor factor in the past.

Berkner and Marshall then ask the question of whether it is

possible for dissociation of water vapour to have supplied all the oxygen

required to oxidize the surface layers of the earth. They draw the

conclusion that the oxides of the crust could have been produced by active

species of oxygen dissociated photochenically fron Hz0 in an oxygen

atmosphere less than 10-3 of the present atmospheric level.

E.2.1 Ph,otosYnthesis

Berkner and Marshall then put forward the argument that oxygen

in the atnosphere is due to photosynthesis. Photosynthesis seems to have

begun about 2.7 billion years ago, and would be a feasible method of

producing the large amounts of oxygen required, and of naintaining the

oxygen balance. To give some idea of the late at which oxygen can be

produced by photosynthesis, the replacenent tines of various gases are as

follows. Carbon dioxide is totally consumed and replaced in 300-400 years,

* Present AtmosPheric Level.
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oxygen in a little over 2000 years, and the entire waters of the ocean

are passed through the biologicat process in about 2 mi.llion years. So

photosynthesis can very quickly supply oxygen to the system.

Berkner and Marshall conclude that the oxygen density in the

past atmosphere has been steadily rising, there being two sharp increases,

called by them the first and second critical levels. These critical

levels coincide with the Cambrian period, and the Upper Silurian period

of geological tine. The increase in oxygen density at these times was

apparently due to the increase in the anount of space available for life,

the oceans supposedly becoming a shielded habitat during the Cambrian

period, and the land safe from damaging ultraviolet light during the Upper

Silurian period.

A serious correction which must be applied, and one that has been

overlooked by Berkner and Marshall is the dependence of the effective

absorption coefficient on path length. This correction is very inportant

for the Schurnann-Runge bands, the individual rotational lines of which are

much narrower than the instrurnental resolution. These lines have natural

(Lorentz) widths, and can be considered as purely Lorentzian when

investigated with an instrumental resolution of about 2Ã' , as was the

case with the results used by Berkner and Marsha1l. Under such conditions

the "effective absorption coefficient'r for a single line varies very

nearly as the inverse square root of the nunber density N (equation 8.1).

Blake et al (1966) have shown that in the vicinity of 1s00Â the

absorption coefficients within the Schunann-Runge bands obey the simple

square root scaling law for a single line.

Brinkman (1969) does a calculation using the incident solar flux

and calculates transmissions a¡rd absorptions versus wavelength. Since

nearly every absorption by Hz0 below 2000Â results in dissociation,
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the curve for HzO can be taken as the photodissociation rate.

Appreciable water vapour dissociation occurs over a wide altitude lange'

and about half is produced by photons in the naTïow wavelength range

177S-1830Â C1z absorption occurs sonewhat lower in the atmosphere

a¡rd at longer hravelengths. Ozone absorbs nost strongly at the longest

wavelengths and quite low in the atmosphere.

Only the wavelength range 1750-2000Â has been considered

because radiation of longer wavelengths does not dissociate l^Iater vapour

and radiation of shorter wavelengths is absorbed by atomic and rnolecular

oxygen and nitrogen before it can reach the HzO Even the intense

Lyman-o line of the sun cannot penetrate into the atmosphere far enough,

and is appreciably absorbed above 80 kilometres. To neglect the

contribution to dissociation of Lynan-o will be to slightly rurderestinate

the 0z production rate by this method.

Brinkma¡r concludes that the level of oxygen in the past may have

reached an appreciable fraction of the present amount in the absence of

biological activity, and quotes a value of 0z density greater than 0.27

P.A.L. (present atnosphere level) over 99eo of geologic tine.

Two things which could have very major effects on the validity of

the result are that the HzO mixing ratio in the past nay have been

different, md the escape efficiency of hydrogen from the atmosphere is

¿nknown. There is a net production of orygen from HzO only if the

hydrogen can be rernoved. The mixing ratio could have been less than now

if the rrcold traptt temperatule at the tropopause were lower.

As for the escape of hydrogen, the problem is largely unsolved.

Knowledge of Hz}z , HOz and other such species is very poor, and the
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reaction rates and nechanisms of the dissociation problem are complex.

Brinkmann can only say that the possibility that a large fraction of

the liberated H atoms survive long enough to escape cannot be ruled

out. The escape rate is proportional to hydrogen density at the critical

level (which occurs at about 500 kms. in the earthrs atmosphere). The

temperature at the critical level changes appreciably during the day.

Clarification of the problem awaits reliable measurements of the hydrogen

atom density.

Brinknann concludes by saying that the calculations of Berkner

and lvlarshall are in error because (t) they assume the photodissociation

of Hz1 becomes inefficient as an olfgen producing mechanism when the

fraction of photons absorbed by Oz becomes larger thær the fraction

absorbed by HzQ , and (2) they have not allowed for the path length

dependence of the oxygen absorption coefficient.

8.2.2 The Problem of Hydrogen Loss

The present view of the problen of oxygen evolution is that

neither Berkner and Marshall, nor Brinknann are totally correct. While

Brinknannrs work is an improvernent on that of Berkner and Marshall, it

too has its inconsistencies, the most obvious being that of the hydrogen

escape factor. Brinkmann assumed that half of the hydrogen produced by

the dissociation of water vapour escapes from the earthrs atmosphere.

This estimate is rnuch too high, as it does not take into account the

reconbination of the hydrogen with other reactive species e.g.

H+ 0H* Hz0x or Hz + 0 ------>H + 0H

Other reactions

the atmosphere,

are also possible. It is only when hydrogen escapes from

and is therefore removed from the system, that there can



153.

be a net production of oxygen. To escape from the atmosphere, most of

the hydrogen nust diffuse from a height of 30 kms, where it is formed to

a height of about 500 kns, neal the exobase from which it can escape.

This diffusion process allows many opportunities to recombine and react

with other species. Once the hydrogen reaches the critical level (the

level where the mean free path equals the scale height) in the exosphere,

escape is possible. A better estirnate of the escape factor night be 1/10th

or less.

Molecules or atoms can escape frorn the earthrs atmosphere if

their velocity colTrponent vertical to the earthrs surface is greater than

the escape velocity. Usually, atmospheric rnolecules collide with other

molecules before they can escape. It is only in the exosphere where the

collision frequency is low and the mean free path long that the possibility

of escape becomes appreciable. The rate of loss of the species is

deterrnined by the velocity distribution, which is basically Maxwellian.

Brinknann (197f) proposed a nodification to the Maxwellian distribution due

to the depletion of the high energy tail, that is due to depletion of

the faster atoms and the finite time required for collisions to replace

the high energy coÍrponent. He proposed the escape flux be nultiplied by

a factor of 0.73 to allow for the depletion. Most of the factors

required in the calculation of the escape flux are well known, but two

are difficult to deternine. The nunber density of the escaping atoms at

the exobase, and the temperature of the gas at the exobase ale these

critical quantities. The temperature term is very inportant since it

occurs in the calculations as an exponential term. The exobase terlperature

is very variable, the range of possible values being 600 'K - 2500 'K

An average tempeïature of 1500 'K is usually assumed.
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Values of the escape flux have been obtained from observations

of Lyman-cr dayglow (Maier and Mange (1973)). Tinsley t1969) puts an upper

limit on the hydrogen escape flux, an order of magnitude lower than that

assigned by Brinkmann (1969). He (Tinstey) calculates that enough

hydrogen could have been lost to give an amount of orygen equivalent to

75ro of the present atmosphere, in agreement with a calculation by Hunter

and Strobel (L974) and Hunton (1973) who calculate a loss of hydrogen

sufficient to give an arnount of 0z half that at present in the

atmosphere.

Meadows (1972) reviews the stability of the earthrs atmosphere,

and compares the atnospheres of the Earth, Venus and Mars. He concludes

that a consistent model of their evolution can be obtained on the basis

of degassing fron the solid pJ.anet. Ratner a¡rd Walker (1972) use a sinple

photochemical model to evaluate ozone densities in atmospheres sinilar

to the present one, but containing less oxygen. They conclude that very

little atmospheric oxygen ( 10-t PAL) is required to produce a biologically

effective ozone screen. Blake and Carver (L977) obtain results in

agreement with Ratner and Walker.

The present view is therefore that while Berkner and Marshallrs

values are too low, Brinknannrs value is too l'righ, and an intermediate

value would be the most likely. Before the theories can be accepted with

confidence, a number of quantities such as the hydrogen escape rate,

accurate number densities of present atmospheric molecular species and

better estirnates of the amount of free oxygen in past atmospheres (frorn

oxide layers of ancient rocks) are required.
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8.3 Sugqestions for Future Work

The present experimental system has enabled measurements of

good accuracy to be made for oscillator strengths and linewidths in the

Schumann-Runge bands of oxygen for the lange of bands 3-0 to 15-0. In

order to rneasure these quantities for the 0-0 to 2-0 bands, a much

longer absorption cell is required, to circurnvent the problern of pressure

broadening encountered in this work. If the pressure in the present

experimental system could be increased to 10 atnospheres or more, then

enough absorption would take place to allow reliable measurements in

these low bands, but the pressure broadened width would generally exceed

the predicted predissociation width, and would thus effectively mask the

required values. An increase in the length of the cell used would a1low

measurenents to be made in a pressure range where pressure broadening

was relatively unimportant.

A longer cell would also enable measurements of tl're Herzberg

continuum to be made, and the effects of pressure and ternperature on the

absorption cross-section could be studied. Knowledge of these effects

would give some insight into the mechanism responsible for the absorption

(and allow a deternination of whether 0a dimers actually exist).

A shorter cel1 would enable pressure measurements to be made in

the most sensitive region of the present pressure gauge, and thus allow

more accurage measurenents of oscillator strengths and linewidths for the

bands 16-0 to 20-0 . Revised Hönl-London factors and splitting

païameters must first be computed due to the perturbations in these bands,

to enable the present progranrne to analyse the results.
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A shorter cel1 would also allow neasurements of the 0z Schunann-

Runge continuun cross-section, and the tenperature dependence of these

cross-sections. It is also proposed to investigate the oxygen absorption

coefficients at various transnission windows between Lynan-o and the

Schunann-Runge continuum, and to nake high resolution studies of the

structure in this region.
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APPENDI X 1

The Indep endence of Equivalent Width with Tespect to Resolution

The equivalent width of an absorption line is given by

W A(À) dÀ

where A(À) is the actual absorption at wavelength À The observed

absorption at wavelength À , C(À) is given by the convolution of A(À)

with the instrument Tesolution function g(À) , that is by

s(À - f)t(lln(f)¿X

s(À - flrCÍl¿r
c (À) (1)

(2)

where I (À) is the intensity of the incident light at wavelength À

If I(À) is a continuum, and therefore independent of wavelength, then

equation I reduces to

C (I) s(À - f)n(f)¿f

The apparent observed equivalent l^ridth Wr is given by

wr

l/\Jr

Since it is true that

s(r - flnCfl¿f)a¡,

c(À) dÀ

or lr

e(À - f)¿), s(À-fl¿Í=1.0

equation 2 reduces to

l¡|lr

which reduces further to

l^Jr

A (f) df
t

g(À - À)dÀ

n (il ¿f -W

irrespective of g(À - À).
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( s.34 )

The Integrated Absorption Coefficient Under a Do

The area beneath the Doppler line shown below can be calculated

as follows. The line profite is given by

À-À 2

k(À) = ko"*p(-¡--e¡ 4Ln2) (s.t )
IÞ

kp

k (À)

where k(À) is

at half maxinum.

À
o

k /2 when À - I- = u-/2, and cx- is the fulI width'-p'- o D'

The error function erf(x), gives the relation

-".It VIT

and putting

(
(the term lt(¡,)¿¡, has been used repeatedty in the text as a convenient

)

and simple way to describe a tern which, if written in full, would be

4Ln2ç¡ - À^)t = t2 into equation 5.34 , it follows that
0'' o-'

D

( tr À-À^ 2

J 
tClldÀ = kn 

,|__u* 
( - 4tnz, 

""') 
).1À

r_ k(r - Ào)d(À - Ào) )



Now
4In2
u2

DD

differentiating both sides with respect to À and t

W(À-Ào)2=t2 reduces to t/

(- À-À., z f
J__no 

u*( - 47n2( -%: ) )dÀ = 
,J_*U

(

,J 
oC^ldÀ = ko aor/ n

43.

and

.dtg1ves d/t = --5,/M*

-t2
a'

D
A

4In2 dtso

oï

p

(using equation 5.34 )

2{Ñ
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APPENDIX 3

The Integra ted Absorption Coefficient Under a Lorentz Line

The area beneath the Lorentz line shown below can be calculated

as follows. The line profile is given by

k(À) = k
p

1 ( 3.8 )À-Ào a

1+ ( )

kp

k (À)

À
o

where À - Ào = u*/2 sets k(À) = kr/2 , ffid on is full width at

half naximrm. A well known integral is

r__

1æ dx=arctanxl
I + X2 J-oo

and using the substitution * = ( ) and

=17

f

2

in equation 5.8 and

o¿

ZId* = ¿f (obtained

by differentiating f

integrating we get

I
À-À [*u

J_- p
I o¿

N.

Td*dÀ

dT,
N.

o
a

)

N

1+(

k(À)dÀ =

1+
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APPENDIX 4

The Voïgt Profile

The Voigt profile, given by equation 3.32 is

k(r)=ko# I
ø

-æ

dx

I _1
where v = 2( 1.f9 ) 1fÏn7 , md represents the true line profile

of an absorption ìrrr" undergoing a Doppler broadening and a Lorentz

broadening sirnultaneously. It has the disadvantage that each point on

the line profile requires an integration to obtain the profile value.

To speed up coÍrputing tine, the second approxirnation of Whiting (1968)

is used. Tables of the Voigt profile ale given by Posener (1959), and

a comparison of the Voigt profile k, and that of Whiting is shown in

Figure 1.
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FIG I A plot of the difference between the Voigt line profile k and

the line profile given by Whiting's secong-1ppto*irnation as a f,mtïion of
dista¡ce lrom the line centre foi three different a-values-



^7.

APPENDIX 5

Whitinsrs 2nd APProxi mation to the Voigt Profile

In considering line profiles, Whitingts 2nd approxination to the

voigt profile can be seen to consist of a weighted combination of Doppler

and Lorentz profiles with the addition of a correction term, which inproves

acculacy in conparison to the lst approxination narkedly' The general

appticability of whitingts 2nd approxirnation, and the low errors involved

in its use, make it a very useful tool in the calculation of absorption

coefficient line profiles. Its associated errols are plotted in Figures

L -4

and this reduces to the Doppler case for o,. = 0 and to the Lorentz case

'for d, = 0rr. The correction term

or, C[. À _ tro ,2,2s l0 \
0.016Cf lcr -f t (ery( -0.4,o;) -ffi 

r,.,')
0,,

follows the difference between the Voigt profile and the lst approximation

of whiting, a¡rd its inclusion reduces erl'ors by a factor of about 10. The

expression for 5 1S

k(À) dÀ
k
p

The basic line shaPe is given bY

o¿ I-). o'
(t - þ ) exp ( - 2.772( ._' r, . ü

CX02
o¿v( 1.065 + 0.447 f . o.os8( #) )

VV

)2

)c

and is used to correct the area. For a pure Doppler line of width clo= l'0

kp

(
I trp dÀ = k c, rÆ- /z¡-' = 1.065
) " pD if = 1.0
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For a Lorentz line

I k(À) dÀ
01ï

-El*pT 1.5708 if o¿ = 1.0 and k-'Lp = 1.0

If any neaningful treatnent of absorption and curves of growth

is to be made, then all lines compared must have the same area, so the

fr.rrction.

cr,02
1.06s +o.aa7;-. + 0.0ss(3¡

is used. It is basicalrj " n"t^onial fitted to the area beneath an

absorption line, and for 0'= O, the Doppler case, takes the value 1.065,

while for o" = o, ,'the Lorentz case, takes the value n/2 = 1.5708 (see

Figure 6 ). The approxination to the Voigt profile can also be written

as a firnction of a, using the relations

d 'm
0

L

o¿
D

1+(1* 4In2T

À

,4
ß )

2/g

That is, the approxination can be written as

kp( r -2/ß) e)ç( - 2.772 rc )+2/ß(

o¿
L

o¿

a
c 1k(À) =

where E is the correction term, and

I+4(
)+E

À
o c

æct
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APPENDIX 6

The Linear Reqion of the Curv e of Growth

The curves of growth for all lines, irrespective of line

profile, all have a linear region. The linear region occuls where the

equivalent uridth W of an absorption line follows a straight line of

slope 1 for all optical depths kpx < 0.1.

The expression for equivalent width I/\r can be written as

W

If the term kp

usually takes values between 0 and 1), then the approxination

( 1 - exp( - kp* k(À))) dÀ .

X is snall (usually less than 0.1 , since k(I)

e)ç( -t )

degree of accuracY.

W k(À) dÀ N KX

I - t for t small, holds to a high

The equivalent width W can then be written as

pfu*)p
k(À) dr

Since k(À) dÀ is constant for all lines, then

WclkXp

that is, the equivalent width is proportional to optical depth.
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APPENDIX 7

Equivalent Wi dth Versus Scan Range

The ideal value of equivalent width W is obtained when the

scan range is infinite, and has the property that W is independent

of resolution (see Appendix 1). However, in the Schumann-Runge bands,

it is quite usual to have a scan range of between 5 and 10 tines the

line half-width. The effect this has depends upon the type of line

being examined, and how nuch Doppler cornponent it contains. The more

Doppler-like the line, the less effect a narlow scan range has on the

equivalent width (see Figure 1).

The effect of instrument resolution is always taken into account

during results conputation, so the equivalent widths measured

experinentaLly should compare with those generated theoretically. The

effect due to scan range will only become important if the scan firnction

is left out altogether, and the differences plotted below are irthen a

measure of the error this will introduce. For Doppler-like lines, the

effect is mininal, but for Lorentz-like lines, it can be significant.

Reasonable results, approxinating the true equivalent üJidth would still

be obtained to 10eo accuracy in most cases.
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APPENDIX 8

Curve of Growth StudY

The behaviour of curves of growth for various a-values as

the optical depth k_x varies is shown in Figures 3.10 and 3.11.
p

These Figures both show the linear increase in equivalent width with

k X for low k_X , where all the curves of growth for different a.-values
pp

are almost coincident, and they show the departures from the linear once

k X becones appreciable. Lines with any amount of Lorentz coÍlponent,
p

no matter how snall will eventually follow an increase of the forn

w o VTTp

which is dúe entirely to the Lorentzian wings of the 1ine.

Studies were also nade in the growth of equivalent width for

fixed scan range. In certain circumstances, it was possible for the curve

of growth of one a-value, say a , to lie below that of another a-value,

say a.z, where dt ) qz. In the ideal case, of infinite scan range,

this would have been impossible. It also means that it is possible to

obtain two solutions to the a-vaIue iteration, usually separated by nany

orders of magnitude. Only one of the solutions will be a correct one, and

it will be apparent in most cases which sotution is the ansv/eï. None of

the scans done in this work produced two solutions, although one or two

did not produce ¿uìswers due to two solutions being available, ild to the

iteration procedure oscillating between them.

A sketch of logro equivalent htidth versus logro a-value is

shown in Figure 1. For any one value of equivalent width, there are two

solutions of a at a given X The equivalent width begins

for a fixed scan range, again,

kp
to fall off

on* 'with a-value for a fixed something
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not expected frorn the ideal, infinite scan range case'

This leads to the possibility of optirnizing the experiment.

rt shourd now be possible to predict a value of no* for which #

would be a ¡naximun, in order to deternine the correct ø-value to the

greatest accuracy. This corresponds to the tangent to the curves of

Figure I being as far from horizontal as possible. When the experiment

was first done, calculations of this sort were impossible, due to the

long cômputing tine of the progranme, but by the end of the project,

refinernents of this type were'possible, due to the improved corlputer

prograrunes. This allows nore accurate results to be obtained in

shorter counting timi:s.

The expression W a; \fF for k-X large can be obtainedpp
as follows. The equivalent width W is given by

l{f = (1 - expl 1KXp

Use of the substitutions

v

and

g1-ves

W r - exp[

l) ¿(¡-¡")

CT

(y * y coso)f i + dftaî a/2)

KXp

À-Ào
ffi

N'
tan(g/2)

Jt

and this reduces to (Penner 1969 Page 43)t

Wazo¿
N
V]ffi-
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FIG 1. A log-1og plot of equivalent width versus e--val-ue
ffi-tixe¿ .r.I,r"t-oi nn*. The curve for knx = 106 is
virtually flat because for such a large value of k.X, the
equivalent width is sinply the conpletely absorbed rrectangle

.ótt"rpottding to the scan range for a¡nost all values of a .

F
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APPENDIX 9

The Error Function

The error function is defined as

-t2 dt (s.34)erf x

and basically consists of the area beneath the Gaussian or Doppler

function fron the centre at t = 0 to a position at t = x (see Figure

I ). A list of the values of the eÏ.ror function can be found in

ItHandbook of lr4athenatical Functions't by Abranowitz and Segtn. A plot of

f -->
the values is shown above in Figure 2

The error function has been used in this work because of its

relation to the Gaussian or Doppler function. The alternate convolution

¡nethod of Section 5.6.2 makes extensive use of the error fwrction. Since

no error function is directly available for use in a conputer progranme,

an approximation listed in Abramowitz and Segun (1968) was used. This

consisted of

2

\G- f,* u

t=x

x

Figure I
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erfx=1 I + e(x)
(1 + a¡x + â,2x2 +....âs 6rl6

X,'

where le(x)l < S x 10-? , sufficient accuracy for this work

The constants are

al

a3

â5

= ,0705230784

= .0092705272

= .0002765672

a2

A4

4e

.0422820123

.0001520145

.0000430638

1 0

08

0.6

0.4

0.2

1.0 2.0
X

FIG2 Aplotof erfx fortherange 0(x(3

0
3.0
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The Relation between Oscillator S th and KXp

A well knov¡n equation relating oscillator strength to the

419.

(s.38)

integrated area beneath a line profile, k(À)dÀ is Thorne (1e74)

r = 4.0!.=', fu¡^¡u^0, Ne" x' )

This work, where most discussions use wavelength, adopts the form
( (-,.
lk(À)dÀ , whereas most books use lf.¡vlav where u = i .
) )" ^

The two integrals are related bY

k (),) dÀ k (v) dv k (t¡) dt¡

v (¡

k (l) dÀ k r,G- o
e

is the Doppler width.

where o = y^ The integrated line area is defined as

p

I
e

À
c

trKTlev T--

The ideal gas equation PV = N KrT gives

K-T
EI

N where N is the nunber of

molecules per volune.

Use of equation 3.16 and N = P/K"T in equation 5.3B

g].ves f 4eo ) ,.mC- l(eT ko r/ n À

c
crJ Pe2 t

which reduces further to

where oü =
e

4\m uo r. K"7'

e' fif

ñ
v

P

DKTIBv -l,r

r ) À(MKS) 1,(l\lris)
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For convenience, since the pressure measurements are made in non-MKS

units, as are the wavelength and temperature, the above equation can be

converted to

KXp "rT,

r L.577 x 10-3 0, P(u) À(A) r' (cns)L

by using

[1üß)

Use of equation 2.20 then gives the final relation

KXp "r7,

f L.577 x 10-3 ÞTu)-Xry-fi=cnts ) cr ,s

where

and f

f.ine.

f ,. = f (vt, vtt, ntt, Jtt) is the line oscillator strength,

is the equivalent band oscillator strength for the Jth rotational

I
mrs)

760000 I
mm'õ'fÐ'mK)

10-rb
rGt

1
and
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APPENDIX 11

The results listed in this Appendix are for all the individual

lines observed, and show a-value (at a temperature specified),

predissociation width and associated equivalent band oscillator strengths.

The ø-vaIue and linewidth are related by

,4[1*r4r, l (3.37)0 =ag,

'Ìm
and0=ctpV

0,

where

and

D

o" is the predissociation width, o,, is the total linewidth

d is the Doppler width (at the specified tenperature).Þ"
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'Band Line Oscil lator
Strength

a -value
(294'K)

^23.

Predi s so ci ation
Width

4-0

5-0
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RsPs
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RttPg
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Band Line 0scillator
Strength

a-va1ue
(297" K)
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PROGRAI'I FNL?94 ( I \¡PL'T ,OIJTPUT 
'oluËHsloH xA(820) rY¡,1(820) rEn(220) rYl132O) rYE(820) rX(820) 's{(820¡

oIHÈNSI0N lRAy(;t rfE(21 rw(I0) rAP(10) rF(I0l rJl(2) 'P(2) rAÀ(5) rxx(6)
DIMENSIOI¿ ALA (20)'ABL (20 ) IASFF ( 2O) I I J(A (2OI 2) TNV ( 2}
DATA IRAY/óÕ(.0'l
IRAY (4) =0
CALL SYSTEHC( ll5r IRAY)
cALL r,toDERR(0)

¡rÍèrÕðtrcÉcÕ VARIABLE SECTICII\ tÍrëÓã*+*lrÞ
READ 7?0r\rÀlK.¡1¡At rXSS

770 FoRr,lAT ( I2 r 8X r I3 rTXr l2 rBX I FBr2xrFS )

REAO 754r\V(tl t\V(2) rNL'Nd
754 FORqAT (2 ( I4l t2 ( I2) )

READ 7ó0rÍE(llrJE(2)
760 F0RMAT(F8r2X'F8)
750 FOFìHAT (r. (F8t2X) l

READ ?50r (ALA(I) rI=I'Nl
READ 75Or (ABL(T} rI=IrN)
READ 75OI (ASFF ( I} TI=I TN)
READ 499r IJKA(l rI I'IJKA(l'21

499 F0Rt'lAT ( I4 róXr I4l
lF(N.EO.lt970r97l

97I CONIINUE
O0 751 LH¡;¡'2
D0 ?5? lr2rN
ÀLP=(ABL( t ) -ABL ( Il, ¡1000,/xss
I JKA ( I rLt'lN) =I JKA ( I rLt-tN) -INT ( ALP )

CONI I NUE

CONT I NUE
CONT I NUE
AP(ll=ALA(NL) $ AP(2)=ALA(NL)/2'0
BF=2.1628E-3

F ( I ) =0. I
LMN= I
ÉRINT 5ó6rlE( l) rYlÍ (?)

752
751
970

5óó FORVAT ( t oXr6HWE ( ì ) =rEl0.4r5XróHrJE (2) =rEl0.4l
PRINT 700r (ALA( I)'I=l'l'¡)

?00 FoRi4AT ( I0Xt9(F8.3r3Xl )

PRINT 701' (ABL(I) rI=lrN)
?0¡ FoRqAT (¡0xr9(F8.2rZX) )

PFINT 702r (ASFF1 t l rl=lrN)
702 F0RMAT(l0xi9(F8.5r2Xl )

PRINT 703r (IJKA(IrI) rl=lrt'll
703 FoFMAI (5X'9 ( I4r 3Xl )

PRINT 704r ( IJXA ( I r2) r l=l rN)
t04 FORr.{AT (5tr9 ( I4'3xl )

PRINT 56?'Nv( I ) rNV(2) TNLTNU
567 F0RttAT(4(l4rZX) )

r**rrÕ*frr.ö{ro VAl.{IABLF SECTIOT! }ÕrëóçÞtÕèÍ
GEFt=36 ' 0

x5=xSS./GE|t
SCAN FUNCTIOI\ CALCULATION - E

SII IS THE MAIRIX J\¡ sIITCH TF{E

5ó CONT¡NUE
IF(LÌ.{N.E0.l)30r31

30 NN=t'lV(t) $ GO fC 34
3l NN=t¡V (2)
34 CONT I NUE

D0 50 I=l tNN
NAM=I $ XA(I)=Aft

50 CONT T NUE
NNKK=NK-l S NJ=NN-NK( ! \¡JJ=2*NK 5 ¡'t(N=N\-\K-N(K ¡ NJN=N(Nf I

CALL ERFS (ERrxSrN()
NKK=NK-t $ NJ=N',,¡-¡',¡|1( s l*JJJ=2o\Á $ N(N=N\',I-N(-N(K 5 NJN=N(N'l
DO 2 I=lrllK
¡I=i-t 5 rll=N(-II 5 SM(l)=(l-ER(Nl))/2.0

2 CONT I NUE

0ù I I=lr\KK
¡/=lrNK 5 III=trl 5 Sr',l(N2)=(lrER(lII)l/2.0

3 CONTINUE
DO 4 I=NJJ'NIKN
SH(I)=t.0

4 CONTINUE
D0 6 I=lr\K
il=i-t 5 qJ¡=¡¡1rI $ NK2=NK-II $ sn(NJLI=(l+E1("tK2) )/2.0

ó CONTTNUE- ii=i:t $ NJL=NK\rI $ NK2=NK-It J sH(NJLI=(I+ER(\Kzl ),/2'0
0o I I=lr\KK
N3=NJrI $ ¡J=Irl s sM(N3)=(l-ER(IJrl /2.0

8 CONTINUE
tHis-sEcTlòH c¡t-ccut-AIES THE LINESHAPES F0a THE scaN

vñ-ts rie MAÍRlX OF T-tE ToTÀL ABsoRpTto\ c0EFFIctENt cALcULAIED usI\G
YHTTTNGfS SECOND APÞROXIMATIÙN

R tS THElRR0i FUl¡CTIÙN F0R lrlE S-IIS
SCAN FI/N3TJO\ CF TIE hJNCFtIO{ATOì J5 ST



40 CONTINUE
D0 5 I=lrtlN
YN(I)=0

5 CONTINUE
Do 22 H=lrN
A=ALA(Mt 5 6!=ABL(M) $ SFF=ASFF(l'tl i lJ(=IJ(A(MrL{Nl

23 CONTINUE
GFF=.ó9315 $ BD=BuéBF $ GF=.832555 i CD=xSSn?,OIGF/80
xc=xss
AG=ArA 5 9T-1.[+(o0cl!OG12.Ol/AG 5 3=lrg+SORI(BT] 5 Að=AÉ3

88=ð+8 $ BA=2.0/B
BB=BI8 5 BA=2. 0/C $ AtsC=1. 7733413?/ ¡ argì ( 1.065.0.894/B'0 .?3¿/8Bl I

I=l
A0 C0NT I À¡UE

I I=1JK-l
ATI=II 5 6t=ABS(ATII 5 EA=Q¡+ç¡¡ S trAA=EAðEA $ Z=EAA,ZAB.ZA8

ZZ=-2.772589rt2 t IA=(t.0-84)þEXPtZ¿l í T8=BAÓ(I.0/(1.0.4.0o2)l
z^= (EA/^B\ þt2,23 t zB=-0.4þzA
fc:0.01óô(l-8a)å8A{'(ExP(zB)-lÙ/(l0fZA) } s fF=rA.IBrTC
ATF=ABCÐIF}SFF T AAC=YN(II $ YN(I}-ÀIFTAAC

I=I.l
lF(I.Gf.NN)21r20

2I CONT INUE
22 CONTINUE

CALL SIr'lPS (YNrXCr Y65T rNN)
PRlr¡T 555rYGST

555 F0RMÂT ( l0x,róHyGSl= ,Fl0.4t
A:ALA(NL}

TTERAfION FOR PIX VALUES FOR PTX AR¿ STOìE.D IN MATqIX F

P¡êX VALTtES AflE CHANSEù UNTIL lFlE VALULS 3F E0UIVALENT f IOIrI 5TlRE0 I {l
HATRIX H AGREE I{ITH THE EXPERIMENTAL VALUE IN fE(I)

¡F(LMÑ.E0.1)80rSl
SO CONTINUE

J=?
PRINT óI5'A

615 FolìnAT(5xrFl0.4r5xrl8H Pfx IIERAT¡0\ )

72 CONIll.¡uE

Do ?0 I=l rNN
JJ=J-l t AX=F(JJ) 5 xK=-YN(¡)rAK 5 Yr(I)=ExP(x()

?O CONTINUE
DO l0 JrlrNN
YE(Il=1.0-Yw(t)

IO CONTINUE
D0 7 I=lrr',lN
Yl(Il=YE(llnSU(l)

7 CONlINUE
CALL SIMPS (YUTXCT J5TINN}
GoST=rSI $, SL=ALOGl0(665T) $ JJJ=J-l 1 5J=F (JJJI
sJL=ALO6l0tSJ)
PRINf l4'A¡JJJTSJTGGST

¡¡(JJl=GGST $ ¡43=rE(l)-¡1JJl $ ÍBA=ABS(tA8)
lF (r^r8A.LI. I E-2) S6r85

85 IF (J.GT.J(l 8ór87
87 IF(J.E0.?t83rBA
83 F(J)=WE(l)/i(ltrF(¡) 5 Ji.lrl $ 30 11 7e
84 CONIINUE

JL=J-2 g FJA=rd(JLt-CE(It $ FAJ=d(JL)-yJ(JJi t FpA=F(JL)-F(JJ)
F ( J} =F ( JL, -FJAlFA J+FPA
IF(F(J).LT.0t t83.lB4

t83 F(J¡=F(JJ)./2.0
184 J=J.l $ G0 T0 72
8ó CONT I r,¡UE

P(¡)=F(JJl S wr{(ì)=5' (JJ) $ LMN=z
ITERATION FOR A.VALJE P'X VALUE

A-VALUES ARE SfO;ìE) IN MAfRIX AP

=eSG0T056
GIVEtv l\ P(2)
E F IfiSI OÀIE I S GUESSED ÀND IH],

$J
IS
l{

SECOND VALUE IS ÍAK:N Af HALF OF TIIE F

A.VALUFS ARE STO;ìE¡ IN HATRTX AP
I{HEN A VALUE OF A {ÂS SEEN FOUI,¡D TÈIE

8I CONI TNUE
P(2t=P(l)öAF

92 COI{T I NUE

00 90 I=lrNN
JJ=J-l S AK=P(2) i XK=-YN(Il{rAK S

9O CONTINUE
0o ll0 I=lrNN
YE(I)=1.0-Yd(I)

t l0 C0¡¡l I NUE
DO t07 I=ltNN
Yr(I¡=YE(I)rlSM(I)

107 CONT I t'¡UE

CALL SIMPS ( YIITXCT TJSTINN)

IìST fO GIVE TI] ITERATIV: ¡OINT
ITE FIRSÏ O{E TS GUESSED AND IHiI

IIERAT¡O\ FOR ¡'X IS DCN: A6AIT

Yt(l)=ExP(xKt

GGST=IST $ JJ=J.I 5 SL=ALOGIO (GGST) S JJJ=J-I $ SJ=P (2I
SJL=ALOGI 0 ( SJ)
PRINT lórJJrArSJrS6ST

l6 FORMÀT(l0Xrl4rZXifH A= rEl0.4r4Xr5h¡tX= rEl0..+r4Xr4H ¡l= rll0.¿r)



H(JJ)=GGsT i rA3=fJL(2)-w(JJ) I rtBA:485('{Aò)
IF('t84.L1.0.5)95r95

95 IF(J.GT.¡()9ór97
e7 IF(J.E0.Z)93r94
93 Dt) ¡1 t=trLrNU

åÕl1Õ+¡ THIS IS A vA(IABLE PROGRAM STL) SHOULD BE CHANGL9 IITiT EACl
ALA(I)=ALA(J)/2.0

óð¿ðûI TH!5 I5 â VA'(l ôP! E PRnGfì¡\M qIr r cH0t.,!.D BF Cl-lA¡JGED ,JI f H ËACf

ll CONTIt'¡UE
PRINT 6¡4rArP(2)

ó14 FORTIAT(5rrFl0.4r5xrFl0.4r5xr20n A vÂLJE llElATI0N l

J=Jr I $ G0 TCr 40
94 CONT I NUE

JL=J-2 $ AhJ=t(JL)-rE(2) S AwL=r{(JL)-d(JJ) $ Apd=AP(JL}-Àe(JJ)
IF(aHL.E0.0)96r71'

7ó CONTINUE
4p 1 ¡¡ =AP ( JL ! -At{ J/AsLr¡.lF'J
APJ=AP ( J )

IF ( ÂPJ.Ll.o) 78r 7C

7E AP(Jl=AP(JJ)
79 COò¿l¡NUE

O0 ¡2 ¡=¡¡t¡,
ALA(¡)=Ap(J)

I2 CONTINUE
J;JoI S JJ=J-! t GO TO 40

96 CONTINUE
l{|J(?}=td(JJ) $ Lr4N=l It AP(lt=a $ AP(2} =A/?.0
IF(J.E0.2t99r98

98 CONIINUE
PRINT I26

I?ó FORMAT(l0Xr4Hl25 )

G0 T0 5ó
99 CONfINUE

Pl=P(l) I P2=P(e) 5 ldl=rl(l) 5 ¡,f2=tld(2)
PRI r.¡T t 00 rPl rP?r li lI r *¡lZr A

100 FoRMAT(l0Xr4H I00r5(El0.ar5xr I
PRINT S00rarCDrBrABr ABC

800 FOrlu¡T ( l0xr3H¡= r É10.4r5x r4HCD= rEI 0.4r5x r3rl3=;El 0.4r5xr4dq3= r
2rf I 0. 4r5X T5HABC=r El 0.q)

t5 FoRr,tAT(lllOr?0Xr¿0'lç cURVE 0F 6RCrrTH Ì r5Xt2.lA=rEl0.4r5Xr3'lC0=t
I Elo.4)

t 4 FoRr.,lAT (5Xr3HA= rFI0.4r5X r I4r5Xr SHPÉX= r FI0.lr 5Xr3ll= rFl 0.4)
CÂLL OI(PLT(Xd¡YwrNNrlrl4HðfAVE L¡-NGlli rIadllNTE\SIlYð |

44 CONTINUE
55 CONIINUE

200 C0NT I t{uE
sTOÞ $ E \,lt)

SUBR0úf lttE SI MPS ( Xr XCDTGSf r NN)
Dtr.rENSI0N x (820)

r*s+èì THIS IS A VA.{IABLE PRoGRAII STL) SHOUL0 BE CHANGED rtTH EACi
THE SI).1ÞS0N*5 RrJLE SUAP'l0GRaH EÃCHANSES \4ATRICES lIÏH x Af¡) INfE3'

USING SI€P SIZE TRAi{SFERRED THRU XCD A\¡D NTJHBE'ì OF STEPS \Ii
ANS'iER GIVEN IN 3SI

NNN=NN 5 CC=l.O/3r0IXCO $ ST=0 $ l=I
ól IF ( ¡.f0.trNNt ótr 53
63 lF(I.E0.lró4ró5
ó4 CONTINUE

S=X(lt I ST=ST+S 5 I=I.l S G0 TC ót
ó5 VI=l $ VV=VIl2 $ II=INl(VV) 5 VA=VV-II

IF(v4.80.0)6ór67
fró CONT I NUE

s=x(Il $ sT=sT+t*5 5 I=Ill $ GO T0 5l
ó7 CONTINUE

S=X (I) $ ST=SToels $ I=Irl 5 GO T0 ól
62 COl.¡T I NUE

S=X(I) $ Sf=STrS 5 ST=ST{CC $ 6ST=ST
RETt,R¡,t
END
STJBROUTINE ERFS (ERRr XSrNK )

DIMENSIOtT ERR(720) rAA(6) rXXt6)
{ITTTOÕ THIS I5 A VAiIASLE PROGRAI.t STL) SHOULD BE CHANGE) *I f FI EACt

lHE ERROR FU\CTION SJdPROGRAM (J:LS THi GAJSS¡AN SLIT FU"ICf¡JN O''
THE IlONOC¡IROHAIOR T3 CALCULATE ERRU'I FU\¡CI I JN VAL.JES FUR THE SCAN FTJN:.

AA(l)=.0705230734 $ AA(2)=.0a228201?3 S AA(3)=.009270527?
AA(4)=.000I520t63 t AA(5)=.0002?ó567? S AA(51=.0000430ó38
DU 170 I=lrNK
II=I-l $ A¡=¡I $ Ál=AI0xs
¡¡J¡¡=XI $ xx(2¡=XlÞXI $ xx(3)=xx(2)GXJ
XX(4r=XX(2)ÞXXle) 5 XX(51=XX(41èXI S XX(ó)=XX(3)IXX(3)
XAA=1.0
00172 J=l ró

XAA=XAA+AA ( J) ÕXX ( J)
T72 CONIINUE

¡¡=¡[l*laA I x,?.x Itxl s x3:x2]x2 5 x4=xfox3 $ x8=1.0/x4
ERR(I)=1.0-XB

T7O CONTINUE
RE T I'RN
END
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